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Preface to the fifth edition 

Fifty-five years ago, the Central Station Engineering Group of 
Westinghouse Electric Company first published a book focused on 
the practical application of electrical engineering to the 
transportation and delivery of electric power. The Electrical 
Transmission and Distribution Reference Book proved to be a 
simple, practical, and useful reference book for electric utility 
engineers as well as electrical equipment designers. Three 
generations of power engineers have used what has become 
popularly known as the “T&D Book” both as a core technical 
reference and as a tutorial on the finer points of power delivery 
system design and operation. 

In the five and one half decades between its original publication 
and this latest edition, the T&D Book was revised and expanded 
three times. In many ways, the T&D book’s growth and evolution 
mirrored that of the electric power industry itself. The original 
book focused almost exclusively on transmission systems, 
addressing the higher voltages and longer lines then becoming 
common, as well as the rapidly growing complexity of transmission 
systems, particularly due to interconnection of individual electric 
utility systems into large power grids. 

The long-term trend, however, was toward an increasing focus 
on distribution, that portion of the T&D system nearest the 
customer. Subsequent revisions of the T&D book added sections 
on power distribution systems, primary and secondary network 
design, capacitor application, and voltage flicker. 

This latest revision continues the trend of increasing attention to 
the levels of the T&D system nearest the customer. Chapter 24, 
Characteristics of Distribution Loads, focuses on consumer load 
requirements and how they interact with distribution system 
economy and reliability. It presents detailed guidelines and design 
methods to identify the behavior of electric load on the distribution 
system, and to address it with respect to the “two Qs” – quantity 
and quality – that consumers of electric power have come to expect 
the T&D system will provide. 



A more recent and accelerating trend in the power industry is 
the growth through mergers and acquisitions of both power 
companies and equipment suppliers into international companies 
operating on a worldwide scale. Several enormous power 
companies operate large power grids on three or more continents. 
More directly associated with this book, what was once the Central 
Station Engineering Group of Westinghouse Electric Company has 
been absorbed into ABB ELECTRIC SYSTEMS TECHNOLOGY 
INSTITUTE, part of a global company with technical and business 
resources vastly beyond anything the original authors of the T&D 
book could have envisioned. ABB-ET1 continues to maintain the 
traditional, practical focus of the T&D book’s creators, but has 
added research and development activities focused on meeting the 
needs of the 21”’ century with new equipment, designs, and 
technology. 

This latest revision does more than just talk about new 
technologies. Electrical Transmission and Distribution Reference 
Book, fifth edition, is available in the traditional printed format as 
well as on computerized CD-ROM. The new format expands the 
book’s usefulness as a resource for modern power engineers. 

The material presented here is the result of research, 
investigation and practical application by many engineers and 
scientists, including cooperative studies with electric utilities, 
conductor and cable manufacturers, communications companies 
and industrial power users. It is not feasible to list here all of the 
names of the companies and individuals who have contributed to 
the body of knowledge covered in this book. These 
acknowledgements are given in the individual chapters. The authors 
gratefully acknowledge the hearty cooperation of all those who 
worked to produce this book. In particular, we wish to thank Ms. 
Kathy Hendricks, who tirelessly assisted in the preparation, editing, 
and formatting of this fifth edition. 

Enrique Santacana 
Vice- President and Director 

October 1, 1997 
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CHAPTER 1 

GENERAL CONSIDERATIONS OF TRANSMISSION 
Original Author: 

C. A. Powel 

T HROUGH discovery, invention, and engineering ap- 
plication, the engineer has made electricity of con- 
tinually greater use to mankind. The invention of 

the dynamo first made engine power many times more 
effective in relieving the toil and increasing the opportu- 
nities and comforts not only of industry but also of the 
home. Its scope, however, was limited to relatively short 
distances from the power station because of the low voltage 
of the distribution circuits. This limitation, for economic 
reasons, kept the general use of electricity confined to city 
areas where a number of customers could be served from 
the same power station. The next step in the development 
of the present-day electric systems was the invention of the 
transformer. This invention was revolutionary in its effect 
on the electric industry because it made high voltage and 
long transmission distances possible, thus placing the 
engine power, through the medium of the alternating- 
current generator, at the doorstep of practically everyone. 

The first alternating current system in America using 
transformers was put in operation at Great Barrington in 
Massachusetts in 1886. Mr. William Stanley, Westing- 
house electrical expert who was responsible for the installa- 
tion, gives an account of the plant, part of which reads: 

“Before leaving Pittsburgh I designed several induction coils, 
or transformers as we now call them, for parallel connection. 
The original was designed in the early summer of 1885 and 
wound for 500 volts primary and 100 volts secondary emf. 
Several other coils were constructed for experimental purposes. 

“At the north end of the village of Great Barrington was an old 
deserted rubber mill which I leased for a trifling sum and erected 
in it a 25 hp boiler and engine that I purchased for the purpose. 
After what seemed an interminable delay I at last installed the 
Siemens alternator that Mr. Westinghouse had imported from 
London. It was wound to furnish 12 amperes of current with a 
maximum of 500 volts. In the meantime I had started the con- 
struction of a number of transformers in the laboratory and en- 
gaged a young man to canvass the town of Great Barrington for 
light customers. We built in all at Great Barrington 26 trans- 
formers, 10 of which were sent to Pittsburgh to be used in a 
demonstration plant between the Union Switch and Signal Com- 
pany’s factory* and East Liberty. 

“We installed in the town plant at Great Barrington two 50- 
light and four 25-light transformers, the remainder being used in 
the laboratory for experimental work. The transformers in the 
village lit 13 stores, 2 hotels, 2 doctors’ offices, one barber shop, 
and the telephone and post offices. The length of the line from 
the laboratory to the center of the town was about 4000 feet.” 

Our central-station industry today is, for all practical 
purposes, entirely alternating current. It can, therefore, 
be said to have grown from the small beginning at Great 

*About two miles. 

Revised by : 

C. A. Powel 

Barrington to its present size involving as it does a capital- 
ization in the privately-owned power companies of some 
17 billion dollars with an annual revenue of 4 billion dollars. 

The growth since the beginning of this century in in- 
stalled generating capacity of all electric power plants 

Fig. l--(a) Gaulard and Gibbs transformer for which George 
Westinghouse had secured all rights in the United States. 
(b) First transformer designed by William Stanley. The proto- 
type of all transformers since built, it definitely established 
the commercial feasibility of the alternating-current system, 

1884-1886. 

contributing to the public supply has been from about 1½ 
million kilowatts to 55 million kilowatts in 1948. Of this 
55 million kilowatts the privately-owned utilities account- 
ed for 44 million kilowatts and government-owned utilities 
for 11 million kilowatts divided equally between the 
federal government and local governments. Thus, 80 
percent of the generating capacity of the country is pri- 
vately owned and 20 per cent government owned. 

With this 55 million kilowatts of generating capacity, 
282 billion kilowatt-hours, divided 228 billion kilowatt- 
hours by privately-owned generation and 54 billion public, 
were generated in 1948. The average use of the installed 
capacity for the country as a whole was, therefore, 

= 5130 hours, and the capacity factor for the 

country as a whole = 58.5 percent. 

This capacity factor of 58.5 percent is generally con- 
ceded as being too high. It does not allow sufficient margin 
to provide adequate spare capacity for maintenance and 
repairs. Fig. 2 illustrates how the spare and reserve 
capacity has shrunk in the past few years. A ratio of 
installed capacity to peak load of 1.15 to 1.20 is considered 
necessary to provide a safe margin for emergencies. Such 

1 
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1. Steam, from (a) coal, (b) oil, or (c) natural gas 
2. Water (hydro-electric) 
3. Diesel power from oil 
Other possible sources of energy are direct solar heat, 

windpower, tidal power, shale oil, and atomic energy, but 
none of these as yet has gone beyond the pilot-plant stage, 
for the reason that coal and petroleum are still abundantly 
available. But as fossil fuels become scarcer and more 
expensive, there is every reason to believe that. all of these, 
as well as petroleum manufactured from vegetable matter, 
may become useful and economical supplementary sources 
of energy. 

The estimated reserves of coal and lignite in the United 
I960 States are about, 3000 billion tons. This constitutes almost 

Fig. 2—Trend in production of electricity, installed capacity, 
99 percent of the mineral fuel energy reserves of the 

and sum of peak demands. 
country; oil shale, petroleum and natural gas amounting 
to little more than 1 percent.1 

a margin in 1948 would have given a capacity-factor of By far the greater part of the electric energy generated 
about 53 percent, instead of 58.5 percent. in this country is obtained from fuel, the 55 million kilo- 

The average cost of all electricity used for residential 
service has shown a steady downward trend since 1925 
from 7 cents per kilowatt-hour to 3 cents in 1948. This is 
all the more remarkable as since 1939 all other items mak- 
ing up the cost-of-living index have shown increases rang- 
ing from 10 percent (for rents) to 121 percent (for food), 
the average increase of all items being 69 percent. The 
revenue from sales to residential customers accounts for 
about 36 percent of the total utility revenue; to large 
power customers about 29 percent; to small light and 
power customers 27 percent, and to miscellaneous cus- 
tomers (railroads, street lighting, etc.) 8 percent. 

1. Sources of Energy 

The sources of energy for large-scale generation of elec- 
tricity are: 

TABLE 1—PREFERRED STANDARDS FOR LARGE 3600-RPM 3-PHASE 60-CYCLE CONDENSING 

Turbine-generator rating, kw 

Turbine capability, kw 

Generator rating, kva 

power factor 

short-circuit ratio 

44000 6Ci 000 99 000 
47 058 70 588 105 882 

0.85 0.85 0.85 

Throttle pressure, psig 

Throttle temperature, F 

Reheat temperature, F 

Number of extraction openings 

Saturation temperatures at 1st 
openings at “turbine-gen- 2nd 
erator rating” with all ex- 3rd 
traction openings in serv- 4th 
ice, F 5th 

Exhaust pressure, inches Hg abs 

Generator capability at 0.85 power factor and 

15 psig hydrogen pressure, kva 

Generator capability at 0.85 power factor and 

Gcncrator 

11500 
12 650 

13529 
0.85 

0.8 

600 

825 

Rated for 0.5 Psig Hydrogen Pressure 

15000 20000 30000 40 000 60 000 90 ooo* 
16 500 22 000 33 000 

17 647 23 529 35 294 

0.85 0.85 0.85 

0.8 0.8 0.8 

850 850 850 

900 900 900 

I 

. . . 
4 

175 

235 

285 

350 

. I . 

4 

175 

235 

285 

350 

4 

175 

235 

285 

350 
1 . . , . . . . . . 

1.5 1.5 1.5 
1 

5 

175 

235 

285 

350 

410 

1.5 

. . . . . . . . . 1000 

5 5 5 5 

175 175 180 175 

235 235 245 240 

285 285 305 300 

350 350 380 370 
410 410 440 440 

1.5 1.5 1.5 1.5 

30 psig hydrogen pressure, kva 

. . . 20394 27058 40588 54 117 81176 121764 
I 

. . . . . . . . . . . . . . . . . . 132 353 

STEAM TURBINE-GENERATORS 

Air-Cooled ( Hydrogen-Cooled Generators 

*A 10 percent pressure drop is assumed between the high pressure turbine exhaust and low pressure turbine inlet for the reheat machine. 
*These are two different units; the first for regenerative cycle operation, and the second a machine for reheat cycle operation. 
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Fig. 3—The first central-station turbo-alternator installation 
in the United States-a 2000-kw turbine coupled to a 60-cycle 
generator, 2000 kw, 2400 volts, two-phase, 1200 rpm—at the 
Hartford Electric Light Company, Hartford, Connecticut, 
1900. This turbine was about four times as large as any one 
built before that time and caused much comment the world 

over. 

watts of installed capacity being made up of approximately 
38 million kilowatts of steam turbines and one million 
kilowatts of diesel engines. Approximately 16 million kilo- 
watts of the installed capacity arc in hydro-electric stations. 
Of the 282 billion kilowatt-hours generated by all means 
in 1948, roughly 200 billion came from fuel; 76 percent 
from coal, 14 percent from natural gas, and 10 percent 
from oil. 

2. Development of Steam Power 

The modern steam-electric station can be dated from the 
installation by the Hartford Electric Company in 1900 of 
a 2000-kw unit (Fig. 3) which at that time was a large 
machine. Progress in design and efficiency from then on 
has been continuous and rapid. In 1925 the public utilities 
consumed in their fuel-burning plants an average of 2 
pounds of coal (or coal equivalent) per kilowatt-hour, 
whereas today the corresponding figure is 1.3 pounds per 
kilowatt-hour. This average figure has not changed mate- 
rially in the last 10 years. It would appear that the coal 
consumption curve is approaching an asymptote and that 
a much better overall performance is not to be expected, 
even though the best base-load stations generate power 
for less than one pound of coal per kilowatt-hour. The 
very high efficiency in the best base-load stations is 
obtained at a considerable increase in investment. It can- 
not be economically carried over to the system as a whole 
for the reason that there must be some idle or partly idle 
capacity on the system to allow for peaks (seasonal and 
daily), cleaning, adjustments, overhaul, and repairs. How 
much one can afford to spend for the improvement of sta- 
tion efficiency above “normal” depends on the shape of 
the system load curve, the role of the station in that curve, 
and the cost of fuel. 

Most of the credit for the improvement in steam con- 
sumption goes to the boiler and turbine manufacturers 
who through continuous betterment of designs and ma- 
terials have been able to raise steam pressures and tempera- 
tures. Between 1925 and 1942 the maximum throttle pres- 
sure was raised from 1000 psi to 2400 psi and the average 
from 350 to 1000 psi. In the same period the throttle tem- 
perature was raised from 725 to 1000 degrees F. and the 

Fig. 4—Progress in turbine generator design. 

average from 675 to 910 degrees. Generator losses in the 
meantime have been greatly reduced from about 6 percent 
in 1900 to 2 percent today, but these losses never did form 
a large part of the total, and their influence on the overall 
performance of the station has been minor. 

The increase in maximum size of 60-cycle, two-and four- 
pole generating units over the years since 1900 is shown in 
Fig. 4. The remarkable increase has been due to improved 
materials and designs, particularly in large forgings, tur- 
bine blading, and generator ventilation. 

In 1945 the American Society of Mechanical Engineers 
and the American Institute of Electrical Engineers adopted 
standard ratings for turbine-generator units. These were 
revised in November 1950 to include the 90 000 kw unit 
and are listed in Table 1. The machines are designed to 
meet their rating with 0.5 psi hydrogen pressure, but ex- 
perience has shown that between 0.5 and 15 psi the output 
of the generator can be increased one percent for each 
pound increase in the gas pressure without exceeding the 
temperature rise guarantee at atmospheric pressure. In 
many locations operation at more than 15 psi gas pressure 
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may be difficult because of codes regulating operation of 
“unfired pressure vessels” at greater pressures, but serious 
consideration is being given to operation at 30 lbs. 

For a hydrogen-air mixture to be explosive, the per- 
centage of hydrogen must lie between 5 and 75 percent. 
The control equipment is designed to operate an alarm if 
the purity of the hydrogen drops below 95 percent. The 
density meter and alarm system is in principle a small 
constant-speed fan circulating a sample of the mixture. 
If the density varies, the drop of pressure across the fan 
varies and registers on the meter. 

3. Development of Water Power 

The great transmission systems of this country received 
their impetus as a result of hydro-electric developments. 
Forty years ago conditions favored such developments, 
and in the early years of this century water-power plants 
costing $150 per kilowatt or less were common. Steam 
stations were relatively high in first cost and coal consump- 
tion per kilowatt hour was three times as much as to- 
day, and finally fuel oil was not readily available. AS 
undeveloped water-power sites became economically less 
desirable, steam stations less costly and their efficiency 
higher, and as oil fuel and natural gas became more gen- 
erally available through pipe lines, steam stations rapidly 
outgrew hydro-electric stations in number and capacity. 
Today very few water-power sites can be developed at 
such low cost as to be competitive with steam stations in 
economic energy production. For this reason hydro- 
electric developments of recent years have almost all 
been undertaken by Government agencies, which are in a 
position to include in the projects other considerations, 
such as, navigation, flood control, irrigation, conserva- 
tion of resources, giving them great social value. 

As the water-power developments within easy reach of 
the load centers were utilized and it became necessary to 
reach to greater distances for water power, only large 
developments could be considered, and stations of less 
than 100 000 kw became the exception rather than the 
rule, as witness Conowingo with 252 000 kw, Diablo with 
135 000 kw, Fifteen Mile Falls with 140 000 kw, Osage 
with 200 000 kw, and many others. The developments 
of recent years undertaken by various government agen- 
cies have reached gigantic proportions, as for example 
Hoover Dam with 1 000 000 and Grand Coulee with 
2 000 000 kw installed capacity. 

A natural corollary to the increase in station capacity 
has been a gradual increase in the size of the individual 
generator units, the growth of which is shown in Fig. 5, 
culminating in the Grand Coulee generators of 120 000 
kw at 120 rpm with an overall diameter of 45 feet. 

Most of the multi-purpose hydraulic developments call 
for large, slow-speed machines. For such conditions verti- 
cal units are used to obtain maximum energy from the 
water passing through the turbine. The rotating parts 
are supported by a thrust bearing which is an integral 
part of the generator. 

Two general types of generator design are used as dis- 
tinguished by the arrangement of the guide and thrust 
bearings. Where the axial length of the generator is 
short in relation to its diameter, the “umbrella” design 

is preferred, in which a single combination guide and 
thrust bearing is 1ocated below the rotor (Fig. 1, Chapter 
6). Where the axial length of the machines is too great 
an additional guide bearing must be provided. In this 
case the combination thrust and guide bearing is usually 
located above the rotor and the additional guide bearing 
below the rotor. 

The advantages of the umbrella design are (a) reduction 
in overhead room to assemble and dismantle the unit 
during erection and overhaul, and (b) simplicity of the 
single bearing from the standpoint of cooling and mini- 

Fig. 5—Trend in maximum waterwheel generator ratings. 

mum amount of piping. The design also lends itself 
readily to a totally-enclosed recirculating system of 
ventilation, which keeps dirt out of the machine and facili- 
tates the use of fire-extinguishing equipment. It also re- 
duces heat and noise in the power house. 

4. Combination of Water and Steam Power 

There are very few locations today where an important 
market can be supplied entirely from water power be- 
cause of seasonal variations in river flow, but in most 
cases a saving will be realized from combining water 
power and steam. The saving results from the combina- 
tion of low operating cost of water-power plants with low 
investment cost of steam stations. Moreover, hydro- 
electric units in themselves have certain valuable ad- 
vantages when used in combination with steam units. 
They start more quickly than steam-driven units, pro- 
viding a high degree of standby readiness in emergency. 
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They are well adapted to maintenance of frequency, and 
also to providing wattless energy at times of low water 
flow. And finally, hydro-pondage can be drawn upon to 
relieve steam plants of short-time peaks to save banking 
extra boilers. 

To what extent a water-power site can be developed 
economically involves a thorough investigation of indi- 
vidual cases. An economic balance must be struck be- 
tween the steam and water power to give maximum 
economy. One might install enough generating capacity 
to take care of the maximum flow of the river during a 
short period. The cost per kilowatt installed would be 
low but the use made of the equipment) (capacity factor) 
would also be low. Or one might put in only enough gcn- 
erating capacity to use the minimum river flow. In this 
case the cost of the development per kilowatt installed 
would be high, but the capacity factor would be high 

Fig. 6—Cost of energy at various capacity factors of steam 
and hydro-electric plants. 

also. Obviously between these two extremes lies an 
optimum value. The ratio of installed water-power ca- 
pacity to the peak load of the system that gives the mini- 
mum annual cost of power supply has been referred to 
as the “economic hydro ratio,” and it can be deter- 
mined without great difficulty for any particular set of con- 
ditions. 

In a paper2 presented before the American Society of 
Mechanical Engineers, Irwin and Justin discussed in an 
interesting and graphical manner the importance of 
incremental costs on the economics of any proposed de- 
velopment. Fig. 6, taken from their paper, shows in 
Curve C the capital cost per kilowatt of installation for 
various capacity factors. The costs were segregated in 
items that would be the same regardless of installation 
(land, water rights, dams) and those that vary with the 
amount of installation (power house, machinery, trans- 

mission). The latter group in this particular study was 
about $70 per kilowatt. 

Curve A gives the total cost of energy per kilowatt 
hour for a modern steam plant costing $95 per kilowatt 
with fixed charges at 12 percent and coal at $4 a ton. 

Curve B gives the total cost of energy from the water- 
power plant having the capital cost indicated in Curve C. 
To obtain such a curve it is necessary to determine the 
amount of energy available at the various capacity fac- 
tors, the assumption being made that all hydro capacity 
installed is firm capacity†, that is, that the system load 
can absorb all of the energy generated. 

Curve B shows the typically high cost of hydro-electric 
energy as compared with steam at high capacity factors 
and its low cost, at low capacity factors. 

5. Transmission Liability 

In a hydro-electric development the transmission be- 
comes a large factor of expense and in comparing such 
developments with equivalent steam plants, it is necessary 
to include the transmission as a charge against the hydro- 
electric plant. Figures of cost published on the Hoover 
Dam-Los 287-kv line indicate that this trans- 
mission costs over $90 a kilowatt, and other lines con- 
templated will probably show higher costs, 

Under certain conditions it may be more costly to trans- 
mit electrical energy over wires than to transport the 
equivalent fuel to the steam station. It has been shown3 
that the cost of electric transmission for optimum load 
and voltages can be expressed as a linear function of 
power and distance, as follows: 

For 50% load factor: mills/kw-hr = 0.54+ 
0.61 X miles 

100 

It was also shown that fuel transportation can be ex- 
pressed as a linear function of energy and distance, thus: 

Railroad rates on coal 
$1.20+5; mills per mile 

Pipe-line rates on crude oil 
$5.00+ 1 cents per mile per 100 barrels 

For pipe-line rat es on natural gas two curves were 
given for estimated minimum and maximum inter- 
ruptible contract rates 
$0 + 12 cents per mile per million cubic feet 
$50+ 12 cents per mile per million cubic feet 

The authors point out that a comparison between trans- 
mission costs alone for gas, oil, and coal are likely to be 
misleading because there is a wide difference in the costs 
of the fuels at their source. There is also a considerable 
variation in the transportation costs above and below the 
average. 

†“Firm Capacity” or “Firm Power” in the case of an individual 

station is the capacity intended to he always available even under 

emergency conditions. “Hytro Firm Capacity” in the case of com- 

bined steam and hydro is the part of the installed capacity that is 

capable of doing the same work on that part of the load curve to 

which it is assigned as could be performend by an alternative steam 

plant. 
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The equivalence between the fuels is given as: 
1 ton of coal.. . . . . . . . . . . . . . . . . . .25000000 BTU 
1 barrel of oil . . . . . . . . . . . . . . . . . . . .6 25O 000 BTU 
1000 cubic feet of gas.. . . . . . . . . . . . . .1 000 000 BTU 

6. Purpose of Transmission 

Transmission lines are essential for three purposes. 

a. To transmit power from a water-power site to a market. 
These may he very long and justified because of the sub- 
sidy aspect connected with the project. 

b. For bulk supply of power to load centers from outlying 
steam stations. These are likely to be relatively short. 

c. For interconnection purposes, that is, for transfer of 
energy from one system to another in case of emergency or 
in response to diversity in system peaks. 

Frequent attempts have been made to set up defini- 
tions of “transmission lines, ” “distribution circuits” and 
“substations.” none has proved entirely satisfactory or 
universally applicable, but for the purposes of accounting 
the Federal Power Commission and various state com- 
missions have set up definitions that in essence read: 

A transmission system includes all land, conversion structures 
and equipment at a primary source of supply; lines, switching 
and conversion stations between a generating or receiving point 
and the entrance to a distribution center or wholesale point, all 
lines and equipment whose primary purpose is to augment, inte- 
grate or tie together sources of power supply. 

7. Choice of Frequency 

The standard frequency in North America is 60 cycles 
per second. In most foreign countries it is 50 cycles. As 
a general-purpose distribution frequeney 60 cycles has an 
economic advantage over 50 cycles in that it permits a 
maximum speed of 3600 rpm as against 3000 rpm. Where 
a large number of distribution transformers ‘are used a 
considerable economic gain is obtained in that the saving 
in materials of GO-cycle transformers over 50-cycle trans- 
formers may amount to 10 to 15 percent. This is because 
in a transformer the induced voltage is proportional to the 
total flux-linkage and the frequcncy. The higher the 
frequency, therefore, the smaller the cross-sectional area 
of the core, and the smaller the core the shorter the length 
of the coils. There is a saving, therefore, in both iron and 
copper. 

The only condition under which any frequency other 
than 50 to GO cycles might be considered for a new project 
would be the case of a long transmission of, say, 500 or 
600 miles. Such long transmission has been discussed in 
connection with remote hydro-electric developments at 
home and abroad, and for these a frequency less than GO 
cycles might be interesting because as the frequency is 
decreased the inductive reactance of the line, 27 π ƒL de- 

creases and the capacitive reactance, ^_ increases, 

resulting in higher load limits, transmission efficiency, and 
better regulation. 

Full advantage of low frequency can be realized, how- 
ever, only where the utilization is at low frequency. If the 
low transmission frequency must be converted to GO 
cycles for utilization, most of the advantage is lost because 
Of limitations of terminal conversion equipment. 

Long-distance direct-current transmission has also been 
considered. It offers advantages that look attractive, but 
present limitations in conversion and inversion equipment 
make the prospect of any application in the near future 
unlikely. 

In many industrial applications, particularly in the 
machine-tool industry, 60 cycles does not permit a high 
enough speed, and frequencies up to 2000 cycles may be 
necessary. Steps are being taken to standardize frequen- 
cies of more than GO cycles. 

8. Choice of Voltage 

Transmission of alternating-current power over several 
miles dates from 1886 when a line was built at Cerchi, 
Italy, to transmit 150 hp 17 miles at 2000 volts. The 
voltage has progressively increased, as shown in Fig. 7, 
until in 1936 the Hoovcr Dam-Los Angeles line was put 
in service at 287 kv. This is still the highest operating 
voltage in use in the United States today, but considera- 
tion is being given to higher values. An investigation was 
begun in 1948 at the Tidd Station of the Ohio Power 
Company on an experimental line with voltages up to 
500 kv. 

The cost of transformers, switches, and circuit breakers 
increases rapidly with increasing voltage in the upper 
ranges of transmission voltages. In any investigation in- 
volving voltages above 230 000 volts, therefore, the unit 
cost of po\ver transmitted is subject to the law of diminish- 
ing ret urns. Furthermore, the increase of the reactance 
of the terminal transformers also tends to counteract the 
gain obtained in the transmission line from the higher 
voltage. There is, therefore, some value of voltage in the 
range being investigated beyond which, under existing cir- 
cumstances, it is uneconomical to go and it may be more 
profitable to give consideration to line compensation by 
means of capacitors to increase the economic limit of 

Fig. 7—Trend in transmission voltages in 60 years. 
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TABLE 2—FORM OF TABULATIONFOR DETERMINING VOLTAGESAND CONDUCTOR SIZES 

Based on the Transmission of 10 000 Kva for 10 Miles at 80 Percent Power Factor Lagging, GO-Cycle, 3-Phase 

TABLE 3—-QUICK-ESTIMATING DATA ON THE LOAD CARRYING 
CAPACITY OF TRANSMISSION Lines 

power transmission than increase the voltage much above 
present practice. 

The basic principles underlying system operation as 
regards voltages have been set forth in a report4 which 
lists the voltages in common use, the recommended limits 
of voltage spread, and the equipment voltage ratings in- 
tended to fulfill the voltage requirements of the level 
for which the equipmcnt is designed. The report should be 
carefully studied before any plans are made involving the 
adoption of or change in a system voltage. 

In selecting the transmission voltage, consideration 
should be given to the present and probable future voltage 
of other lines in the vicinity. The advantages of being 
able to tie together adjoining power districts at a common 
voltage frequently outweighs a choice of voltage based on 
lowest immediate cost. 

If the contemplated transmission is remote from any 
existing system, the choice of voltage should result from a 
complete study of all factors involved. Attempts have 
been made to determine by mathematical expression, 
based on the well-known Kelvin’s Law, the most economi- 
cal transmission voltage with all factors evaluated, but 
these arc so numerous that such an expression becomes 
complicated, difficult, and unsatisfactory. The only satis- 
factory way to determine the voltage is to make a complete 
study of the initial and operating costs corresponding to 
various assumed transmission voltages and to various sizes 
of conductors. 

For the purposes of the complete study, it is usually 
unnecessary to choose more than three voltages, because 
a fairly good guess as to the probable one is possible with- 
out knowing more than the length of the circuit. For 
this preliminary guess, the quick-estimating Table 3 is 
useful. This table assumes that the magnitude of power 
transmitted in the case of voltages 13.2, 33, and 66 kv is 
based on a regulation of 5 percent and a load power factor 
of 90 percent. In the case of 132 and 220 kv, the table is 
based on a loss of 10 percent and equal voltages at the send- 
ing and receiving ends of the line. The reason for this and 
the bases of the calculations are given in Chapter 9. 

A representative study is given in Table 2. It is assumed 



8 General Considerations of Transmission Chapter 1 

that it is desired to transmit over a single-circuit ten miles 
long 8000 kw (10 000 kva) at 80 percent power-factor lag- 
ging for 10 hours a day followed by 2000 kw (2500 kva) 
at 80 percent power-factor for 14 hours. The preliminary 
guess indicates that 23, 34.5, or 46 kv are probably the 
economical nominal voltages. Equivalent conductor 
spacing and the number of insulators arc as given in 
Table 4. Conductors of hard-drawn stranded copper are 

TABLE 4- CONSTRUCTION FEATURES OF TRANSMISSION 
LINES IN THE UNITED STATES* 

employed, the resistance being taken at 25 degrees C. 
The step-up and step-down transformers are assumed as 
2.5 X 10 000 kva, 12 500 kva at either end, and high-voltage 
circuit-breakers are used in anticipation of future addi- 
tional circuits. 

The costs of the pole line, right-of-way, building, and 
real estate are not included as they will be practically the 
same for the range of voltages studied. 

Assuming that the cost figures in the table are correct, a 
34 500-volt line with No. 00 copper conductor is the most 
economical. The transmission loss will be 5 percent and 
the regulation 7 percent at full load, which is deemed 
satisfactory. The voltage is sufficiently high for use as a 
subtransmission voltage if and when the territory de- 
velops and additional load is created. The likelihood of 
early growth of a load district is an important factor in 
selection of the higher voltage and larger conductor where 
the annual operating costs do not vary too widely. 

9. Choice of Conductors 

The preliminary choice of the conductor size can also 
be limited to two or three, although the method of selecting 
will differ with the length of transmission and the choice 
of voltage. In the lower voltages up to, say, 30 kv, for 
a given percentage energy loss in transmission, the cross 
section and consequently the weight of the conductors 
required to transmit a given block of power varies in- 
versely as the square of the voltage. Thus, if the voltage 
is doubled, the weight of the conductors will be reduced 
to one-fourth with approximately a corresponding reduc- 
tion in their cost. This saving in conducting material 
for a given energy loss in transmission becomes less 
as the higher voltages arc reached, becoming increas- 
ingly less as voltages go higher. This is for the reason 
that for the higher voltages at least two other sources of 

*This table is based on information published in Electriacal World 

and in Electrical Engineering. While it does not include all lines, it 

is probably representative of general practice in the U.S.A. 

**SC-W—Single-circuit wood. 

SC-ST-Single-circuit steel. 

loss, leakage over insulators and the escape of energy 
through the air between the conductors (known as 
“corona’‘—see Chap. 3) appear. In addition to these 
two losses, the charging current, which increases as the 
transmission voltage goes higher, may either increase or 
decrease the current in the circuit depending upon the 
power-factor of the load current and the relative amount 
of the leading and lagging components of the current in 
the circuit. Any change in the current of the circuit will 
consequently be accompanied by a corresponding change 
in the 12R loss. In fact, these sources of additional losses 
may, in some cases of long circuits or extensive systems, 
materially contribute toward limiting the transmission 
voltage. The weight of copper conductors, from which 
their cost can be calculated, is given in Chap. 3. As an 
insurance against breakdown, important lines frequently 
are built with circuits in duplicate. In such cases the cost 
of conductors for two circuits should not be overlooked. 

10. Choice of Spacing 

Conductor spacing depends upon the economic con- 
sideration given to performance against lightning surges. 
If maximum reliability is sought, the spacing loses its 
relation to the operating voltage and then a medium 
voltage line assumes most of the cost of a high-voltage 
transmission without the corresponding economy. (See 
Chap. 17) In general a compromise is adopted whereby 
the spacing is based on the dynamic voltage conditions 
with some allowance for reasonable performance against 
lightning surges. 

Table 4 shows typical features of transmission lines in 
the United States including their “equivalent spacing” 
and the number of suspension insulators used. By equiva- 
lent spacing is understood the spacing that would give 
the same reactance and capacitance as if an equilateral 
triangular arrangement of conductors had been used. It 
is usually impractical to use an equilateral triangular ar- 
rangement for design reasons. The equivalent spacing 
is obtained from the formula where A, B, 
and C are the actual distances between conductors. 

11. Choice of Supply Circuits 

The choice of the electrical layout of the proposed 
power station is based on the conditions prevailing locally. 
It should take into consideration the character of the 
load and the necessity for maintaining continuity of 
service. It should be as simple in arrangement as prac- 
ticable to secure the desired flexibility in operation and 
to provide the proper facilities for inspection of the 
apparatus. 

A review of existing installations shows that the appar- 
ent combinations are innumerable, but an analysis indi- 
cates that in general they are combinations of a limited 
number of fundamental schemes. The arrangements 
vary from the simplest single-circuit layout to the in- 
volved duplicate systems installed for metropolitan serv- 
ice where the importance of maintaining continuity of 
service justifies a high capital expenditure. 

The scheme selected for stations distributing power at 
bus voltage differs radically from the layout that would 
be desirable for a station designed for bulk transmission. 
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In some metropolitan developments supplying under- 
ground cable systems segregated-phase layouts have 
been and are still employed to secure the maximum of 
reliability in operation. However, their use seems to be 
on the decline, as the improvement in performance over 
the conventional adjacent phase grouping is not suffi- 
ciently better to justify the extra cost, particularly in 
view of the continuing improvement of protective equip- 
ment and the more reliable schemes of relaying available 
today for removing faulty equipment, buses, or circuits. 

Several fundamental schemes for bus layouts supplying 
feeders at generator voltage are shown in Fig. 8. These 
vary from the simplest form of supply for a small indus- 
trial plant as shown in (a) to a reliable type of layout for 
central-station supply to important load areas shown in 

(e) and (f)† . 
Sketch (a) shows several feeders connected to a com- 

mon bus fed by only one generator. This type of con- 
struction should be used only where interruptions to 
service are relatively unimportant because outages must 
exist to all feeders simultaneously when the bus, genera- 
tor breaker, generator or power source is out of service 
for any reason. Each feeder has a circuit breaker and a 

large that it is necessary to use current-limiting reactors 
in series with the generator leads or in series with each 
feeder. Sometimes both are required. Sketch (e) shows a 
double bus commonly used where reactors are in series 
with each generator and each feeder. Bus-tie reactors 
are also shown that, with all generators in service, keep 
the short-circuit currents within the interrupting ability 
of the breakers. These bus-tie reactors are important 

disconnect switch. The circuit breaker provides protec- 
tion against short circuits on the feeder and enables the 
feeder to be removed from service while it is carrying 

: 
< 

load if necessary. The disconnect switch serves as addi- I 
tional backup protection for personnel, with the breaker 

1 

open, during maintenance or repair work on the feeder. 
The disconnect also enables the breaker to be isolated t 
from the bus for inspection and maintenance on the 
breaker. Quite frequently disconnect switches are ar- 
ranged so that when opened the blade can be connected 4 

to a grounded clip for protection. If the bus is supplied 
/- 

by more than one generator, the reliability of supply to 
the feeders using this type of layout is considerably in- . 4 
creased. 

With more than one generator complete flexibility is 
obtained by using duplicate bus and’ switching equip- 
ment as shown in (b). It is often questionable whether 
the expense of such an arrangement is justified and it 
should be used only where the importance of the service 
warrants it. One breaker from each generator or feeder 
can be removed from service for maintenance with com- 
plete protection for maintenance personnel and without 
disrupting service to any feeder. Also, one complete bus 
section can be removed from service for cleaning and main- 
tenance or for adding an additional fcedcr without inter- 
fering with the normal supply to other feedcr circuits. 
There are many intermediate schemes that can be utilized 
that give a lesser degree of flexibility, an example of 
which is shown in (c). There are also several connec- 
tions differing in degree of duplication that are inter- 
mediate to the three layouts indicated, as for instance in 
(d). An analysis of the connections in any station layout 
usually shows that they are built up from parts of the 
fundamental schemes depending upon the flexibility and 
reliability required. 

The generating capacity connected to a bus may be so 

† NELA Publications Nos. 164 and 278-20—Elec. App. Comm. Fig. 8—Fundamental schemes of connections for supply at 
give a number of station and substation layouts. generator voltage. 
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because they not only limit the current on short circuit 
but also serve as a source of supply to the feeders on a 
bus section if the generator on that bus section fails. 
Each feeder can be connected to either the main or auxil- 
iary bus through what is called a selector breaker. A 
selector breaker is similar in every respect to the feeder 
breaker and serves as backup protection in case the feeder 
breaker does not function properly when it should open 
on a feeder fault. The bus-tie breakers can be used when 
one or more generators are out of service to prevent volt- 
age and phase-angle differences between bus sections 
that would exist with the supply to a bus section through 
a reactor. The phase angle between bus sections becomes 
important when a station is supplying a network system 
and should be kept to a minimum to prevent circulating 
currents through the network. For a network supply at 
least four bus sections are generally used so that the net- 
work can still be supplied in case one bus section should 
trip out on a fault. Sketch (e) shows only three bus sec- 
tions, the main and auxiliary buses serve as one bus for 
the feeders connected to that section. 

Sketch (f) shows a more modern design for central 
stations with the feeder reactors next to the bus struc- 
ture, in contrast with (e) where the reactors are on the 
feeder side of the breaker. This arrangement is possible 
because of the proven reliability of reactors, circuit break- 
ers, and dust-tight metalclad bus structures. Con- 
tinuous supply to all feeders is provided through reactor 
ties to a synchronizing bus should a generator fail. Bus- 
tie circuit breakers are provided to tie solidly adjacent 
bus sections for operation with one or more generators 
out of service. Stations of this type would be expected 
to have four to six or more bus sections especially if the 
station supplies network loads. The synchronizing bus 
also serves as a point where tie feeders from other sta- 
tions can be connected and be available for symmetrical 
power supply to all feeder buses through the reactors. 
This is not the case for station design shown in (e) where 
a tie feeder must be brought in to a particular bus section. 

For any type of generating-station design proper cur- 
rent and potential transformers must be provided to sup- 
ply the various types of relays to protect all electrical 
parts of the station against any type of fault. Likewise, 
current and voltage conditions must be obtained from 
current and potential transformers through the proper 
metering equipment to enable the operating forces to put 
into service or remove any equipment without impairing 
the operation of the remainder of the station. A ground 
bus must be provided for grounding each feeder when it 
is out of service for safety to personnel. Also a high- 
potential test bus is necessary to test circuit breakers, 
bus work and feeders, following an outage for repairs or 
maintenance, before being reconnected to the station. 

Fire walls are generally provided between bus sections 
or between each group of two bus sections to provide 
against the possibility of a fire in one section spreading to 
the adjacent sections. The separate compartments within 
the station should be locked and made as tight as possible 
for protection against accidental contact by operating 
personnel either physically or through the medium of a 
wire or any conducting material. Stray animals have 

caused considerable trouble by electrocuting themselves 
in accessible bus structures. 

With stations supplying transmission systems the 
scheme of connections depends largely on the relative 
capacities of the individual generators, transformers and 
transmission circuits; and whether all the generated 
power is supplied in bulk over transmission lines or 
whether some must also be supplied at generator voltage. 
The simplest layout is obtained when each generator, 
transformer and transmission circuit is of the same ca- 
pacity and can be treated as a single entity. Unfortu- 
nately, this is seldom the case because the number of 
generators do not equal the number of outgoing circuits. 
Even here, however, some simplification is possible if the 
transformers are selected of the same capacity as the 
generators, so that the combination becomes the equiva- 
lent of a high-voltage generator with all the switching on 
the high-voltage side of the transformer. 

In Fig. 9, (a) shows the “unit scheme” of supply. The 
power system must be such that a whole unit comprising 
generator, transformer and transmission line can be 
dropped without loss of customer’s load. The station 
auxiliaries that go with each unit are usually supplied 

Fig. 9—Fundamental schemes of supply at higher than gener- 
ated voltage. 



Chapter 1 General Considerations of Transmission 

through a station transformer connected directly to the 
generator terminals, an independent supply being pro- 
vided for the initial start-up and for subsequent emer- 
gency restarts. 

Sketch (b) h s ows the case where conditions do not per- 
mit of the transformers being associated directly with the 
generators because, perhaps, of outgoing feeders at gen- 
erator voltage, but where the capacity of the transmission 
lines is such as to give an economical transformer size. 
Here it may be desirable to include the transformer bank 
as an integral part of the line and perform all switching 
operations on the low-voltage side. Sketch (b) shows the 
extreme of simplicity, which is permissible only where 
feeders and lines can be taken in and out of service at 
will, and (c) shows the other extreme where the feeders 
and lines are expected to be in service continuously. 
Sketch (d) shows an arrangement which is frequently ap- 
plicable and which provides a considerable flexibility 
with the fewest breakers. 

Figs. 8 and 9 include fundamental layouts from which 
almost any combination can be made to meet local condi- 
tions. The choice depends on the requirements of service 
continuity, the importance of which depends on two fac- 
tors, the multiplicity of sources of supply, and the type 
of load. Some industrial loads are of such a nature that 
the relatively small risk of an outage does not justify 
duplication of buses and switching. 

The same argument applies to the transmission line 
itself. Figure 10 shows an assumed transmission of 100 
miles with two intermediate stations at 33 miles from 
either end. Sketch (a) is a fully-sectionalized scheme 
giving the ultimate in flexibility and reliability. Any sec- 
tion of either transmission circuit can be taken out for 
maintenance without the loss of generating capacity. 
Furthermore, except within that part of the transmission 
where one section is temporarily out of service, a fault on 
any section of circuit may also be cleared without loss of 
load. Sketch (b) shows the looped-in method of connec- 
tion. Fewer breakers are required than for the fully 
sectionalized scheme, and as in (a) any section of the 
circuit can be removed from service without reducing 
power output. If, however, a second line trips out, part 
or all of the generating capacity may be lost. Relaying 
is somewhat more difficult than with (a), but not unduly 
so. Flexibility on the low-voltage side is retained as in 
(a). Sketch (c) is in effect an extension of the buses from 
station to station. The scheme is, of course, considerably 
cheaper than that in (a) and slightly less than that in 
(b) but can be justified only where a temporary outage 
of the transmission is unimportant. Relaying in (c) is 
complicated by the fact that ties between buses tend to 
equalize the currents so that several distinct relaying 
steps are required to clear a fault. 

A proper balance must be kept between the reliability 
of the switching scheme used and the design of the line 
itself. Most line outages originate from lightning and a 
simplification and reduction in the cost of switching is 
permissible if the circuit is built lightning proof. (See 
Chap. 13.) On the other hand, if a line is of poor construc- 
tion as regards insulation and spacing, it would not be 
good engineering to attempt to compensate for this by 

Fig. 10—Fundamental schemes of transmission. (a) Fully- 
sectionalized supply. (b) Looped-in supply. (c) Bussed supply. 

putting in an elaborate switching and relaying scheme. 
Only a few fundamental ideas have been presented on 

the possible layout of station buses and the switching 
arrangements of transmission circuits. The possible com- 
binations are almost infinite in number and will depend 
on local conditions and the expenditure considered per- 
missible for the conditions prevailing. 
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T 
HE analysis of a three-phase circuit in which phase 
voltages and currents are balanced (of equal mag- 
nitude in the three phases and displaced 120° from 

each other), and in which all circuit elements in each phase 
are balanced and symmetrical, is relatively simple since 
the treatment of a single-phase leads directly to the three- 
phase solution. The analysis by Kirchoff’s laws is much 
more difficult, however, when the circuit is not sym- 
metrical, as the result of unbalanced loads, unbalanced 
faults or short-circuits that are not symmetrical in the 
three phases. Symmetrical components is the method now 
generally adopted for calculating such circuits. It was 
presented to the engineering profession by Dr. Charles L. 
Fortescue in his 19 18 paper, “Method of Symmetrical Co- 
ordinates Applied to the Solution of Polyphase Networks.” 
This paper, one of the longest ever presented before the 
A.I.E.E., is now recognized as a classic in engineering liter- 
ature. For several years symmetrical components re- 
mained the tool of the specialist; but the subsequent work 
of R. D. Evans, C. F. Wagner, J. F. Peters, and others in 
developing the sequence networks and extending the ap- 
plication to system fault calculations and stability calcula- 
tions focused the attention of the industry on the simplifi- 
cation and clarification symmetrical components offered in 
the calculation of power system performance under un- 
balanced conditions. 

The method was recognized immediately by a few engi- 
neers as being very useful for the analysis of unbalanced 
conditions on symmetrical machines. Its more general 
application to the calculation of power system faults and 
unbalances, and the simplification made possible by the 
use of symmetrical components in such calculations, was 
not appreciated until several years later when the papers 
by Evans, Wagner, and others were published. The use 
of symmetrical components in the calculation of unbal- 
anced faults, unbalanced loads, and stability limits on 
three-phase power systems now overshadows the other 
applications. 

The fundamental principle of symmetrical components, 
as applied to three-phase circuits, is that an unbalanced 
group of three related vectors (for example, three unsym- 
metrical and unbalanced vectors of voltage or current in 
a three-phase system) can be resolved into three sets of 
vectors. The three vectors of each set are of equal magni- 
tude and spaced either zero or 120 degrees apart. Each set 
is a “symmetrical component” of the original unbalanced 
vectors. The same concept of resolution can be applied to 
rotating vectors, such as voltages or currents, or non- 
rotating vector operators such as impedances or admit- 
tances. 

CHAPTER 2 

COMPONENTS 
Revised by : 

D. L. Whitehead 

Stated in more general terms, an unbalanced group of n 
associated vectors, all of the same type, can be resolved 
into n sets of balanced vectors. The n vectors of each set 
are of equal length and symmetrically located with respect 
to each other. A set of vectors is considered to be sym- 
metrically located if the angles between the vectors, taken 
in sequential order, are all equal. Thus three vectors of 
one set are symmetrically located if the angle between 
adjacent vectors is either zero or 120 degrees. Although 
the method of symmetrical components is applicable to the 
analysis of any multi-phase system, this discussion will be 
limited to a consideration of three-phase systems, since 
three phase systems are most frequently encountered. 

This method of analysis makes possible the prediction, 
readily and accurately, of the behavior of a power system 
during unbalanced short-circuit or unbalanced load con- 
ditions. The engineer’s knowledge of such phenomena has 
been greatly augmented and rapidly developed since its 
introduction. Modern concepts of protective relaying and 
fault protection grew from an understanding of the sym- 
metrical component methods. 

Out of the concept of symmetrical components have 
sprung, almost full-born, many electrical devices. The 
negative-sequence relay for the detection of system faults, 
the positive-sequence filter for causing generator voltage 
regulators to respond to voltage changes in all three phases 
rather than in one phase alone, and the connection of in- 
strument transformers to segregate zero-sequence quanti- 
ties for the prompt detection of ground faults are interest- 
ing examples. The HCB pilot wire relay, a recent addition 
to the list of devices originating in minds trained to think 
in terms of symmetrical components, uses a positive- 
sequence filter and a zero-sequence filter for the detection 
of faults within a protected line section and for initiating 
the high speed tripping of breakers to isolate the faulted 
section. 

Symmetrical components as a tool in stability calcula- 
tions was recognized in 1924-1926, and has been used 
extensively since that time in power system stability 
analyses. Its value for such calculations lies principally in 
the fact that it permits an unbalanced load or fault to be 
represented by an impedance in shunt with the single- 
phase representation of the balanced system. 

The understanding of three-phase transformer perform- 
ance, particularly the effect of connections and the phe- 
nomena associated with three-phase core-form units has 
been clarified by symmetrical components, as have been 
the physical concepts and the mathematical analysis of 
rotating machine performance under conditions of unbal- 
anced faults or unbalanced loading. 

12 
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The extensive use of the network calculator for the 
determination of short-circuit, currents and voltages and 
for the application of circuit breakers, relays, grounding 
transformers, protector tubes, etc. has been furthered by 
the development of symmetrical components, since each 
sequence network may be set up independently as a single- 
phase system. A miniature network of an extensive power 
system, set up with three-phase voltages, separate im- 
petlances for each phase, and mutual impedances between 
phases would indeed be so large and cumbersome to handle 
as to be prohibitive. In this connnection it is of interest to 
note that the network calculator has become an indispen- 
sable tool in the analysis of power system performance and 
in power system design. 

Not only has the method been an exceedingly valuable 
tool in system analyses, but also, by providing new and 
simpler concepts the understanding of power system be- 
havior has been clarified. The method of symmetrical 
components is responsible for an entirely different manner 
of approach to predicting and analyzing power-system 
performance. 

Symmetrical components early earned a reputation of 
being complex. This is unfortunate since the mathe- 
matical manipulations attendant with the method are 
quite simple, requiring only a knowledge of complex vector 
notation. It stands somewhat unique among mathemat- 
ical tools in that it has been used not only to explain exist- 
ing conditions, but also, as pointed out above, the physical 
concepts arising from a knowledge of the basic principles 
have led to the development of new equipment and new 
schemes for power system operation, protection, etc. 
Things men come to know lose their mystery, and so it is 
with this important tool. 

Inasmuch as the theory and applications of symmetrical 
components are fully discussed elsewhere (see references) 
the intention here is only to summarize the impor- 
tant equations and to provide a convenient reference for 
those who are already somewhat familiar with the sub- 
ject. 

I. THE VECTOR OPERATOR “a” 

For convenience in notation and manipulation a vector 
operator is introduced. Through usage it has come to be 
known as the vector a and is defined as 

This indicates that the vector a has unit length and is 
oriented 120 degrees in a positive (counter-clockwise) 
direction from the reference axis. A vector operated upon 
by a is not changed in magnitude but is simply rotated in 
position 120 degrees in the forward direction. For exam- 
ple, V’=aV is a vector having the same length as the 
vector V, but rotated 120 degrees forward from the vector 
V. This relationship is shown in Fig. 1. The square of 
the vector a is another unit vector oriented 120 degrees 
in a negative (clockwise) direction from the reference 
axis, or oriented 240 degrees forward in a positive direc- 
tion. 

As shown in Fig. 1, the resultant of a2 operating on a 
vector V is the vector V” having the same length as V, 
but located 120 degrees in a clockwise direction from V. 
The three vectors l + j 0, u2, and a (taken in this order) 

Fig. l—Rotation of a vector by the operator ''a''. 

form a balanced, symmetrical, set of vectors of positive- 
phase-sequence rotation, since the vectors are of equal 
length, displaced equal angles from each other, and cross 
the reference line in the order 1, a2, and a (following the 
usual convention of counter-clockwise rotation for the 

TABLE 1— PROPERTIES OF THE VECTOR OPERATOR “a” 
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vector diagram). The vectors 1, a, and a2 (taken in this 
order) form a balanced, symmetrical, set of vectors of 
negative-phase-sequence, since the vectors do not cross 
the reference line in the order named, keeping the same 

Fig. 2—Properties of the vector operator a. 

convention of counterclockwise rotation, but the third 
named follows the first, etc. 

Fundamental propertics of the vector a are given 
in Table 1, and are shown on the vector diagram of 
Fig. 2. 

II. RESOLUTION AND COMBINATION OF 
VECTOR COMPONENTS 

1. Resolution of Unbalanced Three-Phase Voltages 

A three-phase set of unbalanced voltagevectors is shown 
in Fig. 3. Any three unbalanced vectors such as those in 
Fig. 3 can be resolved into three balanced or symmetrical 

sets of vectors by the use of the following equations: 

Fig. 3—Unbalanced vectors. 

Eo is the zero-sequence component of Ea and is like- 
wise the zero-sequence component of Eb and Ec, that 

This set of three-phase vectors is 
shown in Fig. 4. 

Fig. 4—Zero-sequence components of the vectors in Fig. 3. 

E1 is the positive-sequence component of E,, written 
as Eal. The positive-sequence component of Eh, EM, is 
equal to u2ELll. The positive-sequence component of E,, 
E rl, is equal to QE:,~. Eal, Eijl, EC1 form a balanced, sym- 
metrical three-phase set of vectors of positive phase se- 
quence since the vector E,l is 120 degrees ahead of Et1 
and 120 degrees behind E+ as shown in Fig. 5. 

Fig. 5-Positive-sequence components of the vectors in Fig. 3. 

EZ is t,he negative-sequence component of E,, written 
as Ea2. The negative-sequence components of Eb and E, 
are, respectively, uEa2 and u2E82, so that Eil?, Eb2, Ecz 
taken in order form a symmetrical set of negative-sequence 
vectors as in Fig. G. 

All three of the zero-sequence-component vectors are 
defined by EO, since E,o= EM = Eco. Likewise, the three 

Fig. 6—Negative-sequence components of the vectors in Fig. 3. 
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Note that all three sets of component vectors have the 
same counterclockwise direction of rotation as was as- 
sumed for the original unbalanced vectors. The negative- 
sequence set of vectors does not rotate in a direction oppo- 
site to the positive-sequence set; but the phase-sequence, 
that is, the order in which the maximum occur with time, 
of the negative-sequence set is a, c, b, a, and therefore 
opposite to the a, b, c, a, phase-sequence of the positive- 
sequence set. 

The unbalanced vectors can be expressed as functions of 
the three components just defined: 

The combination of the sequence component vectors to 
form the original unbalanced vectors is shown in Fig. 7. 

In general a set of three unbalanced vectors such as 
those in Fig. 3 will have zero-, positive-, and negative- 

Fig. 7—Combination of the three symmetrical component 
sets of vectors to obtain the original unbalanced vectors in 

Fig. 3, 

Fig. 8—Determination of unbalance factor. 

negative sequence voltage whereas the phase voltages are 
of course more readily measured. 

sequence components. However, if the vectors are bal- 
anced and symmetrical-of equal length and displaced 120 
degrees from each other-there will be only a positive- 
sequence component, or only a negative-sequence com- 
ponent, depending upon the order of phase sequence for 
the original vectors. 

Equations (3) can be used to resolve either line-to- 
neutral voltages or line-to-line voltages into their com- 
ponents. Inherently, however, since three delta or line- 
to-line voltages must form a closed triangle, there will be 
no zero-sequence component for a set of three-phase line- 

The 
subscript “D” is used to denote components of delta 
voltages or currents flowing in delta windings. 

In many cases it is desirable to know the ratio of the 
negatives- to positive-sequence amplitudes and the phase 
angle between them. This ratio is commonly called the 
unbalance factor and can be conveniently obtained from 
the chart given in Fig. 8. The angle, θ, by which Ea2 
leads Ea1 can be obtained also from the same chart. The 

2. Resolution of Unbalanced Three-Phase Currents 
Three line currents can be resolved into three sets of 

symmetrical component vectors in a manner analogous 
to that just given for the resolution of voltages. 

Referring to Fig. 9: 

Fig. 9—Three-phase line currents. 

chart is applicable only to three-phase, three-wire systems, 
since it presupposes no zero-sequence component. The The above are, respectively, the zero-, positive-, and 

only data needed to use the chart is the scalar magnitudes negative-sequence components of Ia, the current in the 

of the three line voltages. As an example the chart can be reference phase. 

used to determine the unbalance in phase voltages per- 
missible on induction motors without excessive heating. (6) 
This limit has usually been expressed as a permissible 
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Three delta currents, Fig. 10, can be resolved into com- 
ponents : 

(7) 

Where I, has been chosen as the reference phase current. 

Fig. 10—Three-phase delta currents. 

Three line currents flowing into a delta-connected load, 
or into a delta-connected transformer winding, cannot 
have a zero-sequence component since Ia+Ib+Ic must 
obviously be equal to zero. Likewise the currents flowing 
into a star-connected load cannot have a zero-sequence 
component unless the neutral wire is returned or the neutral 
point is connected to ground. Another way of stating this 
fact is that zero-sequence current cannot flow into a delta- 
connected load or transformer bank ; nor can zero-sequence 
current flow into a star-connected load or transformer bank 
unless the neutral is grounded or connected to a return 
neutral wire. 

The choice of which phase to use as reference is entirely 
arbitrary, but once selected, this phase must be kept as the 
reference for voltages and currents throughout the system, 
and throughout the analysis. It is customary in symmet- 
rical component notation to denote the reference phase as 
“phase a”. The voltages and currents over an entire sys- 
tem are then expressed in terms of their components, all 
referred to the components of the reference phase. The 
components of voltage, current, impedance, or power 
found by analysis are directly the components of the refer- 
ence phase, and the components of voltage, current, im- 
pedance, or power for the other phases are easily found by 
rotating the positive-or negative-sequence components of 
the reference-phase through thc proper angle. The am- 
biguity possible where star-delta transformations of volt- 
age and current are involved, or where the components of 
star voltages and currents arc to be related to delta volt- 
ages and currents, is detailed in a following section. 

3. Resolution of Unbalanced Impedances and Ad- 
mittances 

Self Impedances-Unbalanced impedances can be 
resolved into symmetrical components, although the 
impedances are vector operators, and not rotating vectors 
as are three-phase voltages and currents. Consider the 
three star-impedances of Fig. 11 (a), which form an unbal- 
anced load. Their sequence components are: 

Fig. 1l—Three unbalanced self impedances 

The sequence components of current through 
pedances, and the sequence components of the 
ages impressed across them are interrelated by 
lowing equations : 

the im- 
line volt- 
the fol- 

The above equations illustrate the fundamental prin- 
ciple that there is mutual coupling between sequences 
when the circuit constants are not symmetrical. As the 
equations reveal, both positive- and negative-sequence 
current (as well as zero-sequence current) create a zero- 
sequence voltage drop. If Z,= Zb = Z,, the impedances 
are symmetrical, 2, = Z,=O, and 2&= 2,. .For this con- 
dition, 

and, as expected, the sequences are independent. If the 
neutral point is not grounded in Fig. 11 (a), IO = 0 but 
E. = I1Z2+ 12Z1 so that there is a zero-sequence voltage, 
representing a neutral voltage shift, created by positive- 
and negative-sequence current flowing through the un- 
balanced load. 

Equations (8) and (9) also hold for unsymmetrical 
series line impedances, as shown in Fig. 11 (b), where Eo, 
El, and E2 are components of Ea, Eb, and Ec, the voltage 
drops across the impedances in the three phases. 

Mutua1 Impedances between phases can also be re- 
solved into components. Consider Zmbc of Fig. 12(a), as 
reference, then 
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(a) Three unbalanced mutual impedances. 
(b) Unbalanced self and mutual impedances. 

The components of the three-phase line currents and 
the components of the three-phase voltage drops created 
by the mutual impedances will be interrelated by the 
following equations: 

If, as in Fig. 12(b), both self and mutual impedances 
are present in a section of a three-phase circuit, the sym- 
metrical components of the three voltage drops across the 
section are: 

Again, if both self and mutual impedances are sym- 
metrical, in all three phases, 

Where ZO, Z1, and Z2 are, respectively, the impedance 
to zero-, positive-, and negative-sequence. For this con- 
dition positive-sequence currents produce only a positive- 
sequence voltage drop, etc. Zo, Z1, and Z2 are commonly 
referred to as the zero-sequence, positive-sequence, and 
negative-sequence impedances. Note, however, that this 
is not strictly correct and that Z1, the impedance to 
positive-sequence currents, should not be confused with 
Z1, the positive sequence component of self impedances. 
Since Zo, Zl, and Z2 are used more frequently than Z0, 
Z1 and Z2 the shorter expression “zero-sequence im- 
pedance” is usually used to refer to Z0 rather than Z. 
For a circuit that has only symmetrical impedances, both 
self and mutual, the sequences are independent of each 
other, and positive-sequence currents produce only posi- 

tive-sequence voltage drops, etc. Fortunately, except for 
unsymmetrical loads, unsymmetrical transformer con- 

nections, etc., the three-phase systems usually encountered 
are symmetrical (or balanced) and the sequences are in- 
dependent. 

Admittances can be resolved into symmetrical com- 
ponents, and the components used to find the sequence 
components of the currents through a three-phase set of 
line impedances, or star-connected loads, as functions 
of the symmetrical components of the voltage drops 

across the impedances. In Fig. 11(a), let 

Note, however, that Y0 is not the reciprocal of Z0, as 
defined in Eq. 8, Y, is not the reciprocal of Z1, and Y2 
is not the reciprocal of Z2, unless Z2= Zb = Zc; in other 
words, the components of admittance are not reciprocals 
of the corresponding components of impedance unless 
the three impedances (and admittances) under consid- 
eration are equal. 

4. Star-Delta Conversion Equations 
If a delta arrangement of impedances, as in Fig. 13(a), 

is to be converted to an equivalent star shown in Fig. 
13(b), the following equations are applicable. 

Fig. 13—Star-delta impedance conversions. 

When the delta impedances form a three-phase load, 
no zero-sequence current can flow from the line to the load; 
hence, the equivalent star load must be left with neutral 
ungrounded. 

The reverse transformation, from the star impedances of 
Fig. 13(b), to the equivalent delta Fig. 13(a), is given by 
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TABLE 2 

An equivalent delta for a star-connected, three-phase 
Ioad with neutral grounded cannot be found, since zero- 
sequence current can flow from the line to the star load 
and return in the ground, but cannot flow from the line 
to any delta arrangement. 

III. RELATIONSHIP BETWEEN SEQUENCE 
COMPONENTS OF LINE-TO-LINE AND 

LINE-TO-NEUTRAL VOLTAGES 

Assume that Eag, Ebg, and Ecg, are a positive-sequence 
set of line-to-neutral vectors in Fig. 14(a). The line-to- 
line voltages will also form a positive-sequence set of 

Fig. 14—Relationships between line-to-line and line-to- 
neutral components of voltage. 

(b) Positive-sequence relationships. 
(c) Negative-sequence relationships. 

vectors. The relationship between the two sets of three- 
phase vectors is shown in Fig. 14(b). Although E1D (the 
positive-sequence component of the line-to-line voltages) 

sequence component of the line-to-neutral voltages (which 

tween E1 and E1D depends upon the line-to-line voltage 
taken as reference. The choice is arbitrary. Table 2 gives 

phases selected as reference. 

If Eag, Ebg, and Ecg, form a negative-sequence set of 
vectors, the vector diagram of Fig. 14(c) illustrates the 
relation between E2 = Eag, and E2D, the negative-sequence 
component of the line-to-line voltages. Again, the al- 
gebraic relation expressing E2D as a function of E2 will 
depend upon the line-to-line phase selected for reference, 
as illustrated in Table 3. 

TABLE 3 

Since the line-to-line voltages cannot have a zero-se- 
quence component, EoD=0 under all conditions, and E0 
is an indeterminate function of EoD. 

The equations expressing E1D as a function of E1, and 
E2D as a function of E2, can be solved to express El and 
E2 as functions of E 1D and E2D, respectively. Refer to 
Table 4 for the relationships. 

TABLE 4 

Certain authors have arbitrarily adopted phase CB as 
reference, since the relations between the line-to-line and 
line-to-neutral components are easily remembered and 
the angular shift of 90 degrees is easy to carry in com- 
putations. Using this convention: 
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(19) 

The equations and vector diagrams illustrate the inter- 
esting fact that the numerical relation between the line- 
to-line and line-to-neutral positive-sequence components 
is the same as for negative-sequence; but that the angular 
shift for negative-sequence is opposite to that for positive- 
sequence, regardless of the delta phase selected for refer- 
ence. Also, a connection of power or regulating trans- 
formcrs giving a shift of θ degrees in the transformation 
for positive-sequence voltage and current will give a shift 
of — θ degrees in the transformation for negative-sequence 
voltage and current. 

IV. SEQUENCE COMPONENTS OF LINE AND 
DELTA CURRENTS 

The relation existing between the positive-sequence 
component of the delta currents and the positive-sequence 
component of the line currents flowing into a delta load 
or delta-connected transformer winding, and the relation 
existing for the negative-sequence components of the cur- 
rents are given in Figs. 15(b) and 15(c). Although the 
components of line currents are Ö3 times thc delta phase 
selected for reference, the angular relationship depends 

Fig. 15—Relationships between components of phase and 
delta currents. 

(b) Positive-sequence relationships. 
(c) Negative-sequence relationships. 

upon the phase selected for reference. Ia is taken as refer- 
ence for the line currents. Refer to Table 5. 

TABLE 5 

Each sequence component of voltage and current must 
be followed separately through the transformer, and the 
angular shift of the sequence will depend upon the input 
and output phases arbitrarily selected for reference. In 
Fig. 16(a), the winding ratio is n, and the overall trans- 

, 
voltages on the delta side will be N times the correspond- 
ing voltages on the star side of the transformer (neglecting 
impedance drop). If the transformer windings arc sym- 
metrical in the three phases, there will be no interaction 
between sequences, and each sequence component of volt- 
age or current is transformed independently. 

To illustrate the sequence transformations, phases a and 
a’ have been selected as reference phases in the two circuits. 
Figs. 16(b), (c), (d) , and (e) give the relationships for the 
three phases with each component of voltage and current 
considered separately. 

From the vector diagrams 

If the current (—Iy) is taken as reference, the relations 
are easily remembered; also, the j operator is convenient 
to use in analysts. 

V. STAR-DELTA TRANSFORMATIONS OF 
VOLTAGE AND CURRENT 

Regardless of the phases selected for reference, both 
positive-sequence current and voltage will be shifted in 
the same direction by the same angle. Negative-sequence 
current and voltage will also be shifted the same angle in 
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Fig. 16—Transformation of the sequence components of cur- 
rent and voltage in a star-delta transformer bank. 

(b) Relationship of positive-sequence line-to-neutral and line-to- 
line voltages. 

(c) Relationship of positive-sequence currents. 
(d) Relationship of negative-sequence line-to-neutral and line- 

to-line voltages. 
(e) Relationship of negative-sequence currents. 

one direction, and the negative-sequence angular shift will 
be equal to the positive-sequence shift but in the opposite 
direction. As previously stated, this is a general rule for all 
connections of power and regulating transformers, wher- 
ever phase shift is involved in the transformation. 

Since zero-sequence current cannot flow from the delta 
winding, there will be no zero-sequence component of Ia´. 
If the star winding is grounded, Ia may have a zero-se- 
quence component. From the star side the transformer 
bank acts as a return path for zero-sequence current (if the 
neutral is grounded), and from the delta side the bank acts 
as an open circuit to zero-sequence. For zero-sequence 

The zero-sequence line-to-neutral voltages, E0 and E0’ are 
entirely independent; each being determined by conditions 
in its respective circuit. The transformation characteristics 
for the three sequence currents and voltages, and the se- 
quence impedance characteristics, for common connections 
of power and regulating transformers are given in Chap. 5. 
The action of a transformer bank in the transformation of 
zero-sequence currents must be given particular attention, 
since certain connections do not permit zero-sequence cur- 
rent to flow, others permit it to pass through the bank 
without, transformation, and still others transform zero- 
sequence quantities in the same manner as positive- or 
negative-sequence quantities are transformed. 

VI. THREE-PHASE POWER 

The total three-phase power of a circuit can be expressed 
in terms of the symmetrical components of the line cur- 
rents and the symmetrical components of the line-to- 
neutral voltages. 

where θ0 is the angle between Eo and I0, θ1 the angle 
between El and I1, θ2 the angle between E2 and I2. The 
equation shows that the total power is the sum of the three 
components of power; but the power in one phase of an 
unbalanced circuit is not one-third of the above expression, 
since each phase will contain components of power resulting 
from zero-sequence voltage and positive-sequence current, 
etc. This power “between sequences” is generated in one 
phase and absorbed by the others, and does not appear in 
the expression for total three-phase power. 

Only positive-sequence power is developed by the gene- 
rators. This power is converted to negative-sequence and 
zero-sequence power by circuit dissymmetry such as occurs 
from a single line-to-ground or a line-to-line fault,. The 
unbalanced fault, unbalanced load, or other dissymmetry 
in the circuit thus acts as the “generator” for negative 
sequence and zero-sequence power. 

VII. CONJUGATE SETS OF VECTORS 

Since power in an alternating-current circuit is defined 
as EÎ (the vector E times the conjugate of the vector Z), 
some consideration should be given to conjugates of the 
symmetrical-component sets of vectors. A system of 
positive-sequence vectors are drawn in Fig. 17(a). In 

Fig. 17—Conjugates of a positive-sequence set of vectors. 



Chapter 2 Symmetrical Components 21 

Fig. M-Conjugates of a negative-sequence set of vectors. 

accordance with the definition that the conjugate of a given 
vector is a vector of the same magnitude but displaced the 
same angle from the reference axis in the opposite direction 
to the given vector, the conjugates of the positive-sequence 
set of vectors are shown in Fig. 17(b). Note that the con- 
jugates to a positive-sequences of vectors form a negative- 
sequence set of vectors. Similarly, as in Fig. 18, the con- 
jugates to a negative-sequence set of vectors form a posi- 

Fig. 19—Conjugates of a zero-sequence set of vectors. 

tive-sequence set . The conjugate of a zero-sequence set of 
vectors is another zero-sequence set of vectors, see Fig. 19. 

VIII. SEQUENCE NETWORKS 

5. General Considerations 

One of the most useful concepts arising from symmet- 
rical components is that of the sequence network, which 
is an equivalent network for the balanced power system 
under an imagined operating condition such that only one 
sequence component of voltages and currents is present in 
the system. As shown above for the case of balanced loads 
(and it can be readily shown in general) currents of one 
sequence will create voltage drops of that sequence only, if 
a power system is balanced (equal series impedances in all 
three phases, equal mutual impedances between phases, 
rotating machines symmetrical in all three phases, all 
banks of transformers symmetrical in all three phases, 
etc.). There will be no interaction between sequences and 
the sequences are independent. Nearly all power systems 
can be assumed to be balanced except for emergency con- 
ditions such as short-circuits, faults, unbalanced load, un- 
balanced open circuits, or unsymmetrical conditions arising 
in rotating machines. Even under such emergency unbal- 
anced conditions, which usually occur at only one point in 
the system, the remainder of the power system remains 
balanced and an equivalent sequence network can be ob- 

tained for the balanced part of the system. The advantage 
of the sequence network is that, since currents and voltages 
of only one sequence are present, the three-phase system 
can be represented by an equivalent single-phase diagram. 
The entire sequence network can often be reduced by sim- 
ple manipulation to a single voltage and a single im- 
pedance. The type of unbalance or dissymmetry in the 
circuit can be represented by an interconnection between 
the equivalent sequence networks. 

The positive-sequence network is the only one of the 
three that will contain generated voltages, since alternators 
can be assumed to generate only positive-sequence volt- 
ages. The voltages appearing in the negative- and zero- 
sequence networks will be generated by the unbalance, and 
will appear as voltages impressed on the networks at the 
point of fault. Furthermore, the positive-sequence net- 
work represents the system operating under normal bal- 
anced conditions. For short-circuit studies the internal 
voltages arc shorted and the positive sequence network is 
driven by the voltage appearing at the fault before the 
fault, occurred according to the theory of Superposition and 
the Compensation Theorems (see Chapter 10, Section 11). 
This gives exactly the increments or changes in system 

quantities over the system. Since the fault current equals 
zero before the fault, the increment alone is the fault cur- 
rent total. However, the normal currents in any branch 
must be added to the calculated fault current in the same 
branch to get the total current in any branch after the 
fault occurs. 

6. Setting Up the Sequence Networks 
The equivalent circuits for each sequence are set up “as 

viewed from the fault,” by imagining current of the partic- 
ular sequence to be circulated through the network from 
the fault point, investigating the path of current flow and 
the impedance of each section of the network to currents 
of that sequence. Another approach is to imagine in each 
network a voltage impressed across the terminals of the 
network, and to follow the path of current flow through 
the network, dealing with each sequence separately. It is 
particularly necessary when setting up the zero-sequence 
network to start at the fault point, or point of unbalance, 
since zero-sequence currents might not flow over the entire 
system. Only parts of the system over which zero-sequence 
current will flow, as the result of a zero-sequence voltage 
impressed at the unbalanced point, are included in the 
zero-sequence network “as viewed from the fault.” The 
two terminals for each network correspond to the two 
points in the three-phase system on either side of the un- 
balance. For the case of shunt faults between conductors 
and ground, one terminal of each network will be the fault 
point in the three-phase system, the other terminal will be 
ground or neutral at that point. For a series unbalance, 
such as an open conductor, the two terminals will cor- 
respond to the two points in the three-phase system im- 
mediately adjacent to the unbalance. 

7. Sequence Impedances of Lines, Transformers, 
and Rotating Machinery 

The impedance of any unit of the system-such as a 
generator, a transformer, or a section of line-to be in- 
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serted in a sequence network is obtained by imagining unit 
current of that sequence to be circulated through the 
apparatus or line in all three phases, and writing the equa- 
tion for the voltage drop; or by actually measuring the 
voltage drop when current of the one sequence being in- 
vestigated is circulated through the three phases of the 
apparatus. The impedance to negative-sequence currents 
for all static non-rotating apparatus will be equal to the 
impedance for positive-sequence currents. The impedance 
to negative-sequence currents for rotating apparatus will 
in general be different from the impedance to positive 
sequence. The impedance to zero-sequence currents for all 
apparatus will in general be different from either the im- 
pedance to positive-sequence or the impedance to negative- 
sequence. The sequence impedance characteristics of the 
component parts of a power system have been investigated 
in detail and are discussed in Chaps. 3, 4, 5, and 6. 

An impedance in the neutral will not appear in either the 
positive-sequence network or the negative-sequence net- 
work, since the three-phase currents of either sequence add 
to zero at the neutral; an equivalent impedance equal to 
three times the ohmic neutral impedance will appear in the 
zero-sequence network, however, since the zero-sequence 
currents flowing in the three phases, I0 add directly to give 
a neutral current of 3I0. 

8. Assumed Direction of Current Flow 

By convention, the positive direction of current flow in 
each sequence network is taken as being outward at the 
faulted or unbalanced point; thus the sequence currents are 
assumed to flow in the same direction in all three sequence 
networks. This convention of assumed current flow must 
be carefully followed to avoid ambiguity or error even 
though some of the currents are negative. After the cur- 
rents flowing in each network have been determined, the 
sequence voltage at any point in the network can be found 
by subtracting the impedance drops of that sequence from 
the generated voltages, taking the neutral point of the net- 
work as the point of zero voltage. For example, if the im- 
pedances to positive-, negative-, and zero-sequence be- 
tween neutral and the point in question are Z1, Z2, and ZO, 
respectively, the sequence voltages at the point will be 

where Eal is the generated positive-sequence voltage, the 
positive-sequence network being the only one of the three 
having a generated voltage between neutral and the point 
for which voltages are to be found. In particular, if Z1, 
Z2 and Z0 are the total equivalent impedances of the net- 
works to the point of fault,, then Eq. (23) gives the se- 
quence voltages at the fault. 

Distribution Factors—If several types of unbalance 
are to be investigated for one point in the system, it is 
convenient to find distribution factors for each sequence 
current by circulating unit sequence current in the ter- 
minals of each network, letting it flow through the net- 
work and finding how this current distributes in various 
branches. Regardless of the type of fault, and the mag- 
nitude of sequence current at the fault, the current will 

distribute through each network in accordance with the 
distribution factors found for unit current. This follows 
from the fact that within any one of the three networks 
the currents and voltages of that sequence are entirely 
independent of the other two sequences. 

These points will be clarified by detailed consideration 
of a specific example at the end of this chapter. 

IX. CONNECTIONS BETWEEN THE 
SEQUENCE NETWORKS 

As discussed in Part II, Sec. 3 of this chapter, any un- 
balance or dissymmetry in the system will result in mutual 
action between the sequences, so that it is to be expected 
that the sequence networks will have mutual coupling, or 
possibly direct connections, between them at the point of 
unbalance. Equations can be written for the conditions 

existing at the point of unbalance that show the coupling 
or connections necessarily existing between the sequence 
networks at that point. 

As pointed out in Sec. 5, it is usually sufficiently accurate 
to reduce a given system to an equivalent source and single 
reactance to the point of fault. This in effect means that 
the system is reduced to a single generator with a fault 
applied at its terminals. Figs. 20(a) through 20(e) show 
such an equivalent system with the more common types of 
faults applied. For example Fig. 20(a) is drawn for a three- 

(a) Three-phase short circuit on generator. 
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(b) Single-line-to-ground fault on ungrounded generator. (d) Line-to-line fault on grounded or ungrounded generator. 

(c) Single-line-to-ground fault on generator grounded through (e) Double-line-to-ground fault on generator grounded through - 
a neutral reactor. a neutral reactor. 
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Fig. 21—Connection of the sequence networks to represent shunt and series unbalanced conditions. For shunt unbalances 
the faulted point in the system is represented by F and neutral by N. Corresponding points are represented in the sequence 
networks by the letter with a sequence subscript. P, N, and Z refer to the positive-, negative-, and zero-sequence networks, 
respectively. For series unbalances, points in the system adjacent to the unbalance are represented by X and Y. N is again 

the neutral. 
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phase fault on the system. Part (1) shows the equivalent 
system (2) the corresponding positive- negative- and zero- 
sequence diagrams, and (3) the shorthand representation 

and “ground”, G. In the positive- and negative-sequence 
networks no such distinction is necessary, since by their 
definition positive- and negative-sequence quantities are 
balanced with respect to neutral. For example, all pos- 
itive- and negative-sequence currents add to zero at the 
system neutral so that the terms “neutral” and “ground” 
are synonymous. Zero-sequence quantities however, are 
not balanced with respect to. neutral. Thus, by their 
nature zero-sequence currents require a neutral or ground 
return path. In many cases impedance exists between 
neutral and ground and when zero-sequence currents flow a 
voltage drop exists between neutral and ground. There- 
fore, it is necessary that one be specific when speaking of 
line-to-neutral and line-to-ground zero-sequence voltages. 
They are the same only when no impedance exists between 
the neutral and ground. 

In parts (3) of Fig. 20(a) all portions of the network 
within the boxes are balanced and only the terminals at 
the point of unbalance are brought out. The networks as 
shown are for the “a” or reference phase only. In Eqs. (25) 
through (29) the zero-sequence impedance, Z0, is infinite 
for the case of Fig. 20(b) and includes 3XG in the case of 
Fig. 20 (c). Fig. 21 gives a summary of the connections 
required to represent the more common types of faults 
encountered in power system work. 

Equations for calculating the sequence quantities at the 
point of unbalance are given below for the unbalanced con- 
ditions that occur frequently. In these equations EIF, 
E2F, and EOF are components of the line-to-neutral volt- 
ages at the point of unbalance; 11F, I2F, and I0F are com- 
ponents of the fault current IF; Z1, Z2, and Z0 are imped- 
ances of the system (as viewed from the unbalanced 
terminals) to the flow of the sequence currents; and Ea, is 
the line-to-neutral positive-sequence generated voltage. 

25 
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connections will have to be made through phase-shifting 
transformers. The analysis in the cases of simultaneous 
faults is considerably more complicated than for single 
unbalances. 

No assumptions were made in the derivation of the rep- 

If two or more unbalances occur simultaneously, mutual resentation of the shunt and series unbalances of Fig. 21 

coupling or connections will occur between the sequence that would not permit the application of the same prin- 

networks at each point of unbalance, and if the unbalances ciples to simultaneous faults on multiple unbalances. In 

are not symmetrical with respect to the same phase, the fact various cases of single unbalance can be combined to 

Fig. 22—Connections between the sequence networks for typical cases of multiple unbalances. 
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form the proper restraints or terminal connections to rep- 
resent multiple unbalances. For example, the representa- 
tion for a simultaneous single line-to-ground fault on phase 
“a” and a line-to-line fault, on phases “b” and “c” can be 
derived by satisfying the terminal connections of Figs. 
21(d) and 21(f). Fig, 21(d) dictates that the three net- 
works be connected in series, while Fig. 21 (f) shows the 
positive- and negative-sequence networks in parallel. Both 
of these requirements can be met simultaneously as shown 
in Fig. 22(a). Simultaneous faults that are not sym- 
metrical to the reference phase can be represented by sim- 
ilar connections using ideal transformers or phase shifters 
to shift the sequence voltages and currents originating in 
all of the unbalances except the first or reference condition. 
The fault involving phase “a” is usually taken as the 
reference and all others are shifted by the proper amount 
before making the terminal connections required to satisfy 
that particular type of fault. The positive-, negative-, and 
zero-sequence shifts, respectively for an unbalance that is 
symmetrical to phase “a” are 1, 1, 1; “0” phase a’, a, 1; 
to “c” phase a, a 2, 1. A few multiple unbalances that, may 
occur at one point in a system simultaneously are given in 
Fig. 22, which also gives one illustration of simultaneous 
faults at different points in a system with one fault not 
symmetrical with respect to phase a. 

To summarize, the procedure in finding voltages and 
currents throughout a system during fault conditions is: 
(1) set up each sequence network as viewed from the fault, 
(2) find the distribution factors for each sequence current 
throughout its network, (3) reduce the network to as sim- 
ple a circuit as possible, (4) make the proper connection 
between the networks at the fault point to represent the 
unbalanced condition, (5) solve the resulting single-phase 
circuit for the sequence currents at the fault, (6) find the 
sequence components of voltage and current at the desired 
locations in the system. The positive-sequence voltage to 
be used, and the machine impedances, in step (5) depend 
upon when the fault currents and voltages are desired; if 
immediately after the fault occurs, in general, use sub- 
transient reactances and the voltage back of subtransient 
reactance immediately preceding the fault; if a few cycles 
after the fault occurs, use transient reactances and the 
voltage back of transient reactance immediately before the 
fault; and if steady-state conditions are desired, use syn- 
chronous reactances and the voltage back of synchronous 
reactance. If regulators are used, normal bus voltage can 
be used to find steady-state conditions and the machine 
reactance in the positive-sequence network taken as being 
zero. 

X. EXAMPLE OF FAULT CALCULATION 

16. Problem 

Let US assume the typical transmission system shown 
in Fig. 23(a) to have a single line-to-ground fault on one 
end of the 66 kv line as shown. The line construction is 
given in Fig. 23(b) and the generator constants in Fig. 
23(c). Calculate the following: 

(a) Positive-sequence reactance to the point of fault. 
(b) Negative-sequence reactance to the point of fault. 
(c) Zero-sequence reactance to the point of fault. 

50,000 KVA 37,500 KVA 

NEUTRAL GROUNDED THROUGH 4% REACT. NEUTRAL UNGROUNDED 

x,j = 100% x,j = 130% 

x’d = 21 % x’d= 25% 

X”d= 1 2% X”d= I7 % 

Xp’ 12% x,= 17% 

x0 = 6% x0* 5% 

(cl 

17. Assumptions 
(1) That the fault currents are to be calculated using 

transient reactances. 
(2) A base of 50,000 kva for the calculations. 
(3) That all resistances can be neglected. 
(4) That, a voltage, positive-sequence, as viewed from 

the fault of j 100% will be used for reference. This 

(5) That the reference phases on either side of the star- 
delta transformers are chosen such that positive- 
sequence voltage on the high side is advanced 30” in 
phase position from the positive-sequence voltage on 
the low side of the transformer. 
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18. Line Reactances (Refer to Chap. 3) 
Positive- and Negative-Sequence Reactances of 

the 110 kv Line. 

Positive- and Negative-Sequence Reactances of 
the 66 kv Line. 

Zero-Sequence Reactances—Since zero-sequence 
currents flowing in either the 110- or the 66-kv line will in- 
duce a zero-sequence voltage in the other line and in all 
three ground wires, the zero-sequence mutual reactances 
between lines, between each line and the two sets of ground 
wires, and between the two sets of ground wires, must be 
evaluated as well as the zero-sequence self reactances. In- 
deed, the zero-sequence self reactance of either the 110- 
or the 66-kv line will be affected by the mutual coupling 
existing with all of the ground wires. The three conductors 
of the 110-kv line, with ground return, are assumed to form 
one zero-sequence circuit, denoted by “a” in Fig. 24; the 
two ground conductors for this line, with ground return, 
form the zero-sequence circuit denoted “g”; the three con- 
ductors for the 66-kv line, with ground return, form the 
zero-sequence circuit denoted “a”‘; and the single ground 
wire for the 66-kv line, with ground return, forms the zero- 
sequence circuit denoted “g’.” Although not strictly cor- 
rect, we assume the currents carried by the two ground 
wires of circuit “g” are equal. Then let: 

Fig. 24—Zero-sequence circuits formed by the 110 kv line (a), 
the 66 kv line (a’), the two ground wires (g), and the single 

ground wire (g’). 

It should be remembered that unit I0 is one ampere in 
each of the three line conductors with three amperes re- 

turning in ground; unit Ig is 3/2 amperes in each of the 
two ground wires with three amperes returning in the 
ground; unit I0' is one ampere in each of the three line con- 
ductors with three amperes returning in the ground; and 
unit Ig' is three amperes in the ground wire with three 
amperes returning in the ground. 

These quantities are inter-related as follows: 

where 

Similar definitions apply for Z0(a'g), and Z0(gg'). In each 
case the zero-sequence mutual reactance between two cir- 
cuits is equal to χ e minus three times the average of the 
χ d’s for all possible distances between conductors of the 
two circuits. 

The zero-sequence self reactance of the 110-kv line in 
the presence of all zero-sequence circuits is obtained by 
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letting I00 be zero in the above equations and solving for 

Carrying out this rather tedious process, it will be 

found that 

The zero-sequence self reactance of the 66-kv line in 
the presence of all zero-sequence circuits is obtained by 

letting Io be zero in the equations and solving for . If 

will be found that 

The zero-sequence mutual reactance between the 66- 
and the 110-kv line in the presence of all zero-sequence 

Fig. 25—Reduction of the positive-sequence network and the 
positive-sequence distribution factors. 

circuits is obtained by letting Io' be zero and solving for 

19. The Sequence Networks 
The sequence networks are shown in Figs. 25, 26, and 

Fig. 26—Reduction of the negative-sequence network and the 
negative sequence distribution factors. 

kva base and the networks set up as viewed from the 
fault. Illustrative examples of expressing these react- 
antes in percent on a 50000-kva base follow: 

Positive-sequence reactance of G2 = 

Positive-sequence reactance of the 66-kv line= 

Positive-sequence reactance of the 110-kv line = 

Zero-sequence mutual reactance between the 66- and the 
110-kv line for the 30 mile section = 

The distribution factors are shown on each sequence 
network; obtained by finding the distribution of one am- 
pere taken as flowing out at the fault. 

Each network is finally reduced to one equivalent im- 
27, with all reactances expressed in percent on a 50 000- pedance as viewed from the fault. 
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20. Voltages and Currents at the Fault 
The sequence networks are connected in series to rep- 

resent a single line-to-ground fault. The total reactance 
of the resulting single-phase network is 

Since normal current for the GG-kv circuit (for a base 
kva of 50 000) 

I0 = I1 = I2 = (1.637) (437.5) = 715 amperes. 

The total fault current= 

I0+I1+I2=4.911 p.u.=2145 amperes. 

The sequence voltages at the fault: 

21. Voltages and Currents at the Breaker Adjacent 
to the Fault 

Using the distribution factors in the sequence net- 
works at this point: 

The line-to-ground and line-t o-line voltages at this 
point are equal to those calculated for the fault. 

22. Voltages and Currents at the Breaker Adjacent 
to Generator G1 

The base, or normal, voltage at this point is 13 800 volts 
line-to-line, or 7960 volts line-to-neutral. 

The base, or normal, current at this point is 

= 2090 amperes. Since a star-delta transformation is 
involved, there will be a phase shift in positive- and 
negative-sequence quantities. 

Fig. 27—Reduction of the zero-sequence network and the 
zero-sequence distribution factors. 



Chapter 2 Symmetrical Components 31 

The sequence voltages at this point are: 

23. Voltages and Currents at the 110-kv Breaker 
Adjacent to the 25 000 kva Transformer 

The base, or normal, voltage at this point is 110 000 1. 
volts line-to-line; or 63 500 volts line-to-neutral. 

The base, or normal, current at this point is 

= 262 amperes. 
3. 

The sequence currents at this point are: 

4. 

5. 

The sequence voltages at this point are: 
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CHAPTER 3 

CHARACTERISTICS OF AERIAL LINES 
Original Authors: 

Sherwin H. Wright and C. F. Hall 

I N the design, operation, and expansion of electrical 
power systems it is necessary to know electrical and 
physical characteristics of conductors used in the con- 

struction of aerial distribution and transmission lines. 
This chapter presents a description of the common types 

of conductors along with tabulations of their important 
electrical and physical characteristics. General formulas 
are presented with their derivation to show the basis of the 
tabulated values and as a guide in calculating data for 
other conductors of similar shapes, dimensions, composi- 
tion and operating conditions. 

Also included are the more commonly used symmetrical- 
component-sequence impedance equations that are applic- 
able to the solution of power system problems involving 
voltage regulation, load flow, stability, system currents, 
and voltages under fault conditions, or other system prob- 
lems where the electrical characteristics of aerial lines are 
involved. 

Additional formulas are given to permit calculation of 
approximate current-carrying capacity of conductors 
taking into account such factors as convection and radia- 
tion losses as influenced by ambient, temperature, wind 
velocity, and permissible temperature rise. 

I. TYPES OF CONDUCTORS 

In the electric-power field the following types of con- 
ductors are generally used for high-voltage power transmis- 
sion lines: stranded copper conductors, hollow copper con- 
ductors, and ACSR (aluminum cable, steel reinforced). 

Other types of conductors such as Copperweld and Cop- 
perweld-Copper conductors are also used for transmission 
and distribution lines. Use is made of Copperweld, bronze, 
copper bronze, and steel for current-carrying conductors 
on rural lines, as overhead ground wires for transmission 
lines, as buried counterpoises at the base of transmission 
towers, and also for long river crossings. 

A stranded conductor, typical of both copper and stee1 
conductors in the larger sizes, is shown in Fig. 1. A strand- 
ed conductor is easier to handle and is more flexible than a, 
solid conductor, particularly in the larger sizes. 

A typical ACSR conductor is illustrated in Fig. 2. In 
this type of conductor, aluminum strands are wound about, 
a core of stranded steel. Varying relationships between 
tensile strength and current-carrying capacity as well as 
overall size of conductor can be obtained by varying the 
proportions of steel and aluminum. By the use of a filler, 
such as paper, between the outer aluminum strands and 
the inner steel strands, a conductor of large diameter can 
be obtained for use in high voltage lines. This type of con- 

D. F. Shankle and R. L. Tremaine 

Fig. 1—A typical stranded conductor, (bare copper). 

Fig. 2—A typical ACSR conductor. 

Fig. 3—A typical “expanded” ACSR conductor. 

Fig. 4—A typical Anaconda Hollow Copper Conductor. 

ductor is known as “expanded” ACSR and is shown in 
Fig. 3. 

In Fig. 4 is shown a representative Anaconda Hollow 
Copper Conductor. It consists of a twisted copper “I” 

32 
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Fig. S-A typical General Cable Type HH. 

Fig. 6-A typical Copperweld conductor. 

Fig. 7—Typical Copperweld-Copper conductors 

(a) Upper photograph—Type V 

(b) Lower photograph—Type F 

beam as a core about which strands of copper wire are 
wound. The “I” beam is twisted in a direction opposite to 
that of the inner layer of strands. 

Another form of hollow copper conductor is shown in 
Fig. 5. Known as the General Cable Type HH hollow cop- 
per conductor, it is made up of segmental section of cop- 
per mortised into each other to form a self-supporting 
hollow cylinder. Hollow copper conductors result in con- 
ductors of large diameter for a given cross section of copper. 
Corona losses are therefore smaller. This construction also 
produces a reduction in skin effect as well as inductance as 
compared with stranded conductors. A discussion of large 
diameter conductors and their characteristics is given in 
reference 1. 

Copperweld conductors consist of different numbers of 
copper-coated steel strands, a typical conductor being illus- 
trated in Fig. 6. Strength is provided by the core of steel 
and protection by the outer coating of copper. 

When high current-carrying capacities are desired as 
well as high tensile strength, copper stands are used with 
Copperweld strands to form Copperweld ‘Coppcr conduct- 

ors as shown in Fig. 7. Different relationships between 
current-carrying capacity, outside diameter, and tensile 
strength can be obtained by varying the number and size 
of the Copperweld and copper strands. 

II. ELECTRICAL CHARACTERISTICS OF 
AERIAL CONDUCTORS 

The following discussion is primarily concerned with the 
development, of electrical characteristics and constants of 
aerial conductors, particularly those required for analysis 
of power-system problems. The constants developed are 
particulary useful in the application of the principles of 
symmetrical components to the solution of power-system 
problems involving positive-, negative-, and zero-sequence 
impedances of transmission and distribution lines. The 
basic quantities needed are the positive-, negative-, and 
zero-sequence resistances, inductive reactances and shunt 
capacitive reactances of the various types of conductors 
and some general equations showing how these quantities 
are used. 

1. Positive- and Negative-Sequence Resistance 

The resistance of an aerial conductor is affected by the 
three factors: temperature, frequency, current density. 
Practical formulas and methods will now be given to take 
into account these factors. 

Temperature Effect on Resistance—The resistance 
of copper and aluminum conductors varies almost di- 
rectly with temperature. While this variation is not strictly 
linear for an extremely wide range of temperatures, for 
practical purposes it can be considered linear over the 
range of tempertures normally encountered. 

When the d-c resistance of a conductor at a given tem- 
perature is known and it is desired to find the d-c resistance 
at some other temperature, the following general formula 
may be used. 

Rt2 =d-c resistance at any temperature t2 degree C. 
Rtl =d-c resistance at any other temperature t1 degree C. 
M =a constant for any one type of conductor material. 

=inferred absolute zero temperature. 
=234.5 for annealed 100 percent conductivity copper. 
=241.5 for hard drawn 97.3 percent conductivity 

copper. 
=228.1 for aluminum. 

The above formula is useful for evaluating changes in 
d-c resistance only, and cannot be used to give a-c resist- 
ance variations unless skin effect can be neglected. For 
small conductor sizes the frequency has a negligible effect 
on resistance in the d-c to GO-cycle range. This is generally 
true for conductor sizes up to 2/0. 

The variations of resistance with temperature are usually 
unimportant because the actual ambient temperature is 
indefinite as well as variable along a transmission line. An 
illustration of percentage change in resistance is when tem- 
perature varies from winter to summer over a range of 
0 degree C to 40 degrees C (32 degrees F to 104 degrees F) 
in which case copper resistance increases 17 percent. 
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Skin Effect in Straight Round Wires- The resist- 
ance of non-magnetic conductors varies not only with tem- 
perature but also with frequency. This is due to skin effect. 
Skin effect is due to the current flowing nearer the outer 
surface of the conductor as a result of non-uniform flux 
distribution in the conductor. This increases the resistance 
of the conductor by reducing the effective cross section of 
the conductor through which the current flows. 

The conductor tables give the resistance at commercial 
frequencies of 25, 50, and GO cycles. For other frequencies 
the following formula should be used. 

Table 5 (skin effect table) is carried in the Bureau of 
Standards Bulletin No. 169 on pages 226-8, to values of 
X = 100. To facilitate interpolation over a small range of 
the table, it is accurate as well as convenient to plot a curve 
of the values of K vs. values of X. 

Combined Skin Effect and Temperature Effect 
on Resistance of Straight Round Wires—When both 
temperature and skin effect are considered in determining 
conductor resistance, the following procedure is followed. 

First calculate the d-c resistance at the new temperature 
using Eq. (1). Then substitute this new value of d-c re- 
sistance and the desired frequency in the equation defining 
X. Having calculated X, determine K from Table 5. Then 
using Eq. (2), calculate the new a-c resistance rf, using the 
new d-c resistance for rdc and the value of K obtained from 
Table 5. 

Effect of Current on Resistance—The resistance of 
magnetic conductors varies with current magnitude as well 
as with the factors that affect non-magnetic conductors 
(temperature and frequency). 

Current magnitude determines the flux and therefore the 
iron or magnetic losses inside magnetic conductors. The 
presence of this additional factor complicates the determi- 
nation of resistance of magnetic conductors as well as any 
tabulation of such data. For these reasons the effect of 
current magnitude will not be analyzed in detail. How- 
ever, Fig. 8 gives the resistance of steel conductors as a 
function of current, and the tables on magnetic conductors 
such as Copperweld-copper, Copperweld, and ACISR con- 
ductors include resistance tabulations at two current carry- 
ing levels to show this effect. These tabulated resistances 
are generally values obtained by tests. 

Zero-Sequence Resistance—The zero-sequence re- 
sistance of aerial conductors is discussed in detail in the 
section on zero-sequence resistance and inductive react- 
ance given later in the chapter since the resistance and in- 

Fig. 8—Electrical Characteristics of Steel Ground Wires* 

ductive reactance presented to zero-sequence currents is 
influenced by the distribution of the zero-sequence current 
in the earth return path. 

2. Positive- and Negative-Sequence Inductive Re- 
actance 

To develop the positive- and negative-sequence induc- 
tive reactance of three-phase aerial lines it is first necessary 
to develop a few concepts that greatly simplify the 
problem. 

First, the total inductive reactance of a conductor carry- 
ing current will be considered as the sum of two com- 
ponents: 

*This figure has been taken from Symmetrical Components (a book) 

by C. F. Wagner and R. D. Evans, McGraw-Hill Book Company, 

1933. 
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(1) The inductive reactance due to the flux within a radius of 
one foot from the conductor center, including the flux 
inside the conductor. 

(2) The inductive reactance due to the flux external to a 
radius of one foot and out to some finite distance. 

This concept was first given in Wagner and Evans book on 
Symmetrical Components2 and was suggested by W. A. 
Lewis.48 

It can be shown most easily by considering a two-con- 
ductor single-phase circuit with the current flowing out in 
one conductor and returning in the other. In Fig. 9 such a cir- 
cuit is shown with only the flux produced by conductor 1 for 
simplicity. Conductor 2 also produces similar lines of flux. 

The classic inductance formula for a single round straight 
wire in the two-conductor single-phase circuit is: 

Fig. 10—Inductance due to flux between radius a and radius b 
(2 ln b/a abhenries per cm.) 

D12=distance between conductor 1 and conductor 2. 
D12 and r must be expressed in the same units for the above 
equation to be valid. For practical purposes one foot is 
used as the unit of length since most distances between 
aerial conductors are in feet. In cable circuits, however, 
the distance between conductors is less than one foot and 
the inch is a more common unit (see Chap. 4). 

From derivation formulas a general term such as 21n 

represents the flux and associated inductance between 
circles of radius a and radius b surrounding a conductor 
carrying current. (See Fig. 10). 

Rewriting Eq. (4) keeping in mind the significance of the 

general term 21n t, 
a’ 

= inductance due to the flux inside the conductor. 

= inductance due to the flux outside the conductor 
to a radius of one foot. 

= inductance due to the flux external to a one foot 
radius out to D12 feet where D12 is the distance 
between conductor 1 and conductor 2. 

From Fig. 9 it can be seen that it is unnecessary to in- 
clude the flux beyond the return conductor 2 because this 
flux does not link any net current and therefore does not 
affect the inductance of conductor 1. 

Grouping the terms in Eq. (5) we have: 

Examining the terms in the first bracket, it is evident 
that this expression is the sum of the flux both inside the 

contains terms that are strictly a function of the conductor 
characteristics of permeability and radius. 

The term in the second bracket of Eq. (6) is an expres- 
sion for inductance due to flux external to a radius of one 
foot and out to a distance of D12, which, in the two-con- 
ductor case, is the distance between conductor 1 and con- 
ductor 2. This term is not dependent upon the conductor 
characteristics and is dependent only upon conductor 
spacing. 

Fig. 9—A two conductor single phase circuit (inductance) Equation (6) can be written again as follows: 

35 
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GMR in the first term is the conductor “geometric mean 
radius”. It can be defined as the radius of a tubular con- 
ductor with an infinitesimally thin wall that has the same 
external flux out to a radius of one foot as the internal and 
external flux of solid conductor 1, out to a radius of one 
foot. In other words, GMR is a mathematical radius 
assigned to a solid conductor (or other configuration such 
as stranded conductors), which describes in one term the 
inductance of the conductor due to both its internal flux 

pendent ‘upon the condu&or characteristics. GMR is 
expressed in feet. 

Converting Eq. (7) to practical units of inductive 
reactance, 

ohms per conductor per mile (8) 

where j--frequency in cps. 
GMR = conductor geometric mean radius in feet. 

D12=distance between conductors 1 and 2 in feet. 

If we let the first term be called xa and the second term 
xd, then 

z=&+xd ohms per conductor per mile (9) 

where 
za= inductive reactance due to both the internal 

flux and that external to conductor 1 to a radius 
of one foot. 

xd = inductive reactance due to the flux surrounding 
conductor 1 from a radius of one foot out to a 
radius of D12 feet. 

For the two-conductor, single-phase circuit, then, the 
total inductive reactance is Fig. 11—Geometric Mean Radii and Distances. 

x = 2(x,+xd) ohms per mile of circuit (10) 

since the circuit has two conductors, or both a ‘(go” and 
“return” conductor. 

Sometimes a tabulated or experimental reactance with 
1 foot spacing is known, and from this it is desired to cal- 
culate the conductor GMR. By derivation from, Eq. (8) 

When reactance is known not to a one-foot radius but out 
to the conductor surface, it is called the “internal react- 
ance.” The formula for calculating the GMR from the 
“internal reactance” is: 

GMR= physical radius 

Antiloglo 
“Internal Reactance” (60 cycles) feet 

(12) 

0.2794 - 

The values of GMR at GO cycles and xB at 25, 50, and 
60 cycles for each type of conductor are given in the tables Fig. 12—A Three-conductor three-phase circuit (symmetrical 
of electrical characteristics of conductors. They are given spacing). 
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in these tables because they are a function of conductor 
characteristics of radius and permeability. Values of xa 
for various spacings are given in separate tables in this 
Chapter for 25, 50, and 60 cycles. This factor is de- 
pendent on distance between conductors only, and is not 
associated with the conductor characteristics in any way. 

In addition to the GMR given in the conductor char- 
acteristics tables, it is sometimes necessary to determine 
this quantity for other conductor configurations. Figure 
11 is given for convenience in determining such values of 
GMR. This table is taken from the Wagner and Evans 
book Symmetrical Components, page 138. 

Having developed xa and xd in terms of a two-conductor, 
single-phase circuit, these quantities can be used to de- 
termine the positive- and negative-sequence inductive 

reactance of a three-conductor, three-phase circuit. 
Figure 12 shows a three-conductor, three-phase circuit 

carrying phase currents Is, Ib, I, produced by line to 
ground voltages Ea, Eb, and Ec. First, consider the case 
where the three conductors are symmetrically spaced in a 
triangular configuration so that no transpositions are re- 
quired to maintain equal voltage drops in each phase along 
the line. Assume that the three-phase voltages Ea, Eb, E, 
are balanced (equal in magnitude and 120” apart) so that 
they may be either positive- or negative-sequence volt- 
ages. Also assume the currents Ia, Ib, I, are also balanced 
so that I,+Ib+l,=O. Therefore no return current flows 
in the earth, which practically eliminates mutual effects 
between the conductors and earth, and the currents I,, 
Ib, I, can be considered as positive- or negative-sequence 
currents. In the following solution, positive- or negative- 
sequence voltages E,, Eb, E,, are applied to the conductors 
and corresponding positive- or negative-sequence currents 
are assumed to flow producing voltage drops in each con- 
ductor. The voltage drop per phase, divided by the cur- 
rent per phase results in the positive- or negative-sequence 
inductive reactance per phase for the three-phase circuit. 
To simplify the problem further, consider only one current 
flowing at a time. With all three currents flowing simul- 
taneously, the resultant effect is the sum of the effects pro- 
duced by each current flowing alone. 

Taking phase a, the voltage drop is: 

Ea - Ea’ = Iaxaa+ Ibxab + Icxao (13) 
where 

xaa = self inductive reactance of conductor a. 
xab = mutual inductive reactance between con- 

ductor a, and conductor b. 
xac = mutual inductive reactance between con- 

ductor a and conductor c. 

In terms of xs and xd, inductive reactance spacing factor, 

Xaa = xa+Xd(ak) (14) 

where only Ia is flowing and returning by a remote path e 
feet away, assumed to be the point k. 

Considering only Ib flowing in conductor b and returning 
by the same remote path f feet away, 

Xab = xd(bk) -xd(ba) (15) 

where xab is the inductive reactance associated with the 
flux produced by rb that links conductor a out to the return 
path f feet away. 

Finally, considering only I, flowing in conductor 
returning by the same remote path g feet away. 

X ac = Xd(ck) -xd(ca) 
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c and 

(16) 

where xac is the inductive reactance associated with the 
flux produced by I, that links conductor a out to the return 
path 9 feet away. 

With all three currents I,, 1h, I, flowing simultaneously, 
we have in terms of xa and xd factors: 

E,-E,‘=ja(xa+~d(nk))+Ib(xd(bk)-xd(ba)) 

+Ic(xd(ck) -xd(ca)). (17) 

Expanding and regrouping the terms we have: 

Ea-E,‘=/.x,-Itxd(ba)-Icxd(ca) 

+v axd(:&k)+Ibxd(bk) +hd(ck)]. (18) 

Since I,= -I,-Ib, the terms in the bracket may be 
written 

I a(Xd(ak) -xd(ck) +Ib(xd(bk) -xd(ck) > >* 

Using the definition of x .f a2 
d, 0.2794 -log--, this expression 

60 1 
can be written 

I;, f 0.2794% log :- f d(W 0.2’794@ log d . 
(ck) (ck) 

Assuming the distances dc3kj, dcckj, and d(bk) to the remote 
d 

path approach infinity, then the ratios 0 and ‘y 
d (ck) (ck) 

approach unity. Since the log of unity is zero, the two 
terms in the bracket are zero, and Eq. (18) reduces to 

Ea-Ea’ =IaXa-Ibxd(ba) -IcXd(ca) (19) 

since 
xd(ba) =Zd(ca) =xd(h~) =xd, and Ia= -Ib-lo, 

Ea-Ea’=Ia(~a+~d). (20) 

Dividing the equation by Ia, 

E,- E,’ 
x1=x2 = -1- = xa+xd ohms per phase per mile (21) 

a 
where 
xa= inductive reactance for conductor a due to the flux 

out to one foot. 
Xd=inductive reactance corresponding to the flux ex- 

ternal to a one-foot radius from conductor a out to 
the center of conductor b or conductor c since the 
spacing between conductors is symmetrical. 

Therefore, the positive- or negative-sequence inductive 
reactance per phase for a three-phase circuit with equi- 
lateral spacing is the same as for one conductor of a single- 
phase circuit as previously derived. Values of xa for vari- 
ous conductors are given in the tables of electrical char- 
acteristics of conductors later in the chapter, and the 
values of xd are given in the tables of inductive reactance 
spacing factors for various conductor spacings. 

When the conductors are unsymmetrically spaced, the 
voltage drop for each conductor is different, assuming the 
currents to be equal and balanced. Also, due to the unsym- 
metrical conductor spacing, the magnetic field external to 
the conductors is not zero, thereby causing induced volt- 
ages in adjacent electrical circuits, particularly telephone 
circuits, that may result in telephone interference. 

To reduce this effect to a minimum, the conductors are 
transposed so that each conductor occupies successively the 
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Fig. 13—A Three-conductor three-phase circuit (unsymmet- 
rical spacing). 

same positions as the other two conductors in two successive 
line sections. For three such transposed line sections, called 
a “barrel of transposition”, the total voltage drop for each 
conductor is the same, and any electrical circuit parallel to 
the three transposed sections has a net voltage of very low 
magnitude induced in it due to normal line currents. 

In the following derivation use is made of the general 
equations developed for the case of symmetrically spaced 
conductors. First, the inductive reactance voltage drop of 
phase a in each of the three line sections is obtained. 
Adding these together and dividing by three gives the 
average inductive reactance voltage drop for a line section. 
Referring to Fig. 13 and using Eq. (19) for the first line 
section where I, is flowing in conductor 1, 

E,-E,,’ = Iah- Ibxd(l2) - Icxd(l3). 

In the second line section where I, is flowing in conductor 2, 

EL-E,” =IaXa-Ibxd(23)-Icxd(21). 

In the third line section where I, is flowing in conductor 3, 

E,” - E,“‘=Iax,-Ibxd(3l)-Icxd(32). 

Taking the average voltage drop per line section, we have 

E _(Ea-E,I)+(Ea-E,“)+(E,“-EBI”) 
avg - 

3 
31aXa _ 1 

b( 
xd (12) + xd (23) + xd (31)) 

C- 

3 3 
Ic(xd(12) +xd(23) +xd(31)) 

3 

E aw =Iaxa- (Ib+Ic) 
(xd(12) +xd(23) +xd(31)) 

3 
Since 

Ia= - (Ib+Ic) 

Eavg=Ia(xa+ 
Xd(12) +xd(23) +xd(31) 

3 
-------I* 

Dividing by Ia, we have the positive- or negative-sequence 
inductive reactance per phase 

x1 = 52 = (xa+xd) ohms per phase per mile 

where 
xd=$( xd(12) +xd(23) +xd(31) ) ohms per phase 
_ per mile. (22) 

Expressed in general terms, 

(log d(12) +log d(s) +log d(u)) 

f 2d = + 0.2794G log dndmd31 

f xd=o.2794% log +d,,d,,d,l 

.f xd=o.2794% log GMD 

where GMD (geometrical mean distance) = qd12d23d31, and 
is mathematically defined as the nth root of an n-fold 
product. 

For a three-phase circuit where the conductors are not 
symmetrically spaced, we therefore have an expression for 
the positive- or negative-sequence inductive reactance, 
which is similar to the symmetrically spaced case except xd 
is the inductive-reactance spacing factor for the GMD 
(geometric mean distance) of the three conductor separa- 
tions. For xd, then, in the case of unsymmetrical conduct- 
or spacing, we can take the average of the three inductive- 
reactance spacing factors 

xd = +(xd(12) +xd(23)+xd(31)) ohms per phase per mile 

or we can calculate the GMD of the three spacings 

GMD = gd12d23d31 feet (23) 

and use the inductive-reactance spacing factor for this 
distance. This latter procedure is perhaps the easier of the 
two methods. 

x8 is taken from the tables of electrical characteristics of 
conductors presented later in the chapter, and xd is taken 

Fig. 14—Quick reference curves for 60-cycle inductive react- 
ance of three-phase lines (per phase) using hard drawn copper 
conductors. For total reactance of single-phase lines multiply 

these values by two. See Eqs. and (21). 
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Fig. 15—Quick reference curves for 60-cycle inductive react- 
ance of three-phase lines (per phase) using ACSR conductors. 
For total reactance of single-phase lines, multiply these 

values by two. See Eqs. (10) and (21). 

Fig. 16—-Quick reference curves for 60-cycle inductive react- 
ance of three-phase lines (per phase) using Copperweld- 
Copper conductors. For total reactance of single-phase lines 

multiply these values by two. See Eqs. (10) and (21). 

Fig. 17—Quick reference curves for 60-cycle inductive react- 
ance of three-phase lines (per phase) using Copperweld con- 
ductors. For total reactance of single-phase lines multiply 

these values by two. See Eqs. (10) and (21). 

from the tables of inductive-reactance spacing factors. 
Geometric mean distance (GMD) is sometimes referred to 
as “equivalent conductor spacing.” For quick reference 
the curves of Figs. (14), (15), (16), and (17) have been 
plotted giving the reactance (z,+z) for different con- 
ductor sizes and “equivalent conductor spacings.” 

Since most three-phase lines or circuits do not have con- 
ductors symmetrically spaced, the above formula for posi- 
tive- or negative-sequence inductive reactance is generally 
used. This formula, however, assumes that the circuit is 
transposed. 

When a single-circuit line or double-circuit line is not 
transposed, either the dissymmetry is to be ignored in the 
calculations, in which case the general symmetrical com- 
ponents methods can be used, or dissymmetry is to be con- 
sidered, thus preventing the use of general symmetrical- 
components methods. In considering this dissymmetry, 
unequal currents and voltages are calculated for the three 
phases even when terminal conditions are balanced. In 
most cases of dissymmetry it is most practical to treat the 
circuit as transposed and use the equations for x1 and x1 
derived for an unsymmetrically-spaced transposed circuit. 
Some error results from this method but in general it is 
small as compared with the laborious calculations that 
must be made when the method of symmetrical compo- 
nents cannot be used. 
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Positive- and Negative-Sequence Reactance of 
Parallel Circuits-When two parallel three-phase cir- 
cuits are close together, particularly on the same tower, the 
effect of mutual inductance between the two circuits is 
not entirely eliminated by transpositions. By referring to 
Fig. 18 showing two transposed circuits on a single tower, 
the positive- or negative-sequence reactance of the paral- 
leled circuit is: 

ohms per phase per mile. (24) 

in which the distances are those between conductors in the 
first section of transposition. 

The first term in the above equation is the positive- or 
negative-sequence reactance for the combined circuits. The 
second term represents the correction factor due to the 

Fig. 8— parallel three-phase circuits 
showing transpositions. 

on a single tower 

mutual reactance between the two circuits and may reduce 
the reactance three to five percent. The formula assumes 
transposition of the conductor as shown in Fig. 18. 

The formula also assumes symmetry about the vertical 
axis but not necessarily about the horizontal axis. 

As contrasted with the usual conductor arrangement as 
shown in Fig. 18, the arrangement of conductors shown in 
Fig. 19 might be used. However, this arrangement of con- 

Fig. 19—Arrangement of conductors on a single tower which 
materially increases the inductance per phase. 

ductors results in five to seven percent greater inductive 
reactance than the usual arrangement of conductors. This 
has been demonstrated in several references.3 

3. Zero-Sequence Resistance and Inductive Re- 
actance 

The development of zero-sequence resistance and in- 
ductive reactance of aerial lines will be considered simul- 
taneously as they are related quantities. Since zero-se- 
quence currents for three-phase systems are in phase and 
equal in magnitude, they flow out through the phase con- 
ductors and return by a neutral path consisting of the 
earth alone, neutral conductor alone, overhead ground 
wires, or any combination of these. Since the return path 
often consists of the earth alone, or the earth in parallel 
with some other path such as overhead ground wires, it is 
necessary to use a method that takes into account the re- 
sistivity of the earth as well as the current distribution in 
the earth. Since both the zero-sequence resistance and 
inductive-reactance of three-phase circuits are affected by 
these two factors, their development is considered jointly. 

As with the positive- and negative-sequence inductive 
reactance, first consider a single-phase circuit consisting of 
a single conductor grounded at its far end with the earth 
acting as a return conductor to complete the circuit. This 
permits the development of some useful concepts for cal- 
culating the zero-sequence resistance and inductive re- 
actance of three-phase circuits. 

Figure 20 shows a single-phase circuit consisting of a 
single outgoing conductor a, grounded at its far end with 
the return path for the current consisting of the earth. A 
second conductor, b, is shown to illustrate the mutual 
effects produced by current flowing in the single-phase cir- 
cuit. The zero-sequence resistance and inductive reactance 
of this circuit are dependent upon the resistivity of the 
earth and the distribution of the current returning in the 
earth. 

This problem has been analyzed by Rudenberg, Mayr, 

Fig. 20—A single conductor single 
return. 

phase 
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and Pollaczek in Europe, and Carson and Campbell in this Rewriting Carson’s equations in terms of equivalent 

country. The more commonly used method is that of depth of return, D,, 
Carson, who, like Pollaczek, considered the return current 

uniform resistivity and to be of infinite extent. 
to return through the earth, which was assumed to have 

ohms per mile. 

DO 
z,= r0+0.00159j+j0.004657j loglo GTMR 

The solution of the problem is in two parts: (I) the de- 
termination of the self impedance z, of conductor a with 
earth return (the voltage between a and earth for unit cur- 
rent in conductor a), and (2), the mutual impedance zgm 
between conductors a and b with common earth return 
(the voltage between b and earth for unit current in a and 
earth return). 

As a result of Carson’s formulas, and using average 
heights of conductors above ground, the following funda- 
mental simplified equations may be written: 

l- P - 
21601( j 

z,=r0+0.00159j+j0.004657j loglo GMR 

ohms per mile 

J 
!? 

z, = 0.00159j+j0.004657j loglo 
2160 j 

d 
ab 

ohms per mile 

where 

(25) 

(26) 

w9 

z,, = 0.00l59~+~0.004657jlog~~~ ohms per mile. (29) 
ab 

These equations can be applied to multiple-conductor 
circuits if rc, the GMR and d&b refer to the conductors as a 
group. Subsequently the GMR of a group of conductors 
are derived for use in the above equations. 

To convert the above equations to zero-sequence quan- 
tities the following considerations must be made. Con- 
sidering three conductors for a three-phase system, unit 
zero-sequence current consists of one ampere in each phase 
conductor and three amperes in the earth return circuit. 
To use Eqs. (28) and (29), replace the three conductors by 
a single equivalent conductor in which three amperes flow 
for every ampere of zero-sequence current. Therefore the 
corresponding zero-sequence self and mutual impedances 
per phase are three times the values given in Carson’s 
simplified equations. Calling the zero sequence imped- 
ances zo and zOm, we have: 

20 = 3r,+o.oo477j+jo.o1397j 1ogll-J &R 

rc =resistance of conductor a per mile. ohms per phase per mile. (30) 
f =frequency in cps. 
p =earth resistivity in ohms per meter cube. 

GMR = geometric mean radius of conductor a in feet. 
d ab = distance between conductors a and b in feet. 

A useful physical concept for analyzing earth-return 
circuits is that of concentrating the current returning 
through the earth in a fictitious conductor at some con- 
siderable depth below the outgoing conductor a. This 
equivalent depth of the fictitious return conductor is rep- 
resented as De,. 

For the single-conductor, single-phase circuit with earth 
return now considered as a single-phase, two-wire circuit, 
the self-inductive reactance is given by the previously de 

I 
J 

Carson’s simplified equation for self impedance. Equating 

two-wire circuit, or jO.OO4657j loglo & 

rived j0.279460 loglo 

the logarithmic expressions of the two equations, 

where D, is 

sR (See Eq. (8)) for a single-phase, 

substituted for D12, the distance between conductor a and 

t- 

the fictitious return conductor in the earth. This expres- 
sion is similar to the inductive-reactance as given in 

DO 
20(m) = o.oo477j+jo.o1397j log10 d 

ab 

ohms per phase per mile (31) 

where j=frequency in cps. 
rc = resistance of a conductor equivalent to the three 

conductors in parallel. 3r, therefore equals the 
resistance of one conductor for a three-phase 
circuit. 

GMR= geometric mean radius for the group of phase 
conductors. This is different than the GMR for 
a single conductor and is derived subsequently 

as GMR 
d ab=distance from the equivalent conductor to a 

parallel conductor, or some other equivalent 
conductor if the mutual impedance between two 

Zero-sequence self impedance of two ground wires with 

parallel three-phase circuits is being considered. 

For the case of a single overhead ground wire, Eq. (30) 

earth return 

gives the zero-sequence self impedance. Equation (31) 
gives the zero-sequence mutual impedance between two 
overhead ground wires. 

DO 2160 ; J j0.004657jlog~o~R =jO.O04657jlogl,,- 

or De=2160 % feet. 
J 

Using Eq. (30) the zero-sequence self impedance of two 
ground wires with earth return can be derived. 

DO 

(27) 
z. = 3r,+O.OO477j+jO.Ol397j log10 mR 

ohms per phase per mile (30) 
This defines De, equivalent depth of return, and shows where TO =resistance of a single conductor equivalent to 

that it is a function of earth resistivity, p, and frequency, j. the two ground wires in parallel. (r, therefore 
Also an inspection of Carson’s simplified equations show 

that the self and mutual impedances contain a resistance 
becomes ; where rB is the resistance of one of 

component 0.00159f which is a function of frequency. the two ground wires). 
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GMR= geometric mean radius for the two ground 
wires. (GMR therefore becomes 

q(GMR)2 conductor G2 or Q(GMR) (A,) 

where c& is the distance between the two conductors 
x and y.) 

Substituting ; for r. and q(GMR) (4,) for GMR in Eq. 

(30), the zero-sequence self impedance of two ground 
wires with earth return becomes 

20 3ra 
DO 

= 2+000477f +jo.o1397j log10 q(GMR) (&,) 

ohms per mile per phase. (32) 

Zero-sequence self impedance of n ground wires with earth 
return 

Again using Eq. (30), the zero-sequence self impedance 
of n ground wires with earth return can be developed. 

DO 
z. = 3ro+0.00477j+j0.01397j log,0 - 

GMR 
ohms per mile per phase. (30) 

Since r. is the resistance of a single conductor equivalent to 

ra n ground wires in parallel, then r. =- where ra is the 
n 

resistance of one of the n ground wires, in ohms per phase 
per mile. 
GMR is the geometric mean radius of the n ground wires 
as a group, which may be written as follows in terms of all 
possible distances, 

This expression can also be written in terms of all possible 
pairs of distances as follows. 

The equation for zero-sequence self impedance of n ground 
wires with earth return can therefore be obtained by sub 

stituting z for r. and Eq. (33) for GMR in Eq. (30). 

Self impedance of parallel conductors with earth return 

In the preceeding discussion the self and mutual im- 
pedances between single cylindrical conductors with earth 
return were derived from which the zero-sequence self and 
mutual reactances were obtained. These expressions were 
expanded to include the case of multiple overhead ground 
wires, which are not transposed. The more common case 
is that of three-phase conductors in a three-phase circuit 
which can be considered to be in parallel when zero-se- 
quence currents are considered. Also the three conductors 
in a three-phase circuit are generally transposed. This 
factor was not considered in the preceeding cases for mul- 
tiple overhead ground wires. 

In order to derive the zero-sequence self impedance of 
three-phase circuits it is first necessary to derive the self 
impedance of three-phase circuits taking into account 

transpositions. The expression for self impedance is then 
converted to zero-sequence self impedance in a manner 
analogous to the case of single conductors with earth 
return. 

Consider three phase conductors a, b, and c as shown in 
Fig. 21. With the conductors transposed the current 

Fig. 21-Self impedance of parallel conductors with earth 
return. 

divides equally between the conductors so that for a total 
current of unity, the current in each conductor is one third. 

The voltage drop in conductor a for the position in- 
dicated in Fig. 21 is 

For conductor b: 

y+y+7 

and for conductor c: 

f+Y+% 

in which Zaa, zbb, and zco are the self impedances of the 
three conductors with ground return and .&b, &or and 2.0 
are the mutual impedances between the conductors. 

Since conductor a takes each of the three conductor 
positions successively for a transposed line, the average 
drop per conductor is 

1 
g(Zaa+zbb+z,of2zabf2Zbof22..). 

Substituting the values of self and mutual impedances 
given by Eqs. (28) and (29) in this expression, 
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The ninth root in the denominator of the logarithmic term Zero-sequence self impedance of two identical parallel cir- 
is the GMR of the circuit and is equal to an infinitely thin cuits with earth return 
tube which would have the same inductance as the three- 
conductor system with earth return shown in Fig. 21. 

For the special case where the two parallel three-phase 
circuits are identical, following the same method of 

GMRclrcult = q(GMR)3conductor dsb2dbc2dca2 feet. derivation 

GMRcl,cuft= ~(GMR)3,,,d,,t,, (&t&A~)2 feet. 
______~- 

GM.Lcult= ~GMR,,,ductor(~dahdbodca ) 2 feet. 

By previous derivation (See Eq. (23)), GMDseparatlon 

=ma feet. 

Therefore GMR = ~(GMR),,,,,,,,,(GMD) 2seDarst on 
feet. (35) 

Substituting GMRClrotit from equation (35) in equation 

(34), 

zfz =~+o.o0159j 

+jO.O04657j loglo J 
D, 

~(GMR)conduetor(GMD)2,,Daratlon 
ohms per mile. (36) 

In equations (34) and (36), r0 is the resistance per mile of 
one phase conductor. 

Zero-sequence self impedance of three parallel conductors 
with earth return 

20 = ~+0.00477j+j0.01397j log10 
D, 

~(GMR) (GMD) 
ohms per phase per mile (39) 

in which GMR is the geometric mean radius of one set of 

conductors, ( (GMR;,,,,,,,,,(GMD)Zaeparatlon ), and GMD 
is the geometric mean distance between the two sets of 
conductors or the ninth root of the product of the nine 
possible distances between conductors in one circuit and 
conductors in the other circuit. 

This equation is the same as $(zo+zom) where zo is 
the zero-sequence self impedance of one circuit by equa- 
tion (37) and zom) is the zero-sequence mutual impedance 
between two circuits as given by Eq. (38). For non- 
identical circuits it is better to compute the mutual and 
self impedance for the individual circuits, and using 
+(~o+z0~~,) compute the zero-sequence self impedance. 

Zero-sequence mutual impedance between one circuit (with 
earth return) and n ground wires (with earth return) 

Figure 22 shows a three-phase circuit with n ground 

Equation (36) gives the self impedance of three parallel 
conductors with earth return and was derived for a total 
current of unity divided equally among the three con- 
ductors. Since zero-sequence current consists of unit cur- 
rent in each conductor or a total of three times unit current 
for the group of three conductors, the voltage drop for 
zero-sequence currents is three times as great. Therefore 
Eq. (36) must be multiplied by three to obtain the zero- 
sequence self impedance of three parallel conductors with 
earth return. Therefore, 

9, 
0 

0 
a 

0.2 9 

z. = r,+O.O0477f . 

+jo.o13g?f log10 
DC3 Fig. 22—A three-conductor three-phase circuit (with earth 

,JGMR 
conmor (GMD) 2twmmn 

return) and n ground wires (with earth return) 

ohms per phase per mile (37) 

where ~GMRcondUctorGMD~ is the GMLuit de- 
wires. Equation (31) gives the zero sequence mutual im- 

rived in equation (35) or $(GMR)3Conductor dab2dbc2dCs2 
pedance between two conductors: 

ZO(@ = o.oo477j+jo.o1397j log10 % 
Zero-sequence mutual impedance between two circuits with 

earth return 

aab 

ohms per phase per mile (31) 

Using a similar method of derivation the zero-sequence where dab is the distance between the two conductors. This 

mutual impedance between 2 three-phase circuits with equation can be applied to two groups of conductors if 

common earth return is found to be dab is replaced by the GMD or geometric mean distance 

ZO(l?l) =o.oo477j+jo.o1397j log10 $D 
between the two groups. In Fig. 22, if the ground wires are 
considered as one group of conductors, and the phase con- 

ohms per phase per mile (38) 
ductors a, b, c, are considered as the second group of con- 

ductors , then the GMD between the two groups is 

where GMD is the geometric mean distance between the 
2 three-phase circuits or the ninth root of the product of 

GMD = 3i/d,gldbgldcgl-dagndbgndcgn feet 

the nine possible distances between conductors in one Substituting this quantity for dab in Eq. (31) results in an 
group and conductors in the other group. Note the simi- equation for the zero-sequence mutual impedance between 
larity between Eq. (38) and Eq. (31) one circuit and n ground wires. This zoCrn) is z,,(,). 
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ohms per phase per mile. 

Zero-sequence impedance of one circuit with n ground wires 
(and earth) return. 

Referring to Fig. 20 the zero-sequence self impedance of 
a single conductor, and the zero-sequence mutual im- 
pedance between a single conductor and another single 
conductor with the same earth return path was derived. 
These values are given in Eqs. (30) and (31). As stated be- 
fore, these equations can be applied to multi-conductor 
circuits by substituting the circuit GMR for the conductor 
GMR in Eq. (30) and the GMD between the two circuits 
for dab in Eq. (31). 

First, consider the single-conductor, single-phase circuit 
with earth return and one ground wire with earth return. 
Referring to Fig. 20 conductor a is considered as the single 
conductor of the single-phase circuit and conductor b will 
be used as the ground wire. 
Writing-the equations for Ea and Eb, we have: 

Ea = IaZaa + Ibzrn 

Eb = l&m + IbZbb- 

(41) 

(42) 

If we assume conductor b as a ground wire, then & =0 
since both ends of this conductor are connected to ground. 
Therefore solving Eq. (42) for Ib and substituting this 
Value Of Ib in Eq. (41), 

. 

To obtain z8, divide Ea by Ia, and the result is 

2m2 
za = zaa -- 

Zbb 
(43) 

The zero-sequence impedance of a single-conductor, single- 
phase circuit with one ground wire (and earth) return is 
therefore defined by Eq. (43) when zero-sequence self im- 
pedances of single-conductor, single-phase circuits are sub- 
stituted for zaa and z bb and the zero-sequence mutual im- 

pedance between the two conductors is substituted for zm. 
Equation (43) can be expanded to give the zero-sequence 
impedance of a three-phase circuit with n ground wires 
(and earth) return. 

zo= xO2Ca9) 
20(a) - - (44) 

20 w 

Where z o = zero-sequence impedance of one circuit with n 
ground wires (and earth) return. 

zoa) = zero-sequence self impedance of the three- 
phase circuit. 

20 (lx) = zero-sequence self impedance of n ground 
wires. 

zo(,) = zero-sequence mutual impedance between the 
phase conductors as one group of conductors 
and the ground wire(s) as the other conductor 
group. 

Equation (44) results in the equivalent circuit of Fig. 23 
for determining the zero-sequence impedance of one circuit 
with n ground wires (and earth) return. 

General Method for Zero-Sequence Calculations 
—The preceding sections have derived the zero-sequence 
self and mutual impedances for the more common circuit 
arrangements both with and without ground wires. For 
more complex circuit and ground wire arrangements a 

Fig. 23—Equivalent circuit for zero-sequence impedance of 
one circuit (with earth return) and n ground wires (with earth 

return). 

general method must be used to obtain the zero-sequence 
impedance of a particular circuit in such arrangements. 

The general method consists of writing the voltage drop 
for each conductor or each group of conductors in terms of 
zero-sequence self and mutual impedances with all con- 
ductors or groups of conductors present. Ground wire 
conductors or groups of conductors have their voltage 
drops equal to zero. Solving these simultaneous equations 

for F of the desired circuit gives the zero-sequence im- 

pedance of that circuit in the presence of all the other zero- 
sequence circuits. 

This general method is shown in detail in Chap. 2, 
Part X, Zero-Sequence Reactances. Two circuits, one 
with two overhead ground wires and one with a single over- 
head ground wire are used to show the details of this more 
general method. 

Practical Calculation of Zero-Sequence Imped- 
ance of Aerial Lines-In the preceding discussion a 
number of equations have been derived for zero-sequence 
self and mutual impedances of transmission lines taking 
into account overhead ground wires. These equations can 
be further simplified to make use of the already familiar 
quantities ra, x8, and x,J. To do this two additional quan- 
tities, re and x, are necessary that result from the use of the 
earth as a return path for zero-sequence currents. They 
are derived from Carson’s formulas and can be defined as 
follows: 

r,=O.O0477j ohms per phase per mile. 

6p xe = 0.006985j log,, 4.6655 X 10 -ohms 
f 

per phase per 

mile. (46) 

It is now possible to write the previously derived equations 
for zero-sequence self and mutual impedances in terms of 
rap xa, xd, ?‘,, and xe. The quantities r,, xa, xd are given 
in the tables of Electrical Characteristics of Conductors 
and Inductive Reactance Spacing Factors. The quantities 
re and xe are given in Table 7 as functions of earth 
resistivity, p, in meter ohms for 25, 50, and 60 cycles per 
second. The following derived equations are those most 
commonly used in the analysis of power system prob- 
lems. 
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phase per mile. 

z~(~) = r,+jO.O06985j log10 4.665 X lo6 $ 

(38) 
where x,-J = -- l ( 

n(n - 1) 
sum of xd’s for all possible distances 

between all ground wires.) 

- -jO.O06985j log,, GMD2 
zO(m) =re-i--j(x,--3xd) ohms per phase per mile (48) 

where xd is )(xd(as*) +xd(sbt) +xd(ac’) +xd(ba$) +xd(bbr) 

+Xd(bc))+Xd(cs$) +Xd(cb#) +xd(ccq) 

2 t or xd=--- 
n(n-- 1) 

sum of xd’e for all possible distances 

between all possible pairs of ground wires). 

Zero-sequence self impedance-one ground wire (with earth 
Zero-sequence mutual impedance between one circuit (with 

return) 
earth return) and n ground wires (with earth return) 

Dt! 
zo(g) = 3r,+O.OO477j+jO.O1397j log10 ___ 

&I@,& = 0.00477j 

GMR +jo.o1397j log10 3n 
DC3 

conductor 

ohms per phase per mile. (30) X’ &gdbgdcgr - - dsgndbgndcgn 

zocgI =3r,+r,+j0.006985jlog1o4.6656X 106p 
f 

+O.O06985j loglo 
1 

t GMR) 2conductor 

ohms per phase per mile. 

ZO(~) = r,+jO.O06985j log,, 4.6656 X lo6 e 
f 

(40) 

zocg) =3r,+r,+,j(x.+3x,) ohms per phase per mile. (49) 
-jO.O06985j loglo ( zdsgldbgldegl- - -dagndbgndcgn) 2 

zOcag) = r,+j(x, - 3xd) ohms per phase per mile (52) 

Zero sequence self impedance-two ground wires (with earth 
return) 

where 
1 

zd = - (Xd(ngl) +xd(bgl) +xd(cgl) 
3n 

20(g) = 3~+o.oo477j+~o.01397j log10 D, 
--- +xd(agn) +xd(bgn) +xd(cgn) >* 

i?’ (GMR) conductordw 

ohms per phase per mile. 
Zero-sequence impedance-One circuit with n ground wires 

(32) (and earth return) 

QE) = ‘$+r,+jo.O06985j log,, 4.6656 X lo6 p zo2w 
Zo=Zo(a) - - (44) 

all*\ - \o, 
+0.8382 1 0.8382 &, 

- log --- 
2 GMR 2 

1% 1 where ~0~~) = zero-sequence self impedance of the three- 

3 
‘3$+re+j(xe+zxa-5xd) 

phase circuit. 

zow zocg) = zero-sequence self impedance of n ground 

ohms per phase per mile (50) 
wires. 

here 
zo(aR) = zero-sequence mutual impedance between the 

three-phase circuit as one group of conductors 
xd= xd from Table 6 for spacing between ground and the ground wire(s) as the other con- 

wires, c&. due tor group. 

WI 
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4. Positive-, Negative-, and 
Capacitive Reactance 

Zero-sequence Shunt 

The capacitance of transmission lines is generally a 
negligible factor at the lower voltages under normal oper- 
ating conditions. However, it becomes an appreciable 
effect for higher voltage lines and must be taken into con- 
sideration when determining efficiency, power factor, 
regulation, and voltage distribution under normal oper- 
ating conditions. Use of capacitance in determining the 
performance of long high voltage lines is covered in detail 
in Chap. 9, “Regulation and Losses of Transmission 
Lines.” 

Capacitance effects of transmission lines are also useful 
in studying such problems as inductive interference, light- 
ning performance of lines, corona, and transients on power 
systems such as those that occur during faults. 

For these reasons formulas are given for the positive-, 
negative-, and zero-sequence shunt capacitive reactance 
for the more common transmission line configurations. The 
case of a two-conductor, single-phase circuit is considered 
to show some of the fundamentals used to obtain these 
formulas. For a more detailed analysis of the capacitance 
problem a number of references are available. 2,4*5. 

In deriving capacitance formulas the distribution of a 
charge, q, on the conductor surface is assumed to be uni- 
form. This is true because the spacing between conductors 
in the usual transmission circuit is large and therefore the 
charges on surrounding conductors produce negligible dis- 
tortion in the charge distribution on a particular con- 
ductor. Also, in the case of a single isolated charged con- 
ductor, the voltage between any two points of distances x 
and y meters radially from the conductor can be defined as 
the work done in moving a unit charge of one coulomb from 
point P2 to point Pr through the electric field produced by 
the charge on the conductor. (See Fig. 24.) This is given 

Fig. 24-A two conductor single phase circuit (capacitance). 

by 

V XY = 18X log q In x volts 
X 

(53) 

where q is the conductor charge in coulombs per meter. 
By use of this equation and the principle of superposi- 

tion, the capacitances of systems of parallel conductors can 
be determined. 

Applying Eq. (53) and the principle of superposition to 
the two-conductor, single-phase circuit of Fig. 24 assuming 
conductor 1 alone to have a charge ql, the voltage between 
conductors 1 and 2 is 

V 12 = 18 X log q1 In $ volts. (54) 

This equation shows the work done in moving a unit 
charge from conductor 2 a distance D12 meters to the sur- 
face of conductor 1 through the electric field produced by 
ql. Now assuming only conductor 2, having a charge 42, 
the voltage between conductors 1 and 2 is 

VI2 = 18 X log q2 In uz- volts. 
12 

(55) 

This equation shows the work done in moving a unit 
charge from the outer radius of conductor 2 to conductor 1 
a distance D12 meters away through the electric field pro- 
duced by qz. 

With both charges q1 and q2 present, by the principle of 
superposition the voltage VI2 is the sum of t!he voltages 
resulting from q1 and q2 existing one at a time. Therefore 
VIZ is the sum of Eqs. (54) and (55) when both charges q1 
and q2 are present. 

V12= 18X log q1 In G-/-q, ln $ volts. 
r 12 

Also if the charges on the two conductors are equal and 
their sum is zero, 

ql+q2=0 or q2= -ql 

Substituting—ql for q2 in equation (56) 

V12=36X 10gql In 2 volts. 
r (57) 

The capacitance between conductors 1 and 2 is the ratio of 
the charge to the voltage or 

q1 c 
1 -= 

v12 
12 = D farads per meter. (58) 

36X10g In 12 
r 

The capacitance to neutral is twice that given in Eq. (58) 
because the voltage to neutral is half of Vu. 

C,= 
1 

18X log In 5 

farads per meter. (59) 

r 

The shunt-capacitive reactance to neutral (or per con- 
1 

ductor) is x,,= __ 
27rjc 

or in more practical units 

60 012 xcn= 0.0683- loglo - megohms per conductor per 
f r 

mile. (60) 
This can be written as 

012 
X cn = O.,,,,+) log10 ;+0.0683? log,,1 

megohms per conductor per mile (61) 

where D12 and r are in feet and j is cycles per second. 
Eq. (61) may be written 

2 cn = x,’ +s: megohms per conductor per mile. (62) 

The derivation of shunt-capacitive reactance formulas 
brings about terms quite analogous to those derived for 
inductive reactance, and as in the case of inductive react- 
ance, these terms can be resolved into components as 
shown in Eq. (62). The term xa’ accounts for the electro- 
static flux within a one foot radius and is the term 
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0.0683 ‘f loglo 1 in Eq. (61). It is a function of the con- 
where 

ductor outside Radius only. The term xd’ accounts for the 
x(+ ____- 2 ( 

n(n-1) 
sum of all xd’s for all possible distances 

electric flux between a one foot radius and the distance between all possible pairs of ground wires) 

D12 to the other conductor and is the term 0.0683 $ log,, orxd’=-- l ( 
n(n-1) 

sum of all xd’s for all possible distances 

D12 
- in Eq. (61). Note that unlike inductive-reactance 

1 

where the conductor geometric mean radius (GMR) is 
used, in capacitance calculations the only conductor radius 
used is the actual physical radius of the conductor in feet. 

Zero-sequence capacitive reactance is, like inductive- 
reactance, divided into components x,’ taking into account 
the electrostatic flux within a one-foot radius, xd’ taking 
into account the electrostatic flux external to a radius of 
one foot out to a radius D feet, and x,’ taking into account 
the flux external to a radius of one foot and is a function 
of the spacing to the image conductor. 

between all ground wires). 

(f) Zero-Sequence xc between one circuit (and earth) 
and n ground wires (and earth) 
xd (a&$) = 2,’ - 3~: megohms per conductor per mile. (70) 

+d (bgn) +d(cgn) 1. 

(g) Zero-Sequence x0 of one circuit with n ground wires 
x0’ (wJ2 

x0 = x&q - ____ 
d (69 

megohms per conductor per mile. (71) 

I 12.30 
x *=- log,, 2 2h megohms per mile per 

f 
conductor 

where h = conductor height above ground. 
j=frequency in cps. 

Shunt Capacitive Reactance, xc, of Single-Phase Circuits 
(Conductors a and 6) 

(63) (h) xc of single-phase circuit of two identical conductors 
5’ = 2(x: $-xi) megohms per mile of circuit. (72) 

x~’ = xd’ for spacing between conductors. 
xl is given in the tables of Electrical Characteristics of 

conductors, xl is given in Table 8, Shunt-Capacitive 
(i) xc of single-phase circuit of two non-identical con- 

Reactance Spacing Factor, and xQ is given in Table 9, 
ductors a and b. 

Zero-Sequence Shunt-Capacitive Reactance Factor. x’ = x,‘(a) + d (b) + 2s: megohms per mile of circuit. (73) 

The following equations have been derived in a manner (j) xc of one conductor and earth. 
similar to those for the two-conductor, single-phase case, X’ = x,1++x,l megohms per mile. (74) 
making use of the terms x,‘, x~’ and xl. They are sum- 
marized in the following tabulation. 

In using the equations it should be remembered that the 
shunt capacitive reactance in megohms for more than one 

Shunt-Capacitive Reactance, xc, of Three-Phase Circuits mile decreases because the capacitance increases. For more 

(Conductors a, b, c) than one mile of line, therefore, the shunt-capacitive re- 

(a) Positive (and negative) sequence xc. 
actance as given by the above equations should be divided 

x~=x~=x,‘+x~megohms~erconductorpermile. (64) by the number of miles of line. 

xi= $sum of all three xd’s for distances between all 5. Conductor Temperature Rise and Current- 
Carrying Capacity 

possible. pairs). In distribution- and transmission-line design the tem- 

= ~(x~&-txd,,+x~t,~). See Table (8) 
(65) perature rise of conductors above ambient while carrying 

current is important. While power loss, voltage regula- 

(b) Zero-Sequence xc of one circuit (and earth). tion, stability and other factors may determine the choice 

xl&, =x:+x,‘-- 22: megohms per conductor per of a conductor for a given line, it is sometimes necessary to 

mile. (66) 
consider the maximum continuous current carrying capa- 

xd = value given in Eq. (65). Table (9) gives x,‘. 
city of a conductor. The maximum continuous current 

(c) Zero-Sequence xc of one ground wire (and earth). 
rating is necessary because it is determined by the max- 

4,) =3x,‘(,)+&) megohms per conductor per 
imum operating temperature of the conductor. This tem- 

mile. 
perature affects the sag between towers or poles and de- 

(67) termines the loss of conductor tensile strength due to 
(d) Zero-Sequence xc of two ground wires (and earth). annealing. For short tie lines or lines that must carry 

3 3 
x dcp) = -x,/(,) +x,‘(,, - -xd’ megohms per conductor per 

excessive loads under emergency conditions, the maximum 

2 2 continuous current-carrying capacity may be important 

mile. (6%) in selecting the proper conductor. \--, 
xd = xd’(glg2) = xd’ for distance between ground wires. The following discussion presents the Schurig and Fricks 

(e) Zero Sequence xc of n ground wires (and earth). 
formulas for calculating the approximate current-carrying 

x0’ (9) 
3 

=x,‘+-x:- 
3(n-1) 

capacity of conductors under known conditions of ambient 

-xi megohms per conductor per temperature, wind velocity, and limiting temperature rise. 
n n The basis of this method is that the heat developed in 

mile (69) the conductor by 12R loss is dissipated (1) by convection 



in the surrounding air, and (2) radiation to surrounding 
objects. This can expressed as follows: 

12R = (IV,+ W,)A watts. 05) 

where I = conductor current in amperes. 
R = conductor resistance per foot. 

W, = watts per square inch dissipated by convection. 
W, = watts per square inch dissipated by radiation. 

A = conductor surface area in square inches per foot 
of length. 

The watts per square inch dissipated by convection, Wc, 
can be determined from the following equation: 

0.01284 
W, = -- - -- ---At watts per square inch (76) T;?” 1232/d 

where p =pressure in atmospheres (p = 1.0 for atmo- 
spheric pressure). 

v= velocity in feet per second. 
T,= (degrees Kelvin) average of absolute temper- 

atures of conductor and air. 
d = outside diameter of conductor in inches. 

At = (degrees C) temperature rise. 
This formula is an approximation applicable to con- 

ductor diameters ranging from 0.3 inch to 5 inches or more 
when the velocity of air is higher than free convection air 
currents (0.2—O.5 ft/sec). Fig. 25—Copper conductor current carrying capacity in Am- 

The watts per square inch dissipated by radiation, Wr, peres VS. Ambient Temperature in “C. (Copper Conductors at 

can be determined from thc following equation: 75 °C, wind velocity at 2 fps.). 

watts per square inch 

where E = relative emissivity of conductor surface 
(E= 1.0 for “black body,” or 0.5 for average 
oxidized copper). 

T= (degrees Kelvin) absolute temperature of con- 
ductor. 

To = (degrees Kelvin) absolute temperature of sur- 
roundings. 

By calculating (W,+ W,), A, and R, it is then possible 
to determine I from El. (75). The value of R to use is the 
a-c resistance at the conductor temperature (ambient 
temperature plus temperature rise) taking into account 
skin effect as discussed previously in the section on pos- 
itive- and negative-sequence resist mccs. 

This method is, in general, applicable to both copper 
and aluminum conductors. Tests have shown that alum- 
inum conductors dissipate heat at, about the same rate as 
copper conductors of the same outside diameter when the 
temperature rise is the same. Where test data is available 
on conductors, it should be used. The above general 
method can be used when test data is not available, or to 
check test results. 

The effect of the sun upon conductor temperature rise is 
generally neglected, being some 3” to 8° C. This small 
effect is less important under conditions of high tempera- 
ture rise above ambient.6 

The tables of Electrical Characteristics of Conductors 
Fig. 26—Aluminum conductor current carrying capacity in 

include tabulations of the approximate maximum current- 
Amperes VS. Ambient Temperature in “C. (Aluminum Con- 

ductors at 75°C, wind velocity at 2 fps). 

48 Characteristics of Aerial Lines Chapter 3 
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TABLE I-CHARACTERISTICS OF COPPER CONDUCTORS, HARD DRAWN, 97.3 PERCENT CONDUCTIVITY 

carrying capacity based on 50°C rise above an ambient of 
25ºC, (75°C total conductor temperature), tarnished sur- 
face (E = 0.5), and an air velocity of 2 feet per second. These 
conditions were used after discussion and agreement with 
the conductor manufacturers. These thermal limitations 
are based on continuous loading of the conductors. 

perature may be obtained that approaches l00°C, the con- 
ductor manufacturer should be consulted for test data or 
other more accurate information as to conductor tempera- 
ture limitations. Such data on copper conductors has been 
presented rather thoroughly in the technical literature.’ 

The technical literature shows little variation from these 
conditions as line design limits.’ The ambient air tem- 
perature is generally assumed to be 25°C to 40°C whereas 
the temperature rise is assumed to be 10°C to 60°C. This 
gives a conductor total temperature range of 35°C to 
100°C. For design purposes copper or ACSR conductor 
total temperature is usually assumed to be 75°C as use of 
this value has given good conductor performance from an 
annealing standpoint, the limit being about 100°C where 
annealing of copper and aluminum begins. 

III TABLES OF CONDUCTOR 
CHARACTERISTICS 

The following tables contain data on copper, ACSR, 
hollow copper, Copperweld-copper, and Copperweld con- 
ductors, which along with the previously derived equations, 
permit the determination of positive-, negative-, and zero- 
sequence impedances of conductors for use in the solution 
of power-system problems. Also tabulated are such con- 
ductor characteristics as size, weight, and current-carrying 
capacity as limited by heating. 

Using Schurig and Frick’s formulas, Fig. 25 and Fig. 26 The conductor data (rn, x,, x,1) along with inductive and 
have been calculated to show how current-carrying capn- shunt-capacitive reactance spacing factors (xd, zd’) and 
city of copper and aluminum conductors varies with am- zero-sequence resistance, inductive and shunt-capacitive 
bient temperature assuming a conductor temperature of reactance factors (re, x,, x,‘) permit easy substitution in 
75.C and wind velocity of 2 feet per second. These values the previously derived equations for determining the sym- 
are conservative and can be used as a guide in normal line metrical component sequence impedances of aerial circuits. 
design. For those lines where a higher conductor tem- The cross-sectional inserts in the tables are for ease in 
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TABLE 2-A—CHARACTERISTICS OF ALUMINUM CABLE STEEL REINFORCED 

Chapter 3 

(Aluminum Company of America) 

TABLE ~-B-CHARACTERISTICS OF “EXPANDED” ALUMINUM CABLE STEEL REINFORCED 
(Aluminum Company ofYAmerica) 
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TABLE3-A—CHARACTERISTICS OF ANACONDA HOLLOW COPPER CONDUCTORS 

TABLE 3-B-CHARACTERISTICSOF GENERAL CABLE TYPE HH HOLLOW COPPER CONDUCTORS 
(General Cable Corporation) 

Notes: *Thickness at edges of interlocked segments. †Thickness uniform throughout. 
1) Conductors of smaller diameter for given cross-sectional area also available; in the naught sizes, some additional diameter expansion is possible. 
2) For conductor.at, 75ºC., air at 25°C., wind 1.4 miles per hour (2 ft/sec), frequency=60 cycles. 
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TABLE 4-A—CHARACTERISTICSOF COPPERWELD-COPPER CONDUCTORS 
(Copperweld Steel Company) 

Chapter 3 

*Based on a conductor temperature of i5”C. and an ambient of 25”C., wind 1.4 miles per hour 12 ft/scc.), frequency=60 cycles, average tarnished surface. 
**Resistances at 50°C. total temperature, based on an ambrent of 25°C. plus 25’Y’. rrse due to heating effect of current. 

25” C. rrse IS 75:” of the “Approxrmate (‘urrent Carrymg Capacity at 60 cycles.” 
The approximate magmtude of current necessary to produce the 

finding the appropriate table for a particular conductor. Aluminum Cable Steel Reinforced, represents stranded 
For these figures open circles, solid circles, and cross- paper. 
hatched circles represent copper, steel, and aluminum con- 
ductors respectively. The double cross hatched area in the 

The authors wish to acknowledge the cooperation of the 

insert for Table 2-B, Characteristics of “EXPANDED” 
conductor manufacturers in supplying the information for 
compiling these tables. 
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TABLE 4-B—-CHARACTERISTICS OF COPPERWELD CONDUCTORS 
(Copperweld Steel Company) 

TABLE 5—SKIN EFFECT TABLE 
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TABLE 6—INDUCTIVE REACTANCE SPACING FACTOR (2,) OHMS PER CONDUCTOR PER MILE 
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Table 8— SHUNT CAPACITIVE REACTANCE SPACING FACTOR (XD) MEGOHMS PER CONDUCTOR PER MILE 
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IV CORONA 

With the increased use of high-voltage transmission lines 
and the probability of going to still higher operating volt- 
ages, the common aspects of corona (radio influence and 
corona loss) have become more important in the design of 
transmission lines. 

In the early days of high-voltage transmission, corona 
was something which had to be avoided, largely because of 
the energy loss associated with it. In recent years the RI 
(radio influence) aspect of corona has become more im- 
portant. In areas where RI must be considered, this factor 
might establish the limit of acceptable corona performance. 

Under conditions where abnormally high voltages are 
present, corona can affect system behavior. It can reduce 
the overvoltage on long open-circuited lines. It will atten- 
uate lightning voltage surges (see Sec. 29 Chap. 15) and 
switching surges. 177 By increasing the electrostatic cou- 
pling between the shield wire and phase conductors, co- 
rona at times of lightning strokes to towers or shield wires 
reduces the voltage across the supporting string of insu- 
lators and thus, in turn, reduces the probability of flash- 
over and improves system performance. On high-voltage 
lines grounded through a ground-fault neutralizer, the in- 
phase current due to corona loss can prevent extinction of 
the arc during a line to ground fault.28 

6. Factors Affecting Corona 
At a given voltage, corona is determined by conductor 

diameter, line configuration, type of conductor, condition 
of its surface, and weather. Rain is by far the most im- 
portant aspect of weather in increasing corona. Hoarfrost 
and fog have resulted in high values of corona loss on ex- 
perimental test lines. However, it is believed that these 
high losses were caused by sublimation or condensation of 
water vapor, which are conditions not likely to occur on an 
operating line because the conductor temperature would 
normally be above ambient. For this reason, measure- 
ments of loss made under conditions of fog and hoarfrost 
might be unreliable unless the conductors were at operat- 
ing temperatures. Falling snow generally causes only a 
moderate increase in corona. Also, relative humidity, tem- 
perature, atmospheric pressure, and the earth’s electric 
field can affect corona, but their effect is minor compared 
to that of rain. There are apparently other unknown factors 
found under desert conditions which can increase corona.19 

The effect of atmospheric pressure and temperature is 
generally considered to modify the critical disruptive volt- 
age of a conductor directly, or as the 2/3 power of the air 
density factor, 6, which is given by: 

where 

6= 17.9b 

459+OF 

b = barometric pressure in inches of mercury 
F = temperature in degrees Fahrenheit. 

(7% 

The temperature to be used in the above equation is gen- 
erally considered to be the conductor temperature. Under 

TABLE 1 0—STANDARD BAROMETRIC 
AS A FUNCTION OF ALTITUDE 

standard conditions (29.92 in. of Hg. and 77°F) the air 
density factor equals 1.00. The air density factor should 
be considered in the design of transmission lines to be built 
in areas of high altitude or extreme temperatures. Table 
10 gives barometric pressures as a function of altitude. 

Corona in fair weather is negligible or moderate up to 
a voltage near the disruptive voltage for a particular con- 
ductor. Above this voltage corona effects increase very 
rapidly. The calculated disruptive voltage is an indicator 
of corona performance. A high value of critical disruptive 
voltage is not the only criterion of satisfactory corona 
performance. Consideration should also be given to the 
sensitivity of the conductor to foul weather. Corona in- 
creases somewhat more rapidly on smooth conductors than 
it does on stranded conductors. Thus the relative corona 
characteristics of these two types of conductors might 
interchange between fair and foul weather. The equation 
for critical disruptive voltage is: 

E,=g,, 6% T m log, D/r 
where : 

(79a) 

E, = critical disruptive voltage in kv to neutral 
g,=critical gradient in kv per centimeter. (Ref. 10 and 16 use 

g,=21.1 Kv/cm rms. Recent work indicates value given in 

Sec. 10 is more accurate.) 
r =radius of conductor in centimeters 

D = the distance in centimeters between conductors, for single- 
phase, or the equivalent phase spacing, for three-phase 
vo1 tages. 

m= surface factor (common values, 0.84 for stranded, 0.92 for 
segmental conductors) 

6 = air density factor 

The more closely the surface of a conductor approaches 
a smooth cylinder, the higher the critical disruptive volt- 
age assuming constant diameter. For equal diameters, a 
stranded conductor is usually satisfactory for 80 to 85 per- 
cent of the voltage of a smooth conductor. Any distortion 
of the surface of a conductor such as raised strands, die 
burrs, and scratches will increase corona. Care in handling 
conductors should be exercised, and imperfections in the 
surface should be corrected, if it is desired to obtain the 
best corona performance from a conductor. Die burrs and 
die grease on a new conductor, particularly the segmental 
type, can appreciably increase corona effects when it is 
first placed in service. This condition improves with time, 
taking some six months to become stable. 

Strigel44 concluded that the material from which a con- 
ductor is made has no effect on its corona performance. In 
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Curve l-l.4 in. HH copper. 6=0.88. Ref. 19. Corona loss test 
made in desert at a location where abnormally high corona loss is 
observed on the Hoover-Los Angeles 287.5-kv line, which is strung 
with this conductor. Measurement made in three-phase test line. 
This particular curve is plotted for 6 =0.88 to show operating con- 
dition in desert. All other curves are for 6 = 1.00. 

Curve a—Same as curve 1, except converted to 6 = 1.00. 
Curve 3-1.4 in. HH copper. Ref. 12. Corona loss test made in 

California. Comparison with curve 2 shows effect of desert condi- 
tions. Measurements made on three-phase test line, 30-foot flat 
spacing, 16-foot sag, 30-foot ground clearance, 700 feet long. 

Curve 4—1.1 in. HH. Ref. 13. Measurements made on three-phase 
test line, 22-foot flat spacing, 16-foot sag, 30-foot clearance to 
ground, 700 feet long. 

Curve 5-1.65 in. smooth. Ref. 12. This conductor had a poor sur- 
face. Measurements made on three-phase test line, 30-foot spac- 
ing, 16-foot sag, 30-foot ground clearance, 700 feet long. 

Curve 6-1.65 in. smooth aluminum. Ref. 27. Reference curve ob- 
tained by converting per-phase measurement to loss on three-phase 
line. Dimensions of line not given. 

Curve 7-1.04 in. smooth cylinder. Ref. 23. In reference this con- 
ductor is referred to as having an infinite number of strands. 
Plotted curve obtained by conversion of per-phase measurements 
to three-phase values, using an estimated value for charging kva, 
to give loss on a line having 45-foot flat configuration. 

Curve 8—l .96 in. smooth aluminum. Ref. 28. Reference curve gives 
three-phase loss, but line dimensions are not given. 

Curve 9-1.57 in. smooth. Ref. 23. This conductor was smooth and 
clean. Reference curve gives per-phase values. Plotted curve is 
for 45-foot flat spacing. 

Fig. 27—Fair-Weather Corona-Loss Curves for Smooth Con- 
ductors; Air Density Factor, 6 = 1. 

industrial areas, foreign material deposited on the con- 
ductor can, in some cases, seriously reduce the corona per- 
formance. (Reference 28 gives some measurements made 
in an industrial area.) 

Corona is an extremely variable phenomenon. On a con- 
ductor energized at a voltage slightly above its fair weather 
corona-starting voltage, variations up to 10 to 1 in corona 
loss and radio-influence factor have been recorded during 
fair weather. The presence of rain produces corona loss on 
a conductor at voltages as low as 65 percent of the voltage 
at which the same loss is observed during fair-weather. 
Thus it is not practical to design a high-voltage line such 
that it will never be in corona. This also precludes ex- 
pressing a ratio between fair- and foul-weather corona, 
since the former might be negligibly small. 

If a conductor is de-energized for more than about a day, 
corona is temporarily increased. This effect is moderate 
compared to that of rain. It can be mitigated by re-ener- 
gizing a line during fair weather where such a choice is pos- 
sible. 

7. Corona Loss 
Extensive work by a large number of investigators has 

been done in determining corona loss on conductors oper- 
ated at various voltages. This work has lead to the devel- 

opment of three formu1as(10~14~16) generally used in this 
country (Reference 18 gives a large number of formulas). 
The Carroll-Rockwell and the Peterson formulas are con- 
sidered the most accurate especially in the important low 
loss region (below 5 kw per three-phase mile). The Peter- 
son formula, when judiciously used, has proved to be a re- 
liable indicator of corona performance (see Sec. 9) for 
transmission voltages in use up to this time. Recent work 
on corona loss has been directed toward the extra-high- 
voltage range and indicates that more recent information 
should be used for these voltages. 

Fair-weather corona-loss measurements made by a num- 
ber of different investigators are shown in Figs. 27, 28, and 
29. All curves are plotted in terms of kilowatts per three- 
phase mile. The data presented in these curves has been 
corrected for air density factor, 6, by multiplying the test 
voltage by l/6 2/3. Some error might have been introduced 
in these curves because in most cases it was necessary to 
convert the original data from per-phase measurements. 
The conversions were made on the basis of voltage gradient 
at the surface of each conductor. The curves should be 
used as an indicator of expected performance during fair 
weather. For a particular design, reference should be made 
to t,he original publications, and a conversion made for the 
design under consideration. The relation between fair- 
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Curve l—l.4 in. ACSR. Ref. 12. Conductor was washed with gaso- 

line then soap and water. Test configuration: three-phase line, 

30-foot flat spacing, 16-foot sag, 30-foot ground clearance, 700 feet 

long. 
Curve 2—1.0 in. ACSR. Ref. 11. Conductor weathered by exposure 

to air without continuous energization. Test configuration: three- 

phase line, 20-foot flat spacing, 700 feet long. 
Curve 3—1.125 in. hollow copper. Ref. 14. Washed in same manner 

as for curve 1. Test configuration: three-phase line, 22-foot flat 

spacing. 
Curve 4—1.49 in. hollow copper. Ref. 14. Washed in same manner 

as for curve 1. Test configuration: three-phase line, 30-foot flat 

spacing, 16-foot sag, 30-foot ground clearance, 700 feet long. 
Curve 5—2.00 in. hollow aluminum. Ref. 14. Washed in same man- 

ner as for curve 1. Test configuration: three-phase line, 30-foot 

flat spacing, 16 foot sag, 30-foot ground clearance, 700 feet long. 
Curve 6—1.09 in. steel-aluminum. Ref. 22. Reference curve is aver- 

age fair-weather corona loss obtained by converting per-phase 
measurements to three-phase values, for a line 22.9 foot flat spac- 
ing, 32.8 feet high. This conductor used on 220-kv lines in Sweden 
which have above dimensions. 

Curve 7—l.25 in. steel-aluminum. Ref. 22 App. A. Plotted curve 
obtained by estimating average of a number of fair-weather per- 
phase curves given in reference and converting to three-phase loss 
for line having 32-foot flat spacing, 50-foot average height. 

Curve 8—1.04 in. steel-aluminum, 24-strand. Ref. 23. Plotted curve 
obtained by conversion of per-phase measurements to three-phase 
values, using an estimated value for charging kva, to give loss on a 
line having 45-foot flat configuration. 

Curve 9—0.91 in. Hollow Copper. Ref. 11. Conductor washed. 
Test configuration: three-phase line, 20-foot flat spacing, 700 feet 
long. 

Fig. 28--Fair-Weather Corona-Loss Curves for Stranded 
ductors; Air Density Factor, 6 = 1. 

Con- 

and foul-weather corona loss and the variation which can 
be expected during fair weather is shown in Fig. 30 for 
one conductor. 

Corona loss on a satisfactory line is primarily caused by 
rain. This is shown by the fairly high degree of correlation 
between total rainfall and integrated corona loss which has 
been noted. (21.28*41) The corona loss at certain points on a 
transmission line can reach high values during bad storm 
conditions. However, such conditions are not likely to oc- 
cur simultaneously all along a line. Borgquist and Vre- 
them expect only a variation from 1.6 to 16 kw per mile, 
with an average value of 6.5 kw per mile, on their 380-kv 
lines now under construction in Sweden. The measured 
loss on their experimental line varied from 1.6 to 81 kw per 
mile. The calculated fair-weather corona loss common in 
the U.S.A. is generally less than one kw per mile, based on 
calculations using Reference 16. Where radio-influence 
must be considered, the annual corona loss will not be of 
much economic importance20, and the maximum loss will 
not constitute a serious load. 

Corona loss is characterized on linear coordinates by a 
rather gradual increase in loss with increased voltage up to 
the so-called “knee” and above this voltage, a very rapid 
increase in loss. The knee of the fair-weather loss curve is 
generally near the critical disruptive voltage. A transmis- 

sion line should be operated at a voltage well below the 
voltage at which the loss begins to increase rapidly under 
fair-weather eonditions. Operation at or above this point 
can result in uneconomical corona loss. A very careful an- 
alysis, weighing the annual energy cost and possibly the 
maximum demand against reduced capitalized line cost, 
must be made if operation at a voltage near or above the 
knee of the fair-weather loss curve is contemplated. 

Corona loss on a conductor is a function of the voltage 
gradient at its surface. Thus the effect of reduced con- 
ductor spacing and lowered height is to increase the corona 
loss as a function of the increased gradient. On transmis- 
sion lines using a flat conductor configuration, the gradient 
at the surface of the middle phase conductor is higher than 
on the outer conductor. This results in corona being mo;e 
prevalent on the middle conductor. 

8. Radio Influence (RI) 
Radio influence is probably the factor limiting the choice 

of a satisfactory conductor for a given voltage. The RI 
performance of transmission lines has not been as thor- 
oughly investigated as corona loss. Recent publications 
(see references) present most of the information available. 
RI plotted against voltage on linear graph paper 
is characterized by a gradual increase in RI up to a vol- 



Chapter 3 Characteristics of Aerial Lines 59 

Curve l—4/0.985/15.7* (Smooth) Ref. 25. 6 not given, but assumed 

1.10, which is average value for Germany. Reference curve ob- 
tained by converting single-phase measurements to three-phase 
values on the basis of surface gradient. Dimensions of line used in 

making conversion are not given. 
Curve 2—4/0.827/15.7* (stranded aluminum-steel). Ref. 25. 6 = 

1.092. See discussion of Curve 1. 
Curve 3—3/0.985/11.8* (Smooth). Ref. 26. 6 = 1.092. Reference 

curve gives single-phase measurements versus line-to-ground volt- 
age, but it is not clear whether actual test voltage or equivalent 

voltage at line height is given. Latter was used in making the con- 

version to three-phase. If this is wrong, curve is approximately 

15 percent low in voltage. Converted to flat configuration of 45 

feet. 
Curve 4—2/1.09/17.7* (Stranded aluminum-steel). 6 = 1.01. Ref. 12, 

App. A. Reference curve gives per-phase measurements versus 
gradient. Converted to three-phase corona loss on line of 42.5-foot 
average height, 39.4-foot flat configuration. 

Curve 5—2/1.25/17.7* (Stranded aluminum-steel) 6 not given, prob- 
ably close to unity. Ref. 12. Reference curve, which gives three- 

phase corona loss,- was converted from per-phase measurements. 
Dimensions 42.5 feet average height, 39.4 feet flat configuration. 
This conductor was selected for use on the Swedish 380-kv system. 
Original author probably selected a worse fair-weather condition 
than the writer did in plotting curve 4, which could account for 
their closeness. 

Curve 6—2/1.04/23.7* (Stranded aluminum-steel). 6 not given. Ref. 
13. Plotted curve is average of two single-phase fair-weather 
curves, converted to three-phase loss for 45-foot flat configuration. 
See Curve 7. 

Curve 7—2/1.04/15.7* (Stranded aluminum-steel). 6 not given. Ref. 
13. Plotted curve is average of two single-phase fair-weather 
curves, converted to three-phase loss for 45-foot flat configuration. 
Data for curves 6 and 7 were taken at same time in order to show 
effect of sub-conductor separation. 

*Bundle-conductor designation- number of sub-conductors/out- 

side diameter of each sub-conductor in inches/separation between 
adjacent sub-conductors in inches. 

Fig. 29—Fair-Weather Corona-Loss Curves for Two-, Three-, and Four-conductor Bundles; Air Density Factor, 6 = 1.00. 

tage slightly below the minimum voltage at which meas- 
urable corona loss is detected. Above this voltage, the 
increase in the RI is very rapid. The rate of increase in RI 
is influenced by conductor surface and diameter, being 
higher for smooth conductors and large-diameter con- 
ductors. Above a certain voltage, the magnitude of the 
RI field begins to level off. For practical conductors, the 
leveling off value is much too high to be acceptable, and 
where RI is a factor, lines must be designed to operate be- 
low the voltage at which the rapid increase starts during fair 
weather. Figures 32 and 33 are characteristic RI curves. 
The relation between fair- and foul-weather corona per- 
formance is shown in Fig. 32. 

An evaluation of RI in the design of a high-voltage line 
must consider not only its magnitude, but its effect on the 
various communication services which require protection. 
Amplitude-modulated broadcasting and power-line carrier 
are the most common services encountered but other serv- 
ices such as aviation, marine, ship-to-shore SOS calls, po- 
lice and a number of government services might also have 
to be considered. 

In determining the RI performance of a proposed line, 
the magnitude of the RI factors for the entire frequency 

range of communication services likely to be encountered, 
should be known. An evaluation of these factors in terms 
of their effect on various communication services must take 
into consideration many things. These are available signal 
intensities along the line, satisfactory signal-to-noise ra- 
tios, effect of weather on the RI factors and on the im- 
portance of particular communication services, number 
and type of receivers in vicinity of the line, proximity of 
particular receivers, transfer of RI to lower-voltage cir- 
cuits, the general importance of particular communication 
services, and means for improvement of reception at indi- 
vidual receiver locations.21 For extra-high-voltage and 
double-circuit high-voltage lines the tolerable limits of RI 
might be higher because the number of receivers affected, 
the coupling to lower voltage circuits, and the coupling to 
receiver antennas is reduced. Also fewer lines are required 
for the same power handling ability, and wider right-of- 
ways are used which tend to reduce the RI problem. 

Although RI increases very rapidly with increased gradi- 
ent at the surface of a conductor, theoretical considerations 
of the radiation characteristics of a transmission line as 
spacing is reduced, indicate that the RI from a transmission 
line will not be seriously affected by reduced spacing.42 
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Fig. 30—Corona Loss on 1.09 Inch Stranded Aluminum-Steel 
Conductor under Different Weather Conditions. This con- 
ductor is in use on the Swedish 220-kv system. Note variation 
in fair-weather corona loss and the relation between fair- and 
foul-weather corona loss. Plotted curves obtained by convert- 
ing per-phase measurements to three-phase values for a line 
having 32-foot flat spacing, 50-foot average height. No cor- 

rection made for air density factor. Ref. 22, App. A. 

The conductor configuration, the number of circuits, and 
the presence of ground wires affect the radiation from the 
line with a given RI voltage on the conductors. Very little 
is known about the radiation characteristics of transmis- 
sion lines and caution should be exercised in applying data 
not taken on a line configuration closely approximating the 
design under consideration. 

The RI field from a transmission line varies somewhat 
as the inverse of the radio frequency measured. Thus serv- 
ices in the higher-frequency bands, (television37, frequency- 
modulated broadcasting, microwave relay, radar, etc.) are 
less apt to be affected. Directional antennas which are 
generally used at these frequencies, on the average, in- 
crease the signal-to-noise ratio. The lower signal strengths, 
and wider band-widths generally found in the high-fre- 
quency bands can alter this picture somewhat. Frequency- 
modulated broadcast is inherently less sensitive to RI 
because of its type of modulation. 

Standard radio-noise meters35,36 can measure the aver- 
age, quasi-peak, and peak values of the RI field. The aver- 
age value is the amplitude of the RI field averaged continu- 
ously over 1/2 second. For quasi-peak measurements, a cir- 
cuit having a short time constant (0.001-0.01 sec.) for 
charging and a long time constant (0.3 to 0.6 sec.) for dis- 
charging is used, with the result that the meter indication 
is near the peak value of the RI field. Aural tests of radio 
reception indicate that quasi-peak readings interpreted in 
terms of broadcast-station field strengths represent more 
accurately the “nuisance” value of the RI field. The peak 
value is the maximum instantaneous value during a given 
period. The type of measurements made must be known 
before evaluating published RI information or misleading 
conclusions can be drawn. 

The lateral attenuation of RI from a transmission line 
depends on the line dimensions and is independent of volt- 
age. At distances between 40 and 150 feet from the outer 
conductor, the attenuation at 1000 kc varies from 0.1 to 0.3 
db per foot, with the lower values applying generally to 
high-voltage lines. Typical lateral attenuation curves are 
shown in Fig. 34. Lateral attenuation is affected by local 
conditions. Because of the rapid attenuation of RI later- 
ally from a line, a change of a few hundred feet in the loca- 
tion of a right-of-way can materially aid in protecting a 
communication service. 

9. Selection of Conductor 
In the selection of a satisfactory conductor from the 

standpoint of its corona performance for voltages up to 
230 kv, operating experience and current practice are the 
best guide. Experience in this country indicates that the 
corona performance of a transmission line will be satisfac- 
tory when a line is designed so that the fair-weather 
corona loss according to Peterson’s formu1a,16 is less than 
one kw per three-phase mile. Unsatisfactory corona. per- 
formance in areas where RI must be considered has been 
reported for lines on which the calculated corona loss is in 
excess of this value, or even less in the case of medium high- 
voltage lines. Figure 31 is based on Peterson’s formula and 
indicates satisfactory conductors which can be used on 
high-voltage lines. For medium high-voltage lines (138 kv) 
considerably more margin below the one kw curve is neces- 
sary because of the increased probability of exposure of re- 
ceivers to RI from the line, and a design approaching 0.1 
kw should be used. 

10. Bundle Conductors 
A “bundle conductor” is a conductor made up of two or 

more “sub-conductors”, and is used as one phase conduc- 
tor. Bundle conductors are also called duplex, triplex, etc., 
conductors, referring to the number of sub-conductors and 
are sometimes referred to as grouped or multiple con- 
ductors. Considerable work on bundle conductors has 
been done by the engineers of Siemens-Schuckertwerke27 
who concluded that bundle conductors were not economi- 
cal at 220 kv, but for rated voltages of 400 kv or more, are 
the best solution for overhead transmission. Rusck and 
Rathsman46 state that the increase in transmitting capac- 
ity justifies economically the use of two-conductor bun- 
dles on 220-kv lines. 
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Fig. 31—Quick-Estimating Corona-Loss Curves. Curves based on Peterson’s formula with a few check points from the 
Carrol and Rockwell paper for comparison. 

The advantages of bundle conductors are higher disrup- 
tive voltage with conductors of reasonable dimensions, re- 
duced surge impedance and consequent higher power capa- 
bilities, and less rapid increase of corona loss and RI with 
increased voltage. 22,27,28 These advantages must be weighed 
against increased circuit cost, increased. charging kva if it 
cannot be utilized, and such other considerations as the 
large amount of power which. would be carried by one cir- 
cuit. It is possible with a two-conductor bundle composed 
of conductors of practical size to obtain electrical charac- 
teristics, excepting corona, equivalent to a single conductor 
up to eight inches in diameter. 

Theoretically there is an optimum sub-conductor separa- 
tion for bundle conductors that will give minimum crest 
gradient on the surface of a sub-conductor and hence high- 
est disruptive voltage. For a two-conductor bundle, the 
separation is not very critical, and it is advantageous to 
use a larger separation than the optimum which balances 
the reduced corona performance and slightly increased cir- 
cuit cost against the advantage of reduced reactance. 

Assuming isolated conductors which are far apart com- 
pared to their diameter and have a voltage applied be- 
tween them, the gradient at the surface of one conductor 
is given by: 

(79b) 

where the symbols have the same meaning as used in Eq. 
(79a). This equation is the same as equation (79a), except 
that surface factor, m, and air density factor, S, have been 
omitted. These factors should be added to Eqs. 80 and 81 
for practical calculations. For a two-conductor bundle, the 
equation for maximum gradient at the surface of a sub- 
conductor33 is: 

(80) 

where: 
S = separation between sub-conductors in centimeters. 

Because of the effect of the sub-conductors on each 
other, the gradient at the surface of a sub-conductor is not 
uniform. It varies in a cosinusoidal manner from a maxi- 
mum at a point on the outside surface on the line-of-cen- 
ters, to a minimum at the corresponding point on the inside 
surface. This effect modifies the corona performance of a 
bundle conductor such that its corona starting point cor- 
responds to the voltage that would be expected from calcu- 
lations, but the rate of increase of corona with increased 
voltage is less than for a single conductor. This effect can 
be seen by comparing curve 6 of Fig, 28 with curve 2 
of Fig. 29. Cahen and Pelissier21’24 concluded that the 
corona performance of a two-conductor bundle is more 
accurately indicated by the mean between the average 
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KILOVOLTS 
Fig. 32—Radio influence and corona loss measurements made 

on an experimental test line. Ref. 26. 

and maximum gradient at the surface of a sub-conductor, 
which is given by: 

(81) 

If it is desired to determine the approximate disruptive 

voltage of a conductor, 

meter rms can be substituted for g and the equations solved 
for eO in kv rms. This value neglects air density Factor 
and surface factor, which can be as low as 0.80 (consult 
references 10 and 16 for more accurate calculations). 

380 kv Systems using bundle conductors are being built 
or under consideration in Sweden, France, and Germany. 

Curve l—Average lateral attenuation for a number of transmission 
lines from 138- to 450-kv. O X A •l are plotted values which apply 
to this curve only. Test frequency 1000 kc. Ref. 21. 

Curve 2—Lateral Attenuation from the 220-kv Eguzon-Chaingy line 
in France. Line has equilateral spacing, but dimensions not given. 
Distance measured from middle phase. Test frequency—868 kc. 
Ref. 24. 

Curve 3—Lateral Attenuation from 230-kv Midway–Columbia Line 
of the Bonneville Power Administration. Conductor height 47.5 
feet, test frequency 830 kc. Ref. 42. 
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Fig. 33—Fair-Weather Radio-Influence Field from a Trans- 
mission Line as a Function of Voltage. Measurements made 
opposite mid-span on the 230-kv Covington-Grand Coulee 
Line No. 1 of the Bonneville Power Administration. RI values 
are quasi-peak. 1.108 inch ACSR conductor, 27-foot flat spac- 

ing, 41-foot height, test frequency—800 kc. 

HORIZONTAL DISTANCE FROM OUTSIDE CONDUCTOR-FEET 

Fig. 34—Lateral Attenuation of Radio Influence in Vicinity of 
High-Voltage Transmission Lines. 
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CHAPTER 4 

ELECTRICAL CHARACTERISTICS OF CABLES 
Original Author: 

H. N. Muller, Jr. 

C 
ABLES are classified according to their insulation as 
paper, varnished-cambric, rubber, or asbestos, each 
of these materials having unique characteristics 

which render it suitable for particular applications. Be- 
cause cables for power transmission and distribution are 
composed of so many different types of insulation, con- 
ductors, and sheathing materials, the discussion here must 
be limited to those cable designs most commonly used. 
Reasonable estimates of electrical characteristics for cables 
not listed can be obtained in most cases by reading from 
the table for a cable having similar physical dimensions. 

Paper can be wound onto a conductor in successive lay- 
ers to achieve a required dielectric strength, and this is the 
insulation generally used for cables operating at 10 000 
volts and higher. Paper insulation is impregnated in dif- 
ferent ways, and accordingly cables so insulated can be 
sub-divided into solid, oil-filled, or gas-filled types. 

Solid paper-insulated cables are built up of layers of 
paper tape wound onto the conductor and impregnated 
with a viscous oil, over which is applied a tight-fitting, 
extruded lead sheath. Multi-conductor solid cables are 
also available, but the material shown here covers only 
single- and three-conductor types. Three-conductor cables 
are of either belted or shielded construction. The belted 
assembly consists of the three separately insulated con- 
ductors cabled together and wrapped with another layer of 
impregnated paper, or belt, before the sheath is applied. In 
the shielded construction each conductor is individually 
insulated and covered with a thin metallic non-magnetic 
shielding tape; the three conductors are then cabled to- 
gether, wrapped with a metallic binder tape, and sheathed 
with lead. The purpose of the metallic shielding tape 
around each insulated conductor is to control the electro- 
static stress, reduce corona formation, and decrease the 
thermal resistance. To minimize circulating current under 
normal operating conditions and thus limit the power loss, 
shielding tape only three mils in thickness is used. Solid 
single-conductor cables are standard for all voltages from 
1 to 69 kv; solid three-conductor cables are standard from 
1 to 46 kv. Sample sections of paper-insulated single-con- 
ductor, three-conductor belted, and three-conductor shielded 
cables are shown in Fig. 1 (a), (b), and (c) respectively. 

Oil-filled paper-insulated cables are available in single- or 
three-conductor designs. Single-conductor oil-filled cable 
consists of a concentric stranded conductor built around an 
open helical spring core, which serves as a channel for the 
flow of low-viscosity oil. This cable is insulated and 
sheathed in the same manner as solid cables, as a compar- 
ison of Figs. 1 (a) and 1 (d) indicates. Three-conductor oil- 
filled cables are all of the shielded design, and have three 

Revised by : 
J. S. Williams 

(b) Three-conductor belted, compact-sector conductors. 

(c) Three-conductor shielded, compact-sector conductors. 

(d) Single-conductor oil-filled, hollow-stranded conductor. 

(e) Three-conductor oil-filled, compact-sector conductors. 

Fig. l—Paper-insulated cables. 
Courtesy of General Cable Corporation 

oil channels composed of helical springs that extend 
through the cable in spaces normally occupied by filler 
material. This construction is shown in Fig. 1 (e). Oil- 
filled cables are relatively new and their application has 
become widespread in a comparatively short time. The oil 
used is only slightly more viscous than transformer oil, and 
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remains fluid at al1 operating temperatures. The oil in the 
cable and its connected reservoirs is maintained under 
moderate pressure so that, during load cycles oil may flow 
between the cable and the reservoirs to prevent the devel- 
opment of voids or excessive 
prevention of void formation 

pressure 
in paper 

in the cable. The 
insulation permits 

the use of greatly reduced insulation thickness for a given 
operating voltage. Another advantage of oil-filled cables is 
that oil will seep out through any crack or opening which 
develops in the sheath, thereby preventing the entrance of 
water at the defective point. This action prevents the 
occurrence of a fault caused by moisture in the insulation, 
and since operating records show that this cause accounts 
for a significant percentage of all high-voltage cable faults, 
it is indeed a real advantage. Single-conductor oil-filled 
cables are used for voltages ranging from 69 to 230 kv; the 
usual range for three-conductor oil-filled cables is from 23 
to 69 kv. 

Gas-filled cables of the low-pressure type have recently 
become standard up to 46 kv. The single-conductor type 
employs construction generally similar to that of solid 
cables, except that longitudinal flutes or other channels are 
provided at the inner surface of the sheath to conduct 
nitrogen along the cable. The three-conductor design em- 
ploys channels in the filler spaces among the conductors, 
much like those provided in oil-filled three-conductor 
cables. The gas is normally maintained between 10 and 15 
pounds per square 
all cable voids and 
sheath or joints. 

inch gauge pressure, and serves to fill 
exclude moisture at faulty points in the 

Courtesy of the Okonite-Caltender Cable Company 

Fig. 2—High-pressure pipe-type oil-filled cable. 

High-pressure cables, of either the oil- or gas-filled vari- 
ety, are being used widely for the higher range of voltages. 
The physical and electrical characteristics are fairly well 
known, but their specifications are not yet standardized. 
The usual application calls for pressure of about 200 pounds 
per square inch, contained by a steel pipe into which three 
single-conduct or cables are pulled. The immediate pres- 
encc of the iron pipe makes difficult the calculations of 
circuit impedance, particularly the zero-sequence quanti- 
ties. Most high-pressure cables are designed so that the 
oil or gas filler comes into direct contact with the conductor 
insulation; in oil-filled pipe-type cables a temporary lead 
sheath can be stripped from the cable as it is pulled into the 
steel pipe; in gas-filled pipe-type cables the lead sheath sur- 
rounding each conductor remains in place, with nitrogen 
introduced both inside and outside the sheath so that no 
differential pressure develops across the sheath. Examples 
of oil- and gas-filled pipe-type cables are shown in Figs. 2 
and 3. 

Courtesy of General Cable Corporation 

Fig. 3—Cross-section of high-pressure pipe-type gas-filled 
cable. Oil-filled pipe-type cable may have a similar cross- 

section. 

Compression cable is another high-pressure pipe-type 
cable in which oil or nitrogen gas at high pressure is intro- 
duced within a steel pipe containing lead-sheathed solid- 
type singleconductor-cables; no high-pressure oil or gas is 
introduced directly inside the lead sheaths, but voids with- 
in the solid-type insulation are prevented by pressure 
exerted externally on the sheaths. This construction is 
sketched in Fig. 4. 

During recent years there has been a trend toward the 
modification of cable conductors to reduce cost and im- 
prove operating characteristics, particularly in multi-con- 
ductor cables. Referring to Fig. 5, the first departure from 
concentric* round conductors was the adoption of sector- 
shaped conductors in three-conductor cables. More re- 
cently a crushed stranding that results in a compacted 
sector has been developed and has found widespread use 
for conductor sizes of l/O A.W.G. and larger. Its use in 
smaller conductors is not practical. The principal advan- 
tages of such a conductor are: reduced overall diameter for 
a given copper cross-section; elimination of space between 
the conductor and the insulation, which results in higher 

Fig. 4—Cross-sectional sketch of compression cable. 
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Photographs in this figure furnished by the Okonite-Callender Cable Company 

Fig. 5—Cable conductors. 

(a) Standard concentric stranded. 
(b) Compact round. 
(c) Non-compact sector. 
(d) Compact sector. 
(e) Annular stranded (rope core). 
(f) Segmental. 
(g) Rope stranded. 
(h) Hollow core. 

electrical breakdown; low a-c resistance due to minimizing 
of proximity effect; retention of the close stranding during 
bending; and for solid cables, elimination of many lon- 
gitudinal channels along which impregnating compound can 
migrate. While most single-conductor cables are of the 

concentric-strand type, they may also be compact-round, 
annular-stranded, segmental, or hollow-core. 

I. ELECTRICAL CHARACTERISTICS 

The electrical characteristics of cables have been dis- 
cussed comprehensively in a series of articles’ upon which 
much of the material presented here has been based. This 
chapter is primarily concerned with the determination of 
the electrical constants most commonly needed for power- 
system calculations, particular emphasis being placed on 
quantities necessary for the application of symmetrical 
components. 2 A general rule is that regardless of the com- 
plexity of mutual inductive relations between component 
parts of individual phases, the method of symmetrical 
components can be applied rigorously whenever there is 
symmetry among phases. All the three-conductor cables 
inherently satisfy this condition by the nature of their con- 
struction; single-conductor cables may or may not, although 
usually the error is small in calculating short-circuit cur- 
rents. Unsymmetrical spacing and change in permeability 
resulting from different phase currents when certain meth- 
ods of eliminating sheath currents are used, may produce 
dissymmetry. 

Those physical characteristics that are of general inter- 
est in electrical application problems have been included 
along with electrical characteristics in the tables of this 
section. 

All linear dimensions of radius, diameter, separation, or 
distance to equivalent earth return are expressed in inches 
in the equations in this chapter. This is unlike overhead 
transmission line theory where dimensions are in feet,; the 
use of inches when dealing with cable construction seems 
appropriate. Many equations contain a factor for fre- 
quency, f, which is the circuit operating frequency in cycles 
per second. 

1. Geometry of Cables 

The space relationship among sheaths and conductors in 
a cable circuit is a major factor in determining reactance, 
capacitance, charging current, insulation resistance, dielec- 
tric loss, and thermal resistance. The symbols used in this 
chapter for various cable dimensions, both for single-con- 
ductor and three-conductor types, are given in Figs. 6 and 
7. Several factors have come into universal use for defining 
the cross-section geometry of a cable circuit, and some of 
these are covered in the following paragraphs. 1,2 

Geometric Mean Radius (GMR)—This factor is a 
property usually applied to the conductor alone, and de- 
pends on the material and stranding used in its construc- 
tion. One component of conductor reactance3 is normally 
calculated by evaluating the integrated flux-linkages both 
inside and outside the conductor within an overall twelve- 
inch radius. Considering a solid conductor, some of the flux 
lines lie within the conductor and contribute to total flux- 
linkages even though they link only a portion of the total 
conductor current; if a tubular conductor having an infi- 
nitely thin wall were substituted for the solid conductor, its 
flux would necessarily all be external to the tube. A theo- 
retical tubular conductor, in order to be inductively equiv- 
alent to a solid conductor, must have a smaller radius so 



Chapter 4 Electrical Characteristics of Cables 67 

,LEAD SHEATH 

(a) 
SINGLE-CONDUCTOR CABLES 

EOUILATERALLY SPACED 

(b) 
THREE-CONDUCTOR CABLE 

PHASE C 

SINGLE-CONDUCTOR CABLES 

YNSYMMETRICALLY SPACED, BUT PERFECTLY TRANSPOSED 

Fig. 6—Geometry of cables. 

that the flux-linkages present inside the solid conductor but 
absent within the tube will be replaced by additional link- 
ages between the tube surface and the limiting cylinder of 
twelve-inch radius. A solid copper conductor of radius d/2 
can be replaced by a theoretical tubular conductor whose 
radius is 0.779 d/2. This equivalent radius is called the geo- 
metric mean radius of the actual conductor, denoted herein 
by GMR1, where the subscript denotes reference to only a 
single actual conductor. This quantity can be used in re- 
actance calculations without further reference to the shape 
or make-up of the conductor. The factor by which actual 
radius must be multiplied to obtain GMR1c, varies with 

Fig. ‘/-Typical sector shape of conductor used in three-con- 
ductor cables. 

stranding or hollow-core construction as shown in Chap. 3, 
Fig. 11. Sometimes in calculations involving zero-se- 
quence reactances, simplification may result if the three 
conductors comprising a three-phase circuit are considered 
as a group and converted to a single equivalent conductor. 
This requires the use of a new GMR, denoted here as 

GMRac, which applies to the group as though it were one 
complex conductor. This procedure is illustrated later in 
Eq. (18). 

Geometric Mean Distance (GMD)-Spacings among 
conductors, or between conductors and sheaths, are impor- 
tant in determining total circuit reactance. The total flux- 
linkages surrounding a conductor can be divided into two 
components, one extending inward from a cylinder of 12 
inch radius as discussed in the preceding paragraph, and the 
other extending outward from this cylinder to the current 
return path beyond which there are no net flux-linkages.3 
The flux-linkages per unit conductor current between the 
12-inch cylinder and the return path are a function of the 
separation between the conductor and its return. The re- 
turn path can in many cases be a parallel group of wires, so 
that a geometric mean of all the separations between the 
conductor and each of its returns must be used in calcula- 
tions. Geometric mean distance, therefore, is a term that 
can be used in the expression for external flux-linkages, not 
only in the simple case of two adjacent conductors where it 
is equal to the distance between conductor centers, but also 
in the more complex case where two circuits each composed 
of several conductors are separated by an equivalent GMD. 

The positive- or negative-sequence reactance of a three- 
phase circuit depends on separation among phase conduc- 
tors. If the conductors are equilaterally spaced the distance 
from one conductor center to another is equal to the GMD 
among conductors for that circuit. Using the terminology 
in Fig. 6, 

GMD3,=S for an equilateral circuit. 

The subscript here denotes that this GMD applies to sepa- 
rations among three conductors. If the conductors are 
arranged other than equilaterally, but transposed along 
their length to produce a balanced circuit, the equivalent 
separation may be calculated by deriving a geometric mean 
distance from the cube root of three distance products3 (see 
Chap. 3): 

GMD3,= &%,PS,,~& (1) 

The component of circuit reactance caused by flux outside 
a twelve inch radius is widely identified as “reactance 
spacing factor” (zd) and can be calculated directly from 
the GMD: 

5d = 0.2794 6010g’o~ ohms per phase per mile. (2) 

When the equivalent separation is less than twelve inches, 
as can occur in cable circuits, the reactance spacing factor 
is negative so as to subtract from the component of con- 
ductor reactance due to flux out to a twelve-inch radius. 

The zero-sequence reactance of a three-phase circuit may 
depend on spacing among conductors and sheath as well as 
among conductors. A distance that represents the equiv- 
alent spacing between a conductor or a group of conductors 
and the enclosing sheath can be expressed as a GRID. Also, 
the equivalent separation between cable conductors and 
the sheath of a nearby cable, or the equivalent separation 
between two nearby sheaths, can be expressed as a GMD. 
Because these and other versions2 of geometric mean dis- 
tance may be used successively in a single problem, care 
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must be taken to identify and distinguish among them dur- 
ing calculations. 

Geometric Factor-The relation in space between the 
cylinders formed by sheath internal surface and conductor 
external surface in a single-conductor lead-sheathed cable 
can be expressed as a “geometric factor.” This factor is 
applicable to the calculation of such cable characteristics 
as capacitance, charging current, dielectric loss, leakage 
current, and heat transfer, because these characteristics 
depend on a field or flow pattern between conductor and 
sheath. The mathematical expression for geometric factor 
G in a single conductor cable is 

where : 

ri = inside radius of sheath. 
d = outside diameter of conductor. 

circumference during operation: this poses a more complex 
problem than can be solved by the simple geometric factors . 

Geometric factors for single-conductor cables can be read 
from Fig. 8. Geometric factors for three-phase shielded 
cables having round conductors are identical, except for 
heat flow calculations, to those for single-conductor cables. 
The shielding layer establishes an equipotential surface 
surrounding each conductor just as a lead sheath does for 
single-conductor cables. The heat conductivity of the 
three-mil shielding tape is not high enough to prevent a 
temperature differential from developing around the shield 

Because of the various possible combinations of con- 
ductors and sheaths that can be taken in a three-conductor 
belted cable, several geometric factors are required for com- 
plete definition. Two of these factors, the ones applicable 
to positive- and to zero-sequence electrical calculations, are 
shown in Fig. 9. 

2. Positive- and Negative-Sequence Resistance 

Skin Effect—It is well known that the resistance of a 
conductor to alternating current is larger than its resistance 
to direct current. The direct-current resistance in cables 
can be taken as the resistance of solid rod of the same 
length and cross-section, but increased two percent to take 
into account the effect of spiraling of the strands that com- 
pose the conductor. When alternating current flows in the 
conductor there is an unequal distribution of current, with 
the outer filaments of the conductor carrying more current 
than the filaments closer to the center. This results in a 
higher resistance to alternating current than to direct cur- 
rent, and is commonly called skin effect. The ratio of the 
two resistances is known as the skin-effect ratio. In small 
conductors this ratio is entirely negligible, but for larger 
conductors it becomes quite appreciable, and must be con- 
sidered when figuring the 60-cycle resistances of large con- 

TABLE 1—DIMENSIONS AND 60-CYCLE SKIN-EFFECT RATIO OF 
STRANDED COPPER CONDUCTORS AT 65°C. 

given here. 

ductors. Some skin-effect ratios are tabulated in Table 1 
for stranded and representative hollow conductors.l 

RATIO d 

Proximity Effect—The alternating magnetic flux in a 
conductor caused by the current flowing in a neighboring 
conductor gives rise to circulating currents, which cause an 
apparent increase in the resistance of a conductor. This 
phenomenon is called proximity effect. The increase in 

Fig. S-Geometric factor for single-conductor cables, or resistance is negligible except in very large conductors. 
three-conductor shielded cables having round conductors. Proximity effect can, however, become important under 

NOTE: This is approximately correct for shielded sector-conductor certain conditions of cable installation. When cables are 

cables if curve is entered with the dimcn*ions of a round-conductor laid parallel to metal beams, walls, etc., as is frequently the 
cable having identical conductor area and insulation thickness. case in buildings or ships, proximity effect increases the 
This geometric factor is not applicable for heat-flow calculations in apparent impedance of these cables appreciably. Booth, 
shielded cables. See Sets. 5 and 6. Hutchings and Whitehead have made extensive tests on 
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Fig. 9—Geometric factor for three-conductor belted cables having round or sector conductors. 

NOTE: For cables having sector conductors, enter the curve with the dimensions of a round-conductor cable having identical conductor 
area and insulation thicknesses. Multiply the resultant geometric factor by the sector correction factor given above. 

(GI is calculated for three-phase operation; Go is calculated for single-phase operation, with three conductors paralleled and re- 
turn in sheath. See Sets. 5 and 6.) 
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the impedance and current-carrying capacity of cables, as 
they are affected by proximity to flat plates of conducting 
and magnetic material. Figures 11 and 12, taken from this 
work, illustrate forcefully that proximity effect can be 
significantly large. Although these tests were performed 
at 50 cycles it is believed that the results serve to indicate 
effects that would be experienced at GO cycles. The results 
in an actual installation of cables close to metal surfaces are 
influenced so greatly by the material involved, and by the 

Fig. 10—Geometric factor for three-conductor shielded cables 
having sector conductors, in terms of insulation thickness T 

and mean periphery P. 

structural shape of the surface, that calculation and pre- 
diction is difficult. 

The additional losses caused by placing a metal plate or 
other structural shape close to a cable circuit arise from 
both hysteresis and eddy-current effects within the plate. 
Hysteresis losses are large if the fluxdensity within the plate 
is high throughout a large proportion of the plate volume. 
A material having high permeability and very high re- 
sistivity would promote hysteresis loss, because flux devel- 
oped by cable currents could concentrate within the low- 
reluctance plate, and because the action of eddy-currents 
to counteract the incident flux would be comparatively 
small in a high-resistance material. Eddy-current losses 
depend on the magnetic field strength at the plate, and 
also upon the resistance of the paths available for flow 
within the plate. 

Because the factors that affect hysteresis loss and those 
that affect eddy-current loss are interdependent, it is seldom 

Fig. 11—Increase in cable resistance and reactance caused 
by proximity to steel plate for single phase systems (cable 

sheaths are insulated). 

terials will contribute lowest losses. Some practical pos- 
sibilities, drawn from experience in the design of switch- 
gear, transformers, and generators, are listed here: 

a. The magnetic plate can be shielded by an assembly of 
laminated punchings, placed between the cables and 
the plate, so that flux is diverted from the plate and 
into the laminations. The laminations normally have 
low eddy-current losses and they must be designed so 
that flux density is not excessive. 

b. The magnetic plate can be shielded with a sheet of 
conducting material, such as copper or aluminum, 
placed so that the magnetic field acts to build up 

Fig. 12—Increase in cable resistance and reactance caused 
by proximity to steel plate for three-phase systems (cable 

easy to theorize on which material or combination of ma- sheaths are insulated). 
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counteracting circulating currents within the con- 
ducting sheet: these currents considerably reduce the 
magnetic field strength at the plate. The conducting 
sheet must have sufficient cross-sectional area to ac- 
commodate the currents developed. 

c. The magnetic material can be interleaved with con- 
ducting bars that are bonded at the ends so that cir- 
culating currents develop to counteract the incident 
magnetic field as in (b) . 

d. The magnetic plate can be replaced, either entirely or 
partially, by a non-magnetic steel. Non-magnetic 
steel has low permeability and high resistivity when 
compared with conventional steel plate: these char- 
acteristics do not act in all respects to reduce losses, 
but the net effect is often a loss reduction. Non-mag- 
netic steel is of particular benefit when the structure 
near the cable circuit partially or entirely surrounds 
individual phase conductors. 

The effect of parallel metal on reactance is much larger 
than on resistance as Figs. 11 and 12 indicate. These 
figures also show that the magnitude of the increase in im- 
pedance is independent of conductor size. Actually, when 
large cables approach very close to steel, the resistance in- 
crements become higher and the reactance increments be- 
come somewhat lower. The curves of Figs. 11 and 12 are 
based on tests performed at approximately two-thirds of 
maximum current density for each cable used. The incre- 
ments in resistance and reactance do not, however, change 
greatly with current density; the variation is only about 
1 percent per 100 amperes. In three-phase systems the 
middle cable of the three is influenced less than the outer 
ones by the presence of the parallel steel. This variation 
again is less than variations in materials and has not been 
accounted for in Figs. 11 and 12. These curves cover only a 
few specific cases, and give merely an indication of the im- 
portance and magnitude of proximity effect. More detailed 
information can be found in the reference listed.4 

Proximity effect also has an important bearing on the 
current-carrying capacity of cables when installed near 
steel plates or structures. This subject is discussed in the 
section on current-carrying capacity. 

Sheath Currents in Cables—lternating current in 
the conductors of single-conductor cables induces alternat- 
ing voltages in the sheaths. When the sheaths are contin- 
uous and bonded together at their ends so that sheath cur- 
rents may flow longitudinally, additional 12R losses develop 
in the sheath. The common way to represent these losses is 
by increasing the resistance of the conductor involved. For 
single-conductor cables operating in three-phase systems, 
this increment in resistance can be calculated by the fol- 
lowing equation, the derivation of which is given in refer- 
ences :12 

Here xm is the mutual reactance between conductors and 
sheath in ohms per phase per mile, and rs is the resistance 
of the sheath in ohms per phase per mile. These two quan- 
tities can be determined from the following equations: 

and 

0.200 

rs= (To+Ti) (To- Ti) 
ohms per phase per mile, for lead sheath. 

(6) 

in which 

S=spacing between conductor centers in inches. 
r. = outer radius of lead sheath in inches. 
Ti=inner radius of lead sheath in inches. 

Thus the total resistance (r,) to positive- or negative- 
sequence current flow in single-conductor cables, including 
the effect of sheath currents, is 

where rc is the alternating-current resistance of the con- 
ductor alone including skin effect at the operating fre- 
quency. Eq. (7) applies rigorously only when the cables are 
in an equilateral triangular configuration. For other ar- 
rangements the geometric mean distance among three 
conductors, GMDs, can be used instead of S with results 
sufficiently accurate for most practical purposes. 

The sheath loss in a three-conductor cable is usually 
negligible except for very large cables and then it is im- 
portant only when making quite accurate calculations. In 
these largest cables the sheath losses are about 3 to 5 per- 
cent of the conductor loss, and are of relatively little 
importance in most practical calculations. When desired 
the sheath loss in three-conductor cables can be calculated 
from the equivalent resistance, 

44160(S1)2 

‘= rg(ro+rJ2 
X 10es ohms per phase per mile. (8) 

where 

r, is sheath resistance from Eq. (6). 
r. and ri are sheath radii defined for Eq. (5). 

& =-(d+2T), and is the distance between 
A conductor center and sheath (9) 

center for three-conductor 
cables made up of round con- 
ductors. 

d = conductor diameter. 
T = conductor insulation thickness. 

For sector-shaped conductors an approximate figure can 
be had by using Eq. (8), except that d should be 82 to 86 
percent of the diameter of a round conductor having the 
same cross-set t ion al area. 

Example 1—Find the resistance at 60 cycles of a 750 000 
circular-mil, three-conductor belted cable having 156 mil 
conductor insulation and 133 mil lead sheath. The overall 
diameter of the cable is 2.833 inches and the conductors are 
sector shaped. 

From conductor tables (see Table 10) the diameter of an 
equivalent round conductor is 0.998 inches. From Eq. (9), 

1 
S1= &0.998(0.84) +2(0.156)] 

= 0.664 inches. 

Since the overall diameter is 2.833 inches, 

r. = 1.417 inches 



here. The ratio of actual resistance as installed to the d-c 
resistance of the conductor itself based on data obtained in 
laboratory tests is shown in Fig. 13. The increased resist- 
ance is due to conductor skin effect, conductor proximity 
effect in the presence of steel pipe, and to 12R loss in the 
pipe itself. In preparing Fig. 13, the pipe size assumed for 
each cable size was such that 60 percent of the internal pipe 
cross-sectional area would have been unoccupied by cable 
material: choosing a nearest standard pipe size as a prac- 
tical expedient does not affect the result appreciably. The 

-0.00479 ohms per phase per mile. conductor configuration for these tests was a triangular 
grouping, with the group lying at the bottom of the pipe. 

From Table 6 it is found that rc, the conductor resistance, If, instead, the conductors were to be laid in an approx- 
including skin effect is 0.091 ohms per phase per mile. The imately flat cradled arrangement, some change in resist- 
total positive- and negative-sequence resistance is then, ance would be expected. Actual tests on the flat arrange- 

ra =0.091+ .005 = 0.096 ohms per phase per mile. ment produced variable results as conductor size was 
Sheath currents obviously have little effect on the total changed, some tests giving higher losses and some lower 
alternating-current resistance of this cable. 

Theoretically some allowance should be made for the 
than the triangular. If a maximum value is desired, an 
estimated increase of 15 percent above the resistance for 

losses that occur in the metallic tape on the individual con- triangular configuration can be used. Field tests have been 
ductors of shielded cable, but actual measurements indicate made on low-voltage circuits by Brieger14, and these results 
that for all practical purposes these losses are negligible are shown in Table 2. 
with present designs and can be ignored in most cases. The 
resistance to positive- and negative-sequence in shielded 3. Positive- and Negative-Sequence Reactances 

cable can be calculated as though the shields were not Single-Conductor Cables-The reactance of single- 
present. 

Three Conductors in Steel Pipe-Typical values for 
conductor lead-sheathed cables to positive- and negative- 
sequence currents can be calculated from the following 

positive- and negative-sequence resistance of large pipe- equation, which takes into account the effect of sheath 
type cables have been established by test?, and an empir- currents. 
ical calculating method has been proposed by Wisemans 
that checks the tests quite closely. Because the calcula- 
tions are complex, only an estimating curve is presented 

or 
-2 &13 

x1=x2 =x&x&- - x 
m 

2 + T 2 ohms per phase per mile. (11) 
8 

The conductor component of reactance is 
-2 

f x,=0.2794 60 log1l-J & 
lo 

where 
-: 

GMR1, = geometric mean radius of one conductor. 

The separation component of reactance is 

f GM&o 
x,-J =0.2794 6o lo&J 12 

where 
GMD3, = geometric mean distance among 

three conductors (see Eq. 1). 

The component to be subtracted’ because of the effect of 
sheath currents is composed of terms defined by Eqs. 

13 (5) and (6). 
Three-Conductor Cables-Because negligible sheath 

current effects are present in three-conductor non-shielded 
cables, the reactance to positive- and negative-sequence 
currents can be calculated quite simply as: 

f GM&o 
50 

x1=x2 =0.2794 60 log10 CMR 
lo 

CONDUCTOR SIZE, MCM ohms per phase per mile (14) 
Fig. 13-Positive-sequence resistance of high-voltage cables or 

in steel pipe (estimatinti curve). -- . x1=x2 =~~-l-zd ohms per phase per mile (15) 
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TABLE2—IMPEDANCE OF THREE-PHASE 120/208 VOLT CABLE CIRCUITS IN FIBRE AND IN IRON CONDUITS1 

Positive- and Negative-Sequence Impedance, Ohms per Phase per Mile at 60 Cycles. 

Phase Conductor 
Size 

Duct Material 
(4 inch) 

Cable Sheath 
(Phase Conductors) 

-- 
Non-leaded 

Lead 

Non-leaded 

Lead 

Non-leaded 

Non-leaded 

Non-leaded 

Non-leaded 

Non-leaded 

Non-leaded 

Lead 

Non-leaded 

Non-leaded 

Resistance 

(Ohms at 25°C.) 

0.120 

0.127 

0.135 

0.156 

0.125 

0.135 

0.136 

0.144 - 
0.135 

0.144 

0.143 

0.137 

0.137 

Reactance 
(Ohms) 

0.189 

0.188 

0.229 

0.236 

0.169 

0.187 

0.144 

0.159 

0.101 

0.152 

0.113 

0.079 

0.085 

Conductor Assembly 

500 MCM 

(1 per phase) 

Uncableds Fibre 

Iron 

Cabled* Fibre 

Iron 

Cabled’ Fibre 

Iron 

0000 AWG 
(2 per phase) 

Uncabled6 Fibre 

Iron 

Cabled6 Fibre 

Iron 

Zero-Sequence Impedance, Ohms Per Phase Per Mile at 60 Cycles. 

Phase Conductor Neutral Conductor Conductor Duct Material Resistlance Reactance 

Size Size Assembly (4 inch) (Ohms at 25°C.) (Ohms) 

500 MCM 0000 AWG Uncabled2 Fibre 0.972 0.814 

(1 per phase) (1 conductor, bare) 0.777 0.380 

Iron 0.729 0.349 

500 MCM Uncabled2 Iron 0.539 0.772 

(1 conductor, bare) Cabled3 Fibre 0.539 0.566 

Iron 0.534 0.603 

000 AWG Cabled’ Fibre 0.471 0.211 
(3 conductors, bare) Iron 0.433 0.264 

0000 AWG 0000 AWG Uncabledb Fibre 1.015 0.793 
(2 per phase) (1 conductor, bare) Iron 0.707 0.676 

0.693 0.328 

0000 AWG Uncabledb Fibre 0.583 0.475 
(2 conductors, bare) Iron 0.629 0.538 

500 MCM Cabled6 Iron 0.497 0.359 
(1 conductor, bare) 

Cable Sheath 
(Phase 

Conductors) 

Non-leaded 

Lead 

Lead 

Non-leaded 

Non-leaded 

Non-leaded 

Non-leaded _________ 
Non-leaded 

Non-leaded 

Non-leaded 

Lead 

Non-leaded 

Non-leaded 

Non-leaded 

l Material taken from “Impedance of Three-Phase Secondary Mains in Non-Metallic and Iron Conduits,” 
ruary 1938. 

by L. Brieger, EEI Bulletin, Vol. 6, No. 2, pg. 61, Feb- 

2 Assembly of four conductors arranged rectangularly, in the sequence (clockwise) A-B-C-neutral, while being pulled into the duct; conductors may assume a ran- 
dom configuration after entering the duct. 

3 Assembly as in note 2, except that conductors are cabled in position. 
4 Assembly of three phase conductors arranged triangularly with three neutral conductors interposed in the spaces between phase conductors. All conductors are 

cabled in position. 
5 Assembly of six phase conductors arranged hexagonally, in the sequence A-B-C-A-B-C, with either one or two neutral conductors inside the phase conductor group. 

This arrangement is maintained only at the duct entrance; a random configuration may develop within the duct. 
6 Assembly as in note 5, except that conductors are cabled in position. 

where : 

GMD 3c = S = geometric mean distance among 
three conductors, and the remaining values are as 
defined in Eqs. (12) and (13). 

For shielded three-conductor cables the reactance to 
positive- and negative-sequence currents can be calculated 
as though the shields were not present, making it similar to 
belted three-conductor cable. This is true because the 
effect on reactance of the circulating currents in the 
shielding tapes has been calculated by the method used for 
determining sheath effects in single-conductor cables and 
proves to be negligible. 

For sector-shaped conductors no accurate data on change 
in reactance because of conductor shape is available, but 
Dr. Simmons can be quoted as authority for the statement 
that the reactance is from five to ten percent less than for 
round conductors of the same area and insulation thick- 
ness. 

Three Conductors in Steel Pipe-Conductor skin 
effect and proximity effects influence the apparent reactance 
of high-voltage cables in steel pipe. Because the detailed 
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calculation of these factors is complex, a curve is supplied of these inductive effects cannot always be identified in- 

in Fig. 14 that serves for estimating reactance within about dividually from the equations to be used for reactance cal- 

five percent accuracy. The curve is drawn for triangular culations because the theory of earth return circuits3, and 
conductor grouping, with the group lying at the bottom of the use of one GMR to represent a paralleled conductor 
the pipe. If the grouping is instead a flat cradled arrange- group, present in combined form some of the fundamental 

ment, with the conductors lying side by-side at the bottom effects contributing to total zero-sequence reactance. The 
of the pipe, the curve results should be increased by 15 resistance and reactance effects are interrelated so closely 

percent. A calculating method that accounts in detail for that they are best dealt with simultaneously. 
Cable sheaths are frequently bonded and grounded at 

several points, which allows much of the zero-sequence 
return current to flow in the sheath. On the other hand, 
when any of the various devices used to limit sheath current 
are employed, much or all of the return current flows in the 
earth. The method of bonding and grounding, therefore, 
has an effect upon the zero-sequence impedance of cables. 
An actual cable installation should approach one of these 
three theoretical conditions: 

1.0 1.5 2.0 2.5 ito 

2000 
2500 
2500 

CENTER TO CENTER SPACING BETWEEN CABLES, INCHES 

Fig. 14—Positive-sequence reactance of high-voltage cables 
in steel pipe (estimating curve). 

the variable factors in this problem has been presented by 
Del Mar’. Table 2 contains information14 useful in esti- 
mating the impedance of low-voltage (120/208 volt) cables 
in iron conduit. 

4. Zero-Sequence Resistance and Reactance 

When zero-sequence current flows along the phase con- 
ductors of a three-phase cable circuit, it must return in 
either the ground, or the sheaths, or in the parallel combi- 
nation of both ground and sheaths.2 As zero-sequence cur- 
rent flows through each conductor it encounters the a-c 
resistance of that conductor, and as it returns in the ground 
or sheaths it encounters the resistance of those paths. The 
zero-sequence current flowing in any one phase encounters 
also the reactance arising from conductor self-inductance, 
from mutual inductance to the other two phase conductors, 
from mutual inductance to the ground and sheath return 
paths, and from self-inductance of the return paths. Each 

1 Return current in sheath and ground in parallel. 
2 All return current in sheath, none in ground. 
3 All return current in ground, none in sheath. 

Three-Conductor Cables-Actual and equivalent cir- 
cuits for a single-circuit three-conductor cable having a 
solidly bonded and grounded sheath are shown in Fig. 15 
(a) and (c). Th e impedance of the group of three paralleled 
conductors, considering the presence of the earth return 
but ignoring for the moment the presence of the sheath, is 
given in Eqs. (16) or (17) in terms of impedance to zero- 
sequence currents. 

f DO 
z,=r,+r,+j0.8382 6. log,, - 

GMR3, 

or 

ohms per phase per mile (16) 

zc=Tc+T,+j(~~+2,--22$) 
ohms per phase per mile. (17) 

TABLE3—EQUIVALENT DEPTH OF EARTH RETURN (De), And EARTH 

Earth 
Resistivi ty 
(meter-ohm) 

1 

5 

10 

50 
100 
500 

1 000 
5 000 
10 000 

where : 

IMPEDANCE (r, AND z,), AT 60 CYCLES 

Equivalent Equivalent Equivalent 
Depth of Earth Earth 

Earth Return, D, Resistance Reactance 

re 58 
inches feet (ohmspermile) (ohmspermile) 

3.36x lo3 280 0.286 2.05 
7.44x103 620 0.286 2.34 
1 .06x104 880 0.286 2.47 
2.40~10~ 2 000 0.286 2.76 
3.36~10~ 2 800 0.286 2.89 
7.44x104 6 200 0.286 3.18 
1.06~10~ 8 800 0.286 3.31 
2.40~10~ 20 000 0.286 3.60 
3.36~10~ 28 000 0.286 3.73 

rO= a-c resistance of one conductor, ohms per 
mile. 

re = a-c resistance of earth return (See Table 3), 
ohms per mile. 

De= distance to equivalent earth return path, 
(See Table 3), inches. 
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Fig. 15—Actual and equivalent zero-sequence circuits for 
three-conductor and single-conductor lead-sheathed cablee. 

GMR,,= geometric mean radius of the conducting 
path made up of the three actual conductors 
taken as a group, inches. 

= J(GMR1,) (S)’ f or round conductors. (18) 

GMR1,= geometric mean radius of an individual 
conductor, inches. 

Z, = reactance of an individual phase conductor 
at twelve inch spacing, ohms per mile. 

z. = reactance of earth return. 

f De =0.8382 6. loglo 12 ohms per mile. (Refer to 

Table 3). (19) 

, ohms per mile. 

GMD3, = geometric mean distance among conductor 
centers, inches. 

=S= (d+2T) for round conductors in three 
conductor cables. 

The impedance of the sheath, considering the presence of 
the earth return path but ignoring for the moment the 
presence of the conductor group, is given in terms of im- 
pedance to zero-sequence currents: 

f 20, 
zI = 3r,+r,+ j0.8382 60 loglo ~ 

TO+ri 

ohms per 

phase per mile. (20) 

Or 

~,=3r,+r,+j(3~,+~,) ohms per phase per 
mile. (21) 

where : 
r, = sheath resistance, ohms per mile. 

0.200 
= (To+ri) @., _ ri) for lead sheaths. 

ri = inside radius of sheath, inches. 
r0 = outside radius of sheath, inches. 
2, = reactance of sheath, ohms per mile. 

f =0.2794 60 log,, -$ ohms per mile. (22) 
0 i 

The mutual impedance between conductors and sheath, 
considering the presence of the earth return path which is 
common to both sheath and conductors, in zero-sequence 
terms is 

~=r,+jO.8382 f loglo -?!?c 
T0+Ti 

ohms per phase per mile. (23) 

or 
Gn- -r,+j(3~,+~,) ohms per phase per mile. (24) 

The equivalent circuit in Fig. 15(d) is a conversion from 
the one just above it, and combines the mutual impedance 
into a common series element. From this circuit, when 
both ground and sheath return paths exist, total zero- 
sequence impedance is : 

%I= (~o-Gn)+ 
(c-Gn>%l 

z 
I 

2 

= z0 - z_m ohms per phase per mile. 9 (25) 
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If current returns in the sheath only, with none in the The mutual component of impedance is: 
ground : z,=O.286+j3.87 

zo= (zc-zDl)+(zs-zro) 
=z,+xg-22m (26) 

If all current returned the sheath, and none in the 
ground, 

f 
=r,+3r,+j0.8382 G loglo 

To+Ti 

W=&o) 
ohms per 

phase per mile. (27) 

=rc+3rg+j(xB-2xd--3xJ ohms per phase per 
mile. (28) 

If current returns in ground only with none in the sheath, 
as would be the case with non-sheathed cables or with 
insulating sleeves at closely spaced intervals, the zero- 
sequence impedance becomes : 

20 = (x0--In) +Gn 
=z, ohms per phase per mile. (2% 

The zero-sequence impedance of shielded cables can be 
calculated as though the shielding tapes were not present 
because the impedance is affected only slightly by cir- 
culating currents in the shields. 

The equivalent geometric mean radius (GMR3,) for 
three-conductor cables having sector conductors is difficult 
to calculate accurately. The method used to calculate 
values of GMRS, for the tables of characteristics is of 
practical accuracy, but is not considered to be appropriate 
for explanation here. As an alternate basis for estimations. 
it appears that the GMRS, for three sector-conductors is 
roughly 90 percent of the GMRS, for three round conduc- 
tors having the same copper area and the same insulation 
thickness. 

Example 2-Find the zero-sequence impedance of a 
three-conductor belted cable, No. 2 A.W.G. conductor (7 
strands) with conductor diameter of 0.292 inches. Con- 
ductor insulation thickness is 156 mils, belt insulation is 
78 mils, lead sheath thickness is 109 mils, and overall 
cable diameter is 1.732 inches. Assume D, = 2800 feet and 
resistance of one conductor =0.987 ohms per mile at 60 
cycles. Distance between conductor centers is: 

S=O.292+2XO.156=0.604 inches. 

GMR of one conductor is (see Chap. 3, Fig. 11): 

GMR1, = 0.726 X0.146 = 0.106 inches. 

GMR of three conductors is: 

GMR3, = Q(O.106) (0.604)2 = 0.338 inches. 

The conductor component of impedance is 

(r,=O.987, r,=O.286): 

~,=0.987+0.286+jO.8382 log,, 
2800X12 

0.338 
= 1.27+j4.18 = 4.37 ohms per mile. 

This would represent total zero-sequence circuit impedance 
if all current returned in the ground, and none in the 
sheath. 

For the sheath component of impedance: 

0.200 
r8= (1.623)(0.109) 

= 1.13 ohms per mile 

z,=3Xl.13+0.286+jO.8382 log,, 
2X2800X12 

1.623 

zo= 1.27+j4.18+3.68+j3.87-0.57-j7.74 
= 4.38+jO.31= 4.39 ohms per mile. 

If return current may divide between the ground and 
sheath paths, 

zo= 1.27+j4.18- 
(0.286+j3.87)2 

3.68+j3.87 
= 1.27+j4.18+1.623-j2.31 
=2.89+j1.87 =3.44 ohms per mile. 

The positive-sequence impedance of this cable is: 

z1 = 0.987 + jO.203 ohms per mile. 

Therefore the ratio of zero- to positive-sequence resistance 
is 2.9, and the ratio of zero- to positive-sequence reactance 
is 9.2. 

Zero-sequence impedance is often calculated for all 
return current in the sheath and none in the ground, be- 
cause the magnitude of the answer is usually close to that 
calculated considering a paralleled return. The actual 
nature of a ground-return circuit is usually indefinite, since 
it may be mixed up with water pipes and other conducting 
materials, and also because low-resistance connections 
between sheath and earth are sometimes difficult to 
establish. 

Single-Conductor Cables-Fig. 15 also shows the 
actual and equivalent circuits for three single-conductor 
cables in a perfectly transposed three-phase circuit, where 
the sheaths are solidly bonded and grounded. The im- 
pedance expressions applying to single-conductor cables 
differ in some respects from those for three-phase cables: 

~,=r,+r,+j0.8382 $olog 1o -.-.!h- 
GMRso 

ohms 

per phase per mile. (30) 

zc=~c+~e+j(x,+x,-2x~) ohms 
per phase per mile. (31) 

where : 
rO= a.c. resistance of one conductor, ohms per 

mile. 
r, = a.c. resistance of earth (see Table 3)) ohms 

per mile. 
D, = distance to equivalent earth return path (see 

Table 3), inches. 

GMR3,, = geometric mean radius of the conducting 
path made up of the three actual conduc- 
tors taken as a group, inches. 

= a(GMR,,) (GMm 
x,= reactance of an individual phase conductor 

at twelve-inch spacing, ohms per mile. 
xB = reactance of earth return. 

f De -0.8382 so loglo 12 ohms per mile. 

(See Table 3.) 

, ohms per mile. 
= 3.68+j3.87 ohms per mile 
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GMD 30 = geometric mean distance among conductor 
centers, inches. 

= &s,, * Sbc * s,, ’ 
f 

zm = r,+r,+j0.8382 6o loglo if!&-- 
GM.&, 

ohms 

per phase per mile (32) 

z, = rs + re +j( zs + ze - 2~~) ohms per phase 
per mile (33) 

where : 

GMR3,=geometric mean radius of the conducting 
path made up of the three sheaths in parallel 

rB= resistance of one sheath, ohms per mile 

0.200 
= (r,+ri) (r, _ ri) for lead sheaths. 

ri = inside radius of sheath, inches. 
T, = outside radius of sheath, inches. 
x,=reactance of one sheath, ohms per mile 

f 24 
=0.2794 60 log10 ~ 

To+Ti’ 

f z, = r,+jO.8382 z loglo 
DO 

GMD3c-3s Ohms 
per phase per mile. (34) 

or 
L=~,+~(x,+x~--~xJ ohms per phase per 

mile. (35) 
where : 

From the equivalent circuit of Fig. 15, total zero- 
sequence impedance when both ground and sheath paths 
exist is: 

G-o2 
z 0 = z, - - ohms per phase per mile. 

2, 
(25) 

If current 
ground : 

returns in the sheath only, with none in the 

z. = z,+z, - 2.2, ohms per phase per mile (26) 

GM&s 
=r,,+rs+0.8382 log,, ~- 

GM&c 
ohms per phase 

per mile. 

=rc-l-re+j(~,--~J ohms per phase per mile. 

(36) 

(37) 

If current returns in the ground only: 

20 = ~~c--nl) +&Xl = zc ohms Per phase per mile, (29) 
Cables in Steel Pipes or Conduits-When cables are 

installed in iron conduits or steel pipes, the zero-sequence 
resistance and reactance are affected by the magnetic 
material because it closely surrounds the phase conductors 
and forms a likely return path for zero-sequence current. 
No method of calculating this zero-sequence impedance is 
available, but some rather complete results are available 
from field tests on installed low-voltage cables, as shown 

in Table 2. Some special tests of the zero-sequence im- 
pedance of high-voltage pipe-type cable have been made 
but the results are not yet of a sufficiently wide scope to 
be generally usable. , 

5. Shunt Capacitive Reactance 

Shunt capacitive reactances of several types of cables 
are given in the Tables of Electrical Characteristics, 
directly in ohms per mile. In addition, shunt capacitance 
and charging current can be derived from the curves of 
geometric factors shown in Figs. 8 and 9, for any cable 
whose dimensions are known. The geometric factors given 
in these curves are identified by symmetrical-component 
terminology. 

The positive-, negative-, and zero-sequence shunt capac- 
itances for single-conductor metallic-sheathed cables are 
all equal, and can be derived from the curves of Fig. 8. 
Three-conductor shielded cables having round conductors 
are similar to single-conductor cable in that each phase 
conductor is surrounded by a grounded metallic covering; 
therefore the positive-, negative-, and zero-sequence values 
are equal and are dependent upon the geometric factor 
relating a conductor to its own shielding layer. The 

geometric factor for three-conductor shielded cables having 
sector-shaped conductors is approximately equal to the 
geometric factor, G, applying to round conductors. Ilow- 
ever, if the sector shape of a shielded cable is known, then 
the curve in Fig. 10, based on insulation thickness and 
mean periphery of insulation, is recommended as giving 
more accurate values of geometric factor. 

For single-conductor and three-conductor shielded ca- 
bles (see Fig. S), 

~l=c,=~o~o~ microfarads per phase per 

mile. (3% 

1.79G x1t=x2t=xot=- 
f-k 

megohms per phase per mile. (39) 

IIp = Izt = Iot = o’3~~&~~ amperes per phase per 

mile. W) 

Three-conductor belted cables having no conductor 
shielding have zero-sequence values which differ from the 
positive- and negative-sequence; the appropriate geo- 
metric factors are given in Fig. 9; 

c,=(y,=O~ microfarads per phase per mile. (41) 
1 

c =O.O892k 
0 ____ microfarads per phase per mile. (42) 

(’ -JO 

0.597G1 
xl*=x2’=-j*k , megohms per phase per mile. (43) 

1 .79Go 
x ‘= 0 ____ megohms per phase per mile. 

j*k (44) 

I =I 

1’ 

0.97j.k*kv 

2’- 1OOOGl 
amperes per phase per mile. (45) 

I =0.323f.k.kv 
0' 

lOOOG, 
amperes per phase per mile. (46) 
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When three-conductor belted cables have sector-shaped 
conductors, the geometric factor must be corrected from 
the value which applies to round conductors. This cor- 
rection factor is plotted in Fig. 9, and its use is explained 
below the curve. 

In the foregoing equations, 
CI, c2, and Co are positive-, negative-, and zero- 

sequence capacitances. 

XI’, X2’ and x0’ are positive-, negative-, and zero- 
sequence capacitive reactances. 

IIt, 12t and Iot are positive-, negative-, and zero- 
sequence charging currents. 

kv = line-to-line system voltage, kilovolts. 
k =dielectric constant, according to the values in 

Table 4. 

It is important to note that in converting shunt capaci- 
tive reactance from an “ohms per phase per mile” basis 
to a total “ohms per phase” basis, it is necessary to divide 
by the circuit length: 

xc1 = 
XC’ 

1, length in miles’ 
ohms per phase. (47) 

6. Insulation Resistance. 

The calculation of cable insulation resistance is difficult 
because the properties of the insulation are generally 
predictable only within a wide range. The equations pre- 
sented below are therefore quite dependent upon an 
accurate knowledge of insulation power factor. 

For single-conductor and three-conductor shielded 
cables, 

1.79G T1’ = r2’ = To’ 3 
j-k-cos 4 

alO6 ohms per phase 

per mile. (48) 

For three-conductor belted cables, 

0.597G1 
rf = r2e = 

j.k-cos 4 
. lOa ohms per phase per mile. 

(49) 
1.79Gf-J 

r”‘= j.k-cos 4 
. IO6 ohms per phase per mile. (50) 

In these equations, 

w, 7-z’, and rot are positive-, negative-, and zero- 
sequence shunt resistances. 

k = dielectric constant (see Table 4). 
cos $=power factor of insulation, in per unit. 

In Table 5 are listed maximum values of insulation 
power factor, taken from specifications of the Association 
of Edison Illuminating Companieslb. These standard 
values will very probably be several times larger than 
actual measured power factors on new cables. 

TABLE 4-DIELECTRIC CONSTANTS OF CABLE INSULATION 

Insulation Range of k Typical k 

Solid Paper 3.0-4.0 3.7 
Oil-Filled 3.0-4.0 3.5 
Gas-Filled 3.0-4.0 3.7 
Varnished Cambric 4.0-6.0 5.0 
Rubber 4.0-9.0 6.0 

TABLE 5—MAXIMUM POWER FACTORS* OF CABLE INSULATION 

Temperature GIIS- 

of Cable 
Solid 

Oil- 

Filled Filled 

(Deg. C.) Paper (low-pressure) (low-pressure) 

25 to 60 0.009 0.0060 0.009 

70 0.015 0.0075 0.013 

80 0.021 0.0090 0.018 

85 0.025 0.0097 0.022 

90 0.030 0.0105 0.027 

*The power factor of new cable is usually below these values by a wide margin.l‘ 

II. TABLES OF ELECTRICAL 
CHARACTERISTICS 

The 60-cycle electrical characteristics of the most usual 
sizes and voltage classes of paper insulated cable are con- 
tained in Tables 6 through 11. In each case the positive-, 
negative-, and zero-sequence resistances and reactances 
are tabulated, or else constants are given from which these 
quantities can be calculated. Also, included in these 
tables are other characteristics useful in cable work, such 
as typical weights per 1000 feet, sheath thicknesses and 
resistances, conductor diameters and GMR’s, and the type 
of conductors normally used in any particular cable. 

In each of these tables the electrical characteristics have 
been calculated by the equations and curves presented in 
the foregoing pages. Where sector-shaped conductors are 
used, some approximations are necessary as pointed out 
previously. In Table 6 the positive- and negative-sequence 
reactance for sectored cables has arbitrarily been taken 
7.5 percent less than that of an equivalent round-conductor 
cable, in accordance with Dr. Simmons’ recommendations. 
The equivalent GMR of three conductors in sectored 
cables is necessarily an approximation because the GMR of 
one sector cannot be determined accurately. This condi- 
tion arises since the shape of sectors varies and a rigorous 
calculation is not justified. The variation in sector shapes 
probably is greater than any error present in the approxi- 
mation given in the tables. The reactances calculated 
from these approximate GMR’s are sufficiently accurate 
for all practical calculations. 

Table 7 for shielded cables is similar in form to Table 6 
and where sectored cables are listed the same approxima- 
tions in GMR and reactance apply. Table 8 for three- 
conductor oil-filled cables is similar to both Tables 6 and 
7 and the same considerations apply. 

In these tables for three-conductor cables, the zero- 
sequence characteristics are calculated for the case of all 
return current in the sheath and none in the ground. As 
pointed out in the discussion of zero-sequence impedance, 
this is usually sufficiently accurate because of the indefinite 
nature of the ground return circuit. Where ground must 
be considered or where there are paralleled three-phase 
circuits, the impedance must be calculated as illustrated 
in the examples given. 

From the quantities given in these tables of three-con- 
ductor cables, the overall diameter of any particular cable 
can be calculated. 

D =2.155@+22’) +2(t+L) (51) 
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TABLE 6—60-CYCLE CHARACTERISTICS OF THREE-CONDUCTOR BELTED PAPER-INSULATED CABLES 

Grounded Neutral Service 

T Insulation 
Thi$y 

POSITIVE & 
NEGATIVE- 

SEQ. 
~____ 

ZERO-SEQUENCE EA 

10.66 0.315 11 600 
8.39 0.293 10 200 
6.99 0.273 9000 
6.07 0.256 8 400 

5.54 0.246 7 900 
5.96 0.250 5 400 
5.46 0.241 4500 
4.72 0.237 4 000 

4.46 0.224 3 600 
3.97 0.221 3 400 
3.73 0.216 3 100 
3.41 0.214 2 900 

3.11 0.208 2 600 
2.74 0.197 2 400 
2.40 0.194 2 100 

85 

:: 
95 

95 

ti 
100 

100 
105 
105 
110 

110 
115 
120 

9.67 
&.06 
6.39 
5.83 

5.06 
5.69 
5.28 
4.57 

4.07 
3.82 
3.61 
3.32 

2.89 
2.68 
2.37 

0.322 

EZ 
0.263 

0.256 
0.259 
0.246 
0.237 

0.231 
0.228 
0.219 
0.218 

0.214 
0.210 
0.204 

12 500 
11200 

9 800 
9 200 

8 600 
6 700 
5 100 
4 600 

4 200 
3 800 

: 2: 

3 000 
2 800 
2 500 

8.14 0.342 15 000 
6.86 0.317 13 600 
5.88 0.290 11300 
5.23 0.270 10 200 

4.79 0.259 9 600 
5.42 0.263 9 300 
4.74 0.254 6 700 
4.33 0.245 8 300 

3.89 0.237 7 800 
3.67 0.231 7 400 
3.31 0.225 7 000 
3.17 0.221 6 700 

2.79 0.216 6 200 
2.51 0 210 5 800 
2.21 0.206 5 400 

90 

i”5 
95 

100 

E 
100 

105 
105 
105 

119 
115 
115 
120 

-- 

E 

1:; 

100 

1:; 
100 

105 
105 
110 
110 

115 
120 
125 

2 69 
2 27 
2.00 
1.76 

1.64 
1.82 
1.69 
1.47 

1.40 
1.25 
1.18 
1.08 

0.993 
0.877 
0.771 

-- 

2 39 
2.16 
1.80 
1.68 

1.48 
1.73 
1.63 
1.42 

1.27 
1.20 
1.14 
1.05 

0.918 
0.855 
0.758 

-I__ 

1.88 
1.76 
1.63 
1.48 

1.39 
1.64 
1.45 
1.34 

1.21 
1.15 
1.04 
1.00 

0.885 
0.798 
0.707 

7.57 0.353 16 300 95 1.69 
6.08 0.329 14 500 100 1.50 
5.25 0.302 12 500 100 1.42 
4.90 0 280 11400 100 1.37 

4.31 0.272 10 700 105 1.23 
4.79 0 273 8 300 100 1.43 
4.41 0.263 7 400 100 1.34 
3.88 0.254 6 600 105 1.19 

3.50 0 246 6 200 110 1.08 
3.31 0.239 5 600 110 1 03 
3.12 0.233 5 200 110 0.978 
2.86 0.230 4 900 115 0.899 

2.53 0.224 4300 120 0.800 
2.39 0 218 3 900 120 0.758 
2.11 0.211 3 500 125 0.673 

4.20 0.323 15 000 
3.88 0.305 13 800 

3.62 0.288 12 800 
3.25 0.280 12 000 
2.99 0.272 11300 
2.64 0.263 10 600 

2.50 0.256 10 200 
2.79 0.254 7 900 
2.54 0 250 7 200 
2.44 0.245 6 900 

2.26 0.239 6 200 
1.97 0.231 5 700 
1.77 0.226 5 100 

-- 
110 1.07 
110 1.03 

110 I .oo 
115 0.918 
115 0 867 
120 0.778 

120 0.744 
115 0.855 
120 0.784 
120 0.758 

125 0.680 
130 0 620 
135 0 558 

0.185 6300 
0.175 5400 
0.165 4700 
0.155 4300 

0.152 4000 
0.138 2800 
0.134 2300 
0.131 2000 

0.129 1800 
0.128 1700 
0.126 1500 
0.124 1500 

0.123 1300 
0.122 1200 
0.121 1100 
-- -- 

0 192 6700 
0.181 5800 
0.171 5100 
0.161 4700 

0.156 4400 
0.142 3500 
0.138 2700 
0.135 2400 

0.132 2100 
0.130 1900 
0.129 1800 
0.128 1700 

0.126 1500 
0.125 1400 
0.123 1300 

0.184 
0.218 
0.262 
0.295 

0.326 
0.290 
0.320 
0.355 

0.387 
0.415 
0.446 
0.467 

0.517 
0.567 
0.623 

0.215 
0.199 
0.184 
0.171 

0.165 
0.148 
0.143 
0.141 

0.138 
0.135 
0 133 
0.131 

0 129 
0.128 
0.125 

-- 

0.230 
0.212 
0.193 
0.179 

0.174 
0.156 
0 151 
0.147 

0.144 
0 141 
0 139 
0.137 

0 135 
0 132 
0.129 

-- 

0 217 
0.202 

0.193 
0.185 
0 180 
0 174 

0 168 
0 155 
0 152 
0.149 

0 145 
0 142 
0.139 

8500 
7600 
6100 
5400 

5000 
3600 
3200 
2800 

2600 
2400 
2200 
2000 

1800 
1600 
1500 

0.192 
0.227 
0.271 
0.304 

0.335 
0.297 
0.329 
0.367 

0.396 
0.424 
0.455 
0.478 

0.527 
0.577 
0.633 

-- 

0.218 
0.250 
0.291 
0.321 

0 352 
0.312 
0.343 
0.380 

0.410 
0.438 
0 470 
0 493 

0.542 
0 587 
0 643 

-I 

9600 0.236 
8300 0.269 
6800 0 307 
6100 0.338 

5700 0.368 
4300 0.330 
3800 0 362 
3500 0.399 

3200 0 428 
2900 0 458 
2700 0 489 
2500 0.513 

2200 0 563 
2000 0 606 
1800 0 663 

8600 0.349 
7800 0.381 

7100 0.409 
6500 0 439 
6000 0 476 
5600 0.520 

5300 0.555 
5400 0 507 
5100 0 536 
4900 0 561 

4600 0 611 
4300 0 656 
4000 0 712 

1 500 0.184 2.50 0.067 
1910 0.232 1.58 0.084 
2 390 0.292 0.987 0.106 
2 820 0.332 0.786 0.126 

3 210 0.373 0.622 0.142 
3 160 0.323 0.495 0.151 
3 650 0.364 0.392 0.171 
4 390 0.417 0.310 0.191 

4 900 0.455 0.263 0.210 
5 660 0.497 0.220 0.230 
6 310 0.539 0.190 0.249 
7 080 0.572 0.166 0.265 

8 310 0.642 0.134 0.297 
9 800 0.700 0.113 0 327 

11 800 0.780 0.091 0.366 

1 680 
2 030 
2 600 
2 930 

3 440 
3 300 
3 890 
4 530 

5 160 
5 810 
6 470 
7 240 

8 660 
9 910 

11920 
-- 

2 150 
2 470 
2 900 
3 280 

3 660 
3 480 
4 080 
4 720 

5 370 
6 050 
6 830 
7 480 

8 890 
10 300 
12 340 

-- 

2 450 
2 900 
3 280 
3 560 

4 090 
3 870 
4 390 
5 150 

5 830 
6 500 
7 160 
7 980 

9 430 
10 680 
12 740 

0.184 2.50 0.067 
0.232 1.58 0.084 
0.292 0.987 0.106 
0.332 0.786 0.126 

0.373 0.622 0.142 
0.323 0.495 0.151 
0.364 0.392 0.171 
0.417 0.310 0.191 

0.455 0.263 0.210 
0.497 0.220 0.230 
0.539 0.190 0.249 
0.572 0.166 0.265 

0.642 0.134 0.297 
0.700 0.113 0.327 
0.780 0 091 0.366 

0.184 2.50 0.067 
0.232 1.58 0.084 
0.292 0.987 0.106 
0.332 0.786 0.126 

0.373 0.622 0.142 
0.323 0.495 0.151 
0.364 0.392 0.171 
0.417 0.310 0.191 

0.455 0.263 0.210 
0.497 0.220 0.230 
0.539 0.190 0.249 
0.572 0.166 0.265 

0.642 0.134 0.297 
0 700 0.113 0.327 
0.780 0.091 0 366 

0.184 2.50 0.067 
0.232 1.58 0.084 
0.292 0.987 0.106 
0.332 0.786 0.126 

0.373 0.622 0.142 
0.323 0.495 0 151 
0.364 0.392 0.171 
0.417 0.310 0.191 

0,455 0 263 0.210 
0 497 0 220 0 230 
0.539 0.190 0.249 
0.572 0.166 0 265 

0 642 0.134 0 297 
0.700 0.113 0.327 
0.780 0.091 0.366 

4 350 0.292 0.987 0.106 
4 640 0.332 0.786 0.126 

4 990 0.373 0.622 0.142 
5 600 0 419 0.495 0.159 
6 230 0 470 0.392 0.178 
7 180 0.528 0.310 0.200 

7 840 0 575 0.263 0.218 
7 480 0.497 0.220 0 230 
8 340 0.539 0.190 0 249 
9 030 0.572 0.166 0 265 

10 550 0 642 0.134 0.297 
12 030 0 700 0.113 0 327 
14 190 0.780 0.091 0 366 

-- 

-- 

- 

-_ 

: 
2 
1 

0 

0:: 
0000 

250 000 
300 000 
350 000 
400 000 

500 000 
600 000 
750 000 

: 
2 
1 

0 

0:: 
0000 

250 000 
300 000 
350 000 
400 000 

500 000 
600 000 
750 000 

4” 
2 
1 

0 

0:: 
0000 

250 000 
300 000 
350 000 
400 000 

500 000 
600 000 
750 000 

130 
125 
115 
110 

110 
105 
105 
105 

105 
105 
105 
105 

105 
105 
105 

E 
60 
55 

55 

22 
55 

55 

El5 
55 

55 
55 
55 

s 
2 
1 

0: 

0:: 

250 000 
300 000 
350 000 
400 000 

500 000 

% b!: 

170 
165 

160 
155 
155 
155 

155 
155 
155 
155 

155 
155 
155 

2 
1 

0 

0:: 
0000 

250 000 
300 000 
350 000 
400 000 

700 000 
6uO 000 
750 000 

- 
1A-c resistance based upon 100% conductivity at 65°C. including 2%c allowance for stranding. 
2GMR of sector-shaped conductors is an approximate figure close enough for most practical applications. 
3For dielectric constant=3.7. 
4Based upon all return current in the sheath; none in ground. 
5See Fig. 7. 
6The following symbols are used to designate the cable types; SR-Stranded Round; CS-Compact Sector. 
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TABLE 7---60-CYCLE CHARACTERISTICS OF THREE-CONDUCTOR SHIELDED PAPER-INSULATED CABLES 

Grounded Neutral Service 

‘A-c resistance based on 100% conductivity at 65°C. including 2aj, allowance for stranding. 
*GMR of sector-shaped conductors is an approximate figure close enough for most practical applications. 
*For dielectric constant = 3.7. 
‘Based on all return current in the sheath; none in ground. 
6See Fig. 7. 
@The following symbols are used to designate conductor types: SR-Stranded Round; C&--Compact Sector. 

in which, according to Fig. 6, 

D = outside diameter in inches. 
d=diameter of individual conductor in inches. 
T= conductor insulation thickness in inches. 
t = belt insulation thickness in inches (when present), 

L=lead sheath thickness in inches. 

This equation refers to cables with round conductors. For 
sectored cables there is no exact rule, but a close approxi- 
mation can be obtained by using an equivalent cable with 
round conductors and calculating the diameter D by Eq. 
(11), and then subtracting 0.3 to 0.4 times the round con- 
ductor diameter d, depending upon the shape of the sector. 

A set of calculated constants is given in Table 10 for 
single-conductor cables, from which the positive-, negative- 
and zero-sequence characteristics can be quickly deter- 
mined by using the equations given at the foot of the 
tabulation. These equations are derived directly from 

those given for the calculation of sequence impedances in 
the sections under Electrical Characteristics. Since 

ohms per phase per mile (12) 

ohms per phase per mile (22) 

f 23 
xd=o.2794 So log 1o 12 ohms per phase per mile (13) 

and rc and rB are conductor and sheath resistances respec- 
tively, the derivation of the equations given with Table 10 
becomes evident. Table 12 gives the one other quantity, 
xd, necessary for the use of Table 10. These reactance 
spacing factors are tabulated for equivalent cable spacings 
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TABLE 8--60-CYCLE CHARACTERISTICS OF THREE-CONDUCTOR OIL-FILLED PAPER-INSULATED CABLES 
Grounded Neutral Service 

T _ SHEATH POSITIVE & 
EGATIVE SE& 

ZERO-SEQUENCE 

5 590 0.323 0.495 0.151 0.185 
6 150 0 364 0.392 0.171 0.178 
6 860 0.417 0.310 0.191 0 172 
7 680 0.455 0.263 0.210 0.168 

9 090 
9 180 
9 900 

11550 

12 900 
15 660 

0.497 0.220 0.230 0 164 
0.539 0.190 0.249 0 160 
0.572 0.166 0.265 0 157 
0.642 0.134 0.297 0.153 

0 700 0.113 
0.780 0.091 

0.327 0.150 
0.366 0.148 

-- -_____ 

0.151 0.195 
0.171 0.188 
0.191 0.180 
0.210 0.177 

- 

-- 

-_ 

6030 0 406 
5480 0 439 
4840 0 478 
4570 0.508 

3.56 

E: 
2.72 

0 265 6030 115 
0 256 5480 115 
0.243 4840 115 
0.238 4570 125 

mV 
Eo 
cs: 
0 
&zl 
84 

.@ 

I% 
--- 

1 02 
0.970 
0.918 
0 820 

4200 0.539 2.58 
3900 0 570 2.44 
3690 0 595 2.35 
3400 0.646 2.04 

0.232 4200 125 0.788 
0.227 3900 125 0 752 
0.223 3690 125 0 729 
0.217 3400 135 0.636 

3200 
3070 

0 210 3200 135 0 608 
0.202 3070 140 0 548 

6 360 0.323 
6 940 0.364 
7 660 0.410 
8 280 0.447 

0.495 

Ei 
0.263 

6700 
6100 
5520 
5180 

0 691 1.94 
0 763 1.73 

-___ -___ 

0 436 3.28 
0.468 2.87 
0.503 2.67 
0.533 2.55 

0.272 

EX 
0.247 

6700 115 0.928 
6100 125 0 826 
5520 125 0 788 
5180 125 0.761 

9 690 0.490 0.220 0.230 0.172 4820 0 566 2.41 0.241 4820 125 0 729 
10 100 0 532 0.190 0.249 0.168 4490 0.596 2.16 0.237 4490 135 0 658 
10 820 0 566 0.166 0.265 0.165 4220 0 623 2.08 0.232 4220 135 0.639 
12 220 0.635 0.134 0.297 0.160 3870 0.672 1.94 0.226 3870 135 0 603 

13 930 0.690 0 113 0.327 0.156 3670 0.718 1.74 0.219 3670 
16 040 0.767 0.091 0.366 0.151 3350 0.773 1.62 0.213 3350 

140 
140 

135 

135 
135 
135 
140 

140 
140 
150 
150 

155 

0 542 
0.510 

0:: 
0000 

250 000 

300 000 
350 000 
400 000 
500 000 

600 000 
750 000 

0:: 
0000 

250 000 

600 000 
750 000 

1000 000 

00 CR 8 240 0.376 0.495 0.147 0.234 8330 0.532 2.41 0.290 8330 

OE 
250 000 
300 000 

8 830 0.364 0.392 0.171 0.208 7560 0.538 2.32 0.284 7560 
9 660 0.410 0 310 0.191 0.200 6840 0 575 2.16 0.274 6840 

10 330 0.447 0.263 0 210 0.195 6500 0 607 2.06 0.266 6500 
11540 0.490 0.220 0.230 0.190 6030 0.640 1.85 0.260 6030 

350 000 
400 000 
500 000 
600 000 

12 230 0.532 
13 040 0.566 
14 880 0.635 
16 320 0.690 

0.249 0 185 5700 0.672 
0.265 0.181 5430 0.700 
0 297 0.176 5050 0.750 
0.327 0.171 4740 0.797 

0.254 a5700 
0.248 5430 
0.242 5050 
0.235 4740 

750 ooo 
1000 000 

18 980 0.767 

0.190 
0.166 
0.134 
0.113 

0.091 0.366 0.165 4360 0.854 

1.77 
1.55 
1.51 
1.44 

1.29 0.230 4360 

0.639 

0.642 
0 618 
0 597 
0.543 

0 527 
0.513 
0.460 
0.442 

0.399 

1 A-c resistance based on 100% conductivity at 65°C. including 2% allowance for stranding. 
2 GMR of sector-shaped conductors is an approximate figure close enough for most practical applications. 
3 For dielectric constant=3.5. 
4 Based on all return current in sheath; none in ground. 
5 See Fig. 7. 
6 The following symbols are used to designate the cable types: CR-Compact Round; CS--Compact Sector. 

from 0.5 to 36.0 inches, which should cover the range met 
in practice. For all spacings less than 12 inches, zd is 
negative. 

The constants calculated in this manner apply to one 
three-phase circuit of single-conductor lead-sheath cables, 
assuming all zero-sequence return current to be in the 
sheaths, none in the ground. 

The 60-cycle characteristics of single-conductor oil- 
filled cables are given in Table 11. This table is similar in 
form to Table 10 and the impedance characteristics are 
determined in precisely the same way. Here again the 
sequence constants apply to one three-phase circuit of 
three cables with zero-sequence return current assumed to 
be all in the cable sheaths. Single-conductor oil-filled 
cables have hollow conductors (the oil channel forms the 
core), consequently Table 11 includes cables of the two 
most common inside diameters, 0.5 and 0.69 inches. 

In each of the tabulations, the voltage class listed in the 
first column refers specifically to grounded-neutral opera- 
tion. Frequently cable systems are operated with other 
than a solidly grounded neutral. In low-voltage cables the 

same insulation thickness is used for both grounded and 
ungrounded operation, but in cables rated 7000 volts and 
above, a greater thickness of insulation is recommended 
for a given voltage class when cable is operated with an 
ungrounded neutral. A good approximation of the elec- 
trical characteristics of these higher voltage cables when 
operated with other than a solidly grounded neutral, can 
be had by referring in each specific case to the next higher 
voltage class listed in the tables. 

The constants of several typical cables calculated by the 
methods outlined are listed in Table 13. These typical 
cases are included to be used as a check on the general 
magnitude of cable constants when making calculations for 
a specific case. Representative sizes and types of cable 
have been chosen to cover as many types of calculation as 
possible. 

III. TABLES OF CURRENT CARRYING 
CAPACITY 

One of the most common problems in cable calculations 
is that of determining the maximum permissible amperes 
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TABLE 9—60-CYCLE CHARACTERISTICS OF THREE-CONDUCTOR GAS-FILLED PAPER-INSULATED CABLES 
(SHIELDED TYPE) 

Grounded Neutral Service 

1A-c resistance based on 100% conductivity at 65°C. including 2% allowance for stranding. 
2GMR of sector-shaped conductors is an approximate figure close enough for most practical applications. 
3For dielectric constant=3.7. 
4Based on all return current in sheath; none in ground. 
5See Fig. 7.5 
6The following symbols are used to designate conductor types: SR-Stranded Round; CR-Compact Round; CS-Compact Sector. 

multipliers to the tables presented for paper-insulated ca- 
bles. The value for varnished cambric-insulated cables can 
be obtained by multiplying the value given in the tables 
for paper insulation by 0.91, the resulting figure being 
accurate to within five percent of the calculated value. 
Similarly, carrying capacities for rubber insulation can be 
determined with the same degree of accuracy by applying 
a factor of 0.85 to the figure given for an equivalent paper- 
insulated cable. For special heat-resisting rubber this 
factor becomes 0.95. 

Circuits are frequently installed with each duct con- 
taining three cables. The current capacity of these cir- 
cuits will be less than that tabulated here for one cable 
per duct, but will be somewhat higher than the capacity 
of an equivalent shielded three-conductor cable of the 
same conductor size and voltage rating. 

The number of overhead power cables is a small per- 
centage of the number in ducts, and for this reason space 
does not permit inclusion of loading tables for cables in air. 
Unfortunately there is no simple correction factor or curve 
that can be used to translate the figure for cables in ducts 

per conductor for any given cable. The limiting factor in 
cable applications is not always the maximum permissible 
insulation temperature. Sometimes regulation, efficiency, 
economy, etc., may dictate the maximum permissible am- 
peres. However because temperature rise is most often the 
controlling factor, the calculations of current-carrying 
capacity are usually based upon this limitation. 

In Tables 14 through 19 earth temperature is assumed to 
be uniform at 20 degrees Centigrade. These tables were 
taken from a publication I6 of the Insulated Power Cable 
Engineers Association and give maximum allowable am- 
peres per conductor for representative cable types. Cor- 
rections for earth temperatures other than 20 degrees 
Centigrade are given within the tables. 

Special conditions may make it advisable to calculate a 
cable temperature problem in detail,10,11 taking into 
account variable loading, “hot spots” along the cable 
route, and other factors not contemplated in making up 
the tabulated information, 

Approximations can also be obtained for the current- 
carrying capacities of other types of insulation by applying 
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TABLE 10—60-CYCLE CHARACTERISTICS OF SINGLE-CONDUCTOR CONCENTRIC-STRAND 
PAPER-INSULATED CABLES 

Grounded Neutral Service 
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TABLE 11—60-CYCLE CHARACTERISTICS OF SINGLE-CONDUCTOR OIL-FILLED (HOLLOW CORE) 
PAPER-INSULATED CABLES 

Grounded Neutral Service 

IA-c Resistance based on lOO%, conductivity at 65°C. including 2%, allowance for stranding. Above values calculated from “A Set of Curves for Skin Effect in Isolated 
Tubular Conductors” by A. W. Ewan, G. E. Review, Vol. 33. April 1930. 

*For dielectric constant= 3.5. 
‘Calculated for circular tube as given in Symmetrical Components by Wagner & Evans, Ch. VII, page 138. 

Positive- and Negative-Sequence Impedances: 
(a) Neglecting Sheath Currents; 

z1=z2=rc+j(xn+xd). 
(b) Including Sheath Currents: 

Zero-Sequence Impedance: 
(Based on all return current in sheath; none in ground) 

q=rc+r,+j(x,-x,) 

2 

z1=z2=rc+-5c2- 3-j 
X2 

xi+d 
x*+xd---- 

xi 4-6 
Where xm = (x.+xd). 

Note: xd is obtained from Table 12. 

to a reasonable figure for cables in air. The current-carry- 
ing capacities of cables in air have recently been revised 
by the IPCEA and are now available in the cable manu- 
facturers’ catalogs. 

In the discussion on proximity effect it was mentioned 
that where cables are installed parallel to steel plates, the 
extra losses arising from proximity to the plate may affect 
the current-carrying capacity. This reduction in carrying 
capacity is given by the curves of Fig. 19 which are taken 
from the test values presented by Booth. 

IV. CABLES IN PARALLEL 
The problem of current division among paralleled cables 

is frequently encountered, because in many circuits more 
than one cable per phase is installed in order to carry the 
total current. Also, mutual effects may develop between 
cable circuits which are adjacent throughout their length 
but which terminate on separate busses. Depending upon 
the type of circuit, the cable type and configuration, and 
the system conditions being investigated, the problem may 
take any of several forms. 
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TABLE 12-REACTANCE SPACING FACTORS (xd)*, OHMS PER MILE AT 60 CYCLES 

xd In. xd In. xd In. xd In. xd xd 
-- 

In. xd In. xd In. 

. . . . . . . 2.75 -0.179 5.25 -0.100 7.75 - 0.053 10.5 -0.016 15.5 0.031 20.5 0.065 27.0 

-0.385 3.00 -0.169 5.50 - 0.095 8.00 - 0.049 11.0 -0.011 16.0 0.035 21.0 0.068 28.0 

-0.336 3.25 -0.159 5.75 - 0.089 8.25 -0.045 11.5 -0.005 16.5 0.039 21.5 0.071 29.0 

-0.302 3.50 -0.149 6.00 - 0.084 8.50 -0.042 12.0 0.0 17.0 0.042 22.0 0.074 30.0 

-0.274 3.75 -0.141 6.25 -0.079 8.75 -0.038 12.5 0.005 17.5 0.046 22.5 0.076 31.0 

-0.252 4.00 -0.133 6.50 -0.074 9.00 -0.035 13.0 0.010 18.0 0.049 23.0 0.079 32.0 

-0.234 4.25 -Oil26 6.75 -0.070 9.25 -0.032 13.5 0.014 18.5 0.053 23.5 0.082 33.0 

-0.217 4.50 -0.119 7.00 -0.065 9.50 -0.028 14.0 0.019 19.0 0.056 24.0 0.084 34.0 

-0.203 4.75 -0.112 7.25 -0.061 9.75 -0.025 14.5 0.023 19.5 0.059 25.0 0.090 35.0 

-0.190 5.00 -0.106 7.50 -0.057 10.00 -0.022 15.0 0.027 20.0 0.062 26.0 0.094 36.0 

In. 

i5i 
0.75 

1.00 
1.25 
1.50 
1.75 
2.00 
2.25 
2.50 

0.098 
0.103 
0.107 
0.111 
0.115 
0.119 

0.123 
0.126 

0.130 
0.133 

f s 
*zd=O.2794 - log10 -, where s is spacing in inches. 

60 12 

It is difficult to anticipate in detail the problems met in 
practice, but the examples outlined here indicate methods 
of solution that can be modified to fit actual circumstances. 

Almost any problem involving paralleled cables can be 
represented by simultaneous equations of voltage drops 
caused by self and mutual impedances but such equations 
often become numerous and cumbersome. Therefore in 
approaching most problems it becomes desirable to search 
about for one or more simplifying assumptions so that the 
problem can be reduced to simpler terms, still without 
introducing errors large enough to invalidate the solution. 
For example, when paralleled cable circuits connect a 
generating source to a balanced load, it is usually permis- 
sible to assume that the total current in each phase is com- 
posed only of the respective positive-sequence component: 
this assumption is based on the unsymmetrical cable-cir- 
cuit impedances being much smaller than the symmetrical 
load impedances. 

Three outlined examples of calculations on paralleled 
cables are included here, but they assist only by illustrating 
general methods, since there are so many different, and 
more complex, cases to be found in practice. 

Fig. 16—Equivalent circuit for parallel cables, with open- 
circuited sheaths and no net ground-return current (see 

Example 3). 

TABLE 13—60-CYCLE CONSTANTS OF TYPICAL CABLES IN OHMS PER PHASE PER MILE 
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TABLE 14—-CURRENT CARRYING CAPACITYOF THREE-CONDUCTOR BELTED PAPER-INSULATED CABLES 

Example 3-Type of Circuit: A three-phase 60-cycle 
cable circuit connected between a sending and a receiving 

load current (positive-sequence only), and its magnitude 

bus, using single-conductor unsheathed cables, and having 
is known. The cable conductors can be of different sizes, 

two paralleled cables per phase. 
and their spacings can be entirely unsymmetrical. 

Conditions: The current flowing into the sending bus 
Problem: To find the division of load current among all 

conductors. 
and out of the receiving bus is nearly balanced three-phase Circuit: Refer to Figure 16. 
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TABLE15—CURRENT CARRYING CAPACITY OF THREE-CONDUCTOR SHIELDED PAPER-INSULATED CABLES 



TABLE 16—CURRENT CARRYING CAPACITY FOR THREE- 
CONDUCTOR OIL-FILLED PAPER INSULATED CABLES 

(amperes per conductor) * 

Rated Line Voltage-Grounded Neutral 

Circular Mils. 34 500 1 46 000 69 000 

or A.W.G. 
(B.& S.) 

Maximum Copper Temperature-Deg. C. 
- 

75 75 75 
- _ 

0 168 . . . 

00 190 190 

000 210 210 iib 

0000 240 240 240 

250 000 265 265 265 

300 000 295 295 295 

350 000 320 320 320 

400 000 342 342 342 
500 000 382 382 380 

600 000 417 417 412 

700 000 445 445 440 

750 000 460 460 455 
-_ - 

Deg. C. Correction Factor for Various Earth Temps. 
-_ 

10 1.08 1.08 1.08 
20 1.00 1.00 1.00 
30 0.90 0.90 0.90 
40 .79 .79 .79 

75%C load factor assumed. 

GMRl of conductor a’, inches 
Zatp, Zb#, Zb”, Zcf, and Zc#t are determined similarly, based 
on the respective conductor characteristics. 

ZBtBtt = Z-j0.2794 loglo $ = I( - xd) where S,~;~ is the axial , I, 
aa 

spacing in inches between conductors a’ and a”. The re- 
maining mutual impedance are calculated similarly, using 
the appropriate spacing for each. 

A series of more complex examples of the above type of 
problem is described by Wagner and Muller.* 

Example I-Type of circuit: A three-phase 60-cycle 
cable circuit connected between a sending and a receiving 
bus, using two dissimilar three-conductor lead sheathed 
cables in parallel. 

Conditions: Each cable contains three conductors that, 
by the nature of the cable construction, are symmetrically 
transposed so that the flow of positive- or negative- 
sequence currents will cause no zero-sequence voltage 

Ratings include dielectric loss and extra a-c. losses such as sheath and prox- drops. Therefore, the sequence networks are not interde- 
imity loss. 
Above values apply specifically to sector shaped conductors. For round con- pendent and an impedance value of each sequence may be 
ductors multiply by 0.99. 

*Applies to three similar loaded cables in a duct bank; for six loaded cables 
calculated and used independently. 

in a duct bank, multiply above values by 0.88. Problem: To find the zero-sequence impedance of the 
entire cable circuit, and to determine how zero-sequence 

After substituting the proper self and mutual impedance current divides between cables. 
values as defined later, these equations can be solved by the 
method of determinants for current distribution, based on 
a total of 1.0 ampere positive-sequence current in the cir- 
cuit. To obtain actual currents, the distribution factors 
must be multiplied by the actual load current in amperes. 

Apparent conductor impedances: Using the current- 
distribution factors for each conductor to solve the com- 
plete voltage drop equations, an “apparent” impedance for 
each phase of the circuit can be calculated. This apparent 
impedance is valid only for the particular current division 
calculated: 

Apparent impedance of phase a 

Apparent impedance of phase b 

Eg E,,) 

Apparent impedance of phase c 

Ec’ -%-a2E -a2,13 c =IC. a ‘- 
g’, ohms. 

Supplementary equations: The original assumption of 
positive-sequence current flow through the circuit pre- EQUIVALENT CIRCUIT, WITH ALL QUANTITIES 

cludes the existence of any net ground return current. This EXPRESSED IN ZERO-SEQUENCE TERMS 

assumption simplifies the determination of the various 
self and mutual impedances, because the effects of a 

Fig. 17—Actual and equivalent zero-sequence circuit for two 
parallel three-conductor lead-sheathed cables (see Example 4). 

ground return path may be ignored with very small error: 

a = z(r,+jxa) 

where 

Z= circuit length in miles. 
T, = a-c. resistance of conductor a’, ohms per mile. 
x, = reactance of conductor a’, to a twelve inch radius, 

ohms per mile. 

=jo.2794 log10 
12 
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I 

TABLE 17— CURRENT CARRYING CAPACITY OFTHREE-CONDUCTOR GAS-FILLED PAPER-INSULATED CABLES 

Circuit: Refer to Fig. 17. The three actual conductors 
in each cable have been reduced to one equivalent con- 
ductor in this figure, and all impedances are to be ex- 
pressed in zero-sequence terms considering the earth as a 
return path for each circuit. 

Complete voltage drop equations: 

Eo = IrJLz; + I()Tz&~~ + I*Lzcy + Is4Tcy 
Eg = Iozc~c~~ + I~Yzc~~ + I.&y + I&y 
0 = I~Lzc~*~ + Ii)* zcy + I& + Is4g~g”~ 
0 = I&&~~ + Il)~~zc~~s~~ + IsZgy + I&** 

The voltage drop I& can be eliminated by subtraction, and 
the sheath currents can be solved in terms of conductor 
currents by using the last two equations only. Also, it is 
convenient to assume that the total zero-sequence current 
flowing into the sending bus is one ampere, which makes 

After making these changes, the following single equation 
results : 

I 
27 

Modified equation: 

This equation furnishes a solution for 10e, from which 108~ 
follows directly. To find the zero-sequence impedance of 
the entire circuit requires that one of the complete voltage 
drop equations be solved for E,. Then 

EO &=- = 3 = E,,, ohms. 
Ig~+I(r 1.0 

Supplementary equations: The equations necessary to 
determine each impedance value are shown here: every 
impedance must be expressed in zero-sequence terms, with 
the effect of earth as a return path included. 
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TABLE18—CURRENT CARRYING CAPACITY OF SINGLE-CONDUCTOR SOLID PAPER-INSULATED CABLES 
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TABLE18—CURRENT CARRYING CAPACITY OF SINGLE-CONDUCTOR SOLID PAPER-INSULATED CABLES 

(Continued) 
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TABLE 20—SUGGESTED WITHSTAND IMPULSE VOLTAGES 
FOR Cables WITH METALLIC COVERING* 

Z&e= Z[r,+r,+j(s,+z,-22d)] ohms, where Z=circuit 
length in miles, and the other terms are defined 
as for Eq. (19). 

Zd# is defined similarly. 

ZBt = Z[3r,+r,+j(3z,+ze)] ohms, where the terms are 
defined as for Eq. (23). 

Zg*# is determined similarly. 

.&,I = l[r,+j(3~~+zJ] ohms, where the terms are 
defined as for Eq. (26). 

Z~*~g~~ is determined similarly. 

Z,~,,- = Zcy = Zsy = Z[r,+j(z,-- 341 ohms, where 

s 
%J = 0.2794 lOglo -, using for A!? the Center-to-center 

12 
spacing between cables,3 in inches. 

A more general version of the above type of problem, 
covering those cases where the cables are not necessarily 
bussed together, is described by Cheek.g 

Example S—The use of complex GMR’s and GMD’s 
will very often reduce a complicated problem to workable 
terms. The use and significance2 of these factors should be 
studied thoroughly before attempting a solution by this 
method (see Chap. 3). 

TABLE 19--Current Carrying CAPACITY FOR SINGLE- 
CONDUCTOR OIL-FILLED PAPER-INSULATED CABLES 

(amperes per conductor) * 

T Oil-Filled Paper 
Insulation 

Insulation 
Class 

kv 

Solid-Paper 
Insulation Basic 

Impulse 
Insulation 
Level for 

Equipment 

30 
45 
60 
75 

110 
150 
200 
250 
350 
550 
650 
750 

1050 

- 
II 

1 

_- 

nsulation Vithstand 

rhickness Voltage 

mils kv 

. . . . . . 

. , . * , . 

. . . . . . 

. . . . . . 

110 132 

145 174 

190 228 

225 270 

315 378 

480 575 

560 672 

648 780 

925 1110 

nsulation Yithstand 

f’hickness Voltage 

mils kv 

78 94 

78 94 

94 113 

141 169 

203 244 

266 319 

375 450 

469 563 

688 825 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

. . . 

-1 

1.2 
2.5 
5.0 
8.7 

15 
23 
34.5 
46 
69 

115 
138 
161 
230 

*Based on recommendations by Halperin and Shanklin.29 

Circuit: Four paralleled cables similar to the three- 
conductor belted cable described in Example 1, and ar- 
ranged in a duct bank as illustrated in Fig. 18. 

Problem: To find the overall zero-sequence impedance 
of the circuit, with sheaths and ground in parallel, or with 
return current only in the sheaths. 

GMR of three conductors, 
GMR3, = 0.338 inches (from example 1). 

Rated Line Voltage-Grounded Neutral 

34500 ( 46000 ( 69000 1 115090 ( 138000 Circular Mils. 
or A.W.G. 

(B.& S.) Maximum Copper Temperature-Deg. C. 
- 

75 75 75 70 70 

0 
00 

256 . . . 
287 * ‘286 
320 310 
378 367 
405 395 
450 440 
492 482 
528 512 
592 592 
655 650 
712 710 
742 740 
767 765 
872 870 
990 982 

1 082 1 075 
1 165 1 162 
1 240 1 240 

. ‘282 
300 
367 
390 
430 
470 

502 
568 
628 
688 
715 
740 
845 
955 

1 043 
1 125 
1 200 

. . . . . . . . . . 

. . . . . . . . . . 

0000 
250 000 
300 000 
350 000 
400090 
500 000 
609 000 
700 000 
750 000 
800 000 

1090009 
1 250 000 
1500000 
1 750 000 
2ooooO0 

. ii; * *ii; 

365 352 
402 392 
438 427 
470 460 
530 522 

585 578 
635 630 
667 658 
685 680 
775 762 
875 852 
957 935 

1030 1002 
1 100 1 070 

- 
Deg. C. Correction Factor for Various Earth Temps. 

10 1.08 1.08 1.08 1.08 1.09 
20 1.90 1.00 1 .oo 1 .oo 1 .oo 
30 0.90 0.90 0.90 0.89 0.89 
40 .79 .79 .79 .77 .77 

75% load factor assumed. 
Ratings include dielectric loss and skin effect. 
2;izds based on open-circuited sheath operation; i.e.-no sheath loss con- 

. 

(b) General equivalent circuit. 

*Applies to three similar loaded cables in a duct bank; for six loaded cableu in 
a duct bank, multiply above values by 0.91. 

Fig. 18—Four three-conductor cables in a duct bank (see 
Example 5). 
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GMR of the four conductor groups, 
GMR4,= 1e(0.338)4(5)6( 10)4( 15)2 = 3.479 inches. 

Equivalent spacing of three conductors to their sheath, 
Ti+ro 

s 2 eq =- =0.812 inches. 

GMD among the conductors and the sheaths, 
GMD(4g--ks) = 1$(0.S12)4(5)6( 10)4( 15)2 = 4.330 inches. 

From Fig. 18(b), resistance of the sheath branch, 
0.600 

(1.623) (0.109) (4) 
=0.848 ohms per mile. 

Also from Fig. 18(b), impedance of the ground branch 

= 0.286+jO.838 logu, 
2800 X 12 

4 330 
. 

Fig. 19-Effect of steel plates on current-carrying capacity of 
single-conductor cables. Three phase system; flat config- 

uration. =0.286+j3.260 ohms per mile. 

Fig. 20-Summary of some impulse tests on paper-insulated cables 
(based on information presented by Foust and Scottl3). 

Key: 
1 Davis and Eddy,12 1 x 10 negative wave, high density 

paper, solid insulation (Simplex Wire and Cable Co.). 
2 Held and Leichsenring,l7 negative wave, solid insulation. 
3 Held and Leichsenring, positive and negative waves, oil- 

filled insulation. 

8 An unpublished test, solid insulation (The Okonite 
Company). 

9 Foust and Scott, 1.5 x 40 positive wave, regular density 
paper, solid insulation. 

10 Foust and Scott, combination regular and medium den- 
sity paper, solid insulation. 

4 Held and Leichsenring, positive wave, solid insulation. 
5 An unpublished test, regular density paper, oil-filled in- 

11 Foust and Scott, high density paper, solid insulation. 
12 Foust and Scott, medium density paper, solid insulation. 

sulation (General Cable Corporation). 13 Foust and Scott, 1.5 x 40 positive wave, combination reg- 
6 Foust and Scott, average of five tests, 1 x 10 positive wave, ular and medium density paper, solid insulation. 

regular density paper, solid insulation (General Electric 
Co.). 

14 Foust and Scott, 0.5 x 40 positive wave, regular density 
paper, solid insulation. 

7 An unpublished test, high density paper, oil-filled insu- 
lation (General Cable Corporation). 

15 Foust and Scott, 0.5 x 5 positive wave, regular density 
paper, solid insulation. 
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The zero-sequence impedance with sheath and ground 
in parallel, 

z _ 0.848(0.286+j3.260) 

o 
-- 

0.848+ (0.286+j3.260) 
+0.247+jo.o797 

= 1.022+jO.275 ohms per phase per mile. 

The absolute value of this impedance is 1.06 ohms per 
phase per mile. 

The zero-sequence impedance considering all return 
current in the sheath and none in the ground, 

Z. = (0.247+jO.O797) +0.848 
= 1.095+jO.O797 ohms per phase per mile. 

The absolute value of this impedance is 1.1 ohms per phase 
per mile, or substantially the same as with the sheath and 
ground in parallel. In this case the effect of high sheath 
resistance is minimized by the fact that four sheaths are 
paralleled. 

V. IMPULSE STRENGTH OF CABLES 

Power-transmission circuits are often made up of cables 
and overhead-line sections connected in series, and this 
construction may impose lightning-surge voltages on the 
cable insulation. Even when circuits are totally under- 
ground, it is possible that cable insulation will be stressed 
by transient overvoltages caused by switching operations. 
For these reasons the impulse strength of cable insulation 
is information of some value for predicting cable perform- 
ance in an actual installation. 

No industry-wide standards have been established for 
cable impulse strength. Test data from various sources is 
available, 12*13 and some of these results for paper-insulated 
cables are shown in Fig. 20. Several variables are inherent 
in the curves, so that the spread of the test points is wider 
than might be obtained with uniformly controlled test 
conditions. The factors not yet completely investigated 
include the effect of normal insulation aging, the relation 
between actual voltage gradient within the insulation and 
the average gradient, wave shape and polarity of the test 
impulse voltage, and grade or compounding of insulation. 

Using 1200 volts per mil average stress as a safe with- 
stand impulse strength for paper-insulated cables, as sug- 
gested by Halperin and Shanklin,18 the withstand voltages 
for representative cables may be listed as in Table 20. 
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CHAPTER 5 

POWER TRANSFORMERS AND REACTORS 
Original Authors: 

J. E. Hobson and R. L. Witzke 

I N this chapter are included the fundamental theory, 
operating practices, pertinent application data, and 
some of the physical characteristics of power trans- 

formers and reactors. No attempt is made to give a com- 
plete exposition of the material. It is expected that the 
listed references will be consulted for a more detailed con- 
sideration of each section. Although the fundamental the- 
ory presented here holds also for distribution transformers, 
the standards of operation and present practices regarding 
distribution transformer application are not included in 
this chapter. Grounding transformers are included since 
they are ordinarily associated with power systems. 

I. THEORY 

1. Fundamental Considerations 

Before going into the various problems involved in the 
application of transformers and the methods used in ana- 
lyzing their effect on system operation, it is well to review 
briefly the fundamental theory of transformer action. 

Two windings on a common magnetic core are pictured 
in Fig. 1. Let the number of turns in the P winding be nl, 

Fig. l—Two-winding transformer. 

and the number of turns in the S winding be n2. Assume 
that there is a flux in the core which links both windings 
and is a sinusoidal function of time. 

q5 = $msx sin wt 

Then the voltage induced in the P winding at any instant 
by the flux is 

where 

hence, 

eP = -n * X 1O-8 volts 
‘dt 

= -nlw$,, cos wt X 10e8 volts 

0=27Tf 

eP = - 27rfnl$max cos ot X 1O-8 volts 

(2) 

Revised by: 
R. L. Witzke and J. S. Williams 

and the rms value of this voltage is 

27’rf 
E, = --pj~l~ma,x x 1o-8 volts 

= 4.44fnlAB,, x 1O-8 volts (3) 
where, f = frequency in cycles per second. 

A =cross sectional area of magnetic circuit in 
square centimeters (assumed uniform). 

B max = maximum flux density in the core in lines 
per square centimeter. 

Similarly, the rms voltage induced in the S winding by the 
flux IS given by 

E, = 4.44fRAB,, x 1O-8 volts. (4) 

Thus it is evident that a sinusoidal flux linking a coil in- 
duces in it a voltage which is also sinusoidal and which 
lags the flux by 90 electrical degrees. 

To apply the above principle to the operation of a trans- 
former, refer again to Fig. 1 and consider the S winding as 
open and let a sinusoidal voltage be impressed on the P 
winding. The current, I,, that flows in the P winding 
under this condition (I, =0) is called the exciting current 
and sets up an alternating flux about that winding, which 
consists of two parts: a mutual flux whose path is wholly 
in the core and which, therefore, links both windings, and 
a leakage flux whose path is partly in air and which links 
only the P winding. The ratio of the leakage flux to the 
mutual flux depends on the relative reluctance of their 
respective paths, which in turn is a function of the satura- 
tion of the core and the magnitude of the current. It is 
convenient to consider the voltage induced in the P wind- 
ing, by the flux linking it, as made up of two components, 
one produced by the linkages resulting from the mutual 
flux and the other produced by leakage flux. In the or- 
dinary commercial transformer the leakage flux is small 
and can be neglected for the present. Then, if the small iR 
drop in the winding is also ignored, the voltage induced in 
the P winding by the mutual flux can, with close approx- 
imation, be set equal and opposite to the impressed voltage. 
If, as assumed, the latter is sinusoidal, then the mutual 
flux must also be sinusoidal and the induced voltage is 
given by Eq. (3), 

E, = 4.44fnlABm,X 1O-8 volts. 

By hypothesis, all of the mutual flux which has just 
been considered in connection with the P winding must 
also link the S winding. Hence, a voltage is induced in the 
S winding, which is expressed by Eq. (4), 

23, = 4.44fn2ABm, X 1O-8 volts. 

96 
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If the circuit connected to the S winding is closed, a 
current, I,,, flows and, in the manner already described in 
connection with the P winding, sets up a mutual and leak- 
age flux about the winding. The direction of this current 
is such that the mutual flux produced by it opposes that 
produced by the P winding and it, therefore, tends to 
nullify the flux in the core. Consideration of the energies 
involved shows that an additional component, Ip’, must be 
added to the current in the P winding before the S winding 
is closed, such that the magnetomotive force acting on 
the magnetic circuit remains unchanged after S is closed. 
In other words, the resultant flux in the core produced by 
the combined action of the currents flowing in the P and S 
windings must equal the mutual flux present when the S 
winding is open. Therefore, 

nlIe = nJ, -n21,, (5) 

remembering that the flux caused by I, is opposite that 
caused by I, which accounts for the negative sign. In 
a well-designed transformer, the exciting current is small 
in comparison to the normal load current I’,, hence we can 
assume the total current, I,, in the P winding to be equal 
to I’, and obtain 

I* = +?Ip. (6) 
n2 

The leakage flux produced by Is induces a voltage in the 
S winding opposing that produced by the mutual flux. 
However, it is small as in the case of the P winding, and, 
if neglected along with the resistance drop, permits writing 
the relation between the P and S voltages as 

E, = +z?3D. (7) 

The seven equations developed above summarize the 
general relationships between the flux, the induced volt- 
ages, and the primary and secondary voltages and currents 
involved in transformer action. However, they are based 
on a number of assumptions that, in analyzing the opera- 
tion of the transformer or of the system to which it is con- 
nected, cannot always be made. A more rigorous develop- 
ment that takes into consideration the effects of exciting 
current, losses, and leakage fluxes is therefore required. 

Referring again to Fig. 1, and considering instantaneous 
currents and voltages, the classical equations for the 
coupled circuits are 

e -&i +L di, Jfdi. 
P- P ‘dt - dt 

e-j/f!.!! R 
‘- dt- 

&-L di!! 
’ dt 

where Rr and Rs are, respectively, the effective resistances 
of the primary and secondary windings: LP and Ls are the 
self-inductances of the primary and secondary windings: 
and M is the mutual inductance between the two windings. 
The positive direction of current flow in the two windings 
is taken such that the fluxes set up by the two currents 
will be in opposition. 

The coefficients Lp, Ls, and M are not constant but vary 
with the saturation of the magnetic circuit’. As previously 

stated, the total flux linking either winding can be divided 
into two components, a leakage flux whose path is wholly 
or partly in air and a mutual flux most of which lies in the 
iron core. Furthermore, the mutual coupling between cir- 
cuits must have an energy component to furnish the iron 
loss in the magnetic circuit. With the above considerations 
in mind the equivalent circuit representing the two coupled 
windings in Fig. 1 can be derived2. 

The equivalent circuit is shown in Fig. 2(a), where the 
mathematical artifice of an ideal transformer2 is introduced 
to preserve actual voltage and current relationships at the 
terminals, and to insulate the two windings. The ideal 
transformer is defined as having no losses, no impedance 
drop, and requiring no exciting current. The ratio of 
transformation for the ideal transformer is N, where 

Fig. 2—Equivalent circuits for two-winding transformer. 

(a) 

(b) 

(c) 

(d) 

(c) 

Equivalent circuit in ohms, with magnetizing current COn- 

sidered. 
Equivalent circuit in ohms, with all impedances on the primary 
voltage base. 
Equivalent circuit in ohms, with the magnetizing branch 
neglected. 
Equivalent circuit in ohms, with the leakage impedance re- 
ferred to the secondary voltage base. 
Equivalent circuit in percent. 
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The shunt resistance branch in 2~ represents the iron 

losses and the shunt reactive branch jw%M provides a 
( > n2 

path for the no load, or exciting current of the transformer. 
The variation in M during the cycle of instantaneous cur- 
rent and voltage variation is ignored, and a mean value is 

used. The branches, Zp = Rp+j~3 LP ( -:M) and, Zs=Rs 

+jw(Ls-G ) nzM are essentially constant, regardless of in- 

stantaneous current variations, since their corresponding 
leakage fluxes lie mostly in air. Zp and 2s are components 
of the leakage impedance between the P and S windings 
such that 

Zps is defined as the leakage impedance between the P 
and S windings, as measured in ohms on the P winding 
with the S winding short-circuited. Actually it is not 
possible3 to segregate 2 ps into two parts, Zp associated 
with the P winding and 2s associated with the S winding 
by any method of test; for example, Zp, the portion of 
Zps associated with the primary winding, varies with ex- 
citation and load conditions. It is customary, in many 
calculations involving the equivalent circuit, to make 

1 
zp = -2s = $3pg * 

N2 
(11) 

The ideal transformer can be shifted to the right, as in 
Fig. 2(b), to get all branches of the circuit on the same 
voltage base. Since the impedance of the shunt branch is 
large compared to 2 ps, it can be omitted for most calcula- 
tions involving transformer regulation, and the equivalent 
circuit becomes that of Fig. 2(c). A notable exception to 
those cases where the shunt branch can be disregarded is 
the case of the three-phase core-form transformer excited 
with zero-sequence voltages. This will be discussed in 
detail later. 

The form of the equivalent circuit given in Fig. 2(c) can 
be changed to show the leakage impedance referred to the 
secondary voltage, by shifting the ideal transformer to 
the left, as in Fig. 2(d). For this condition Zsp, the leakage 
impedance between the P and S windings as measured in 
ohms on the S winding with the P winding short-circuited, 
is related to Zps as follows: 

(12) 

The equivalent circuit using percentage impedances, 
percentage voltages, and currents in per unit is given in 
Fig. 2(e). An ideal transformer to maintain transformation 
ratios is not required. 

2. Transformer Vector Diagram 

The vector diagram illustrating the relationship between 
the terminal voltages, the internal induced voltages and 
the currents in the transformer of Fig. 1 can be drawn 
directly from the equivalent circuit for the transformer. 
This circuit is repeated in Fig. 3(a) and the various voltages 

Fig. 3—Equivalent circuit and corresponding vector diagram 
for two-winding transformer. 

and currents are identified there. The primary and second- 
ary leakage impedances Zp and Zs are shown separately, 
and the primary and secondary resistances Rp and RS are 
also indicated. Ih and I, represent the core-loss component 
and the magnetizing component respectively of the exciting 
current I,. The vector diagram in Fig. 3(b) is drawn for 
a 1:l ratio of transformation and for a load of lagging power 
factor. The power-factor angles at the P winding terminals 
and the S winding terminals are designated in the diagram 
as Op and 8s respectively. 

II. ELECTRICAL CHARACTERISTICS 

3. Transformer Impedances 

The turns ratio of a two-winding transformer determines 
the ratio between primary and secondary terminal volt- 
ages, when the transformer load current is zero. However, 
when load is applied to the transformer, the load current 
encounters an apparent impedance within the transformer 
which causes the ratio of terminal voltages to depart from 
the actual turns ratio. This internal impedance consists 
of two components: (1) a reactance derived from the effect 
of leakage flux in the windings, and (2) an equivalent 
resistance which represents all losses traceable to the flow 
of load current, such as conductor 12R loss and stray 
eddy-current loss. 

Impedance drop is conveniently expressed in percent, 
and is the impedance-drop voltage expressed as a percent- 
age of rated terminal voltage, when both voltages are 
referred to the same circuit; in three-phase transformer 
banks, it is usually appropriate to refer both impedance- 
drop voltage and rated voltage to a line-to-neutral basis. 
Percent impedance is also equal to measured ohmic im- 
pedance, expressed as a percentage of “normal” ohms. 
Normal ohms for a transformer circuit are defined as the 
rated current (per phase) divided into rated voltage (line- 
to-neutral). 

Representative impedance values for distribution and 
power transformers are given in Table 1; for most purposes 
the impedances of power transformers may be considered 
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TABLE 1—TRANSFORMER IMPEDANCES (Continued) 
(b) Standard Range in Impedances for Two-Winding 

Power Transformers Rated at 55 C Rise 

(Both 25- and 60-cvcle transformers) 

TABLE 1—TRANSFORMER IMPEDANCES 

(a) Standard Reactances and Impedances for Ratings 
500 kva and below (for 60-cycle transformers) 

as equal to their reactances, because the resistance com- 
ponent is so small. The standard tolerances by which the 
impedances may vary are + 73 percent of specified values 
for two-winding transformers and + 10 percent for three- 
winding, auto, and other non-standard transformers. 

The percent resistance of transformers is less consistent 
among various designs than is the impedance, and though 
the curves in Fig. 4 show definite values for transformer 
resistance, considerable deviation from these figures is 
possible. 

Transformers can be designed to have impedances within 
closer tolerances than mentioned above, or impedances 
outside the normal range, but usually at extra cost. 

A guide to the impedances of three-winding transformers 
is given below (this guide does not apply to auto-trans- 
formers) . 

(1) Select a kva base equal to the kva rating of the 

largest capacity winding, regardless of voltage rating. All 
impedances will be referred to this base. 

(2) Select a percent impedance between the medium-volt- 
age and the high-voltage circuits (ZM%), lying between 
the limits shown for two-winding transformers in Table 1. 

(3) The percent impedance between the medium-voltage 
and low-voltage circuits (Z,,%) may lie between the limits 
of 0.35 (Z&%) and 0.80 (Z,n%). Select a value of ZVL% 
lying within this range. 

1000 2000 4000 10000 20000 40000 
THREE-PHASE TRANSFORMERS KVA 

100000 

Fig. 4—Percent resistance of transformers, based on OA kva 
ratings. 
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(4) Having established .ZF,I&% and .ZM~,%, the percent at a specified power factor is reduced to zero, with the 

impedance between the high-voltage and low-voltage cir- primary impressed terminal voltage maintained constant. 

cuits (Zm,%) is determined as follows: Percent regulation can be calculated at any load and any 

&&I = l.lo(zMH%+zML%) (13) 
power factor by an approximate formula: 

When impedances outside the above ranges are required, Regulation = 
[ 

pr+qx+ 
(P-d2 )( 1 operating current 

a suitable transformer can usually be supplied but probably 
200 rated current 

at increased cost. 
(14) 

where : 

4. Regulation “Regulation” is a percent quantity; 

The full load regulation of a power transformer is the 
r = percent resistance 

change in secondary voltage, expressed in percent of rated load losses in kw, at rated kvaX 1oo =-- 
secondary voltage, which occurs when the rated kva output rated kva 

Fig. 5—Chart for calculating regulation of transformers. 



Chapter 5 Power Transformers and Reactors 101 

z = percent impedance = 
impedance kva 

rated kva 
x 100 

x = percent reactance = l/z2 - r2 

p=cos I9 

q=sin 0 

0= power factor angle of load (taken as positive when 
current lags voltage). 

The full-load regulation of a transformer can be de- 
termined for any power factor from the chart in Fig. 5; 
this chart is based on Eq. (14). 

Typical regulation for three-phase transformers at full 
load and various power factors is shown in Table 2. These 

TABLE 2—APPROXIMATE REGULATION FOR 60-CYCLE 
THREE-PHASE TYPE OA TRANSFORMERS AT FULL LOAD 

Insulation 
Class 

kv 

15 

34.5 

69 

138 

230 

Lagging 
Power 
Factor 
Percent 

Percent Regulation 

1000 10 000 100000 
kva kva kva 

80 4.2 3.9 
90 3.3 3.1 

100 1.1 0.7 

80 5.0 4.8 
90 4.0 3.7 

100 1.2 0.8 

80 6.1 5.7 5.5 
90 4.9 4.4 4.2 

100 1.4 0.9 0.6 

80 7.7 7.2 
90 6.2 5.6 

100 1.8 1.2 

80 9.7 
90 7.6 

100 1.7 

7.0 
5.4 
0.9 

9.4 
7.3 
1.3 

Note: These figures apply also to OA/FA and OA/FA/FOA 
loads corresponding to their OA ratings. 

transformers, at 

figures also apply, but less accurately, to transformer 
banks made up of three single-phase transformers; in this 
case the table should be entered with the three-phase bank 
kva rating. 

The regulation of three-winding transformers can be 
calculated directly from transformer equivalent circuits, if 
the impedance branches and loading for each circuit are 
known. The regulation of four-winding transformers may 
also be calculated using formulas developed by R. D. 
Evans.4 

5. Definition of Efficiency 

The efficiency of a transformer, expressed in 
the ratio of real power output to power input; 

Efficiency=--------= -- 
Output 1 Losses 

Input Input’ 

Per unit, is 

(15) 

Total losses are the sum of the no-load losses and load 
losses. No-load losses are eddy-current loss, hysteresis 
loss, 12R loss caused by exciting current, and dielectric 

loss; that is, all losses incident to magnetization at full 
voltage with the secondary circuit open. Load losses are 
12R loss caused by load current, eddy-current loss induced 
by stray fluxes within the transformer structure, and 
similar losses varying with load current. 

No-load losses are measured at rated frequency and 
rated secondary voltage, and can be considered as inde- 
pendent of load. Load losses are measured at rated fre- 
quency and rated secondary current, but with the second- 
ary short-circuited and with reduced voltage applied to 
the primary. Load losses can be assumed to vary as 
the square of the load current. 

6. Methods of Calculating Efficiency 

Conventional Method-This method is illustrated 
below for a transformer having 0.50 percent no-load loss 
and 1.0 percent load loss at full load. Percent no-load loss 
is determined by dividing the no-load loss in watts by 10 
times the kva rating of the transformer, and the percent 
load loss (total minus no-load) is determined by dividing 
the load loss in watts by 10 times the kva rating of the 
transformer. Note that the no-load loss remains con- 
stant regardless of the load whereas the load loss varies 
directly as the square of the load. 

Slide-Rule Method-This method is illustrated for 
the same transformer. 

Percent load. . . . . . . . . . . . . . . 100.00 75.00 50.00 25.00 (1) 
Percent no load loss. . . . . . . . .50 .50 .50 .50 (2) 

Percent load loss. . . . . . . . . . . 1.00 .562 .25 .062 (3) 
Sum of (2) and (3). . . , . . . . . 1.50 1.062 .75 ,562 (4) 
Sum of (1) and (4) . . . . . . . . . 101.50 76.062 50.75 25.562 (5) 

At this point the operations are continued on the slide 
rule, and are described here for the full load point only: 

1. Set 1.5 (sum of no-load and load losses) on D scale. 
2. Set 101.5 over this on the C scale. 
3. Now starting at the right end of scale D, read the 

first figure (i.e., 1) as 90, the next (i.e., 9) as 91, the 
next (i.e., 8) as 92, etc., until 98.52 is read under 
the left end (i.e., 1) of scale C. This 98.52 is the per- 
cent efficiency at full load. 

This procedure is repeated in a similar manner for other 
loads. 

NOTE-If the sum of the percent no-load and load loss 

at full load is 1 percent or less, the first figure at the right 
end of D scale (i.e., 1) is read as 99 percent and the second 
figure (i.e., 9) is read as 99.1, the third figure (i.e., 8) is 
read as 99.2, etc. 

If the sum of the percent no-load and load loss is greater 
than 1 percent as in the case illustrated above, the right 
end is read as 90 percent. In calculating the values for the 
other points, judgment will indicate whether 90 or 99 is 
to be used as the first figure on the right end of scale D. 
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Chart Method-The chart in Fig. 6 may be used to 
calculate transformer efficiency at various loads. The pro- (17) 

cedure is described in the caption below the chart. where : 

7. Loss Ratio and Product 

Maximum operating efficiency for a transformer results 
when the no-load (constant) losses equal the load (variable) 
losses. This condition will likely occur at some load less 

CuXL2=Fe (16) 

than rated kva: 

L;=per unit kva load at which transformer operates 
most efficiently. 

Cu = load losses at rated load, kw. 
Fe = no-load losses, kw. 

R = loss ratio = 
load loss at rated load 

no-load loss ’ 

Fig. 6—hart for calculation of efficiency. Directions: A straight-edge placed between 
the known full load copper loss and iron loss points will give intercepts on the efficiency 

scales for various loads. 
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4 

I 2 3 4 5 

Fig. 7-Relation between transformer loss ratio and the most 
efficient loading. 

The relation between loss ratio and most efficient trans- 
former loading is shown in Fig. 7. The range through 
which loss ratio may vary in normal transformer designs is 
shown by Table 3. 

The product of percent no-load and load losses is a quan- 
tity that has become standardized to the extent that it is 
predictable with fair accuracy for large power transformers. 

TABLE 3 

Normal Limits of Loss Ratio, R 

Fig. 8 shows typical values of the product of percent losses, 
as a function of transformer size and voltage rating. To 
estimate values of no-load and load losses for a particular 
transformer rating it is first necessary to select values of 
loss ratio R and loss product P from Table 3 and Fig. 8. 
Then the respective loss values, in kilowatts, are given 
below: 

kva 
Fe=lOO 

J 
F 
R, kw. (18) 

Fig. 8—-Typical values of product of percent losses (percent 
full-load copper-loss times percent iron loss). For OA/FA 
or OA/FA/FOA units use OA rating to evaluate product. For 
FOA and FOW units use 60 percent of rated kva to evaluate 

product. 

CU=~~XV% kw 
100 

> ’ (19) 

where : 
CU 

R =loss ratio, Fe 
( > 

. 

P =product of the percent values of no-load and 

load losses, (F)x(ygq. 

kva = transformer rating. 

8. Typical Efficiency Values 

Conventional transformer efficiency is given on the basis 
of losses calculated at (or corrected to) 75 degrees C and 

TABLE 4—APPROXIMATE VALUES OF EFFICIENCY FOR 60-CYCLE, 
TWO-WINDING, OA, THREE-PHASE POWER TRANSFORMERS 

(Full load, unity power factor, at 75°C) 

kva 

2000 
10 000 
50 000 

Voltage Class 

15 kv 34.5 kv 69 kv 138 kv 161 kv 

98.97 98.89 98.83 98.56 98.47 
99.23 99.22 99.17 99.12 99.11 

99.47 99.45 99.44 99.44 

Note: These figures apply also to OA/FA and OA/FA/FOA transformers, at 
loads corresponding to their OA ratings. 
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unity power-factor load unless otherwise specified. Table 4 
gives approximate values for 60-cycle power transformers 
at full load, unity power-factor, and 75 degrees C. 

III. TRANSFORMER CLASSIFICATIONS 

9. Forms of Construction. 

Core-form construction for single-phase transformers 
consists of magnetic steel punchings arranged to provide 
a single-path magnetic circuit. High- and low-voltage coils 
are grouped together on each main or vertical leg of the 
core, as shown in Fig. 9. In general, the mean length of 
turn for the winding is comparatively short in the core- 
form design, while the magnetic path is long. 

^. _  - 
-^- I_~ -^---~“I- 

Fig. 9—Core-form construction. 

Shell-form construction for single-phase transformers 
consists of all windings formed into a single ring, with 
magnetic: punchings assembled so as to encircle each side 
of the winding ring, as in Fig. 10. The mean length of turn 
is usually longer than for a comparable core-form design, 
while the iron path is shorter. 

In the design of a particular transformer many factors 
such as insulation stress, mechanical stress, heat distribu- 
tion, weight and cost must be balanced and compromised6. 
It appears that, for well-balanced design, both core-form 
and shell-form units have their respective fields of applica- 
bility determined by kva and kv rating. 

In the larger sizes, shell-form construction is quite appro- 
priate; the windings and magnetic iron can be assembled 

Fig. 10—Shell-form construction. 



Power Transformers and Reactors 

Fig. 11—Assembly of 15 000 kva three-phase transformer, 
showing “form-fit'' tank being lowered into position. 

on a steel base structure, with laminations laid in horizon- 
tally to link and surround the windings. A close-fitting 
tank member is then dropped over the core and coil assem- 
bly and welded to the steel base, completing the tank 
assembly and also securing the core to the base member. 
This “form-fit” construction is shown in Fig. 11; it is more 
compact than can be achieved by assembling a core form 
unit within a tank, and the flow of cooling oil can be 
directed more uniformly throughout the interior of the 
coil assembly. 

10. Comparison of Single-Phase and Three-Phase 
Units for Three-Phase Banks 

A three-phase power transformation can be accomplished 
either by using a three-phase transformer unit, or by inter- 
connecting three single-phase units to form a three-phase 
bank. The three-phase unit has advantages of greater 
efficiency, smaller size, and less cost when compared with 
a bank having equal kva capacity made up of three single- 
phase units. 

When three single-phase units are used in a bank, it is 
possible to purchase and install a fourth unit at the same 
location as an emergency spare. This requires only 33 
percent additional investment to provide replacement ca- 
pacity, whereas 100 percent additional cost would be re- 
quired to provide complete spare capacity for a three-phase 
unit. However, transformers have a proven reliability 
higher than most other elements of a power system, and 
for this reason the provision of immediately available spare 
capacity is now considered less important than it once was. 
Three-phase units are quite generally used in the highest 
of circuit ratings, with no on-the-spot spare transformer 
capacity provided. In these cases parallel or interconnected 
circuits of the system may provide emergency capacity, or, 

for small and medium size transformers, portable sub- 
stations can provide spare capacity on short notice. 

If transportation or rigging facilities should not be 
adequate to handle the required transformer capacity as 
a single unit, a definite reason of course develops for using 
three single-phase units. 

11. Types of Cooling 

Basic types of cooling are referred to by the following 
designations.6 

OA-Oil-Immersed Self-Cooled-In this type of 
transformer the insulating oil circulates by natural convec- 
tion within a tank having either smooth sides, corrugated 
sides, integral tubular sides, or detachable radiators. 
Smooth tanks are used for small distribution transformers 
but because the losses increase more rapidly than the tank 
surface area as kva capacity goes up, a smooth tank trans- 
former larger than 50 kva would have to be abnormally 
large to provide sufficient radiating surface. Integral 
tubular-type construction is used up to about 3000 kva 
and in some cases to larger capacities, though shipping 
restrictions usually limit this type of construction at the 
larger ratings. Above 3000 kva detachable radiators are 
usually supplied. Transformers rated 46 kv and below 
may also be filled with Inerteen fire-proof insulating liquid, 
instead of with oil. 

The OA transformer is a basic type, and serves as a 
standard for rating and pricing other types. 

OA/FA—Oil-Immersed Self-Cooled/Forced-Air 
Cooled-This type of transformer is basically an OA unit 
with the addition of fans to increase the rate of heat trans- 
fer from the cooling surfaces, thereby increasing the per- 
missible transformer output. The OA/FA transformer is 
applicable in situations that require short-time peak loads 
to be carried recurrently, without affecting normal ex- 
pected transformer life. This transformer may be pur- 
chased with fans already installed, or it may be purchased 
with the option of adding fans later. 

Fig. 12—Installation view of a 25 000 kva, 115-12 kv, 
phase, 60 cycle, OA/FA transformer. 

three- 
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The higher kva capacity attained by the use of fans is 
dependent upon the self-cooled rating of the transformer 
and may be calculated as follows : 

For 2500 kva (OA) and below: 
kva (FA)=l.l5Xkva(OA). (20) 

For 2501 to 9999 kva (OA) single-phase or 11 999 
kva (OA) three-phase : 

kva (FA) = 1.25 X kva (OA). (20 
For 10 000 kva (OA) single-phase and 12 000 

kva (OA) three-phase, and above : 
kva (FA) = 1.333Xkva (OA). (22) 

These ratings are standardized, and are based on a hot- 
test-spot copper temperature of 65 degrees C above 30 
degrees C average ambient. 

OA/FOA/FOA—Oil-Immersed Self-Cooled/Forced- 
Oil Forced - Air Cooled/Forced - Oil Forced - Air 
Cooled-The rating of an oil-immersed transformer may 
be increased from its OA rating by the addition of some 
combination of fans and oil pumps. Such transformers 
are normally built in the range 10 000 kva (OA) single- 
phase or 12 000 kva (OA) three-phase, and above. In- 
creased ratings are defined as two steps, 1.333 and 1.667 
times the OA rating respectively. Recognized variations of 
these triple-rated transformers are the OA/FA/FA and the 
OA/FA/FOA types. Automatic controls responsive to oil 
temperature are normally used to start the fans and pumps 
in a selected sequence as transformer loading increases. 

FOA-Oil-Immersed Forced-Oil-Cooled With 
Forced-Air Cooler-This type of transformer is intended 
for use only when both oil pumps and fans are operating, 
under which condition any load up to full rated kva may 
be carried. Some designs are capable of carrying excitation 
current with no fans or pumps in operation, but this is not 
universally true. Heat transfer from oil to air is accom- 
plished in external oil-to-air heat exchangers. 

OW-Oil-Immersed Water-Cooled-In this type 
of water-cooled transformer, the cooling water runs through 
coils of pipe which are in contact with the insulating oil of 
the transformer. The oil flows around the outside of these 
pipe coils by natural convection, thereby effecting the 
desired heat transfer to the cooling water. This type has 
no self-cooled rating. 

FOW-Oil-Immersed Forced-Oil-Cooled With 
Forced-Water Cooler-External oil-to-water heat ex- 
changers are used in this type of unit to transfer heat from 
oil to cooling water; otherwise the transformer is similar 
to the FOA type. 

AA—Dry-Type Self-Cooled-Dry-type transform- 
ers, available at voltage ratings of 15 kv and below, contain 
no oil or other liquid to perform insulating and cooling 
functions. 

Air is the medium which surrounds the core and coils, 
and cooling must be accomplished primarily by air flow 
inside the transformer. The self-cooled type is arranged 
to permit circulation of air by natural convection. 

AFA—Dry-Type Forced-Air Cooled-This type of 
transformer has a single rating, based on forced circulation 
of air by fans or blowers. 

AA/FA-Dry-Type Self-Cooled/Forced-Air Cooled 
—This design has one rating based on natural convection 

and a second rating based on forced circulation of air by 
fans or blowers. 

IV. POLARITY AND TERMINAL MARKINGS 

12. Single-Phase Transformers 

Primary and secondary terminals of a single-phase trans- 
former have the same polarity when, at a given instant of 
time, the current enters the primary terminal in question 
and leaves the secondary terminal. In Fig. 13 are illustrated 

Fig. 13—Standard polarity markings for two-winding trans- 
formers. 

single-phase transformers of additive and subtractive po- 
larity. If voltage is applied to the primary of both trans- 
formers, and adjacent leads connected together, HI to X1 
in Fig. 13(a) and HI to XZ in Fig. 13(b), a voltmeter across 
the other pair of terminals [Hz and XZ in Fig. 13(a) and 
Hz and X1 in Fig. 13(b)] indicates a voltage greater than 
Ep if the transformer is additive as Fig. 13(b), and less than 
Ep if the transformer is subtractive as Fig. 13(a). 

Additive polarity is standard for all single-phase trans- 
formers 200 kva and smaller having high-voltage ratings 
8660 volts (winding voltage) and below. Subtractive po- 
larity is standard for all other single-phase transformers.6 

13. Three-Phase Transformers 

The polarity of a three-phase transformer is fixed by 
the connections between phases as well as by the relative 
locations of leads, and can be designated by a sketch 
showing lead marking and a vector diagram showing the 
electrical angular shift between terminals. 

The standard angular displacement between reference 
phases of a delta-delta bank, or a star-star bank is zero 
degrees. The standard angular displacement between ref- 
erence phases of a star-delta bank, or a delta-star bank, 
is 30 degrees. The present American standard for such 
three-phase banks is that the high-voltage reference phase 
is 30 degrees ahead of the reference phase on the low 
voltage, regardless of whether the bank connections are 
star-delta or delta-star. * The standard terminal markings 
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V. STANDARD INSULATION CLASSES 

14. Choice of Insulation Class 

The standard insulation classes and dielectric tests for 
power transformers are given in Table 5. The insulation 
class of a transformer is determined by the dielectric tests 
which the unit can withstand, rather than by rated operat- 
ing voltage. 

On a particular system, the insulation class of the 
connected power transformers may be determined by the 
ratings and characteristics of the protective devices in- 
stalled to limit surge voltages across the transformer 
windings. Ratings of the protective devices will in turn 
depend upon the type of system, its grounding connections, 
and some related factors. For example, when the system 
neutral is solidly grounded so that a grounded neutral (80 
percent) arrester can be used, an insulation level corre- 
sponding to the arrester rating may be chosen rather than 
an insulation level corresponding to the system operating 
voltage. Many transformer banks having a star-connected 
three-phase winding, with the neutral permanently and 
solidly grounded, have an impulse strength corresponding 
to a lower line-to-line classification than indicated in Table 
5 (See Chap. 18 for a more detailed discussion of this 
subject). 

Fig. 14—Standard polarity markings and vector diagrams for 
three-phase transformers. 

for a three-phase, two-winding transformer are illustrated 
in Fig. 14. Also included are the vector diagrams for delta- 
delta, star-star, star-delta and delta-star connected trans- 
formers. The phase rotations are assumed to be H1-H2-H, 
and X1-X2-X3. 

Fig. 15 summarizes the phase angles that can be obtained 
between high- and low-voltage sides of star-delta and delta- 

Fig. 15—Angular phase displacements obtainable with three- 
phase star-delta transformer units. 

star, three-phase transformers built with standard connec- 
tions and terminal markings. In this Figure A, B, and C 
represent the three phases of the high-voltage system, 
whereas a, b, and c represent the three phases of the low- 
voltage system. Phase rotations A-B-C and a-b-c are 
assumed. 

15. Dielectric Tests 

The purpose of dielectric testing is to show that the 
design, workmanship, and insulation qualities of a trans- 
former are such that the unit will actually meet standard 
or specified voltage test limits. Below is a description of 
the various dielectric tests which may be applied to power 
transformers : 

(1) The standard impulse test consists of applying in 
succession, one reduced full wave, two chopped waves, and 
one full wave. 

(a) A full wave is a 1.5X40 microsecond wave, usually of 
negative polarity for oil-immersed transformers, or positive 
polarity for dry type, and of the magnitude given in 
Table 5. 

(b) A reduced f u 11 wave is a 1.5 x 40 microsecond wave, having 
a crest value between 50 and 70 percent of the full wave 
crest. 

(c) A chopped wave is formed by connecting an air gap to cause 
voltage breakdown on the tail of the applied wave. The 
crest voltage and minimum time to flashover are specified 
in Table 5. 

(2) The standard applied-potential test consists of apply- 
ing a low-frequency voltage between ground and the wind- 
ing under test, with all other windings grounded. The 
standard test voltage magnitude is listed in Table 5, and 
its specified duration is one minute. 

(3) The standard induced-potential test in general con- 
sists of applying between the terminals of one winding a 
voltage equal to twice the normal operating voltage of that 
winding. A frequency of twice rated or more is used for 
this test, so that the transformer core will not be over- 
excited by the application of double voltage. The duration 
of the test is 7200 cycles of the test frequency, but not 
longer than one minute. Commonly used test frequencies 
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TABLE 5—STANDARD INSULATION CLASSES AND DIELECTRIC 
TESTS FOR DISTRIBUTION AND POWER TRANSFORMERS 

(Taken from Table 11.030 ASA Standard C57.11-1948 for Transformers, Regulators and Reactors.) 

Notes: (a) Intermediate voltage ratings are placed in the next higher insulation class unless otherwise specified. 
(b) Standard impulse tests have not been established for dry-type distribution and power transformers. Present-day values for impulse tests of such apparatus 

are as follows: 
1.2 kv class, 10 kv; 2.5 class, 20 kv; 5.0 class, 25 kv; 8.66 kv class, 35 kv; 15 kv class, 50 kv. These values apply to both chopped-wave and full- 
wave tests. 

(c) Y-connected transformers for operation with neutral solidly grounded or grounded through an impedance may have reduced insulation at the neutral. When 
this reduced insulation is below the level required for delta operation, transformers cannot be operated delta-connected. 

(d) These apparatus are insulated for the test voltages corresponding to the Y connection, so that a single line of apparatus serves for the Y and delta applica- 
tions. The test voltages for such delta-connected single-phase apparatus are therefore one step higher than needed for their voltage rating. 

(e) 1.5X40 microsecond wave. 

are 120 cycles for 60-cycle transformers, and 60 cycles for should the neutral class be lower than that given in Column 
25-cycle transformers. 2, Table 6. 

Combinations and modifications of the tests described 
above are contained in transformer standard publications, 
for example ASA C57.22-1948, and these publications 
should be consulted for detailed information. 

16. Insulation Class of Transformer Neutrals 

(c) If the neutral of a transformer is connected to ground 
through the series winding of a regulating transformer, the 
neutral insulation class must be at least as high as the 
maximum raise or lower voltage (phase to neutral) of the 
regulating transformer. In no case should the neutral class 
be less than that given in Column 3 of Table 6. 

Transformers designed for wye connection only with the 
neutral brought out may have a lower insulation level at 
the neutral than at the line end. The following rules are 
included as a guide in selecting the permissible neutral 
insulation level : 

(a) A solidly grounded transformer may have a mini- 
mum neutral insulation class in accordance with column 
2 of Table 6. 

(b) A transformer grounded through a neutral imped- 
ance must have a neutral insulation class at least as high 
as the maximum dynamic voltage at the transformer neu- 
tral during system short-circuit conditions. In no case 

(d) A transformer grounded through the series winding 
of a regulating transformer and a separate neutral imped- 
ance shall have a neutral insulation class at least as high 
as the sum of the maximum raise or lower voltage (line 
to neutral) of the regulating transformer and the maximum 
dynamic voltage across the neutral impedance during sys- 
tem short-circuit conditions. In no case should the neutral 
insulation class be less than that given in Column 3 of 
Table 6. 

(e) If the neutral of a transformer is connected to ground 
through a ground fault neutralizer, or operated un- 
grounded but impulse protected, the minimum neutral 
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TABLE 6—MINIMUM INSULATION CLASS AT TRANSFORMER winding. The initial current is assumed to be com- 
NEUTRAL pletely displaced from zero. 

insulation class shall be in accordance with Column 4 of 
Table 6. 

VI. TEMPERATURE AND SHORT-CIRCUIT 
STANDARDS 

17. Temperature Standards 

The rating of electrical apparatus is inherently deter- 
mined by the allowable operating temperatures of insu- 
lation, or the temperature rise of the insulation above 
ambient temperature. For transformers and voltage reg- 
ulators with Class A insulation, either air or oil cooled, 
the rating is based on an observable temperature rise (by 
resistance or thermometer) of 55 C above an ambient 
temperature at no time in excess of 40 C, and the average 
during any 24-hour period not exceeding 30 C. Trans- 
formers and other induction apparatus are designed to 
limit the hottest-spot temperatures of the windings to not 
more than 10 C above their average temperatures under 
continuous rated conditions. The limits of observable 
temperature rise for air-cooled transformers with Class B 
insulation is 80 C by resistance measurement. 

18. Short-Circuit Conditions 

A proposed revision to American Standard C57.12-1948 
(section 12.050) reads in part: 

“1. Transformers shall be capable of withstanding with- 
out injury short circuits on any external terminals, 
with rated line voltages maintained on all terminals 
intended for connection to sources of power, 
provided : 

(a) The magnitude of the symmetrical current in any wind- 
ing of the transformer, resulting from the external short 
circuit, does not exceed 25 times the base current of the 

(b) The duration of the short circuit is limited to the fol- 
lowing time periods. Intermediate values may be 
determined by interpolation. 

Symmetrical Current Time Period 
in Any Winding in Seconds ---- .-___ 

25 times base current 2 
20 times base current 3 

16.6 times base current 4 
14.3, or less, times base current 5 

“2. Where kva is mentioned in paragraph 3 the following 
is intended: 
When the windings have a self-cooled rating, the kva 
of the self-cooled rating shall be used. When the 
windings have no self-cooled ratings, the largest kva 
obtained from the ratings assigned for other means 
of cooling by the use of the following factors shall 
be used: 

Type of Transformer Multiplying Factor ---- ____.--~- - 
Water-cooled (0 W) 1.0 
Dry-Type Forced-Air-Cooled (AFA) 0.75 
Forced-oil-cooled (FOA or FOW) 0.60 

“3. For multi-winding transformers: 
The base current of any winding provided with ex- 
ternal terminals, or of any delta-connected stabiliz- 
ing winding without terminals, shall be determined 
from the rated kva of the winding or from not less 
than 35 percent of the rated kva of the largest 
winding of the transformer, whichever is larger. 

“In some cases, the short-circuit current, as limited by 
transformer impedance alone, will exceed 25 times base 
current. It must be recognized that such cases can occur 
with transformers manufactured according to these stand- 
ards and that, the transformers built under these standards 
are not designated to withstand such short-circuit current.” 

Under short-circuit conditions the calculated copper 
temperatures for power and distribution transformers shall 
not exceed 250 C where Class A insulation is used assuming 
an initial copper temperature of 90 C, or 350 C where 
Class B insulation is used assuming an initial copper 
temperature of 125 C. 

VII. TRANSFORMER TEMPERATURE-TIME 
CURVES 

19. Constant Load 

A “heat run” of a transformer on test is made to deter- 
mine the temperature rise of the various parts at rated 
load. If the test were made by applying only rated load, 
with the transformer at room temperature, thirty hours or 
more would be required before stationary temperatures 
were reached. Such a process would be quite inefficient of 
time, energy, and in the use of testing facilities. Accelerated 
heat runs are made by closing radiator valves, etc., and 
applying loads in excess of rated load until the expected 
temperatures are reached. Radiation restrictions are then 
removed, the load reduced to normal, and the test con- 
tinued until stable temperatures are reached. 
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It is evident that the temperature-time characteristics 
of a, transformer cannot be obtained from the accelerated 
heat-run data. Information is secured from the heat run, 
however, which permits the temperatures to be calculated 
under assumed load conditions. Exact calculations are 
quite involved, but sufficiently accurate results can be 
obtained by the use of an approximate method due to 
S. B. Griscom for estimating the temperatures reached 
under variable load conditions, changing ambient tempera- 
tures, etc. Certain simplifying assumptions can be made 
that permit a quick estimate of the expected temperatures. 

Let L= transformer load in kva. 
W= total losses (in kw) at load L. 
TF = final temperature rise at load L, in degrees C above 

the temperature at t =O. 
M= thermal capacity in kw hours per degree C. 

k = radiation constant in kw per degree C. 
T= oil temperature rise in degrees C at time t above 

the temperature at t = 0. 
H = thermal time constant in hours. 

t = time in hours. 

If the heat radiated is directly proportional to the 
temperature rise of the transformer above the ambient, the 
radiation constant can be obtained from the heat run data 
for W and Tr : 

k=; (23) 

where the temperature at t = 0 is taken as ambient. 
Since the total heat generated is equal to the heat 

radiated plus the heat stored (heat consumed in raising the 
temperatures of the various parts) 

W=kT+Md$ (24) 

This equation can be solved for T, giving 

p; l-g& 
( > 

(25) 

Or 

T=TF 1-e-f 
( > 

(26) 

where 

H = F = the transformer time constant in hours. (27) 

This derivation may be broadened to show that Eq. 
(26) is equally correct for the case where the oil temper- 
ature rises T and Tf are those above the temperature at 
t =O, whether the value then is the ambient temperature or 
otherwise. 

The foregoing discussion has been based on the assump- 
tion that the temperature throughout all parts of the trans- 
former is the same. This, of course, is not the case. When 
the transformer load is increased, the copper temperature 
is above that of the surrounding parts, and when the load 
is decreased, the copper tends to be more nearly the same 
temperature as the surrounding parts. Also, the top and 
bottom oil are at different temperatures. Eq. (26) is 
therefore commonly taken as referring to the top-oil 

temperature rise, that is, 2’ and Tr are defined as before 
but refer to the top-oil specifically. Further, the final top- 
oil temperature rise TF is not directly proportional to the 
losses for all types of transformers as Eq. (23) would 
indicate, but is more correctly represented by the relation 

W 

> 

m 
TF= TF(fl) 

Total loss at full load 
(28) 

where : 
m = 0.8 for type OA transformers. 

=0.9 for type OA/FA transformers. 

= 1.0 for type FOA transformers. 

Tr(fl) =final top-oil temperature rise at full load in 
degrees C. 

The use of this relation when substituted in Eq. (23) 
indicates that for other than the type FOA transformer the 
radiation constant k and the time constant H are not 
completely independent of load but vary according to a 
small fractional power of the total loss. However for con- 
venience in calculations this variation in k and H is nor- 
mally overlooked and the values obtained from Equations 
(23) and (27) for the full load condition are taken as 
constant. The error introduced by the procedure is not 
large compared to that normally expected in transient 
thermal calculations. 

To determine the temperature rise curve for any load L 
therefore, the radiation constant k under full load condi- 
tions is first determined from the heat run data using 
Eq. (23). The thermal capacity M is dependent on the 
thermal capacities of the various parts of the transformer. 
For convenience it can be assumed that the transformer 
parts can be separated into three elements: the core and 
coils, the case and fittings, and the oil. Although the core 
and coils are of copper, iron, and insulation the specific 
heats of those elements do not vary widely. Since, also, 
there is a reasonably constant proportion of these elements 
in different transformers, a single weighted coefficient of 
thermal capacity for the coils and core is warranted. The 
following relation is accordingly suggested: 

M = &05[0.06 (wt. of core and coils) 

+0.04 (wt. of case and fittings) 

+0.17 (wt. of oil)] C-w 

Here the coefficients of the last two terms are also weighted 
to make further allowance for the fact that all parts of the 
case and fittings and the oil are not at a uniform tempera- 
ture. The values of k and M found as above may be 
substituted in Eq. (27) to obtain H. The value of Tf for 
the desired load L is determined next by substitution of 
heat run data in Eq. (28). The quantity IV for the load L 
may be evaluated by the relation 

L 

> 

2 

W= 
Full load kva 

X (full load copper loss) 

+ (no-load loss) (30) 

The quantities H and TF may now be substituted in Eq. 
(26) from which the top-oil temperature-rise curve may be 
plotted directly. 
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For example, a 6000-kva, three-phase, self-cooled, 

24 000-5040 volt transformer has the following full load 
performance data as supplied by the manufacturer: 

Iron loss= 10 920 watts. 
Copper loss =43 540 watts. 

Total = 54 460 watts. 
Top-oil rise = 40 C (from heat-run test data). 

LV copper rise=46.3 C. 
HV copper rise =43.3 C. 

Wt. of core and coils = 25 000 pounds. 
Wt. of case and fittings = 18 000 pounds. 

Wt. of oil = 17 400 pounds. 

From this information the time constant H may be evalu- 
ated and the expression for T obtained for the load L equal 
to the rated load. 

k W-54.46 
-TF 40 

- - = 1.36 kw per degree C. 

M- -&0.06X25 000+0.04X18 000+0.17X17 4001 

= 5.18 kw hours per degree C. 

H z z-381 hours 
=k=1.36- * ’ 

T = TF( 1 - ,+f) = 40( I- f-L/3.81), 

The full load top-oil temperature rise curve shown in Fig. 
16 was calculated from this relation. 

To plot the top-oil temperature-rise curve for half-load 
conditions for this transformer the same time constant H 
is used as found above. 
From Eq. (28) : 

Fig. 16—Top-oil temperature rise versus time, for a typical 
transformer. 

TF=40 

( 

(o.5)2x43-54+1o-92 

54.46 > 

2 19 2 C 
. . 

T=19.2 
( -> 

I--c3;; . 

The curve represented by this equation also appears in 
Fig. 16. 

termined during the heat-run. The average copper tem- 
perature rise above ambient at full load is required by 
standards not to exceed 55 C for class A insulation. The 
use of that value to obtain the apparent copper gradient 
will generally lead to overly pessimistic results since the 
actual value of the average copper temperature rise is 
normally below the limit. Therefore it is advisable to use 
the value measured on the heat run and obtained from the 
manufacturer. 

The rise of the hottest-spot copper temperature above 
the top-oil temperature is known as the hottest-spot cop- 
per gradient and at full load may be estimated from the 
relation 

For any load L, the hottest-spot copper gradient may be 
calculated from the relation 

L 

> 

1.6 

GH(L) = GH(H) x 
full load kva 

From the performance data of the transformer previously 
cited : 

Ge(rl, =46.3-40=6.3 C for the LV winding. 
GH(f,) = 6.3+ lO= 16.3 C. 

The hottest-spot copper temperature for full-load is thus 
16.3 C above the top-oil temperature. For, say, half-load, 
Eq. (32) must be used to obtain 

The apparent copper gradient at full load (Gc(n,) is the 
difference between the average copper temperature rise 
and the top-oil temperature rise, both of which are de- 

G H(L) = 16.3 x (0.5)‘.‘= 5.4 C. 

It is not feasible in a study of this kind to keep track of 
short time variations of copper or hottest-spot tempera- 
ture, and it is suggested if it is desirable to show roughly 
how this varies, a time constant of 15 minutes be used. 

(32) 
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Fig. 17—Step-by-step graphical calculation of temperatures under changing load conditions. 

20. Variable Load 

A step-by-step analysis using Eqs. (28) to (32) can be 
made to consider conditions of variable load, changing 
ambient temperatures, etc. The method of approach is 
based on the fact that the initial rate of change of tempera- 
ture is the slope of a line joining the initial and final tem- 
peratures, the two temperatures being separated by a time 
interval equal to the thermal time constant of the trans- 
former. As before TF is calculated from heat run data and 
the total loss W for each load condition through the use of 
Eq. (28). The loss W is obtained from Eq. (30). The final 
top-oil temperature is then found by adding TF to the 
ambient temperature. Since the load is varying, the final 
temperature cannot be reached for each load condition and 
the step-by-step analysis must be employed to obtain the 
top-oil temperature curve. Points on the hottest-spot 
temperature time curve may then be obtained by adding 
the hottest-spot copper gradient GH for each load to the 
top-oil temperature at the time corresponding to the load 
for which the gradient was calculated. Gn is obtained in 
the same manner as previously outlined. 

To illustrate the step-by-step method, the oil tempera- 
ture-time curve for the 6000-kva transformer previously 
described will be calculated, starting with an oil tempera- 
ture of 55 C for an assumed load cycle as tabulated in the 
adjacent column. 

Figure 17 illustrates the use of the calculated data in the 
graphical step-by-step process to plot the curve of top-oil 
temperature with time and the manner in which the hottest- 
spot gradients are added to obtain the hottest-spot tem- 
perature-time curve. The accuracy can be increased by 
using shorter time intervals. 

VIII. GUIDES FOR LOADING OIL-IMMERSED 
POWER TRANSFORMERS 

The rated kva output of a transformer is that load which 
it can deliver continuously at rated secondary voltage 
without exceeding a given temperature rise measured 
under prescribed test conditions. The actual test tempera- 
ture rise may, in a practical case, be somewhat below the 
established limit because of design and manufacturing 
tolerances. 

The output which a transformer can deliver in service 
without undue deterioration of the insulation may be more 
or less than its rated output, depending upon the following 
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design characteristics and operating conditions as they 
exist at a particular time6: 

(1) Ambient temperature. 
(2) Top-oil rise over ambient temperature. 
(3) Hottest-spot rise over top-oil temperature 

(hottest-spot copper gradient). 
(4) Transformer thermal time constant. 
(5) Ratio of load loss to no-load loss. 

22. Loading Based on Ambient Temperature 
Air-cooled oil-immersed transformers built to meet es- 

tablished standards will operate continuously with normal 
life expectancy at rated kva and secondary voltage, pro- 
viding the ambient air temperature averages no more than 
30 C throughout a 24-hour period with maximum air 
temperature never exceeding 40 C. Water-cooled trans- 
formers are built to operate continuously at rated output 
with ambient water temperatures averaging 25 C and 
never exceeding 30 C. 

When the average temperature of the cooling medium is 
different from the values above, a modification of the trans- 
former loading may be made according to Table 7. In 

TABLE7—PERCENT CHANGE IN KVA LOAD FOR EACH DEGREE 
CENTIGRADE CHANGE IN AVERAGE AMBIENT TEMPERATURE 

cases where the difference between maximum air temper- 
ature and average air temperature exceeds 10 C, a new 
temperature that is 10 C below the maximum should be 
used in place of the true average. The allowable difference 
between maximum and average temperature for water- 
cooled transformers is 5 C. 

23. Loading Based on Measured Oil Temperatures 

The temperature of the hottest-spot within a power 
transformer winding influences to a large degree the de- 
terioration rate of insulation. For oil-immersed transform- 
ers the hottest-spot temperature limits have been set at 
105 C maximum and 95 C average through a 24 hour 
period; normal life expectancy is based on these limits. 
The top-oil temperature, together with a suitable tem- 
perature increment called either hottest-spot copper rise 
over top-oil temperature or hottest-spot copper gradient, is 
often used as an indication of hottest-spot temperature. 
Allowable top-oil temperature for a particular constant 
load may be determined by subtracting the hottest-spot 
copper gradient for that load from 95 C. The hottest-spot 
copper gradient must be known from design information 
for accurate results, though typical values may be assumed 
for estimating purposes. If the hottest-spot copper grad- 
ient is known for one load condition, it may be estima- 
ted for other load conditions by reference to Fig. 18. 

“- 
0 40 80 120 160 200 240 

PERCENT RATED KVA 

Fig. 18—Hottest-spot copper rise above top-oil temperature 
as a function of load, for various values of full load copper rise. 

Fig. 19—Loading guide based on top-oil temperature. 

(A) OA, OW, OA/FA types. 
(B) OA/FA/FOA, FOA, FOW types. 

A conservative loading guide, based on top-oil tempera,- 
tures, is given in Fig. 19. 

24. Loading Based on Capacity Factor 
Transformer capacity factor (operating kva divided by 

rated kva) averaged throughout a 24-hour period may be 
well below 100 percent, and when this is true some com- 
pensating increase in maximum transformer loading may 
be made. The percentage increase in maximum loading 
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TABLE 8—PERMISSIBLE TRANSFORMER LOADING BASED ON TABLE 9—PERMISSIBLE DAILY SHORT-TIME TRANSFORMER 

AVERAGE PERCENT CAPACITY FACTORS* LOADING BASED ON NORMAL LIFE EXPECTANCY 

as a function of capacity factor, based on a normal trans- 
former life expectancy, is given in Table 8. 

25. Loading Based on Short-Time Overloads 
Short-time loads which occur not more than once during 

any 24-hour period may be in excess of the transformer 
rating without causing any predictable reduction in trans- 
former life. The permissible load is a function of the aver- 
age load previous to the period of above-rated loading, 
according to Table 9. The load increase based on capacity 
factor and the increase based on short-time overloads can- 
not be applied concurrently; it is necessary to chose one 
method or the other. 

Short time loads larger than those shown in Table 9 

theoretical conditions and limitations described in Table 
10(b). These conditions were chosen to give results con- 
taining some probable margin, when compared with most 
conventional transformer designs. For special designs, or 
for a more detailed check on some particular unit, the 
hottest-spot copper temperature can be calculated by the 
method shown in section 19, and the probable sacrifice in 
transformer life can then be estimated from Table 11. 

will cause a decrease in-probable transformer life, but the 
amount of the decrease is difficult to predict in general 26. Limiting of Load by Automatic Control 

terms. Some estimate of the sacrifice in transformer life The loading of a transformer can be supervised by con- 
can be obtained from Table 10(a) which is based on the trol devices to insure that hottest-spot copper temperatures 

TABLE 10(a)—PERMIssIBLE SHORT-TIME TRANSFORMER LOADING, BASED ON REDUCED LIFE EXPECTANCY 
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TABLE 10(b)—CONDITIONS AND TRANSFORMER CHARACTERISTICS 
ASSUMED IN THE PREPARATION OF TABLE 10(a) 

TABLE 11 -PROBABLE SACRIFICE IN TRANSFORMER LIFE 
CAUSED BY PROLONGED HOTTEST-SPOT COPPER TEMPERATURE 

are always within a permissible range and duration. This 
control may be accomplished with a thermal relay respon- 
sive to both top-oil temperature and to the direct heating 
effect of load current. The thermostatic element of this 
relay is immersed in the hot transformer oil, and it also 
carries a current proportional to load current: in this way 
the temperature of the element is geared to the total tem- 
perature that the transformer winding attains during oper- 
ation. The relay can be arranged to close several sets of 
contacts in succession as the copper temperature climbs 
with increasing load: the first contacts to close can start 
fans or pumps for auxiliary cooling, the next contacts can 
warn of temperatures approaching the maximum safe limit, 
and the final contacts can trip a circuit breaker to remove 
load from the transformer. 

Loading by copper temperature makes available the 
short-time overload capacity of a power transformer, so 
that emergency loads can be carried without interruption 
of power service, and so that peak loads can be carried 
without the use of over-size transformers.7 The thermal 
relay can be coordinated with each transformer design to 
which it is applied, and it can inhtirently follow unpre- 
dictable factors that affect permissible safe loading for a 
particular installation. 

Fig. 20—-Single-line diagram of CSP power transformer, 

IX. THE COMPLETELY SELF-PROTECTED 
TRANSFORMER 

A power transformer design may include protective de- 
vices capable of preventing damage to the unit when it is 
subjected to electrical conditions that would probably 
damage conventional transformers. Also, standard switch- 
ing, metering, and voltage regulating functions may be 
included within a power transformer assembly. When 
these protective, switching, and metering features are all 
combined at the factory within a single unit, as indicated 
in Fig. 20, it may be designated a CSP power transformer. 

Lightning Protection—Coordinated arresters are in- 
stalled to protect both high- and low-voltage circuits from 
lightning or other voltage surges. 

Fig. 21 -Fully assembled 3000 kvd, 33-4.16 kv CSP power 
transformer. 
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Fig. 22—Installation view of 1500 kva, 13.2-4.33 kv CSP power 
transformer. 

Internal Fault Protection-Fusible protective links 
of high interrupting capacity are connected between the 
high-voltage bushings and the winding, so that the supply 
circuit can be cleared from internal transformer faults. 

Overload Protection-A thermal relay, responsive to 
copper temperature (see section 26), operates to trip the 
secondary circuit breaker before damaging temperatures 
develop in the winding. 

Relaying-Overcurrent relays normally are provided in 
the low-voltage circuit to protect for secondary faults. 

Circuit Breaker-Load switching is accomplished by 
a circuit breaker in the low-voltage circuit of the trans- 
former. 

Voltage Regulation-Standard no-load taps are pro- 

‘Fig. 23—Portable substation rated 2000 kva, 72 000/24 000— 
2.5/4.33/5.0/7.5 kv, shown in operation at a substation site. 

vided in the high-voltage winding. Tap-changing-under- 
load equipment for the secondary circuit, may be built into 
the transformer housing. 

Metering-Watthour meters and ammeters are usually 
supplied for circuit metering. 

CSP transformers are available in kva ratings up to 
3000, primary voltages up to 69 kv, and secondary voltages 
up to 15 kv. The units may be used to supply distribution 
circuits from high-voltage lines in either industrial or elec- 
tric utility applications; if one unit is used individually on 
a radial circuit, a by-passing switch can be supplied across 
the low-voltage circuit breaker to permit withdrawal and 
maintenance of the breaker without a service interruption. 

X. AUTOTRANSFORMERS 

27. Two-Winding Autotransformer Theory 

The single-phase two-winding autotransformer contains 
a primary winding and a secondary winding on a common 
core, just as a conventional two-winding transformer does. 
However, in the autotransformer the two windings are 
interconnected so that the kva to be transformed by actual 
magnetic coupling is only a portion of the total kva trans- 
mitted through the circuit to which the transformer is 
connected. Autotransformers are normally rated in terms 
of circuit kva, without reference to theinternal winding kva. 

The autotransformer circuit shown in Fig. 24 contains 

Fig. 24-Circuit for a two-winding autotransformer. 

a primary winding P which is common to both low- and 
high-voltage circuits, and a secondary winding S which is 
connected directly in series with the high-voltage circuit. 
Under no-load conditions, high-side circuit voltage E’a will 
be the sum of the primary and secondary winding voltages; 
low-side circuit voltage Ea will be equal to the primary 
winding voltage. The relation between primary and sec- 
ondary winding voltages will depend upon the turns ratio 

between these windings. 

(34) 

Here N is the overall voltage ratio between high- and low- 
voltage circuits. 

When the transformer is carrying load current, the 
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primary ampere-turns should essentially balance the 
secondary ampere-turns (noting that Ir8=Is) : 

nJ, = *Is = nzIa’ (35) 

I.=I~+I,=I.t+~.‘=NI.‘=N~I~~~ N Ip. 
N-l 

(37) 

The total circuit kva is given by E,X I, or E,’ XI,’ 
(expressing voltages in kv), but the winding kva is given 

by E,XIp or 
0 

E E,xIs. The ratio between winding 

kva (Up or Us) and circuit kva (Uo) is, referring to equa- 
tion (37) 

For example, an autotransformer rated 1000 kva, with 8 

circuit voltage ratio of 22 kv to 33 kv ( =g=l.5) has an N 

equivalent two-winding kva of 

Up=Us=N~Uc=~X1000=333 kva 
. 

The reduced rating of transformer parts required in an 
autotransformer make it physically smaller, less costly, 
and of higher efficiency than a conventional two-winding 
unit for the same circuit kva rating. In the example just 
cited, the autotransformer would theoretically be only as 
large as a 333-kva conventional transformer, and this re- 
duced kva would in practice furnish a fairly accurate basis 
for estimating the cost of the l000-kva autotransformer. 
Total losses in the autotransformer would be comparable 
to those in a 333-kva conventional transformer, so that 
efficiency based on circuit transmitted power would be 
quite high. 

An autotransformer will introduce series impedance, as 
well as current and voltage transformation, in the circuit 
where it is connected. The series impedance may be evalu- 
ated by referring to Fig. 25(a) ; here the low-voltage circuit 
terminals are short-circuited, so that the impedance meas- 
ured at the high-voltage terminals will be equal to the series 
circuit impedance attributable to the autotransformer. 
Note that the circuit in Fig. 25(a) is exactly the same as the 
circuit that would be used to measure the leakage impe- 
dance if Zsp were defined as the ohmic impedance measured 
across the secondary winding with the primary winding 
short-circuited. A circuit providing correct circuit voltage 
and current ratios, and also correct through impedance, is 
shown in Fig. 25(b). Two conversions may now be made, 
the first to move the series impedance to the low-voltage 
side, and the second to express impedance in terms of Zrs. 

z nz sp= - 0 
2Zps_ (N- 1)22 PS. 

nl 
(40) 

Fig. 2!3-Equivalent circuits for a two-winding autotrane- 
former. 

From this, the conventional form of equivalent circuit is 
shown in Fig. 25(c), where 

z - N-l 
a- 

( 1 N 
2xz 

PS* 

Sequence equivalent circuits for the three-phase two-wind- 
ing autotransformer are presented in the Appendix. 

The circuit impedance of an autotransformer is smaller 
than that of a conventional two-winding unit of the same 
rating, as is evident from Eq. (41). This low series im- 
pedance, though advantageous in its effect on transformer 
regulation, may allow excessive short-circuit currents 
during system fault conditions. Often the through imped- 
ance will be less than four percent based on the autotrans- 
former nameplate kva rating, which means that three- 
phase short circuit current could exceed the maximum 
of twenty-five times normal rated current for two seconds 
as permitted by standards. For this reason autotrans- 
formers, like voltage regulators, cannot always protect 
themselves against excessive fault current; reactors or 
other connected circuit elements may have to be relied on 
for this protection. 
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E,‘=E, I n2+Qn2E,=nl(1+tl)+~(1+~),B. 
nl+ hnl 41 +tJ 

(4% 
28. The Three-Winding Autotransformer 

Three-phase autotransformers for power service are 
usually star-star connected with the neutral grounded, and 
in most of these cases it is desirable to have a third winding 
on the core delta-connected so as to carry the third har- 
monic component of exciting current. This winding could 
be very small in capacity if it were required to carry only 
harmonic currents, but its size is increased by the require- 
ment that it carry high currents during system ground 
faults. A widely used rule sets the delta-winding rating at 
35 percent of the autotransformer equivalent two-wind- 
ing kva rating (not circuit kva rating). 

nl = turns on primary winding, not considering taps. 
Q= turns on secondary winding, not considering 

taps. 
tl = fractional part of nl included in primary winding 

tap ( +tlnl indicates additional turns) 
t2 = fractional part of n2 included in secondary wind- 

ing tap. ( +t2n2 indicates additional turns). 

Since it is necessary in most cases to have a delta-con- 
nected tertiary winding, it is often advantageous to design 
this winding so that load can be taken from it. This re- 
sults in a three-winding autotransformer with terminals to 
accommodate three external circuits. The equivalent cir- 
cuit for this type of transformer is given in section 59 of 
this chapter. 

If E, is assumed constant at 1.0 per unit based on normal 
rated low-side circuit voltage, three cases are possible: 

(I) Taps in secondary winding only: 

In this case the transformer volts per turn remain 
normal. The percent change in E,’ is: 

29. Autotransformer Taps 
It is frequently necessary to place taps in the windings 

of an autotransformer to regulate either or both circuit 
voltages. It is not advisable to place taps adjacent to the 
line connections for voltages above 22 000 volts, because 
extra insulation is necessary on turns adjacent to the line 
terminals. If taps were placed at the ends of the winding, 
additional padding would be required throughout the 
tapped section. Furthermore, taps placed adjacent to the 
line, where the most severe voltage stresses occur, con- 
stitute a weakness that can be avoided by placing the taps 
in the middle of the winding as shown in Fig. 26. Taps 

EL is: 

AEL.&-t’x % ~ 100. 
l+h nl+n2 

(4% 

AE,’ = hLlO0. 
wl-n2 

(44) 

(2) Taps in primary winding only: 

hn2 E;=l+n2-- (45) 
nl nl+nlh’ 

The transformer volts per turn are times their 

normal value. The percent change in 2,’ is:. 

A&‘= -tl AlOO. 
l+hXn,fn2 

(46) 

(3) Taps in both primary and secondary windings: 

As in case (2), the transformer volts per turn are 

times their normal value. The percent change in 

If E,’ is assumed constant at 1.0 per unit based on normal 
rated high-side circuit voltage, and E, is allowed to vary, 
three more cases are possible: 

(4) Taps in secondary winding only: 

E 3 nl n2t2 
a=--------- 

nl+n2 nl+n2xM-n2(l+k) 
(49) 

Fig. 26—Autotransformer taps. 
The transformer volts per turn are 

nl+nz 

nl+nz(l +t2> > 
times 

their normal value. 
The percent change in E, will be: may be placed in either the primary (common) winding, 

or in the secondary (series) winding, or in both windings: 
however, some tap combinations are more desirable than 
others, if the transformer materials are to be used most 
effectively. 

AE,=-& n2 
nl+n2(l+t2) 

100. (50) 

The low-side and high-side circuit voltages may be 
related, under no-load conditions, by an equation which 
takes account of both primarv and secondarv tans: 

(5) Taps in primary winding only: 
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Transformer volts per turn are 
nl+nz 

nl(l +h> > 
times 

+nz 
their normal value. 

The percent change in E,’ is: 

AE,=t, nz 
nl(l+td+nz 

100. 

(6) Taps in both primary and secondary: 

(5% 

%b---tz) 
E8=~~+nl~n,xn~(1+tl)f~~~+tz)~ 

(53) 

Transformer volts per turn are 
nl+n2 

nl(l+h)+wdl+tz) > 
times their normal value. The percent change in E,’ is: 

n2kt2) 

AE8=nl(l+tl)+nz(l+tz) 
100. (54) 

If the transformer were designed for constant volts per 

turn 
( 2- ‘nJ’ 

t - -t 3 then the percent change in E, would be : 

AE, = tl x 100. (55) 

It is often advisable to specify a tap combination which 
will allow the autotransformer to operate at practically 
constant volts-per-turn, regardless of tap position. AS 
indicated in some of the cases above, a tap change in 
only one winding may be less effective than would normally 
be anticipated, because of the nullifying effect of the 
accompanying change in volts-per-turn. Also, a significant 
increase in volts-per-turn at some tap setting would be 
reflected in a magnetic core of larger size than otherwise 
necessary. 

30. Autotransformer Operating Characteristics 
An autotransformer inherently provides a metallic con- 

nection between its low- and high-voltage circuits; this is 
unlike the conventional two-winding transformer which 
isolates the two circuits. Unless the potential to ground 
of each autotransformer circuit is fixed by some means, 
the low-voltage circuit will be subject to overvoltages 
originating in the high-voltage circuit. These undesirable 
effects can be minimized by connecting the neutral of the 
autotransformer solidly to ground. If the neutral of an 
autotransformer is always to be grounded in service, an 
induced potential shop test is more appropriate than an 
applied potential test, because it represents more closely 
the field operating conditions; building a grounded auto- 
transformer to withstand a full-voltage applied potential 
test would not be economical because of the excess insula- 
tion near the neutral. 

To summarize the preceding discussion, the autotrans- 
former has advantages of lower cost, higher efficiency, and 
better regulation as compared with the two-winding trans- 
former; it has disadvantages including low reactance which 
may make it subject to excessive short-circuit currents, the 
arrangement of taps is more complicated, the delta tertiary 
may have to carry fault currents exceeding its standard 
rating, the low- and high-voltage circuits cannot be iso- 
lated, and the two circuits must operate with no angular 
phase displacement unless a zig-zag connection is intro- 
duced. The advantages of lower cost and improved effi- 

Fig. 27—Star-delta and zig-zag grounding transformers. 
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ciency become less apparent as the transformation ratio 
increases, so that autotransformers for power purposes are 
usually used for low transformation ratios, rarely exceeding 
2 to 1. 

XI. GROUNDING TRANSFORMERS 

A grounding transformer is a transformer intended solely 
for establishing a neutral ground connection on a three- 
phase system. The transformer is usually of the star-delta 
or interconnected-star (zig-zag) arrangement as shown in 
Fig. 27. 

The kva rating of a three-phase grounding transformer, 
or of a grounding bank, is the product of normal line-to- 
neutral voltage (kv) and the neutral or ground amperes that 
the transformer is designed to carry under fault conditions 
for a specified time. A one-minute time rating is often used 
for grounding transformers, though other ratings such as 
those suggested in AIEE Standard for “Neutral Grounding 
Devices” (No. 32, May 1947) can be specified depending 
upon the probable duty to be imposed on the unit in 
service. 

Rated voltage of a grounding transformer is the line-to- 
line voltage for which the unit is designed. 

When operated at rated three-phase balanced voltage, 
only exciting current circulates in the windings of a ground- 
ing transformer. Current of appreciable magnitude begins 
to flow in the grounding circuit only when a fault involving 
ground develops on the connected system. 

Grounding transformers, particularly the zig-zag type, 
normally are designed so that rated neutral current flows 
when a solid single-line-to-ground fault is applied at the 
transformer terminals, assuming supply voltage to be fully 
maintained. This is equivalent to loo-percent zero-sequence 
voltage impressed at the transformer terminals resulting in 
the circulation of rated neutral current. Transformers so 
designed are said to have loo-percent impedance based on 
rated kva and rated voltage. 

Sometimes a resistor or other impedance is connected 
in the transformer neutral, and in these cases it may be 
desirable to specify that the grounding transformer shall 
have less than the conventional 100 percent impedance. 
Equivalent circuits for star-delta and zig-zag grounding 
transformers with external neutral impedance are includ- 
ed in the Appendix. 

Because a grounding transformer is a short-time device, 
its size and cost are less than for a continuous duty trans- 
former of equal kva rating. The reduced size can be estab- 
lished in terms of an “equivalent two-winding 55 C kva” 
U, by applying a reduction factor K to the short-time 
rated kva of the grounding transformer, and this reduced 
kva can be used for a price estimate. 

U, = UC X1(3 for a three-phase grounding unit. (56) 

U, = 3 UO X K, for a bank of single-phase grounding 
units (57) 

where 

U, = equivalent two-winding 55 C kva, three-phase. 

UG = (line-to-neutral kv) X (rated neutral amperes). 

Values for K are listed in Table 12 for various types and 

Table 12—“K” FACTORS FOR DETERMINING EQUIVALENT 
TWO-WINDING 56 C KVA OF GROUNDING TRANSFORMERS* 

classes of grounding transformers; the table includes values 
for both three-phase and single-phase units, though the 
single-phase type is uncommon. 

Conventional power transformers may be connected to 
serve solely as grounding transformers, but the current and 
time ratings for grounding service are open to question 
depending upon the form and details of construction. When 
these modified ratings are desired, they should be obtained 
from the transformer manufacturer. 

Star-Delta Impedances-The impedance to zero- 
sequence currents in each phase of a solidly-grounded star- 
delta grounding bank made up of single-phase units is 
equal to Zps, the ohmic leakage impedance between one 
primary (star) winding and the corresponding secondary 
(delta) winding: 

ZI=zPS (58) 

Percent zero-sequence impedance is normally expressed in 
terms of short-time kva and line-to-line voltage: 

20% = 
ZPSX ua 

10xkv2 
(59) 

In a three-phase star-delta grounding transformer 20 may 
be smaller than Zps by an amount depending on the form 
of core construction: a typical ratio of 20 to 2~9 is 0.85, 
though variation from this value for different designs 
is likely. 

Zig-zag Impedances—The impedance to zero- 
sequence currents in each phase of a solidly grounded 
zig-zag bank can be derived on a theoretical basis by 
reference to Fig. 27(d). 

E~=l~xZP~--ep+ep. 030) 

Percent zero-sequence impedance for the zig-zag connec- 
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tion is normally expressed in terms of short-time kva and 
line-to-line voltage: - 

ZPSX UG 
z,y& = _______- 

10xkv2 
(62) 

XII. TAP CHANGING UNDER LOAD 

The modern load tap changer had its beginning in 1925. 
Since that time the development of more complicated 
transmission networks has made tap changing under load 
more and more essential to control the in-phase voltage of 
power transformers, and in other cases to control the phase 
angle relation. Tap-changing-under-load equipment is ap- 
plied to power transformers to maintain a constant second- 
ary voltage with a variable primary voltage; to control the 
secondary voltage with a fixed primary voltage; to control 
the flow of reactive kva between two generating systems, 
or adjust the reactive flow between branches of loop cir- 
cuits; and to control the division of power between branches 
of loop circuits by shifting the phase-angle position of 
transformer output voltages. 

Various types of tap-changing equipment and circuits 
are used depending upon the voltage and kva and also 
upon whether voltage or phase angle control is required. 
Under-load-tap-changers are built for 8, 16, and 32 steps, 
with the trend in recent years being toward the larger 
number of steps so as to give a finer degree of regulation. 
The usual range of regulation is plus 10 percent and minus 
10 percent of the rated line voltage, with plus and minus 
71/2 percent and plus and minus 5 percent being second and 
third, respectively, in popularity. The 32 step, plus and 
minus 10 percent, tap-changing-under-load equipment has 
such wide acceptance as to be considered standard for 
many types of transformers. 

Fig. 28—Seventeen position, single-phase, Type UT tap 
changer. 

31. The UT Mechanism 
Figure 28 illustrates schematically the operation of the 

type UT mechanism for changing taps under load. Taps 
from the transformer winding connect to selector switch- 
es 1 through 9. The selector switches are connected to 
load transfer switches R, S, and 2’. The connections for 
the tap changer positions are shown on the sequence 
chart of Fig. 28. The sequence of switching is so coordi- 
nated by the tap changing mechanism that the transfer 
switches perform all the switching operations, opening 
before and closing after the selector switches. All arcing 
is thus restricted to switches R, S, and T, while switches 
1 to 9 merely select the transformer tap to which the load 
is to be transferred. 

When the tap changer is on odd-numbered positions, the 
preventive auto-transformer is short-circuited. On all even- 
numbered positions, the preventive auto-transformer 
bridges two transformer taps. In this position, the rela- 
tively high reactance of the preventive auto-transformer 
to circulating currents between adjacent taps prevents 
damage to the transformer winding, while its relatively 
low impedance to the load current permits operation on 
this position to obtain voltages midway between the 
transformer taps. 

32. The UNR Mechanism 
Fig. 29 shows schematically the diagram of connections 

and sequence of operations of the type UNR tap changer. 
The operation of the selector and transfer switches is ex- 
actly as described for the type UT tap changer. Rut the 
type UNR tap changer also has a reversing switch which 
reverses the connections to the tapped section of the 
winding so that the same range and number of positions 

Fig. 29—Seventeen position, single phase, Type UNR tap 
changer. 
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can be obtained with one-half the number of tap sections, 
or twice the range can be obtained with the same number 
of taps. The reversing switch is a close-before-open switch 
which operates at the time there is no voltage across 
its contacts. 

33. The URS Mechanism 
The type URS load tap changer is applied to small power 

transformers and large distribution transformers. The 
transfer switches are eliminated, and each selector switch 
serves as a transfer switch for the tap to which it is con- 
nected. The schematic circuit diagram and operations 
sequence chart is shown in Fig. 30. 

Fig. 30—Thirty-three position, single-phase, Type URS tap 
changer. 

Physically, the stationary selector switch contacts are 
arranged in circles, one for each phase. The moving se- 
lector switch contacts, as they rotate about a center shaft, 
both select the taps and make contact with them. The 
reversing switch operates when the selector switches are 
on position 17, at which time there is no current through 
the reversing switches and therefore no arcing on them. 

The URS tap changer, like the other load tap changers, 
can be equipped for hand operation, remote manual opera- 
tion, or for full automatic operation under the control 
of relays. 

XIII. REGULATING TRANSFORMERS FOR 
VOLTAGE AND PHASE ANGLE CONTROL 

Consider two systems A and B in Fig. 31 connected by a 
single transmission circuit. A and B mav both be generat- 
ing units, or one of them may be a generating unit and the 
other a load. Should A generate 10 000 kilowatts in excess 
of its own load, there can be but one result, the 10 000 

Fig. 3L—Power interchange between systems: 

(a) Two systems with tie. 
(b) Vector diagram of voltages during interchange of power. 
(c) Introduction of an in phase voltage, BC, to correct for exces- 

sive voltage drop. 

kilowatts must go over the tie line to B. An increase in 
generator output by A must be accompanied by a corres- 
ponding decrease in output (increase in input) by B if there 
is to be no change in system frequency. The transmission 
of power from A to B results in a difference in magnitude 
between terminal voltages and also a shift in phase Angle, 
as illustrated in Fi g. 31 (b). AO is the terminal voltage at 
A, BO is the terminal voltage at BAB is the vectorial volt- 
age drop from A to B. created by the flow of load current I, 
and o is the phase-angle difference between terminal volt- 
ages. In actual practice the phase angle is not always appa- 
rent, but the drop in voltage, AB’, is often 0bjectionable. An 
attempt to maintain satisfactory terminal voltages at -4 
and B will often result in undesirable circulation of reactive 
kva between the systems. The flow of power from A to B, 
or vice versa, is determined by the governor settings. The 
flow of reactive power over the interconnecting line is 
determined by the terminal voltages held by the machine 
excitations at A and B. Excessive voltage drop between 
the systems can be readily corrected by transformer taps 
of a fixed nature or by tap-changing equipment, introduc- 

Fig. 32—Regulating transformer for voltage control. 



ing an in-phase voltage, BC, to compensate for the voltage delta power transformation in that the angle of phase shift 
drop and bring the terminal voltage at B to a desired value. of current and voltage is not fixed but depends on the 
Figure 32 is a simplified sketch of a regulating transformer tap position. Figure 34 is a schematic diagram of a typical 
for voltage control, using an exciting auto transformer with regulating transformer for phase angle control. 
automatic tap changing equipment indicated by the arrows. 

Consider three systems interconnected with each other 
so that the interconnections from A to B, from B to C, and 
from C to A form a closed loop, as in Fig. 33 (a). An 

Fig. 33-Power interchange with three interconnected 
systems. 

entirely new element enters, and adjustment of governors 90 degrees, or the circulation of in-phase currents (kw). 
will not entirely control the flow of power over any one For the case of correcting the voltage for line drop, a 
of the interconnecting lines. An attempt to adjust load on simple voltage control tlquipment can be used. This simply 
the tie between two systems results in a change of load on adds or subtracts a voltage in phase with the system volt- 
the other two tie lines. With the tie line from B to C open, age. For the case of phase-angle control, the equipment 
and with power transmitted from A to B, the terminal can be identical except the voltage selected to add or sub- 
voltages of A and C will be equal and in phase, with no tract is in quadrature. As the earlier discussion showed, 
power being transmitted from A to C, or vice versa (see there are cases where both voltage and phase angle control 
Fig. 33 (b)). Th ere now exists between B and C a difference 
in voltage and a difference in phase angle. If the tie line SERIES 

between B and C is closed under these conditions there is a a TRANSFORMER a’ 

redistribution of power flow between A and B, a part going I 
over the line from A to B, and a part of the power going 
from A to B over the lines A-C and C-B (see Fig. 33 (c)). 
The distribution of power, both kw and reactive kva be- 
tween the various lines is determined solely by the relative 
impedances of the interconnecting lines. 

If at the time of closing B-C an adjustment of trans- 
former taps were made, or a regulating transformer for 
voltage control were inserted in the loop, it would be 
possible to make the voltage at C equal in magnitude to 
that at B but it would not have the same phase relation- 
ship. There would still be a flow of power from A to C 
and from C to B. 

Conditions similar to that just described occur on inter- 
connected systems involving loop circuits. To control the 
circulation of kw and prevent overloading certain lines it 
is often necessary to introduce a quadrature voltage, any WINDING 

place in the loop, by the use of a regulating transformer 
for phase-angle control. This differs from the usual star- 

Fig. 35-Regulating transformer for independent phase-angle 
and voltage control. 
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Fig. 34—Regulating transformer for phase-angle control. 

In general the distribution of real power flow over the 
various interconnections found in loop circuits can be con- 
trolled by regulators for phase-angle control. The flow of 
reactive kva can be controlled by regulators for voltage 
control. The preceding statements follow from the fact 
that transmission-circuit impedances are predominantly 
reactive. The voltage regulator introduces a series in-phase 
voltage into the loop, and quadrature current (reactive 
kva) is circulated around the loop since the impedances 
are reactive. The regulator for phase-angle control intro- 
duces a quadrature series voltage in the loop resulting in 
the flow of currents lagging the impressed voltage by nearly 
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Fig. 36—Regulating transformer for voltage control, 
20 000 kva, 12.47 kv, plus or minus 10 percent. 

rated 

are required. There are a number of combinations of con- 
nections to accomplish this, one of them being shown in 
Fig. 35. Where the voltage and phase angle bear a close 
relation, one mechanism may suffice. However, where com- 
pletely independent control is desired, two mechanisms 
with two regulating windings and one series winding, or 
with one regulating winding and two series windings are 
necessary. If it is desired to close the loop, and the flow 
of both real and reactive power over the various lines 
forming the loop must be controlled, the economical loca- 
tion for the control equipment is at the point of lowest 
load to be transferred. This may dictate the location in a 
loop, unless when in tying several companies together the 
boundary between systems determines the location. The 
voltage to be added or the phase-angle shift that must 
be obtained can be determined by calculation, considering 
the impedances of the tie line and the load conditions in 
the loop. When such calculations become involved, the 
use of the network calculator provides a quick and accur- 
ate tool for obtaining the solution. 

Several common connections used for regulating trans- 
formers providing voltage control, phase angle control, or 
combined voltage and phase angle control, are tabulated 
in the Appendix under Equivalent Circuits of Power and 
Regulating Transformers. The equivalent circuits of the 
regulating transformers to positive-, negative-, and zero- 
sequence are given. It should be noted that the equivalent 
circuits for phase-angle control regulators involve an ideal 
transformer providing a phase shift of voltage and current. 
Positive-sequence voltage and current are always shifted 
by the same angle in the same direction. The angular shift 
for negative-sequence voltage and current is always equal 
to the angular shift for positive-sequence, but is in the oppo- 
site direction. Zero-sequence currents and voltages do not 
undergo an angular shift in being transformed. For ex- 

ample, refer to F-7 in Table 7 of the Appendix, which is 
the regulating transformer for phase-angle control shown 
in Fig. 34. 

For positive-sequence, neglecting regulator impedance: 

E:=*VrjaEl=t’1+3n”EJnE1 (63) 

I[=-!$fjaIl= , ’ EjaI 1 (64) 
t 1+w 

where a! = tan-+% 

For negative-sequence, neglecting regulator impedance: 

E; = Nr-jaEz = dl +3n2b”.E2 (65) 

I~=le--ia12= ’ 
N diq$ 

-jar2 (66) 

For zero-sequence, neglecting regulator impedance: 
E;=E, (67) 

Id=& (68) 

For this regulator zero-sequence voltage and current 
are not transformed; 10 flows through the regulator as 
though it were a reactor. 

It happens with several connections of regulating trans- 
formers that zero-sequence voltages and currents are not 
transformed at all, as in F-7; or are transformed with a 
different transformation ratio than for positive- or nega- 
tive-sequence quantities as in G-l. This phenomenon, and 
the use of the sequence equivalent circuits for regulating 
transformers has been discussed in papers by Hobson and 
Lewis”, and by J. E. Clem.E 

XIV. EXCITING AND INRUSH CURRENTS 

If normal voltage is impressed across the primary ter- 
minals of a transformer with its secondary open-circuited, 
a small exciting current flows. This exciting current con- 
sists of two components, the loss component and the mag- 
netizing component. The loss component is in phase with 
the impressed voltage, and its magnitude depends upon the 
no-load losses of the transformer. The magnetizing com- 
ponent lags the impressed voltage by 90 electrical degrees, 
and its magnitude depends upon the number of turns in 
the primary winding, the shape of the transformer satura- 
tion curve and the maximum flux density for which the 
transformer was designed. A brief discussion of each of 
these components follows: 

34. Magnetizing Component of Exciting Current 
If the secondary of the transformer is open, the trans- 

former can be treated as an iron-core reactor. The dif- 
ferential equation for the circuit consisting of the supply 
and the transformer can be written as follows: 

e=Ri+n$ VW ’ 

where, e = instantaneous value of supply voltage 
i = instantaneous value of current 

R=effective resistance of the winding 
Q> = instantaneous flux threading primary winding 

nl = primary turns 
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Normally the resistance, R, and the exciting current, i, 
are small. Consequently the Ri term in the above equa- 
tion has little effect on the flux in the transformer and can, 
for the purpose of discussion, be neglected. Under these 
conditions Eq. (69) can be rewritten: 

d4 
e=nldt (70) 

If the supply voltage is a sine wave voltage, 

e =-\/ZE sin(wt+X), 

where, E=rms value of supply voltage 

0=27rf 

(71) 

Substituting in Eq. (70) 

1/ZE sin(wt+X) =n$f 

Solving the above differential equation, 

4=--&E cos(wt+X)+c& 

an1 

&?E 

(7% 

In this solution, -- cos (ot+X) is the normal 
on1 

steady-state flux in the transformer core. The second 
term, 4t, represents a transient component of flux the 
magnitude of which depends upon the instant at which the 
transformer is energized, the normal maximum flux and 
the residual flux in the core at the time the transformer is 

Fig. 37—Impressed voltage and steady-state flux. 

energized. Under steady-state conditions this component 
is equal to zero; the magnitude of & is discussed in 
Sec. 38. 

From Eq. (72) it can be seen that the normal steady- 
state flux is a sine wave and lags the sine wave supply 
voltage by 90 degrees. The supply voltage and the normal 
flux are plotted in Fig. 37 as a function of time. 

If there were no appreciable saturation in the magnetic 
circuit in a transformer, the magnetizing current and the 
flux would vary in direct proportion, resulting in a sinu- 
soidal magnetizing current wave in phase with the flux. 
However, the economic design of a power transformer re- 
quires that the transformer iron be worked at the curved 
part of the saturation curve, resulting in appreciable sat- 
uration. Tinder this condition the magnetizing current 
is not a sine wave, and its shape depends upon the satu- 
ration characteristics (the B-H curve) of the transformer 
magnetic circuit. The shape of the current wave can be 
determined graphically as shown in Fig. 38. In Fig. 38(b) 
are shown the impressed voltage and the flux wave lagging 
the voltage by 90 degrees. For any flux the corresponding 
value of current can be found from the B-H curve. Fol- 
lowing this procedure the entire current wave can be 
plotted. The current found in this manner does not con- 
sist of magnetizing current alone but includes a loss com- 
ponent required to furnish the hysteresis loss of the core. 
However, this component is quite small in comparison to 
the magnetizing component and has little effect on the 
maximum value of the total current. 

A study of Fig. 38 shows that although the flux is a sine 
wave the current is a distorted wave. An analysis of this 
current wave shows that it contains odd-harmonic com- 
ponents of appreciable magnitude; the third harmonic 
component is included in Fig. 38. In a typical case the 
harmonics may be as follows: 45 percent third, 15 percent 
fifth, three percent seventh, and smaller percentages of 
higher frequency. The above components are expressed in 
percent of the equivalent sine wave value of the total 
exciting current. These percentages of harmonic currents 
will not change much with changes in transformer terminal 
voltage over the usual ranges in terminal voltage. In Fig. 
39 are shown the variations in the harmonic content of the 
exciting current for a particular grade of silicon steel. 

Fig. 38—Graphical method of determining magnetizing current. 
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Fig. 39—Harmonic content of exciting current for a particular 
grade of silicon steel. 

35. Loss Component of Exciting Current 
The no-load losses of a transformer are the iron losses, 

a small dielectric loss, and the copper loss caused by the 
exciting current. Usually only the iron losses, i.e., hys- 
teresis and eddy current losses, are important. These 
losses depend upon frequency, maximum flux density, and 
the characteristics of the magnetic circuit. 

In practice the iron losses are determined from labora- 
tory tests on samples of transformer steel. However, the 
formulas given below are useful in showing the qualitative 
effect of the various factors on loss. 

Iron loss = II-h+ TV, 
Wh=KJBXrnaX watts per lb 
We = K,f2t2B2,,, m-at ts per lb 
Wh = hysteresis loss 
W e = eddy current loss 

f= frequency 

(73) 

t = thickness of laminat,ions 
B max = maximum flus density 

Kh, &, and x are factors that depend upon the quality 
of the steel used in the core. In the original derivation of 
the hysteresis loss formula by Dr. Steinmetz, x was 1.6. 
For modern steels x may have a value as high as 3.0. The 
iron loss in a 60-cycle power transformer of modern design 
is approximately one watt per pound. The ratio of hys- 
teresis loss to eddy current loss will be on the order of 3.0 
with silicon steel and 2/3 with oriented steel. These figures 
should be used as a rough guide only, 
siderably with transformer design. 

as they vary con- 

36. Total Exciting Current 
As discussed above, the total exciting current of a trans- 

former includes a magnetizing and a loss component. The 
economic design of a transformer dictates working the iron 
at the curved part of the saturation curve at normal volt- 
age; hence any increase in terminal voltage above normal 
will greatly increase the exciting current. In Fig. 40 the 
exciting current of a typical transformer is given as a 
function of the voltage applied to its terminals. The 
exciting current increases far more rapidly than the term- 

Fig. 40—Exciting current vs. terminal voltage. The above 
curve applies for one particular design of transformer: the 
shape of the curve may vary considerably depending upon the 

grade of steel and the transformer design. 

ina l voltage. For example,108-percent terminal voltage 
results in ZOO-percent exciting current. 

37. Typical Magnitudes of Exciting Current 
The actual magnitudes of exciting currents vary over 

fairly w ide ranges depending upon transformer size. volt- 
age class. etc. In Table 13 are given typical exciting 
currents for power transformers. The exciting currents 
vary directly with the voltage rating and inversely with 
the kva rating. 

TABLE 13 
TYPICAL EXCITING CURRENT VALUES FOR SINGLE-PHASE 

POWER TRANSFORMERS 

(In percent of full load current) 
The following values should be considered as very approximate for 

average standard designs and are predicated on prevailing perform- 

ance characteristics. Test values will as a rule come below these 

values but a plus or minus variation must be expected depending 

upon purchaser’s requirements. Should closer estimating data be 

required, the matter should be referred to the proper manufacturer's 
design engineers. 

38. Inrush Current 
When a transformer is first energized, a transient ex- 

citing current flows to bridge the gap between the con- 
ditions existing before the transformer is energized and 
the conditions dictated by steady-state requirements. 
For any given transformer this transient current depends 
upon the magnitude of the supply voltage at the instant 
the transformer is energized, the residual flux in the core, 



Chapter 5 Power Transformers and Reactors 127 

and the impedance of the supply circuit. Often the mag- 
nitude of this transient current exceeds full-load current 
and may reach 8 to 10 times full-load current. These high 
inrush currents are important principally because of their 
effect on the operation of relays used for differential pro- 
tection of transformers. 

In studying the phenomena that occur when a trans- 
former is energized it is more satisfactory to determine the 
flux in the magnetic circuit first and then derive the cur- 
rent from the flux. This procedure is preferable because 
the flux does not depart much from a sine wave even 
though the current wave is usually distorted. 

The total flux in a transformer core is equal to the nor- 
mal steady-state flux plus a transient component of flux, 
as shown in Eq. 72. This relation can be used to determine 
the transient flux in the core of a transformer immediately 

4ZE 
after the transformer is energized. As -- represents the 

wnl 
crest of the normal steady-state flux, Eq. (72) can be 
rewritten, 

+= -+m cos (d+X)++, (74) 

where + v"= 
m =- 

wnl 

At t=o, 

+O= -$rn COS X+&O (75) 

where 40 = transformer residual flux 
- +m cos X = steady-state flux at t = 0 

&I = initial transient flux. 

In the above equation the angle X depends upon the 
instantaneous value of the supply voltage at the instant 
the transformer is energized. If the transformer is ener- 
gized at zero voltage, X is equal to 0, whereas if the trans- 
former is energized where the supply voltage is at a posi- 
tive maximum value, X is equal to 90 degrees. Assume that 
a transformer having zero residual flux is energized when 
the supply voltage is at a positive maximum. For these con- 
ditions +o and cos X are both equal to zero so +to is also 
equal to zero. The transformer flux therefore starts out 
under normal conditions and there would be no transient. 
However, if a transformer having zero residual is energized 
at zero supply voltage the following conditions exist: 

x=0 
-$m cos x= -c#am 

+o=o 
60 = 4m 

Substituting in Eq. (74) 

4= -(bm COS (mt)++m (76) 

The flux wave represented by Eq. (76) is plotted in 
Fig. 41a. The total flux wave consists of a sinusoidal flux 
wave plus a d-c flux wave and reaches a crest equal to 
twice the normal maximum flux. In this figure the tran- 
sient flux has been assumed to have no decrement; if loss 
is considered the transient flux decreases with time and the 
crest value of the total flux is less than shown. In Fig. 41 
(b) similar waves have been plotted for a transformer 
having 60 percent positive residual flux and energized at 
zero supply voltage. Sixty percent residual flux has been 

(a) PRIMARY CLOSED AT ZERO VOLTAGE-ZERO RESIDUAL FLUX. 

Fig. 41—Transformer flux during transient conditions. 

assumed for illustration only. Flux waves for any other 
initial conditions can be calculated in a similar manner 
using Eq. (74). 

39. Determination of Current Inrush 
After the flux variation has been determined by the 

method described, the current wave can be obtained 
graphically as shown in Fig. 42. In the case illustrated 
it was assumed that a transformer having zero residual 
flux was energizcd at zero supply voltage; the flux there- 
fore is equal to twice normal crest flux. For any flux the 
corresponding current can be obtained from the trans- 
former B-Zi curve. Although the maximum flux is only 
twice its normal value, the current reaches a value equal 
to many times the maximum value of the normal trans- 
former exciting current. This high value of current is 
reached because of the high degree of saturation of the 
transformter magnetic circuit. 

In the above discussion loss has been neglected in order 
to simplify the problem. Loss is important in an actual 
transformer because it decreases the maximum inrush cur- 
rent and reduces the exciting current to normal after a 
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Fig. 42—Graphical method of determining inrush current. 

period of time. The losses that are effective are the resist- 
ance loss of the supply circuit and the resistance and stray 
losses! in the transformer. Figure 43 is an oscillogram of a 
typical exciting-current inrush for a single-phase trans- 
former energized at the zero point on the supply voltage 
wave.g The transient has a rapid decrement during the 
first few cycles and decays more slowly thereafter. The 
damping coefficient, R/L, for this circuit is not constant 
because of the variation of the transformer inductance 
with saturation. During the first few current peaks, the 
degree of saturation of the iron is high, making L low. The 
inductance of the transformer increases as the saturation 

Fig. 43—Current inrush for a particular transformer ener- 
gized at zero voltage. 

decreases, and hence the damping factor becomes smaller 
as the current decays. 

40. Estimating Inrush Currents 

The calculation of the inrush current to a power trans- 
former requires considerable detailed transformer design 
information not readily available to the application en- 
gineer. For this reason reference should be made to the 
manufacturer in those few cases where a reasonably ac- 
curate estimate is required. An order of magnitude of 

TABLE 14—APPROXIMATE INRUSH CURRENTS TO 6O-CYCLE 

POWER TRANSFORMERS ENERGIZED FROM THE HIGH-VOLTAGE 
SIDE 

inrush currents to single-phase, 60-cycle transformers can 
be obtained from the data in Table 14. The values given 
are based on the transformer being energized from the 
high-voltage side at the instant the supply voltage passes 
through zero. Energizing a core-form transformer from 
the low-voltage side may result in inrush currrents ap- 
proaching twice the values in the table. The per unit 
inrush current to a shell-form transformer is approximately 
the same on the high- and low-voltage sides. 

The inrush currents in Table 14 are based on energizing 
a transformer from a zero-reactance source. When it is 
desired to give some weight to source reactance, the inrush 
current may be estimated from the relation 

~b!!?- 
1+L3-x 

(77) 

where 
lo = Inrush current neglecting supply reactance in 

per unit of rated transformer current. 
X = Effective supply reactance in per unit on the 

transformer kva base. 

XV. THIRD-HARMONIC COMPONENT OF 
EXCITING CURRENT 

41. Suppression of the Third-Harmonic 
Component 

As discussed in connection with Fig. 39, the exciting 
current of a transformer contains appreciable harmonic 
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current. The third harmonic is by far the largest harmonic 
component, being as high as 40 to 50 percent of the 
equivalent sine-wave exciting current. 

If the flux in a transformer magnetic circuit is sinusoidal, 
the exciting current must contain a third-harmonic com- 
ponent. If this component cannot flow, because of trans- 
former or system connections, the flux will contain a third- 
harmonic component. The third-harmonic flux will, in 
turn, induce a third-harmonic voltage in the transformer 
windings. The magnitude of the third-harmonic voltage 
induced in a transformer winding, when the third-harmonic 
current is suppressed, will vary between 5 and 50 percent 
depending upon the type of transformers used. With single- 
phase transformers or with three-phase shell-form trans- 
formers the third-harmonic voltages may be as high as 50 
percent of the fundamental-frequency voltage. In a three- 
phase core-form transformer the reluctance of the third- 
harmonic flux path is high (see Sec. 56); consequently the 
third-harmonic flux in the transformer magnetic circuit is 
small even if the third-harmonic component of the exciting 
current is suppressed. The third-harmonic voltage induced 
is therefore small, usually not more than five percent. 

In a three-phase system, the third-harmonic currents of 
each phase are in phase with each other and hence con- 
stitute a. zero-sequence set of currents of triple frequency. 
Likewise, the third-harmonic voltages will constitute a 
zero-sequence set of voltages of triple frequency. Thus, 
although a third-harmonic voltage may be present in the 
line-to-neutral voltages, there can be no third-harmonic 
component in the line-to-line voltage. The paths permit- 
ting the flow of third-harmonic currents are determined 
by the system and transformer zero-sequence circuits. 

It has been shown that third harmonics must occur in 
either the exciting current or the voltage of a transformer. 
The exciting current will take the shape imposed by the 
particular connections used. It is always preferable to 
have at least one delta-connected winding in a three- 
phase transformer bank. The delta connection will furnish 
a path for the flow of third-harmonic currents and will 
minimize the third-harmonic current in the external cir- 
cuits. This is very desirable because third-harmonic cur- 
rents in the external circuits may, under some conditions, 
cause telephone interference. A discussion of telephone 

Fig. 44-Connections which influence the flow of third-har- 
monic exciting current. 

interference, as affected by transformer connections, is 
given in Chapter 23, Sec. 11. 

42. Effect of Transformer Connections 

The application of the above principles will be illustrated 
by consideration of a number of typical connections. In 
Fig. 44 is shown a three-phase transformer bank connected 

TABLE 15 -INFLUENCE OF TRANSFORMER CONNECTIONS ON 
THIRD-HARMONIC VOLTAGESAND CURRENTS 

Note: 
1. The third-harmonic component of the exciting current is suppressed and so a 

third-harmonic component will be present in the transformer line-to-ground voltages. 
2. The third-harmonic component of the exciting current flows over the line and 

may cause interference due to possible coupling with parallel telephone circuits. 
3. The delta-connected winding furnishes a path for the third-harmonic exciting 

currents required to eliminate the third-harmonic voltages. No third-harmonic cur- 
rent will flow in the line between the source and the transformer and very little third- 
harmonic will be present in the system voltage. 

4. The delta-connected winding furnishes a path for the third-harmonic exciting 
currents required to eliminate the third-harmonic voltages. Very little third- 
harmonic current will flow in the line and very little third-harmonic will be present 
in the system voltage. 

5. If the capacitance-to-ground of the circuit connected to the transformer 
secondary is large, appreciable third-harmonic current can flow in the secondary 
windings. This factor will help decrease the magnitude of the third-harmonic volt- 
ages but may cause interference in telephone lines paralleling the secondary power 
circuits. The same comments would apply if other ground sources are connected 
to the secondary circuit. Resonance with the secondary capacitance may produce 
high harmonic voltages. 

6. Some third-harmonic current can flow in the secondary windings if other 
ground sources are present on the secondary side of the transformer bank. The 
magnitude of this current will depend upon the impedance of the ground sources 
relative to the delta circuit impedance and is usually too small to cause trouble 
from telephone interference. 
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to a transmission line, the line in turn being connected 
to a power source. If the star-star connection in Fig. 44(a) 
is used the third-harmonic component of the exciting cur- 
rent is suppressed and a third-harmonic component will 
therefore be present in the line-to-neutral voltages. With 
the primary neutral and the generator neutral grounded, 
as in Fig. 44(b), a path is furnished for the third-harmonic 
exciting currents. If the impedance of this path is low, 
little third-harmonic voltage will be present on the system. 
However, if the line is long and is closely coupled with 
telephone circuits, telephone interference may result. If 
the transformer bank is close to the power source no tele- 
phone interference should result from the use of this 
connection. 

When a delta-connected winding is present in the trans- 
former such as in Fig. 44(c) and (d), the delta connection 
furnishes a path for the third-harmonic currents required 
to eliminate the third-harmonic voltages. If the primary 
is ungrounded or the generator is ungrounded, no third- 
harmonic current will flow in the line. If the primary is 
grounded and the generator is also grounded, a little third- 
harmonic current can flow over the line. With this connec- 
tion the magnitude of the third-harmonic current in the 
line depends upon the relative impedances of the supply 
circuit and the delta circuit. This current is usually too 
small to cause any troublesome interference. 

The same general comments apply when three-winding 
transformers are used. If one winding is delta connected, 
little or no third-harmonic current will flow in the supply 
circuit and little or no third-harmonic voltage will be 
present on the system. 

In Table 15 is given a summary of a number of typical 
transformer connections with a brief description of the 
effect of the connections on the third-harmonic currents 
and voltages. 

XVI. TRANSFORMER NOISE 

Transformer noise is a problem because of its disturbing 
effect upon people. Noise may arise from several sources 
of force 

(1) 

(2) 

(3) 

(4) 

induced vibrations, including 

Magnetostriction, the small change in dimensions 
of ferromagnetic materials caused by induction. 
Magnetic forces tending to pull jointed core mem- 
bers together. 
Magnetic forces acting between two conductors, 
or between a conductor and a magnetic member. 
Fans, pumps, or other transformer auxiliaries. 

The most persistent of these sources of noise is magneto- 
striction, which depends upon flux density and cannot be 
eliminated by tight core construction. The only means of 
reducing magnetostrictive force now at hand is to reduce 
flux density in the core. 

Noise arising from any of the sources listed above may 
be amplified by mechanical resonance in the tank or fit- 
tings, and careful design is necessary to avoid such re- 
inforcement of the original sound. 

StandardslO have been established for permissible sound 
pressure levels for various types of transformers, in terms 
of decibels referred to 0.002 dynes per square centimeter: 

P 
db = 20 loglo~2 (73) 

where P, the sound pressure, is expressed in dynes per 
square centimeter. Transformers designed to have sound 
levels below standard levels are available, but at extra cost 
because the magnetic material is worked at an induction 
below normal. 

It is quite difficult to predetermine a sound level which 
will prove satisfactory in the surroundings where a new 
transformer is to be installed. Local conditions affect sound 
transmission, reflection, and resonance to a great degree, 
and these factors are hard to evaluate prior to transformer 
installation. 

XVII. PARALLEL OPERATION 
OF TRANSFORMERS 

43. Single-Phase Transformers 

Transformers having different kva ratings may operate 
in parallel, with load division such that each transformer 
carries its proportionate share of the total load. To achieve 
accurate load division, it is necessary that the transformers 
be wound with the same turns ratio, and that the percent 
impedance of all transformers be equal, when each per- 
centage is expressed on the kva base of its respective trans- 
former. It is also necessary that the ratio of resistance to 
reactance in all transformers be equal, though most power 
transformers will likely be similar enough in this respect 
to permit calculations based on only the impedance 
magnitude. 

The division of current between transformers having 
unequal turns ratios and unequal percent impedances may 
be calculated from an equivalent circuit similar to the one 
shown in Fig. 45. Either percent impedances or ohmic 

Fig. 45—Equivalent circuit for parallel connection of single- 
phase two-winding transformers. 

impedances may be used in an equivalent circuit for paral- 
leled transformers. The circuit in Fig. 45 contains ohmic 
impedances and actual turns ratios; this method is perhaps 
more appropriate when the circuit involves unequal turn 
ratios, because the use of percent values in this type of 
circuit involves extra complications. Solution of this cir- 
cuit, with a load current 1L assumed, will indicate the 
division of current between transformers. ,41so, solution 
of this circuit with total load current set equal to zero will 
indicate the circulating current caused by unequal trans- 
former ratios. For satisfactory operation the circulating 
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current for any combination of ratios and impedances 
probably should not exceed ten percent of the full-load 
rated current of the smaller unit. 

More than two transformers may of course be paralleled, 
and the division of load may be calculated from an ex- 
tended equivalent circuit similar to the one in Fig. 45. 

44. Three-Phase Transformer Banks 

The same considerations apply for the parallel operation 
of symmetrical three-phase transformer banks as have been 
outlined for single-phase transformers. In addition it is 
necessary to make sure that polarity and phase-shift be- 
tween high-voltage and low-voltage terminals are similar 
for the parallel units. A single-phase equivalent circuit 
may be set up on a line-to-neutral basis to represent one 
phase of a balanced three-phase bank, using the theory of 
symmetrical components. 

When three-phase transformer banks having any con- 
siderable degree of dissymmetry among the three phases 
are to be analyzed, it is necessary either to set up a com- 
plete three-phase equivalent circuit, or to interconnect 
equivalent sequence networks in a manner to represent the 
unbalanced portion of the circuit according to the rules 
of symmetrical components. 

45. Three-Winding Transformers 

Currents flowing in the individual windings of parallel 
three-winding banks can be determined by solving an 
equivalent circuit, such as that shown in Fig. 46. The 

Fig. 46—Equivalent circuit for parallel connection of single- 
phase three-winding transformers. 

terminal loads, as well as winding ratios and impedances, 
affect the division of currents among the windings of a 
three-winding transformer, so all these factors must be 
known before a solution is attempted. 

46. Three-Winding Transformer in Parallel With 
Two-Winding Transformer 

The equivalent circuit for a three-winding transformer 
paralleled with a two-winding transformer is given in Fig. 

Fig. 47—Equivalent circuit for a single-phase three-winding 
transformer paralleled with a two-winding unit. 

47. Division of currents may be calculated from this cir- 
cuit, if the load currents I,’ and I,” are assumed. 

Parallel operation of two such transformers is not usually 
satisfactory, since a change in tertiary load will alter the 
distribution of load between the other two windings. If 
the impedances are proportioned to divide the load prop- 
erly for one load condition, the load division between trans- 
formers at some other loading is likely to be unsatisfactory. 
An exception is the case wherein the a” circuit of Fig. 47 
represents a delta tertiary winding in a three-phase bank, 
with no load connected to the tertiary; in this instance the 
transformers can be made to divide currents similarly at 
all loads. 

It is possible to design a three-winding transformer so 
that the load taken from the tertiary winding does not 
seriously affect load division between the paralleled wind- 
ings of the two transformers. If the impedance Zp is made 
equal to zero, then current division at the a’ terminals will 
be determined by Zs and 2 only, and this impedance ratio 
will remain independent of tertiary loading. It is difficult 
to obtain zero as the value for Zp, particularly if this 
winding is of high voltage; however, values near zero can 
be obtained with special design at increased cost. Such a 
design may result in a value of ZT which is undesirable 
for other reasons. 

XVIII. TRANSFORMER PRICES 

47. Two-Winding Type OA Transformers 

Estimating prices for Type OA, oil-immersed, self-cooled, 
60-cycle, two-winding transformers are given in Fig. 48. 
The estimating prices per kva are based on net prices as of 
December 1, 1949. As prices change frequently, the curves 
should be used principally for comparing the prices of 
different voltage classes, comparing banks made of single- 
phase and three-phase units, etc. 

If the insulation level of the low-voltage winding is 15 
kv, or higher, the prices in Fig. 48 should be corrected in 
accordance with Table 16. Price additions are also required 
when the rating of either the high- or low-voltage winding 
is 1000 volts and below. 

Transformers designed for star connection of the high- 
voltage winding may be built with a lower insulation level 
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Table 16—-ADDITIONS TO BE MADE TO PRICES IN FIG. 48 
WHEN LOW-VOLTAGE WINDING INSULATION LEVEL IS 15 KV OR HIGHER 

Chapter 5 

at the neutral end than at the line end of the winding. 
Table 17 summarizes the possible savings in cost with these 
designs. Reference should be made to section 16 for a 
discussion of the minimum insulation level that should be 
used at the transformer neutral. 

48. Multi-Winding Units 
If a multi-winding transformer is assigned for simul- 

taneous operation of all windings at their rated capacities, 
the price of the unit can be estimated from the curves 
given for two-winding transformers by using an equivalent 

TABLE 17 -PRICE REDUCTION FOR GROUNDED NEUTRAL SERVICE 

Fig. 48—Curve for estimating prices of oil-immersed, 60-cycle, 
two-winding, type OA power transformers. 
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two-winding capacity equal to the sum of the rated ca- 
pacities of the various windings divided by two. If a 
multi-winding transformer is not designed for simultaneous 
operation of all windings at their rated capacities, the price 
of the unit can be estimated from the curves given for 
two-winding transformers, using an equivalent two-winding 
capacity equal to 

Equivalent=A+$(B-A) (7% 

Where A = 1/2 (Sum of the simultaneous loadings). 
B= 1/2 (Sum of the maximum rated capacities of 

the various windings). 

In addition, 5 percent must be added for three-winding 
transformers; 7.5 percent for four-winding transformers; 
and 10 percent for five-winding transformers. 

49. Estimating Prices for Other Types of Cooling 

Table 18 is a summary of the approximate cost of three- 
phase power transformers employing auxiliary cooling sys- 
tems. All cost figures are expressed in per unit of OA 

TABLE 18—RELATIVE COST OF THREE-PHASE TRANSFORMERS 
WITH SPECIAL COOLING 

Each cost is in per unit, based on the cost of an OA transformer hav- 
ing a rating equal to the maximum of the special unit being consid- 
ered@) 

transformer cost, where the OA rating used to determine 
the base cost is equal to the highest rating of the force- 
cooled or specially-cooled unit. The kva ratings listed in 
the second column of Table 18 are the highest ratings of 
forced-cooled units; for example, the kva rating listed for 
OA/FA/IOA transformers is the FOA value. 

XIX. REACTORS 

50. Application of Current-Limiting Reactors 

Current-limiting reactors are inductance coils used to 
limit current during fault conditions, and to perform this 
function it is essential that magnetic saturation at high 
current does not reduce the coil reactance. If fault current 
is more than about three times rated full load current, an 
iron core reactor designed to have essentially constant 
magnetic permeability proves overly expensive, therefore 
air core coils having constant inductance are generally used 
for current-limiting applications. A reactor whose induc- 
tance increased with current magnitude would be most 
effective for limiting fault current, but this characteristic 
has not been practically attained. 



Power Transformers and Reactors Chapter 5 

Fig. SO--Dry-type air-core reactor. 

Oil-immersed reactors can be applied to a circuit of any 
voltage level, for either indoor or outdoor installation. The 
advantages of oil-immersed reactors also include: 

1. A high factor of safety against flashover. 
2. No magnetic field outside the tank to cause heating 

or magnetic forces in adjacent reactors or metal 
structures during short-circuits. 

3. High thermal capacity. 

Dry-type reactors depend upon the surrounding air for 
insulation and cooling. Because of the required clearances 
and construction details necessary to minimize corona, 
these reactors are limited to 34.5 kv as a maximum insula- 
tion class. Free circulation of air must be maintained to 
provide satisfactory heat transfer. These coils should not 
be surrounded with closed circuits of conducting material 
because the mutual inductance may be sufficient to produce 
destructive forces when short-circuit current flows in the 
coil. Structures such as I-beams, channels, plates, and 
other metallic members, either exposed or hidden, should 
also be kept at a distance from the reactor even though 
they do not form closed circuits. A side clearance equal to 
one-third the outside diameter of the coil, and an end 
clearance of one-half the outside diameter of the coil will 
produce a temperature rise less than 40 C in ordinary 
magnetic steel. For the same size members, brass will have 
about the same rise, aluminum about one and one half 
times, and manganese steel about one-third the rise for 
ordinary magnetic steel. Reinforcing rods less than three- 
fourths inch in diameter which do not form a complete 
electrical circuit are not included in these limitations, be- 
cause the insulation clearances from the reactor should be 
sufficient to avoid undue heating in such small metal parts. 

In order to avoid excessive floor loading due to magnetic 
forces between reactors the spacing recommended by the 
manufacturer should be observed. Sometimes this spacing 
can be reduced by use of bracing insulators between units 
or using stronger supporting insulators and increasing the 
strength of the floor. This should always be checked with 
the manufacturer since bracing increases the natural period 
of vibration and may greatly increase the forces to be 
resisted by the building floors or walls. 

51. Reactor Standards 
The standard insulation tests for current-limiting re- 

actors are summarized in Table 19. 
Dry-type current-limiting reactors are built with Class 

B insulation and have an observable temperature rise by 
resistance of 80 C with normal continuous full-load current. 
Dry-type and oil-immersed current-limiting reactors are 
designed mechanically and thermally for not more than 
331/3 times (3 percent reactive drop) normal full-load 
current for five seconds under short-circuit conditions. 

Air core reactors are of two general types, oil-immersed 52. Determination of Reactor Characteristics 
(Fig. 49) and dry-type (Fig. 50). Oil-immersed reactors When specifying a current-limiting reactor, information 

can be cooled by any of the means commonly applied to should be included on the following: 

power transformers. Dry-type reactors are usually cooled 1. Indoor or outdoor service. 
by natural ventilation but can also be designed with forced- 
air and heat-exchanger auxiliaries where space is at a 

2. Dry- or oil-immersed type. 

premium. 
3. Single-phase or three-phase reactor. 
4. Ohms reactance. 
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TABLE 19 -STANDARD DIELECTRIC TESTS 
FOR CURRENT-LIMITING REACTORS 

Fig. 51-Curve for estimating prices of single-phase, 60-cycle, 
dry-type current-limiting reactors. 

5. Continuous current rating, amperes. 
6. Reactor rating in kva. 
7. Voltage class. 
8. Circuit characteristics: 

(a) Single-phase or three-phase. 
(b) Frequency. 
(c) Line-to-line voltage. 
(d) Type of circuit conductors. 

Standardization of current ratings and ohmic reactances 
for current-limiting reactors is not yet completed, but 
semi-standard values are available and should be used 
where feasible in the preparation of reactor specifications. 

53. Reactor Prices 

The estimating prices included in this section should be 
used for comparative purposes only because reactor prices 
are subject to change from time to time. 

Estimating prices for single-phase, 60-cycle, dry-type 
current-limiting reactors are given in Fig. 51 for kva rat- 
ings between 10 and 5000. Reactors for use in 1201 to 
13 800 volt circuits may be estimated from the curve 
labeled “15 kv and below.” The prices given apply to 
single-phase reactors with current ratings between 300 and 
600 amperes. For current ratings below 300 amperes, price 
additions must be made in accordance with Table 20. When 
the current rating exceeds 600 amperes make a price addi- 

Fig. 52--Curve for estimating prices of single-phase, 60-cycle, 
oil-immersed current-limiting reactors. 

tion of one percent for each 100 amperes, or fraction thereof, 
above 600 amperes. 

Estimating prices for single-phase, 60-cycle, oil-immersed 
current-limiting reactors are given in Fig. 52 for insulation 
classes between 15 and 138 kv. For current ratings above 
800 amperes make a price addition of two percent for each 
100 amperes, or fraction thereof, above 800 amperes. 

Estimating prices for 60-cycle, oil-immersed, self-cooled 
shunt reactors may be estimated by adding 10 percent to 
the prices given in Fig. 48 (a) for two-winding transformers. 

TABLE 20—PRICE ADDITIONS FOR DRY-TYPE REACTORS 
RATED BELOW 300 AMPERES 
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XX. EQUIVALENT CIRCUITS FOR SINGLE 
PHASE TRANSFORMERS 

Representation of a transformer by an equivalent circuit 
is a commonly used method for determining its perform- 
ance as a circuit element in complex power and distribution 
networks. Without the simplifications offered by the use 
of such equivalent circuits the handling of transformers 
with their complex array of leakage and mutual imped- 
ances would be a formidable problem. 

For the purposes of calculating short circuit currents, 
voltage regulation, and stability of a power system, the 
normal magnetizing current required by transformers is 
neglected. Thus Figs. 2(c), (d), or (e), as the choice may 
be, will adequately represent a two-winding transformer 
for calculation purposes. 

For three-, four-, and in general multi-winding trans- 
formers, an equivalent network can be always determined 
that will consist only of simple impedances (mutual imped- 
ances eliminated) and accurately represent the transformer 
as a circuit element. The impedances which can be most 
readily determined by test or by calculation are those 
between transformer windings taken two at a time, with 
other windings considered idle; therefore the impedances 
in an equivalent circuit can well be expressed in terms of 
these, actual impedances between the transformer windings 
taken two at a time. 

The number of independent impedances required in an 
equivalent circuit to represent a multi-winding transformer 
shall be, in general, equal to the number of all possible 
different combinations of the windings taken two at a time. 
Thus, one equivalent impedance is required to represent 
a two-winding transformer, three branch impedances for a 
three-winding transformer, and six independent branch 
impedances to represent a four-winding transformer. 

Equivalent circuits for the two-winding transformer and 
auto-transformer are presented in sections 1 and 2’7, re- 
spectively. The following sections discuss the equivalent 
circuits for three-winding and four-winding transformers. 

54. Equivalent Circuits for Three-Winding Trans- 
former 

The equivalent circuit for a transformer having three 
windings on the same core is shown in Fig. 53, where the 
magnetizing branches have been omitted. The number 
of turns in the P, S, and 7’ windings are nl, n2, and n3, 
respectively. The equivalent circuit is shown in Fig. 53 
(b) with all impedance in ohms on the P winding voltage 
base and with ideal transformers included to preserve 
actual voltage and current relationships between the P, 
8, and 2’ windings. On the P winding voltage base: 

z -4 ZPSSZPT--zST P- 
( N’f > 

$*zST+ZPS -ZPT 
1 

zPT+$&T-z,, 
1 

N,,!? 
nl 

N n3 
2=- 

721 

(80) 

Fig. 53—Three-winding transformer. 

(a) winding diagram. 
(b) equivalent circuit in ohms. 
(c) equivalent circuit in percent. 

Note that Zp and Zs as defined and used here differ 
from Zp and Zs in Eq. 10. The equivalent circuit ex- 
pressed in percent is given in Fig. 53 (c) with all imped- 
ances referred to the kva of the P winding. 

,??p% = 3 C’P 
zP& +zPT% - -ZST% 

us l 

$%jTC/O +zPS% --ZPTyo 

> S 

ZPT%+$&T%-zPS% 
> 

(81) 

The quantities can be expressed in percent on any arbi- 
trary kva base, U c, by multiplying each impedance by 
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UC 
the ratio u. The notation used is defined as follows: 

P 

Up = kva of the P winding. 

Us = kva of the S winding. 

UT = kva of the 7’ winding. 

z PS =leakage impedance between the P and S wind- 
ings as measured in ohms on the P winding with 
the S winding short-circuited and the 2’ winding 
open-circuited. 

2~s~~ = leakage impedance between the P and S wind- 
ings, with the 7’ winding open-circuited, ex- 
pressed in percent on the kva and voltage of the 
P winding. 

2&r= leakage impedance between the P and T wind- 
ings as measured in ohms on the P winding with 
the T winding short-circuited and the S winding 
open-circuited. 

ZrrOJo =leakage impedance between the P and T wind- 
ings, with the S winding open-circuited, ex- 
pressed in percent on the kva and voltage of the 
P winding. 

Zsr= leakage impedance between the S and T wind- 
ings as measured in ohms on the S winding with 
the T winding short-circuited and the P winding 
open-circuited. 

Zsr(rG = leakage impedance between the S and T wind- 
ings, with the P winding open-circuited, ex- 
pressed in percent on the kva and voltage of the 
S winding. 

The equations given in Fig. 53 (b) and Fig. 53 (c) for 
ZP, Zr%, etc., are derived from the relationships: 

~Ps=~P+zs zPs%=zP%+&% 

ZPT=ZP+ZT ZPTyo=ZP%+ZT% (82) 

also 
ZP= Rp+jXp 

ZPS=RPS+~XPS = Rp+Rs+j(Xp+Xs) (83) 

Z~d%=RpS%+jxpS% etc., 

where Xrs is the leakage reactance between the P and S 
windings (with T open-circuited); and RPS is the total 
effective resistance between the P and S windings, as 
measured in ohms on the P winding with S short-circuited 
and T open-circuited. RpSQ/O and Xps70 are the respective 
quantities expressed in percent on the kva and voltage of 
the P winding. 

The equivalent circuits completely represent the actual 
transformer as far as leakage impedances, mutual effects 
between windings, and losses are concerned (except ex- 
citing currents and no load losses). It is possible for one 
of the three legs of the equivalent circuit to be zero or 
negative. 

55. Equivalent Circuits for Four-Winding Trans- 
former 

The equivalent circuit representing four windings on 
the same core, shown in Fig. 54 (a), is given in Fig. 54 (b) 
using ohmic quantities. This form is due to Starr,12 and 

Fig. 54--Four-winding transformer. 

(a) winding diagram. 
(b) equivalent circuit. 

here again the magnetizing branches are omitted. The 
branches of the equivalent circuit are related to the leak- 
age impedances between pairs of windings as follows: 

z a=$ ZPS+~PV-~ 
( 

Lz sv-K 
1 > 

Z,=$ ZPS+$ST-ZPT-K 
> 

z,=g +2&T+$2~TV-+2ZSV-K 
1 2 i 1 > 

Z,=$ ( $f~viZpv-Zpr--K > 

(84) 

where, 

&=~PT+-&v-~Ps-~~~T~? 
1 2 

&=~PT+~~~sv-~Pv-~& 
1 1 

The windings will ordinarily be taken in the order that 
makes K, and K2 positive so that 2, and .Zr will be posi- 
tive. The leakage impedances are defined as before; for 
example, Zps is the leakage impedance between the P 
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and S windings as measured in ohms on the P winding 
with the S winding short-circuited and with the T and 
V windings open-circuited. The equivalent circuit in per- 
cent has the same form as Fig. 54 (b), omitting the ideal 
transformers. 

z,% = + ~psQ/~++zpv% -~.Gv% -4% 
s 

K170=ZpTOjo +$$&v%-ZPS%-S&V%, etc. (85) 
US 

Similar equations, derived from Eq. (84)) apply for the 
other quantities in the equivalent circuit. 

XXI. SEQUENCE IMPEDANCE 
CHARACTERISTICS OF THREE-PHASE 

TRANSFORMER BANKS 

56. Sequence Equivalent Circuits 

The impedance of three-phase transformer banks to 
positive-, negative-, and zero-sequence currents, and the 
sequence equivalent circuits, are given in the Appendix, 
under Equivalent Circuits for Power and Regulating 
Transformers. The equivalent circuits were developed 
by Hobson and Lewis2,13. The same notation as defined 
in the early part of this chapter is used to denote leakage 
impedances in ohms and in percent. 

The impedance to negative-sequence currents is always 
equal to the impedance to positive sequence currents, and 
the equivalent circuits are similar except that the phase 
shift, if any is involved, will always be of the same magni- 
tude for both positive- and negative-sequence voltages 
and currents but in opposite directions. Thus, if the phase 
shift is +CY. degrees for positive-sequence, the phase shift 
for negative-sequence quantities will be —a degrees. 

The impedance of a three-phase bank of two-winding 
transformers to the flow of zero-sequence currents is equal 
to the positive-sequence impedance for three-phase shell- 
form units (or for a bank made up of three single-phase 
units) if the bank is star-star with both star points ground- 

Fig. 55—Zero-sequence exciting currents and fluxes 
phase core-form transformer. 

in a three- 

ed. If the bank is connected star-delta, with the star point 
grounded, the zero-sequence impedance viewed from the 
star-connected terminals for shell-form units, or banks of 
three single-phase units, is equal to the positive-sequence 
impedance; the zero-sequence impedance viewed from the 
delta-connected terminals is infinite. 

The impedance to the flow of zero-sequence currents in 
three-phase core-form units is generally lower than the 
positive-sequence impedance. Figure 55 illustrates that 
there is no return for the zero-sequence exciting flux in 
such a unit, except in the insulating medium, or in the 
tank and metallic connections other than the core. The 
flux linkages with the zero-sequence exciting currents are 
therefore low, and the exciting impedance to zero-sequence 
currents correspondingly low. Although the exciting im- 
pedance to positive-sequence currents may be several 
thousand percent, the exciting impedance to zero-sequence 
currents in a three-phase core-form unit will lie in the range 
from 30 to 300 percent, the higher values applying to the 
largest power transformers. Low exciting impedance 
under zero-sequence conditions is reflected in some re- 
duction in the through impedances to zero-sequence cur- 
rent flow. A star-star grounded, three-phase, two-winding 
unit of the core-form, or a star-star grounded autotrans- 
former of the three-phase core form acts, because of this 
characteristic, as if it had a tertiary winding of relatively 
high reactance. In small core-form units this characteristic 
is particularly effective and can be utilized to replace a 
tertiary winding for neutral stabilization and third har- 
monic excitation. 

The zero-sequence exciting impedance is affected by the 
magnitude of excitation voltage, and it is also affected by 
tank construction. For example, the zero-sequence excit- 
ing impedance of a 4000-kva, 66000-2400-volt unit was 
measured to be 84 percent at normal voltage before the 
core was placed in the tank; it was measured to be 36 
percent at normal voltage after the core and coils were 
placed in the tank. In this case the tank saturated but 
acted as a short-circuited secondary winding around the 
transformer, tending to limit the area of the flux return 
path to that between tank and windings. The zero- 
sequence exciting impedance is measured by connecting 
the three windings in parallel and applying a single-phase 
voltage to the paralleled windings. 

The zero-sequence exciting impedance of three-phase 
core-form units is generally much lower than the positive- 
sequence exciting impedance, and much lower than the 
zero-sequence exciting impedance of three-phase shell- 
form units or three single-phase units. For this reason it 
is necessary to consider the zero-sequence exciting im- 
pedance in deriving the zero-sequence impedance char- 
acteristics for certain connections involving core-form 
units. The exciting impedance to zero-sequence currents 
has been denoted by ZsE, ZPE, etc., where the first sub- 
script refers to the winding on which the zero-sequence 
exciting impedance is measured in ohms. Following the 
same notation, .ZsEOjo is the exciting impedance of the S 
winding to zero-sequence currents expressed in percent on 
the kva of the S winding. The number of branches required 
to define an equivalent circuit of three-phase two- or multi- 
winding transformers is the same in general as has been de- 



scribed for single phase transformers. X notable exception to 
this will exist in the formulation of the zero-sequence im- 
pedance of core form transformers with grounded neutral. 
In this case an extra impedance branch must be provided in 
the equivalent circuit, this branch being always short- 
circuited to the neutral bus, and having a value dependent 
upon the zero-sequence excitation impedances of the wind- 
ings as well as the grounding impedance in the transformer 
neutral. If the three-phase bank connections are unsym- 
metrical as in the case of the open-delta connection, mutual 
coupling will exist between the sequence networks. 

57. Derivation of Equivalent Circuits 

In the derivation of equivalent circuits for three-phase 
transformers and banks made up of three single-phase 
transformers, it is convenient to represent each winding of 
the transformer by a leakage impedance and one winding 
of an ideal transformer. This method may be used in the 
development of circuits for two- and three-winding 
transformers. 

Two magnetically-coupled windings of a single-phase 
transformer having n1 and n2 turns, respectively, are shown 
schematically in Fig, 56(a). The customary equivalent 
circuit used to represent such a single-phase transformer is 
shown in Fig. 56(b) in which ZA and .Zg are components 
of the transformer leakage impedance, n-ith a more or less 
arbitrary division of the leakage impedance between ZA 
and Zg. Zlf is the so-called “magnetizing shunt branch.” 
Since the numerical value of Zv is very large compared to 
ZA and ZB, for most calculations Fig. 56(b) is approx- 
imated by Fig. 56(c) where ZJi is considered infinite. 
Either of these circuits has serious deficiencies as a device 
representing the actual transformer; the voltage and cur- 
rent transformation effected by transformer action is not 
represented in the equivalent circuit, and the circuit 
terminals a and a’ are not insulated from each other as in 
the actual transformer. These disadvantages are evidenced 
particularly when analyzing transformer circuits n-herein 
several windings or phases are interconnected. To over- 
come these deficiencies it is expedient to use the equivalent 
circuit shown in Fig. 56(d) which combines the circuit of 
Fig. 56(b) with an ideal transformer. The ideal trans- 
former is defined as having infinite exciting impedance 
(zero exciting current) and zero leakage impedance, and 
serves to transform voltage and current without imped- 
ance drop or power loss; the ideal transformer thus re- 
stores actual voltage and current relationships at the 
terminals a and a’. The circuit of Fig. 56(e) is obtained 
from Fig. 56(d) by converting the impedance Zg to the 23,’ 
voltage base (by multiplying ZB by the square of the 
voltage ratio). This process may be thought, of as “sliding 
the ideal transformer through” the impedance Zg. If the 
exciting, or no load, current may be neglected (ZJf con- 
sidered as infinite) the circuit of Fig. X(e) becomes 
Fig. 56(f). 

Finally, if Z# is considered infinite, the circuit of Fig. 
56(f) becomes Fig. 56(g), in which the two parts of the 
leakage impedance, ZA and Zg, combine into the complete 
leakage impedance Zps, where 
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Fig. 56—Steps in the derivation of the equivalent circuit of a 
two-winding transformer. 

ZPS =za+zI3 036) 
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In most developments the circuit of Fig. 56(g) will be 
found most convenient, although in some cases it becomes 
desirable to have part of the leakage impedance associated 
with each winding, and the circuit of Fig. 56(f) may be 
used. 

To be perfectly definite, Zps is understood to mean the 
leakage impedance, as measured in ohms, with the S wind- 
ing short circuited, and voltage applied to the P winding. 
When the test is reversed, with voltage applied to the S 
winding, and the P winding short circuited, the impedance 
is denoted by Zsp. It is obvious from the development 
given that, when ZM may be considered infinite, 

n22 
ZSP = -gPS. (87) 

58. Derivation of Equivalent Circuit for Star-Delta 
Bank 

In Fig. 57 each transformer winding is represented by an 
impedance and one winding of an ideal transformer, the 
transformer having nl turns in the P winding and n2 turns 
in the S winding. The windings shown in parallel are 
assumed to be on the same magnetic core. The voltages 

Fig. 57-Equivalent circuits of a star-delta transformer bank. 

e, and e, represent the voltages across the P and S wind- 
ings of the ideal transformers. 

Assuming positive-sequence voltages Esg, Ebp, and E,, 
applied to the terminals abc, and a three-phase short- 
circuit at the a’b’c’ terminals, the following relations can be 
written: 

E$=E&=E&=O nJ, = nJ, 

e, = I,Z, 

=nle, = n’IxZs = 0 22 2*azs 

E:=::+I;p=Ia,z:I($zs] 
Designating the circuits connected to the abc and a’b’c’ 

terminals as circuits 4 and 5, respectively, 

(89) 

ZJ5 is defined as the impedance between circuits 4 and 5 
in ohms on the circuit 4 voltage base. Zps is the imped- 
ance between the 2’ and S windings as measured by apply- 
ing voltage to the P winding with the S winding short- 
circuited. 

With positive-sequence voltages applied to the abc 
terminals and the a’b’c’ terminals open circuited, 

Ebg = a2Eag E& = a2EL 

Ec, = aEa, E& = aE$ 

Ea, =e,=?(E&-aE&) 
m2 

cz ‘4-‘E$ ( 1 - a) = &?E$ e- isO. 

n2 w2 

nz Letting N = ___ 
J3nl’ 

E& = NEagd30. 

As positive-sequence quantities were used in this analy- 
sis, the final equation can be expressed as follows: 

E: = NElej30, (91) 

where El and El are the positive-sequence voltages to 
ground at the transformer terminals. 

The above relations show that the line-to-ground volt- 
ages on the delta side lead the corresponding star-side 
voltages by 30 degrees, which must be considered in a 
complete positive-sequence equivalent circuit for the trans- 
former. A consideration of 
currentsll, Id and I,’ also 
I, by 30 degrees. 

I, = 3, 
n-2 

kqs. (88) will show that the 
lead the currents I,, It, and 

Ia)= I,- I,=z(I.-a2IJ 

I c -ae j30. 
N 

1: =$ei30e 
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The complete positive-sequence circuit in Fig. 57(b) 
therefore includes the impedance 2~9 and an ideal trans- 
former having a turns ratio N and a 30-degree phase shift. 

A similar analysis, made with negative-sequence volt- 
ages and currents, would show that 

(93) 

E: = NE2 E- j30. (94) 

The positive- and negative-sequence circuits are there- 
fore identical excepting for the direction of the phase 
shifts introduced by the star-delta transformation. 

The zero-sequence circuit is derived by applying a set of 
zero-sequence voltages to the abc terminals. In this case 

Eag=EIJg=Ecg=Eo 

I,=Ib=I,=IlJ 

Kg= e,+ZpL. 

e, - I,Z, = 0 because no zero-sequence voltage 
be present between line terminals. 

A* 
eD c-e,= nl 

0 
21&Z3 

n2 nz 

E..=I.[ ~)2zs+zp]=I.zps 
Eo E Z0 = - = -S = Zps, which is the same impedance aa 
IO Ia 

was obtained with positive-sequence voltages 
and currents. (96) 

If zero-sequence voltages are applied to the a’b’c’ ter- 
minals, no current can flow because no return circuit is 
present. The zero-sequence impedance of the transformer 
bank is therefore infinite as viewed from the delta side. 

59. Derivation of Equivalent Circuit for Autotrans- 
former with Delta Tertiary 

The basic impedances of an autotransformer with a delta 
tertiary may be defined in terms of the leakage impedances 
between pairs of windings, with the third winding open 
circuited. The impedance between the primary and 
secondary, or common and series, windings of the trans- 
former in Fig. 58(a) may be obtained by applying a voltage 
across the P winding with the S winding short circuited, 
and the T winding open circuited. Referring to Fig. 59, 

IL IZ8 e,= - 
0 

e, I& 
eD=-= 

nl nl n? 

E=e,+Izp 

=I zs+zp 
( ) w2 

(97) 

z pa=E/I=3 n12+“* 

Similar relations can be derived for the impedances 
Fig. 58--Equivalent circuits of a three-winding autotrana- 

former. 
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Eag=eD- (Lb’ - LJZP 

Fig. 59—Representation of the primary- to secondary-wind- 
ing impedance of an autotransformer. 

between the P and T, and S and 2’ windings, resulting in 
the set of equations 

Zps=ZSfZp 

n12 

z PT=z2+ZP (9% 

I&= ; 2zT+zs. 0 
These equations can be solved for the individual winding 

impedances Zr, 2s and Zr. 

Zp=$ zPS+zpT-ZST 
[ n12 1 

2 s = +JZsT+n12ZPs--12ZpT] 

z 4 T=- 2zST+n~zpT--n~zpS 1 
The impedances among circuits 4, 5 and 6 can be de- 

rived in terms of the impedances between windings, using 
the same procedure as employed in the derivation of the 
impedances of the star-delta bank in section 58. 

With positive-sequence voltages applied to terminals 
abc, terminals a’b’c’ short circuited and terminals a”b”c” 
open circuited, the following relations can be written: 

E$=E;,=E&=O e, = rile, 

IL-I,+nJ,‘=O I.‘&!!- 
l+nl 

ep+eS- (Ia’-Ia)zP-Ia’zS =o. 

Eliminating e, and I’, from the above equation: 

eD(l +%> = &(zp+zs) -I*ZP 
1 

LZP -- 

l+nl (100) 

gf46=Eap=n12 
I, (l+nlJ2 [ 1 ZPf$ 

Representing the circuit transformation ratio Cl+& by 
N’, 

XZPS 

The impedance between circuits 4 and 6 may be ob- 
tained by applying positive-sequence voltages to ter- 
minals abc, with terminals a’b’c’ open and a”b”c” shorted 
circuited. In this case: 

et=IxzT 

et I,zT 
eD=-= 

n2 n22 

Ix = I*/% 

(103) 

=I* [ 1 z2+zp 
z~~=E~=~+ZP=zp*. a 

With positive-sequence voltages applied to terminals 
a’b’c’, terminals abc open and terminals a”b”c” short 
circuited, 

et = IxZ, 

eD+eB 

EL=e,+e,-I#P+Zd 

(104) 

=- 1 
z 66 

Expressing Zr, Zs and Zr in terms of impedances be- 
tween windings as given in Eq. (99) : 

ZST-nlZPS. (105) 

The above equation is the impedance between circuits 
5 and 6 in ohms on the circuit 5 voltage base. As Z46 and 
Z46 are ohmic impedances on the circuit 4 base, it is con- 
venient to express the circuit 5 to circuit 6 impedance on 
the same base. Dividing by (1 +nl)2, 

266 ZPT --+ -GT 
nl 

-= 

(l+nJ2 l+nl 
--------zPS 

n,(l+n,) (l+nd2 
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The transformer can be represented by the positive- 
sequence equivalent circuit in Fig. 58(b). The relations 
between the impedances in the equivalent circuit and the 
impedances between circuits can be expressed as follows: 

ZMl+.%l= 245 

-- zHl+zLl- $;z 

z Ml=+ 
[ 

ZbS &6+-h-- (N’)2 1 w3 

009) 

ZPS 

z 46 - - ZPT 
&jB = -i?&T+--- 

N’ z 

,V’-1 sT 
- (N’ - 1)Zps 

N’ 
zpfj= - ( > N’-1 

2z4b 

z &e PT= (111) 

z ST= (N’- 1) ~+$+b-z,, 
- 1 

In the above equations 2 . 
Hl, 2~1, ZL~, Z.+, and 240 are In 

ohms on the circuit 4 (abc terminals) voltage base. ZbS is 
in ohms on the circuit 5 (a’b’c’ terminals] voltage base. 
Zps and ZpT are in ohms on the P winding voltage base 
and ZST is in ohms on the S winding voltage base. N’ is 
defined as l+nl, which is the ratio of line-to-line or line- 
to-neutral voltages between circuit 5 (a’b’c’ terminals) 
and circuit 4 (abc terminals), 

The phase shifts between circuit voltages can be de- 
termined by applying positive-sequence voltages to ter- 
minals abc with the other two circuits open circuited. 
Under these conditions, 

E,, = ep J% =ep+e, 

EL= (l+nl) Eag= YE,,, which shows that the one 
ideal transformer has an N’ ratio but no phase 
shift. 

et = Eagl’ - Ebgl’ = Eagl’( 1 -a2) 

et = n2e, = n2Eag 

E,,” = AEa, = ?EQIE-jaO 
l-a2 V’S 

(1 12) 

Defining% N”, 

E,” = IV”E,gE-i3Q. 

The second ideal transformer therefore has an N” turns 
ratio and a 30 degree phase shift. 

Negative-Sequence Circuit-A similar analysis 
made with negative-sequence voltages would show that 
the impedances in the equivalent circuit are the same as in 
the positive-sequence circuit, and that the terminal volt- 
ages are related tts follows: 

E2/ = WE2 

The positive- and negative-sequence circuits. are there- 
fore identical excepting for the direction of the phase shift 
introduced by the star-delta transformation. 

Zero-sequence circuit—The zero-sequence character- 
istics of the transformer can be obtained as follows: 

1. Apply zero-sequence voltages to terminals abc with 
terminals a’b’c’ connected to ground and the delta opened. 
This permits evaluation of the zero-sequence impedance 
between circuit 4 and circuit 5, 

2. Apply zero-sequence voltages to terminals abc with 
the delta closed and terminals a’b’c’ open circuited. 

3. Apply zero-sequence voltages to terminals a’b’c’ with 
the delta closed and terminals abc open circuited. 

The general procedure in writing the necessary equa- 
tions is similar to that followed in the positive-sequence 
analysis given above, and the zero-sequence analysis in 
section 57. It n-ill be found that the zero-sequence im- 
pedances in the equivalent circuit shown in Fig. 58(d) are 
the same as the positive-sequence quantities, that is, 

ZHO = ZHl 

Lo = ZMl (114) 

ZLO = ZLl 

If the neutral of the autotransformer is ungrounded, the 
zero-sequence equivalent circuit is altered considerably as 
shown in Fig. 60. In this case zero-sequence current flows 

Fig. 60—Zero-sequence equivalent circuit of an ungrounded 
three-winding autotransformer. 

between terminals abc and a’b’c’ without transformation. 
Current in the S winding is balanced by circulating cur- 
rents in the tertiary, with no current flow in the P winding. 
The zero-sequence impedance is therefore determined by 
the leakage impedance between the S and 2’ windings. 
Applying zero sequence voltages to the abc terminals, with 
the a’b’c’ terminals connected to ground and the tertiary 
closed, 

I,&+ -nzr, 
n1 

et = IxzT 

0 
2 

e, = ?e,= _ !I! IarZT 

nz n2 
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EW = I,‘Z, -e, 

=I,[zS+(~yz~] 

&+?+Lzs+ 2 2zT=&T 
a a 0 

= (W- 1) 
[ 

$+&z&-z’“] - (115) 

Percent Quantities-The manufacturer normally ex- 
presses transformer impedances in percent on a kva base 
corresponding to the rated kva of the circuits involved. 
These percent values can be converted to ohms by the 
familiar relation 

z lOZ%zP 
= --, where 

kva 

Z = impedance in ohms. 

Z% = impedance in percent. 

kva=3-phase kva rating of circuit. 

E = line-to-line circuit voltage in kv. 

Using the nomenclature employed in the derivations, 

z _ K%&, Ed2 
46 - - --, where 

774 

E4=line-to-line voltage, in kv, of circuit 4. 

U4= three-phase kva rating of circuit 4. 

Z&y0 = impedance between circuits 4 and 5 in per cent on 
kva rating of circuit 4. 

Z4s= impedance between circuits 4 and 5 in ohms on 
the circuit 4 voltage base. 

Similar relations can be written for the other impedances 
involved. 

It should be noted that the impedances, as used in this 
chapter and in the Appendix, are expressed in terms of the 
voltage or kva rating of the circuit or winding denoted by 
the first subscript. For example Z45 is in ohms on the cir- 
cuit 4 voltage base, whereas Z54 would be in ohms on the 
circuit 5 voltage base. These impedances can be converted 
from one circuit base to another as follows: 

E, 2 
254 = - 0 E4 

246 

GJ 
264% = - -Z45% 

7J4 
(117) 

The equivalent circuits can be based directly on percent 
quantities as shown in Table 7 of the Appendix. Con- 

sidering the autotransformer with delta tertiary (case D-l 
in Table 7), the equivalent circuit impedances can be 
obtained from the impedances between circuits as follows: 

ZL& =; z46%+36%-z45% 6 1 
The resulting impedances will all be in percent on the 

circuit 4 kva base. 

1. 

2. 

3. 
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CHAPTER 6 

MACHINE CHARACTERISTICS 
Original Author: 

C. F. Wagner 

EFORE, the growth of the public utilities into their B present enormous proportions with large generating 
stations and connecting tie lines, machine perform- 

ance was largely judged in terms of the steady-state char- 
acteristics. The emergence of the stability problem gave 
rise to the analysis of the transient characteristics of 
machines and was largely responsible for our present 
knowledge of machine theory. A further contributing urge 
was the need for more accurate determination of short- 
circuit currents for the application of relays and circuit 
breakers. 

The variable character of the air gap of the conventional 
salient-pole synchronous generator, motor, and condenser 
with its concentrated field windings requires that their 
analysis follow a different line from that for machines such 
as induction ‘motors, which have a uniform air gap and 
distributed windings. Blonde1 originally attacked this 
problem by resolving the armature mmf's and fluxes into 
two components, one in line with the axis of the poles and 
the other in quadrature thereto. When the study of the 
transients associated with system stability was undertaken 

Fig. l—Cut-away view of umbrella-type waterwheel 
generator. 

Revised by: 

C. F. Wagner 

Fig. 2—Cut-away view of conventional waterwheel generator. 

this conception was quickly recognized as an invaluable 
too11,2. Since that time the method has been extended by 
subsequent investigators,3-g notably Doherty and Sickle, 
who introduced into the industry several new constants, 
such as transient reactance and subtransient reactance to 
describe machine performance under transient conditions. 

This chapter treats of the characteristics of synchronous 
and induction machines in the light of the development of 
the past twenty-five years. It will consider steady-state 
and transient conditions for both salient pole and cylin- 
drical rotor machines under both balanced and unbalanced 
conditions. There follows a discussion of the character- 
istics of induction motors under such transient conditions 
as might contribute to the short-circuit current of a system 
and might influence the choice of a circuit breaker. 

I. STEADY-STATE CHARACTERISTICS OF 

SYNCHRONOUS MACHINES 

The two general types of synchronous machines are the 
cylindrical rotor machine or turbine generator which has 
an essentially uniform air gap and the salient-pole gener- 
ator. Figs. 1 to 5 illustrate the outward appearances and 
cross-sectional views of typical modern machines. 

Typical saturation curves for a hydrogen-cooled turbine 
generator, a waterwheel-generator and a synchronous con- 
denser are shown in Figs. 6, 7, and 8 respectively. 

Because of the necessity of matching the speed of water- 
wheel-generators to the requirements of the waterwheels 
it is difficult to standardize units of this type. However, 

145 



Fig. 3—Steam turbine generator installed at the Acme Sta- 
tion of the Toledo Edison Company, 90 000 kw, 85-percent 
power factor, 85-percent SCR., 13 800 volt, a-phase, 60-cycle. 

great strides have been made with large 3600-rpm con- 
densing steam turbine-gencrators. These find their great- 
est application in the electric utility industry. Table 1 of 
Chap. 1 gives some of the specifications20 for these 
machines. 

The concept of per-unit quantity is valuable in compar- 
ing the characteristics of machines of different capacities 
and voltages. However, care must be exercised in the case 
of generators to use the same reference value for field cur- 

Fig. 5—Hydrogen-cooled frequency changer set installed on 
the system of the City of Los Angeles, 60 000 kva; 600 rpm; 

50 cycle-11 500 volts; 60 cycles-13 200 volts. 

rent. Depending upon the application, either the field 
current for rated voltage in the air gap or the actual field 
current for rated voltage, including saturation, is used. 
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1. Unsaturated Cylindrical-Rotor Machine Under 
Steady-State Conditions 

The vector diagram of Fig. 9 is the well-known diagram 
of a cylindrical-rotor machine. Consistent with the policy 
of this book, familiarity with this diagram is assumed. Let 
it suffice merely to indicate the significance of the quan- 
tities. The vectors et and i represent the terminal voltage 
to neutral and armature current, respectively. Upon add- 
ing the armature resistance drop, ri, and armature leakage 
reactance drop, xii to e tr the vector el is obtained, which 
represents the voltage developed by the air-gap flux <p, 
which leads el by 90 degrees. This flux represents the net 
flus in the air gap. To produce this flux a field current, It, 
is required. The current I, can be taken from the no-load 

Fig. 4—Cut-away view of hydro- 
gen-cooled turbine generator. 



Fig. 6—Saturation curves for typical hydrogen-cooled turbine Fig. 8—Saturation curves for typical hydrogen-cooled con- 

generator. denser. 

field current If; it is the voltage taken from the air-gap line 
of the no-load saturation curve for the abscissa corre- 
sponding to It. The side ,-IB of the triangle, since it is pro- 
portional to -1 i and consequently proportional to the arma- 
ture current, can be viewed as a fictitious reactance drop. 
It is called the drop of armature reactance and is desig- 
nated z,i. The reactance drops .rli and .w’ can be com- 
bined into a single term called the synchronous reactance 
drop and there results 

xd =x1+% (1) 

It follows from the foregoing that the internal voltage. ei, 
is equal to the vector sum of et, ri and j xdi. The field 
current, If, can be determined for any condition of loading 
(neglecting saturation, of course) by merely calculating 
ei and taking It from the air-gap line of Fig. 10. 

At no load the axis of the field winding, the line OC, leads 
the terminal voltage by 90 degrees. At zero power-factor, 
the vector diagram reduces to that shown in Fig. 11, which 
shows that, except for the effect of the resistance drop, the 

Fig. 7—Saturation curves for typical waterwheel generator. 
foregoing statement would still be true. As ri is only about 
one or two percent in practical machines, the statement 
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saturation curve of Fig. 10 as being the current required 
to produce el. But, the armature current produces an mmf 
by its so-called armature reaction, which is in time phase 
with it and in terms of the field can be expressed as Ai. To 
produce the net mmf represented by the current, It, the 
field current must be of such magnitude and the field 
structure must adjust itself to such position as to equal If. 
In other words, If has now such position and magnitude 
that If and Ai added in vectorial sense equals I,. The 
triangle O.JB, formed by drawing AB perpendicular to i or 
Ai and OB perpendicular to OC, is similar to the triangle 
ODC; OB has the same proportionality to OC and -4B to 
AZ’ as el has to I,. 

. Neglecting saturation, OB, designated 
as ei, is thus the open-circuit voltage corresponding to the Fig. 9—Vector diagram of cylindrical-rotor machine. 
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10—No-load and full-load zero power-factor character- 
istics of a generator. 

Fig. 11 —Vet tor diagram of cylindrical-rotor 
power-factor. 

generator at zero 

can be accepted as true for all practical purposes. How- 
ever, as the real load is applied to the machine the angle 6 
increases from zero and the lead of OC ahead of et increases 
from 90 degrees to 90 degrees plus 6. The angle 6 is a real 
angle; it can be measured without much difficulty. 

It is convenient for some purposes to resolve the reac- 
tions within the machine into two components, one along 
the axis of the field winding and the other in quadrature 
thereto. In Fig. 9, the armature current is divided into 
the two components, id, and, i,, in which the subscripts are 
significant of their respective components. When this is 

done, it can be seen that x,i can likewise be thought of as 
arising from the two components of i in the form of x,&i 
and xaqiq, respectively, in leading quadrature to id and i,. 
In the case of a cylindrical rotor machine, &d and x,, are 
both equal to xa but a case will soon be developed for which 
they are not equal. 

The synchronous reactance, xd, can be obtained most 
conveniently from the no-load curve and the full-load zero 
power-factor curve. In Fig. 10 OA is the field current 
required to circulate full-load current under short-circuit 
conditions, the terminal voltage being zero. In this case 
all of the internal voltage (the ri drop can be neglected 
justifiably) must be consumed as synchronous reactance 
drop (%-Ji) within the machine. If there were no saturation, 
the internal voltage can be determined by simply reading 
the terminal voltage when the short-circuit is removed, 
maintaining the field current constant meanwhile. This 
voltage would in Fig. 10 be equal to AB. Thus the un- 
saturated synchronous reactance per phase is equal to the 
phase-to-neutral voltage AB divided by the rated current. 
When the saturation curve is expressed in per unit or per- 
cent it is equal to AB; but where expressed in generator- 

I . 
terminal voltage and field amperes, it is equal to F(lOO) 

fg 
Ifsi 

in percent or - in per unit. 
IfI3 

2. Unsaturated Salient-Pole Machine Under Steady- 
State Conditions 

Given the proper constants, the performance of an un- 
saturated salient-pole machine at zero power-factor is the 
same as for a uniform air-gap machine. For other power- 
factors, conditions are different. A vector diagram for such 
machines is shown in Fig. 12. As before et and i are the 

Fig. 12—Vector diagram of salient-pole machine. 

terminal voltage to neutral and the armature current, 
respectively, and ei is the “voltage behind the leakage 
reactance drop.” The flux + is required to produce ei. This 
flux can be resolved into two components +d and Cp,. The 
flux <Pd is produced by If and AZ& the direct-axis com- 
ponent of Ai, and +, is produced by Ai,, the quadrature- 
axis component of Ai. Here the similarity ceases. Because 
of the saliency effect, the proportionality between the 
mmf’s and their resultant fluxes is not the same in the two 
axes. When saturation effects are neglected ad can be re- 
garded as made up of a component produced by If acting 
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Fig. G--Flux resulting from a sinusoidal mmf in 

(a) direct axis, 

(b) quadrature axis. 

alone and a component produced by Ibid. The component 
produced by 1f can be regarded as producing the internal 
voltage ed. The mmf produced by -Aid has a general sinu- 
soidal distribution in the direct axis as shown by Fig. 13(a). 
The resultant flux because of the variable reluctance of the 
air gap has the general shape indicated. It is the sinusoidal 
component of this flux that is effective in producing the 
L&d id drop shown in Fig. 12. In the quadrature axis, the 
component of mmf is likewise sinusoidal in nature as shown 
in Fig. 13b, and gives rise to the distorted flux form. In 
proportion to the mmf the sinusoidal component of flux is 
much less than for the direct axis. The effect of this com- 
ponent is reflected in the x aq i, drop of Fig. 12. In general 
X aq is much smaller than &,d. 

The armature resistance and leakage reactance drops 
can also be resolved into its two components in the two 
axes much as x,$ of Fig. 9 was resolved. When this is done 
the internal voltage ed can be obtained by merely adding 
rid and ri, and then j x, i, and j xd id to the terminal voltage 
et. The notation ed is used to differentiate the internal 
voltage in this development from that used with the 
cylindrical rotor machine theory. 

Another form of the vector diagram of the machine is 
presented in Fig. 14, which shows much better the relation 
between those quantities that are most useful for calcula- 
tion purposes.. If from B the line BP of length x,i is drawn 
perpendicular to i, then since angle CBP is equal to $+S, 
the distance BC is equal to x$ cos (++6), or x&. By 
comparing this line with the corresponding line in Fig. 12, 
it can be seen that the point P determines the angle 6. This 
relation provides an easy construction for the determina- 
tion of the angle 6 having given the terminal voltage, the 
armature current, and the power-factor angle, 6. Further, 

Fig.14—Determination of internal angle, 6, and excitation of 
an unsaturated salient-pole machine when loading is known. 

the projection of BF upon OG is equal to x&d so that OG 
becomes equal to ed, the fictitious internal voltage, which 
is proportional to If. 

The armature resistance is usually negligible in deter- 
mining either the angle 6 or the excitation and for this case 

et sin 6 = x,i, = x,i cod++@ (2) 

Upon expanding the last term and solving for 6 

tan 6= 
x,i cos 4 

e,+x,i sin $ 
(3) 

From Fig. 14, the internal voltage 

ed=et cos 8+x& sin (4-i-6) (4) 

The unsaturated synchronous reactance, xd, can be de- 
termined from the no-load and full-load zero power-factor 
curves just as for the machine with uniform air gap. The 
quadrature-axis synchronous reactance is not obtained so 

Fig. 15—Determination of internal angle, 6, and excitation 
of a saturated salient pole machine when loading is known. 

easily but fortunately there is not as much need for this 
quantity. It can be determined from a test involving the 
determination of the angular displacement of the rotor as 
real load is applied to the machine and the use of Eq. (2), 
which gives 

et sin 6 

xqzi cos (++6) 
(5) 

or it can be determined by means of a slip test. The slip 
test is described in the A.I.E.E. Test Code for Synchronous 
Machines10 of 1943 for a determination of xd. The test for 
the determination of x, is identical except that the mini- 
mum ratio of armature voltage to armature current is used. 

3. Saturation in Steady-State Conditions 
Short-circuit ratio is a term used to give a measure of the 

relative strengths of the field and armature ampere turns. 
It is defined as the ratio of the field current required to 
produce rated armature voltage at no load to the field 
current required to circulate rated armature current with 
the armature short-circuited. In Fig. 10 the SCR is equal 
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I 
to F. When no saturation is present it is simply the 

fsi 

reciprocal of the synchronous impedance, xd. 
It is impossible to specify the best specific SCR for a 

given system. In the past it has been the practice in Eu- 
rope to use somewhat smaller SCR’s than was the practice 
in this country. In recent years, however, the trend in this 
country has been toward smaller values. The Preferred 
Standards for Large 3600-rpm Condensing Steam Turbine- 
Generators20 specifies SCR of 0.8. 

The desire for smaller SCR’s springs from the fact that 
the cost is smaller with smaller SCR. On the other hand, 
static stability is not as good with smaller SCR. Regula- 
tion is also worse but both of these effects are alleviated in 
part by automatic voltage regulators. For most economical 
design a high SCR machine usually has a lower xd’. There- 
fore, both because of its lower xd’ and higher WR2 a high 
SCR has a higher transient stability. This is not usually 
a significant factor particularly in condensing turbine ap- 
plications, because transient stability is not of great im- 
portance in the systems in which they are installed. It 
may be quite important for hydro-generators; the Boulder 
Dam machines, for example, are designed for SCR’s of 
2.4 and 2.74. 

The effects of saturation arise primarily in the deter- 
mination of regulation. Tests indicate that for practical 
purposes both the cylindrical rotor and the salient-pole 
machine can be treated similarly. Consideration will be 
given first to the characteristics for zero-power-factor load- 
ing. Fig. 11 shows that for zero power-factor, the ri drop 
of the machine is in quadrature to the terminal voltage 
and internal drop and can have little effect upon regulation. 
It will therefore be neglected entirely. 

The determination of the rated-current xero-power- 
factor curve can be developed as follows. Take any ter- 
minal voltage such as MN of Fig. 10. The voltage behind 
leakage reactance is obtained by adding to this voltage the 
leakage reactance drop, SR, which gives the line PQ. The 
distance PR then gives the field current necessary for 
magnetizing purposes. In addition, however, field current 
is required to overcome the demagnetizing effect of the 
armature current. This mmf is represented on the curve 
by the distance ST, giving MT as the field current required 
to produce the terminal voltage OM with rated current 
in the armature. Other points on the rated-current 
zero-power-factor curve can be obtained by merely 
moving the triangle RST along the no-load saturation 
curve. 

Upon sliding the triangle RST down to the base line, it 
can be seen that the total field current required to circulate 
rated current at short circuit which is represented by the 
point A, can be resolved into the current OD necessary to 
overcome leakage reactance drop and the current DA re- 
quired to overcome demagnetizing effects. Neither leakage 
reactance nor the field equivalent of armature current are 
definite quantities in the sense that they can be measured 
separately. They may be calculated but their values are 
dependent upon the assumptions made for the calculations. 
Synchronous reactance, xd, is a definite quantity and is 
equal to the distance A0 expressed in either per unit or 
percent. When either x1 or xa is assumed, then the other 

becomes determinable from Eq. (1) or from the triangle 
just discussed. 

The foregoing analysis is not strictly correct, as it neg- 
lects certain changes in saturation in the pole structure. 
The leakage from pole to pole varies approximately pro- 
portional to the field current and the point T was deter- 
mined upon the basis that this leakage was proportional 
to the field current MS. The increased field leakage at the 
higher excitation produces greater saturation in the field 
poles and this in turn increases the mmf required to force 
the flux through the pole. The net effect is to increase the 
field current over that determined by the method just 
discussed causing the two curves to separate more at the 
higher voltages. 

The concept of the determination of the curve of rated 
current at zero-power-factor by the method just described 
is valuable and in an attempt to retain the advantages of 
this method the concept of Potier reactance, xr,, is intro- 
duced. The Potier reactance is the reactance that, used in 
a triangle of the general type described, will just fit be- 
tween the two curves at rated voltage. It can be deter- 
mined from test curves, see Fig. 16, by drawing DE equal 

Fig. 16—Zero power-factor characteristics of generator. 

to OA and then EF parallel to OB. The distance FG is 
then the Potier reactance drop. Potier reactance is thus a 
fictitious reactance that gives accurate results for only one 
point, the point for which it is determined. For most ma- 
chines it is sufficiently accurate to use the one value ob- 
tained at rated voltage and rated current. Potier reactance 
decreases with increased saturation. Sterling Beckwith19 
proposed several approximations of Potier reactance, the 
two simplest are : 

and 

5, = 21+0.63tXd’-X1) 

2, = 0.8 xd’. 

For other loads at zero-power-factor, the conventional 
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method is to divide the lines BA and FD of Fig. 16 in 
proportion to the armature current. Thus for three-fourths 
rated current the regulation curve would be the line HJ in 
which BH and FJ are three-fourths of BA and FD, 
respectively. 

For power-factors other than zero, several methods are 
available to determine the regulation. They all give sur- 
prisingly close results, particularly at lagging power- 
factors. The problem may take either of two forms; the 
determination of the terminal voltage when the load cur- 
rent, load power-factor, and excitation are given, or the 
determination of the excitation when the load current, load 
power-factor, and terminal voltage are given. The resist- 
ance drop is so small that it is usually neglected. 

(a) Adjusted Synchronous Reactance Method*- 
This method utilizes the no-load and the rated-current 
zero-power-factor curves. To obtain the excitation at any 
other power-factor for rated current, an arbitrary excita- 
tion is chosen such as OC of Fig. 17. The no-load voltage 

Fig. 17—Determination of regulation curves for power-factors 
other than zero by the “adjusted synchronous reactance 

method.” 

CA is then regarded as an internal voltage and the distance 
AB as an internal drop of pure reactance, which is laid off 
in proper relation with the terminal voltage as indicated 
by the power-factor of the load. The construction is as 
follows: The adjusted synchronous reactance drop AB is 
laid off to make an angle with the X-axis equal to the 
power-factor angle. A line equal to the distance AC is then 
scribed from the point A until it intercepts the Y-axis at 

*Described as Method (c) Pars. 1.540 in Reference 10. 

Fig. 18—Determination of excitation, including the effects of 
saturation. 

the point F. The vertical distance OF is then the terminal 
voltage for the particular excitation. Following this pro- 
cedure another excitation is chosen and the construction 
repeated from which the clotted line is obtained. The inter- 
section of the line with the normal voltage gives the excita- 
tion for the desired power-factor at rated load. If the 
machine is not operating at rated current. the zero-power- 
factor curve corresponding to the particular current should 
be used. 

(15) General Method-For lack of a better name this 
method has been called the “General Method.” It is based 
upon the assumption that saturation is included by reading 
the excitation requirements from the no-load saturation 
curve for a voltage equal to the voltage behind the Potier 
reactance drop. 

The method is described in Fig. 19 with all terms ex- 
pressed in per unit. The voltage, ep, is the Potier internal 
voltage or the voltage behind the Potier reactance drop. 

Fig. 19—Determination of field current for round rotor 
machine with saturation included by adding a in phase 

with ep. 
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The distance jk represents the synchronous reactance drop, 
x&. If there were no saturation the synchronous internal 
voltage would be Ok-. When using per unit quantities 
throughout this is also equivalent to the field current. 
This method includes the effect of saturation by simply 
adding s1 the increment in field current for this voltage in 
excess of that required for no saturation, to Ok in phase 
with eP, giving as a result, Oh. When per unit quantities 
are not used the construction is a little more complicated. 
It involves the construction of eP separately SO that s can 
be obtained in terms of field current. This quantity is then 
added to the diagram for no saturation in terms of the field 
current. In Fig. 18, first lay off from the terminal voltage, 
Oa, and then the x, drop aC at an angle with the horizontal 
equal to the power-factor angle. Oc then represents eP. By 
scribing this back to the ordinate and reading horizontally, 
the excitation corresponding to this voltage is obtained. 
The effect of saturation is introduced by the distance s. 
The field current required if there were no saturation is 
obtained by the construction Oj and jk where Oj represents 
the excitation, up, required to produce the terminal voltage 
at no load and jk the excitation, ot, for the synchronous 
reactance drop, read from the abscissa. These vectors 
correspond to et and jk, respectively, in Fig. 19 except 
that they are in terms of field current. If kh, equal to the 
saturation factor, s, is added along a line parallel to OC, 
the total excitation Oh is obtained. 

(c) Round Rotor Potier Voltage Method*-This 
method is the same as (b) except that the effect of satura- 
tion s, in Fig. 18 is, for the sake of simplicity laid off along 
Ok, making om the desired excitation. As can be seen, 
there is little difference between those two methods. This 
method gives the best overall results, especially at leading 
power factors. The particular name of this method was 
assigned to distinguish it from the next method. 

(d) Two-Reaction Potier Voltage Method-This 
method is similar to that of (c), except that the two-reac- 
tion method of construction shown in Fig. 14 is used to 
determine the excitation before including the saturation 
factor s. Fig. 15 shows the entire construction, For the 
sake of comparison with other methods, the construction 
is also shown in Fig. 18. The construction is the same as 
(c) except that the line Oq is made to pass through the 
point g instead of k. This arises because x, is smaller than xd. 

4. Reactive Power Capacity 
The capacity of a synchronous machine to deliver re- 

active power is dependent upon the real power that it 
delivers. Two limitations from the heating standpoint are 
recognized: (1) that due to the armature, and (2) that due 
to the field. Figure 20 shows the reactive power capability 
of a standardized 3600-rpm steam turbine-generator. Real 
power is plotted as abscissa and reactive power as ordinate. 
All the curves are arcs of circles. The line centering about 
the origin represents the limit imposed by the condition of 
constant armature current whereas the other arc by con- 
stant field current. With regard to the latter, the generator 
can be likened to a simple transmission line of pure react- 
ance, zd, with the receiver voltage held at a constant value, 
et, the terminal voltage of the generator, and with the 

*Described as Method (a) Para. 1.520 in Reference 10. 

Fig. 20—Reactive power capacity of steam turbine generator 

20 000 kw, 23 529 kva, 0.85 p.f., 0.8 SCR, at 0.5 psig hydrogen. 

sending voltage held at a constant value ed. As shown in 
Chaps. 9 and 10 the power circle of a line of such character- 

istics has its center in the negative reactive axis at z and 

edet 
its internal voltage, ed, must be such that its radius, -, 

xd 
passes through the point of rated real power and rated 
reactive power. Actually, however, the center is usually 
located at a point equal to (SCR) times (rated kva). This 
is to take care of saturation effects. Since, however, with 

1 
no saturation - 

xd 
is equal to SCR, it can be seen that for 

this condition both relations reduce to an equivalence. 
The leading kvar capacity (underexcited) of air-cooled 

condensers is usually about 50 percent of the lagging kvar 
capacity but for hydrogen-cooled condensers about 42 
percent. 

II. THREE-PHASE SHORT CIRCUIT 
In addition to its steady-state performance, the action 

of a machine under short-circuit conditions is important. 
The presence of paths for flow of eddy currents as provided 
by the solid core in turbine generators and by the damper 
windings in some salient-pole machines makes the treat- 
ment of these machines, from a practical viewpoint, less 
complicated than that for salient-pole machines without 
damper windings. For this reason the three-phase short- 
circuit of these types of machines will be discussed first. 
Armature resistance will be neglected except as it influences 
decrement factors. 
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5. Three-phase Short-Circuit of Machines with 
Current Paths in Field Structures 

Consideration will be given to a simultaneous short- 
circuit on all phases while the machine is operating at 
no-load normal voltage without a voltage regulator. 

The general nature of the currents that appear is shown 
in Fig. 21. They can be divided into two parts: 

a. An alternating component in the armature and as- 
sociated with it an unidirectional component in the field. 
These two components decay or decrease together with the 

same time constants. The alternating armature component 
can be regarded as being produced by its associated uni- 
directional component in the field. All phase components 
of the alternating current are essentially the same except 
that they are displaced 120 electrical degrees.* 

b. An unidirectional component in the armature and an 
alternating component in the field or in the damper wind- 
ings. In this case, likewise, the alternating current in the 
field winding can be regarded as produced by the uni- 
directional component in the armature. 

6. Alternating Component of Armature Current 
This component can in turn be resolved into several 

components, the r.m.s. values of which are shown in Fig. 
22. They are : 

a. The steady-state component 
b. The transient component 
c. The subtransient component 

Each of these components will be discussed separately. 
Steady-State Components-The steady-state com- 

ponent, as its name implies, is the current finally attained. 
Because of the demagnetizing effect of the large short- 
circuit current, the flux density within the machine de- 
creases below a point where saturation is present. Satura- 

*The machine used in this case was a salient-pole machine. As 

will be seen later, such machines also contain a second harmonic 

component of current. This type of machine was chosen to show 
more clearly the presence of field and damper currents. 

Fig. 22—Symmetrical component of armature short-circuit 
current (three-phase short circuit from no-load rated volt- 

age). Values are rms. 

tion is important only as it affects the field current neces- 
sary to produce normal voltage at no load. The steady- 
state value of short-circuit current is thus equal to the 
line-to-neutral voltage read from the air-gap line for the 
value of field current required to produce normal voltage 
divided by the synchronous reactance in ohms. 

Transient Component-If the excess of the symmet- 
rical component of armature currents over the steady-state 
component be plotted on semi-log paper, it can be seen 
that this excess, except for the first few cycles, is an ex- 
ponential function of time (the points lie in a straight line). 
Extending this straight line back to zero time and adding 
the steady-state component, the so-called transient com- 
ponent, id’, or armature current is obtained. This compo- 
nent is defined through a new reactance, called the transient 
reactance by means of the expression 

erated 
id’ = - 

x’d 

The manner in which this quantity is related to the ex- 
ponential and steady-state terms is shown in Fig. 22. 

In discussing this component, the presence of the 
damper-winding currents of salient-pole machines and 
rotor eddy currents of turbine generators can, for the 
moment, be neglected. Before short-circuit occurs the flux 

associated with the field windings can be broken up into 
two components (see Fig. 23), a component @ that crosses 
the air gap and a component <PI, a leakage flux that can 
be regarded as linking all of the field winding. Actually, 
of course, the leakage flux varies from the base of the pole 
to the pole tip. The flux @i is so weighted that it produces 
the same linkage with all the field turns as the actual leak- 
age flux produces with the actual turns. It is approximately 
proportional to the instantaneous value of the field current 
If. The total flux linkages with the field winding are then 
those produced by the flux (++@I). As the field structure 
rotates, a balanced alternating voltage and current of nor- 
mal frequency are produced in the armature. Because the 
armature resistance is relatively small, its circuit can be 
regarded as having a power-factor of zero. The symmet- 
rical current thus produced develops an mmf that rotates 
synchronously and has a purely demagnetizing, as con- 
trasted with cross magnetizing, effect on the field fluxes. 

It is a well-known fact that for the flux linkages with a 
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Fig. 23—Air-gap and leakage fluxes at no load. 

circuit to change instantly, an infinitely large voltage is 
necessary and the assumption is justified that, for the tran- 
sition period from the no load open-circuited condition to 
the short-circuited condition, the flux linkages with the field 
winding can be regarded as constant. This is equivalent to 
saying that the flux (@++I) remains constant. In order 
that this flux remain constant in the presence of the de- 
magnetizing effect of the armature current, it is necessary 
that the field current If increase to overcome the demag- 
netizing effect of the armature current. If If increases then 
Q>l, which is proportional to it, must likewise increase. It 
follows then-that @ must decrease. Consideration of the 
steady-state conditions has shown that the air-gap voltage, 
el, is proportional to the air-gap flux a. The armature 

current for short-circuit conditions is equal to e’. If + and 
Xl 

consequently el had remained constant during the transi- 
tion period, then the transient component of short-circuit 
current would be merely the no-load voltage before the 
short-circuit divided by the leakage reactance and the 
transient reactance would be equal to the armature leakage 
reactance x1. However, as just shown, the air-gap flux 
decreases and, therefore, the armature current is less. It 
follows then that the transient reactance must be greater 
than the armature leakage reactance. It is a reactance 
that includes the effect of the increased field leakage 
occasioned by the increase in field current. 

Under steady-state conditions with no saturation, the 
armature current can be viewed as produced by a fictitious 
internal voltage equal to xd id whose magnitude is picked 
from the air-gap line of the no-load saturation curve for 
the particular field current. At the first instant of short- 
circuit, the increased armature current, id’, can likewise be 
viewed as being produced by a fictitious internal voltage 
behind synchronous reactance, whose magnitude is x&’ or 

erated 
xd-7, if the short-circuit be from rated voltage, no load. 

The voltage provides a means for determining the initial 
value of the unidirectional component of field current by 
picking off the value of 1f on the air-gap line of the no-load 
saturation curve corresponding to this voltage. If it were 

possible to increase the exciter voltage instantaneously to 
an amount that would produce this steady-state field cur- 
rent, then this component of short-circuit current would 
remain sustained. It is important to grasp the significance 
of this truth. There is always a constant proportionality 
between the alternating current in the armature and the 
unidirectional (often called direct-current) component of 
current in the field winding, whether the operating condi- 
tion be steady-state or transitory. 

The initial value of armature current, as stated, grad- 
ually decreases to the steady-state and the induced current 
in the field winding likewise decreases to its steady-state 
magnitude. The increments of both follow an exponential 
curve having the same time constant. Attention will next 
be given to considerations affecting this time constant. 

If a constant direct voltage is suddenly applied to the 
field of a machine with the armature open-circuited, the 
current builds up exponentially just as for any circuit hav- 
ing resistance and inductance in series. The mathematical 
expression of this relation is: 

r,=; [&ij (6) 

in which 

e, is the exciter voltage. 
rf is the resistance of the field winding in ohms. 
T&, is the open-circuit transient time constant of the 

machine or of the circuit in question in seconds. 
t is time in seconds. 

The time constant is equal to the inductance of the field 
winding divided by its resistance. In the case of the short- 
circuited machine, it was shown that at the first instant 
the flux linkages with the field winding remain the same 
as for the open-circuit condition, but that the direct com- 

ponent of field current increases to 2 times the open- 

circuit value before short-circuit. Since inductance is 
defined as the flux linkages per unit current, it follows 
then that the inductance of the field circuit under short- 

xd’ 
circuit must equal - times that for the open-circuit con- 

dition. The short-circuit transient time constant that is 
the time constant that determines the rate of decay of the 
transient component of current must then equal 

Td’=- xd’T’d,, in seconds 
xd 

The component of armature current that decays with 
this time constant can then be expressed by 

(id’ 
-7 

--id)6 Td 

When t is equal to Td’ the magnitude of the component 
has decreased to c-l or 0.368 times its initial value. This 
instant is indicated in Fig. 22. 

Subtransient Component--In the presence of damp- 
er windings or other paths for eddy currents as in turbine 
generators, the air-gap flux at the first instant of short- 
circuit is prevented from changing to any great extent. 
This results both from their close proximity to the air gap 
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and from the fact that their leakage is much smaller than 
that of the field winding. Consequently, the initial short- 
circuit currents of such machines are greater. If this excess 

of the symmetrical component of armature currents over 
the transient component is plotted on semi-log paper, the 
straight line thus formed can be projected back to zero 
time. This zero-time value when added to the transient 
component gives the subtransient current, id”. This sub- 
transient current is defined by the subtransient reactance in 
the expression 

The subtransient reactance approaches the armature leak- 
age differing from that quantity only by the leakage of the 
damper windings. 

Since the excess of the armature currents represented 
by the subtransient components over the transient com- 
ponents are sustained only by the damper winding cur- 
rents, it would be expected that their decrement would be 
determined by that of the damper winding. Since the 
copper section of this winding is so much smaller than 
that of the field winding, it is found that the short-circuit 
subtransient time constant, Td”, is very small, being 
about 0.05 second instead of the order of seconds as is 
characteristic of the transient component. The component 
of armature current that decays with this time constant is 
(id” -id’) and can be expressed as a function of time as 

(i:’ 

Thus the time in seconds for this component to decrease 
to 0.368 times its initial value gives Td” as indicated in 
Fig. 22. 

Tests on machines without damper windings show that 
because of saturation effects, the short-circuit current even 
in this case can be resolved into a slow transient component 
and a much faster subtransient component. The influence 
of current magnitudes as reflected by saturation upon the 
transient and subtransient reactance is discussed in more 
detail under the general heading of Saturation. 

7. Total Alternating Component of Armature Cur- 
rent 

The total armature current consists of the steady-state 
value and the two components that decay with time con- 
stants Td’ and Td”. It can be expressed by the following 
equation 

t t 

&,= (i;‘--$)e 
-)I 

Td +(iJ-id)e 
-7 

Td +id 

The quantities are all expressed as rms values and are equal 
but displaced 120 electrical degrees in the three phases. 

8. Unidirectional Component of Armature Current 

To this point consideration has been given to flux link- 
ages with the field winding only. The requirement that 
these linkages remain constant at transition periods de- 
termined the alternating component of armature current. 
Since these components in the three phases have a phase 
displacement of 120 degrees with respect to each other, 

only one can equal zero at a time. Therefore at times of 
three-phase short-circuits, the alternating component of 
current in at least two and probably all three phases must 
change from zero to some finite value. Since the armature 
circuits are inductive, it follows that their currents cannot 
change instantly from zero to a finite value. The “theorem 
of constant flux linkages” must apply to each phase sepa- 
rately. The application of this theorem thus gives rise to 
an unidirectional component of current in each phase equal 
and of negative value to the instantaneous values of the 
alternating component at the instant of short circuit. In 
this manner the armature currents are made continuous as 
shown in Fig. 24. Each of the unidirectional components 

Fig. 24—The inclusion of a d-c component of armature 
current whose existence is necessary to make the armature 

current continuous at the instant of short circuit. 

in the three phases decays exponentially with a time con- 
stant T,, called the armature short-circuit time constant. 
The magnitude of this time constant is dependent upon 
the ratio of the inductance to resistance in the armature 
circuit. As will be shown the negative-sequence reactance, 
x2, of the machine is a sort of average reactance of the 
armature with the field winding short-circuited, so that it 
is the reactance to use in determining T,. There exists then 
the relation 

T 
52 

--in seconds 
‘- 27rjra 

(8) 

in which r, is the d-c resistance of the armature. The 
quantity 271-j merely converts the reactance to an induc- 
tance. 

The maximum magnitude which the unidirectional 

Fig. 25—Representation of instantaneous currents of a three 
phase system. (a) Three separate vectors projected on x-axis, 

(b) Single vector projected on three axes. 
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component can attain is equal to the maximum of the 
alternating component. Therefore, 
component can attain is equal to the maximum of the 
alternating component. Therefore, 

~da(max-) =fieF (9) 
xd 

A symmetrical three-phase set of currents can be repre- A symmetrical three-phase set of currents can be repre- 
sented as the projection of three equal-spaced and equal sented as the projection of three equal-spaced and equal 
length vectors upon a stationary reference, say the real length vectors upon a stationary reference, say the real 
axis. They can also be represented as the projection, as it axis. They can also be represented as the projection, as it 
rotates, of one vector upon three stationary axes, spaced rotates, of one vector upon three stationary axes, spaced 
120 degrees. 120 degrees. These axes can conveniently be taken as These axes can conveniently be taken as 
shown in Fig. 25, as the horizontal-axis and two axes hav- shown in Fig. 25, as the horizontal-axis and two axes hav- 
ing a 120-degree relation therewith. Since the initial mag- ing a 120-degree relation therewith. Since the initial mag- 
nitude of the unidirectional components are the negatives nitude of the unidirectional components are the negatives 
of the instantaneous values of the alternating components of the instantaneous values of the alternating components 
at zero time, then the unidirectional components can be at zero time, then the unidirectional components can be 
represented as the projection of a single vector onto the represented as the projection of a single vector onto the 
three equal-spaced axes. three equal-spaced axes. This fact is used at times to This fact is used at times to 
determine the maximum magnitude which the unidirec- determine the maximum magnitude which the unidirec- 
tional component can attain. By its use it is unnecessary tional component can attain. By its use it is unnecessary 
to await a test in which the maximum happens to occur. to await a test in which the maximum happens to occur. 
This method is in error, however, for machines in which This method is in error, however, for machines in which 
x~” and xd” are radically different. x~” and xd” are radically different. 

9. Total RMS Armature Current 9. Total RMS Armature Current 
The rms armature current at any instant is The rms armature current at any instant is 

&izTG-- &izTG-- 

The minimum current thus occurs in the phase in which The minimum current thus occurs in the phase in which 
the unidirectional component is zero and the maximum the unidirectional component is zero and the maximum 
occurs when the unidirectional component is a maximum, occurs when the unidirectional component is a maximum, 
that is, when maximum dissymmetry occurs. Since the that is, when maximum dissymmetry occurs. Since the 
maximum value that the unidirectional component can maximum value that the unidirectional component can 

attain is 2/2 e, then attain is 2/2 e, then 
Xd Xd 

I I 

(10) 

Of course, a rms value as its name implies, is an average 
quantity and is usually taken over a cycle or half cycle 
of time. The foregoing expression assumes that both the 
alternating and the unidirectional components do not de- 
crease, because of the natural decrement, during the first 
cycle. In reality the decrement is usually sufficient to 
make the effect noticeable. In applying circuit breakers 
it is usual to use a factor 1.6 instead of -\/3. This factor 
includes a small decrement. 

10. Effect of External Impedance 
If the short-circuit occurs through an external imped- 

ance rext+j xext, and T ext is not too large, their effect can 
be introduced by merely increasing the armature constants 
by these amounts. Thus the components of short-circuit 
current become 

idI1 = 
e rated 

J;dl’+xext 

e rated 
id’=-.----- 

xd’+ %xt 

id= 
eairgap at no load 

xd+%xt 

(11) 

W) 

(13) 

The short-circuit time constant is affected in a similar 
manner 

xd’ + xext 
Tdt=---- 

xdfxext 

Tie in seconds (14) 

For the armature time constant, the external reactance 
must be added to the negative-sequence reactance of the 
machine and the external resistance to the armature resist- 
ance of the machine. The expression then becomes 

T- 
X2+x& 

a- 2rj(ra+Text) 

in seconds (15) 

Because of the much lower ratio of reactance to resistance 
in external portions of circuits, such as transformers or 
transmission lines, in the vast majority of cases T, for 
faults out in the system is so small as to justify neglecting 
the unidirectional component of current. 

11. Short Circuit from Loaded Conditions 
The more usual case met in practice is that of a short- 

circuit on machines operating under loaded conditions. AS 
before, the short-circuit current in the armature can be 
divided into two components, a symmetrical alternating 
component, and a unidirectional component. 

Alternating Component-The alternating compo- 
nent in turn can be resolved into three components: (1) 
steady state, (2) transient, and (3) subtransient. Each of 
these components will be discussed individually. 

The load on the machine affects the steady-state com- 
ponent only as it influences the field current before the 
short circuit. The field current can be determined by any 
of the methods discussed under the heading of “Steady- 
State Conditions.” Saturation will be more important than 
for the no-load condition. The steady-state short-circuit 
current is then equal to the line-to-neutral voltage read 
from the air-gap line for the field current obtained for the 
loaded condition divided by x& 

In the discussion of the determination of the transient 
component from the no-load condition, it was stated that 
the quantity that remained constant during the transition 
period from one circuit condition to another, is the flux 
linkages with the field winding. For the short-circuit from 
loaded conditions this same quantity can be used as a basis 
for analysis. Consideration will be given first to a load 
before short circuit whose power factor is zero, lagging, 
and whose current is &L. The flux linkages before short 
circuit will be determined by a superposition method, 
obtaining first the linkages with the field winding for zero 
armature current and any terminal voltage and then the 
flux linkages with armature current, &L,, and zero terminal 
voltage. The total flux linkages is the sum of the two 
values so obtained. 

Let $1 be the flux linkages with the field winding at 
no-load at rated voltage. For any other terminal voltage 
such as et, the flux linkages + will be equal to 

$+I 
rated 

(16) 

By definition the transient reactance of a machine is 
equal to the reactance which, divided into the line-to- 
neutral rated voltage, gives the transient component of 
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short-circuit current at no-load normal voltage. If this 
short-circuit current is designated as &‘I, then 

erated 
id’1 = - 

xd’ 
(17) 

At the instant of short-circuit from no-load at rated volt- 
age, the flux linkages with the field winding, $Q, remain 
constant. The demagnetizing effect of the armature cur- 
rent is overcome by an increase in the field current. Thus 
the armature current idI with its associated field current 
which is always proportional to it, can be regarded as pro- 
ducing the flux linkages $1 with the field winding. For any 
other armature current, id’, assuming always that the 
armature is short-circuited, the flux linkages with the field 

winding are equal to -$ $1. Combined with Eq. (17), 

xd’J/l 
id’l can be eliminated giving $ = id’-. While this 

erated 

expression was derived from considerations applying only 
to the instant of transition, its application is more general. 
The only necessary considerations that must be satisfied 
are that the armature be short-circuited and that the field 
current contain a component of current to overcome the 
demagnetizing effect of the armature current. But these 
conditions are always satisfied even under steady-state 
conditions of short circuit, so, in general, it is permissible 
to replace id’ in this expression by idI,. The flux linkages 
with the field winding for the steady-state short-circuit 

xdjh 
condition thus become &I,-. 

e rated 

By application of the superposition theorem, the total 
flux linkages with the field winding can then be regarded 
as the sum of the flux linkages produced by the terminal 

voltage, namely *I,LQ and those by the armature cur- 
erated 

Xd’lC’l 
rent with zero terminal voltage, namely &I,-. If the 

erated 

armature current lags the voltage by 90 degrees, then the 
linkages are directly additive, and there results for the 
flux linkages with the field 

(18) 

Since the flux linkages with the field winding produced 
by a unit of current id under short-circuit conditions is 

equal to 
xd’+l 
- then the transient component of 
erated 

short- 

Fig. 26—Construction for the determination of internal volt- 
ages ei’ and ei”. 

circuit current i’ can be determined by dividing these 
linkages into the total flux linkages just determined. This 
gives 

i’= + et+Xd’idL 
-= 

xd’#l xd’ 
09 

e rated 

The numerator of this quantity can be regarded as an 
internal voltage, ed’, which is equal to the terminal voltage 
plus a transient reactance drop produced by the load 
current. 

When the power factor of the loads considered is other 
than zero lagging, the vector sense of current and terminal 
voltage must be introduced. This can be accomplished by 
computing t?d’ for the operating condition in the same man- 

Fig. 27—Machine internal voltage as a function of reactance. 
Full-load rated voltage. 

ner that ed was determined in Fig. 14, except that xd should 
be replaced by xd’. The voltage ed’ should then replace 
et+xd’ &L in (19). However, for nearly all practical pur- 
poses it is sufficiently accurate to replace ed’ by the amph- 
tude of a quantity ei’, which is usually referred to as the 
voltage behind transient reactance to distinguish it from 
similar internal voltages for which leakage, synchronous 
or subtransient reactance is used. The construction for 
this quantity is shown in Fig. 26 and to assist in the ready 
evaluation of the amplitude the curves in Fig. 27 are 
provided. The transient component of short-circuit current 
is then 

I 
i’- ei 

xd’ 
cm 

The subtransient component of short-circuit current is 
obtained in a manner similar-to the transient component 
except that the subtransient reactance is used in the calcu- 
lation of the internal voltage ei”. For loads of zero-power- 
factor lagging the subtransient reactance drop, xd”idL, 
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caused by the armature current is directly additive to the 
terminal voltage and for zero-power-factor leading directly 
subtractive. For other power-factors ei” can be obtained 
from Fig. 27 by using xd”. The subtransient component of 
short-circuit current is then 

(21) 
*d 

Unidirectional Component-In the three-phase 
short-circuit from no load, the unidirectional component 
of current was introduced to prevent a non-continuous 
transition of the instantaneous value of current from the 
no-load to the short-circuit condition. The unidirectional 
current performs a similar role for the short-circuit from 
loaded condition. Before the short-circuit the armature 
current is equal to idL and has some position with reference 
to et such as shown in Fig. 28. The subtransient com- 

Fig. 28—Showing that idc for a short circuit from load is equal 
to the negative of 2 times the difference between i” and i. 

ponent, i”, lags ei” by ninety degrees so i” and idr, will be 
determined with respect to each other. The 2/2 times the 
vector difference between these two quantities (since they 
are rms magnitudes) gives the unidirectional component 
necessary to produce smooth transition. The magnitude 
of this quantity varies between this amplitude and zero 
depending upon the point in the cycle at which short- 
circuit occurs. 

Other Considerations-Time constants are not influ- 
enced by the nature of loading preceding the short-circuit. 
Total rms currents can be determined by the relations 
already given. 

12. Three-Phase Short Circuit of Salient-Pole Ma- 
chine without Damper Windings 

For most applications it is sufficiently accurate to treat 
the salient-pole machine without damper windings just as 
other machines. It must be recognized, however, that this 
is only an approximate solution. Among other complica- 
tions, in reality a strong second harmonic is present in the 
armature current. Doherty and NickleG have developed 
expressions for the armature currents for a three-phase 
short circuit from no load. These are given below. 

. - xd’ 
2,= 

xd ---e,e-G cos (27rjl+a)+z COS (27rft+cU) 
xdxd’ 

xq -xd’ x +xd’ 
------etc-k cos (4?rft+c+*ete 

2x;xq 
-+a coscx (22) 

‘d Q 

ib = 
xd - xd’ 
-e 

xdxd’ 
t es+ cos (27r$!+cu-120’) 

+z cos (27ft+a-- 120”) 

2, -xd’ -- 
2x:x9 etE 

cos (4Tft+a- 120”) 

e-k cos (a!+120°) 

cos (27rjt+a+ 120”) 

+>os (2n;ft+a+ 120”) 

Where 
et = Terminal voltage before short-circuit. 

T,= 
2x,&~ 

T(xd’+xq)’ 

(23) 

(24) 

(25) 

(26) 

cy= Angle which indicates point on wave at which 
short-circuit occurs. 

The instantaneous field current, Id, is 

(27) 

Where 

If= Initial value of field current. 

III. UNBALANCED CONDITIONS 

13. Phase Currents for Unbalanced Short Circuits 
As explained in the chapter relating to Symmetrical 

Components, the unbalanced operating conditions of a. 
rotating machine can for most purposes be described in 
terms of three characteristic constants: the positive-se- 
quence impedance, the negative-sequence impedance, and 
the zero-sequence impedance. The short-circuit currents 
can be resolved, as before, into the steady-state, transient, 
and subtransient components. The difference between 
these components decreases exponentially as before. The 
components of armature current and the time constants 
for the different kinds of short-circuits are given below for 
short-circuits at the terminals of the machine. 
For three-phase short-circuit: 

ei” 
j”EII 

ei’ ei it=- i=- CW 
xd xd’ xd 

Td’ = ‘& Td; 

For terminal-to-terminal short circuit, the a-c components 
of the phase currents are given by 
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xd’+J;Z 
Td’------ 

xd+xZ 

T’ do m-0 

in which x2 is the negative-sequence impedance of the 
machine 
For terminal-to-neutral short circuit, the a-c components 
of the phase currents are given by . 

“f = 
3ei” ‘I 3ei’ 

2 
xd”+xZ+xO 

2= 
xd’+x2+xO 

i= 
3ei 

Td’ = 
xd’+x2+xO 

xd+xZ+xO xd+x2+xO 
Tie (30) 

in which x0 is the zero-sequence impedance of the machine. 
The subtransient time constant, Td”, does not change sig- 
nificantly with different conditions and, therefore, the 
single value is used for all conditions. The unidirectional 
components and the rms values are determined just as 
described under the general subject of “Short Circuit from 
Load. ” The above values of ei, ei’ and ei” will naturally 
be those values corresponding to the particular load 
condition. 

The ratio of the phase currents for terminal-to-neutral 
to three-phase short circuits can be obtained from Eq’s (30) 
and (28). Thus, for the phase currents 

Terminal-to-neutral short circuit 3x,-J” 

Three-phase short circuit =xd”+x2+xO 

The negative-sequence impedance, x2, is usually equal to 
xd”, but for many machines x0 is less than xd”. For 
these cases, the terminal-to-neutral short-circuit current 
is greater than the three-phase short-circuit current. The 
generator standards require that the machine be braced 
only for currents equal to the three-phase values. In order 
that the terminal-to-neutral current not exceed the three- 
phase current a reactor should be placed in the neutral of 
the machine of such value as to bring the zero-sequence 
impedance of the circuit equal to xd”. Thus, the neutral 
reactor, xn, should be 

1 
xn >= -(xd” -XI)) 

3 

14. Negative-Sequence Reactance 
The negative-sequence impedance of a machine is the 

impedance offered by that machine to the flow of negative- 
sequence current. A set of negative-sequence currents in 
the armature creates in the air gap a magnetic field that 
rotates at synchronous speed in a direction opposite to that 
of the normal motion of the field structure. Currents of 
double frequency are thereby established in the field, 
and in the damper winding if the machine has one. The 
imaginary component of the impedance is called the nega- 
tive-sequence reactance and the real component the nega- 
tive-sequence resistance. These will be discussed sepa- 
rately, in the order mentioned. 

If a single-phase voltage is applied across two terminals 
of a salient-pole machine without dampers while its rotor 
is stationary, the resulting current is dependent upon the 
position of the rotor with respectt to the pulsating field set 

up by the armature current. If the axis of the short- 
circuited field winding lines up with the axis of pulsating 
field then the current is large and if the rotor is moved 
through 90 electrical degrees then the current is much 
smaller. The first position corresponds to the case of a 
transformer in which the secondary winding is short- 
circuited, the field winding in this case corresponding to 
the secondary winding of the transformer. This is the 
position in which the subtransient reactance, xd”, is deter- 
mined. It is equal to one-half of the voltage from terminal- 
to-terminal divided by the current. For the second position 
the field winding is in quadrature to the pulsating field 
and consequently no current flows in the field winding. 
The armature current is then determined by the magnetiz- 
ing characteristics of the air gap in the quadrature axis. 
The subtransient reactance, xq”, is determined when the 
field is in this position and is equal to one-half the quotient 
of the voltage divided by the current. The reactance for 
intermediate positions varies between these two amounts 
in accordance with the curve shown in Fig. 29. 

Fig. 29—Relation between subtransient and negative-ae- 
quence reactance. 

When a set of negative-sequence currents is made to flow 
through the armature with the field short-circuited and 
rotating in its normal direction, then the field winding 
takes different positions successively as the armature field 
rotates with respect to it. The nature of the impedances 
in the two extreme positions, that is, where the field wind- 
ing lines up with the magnetic field and where it is in 
quadrature with it, should be somewhat the same as xd” 
and x9/‘, the only significant difference being the fact that, 
in the determination of xd” and x,“, currents of normal 
frequency were induced in the field, whereas, in the nega- 
tive-sequence case the currents are of twice normal fre- 
quency. One would expect therefore that the negative- 
sequence reactance x2 is some sort of a mean between xd” 
and xq”, and such is the case. According to the AIEE test 
code, 10 the definition of negative-sequence reactance is 
equal to “the ratio of the fundamental component of re- 



active armature voltage, due to the fundamental negative- where I equ’als the root-mean-square armature current in 
sequence component of armature current, to this compo- the short-circuited phase; and E equals the root-mean- 
nent of armature current at rated frequency.” A rigorous square open-circuit voltage between terminals before the 
interpretation of this definition results in z2 equal to the short-circuit is applied or the no-load voltage correspond- 

arithmetic mean 5, “+xd” 

2 
. However, several different defi- 

ing to the field current at which I is read. 
In general, the same arguments can be applied to other 

nitions can be given for x2. That this is possible is depend- types of machines such as turbine generators and salient- 

ent largely upon the fact that when a sinusoidal set of pole machines with damper windings when the parameters 

negative-sequence voltages is applied to the armature the Xd” and x9" are used. For such machines the difference 

currents will not be sinusoidal. Conversely if the currents between xq” and xd” is not great. The values for x9” and 

are sinusoidal the voltages will not be. xd” of a machine with copper dampers are given in Fig. 29. 

In Table 1 are shown expressions 11 for x2 based upon For such machines the difference between x2 based on the 

different definitions. This table is based on a machine different definitions of Table 1 will become inconsequential. 

without damper windings for which xq” is equal to xq, and In addition, for turbine generators, saturation introduces 

xd” is equal to xd’. In this table variables of much greater magnitude than those just con- 

b-dg-m 
sidered. For these machines negative-sequence reactance 

-dx,+vG’ 
can be taken equal to xd”. 

Method of Test-In addition to the method implied 
For each test condition it is possible to establish definitions by the AIEE Code and the ASA whereby x2 is defined as 
based on whether fundamental or root-mean-square cur- the arithmetic mean for xd” and xq”, x2 can be determined 
rents are specified. For example, in the first definition if directly from test either by applying negative-sequence 
the fundamental component of armature current is used voltage or by the method shown in Fig. 30. 
in calculating x2 then the expression in the first column 
should be used, but if the root-mean-square figure of the 
resultant current is used then the expression in the second 
column should be used. 

In order to orient one’s self as to the relative importance 
of the different expressions, figures have been inserted in 
the expressions given in Table 1 for a typical machine 
having the constants xd’ = 35y0, x, = 70%, and xd = 100%. 
The magnitudes are tabulated in the righthand columns 
of Table 1. From the standpoint of practical application, 
the negative-sequence reactance that would result in the 
proper root-mean-square current for method (3) would 
appear to be the most important. However, the method 
of test to determine this quantity involves a sudden short- 
circuit and from this standpoint proves rather inconveni- EA=O EB=E EC=-E EM= g(O+dE--aE) =+ 

ent. On the other hand, the figure for x2 obtained from 
the use of the root-mean-square values in a sustained 

.EA* jia2-a)E 
Ea2 =.73 = 

Es2 jE P 
32/3 zz=---=i 

I aa 143 

single-phase short-circuit current [method (4)], is nearly 
equal to this quantity. When the resistance is negligible 

If 4 = cos+ 5, where P = wattmeter reading, 

this negative-sequence reactance is equal to then, z?=z(sin 4-t-j cos $)=r~+jx2 

x2 A.,‘= 
VW 

=------xd 
I (31) Fig. 30—Determination of the negative-sequence impedance 

of symmetrically-wound machines. 
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TABLE 1—-DEFINITIONS OF NEGATIVE-SEQUENCE REACTANCE 
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With the machine driven at rated speed, and with a single- 
phase short-circuit applied between two of its terminals 
(neutral excluded) the sustained armature current and the 
voltage between the terminal of the free phase and either 
of the short-circuited phases are measured. The reading 
of a single-phase wattmeter with its current coil in the 
short-circuited phases and with the above mentioned volt- 
age across its potential coil is also recorded. The negative- 
sequence impedance equals the ratio of the voltage to the 
current so measured, divided by 1.73. The negative- 
sequence reactance equals this impedance multiplied by the 
ratio of power to the product of voltage and current. 

15. Negative-Sequence Resistance 
The power associated with the negative-sequence cur- 

rent can be expressed as a resistance times the square of 
the current. This resistance is designated the negative- 
sequence resistance. For a machine without damper wind- 
ings the only source of loss is in the armature and field 
resistances, eddy currents, and iron loss. The copper loss 
in the armature and field is small as is also the iron and 
eddy loss in the armature, but the iron and eddy loss in 
the rotor may be considerable. Copper damper windings 
provide a lower impedance path for the eddy currents and 
hinder the penetration of flux into the pole structure. The 
relatively low resistance of this path results in a smaller 
negative-sequence resistance than if the flux were per- 
mitted to penetrate into the rotor. For higher resistance 
damper windings the negative-sequence resistance increases 
to a point beyond which the larger resistance diminishes 
the current in the rotor circuits sufficiently to decrease 
the loss. 

Induction-Motor Diagram-The nature of the neg- 
ative-sequence resistance is best visualized by analyzing 
the phenomena occurring in induction motors. In Fig. 31 

Fig. 31—Equivalent circuit of induction motor. 

is given the 
in which 

usual equivalent circuit of an induction motor 

ra = stator resistance. 
x,= stator-leakage reactance 
rr= rotor resistance. 

at rated frequency. 

xr = rotor-leakage reactance at rated frequency. 
zrn = shunt impedance to include the effect of magnetiz- 

ing current and no-load losses. 
E- II- applied voltage. 
I,= stator current. 
I,- rotor current. 
s = slip. 

The justification for this diagram is shown briefly as 
follows: The air-gap flux created by the currents I, and I, 

induces the voltage E, in the stator 
In the rotor the impedance drop is 

r&l- jsxrL 
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and SE, in the rotor. 

(32) 

since the reactance varies with the frequency of the cur- 
rents in the rotor. The rotor current is therefore deter- 
mined by the equation 

or 

SE, = r,L+ jsx,L 

It follows from this equation that the rotor circuit can be 
completely represented by placing a circuit of impedance 

2+ jxr across the voltage E,. The total power absorbed by 

: must be the sum of the rotor losses and the useful shaft 

r, 
power, so that, resolving ; into the resistances rr and 

l-s 
-r,, the power absorbed by rr represents the rotor cop- 

S 

per loss. The power absorbed by Er, represents the 
S 

useful shaft power. 
Neglecting re and the real part of z,, the only real power 

is that concerned in the rotor circuit. Assume that the 
induction motor drives a direct-current generator. At 
small slips the electrical input into the stator is equal to 
the copper loss, i.e., the 12rr, of the rotor plus the shaft 
load. With the rotor locked, the shaft load is zero, and the 
total electrical input into the stator is equal to the rotor 
copper loss. At 200-percent slip, i.e., with the rotor turning 
at synchronous speed in the reverse direction, the copper 

I:r, 
loss is I:r,, the electrical input into the stator is 2 

and the shaft load 
1-2 - I,2r, 
-rJ,2 or - 

2 2 * 
A negative shaft 

load signifies that the direct-current machine instead of 
functioning as a generator is now a motor. Physically that 
is just what would be expected, for as the slip increases 
from zero the shaft power increases to a maximum and 
then decreases to zero for loo-percent slip. A further in- 
crease in slip necessitates motion in the opposite direction, 
which requires a driving torque. At 200-percent slip the 
electrical input into the stator is equal to the mechanical 
input through the shaft; half of the copper loss is supplied 
from the stator and half through the shaft. This is the 
condition obtaining with respect to the negative-sequence 
in which the rotor is rotating at a slip of 200 percent rela- 
tive to the synchronously rotating negative-sequence field 
in the stator. Half of the machine loss associated with the 
negative-sequence current is supplied from the stator and 
half by shaft torque through the rotor. 

The factors of fundamental importance are the power 
supplied to the stator and the power supplied to the shaft, 
which can always be determined by solving the equivalent 
circuit involving the stator and rotor constants and the 
magnetizing-current constants. A more convenient device, 
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Fig. 32—Development of negative-sequence resistance and 
reactance from equivalent circuit of induction motor. 
(a) Negative-sequence diagram for induction motor; (b) neg- 
lecting armature and no load losses; Cc) simplified network- 

negative-sequence resistance and reactance. 

since s is constant and equal to 2 for the negative-sequence, 
is to reduce the equivalent network to a simple series im- 
pedance as shown in Fig. 32 (c). The components of this 
impedance will be called the negative-sequence resistance 
r2, and the negative-sequence reactance x2. The current 
flowing through the negative-sequence impedance is the 
current flowing through the stator of the machine, and the 
power loss in r2 is equal to the loss supplied from the stator 
of the machine and the equal loss supplied through the 
shaft. 

The total electrical effect of the negative-sequence re- 
sistance in system analysis problems is obtained by in- 
serting the negative-sequence resistance in the negative- 
sequence network and solving the network in the usual 
manner. All three of the sequence currents are thus af- 
fected to some extent by a change in the negative-sequence 
resistance. The total electrical output of a generator, not 
including the shaft torque developed by negative-sequence 
current, is equal to the total terminal power output plus 
the losses in the machine. However, the negative- and 
zero-sequence power outputs are merely the negative of 
their losses. In other words, their losses are supplied by 
power flowing into the machine from the system. There- 
fore, the contribution of the negative- and zero-sequences 
to the electrical output is zero. The total electrical output 
reduces then to that of the positive-sequence and to include 
the positive-sequence armature-resistance loss it is neces- 
sary only to use the positive-sequence internal voltage in 
the calculations. Or viewed differently, since there are 
no internal generated voltages of the negative- or zero- 
sequence, the corresponding internal power must be zero. 
In addition to this electrical output, which produces a 
torque tending to decelerate the rotor, there also exists the 
negative-sequence shaft power supplied through the rotor. 
It was shown that this power tending to decelerate the 
rotor is numerically equal to the negative-sequence power 

supplied to the stator, which, in turn is equal to the loss 
absorbed by the negative-sequence resistance. Therefore, 
the total decelerating power is equal to the positive- 
sequence power output plus the loss in the negative- 
sequence resistance. 

The assumption was made that the stator resistance 
and the losses in the magnetizing branch were neglected. 
For greater refinements, the stator resistance and the losses 
in the magnetizing branch can be taken into consideration 
by substituting them in the equivalent circuit and reducing 
that circuit to simple series resistance and reactance, 
wherein the resistance becomes the negative-sequence re- 
sistance and the reactance the negative-sequence reactance. 
The ratio of the negative-sequence shaft power to the loss 
in the negative-sequence resistance is then equal to the 

ratio of the power loss in 
rr 
5 for unit negative-sequence 

current in the stator to r2. This ratio can be obtained easily 
by test by measuring the shaft torque and the negative- 
sequence input when negative-sequence voltages only are 
applied to the stator. 

While this analysis has premised induction-motor con- 
struction, the conclusions can also be applied to synchro- 
nous machines. 

Method of Test-While r2 and x2 can be determined by 
applying negative-sequence voltage from another source 
of supply to the armature, the following method has the 
advantage that the machine supplies its own negative- 
sequence voltage. Two terminals of the machine under 
test are short-circuited and the machine driven at rated 
frequency by means of a direct-current motor. The equiv- 
alent circuit and vector diagram for this connection are 
shown in Fig. 33. The positive-sequence power per phase 
at the terminals is equal to the product of El and 11 and 
the cosine of the angle #. This power is positive. However, 
the negative-sequence power output per phase is equal to 
the product of E2, r2, and the cosine of the angle between 
E2 and 12, and since 12= -II, and El = E2, the negative- 

r~-3vwP+w) - 
212 

In which 
P,= shaft input. 

P F+W = friction and windage loss. 

Fig 33— Negative-sequence resistance of a synchronous 
machine. 
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sequence power output is the negative of the positive- 
sequence power output, which, of course, must follow since 
the output of the machine is zero. A negative output is 
equivalent to a positive input. This input is equal to r21i 
per phase. Therefore, the positive-sequence terminal out- 
put per phase is rzri, and adding to this the copper loss due 
to II, gives the total shaft power due to the positive- 
sequence as 3 (~1; + rJ:) . 

Now from Fig. 32(a), if zm be neglected the negative 
sequence input per phase is equal to 

from which it follows that 

r2 =?+T#). (34) 

As shown previously the negative-sequence shaft power 

per phase is equal to %I;, which on substituting 2 rr from 

(34) reduces to (rZ -r$j. But since r,=rl, the expression 
for the negative-sequence shaft power per phase can also 
be written (r2 -r$j. Incidentally, from this the rotor 
losses are equal to 2(rz - rl)Ii. Therefore the total shaft 
input into the alternating-current machine is equal to 
3 [rz1;+d:+ (r2 -rl)fi] and, since li’l =12, reduces to 6r& 

Including the effect of friction and windage, P(F+w), and 
calling P, the total input into the alternating-current 
machine from the driving tool, 

r2= &-p(F+W) 

61; 

I 
and, since & = - 

fi 
where 1 is the actual measured phase 

current, 

r2= Ipa - p(F +W,l 

212 (36) 

The foregoing neglects the effects of saturation. Tests on 
salient pole machines with and without dampers verify 
the fact that the loss varies as the square of the negative- 
sequence currents. The loss for turbine generators, on the 
other hand, varies as the 1.8 power of current. 

16. Zero-Sequence Impedance 
The zero-sequence impedance is the impedance offered 

to the flow of unit zero-sequence current, i.e., the voltage 
drop across any one phase (star-connected) for unit current 
in each of the phases. The machine must, of course, be 
star-connected for otherwise no zero-sequence current can 
flow. 

The zero-sequence reactance of synchronous machines is 
quite variable and depends largely upon pitch and breadth 
factors. In general, however, the figures are much smaller 
than those of positive and negative sequences. The nature 
of the reactance is suggested by considering that, if the 
armature windings were infinitely distributed so that each 
phase produced a sinusoidal distribution of the mmf, then 
the mmfs produced by the equal instantaneous currents 
of the three phases cancel each other and produce zero 
field and consequently zero reactance except for slot and 

end-connection fluxes. The departure from this ideal con- 
dition introduced by chording and the breadth 
belt determines the zero-sequence reactance. 

of the phase 

The zero-sequence resistance is equal to, or somewhat 
larger than, the positive-sequence resistance. In general, 
however, it is neglected in most calculations. 

Method of Test-The most convenient method for 
test of zero-sequence impedance is to connect the three 
phases together, as shown in Fig. 34, with the field short- 

Rotor at synchronous speed 
(or blocked) 

Zero-sequence impedance; 

Fig. 34—Connection for measuring 
ance. 

zero-sequence imped- 

circuited. This connection insures equal distribution of 
current between the three phases. For this reason it is 
preferable to connecting the three phases in parallel. The 

zero-sequence impedance is then equal to Zo=E 

dicated in the illustration. 
31 

as in- 

IV. PER UNIT SYSTEM 

The performance of a whole line of apparatus, regardless 
of size, can often be expressed by a single set of constants 
when those constants are expressed in percentages. By 
this is meant that the loss will be a certain percentage of 
its kilowatt rating, its regulation a certain percentage of 
its voltage rating, etc. The advantage of this method of 
representation extends to a better comparison of perform- 
ance of machines of different rating. A 100-volt drop in a 
transmission line has no significance until the voltage base 
is given, whereas, as a percentage drop would have much 
significance. 

A disadvantage of the percentage system is the confusion 
that results from the multiplication of percentage quanti- 
ties. Thus, a 20-percent current flowing through a 40- 
percent reactance would by simple multiplication give 800 
which at times is erroneously considered as 800-percent 
voltage drop, whereas, the correct answer is an 8-percent 
voltage drop. 

The per unit system4 of designation is advanced as pos- 
sessing all the advantages of the percentage system but 
avoids this last mentioned disadvantage. In this system 
the rating quantity is regarded as unity. Any other amount 
of the quantity is expressed as a fraction of the rated 
amount. It is the same as the percentage system except 
that unity is used as a base instead of 100. The foregoing 
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multiplication example would in the per unit system be 
expressed as follows : A 0.20 per unit current flowing 
through a 0.40 per unit reactance produces an 0.08 per 
unit voltage drop, which is correct. 

A further advantage of the percentage and per unit 
systems lies in the elimination of troublesome coefficients. 
However, this is not an unmixed blessing as a definite 
disadvantage of the use of the per unit system lies in the 
loss of the dimensional check. 

V. POWER EXPRESSIONS 

It is frequently necessary to know the manner in which 
the power output of a machine varies with its excitation 
and internal angle. A particular application of this knowl- 
edge is the stability problem. Several simple cases will 
be considered. 

17. Machine Connected through Reactance to In- 
finite Bus and also Shunt Reactance across its 
Terminals, Resistance of Machine Neglected 

The schematic diagram for this case is shown in Fig. 
35(a), which also shows the significance of the various 
symbols to be used in this discussion. The reactances z,, 
z,, and the one indicated by the dotted lines represent the 
branches of an equivalent 7r circuit, for which the resistance 
components are neglected. For the purposes of determin- 
ing the power output of the generator the reactance shown 
dotted can be neglected. The vector diagram which ap- 
plies is Fig. 35(b). The total machine current is equal to i, 

Fig. 35—Machine connected to infinite bus through a re- 
actance. 

which from the internal and external currents one can 
obtain* 

And inserting the equivalents of iT, and & 

*The symbol caret over a quantity indicates a phasor quantity. 

(37) 

But 
w. 
et=ed- x&d -j&iq 

and k=E cos &-jE sin 8 

Upon substituting Zt and E in equation (37), there results 

. . 
i, -Jtd = -j [ed - x&d -jx,&] 

+ji[E cos &-jE sin e] (38) 

(39) 

Equating reals 

i,= - x,(x.+xJi +E sin 8 

X&k Q $0 

x,E sin e 
t 

x*x~+xqx,+xqxo- 

And equating imaginaries 

id= 
x.+xc 
- [ed - xdid] 
x.&c 

-tE cos 8’ 
0 

(X1+Xc)ed-XgE COS e L 
%&+~d~~+~dxc 

(40) 

The power output, P, is equal to the sum of the products of 
the in-phase components of armature current and terminal 
voltage, namely 

P&&d-xdid) +id(x&) 

= e& + (2, - xd) i&q 

= [ed+ (xq-xd)id]& (41) 

The power is then obtained by calculating i, and id from 
(39) and (40) and inserting into (41). If E and ed are ex- 
pressed in terms of rms volts to neutral and reactances in 
ohms per phase, then the above expression gives the power 
in watts per phase; but if the emf’s are expressed in terms 
of the phase-to-phase volts the expression gives total power. 
On the other hand, if all quantities are expressed in p.u. 
then the power is also expressed in p.u. where unity is 
equal to the kva rating of the machine. If ed’ rather than 
ed is known then cd should be replaced by ed’ and xd by zd’ 
wherever they appear in Eqs. (40) and (41). 

For the special case of a machine with cylindrical rotor 
in which x, =xd, the expression reduces immediately to 

P = edi, 
X,Eed sin e F 

&Jo +x,x, + z.& 
(42) 

Another interesting special case is that for which the 
shunt reactance is not present or xI = 00. Then 

P= ed + (xq - xd) 
ed--E cos e E sin e 

xc+ xd 1 x0+x, 
L edE Sin e+ (xd - x,)E2 Sin 28 

&+xd 2(xd+&)(x,+&) 
(43) 

And if x0= 0 and X~ = 00, then 

P= 
edE sin e 

+ 
(xd-xq)E2 sin 28 

xd 2xdxq 
(44) 
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Fig. 36—Power-ang1e diagram of a salient-pole machine- 
excitation determined to develop rated kva at 80-percent 

power factor. xd=l.ls; xq=O.75. 

In Fig. 36 is shown a power-angle diagram of a salient- 
pole machine whose excitation is determined by loading at 
full kva at 80-percent power factor. 

An expression frequently used to determine the maxi- 
mum pull-out of turbine generators is the following 

Pull-out in kw 
OC 

=&rating of generator in kva) 

where OC is the field current for the particular operating 
condition and OD is the field current for the rated-current 
zero-power factor curve for zero terminal voltage (see Fig. 
17). This expression is based upon the maintenance of 
rated terminal voltage up to the point of pull-out. At 
pull-out the angle 6 of Fig. 15 is equal to 90 degrees. Since 
the extent of saturation is measured by the voltage behind 
the Potier reactance drop, it can be seen from Fig. 15 that 
for 6 equal to 90 degrees this voltage is less than rated 
voltage, and that therefore little saturation is present. 
From Eq. (44) since xd = x, and 8 = 90 degrees, the pull-out 

GE 
is -. 

xd 
But ed is proportional to OC on the air-gap line and 

&I is likewise proportional to OD on the air-gap line. 
Examination of Eq. (44) shows that even if the excita- 

tion is zero (ed=O) the power-angle curve is not equal to 

zero, but equal to 
(xd - i,) E2 sin 20 

2xdxq 

. This results from the 

effects of saliency. Note that it disappears for uniform 
air-gap machines for which xd =x,. Advantage is some- 
times taken of this relation in the case of synchronous 
condensers to obtain a somewhat greater capability in the 
leading (under-excited) kva range. With some excitation 
systems (see Chap. 7, Excitation Systems) it is possible to 
obtain negative excitation. The excitation voltage, ed, in 
Eq. (44) can be somewhat negative without producing an 
unstable power-angle diagram. By this device the leading 
kva range can be increased as much as 15 or 20 percent. 

18. Inclusion of Machine Resistance or External 
Resistance 

If the machine is connected to an infinite bus through a 
resistance and reactance circuit, the external resistance 
and reactance can be lumped with the internal resistance 
and reactance and the following analysis used. The vector 
diagram for this case is shown in Fig. 37 for which 

et sin 6+rid-xqiq=o (45) 

Fig. 37—Vector diagram of salient-pole machine including - 
effect of series resistance. 

From (45) 

iq-- 5 et sin 0+rQJ 
% 

Substituting (47) into (46) 

r2 
et cos 8+‘et sin 8+-id+xdid-ed=o 

2, xq 

from which 

1 
id------- 

r2+xdxq [ 
Xqed-ret sin 8-z,& COS 8 1 ..* 

and substituting in (47) 

. 1 
a,=- 

r2-hdxq 

red+x& sin e-ret cos 8 1 

(46) 

(47) 

(48) 

(49) 

The power output, P, is equal to the sum of the products 
of the in-phase components of i and et, or 

P = iqet cos 8+idet sin 8 (50) 

Upon substituting (48) and (49) this reduces to 

p=-!!L 
T2 + xdxq 

ed(r cos 6+xq sin 0) +yet sin 2&?%?t 1 
(51) 

The power input into the machine is equal to P plus ri2. 
The expression for this quantity does not simplify and it 
is better to calculate it through the intermediate step of 
evaluating ri2, which is equal to r(ii+ii). 

The foregoing expressions apply to the steady-state con- 
ditions. In stability problems it is necessary to determine 
the average power from instant to instant. In general for 
this purpose it is permissible to neglect both the unidirec- 
tional component of currents and the subtransient com- 
ponent of the alternating current, leaving only the transient 
component. These latter are determined by the instanta- 
neous value of ed’. It follows then that the power expres- 
sions are simply those derived for the steady-state condition 
with ed replaced by ed’ and xd by zd’. 

VI. EFFECT OF CHANGE IN EXCITATION 

Field forcing in certain industrial applications and con- 
siderations of system stability require that the voltage 
increase in response to a sudden need. This increase is 
brought about automatically either by means of the same 
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control that produced the increase in load or through the 
use of a voltage regulator. It is necessary, therefore, to be 
able to predetermine the effect of an increase in exciter 
voltage upon the output of the synchronous machine. In 
general, significant changes in exciter voltage never require 
less than about one-tenth of a second to bring about the 
change. By the time this effect has been felt through the 
synchronous machine, which has a time constant of about 
a second, it will be found that the result is always slow 
when compared to the subtransient and unidirectional 
components of the transients associated with the change. 
In other words, variations in exciter voltage are reflected 
only in the transient components. As an example, suppose 
it is desired to calculate the armature current of a machine 
for a three-phase short-circuit while it is operating at no 
load with a voltage regulator set for rated voltage. 

Immediately after the inception of the short circuit there 
is a slight lag in the regulator until its contacts and relays 
close. The exciter voltage (and voltage across the field of 
the main machine) then rises as shown in the upper curve 
of Fig. 38. The bottom curve refers to the armature cur- 

Fig. 38—Illustration showing relative importance of different 
components of armature short-circuit current and response 

of transient component to the exciter voltage. 

rent, the dotted line showing the nature of transient com- 
ponent if there were no regulator, the exciter voltage 
remaining constant. The line immediately above shows 
how the transient component changes as a result of the 
change in exciter voltage. To approximately the same 
scale, the cross-hatched area shows the increment in cur- 
rent caused by subtransient effects. The blackened area 
shows how the unidirectional component would contribute 
its effect. This component is quite variable and for a 
short-circuit on the line might be entirely completed in a 
cycle or less. In any event regardless of its magnitude it 
can be merely added to the transient and subtransient 
component. It is independent of the exciter voltage. 

19. Fundamental Equation 
Being restricted to the transient component, the effect of 

exciter response can then be defined entirely by effects in 

the field circuit. The beauty of the per unit system is 
exemplified in the analysis of this problem. In p.u. the 
differential equation for the field circuit takes the following 
form 

e, = Q-f-T; dx 
’ dt (52) 

In this equation e, represents the exciter voltage or the 
voltage across the field if there is no external field resistor 
in the field circuit. The unit of e, is that voltage required 
to circulate such field current as to produce rated voltage 
at no load on the air-gap line of the machine. The term ed 
is the synchronous internal voltage necessary to produce 
the instantaneous value of armature current for the given 
armature circuit regardless of what it may be. Its unit is 
rated voltage. It is synonymous with field current when 
unit field current is that field current necessary to produce 
rated voltage at no load on the air-gap line. It will be seen 
then that the use of ed is merely a convenient way of 
specifying the instantaneous field current during the tran- 
sient conditions; it is the field current necessary to produce 
the armature current existent at that instant. As shown 
previously, ed’, is proportional to the flux linkages with the 
field winding. It is the quantity that, during the transition 
period from one circuit condition to another, remains con- 
stant. The foregoing equation has its counterpart in the 
more familiar forms 

e&+N(lo-8)d$ (53) 

or 

To familiarize the reader with (52), suppose that normal 
exciter voltage is suddenly applied to the field winding at 
no load. Since the armature is open-circuited ed’ and ed 
are equal and the equation can be written 

ded . 
When steady-state conditions are finally attained dt IS 

equal to zero and ed = e,. This states that since e, = 1.0, 
ed must also equal 1.0, that is, the excitation is equal to 
the normal no-load voltage. It will attain this value ex- 
ponentially with a time constant TJ,. 

Another example. Suppose the synchronous machine 
to be short-circuited from no-load and to be operating 
without a regulator. At any instant the armature cur- 
rent, i, is equal to ed’/xd’. But since ed, which can be 
regarded as the instantaneous field current required to 
produce i, is equal to xd i, then eliminating i between 
these equations 

(56) 

Then equation (52) takes the form 

1 
de{ 

=$3,‘+T:,- 
dt 
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or if it is to be expressed in terms of armature current 

1 zi+T:s’s = d 
’ ddt’ 

(57) 

The sustained magnitude of i, is then 

. 1 
z=- 

xd 

The initial magnitude of i, since ed’ remains constant 
during the transition and is initially equal to 1, is 

1 
. I 

2=7 

xd 

The homogeneous equation for (57) is 

. ,di 
0 = &ft + T&,Xd $ 

OP 

xd’ di 
O=i+T:oG z (53) 

Thus i changes from -$ to -!- 
xd 

exponentially with a time 

xd’ I 
constant equal to -Tdo. 

xd 

In all problems involving a transition from one circuit 
condition to another the one quantity (when subtransient 
effects are neglected and the time constant in the quadra- 
ture axis is zero) that remains constant within the machine 
is the flux linkages with the field winding, which in turn 
is reflected in the quantity ed’. It is necessary, therefore, 
to calculate e d’ for the circuit condition preceding the 
transition. All the discussion of the following cases as- 
sumes that this point is understood and that ed’ is known 
for the beginning of the transient period. 

Several cases will now be discussed. 

20. Three-phase Short Circuit of Unsaturated Ma- 
chine 

The problem is to determine the transient component 
of short-circuit current in response to the exciter voltage 
given in Fig. 39. This is most quickly and conveniently 
found by a graphical method, which, for want of a better 

Fig. 39—Illustration of “Follow-up Method.” 

name, has been called by the author “the follow-up meth- 
od. ” It is a method that can be applied to any problem 
involving a simple time constant. 

To demonstrate the method, consider a simple resist- 
ance-inductance circuit to which the voltage, E, is applied. 
Let the differential equation for this circuit be 

E RI+Lg = 
dt 

(59) 

where the symbols have the customary significance. 
Dividing through by R, there results 

L dI 
g=I+E z 030) 

dI . 
The coefficient of dt IS called the time constant of the 

circuit and will be designated by T, giving 

E dI 
R=IfTdt 

E-1 
dI R (61) A=- 
dt T 

In this expression i is the steady-state current that I 

approaches for the instantaneous value of E. I is the 
instantaneous magnitude of current. If the current at 
any instant is plotted by the point a (Fig. 40) and the 

E 
corresponding value of - R for that instant is plotted as 

the point b (Fig. 40) displaced horizontally by a time T, 

Fig. 40—Construction derivation of “Follow-up Method.” 

then the vertical distance between a and b gives the nu- 
merator of (61) and the horizontal distance the denomina- 

dI 
tor. The slope of the line between a and b is equal to dt. 

If an interval of time At is chosen following the instant 
under consideration and E is assumed constant over the 
interval then the change in I during the interval, AI, is 

dI 
equal to -At. The fmal value of current for the interval 

dt 
E 

is then given by the point c. If - at an instant At later is 
R 

then plotted and the line drawn from c then the value for 
AI for the second interval is obtained. Following such 
procedure it is possible to construct the complete curve 
for I. The construction is illustrated in Fig. 39, in which 
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the curve marked E is the instantaneous magnitude of E 

from time t =O. Plot E displaced to the right a time T. 

Let Ii be the initial value of I at t=O. Divide the time into 
intervals of length At. Draw the line ab, then cd, ef, etc. 
The accuracy will be greater the smaller the intervals and 
can be increased somewhat for a given element width by 

using T-$f instead of T for the distance by which the 

steady-state curve which I tends to approach, is offset 
horizontally. 

Now returning to the problem in hand. The differential 
equation governing the case is given by (52). The exciter 
voltage e, is assumed given and expressed in p.u. For a 
three-phase short circuit at the terminals of the machine 
ed is equal to xai and ed’ =zd’i. Therefore Eq. 52 becomes 

di 
~‘==X&+Xd’T&-- 

dt (62) 

Dividing through by xd 

e, f di -~i+zT$~- 
xd dt 

(63) 

The construction dictated by this equation and the 

follow-up method is shown in Fig. 41. F is plotted against 

. 1 
2 =z. Starting from this value the actual magnitude of 

i is obtained as a function of time. 

21. Unsaturated Machine Connected to Infinite Bus 
As stated previously the subtransient and unidirectional 

components of current are not of importance in the sta- 
bility problem. For this application it is desirable to de- 
termine how ed’ varies as this influences the power output 
of the machine and in turn dictates the degree of accelera- 
tion or deceleration of the rotor. The circuit shown in 
Fig. 35(a) is typical of a setup that might be used for an 
analytical study to determine the effect of exciter response 
in increasing stability limits. Another case of considerable 
importance is the action of a generator when a heavy load, 
such as a large induction motor, is connected suddenly 
across its terminals or across the line to which is is con- 
nected. In starting the motor the line voltage may drop 
an excessive amount. The problem might be to determine 
the amount to which this condition could be ameliorated 
by an appropriate excitation system. Since reactive kva 
is more important than the real power in determining 
regulation, the motor can be represented as a reactor and 
the circuit in Fig. 35(a) utilized. Having determined the 
manner in which ed’ varies, the power in the case of the 
stability problem and the terminal voltage (f&i’-xd’i) in 
the case of the voltage problem, can be calculated easily. 
Equation (52) must be used again to determine the manner 
in which ed’ varies in response to changes in exciter voltage 
and phase position of the rotor with respect to the infinite 
bus. The instantaneous armature current can be found in 
terms of the rotor angle 8 and ed’ by replacing f?d and xd of 
Eq. (40) by ed’ and xd’, respectively, giving 

id (X,+X&d’-X,E cm 8 = 
&&+~d’&+~d’~o 

(64) 

The synchronous internal voltage, ed, is equal at any 
instant to 

ed=ed’+ (xd-xd’)id (65) 

and upon substituting (64) 

ed = et’ + (xd - xd’) 
(xCk?$ed’-x#E COS 8 

~&+~d’~,+~d’& 

L 
(~8~~+~d~s+~d~c)edf-~~~(2d-~dfjE COS 8 

&~o+~d’~~+~d’~o 

Substituting this expression in (52), there results. 

&&+xdxn+xd% 
ex= 

%%+~d’~~+~d’& 

ed’ - 

Fig. 4l—Transient component of short-circuit current, i’, as 
influenced by excitation. 

time, its zero being displaced an interval ‘$TI, from refer- 

ence zero. The initial value of i is determined through ed’ 
which was 1.0 at t = 0. This makes the initial amount of 

&bd - xd’) 
E 

ded’ 

~&+xd’~,+~d’~o 
cos 0 + T:odt 033) 

which can be converted to 

Td’ 
T’e”+ 

xrhd - xd’) 
E COS 8=ed’+Td’~ ded’ (67) 

do ~&o+~d~~+xdxo 

in which 

Td’ = 
%&o+xd’~,+~d’& 

&xo+xd%+xd& 

T do’ 038) 

The time constant Td’ is the short-circuit transient time 
constant. 



If 8 were constant or if its motion as a function of time 
were known then the whole left-hand side could be plotted 
(displaced by the time Td’) and treated by the follow-up 
method as the quantity that ed’ tends to approach. Un- 
fortunately 8 is not in general known beforehand, and it is 
necessary to calculate 0 simultaneously in small increments 
in a simultaneous solution of cd’ and 8. The magnitude of 
8 is determined by the electromechanical considerations 
discussed in the chapter dealing with System Stability. In 
solving for e d’ a progressive plot of the left-hand side can 
be made or (67) can be transformed to the following form 

ded’ 1 
-=- 

dt Td’ 
x&d - zd’) 

&&+xdx,+xdxo 

E COS &ed’ (69) 1 
and the increment calculated from the equation 

A shunt resistance-reactance load such as an induction 
motor is not much more difficult to solve numerically but 
the expressions become too involved for analytical solution. 
It is necessary only to calculate id in terms of ed’ and 8 just 
as was done before and then follow the same steps as used 
for the reactance load. 

22. Unsaturated Machine Connected to Resistance- 
Reactance Load 

A case not too laborious to carry through analytically 
is that for which a resistance-reactance load is suddenly 
applied to a synchronous machine. Let reXt and xext be the 
external resistance and reactance. The addition of a sub- 
script t to machine constants indicates the addition of reXt 
or xext to the respective quantity. The equations of Sec. 17 
then apply to this case, if et in the equations is made equal 
to zero and xd replaced by xdt, etc. 

Following the same procedure as previously, there re- 
sults from Eq. (48) when ed and xd are replaced by ed’ 
and x& and et is equal to zero. 
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From this point the follow-up method can be used as 
before. After ed’ is determined as a function of time any 
other quantity such as terminal voltage can be obtained 
readily. 

23. Saturation 
In analyzing transient phenomenon of machines in the 

unsaturated condition, the theory was built around the 
concept of the transient internal voltage, ed’, a quantity 
evaluated by using the transient reactance, xd’. In the 
presence of saturation it was found that for steady-state 
conditions by the introduction of the Potier reactance, 
x, (see Sec. 3) the proper regulation was obtained at full 
load zero power-factor. The use of x, and ep also resulted in 
satisfactory regulation for other power-factors. In extend- 
ing the analysis into the realm of transient phenomenon. 
ep will continue to be used as a base from which to intro- 
duce additional mmf into the field circuit to take care of 
saturation effects. The treatment will follow quite closely 
the same assumptions as were used in determining the 
steady-state regulation according to the Two-Reaction 
Potier Voltage method of Sec. 3(d). 

With this assumption the fundamental Eq. (52) for the 
field circuit becomes 

d& 
e, = ed+ (s due to e,) + T&,z (76) 

As before ed represents, neglecting saturation, the voltage 
behind the synchronous reactance of the machine or what 
is equivalent the field current required to produce the 
instantaneous ed’, including the demagnetizing effect of 
the instantaneous armature current. The total field cur- 
rent is obtained by adding s to ed. In some cases it is found 
simpler to convert all of the right hand side to the single 
variable ep but in others it is simpler to retain the variable 
in the form of ed’. Two applications of this equation will 
be discussed. 

The field current or its equivalent, the synchronous in- 
ternal voltage, is then 

ed = ed’ + (Xdt - x&) id 

Machine Connected to Infinite Bus-The circuit 
shown in Fig. 35(a) is the one under discussion and for 
which Eq. (66) applies for the unsaturated condition. This 
equation can be expanded to include saturation, in accord- 
ance with Eq. (76), to the following 

ex= 
x~~o+~d~~+~d~o 

edt - 
x&d - xd’) 

~m%+~d’~.+~d’& 
Ems8 

%%+~d’x.+xd’& 

= ed’+ (xdt -xi&) 
%t 

r2,+xkqt 
ed’ 

de: 
+(S due to e,)+Td!,-. 

dt 

(72) 
This can be converted to 

ded e, - (s due to e,) x&d-&) E COS 8 

dt= T;, +(x&o+ xdx. + xdxc) 27 

(77) 

Substituting this expression in (52) there results that 

in which Td’ is defined from Eq. (68). Before (78) can be 
used it will be necessary to determine ep in terms of ed’. 

which can be converted to 
The components of current, i, and id, can be determined 

from (39) and (40) by replacing ed, by ed’ and xd by a$. 
Thus 

in which 

(74) 
iq= 

x,E sin t9 

wo+x,x,+x&i 
(79) 

T; = 
xdb,t+T: 

T’ 
xd&,t +< do- 

ia= (x.+x&d’-x,E COB 8 
~&+~d’~.+~d’x, ’ 
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The direct-axis component of eP is equal to 

epd = ed’ - (xd’ -xp)id 

wc+qJ,+x,xc &,(xd’ 
= 

%&+xd’&+xd’& 
ed’+ 

x&+dxs+&.l’xo 

and the quadrature-axis component of eP is 

ePQ= (x, - x,)i, 

X*(X, -x,)E sin 0 
= 

x8x0+x,x8+x,x0 
(82) 

The amplitude of ep is then equal to 

e,=dK (83) 

While this quantity does not simplify greatly, it does not 
appear so formidable after numerical values are inserted. 
eP can thus be calculated for any instantaneous value of 
.f?d’ and the .s corresponding thereto substituted in Eq. (78). 
Equation (73) provides a means for computing increments 
of change in ed’ for use in step-by-step solution. Thus 

Aed’ = x ddAt 

As s becomes small and saturation effects disappear, the 
solution relapses into the same type as used when satura- 
tion is negligible (Eq. 66), for which the follow-up method 
is frequently applicable. 

The relations just developed are useful in estimating the 
extent to which ed’ varies in system stability problems. 
Fig. 42 shows the results of calculations on a system in 
which a generator is connected to a large network, repre- 
sented as an infinite bus, through a reactance equal toj0.6. 

Fig. 42—Effect of rate of response upon ed’ as a line-to-line 
fault represented by the three-phase shunt load j0.2 is applied 
to generator which had been operating at 90 percent power- 
factor. 20 percent of air-gap mmf required for iron at rated 

voltage. 

A line-to-line fault is assumed applied to the connecting 
transmission line on the high tension bus at the generating 
end which is equivalent to a three-phase short circuit 
through a reactance of j0.2 ohms. The curves justify the 

assumption that is usually made in stability studies that 
where quick response excitation is installed, ed’ may be 
regarded as constant. 

Machine Connected to Resistance-Reactance 
Load-This case is the same as that considered in Sec. 22 
except that saturation effects are to be included. Upon 
including the saturation term s into Eq. (74) there results 
that 

e,-((s due to e,) =ed’+Td’x 1 ded 

in which 

xd’txqt + r: 
Tdf = -- 

xdtxqt+T: 
T’ do. (86) 

It is well to recall again that this analysis neglects sub- 
transient effects and assumes that the time constant in the 
quadrature axis is zero. If in Eqs. (48) and (49) et is made 
equal to zero, f?d is replaced by ed’ and the corresponding 
changes in reactance associated with ed’ are made, and in 
addition the subscripts are changed to indicate total re- 
actances, Then 

id = (87) 

i, = 
rt 

xd:xqt Cr;ed’. 

The total current is then 

. 
2= 

l/x:t+rt 

xd’txqt i- r”t 
ed’. 

The voltage ep is 

ep = id- 

(88) 

(89) 

ufion substituting ed’ from (90) into (83) and using (86) 
also there results that 

~(x~t+~~,(x&+r~)e, 

- 

xdtxqt + ri 

d(x~t+f~,(xq~+i~+s due to e > 

xdtxqt-bi 
P 

As can be seen from Fig. 43 the solution of this equation 
lends itself well to the follow-up method. On the right- 
hand side the assumed exciter response curve, e,, is plotted 
as a function of time. Multiplying this quantity by the 
coefficient of e,, the term epm is obtained. This is the value 
eP tends to attain if there were no saturation effects. -4s 
in the follow-up method, the zero of time from which the 
instantaneous curve of eP is drawn, is displaced to the left 
an amount Td’ minus half the interval of time chosen in 
the step-by-step solution. Along the ordinate of eP a curve 
s1 equal to the second term is plotted in which s is obtained 
from the no-load saturation curve shown in (b). For any 
instantaneous value of ep, sl is plotted downward from epm 
as the construction progresses. So starting from the initial 
value of ep, of which more will be said later, a construction 
line is drawn to a point for which s1 was the value corre- 
sponding to the initial value of eP. For the second interval 
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Fig. 43—Graphical determination of terminal voltage as polyphase series resistances, rext and reactances x-t are suddenly 

applied. 

sl is taken for the value of e,, at the end of the first interval 
or, to be slightly more accurate for an estimated average 
value of eP for the second interval. And so the construction 
proceeds. 

By the same reasoning whereby eP was obtained in Eq. 
(90) the terminal voltage et can likewise be obtained, giving 

et = i1/x2ext + r2ext 

and substituting ed’ from (90) 

(92) 

This permits of the calculation of et from eP after the 
construction has been completed. 

During the transition from one operating condition to 
the next, only ed’ remains constant; eP changes. It is es- 
sential therefore that ed’ be computed for the initial operat- 
ing condition. The conventional construction shown in 
Fig. 43(c) can be used. This determines the initial value 
of ed’ for the new operating condition from which the initial 
value of eP can be computed by Eq. (90). 

Common cases for which these calculations apply are the 
determination of regulation for loads suddenly applied to 
a generator. Instances in which this can occur are the 

sudden disconnection of a loaded generator from the bus 
throwing its load upon the remaining units or the starting 
of an induction motor by direct connection to a generator. 
For the latter case, if the capacity of the induction motor 
is a significant fraction of the kva of the generator, a severe 
drop in voltage results. Thus a 500-hp motor thrown on 
a 330%kva generator produces an instantaneous drop in 
voltage of the order of 13 percent. The effective impedance 
of the induction motor varies with slip and to be rigorous 
this variation should be taken into consideration. It is 
usually sufficiently accurate to use the blocked rotor re- 
actance for the motor impedance up to the speed corres- 
ponding to maximum torque in calculating the factor which 
determines ePo in terms of e,. Beyond the slip correspond- 
ing to maximum torque, the effective impedance varies 
rapidly to the running impedance. Simultaneously with 
the increase in impedance the lagging kva likewise drops 
off which results in a considerable rise in voltage. This 
effect is clearly shown in Fig. 44 taken from some tests 
made by Anderson and Monteith.20 As running speed is 
approached the generator voltage rises, the excitation be- 
ing too high for the particular loading. To form a better 
idea of the magnitudes involved in such calculations, Fig. 
45 shows curves of terminal voltage as an induction motor 
equal in horse power to 20 percent of the kva of a generator 
is suddenly thrown upon an unloaded generator for differ- 
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problem generally and have plotted the results in curve 
form. 

The analysis has been carried out for both self-excited 
and separately-excited exciters. The results for the former 
are plotted in Fig. 46, and for the latter in Fig. 47. These 
curves are plotted in terms of the four parameters: (1) 
magnitude of load change (2) Xiaat (3) T&,, and (4) rate 
of exciter response, R. The response is defined in the 
chapter on Excitation Systems. It is shown by Harder 
and Cheek22 that variations in x,, saturation factor of the 
generator and power factor between zero and 60 percent 
have little effect upon the maximum drop. The assumed 
value of xd for these calculations was 120 percent. An 
accurate figure for maximum voltage drop can be obtained 
for values of xd other than 120 percent by first expressing 
reactances and the applied load on a new kva base, such 
that xd on the new base is 120 percent, and then applying 
the curves. For example, suppose a load of 1500 kva (ex- 
pressed at full voltage) of low power factor is to be applied 
to a 3000-kva generator having 30-percent transient re- 
actance and 150-percent synchronous reactance. Suppose 
that the generator time constant is 4.0 seconds and the 
exciter has a nominal response of 1.0. To determine the 
drop, express the transient reactance and the applied load 
on the kilovolt-ampere base upon which xd is 120 percent. 
The base in this case will be 3000 x 120/150 = 2400 kva. 
On this base the transient reactance xd’ is 30 X 2400/3000 = 
24 percent, and the applied load is 1500/2400 -62.5 per- 
cent. If the exciter is self-excited then from the curves of 
Fig. 46, the maximum voltage drop is 15 percent for 62.5- 
percent load applied to a generator having 24-percent tran- 
sient reactance, a time constant of 4.0 seconds, and an 
exciter of 1.0 nominal response. This same maximum drop 
would be obtained with the machine and load under 
consideration. 

Fig. 44—Performance of 3333 kva, 0.6 power-factor, 3600 rpm, 
1.7 short-circuit ratio generator as a single 500-hp induction- 
motor pump is started. Induction-motor starting torque 
equal to full-load torque and pull-out torque equal to 2.8 
full-load torque. Full lines represent operation with fixed 

excitation and dotted lines under regulator control. 

10 
0 0.2 0.4 0.8 0.8 1.0 

TIME -SECONDS 

Fig. 45-Terminal voltage of a 500 kva, SO-percent power- 
factor engine-type generator Cxd = 1.16, x, =0.59, xd’ =0.30, 
13 percent saturation) as a 100-hp induction motor is con- 

nected. 

ent rates of response of the exciter. Ordinarily one is 
primarily interested in the minimum voltage attained dur- 
ing the accelerating period and so the calculations have 
been carried out to only 1.0 second. The curves show con- 
ditions for constant excitation and for exciters with 0.5 and 
1.0 ratios, respectively. 

24. Drop in Terminal Voltage with Suddenly- 
Applied Loads 

When a relatively large motor is connected to a gener- 
ator, the terminal voltage may decrease to such an extent 
as to cause undervoltage release devices to operate or to 
stall the motor. This situation arises particularly in con- 
nection with the starting of large motors on power-house 
auxiliary generators. The best single criterion to describe 
this effect when the generator is equipped with a regulator 
to control the excitation is the maximum drop. The pre- 
vious section describes a method whereby this quantity 
can be calculated. However, the problem arises so fre- 
quently that Harder and Cheek22,23 have analyzed the 

Chapter 6 

The initial load on a generator influences the voltage 
drop when additional load is suddenly applied. As shown 
in Fig. 48, a static or constant-impedance initial load re- 
duces the voltage drop caused by suddenly applied load. 
However, a load that draws additional current as voltage 
decreases may increase the voltage drop. Such loads will 
be referred to as “dynamic” loads. For example, a running 
induction motor may drop slightly in speed during the 
voltage dip so that it actually draws an increased current 
and thereby increases the maximum voltage drop. The 
dynamic initial load curve of Fig. 48 is based on an initial 
load that draws constant kilowatts and power factor as the 
voltage varies. 

VII. CONSTANTS FOR USE IN STABILITY 
PROBLEMS 

The stability problem involves the study of the electro- 
mechanical oscillations inherent in power systems. A 
fundamental factor in this problem is the manner in which 
the power output of the generator varies as the position of 
its rotor changes with respect to some reference voltage. 
The natural period of power systems is about one second. 
Because of the series resistance external to the machine, 
the time constant of the unidirectional component of arm- 
ature current is usually so small as to be negligible in 
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Fig. 46—Maximum voltage drop of a synchronous machine WITH SELF-EXCITED EXCITER as affected by (a) magni- 
tude of load change, (b) x’ d sat, CC) T’d,, and (d) rate of exciter response. xd’ on curves refer to saturated or rated-voltage 
value. Assumptions used in calculations: xd’= 1.07 x d’ aat; xd = 1.20; x,=0.75; no-load saturation curve/air gap line normal 

voltage = 1.2; time lag of regulator =0.05 second; added load is constant impedance of 0.35 pf.; initial load zero. 
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-- 

Fig. G--Maximum voltage drop of a synchronous machine WITH SEPARATELY-EXCITED EXCITER as affected by 
(a) magnitude of load change, (b) X’ d lat. (c) Td,,’ and cd, rate of exciter response. 
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Fig. 48—Effect of type (whether dynamic or static) and initial 
load, assumed at 0.88 power factor, upon the maximum volt- 
age drop when l00-percent low-power-factor load is suddenly 

applied to an a-c generator. 

Further consideration of this constant is given in Part 
XIII of this chapter. 

26. Network Calculator Studies 
For most problems the synchronous machine can be 

represented by its transient reactance and a voltage equal 
to that behind transient reactance. For the rare case for 
which salient-pole theory is required, the following pro- 
cedure can be followed. It is impossible to set up the two 
reactances in the two axes by a single reactor, but if the 
reactance, ic,, is used and a new voltage, es& introduced as 
representing the internal voltage, both position of the rotor 
and the variations in ed’ can be carried through quite 
simply. 

Fig. 49 shows a vector diagram similar to Fig. 14 in 
which e,-,d is included. This voltage is laid off along ed and 
f!?d’ and terminates at the point a. The reading of power 
at esd is the same as the actual output of the machine. As 
the exciter voltage changes ed’ and f?cld likewise change. 

comparison with this natural period. The subtransient 
component is likewise so small that its effects can be 
neglected. There remains then only the transient com- 
ponents, those components associated with the time con- 
stants of the field winding, that are important. 

25. Representation of Machine 
The transient stability problem is primarily concerned 

with the power-angle relations during system swings fol- 
lowing a disturbance. Because of the dissymmetry of the 
two axes, it is necessary theoretically to take this dissym- 
metry into consideration. However, in most cases an 
impedance is in series externally to the machine so that 
the difference in reactances in the two axes becomes a 
smaller proportion of the total reactance. The results of 
calculations presented in Chap. 13 show that for most 
practical purposes it is sufficiently accurate to represent 
the unsymmetrical machine with a symmetrical machine 
having the same zd’. 

In spite of the close agreement of salient-pole with 
cylindrical-rotor results, a few cases arise for which it is 
necessary to use salient-pole theory. Relations for calcu- 
lating the power output have been given in Sets. 16 and 17 
and for computing the change in internal voltages in Sec. 
22(a). It is shown in the latter section that if the exciter 
is of the quick-response type, the voltage ed’ can, for all 
practical purposes, be regarded as constant. Methods for 
the inclusion of these factors into the stability calculations 
have also been treated in Chap. 13. 

A knowledge of the inertia constant, H, is a requisite for 
the determination of the acceleration and deceleration of 
the rotor. It represents the stored energy per kva and can 
be computed from the moment of inertia and speed by the 
following expression 

H=0.231WR2(rpm)210d 

kva 

where H = Inertia constant in kw-sec. per kva. 

W@=Moment of inertia in lb-ft*. 

(93) 

Fig. 49—Construction of eqd for network calculator studies. 

The incremental changes in esd can be obtained as follows. 
From Fig. 49 it is evident that at any instant 

eqd=ed’+ (xq-xd’)id (94) 

From Eq. (52) 

ded’ 
dt’$-pd 

and 

Aed’ = d$At = $-(c-eJAt 
do 

(95) 

where &d’ is the increment of ed’ in the increment of time 
At. From Fig. 49 there results also that 

so that 

ed=eqd+ (xd-&d 

Aed’ = $- ex-eqd- (xd-x&j 1 At. 
do 

In network calculator studies of system stability, Q, 
e&, and id are known at any instant. From Eq. (94) it is 
evident that the increment of epd is equal to the increment 
in ed’. Thus 

Aeqd=$- e=-ee,d- (xd-x,&d At 1 (98) 
do 
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This method can be applied regardless of the number of of unidirectional and negative-sequence currents. The crest 
machines involved in the study. value of the negative-sequence current, iz, is 1/2& and the 

To obtain the initial value of eqd, calculate f?d’ from 
the steady-state conditions before the disturbance. ed’ is 

crest value of i” is l/z II’ 

the quantity which remains constant during the instant In the case of neztive-sequence currents, part of the 
representing the change from one operating condition to 
another. The proper eqd is obtained by changing the 

loss is supplied by the shaft and part is supplied through 
the armature. The loss associated with the circulating 

magnitude of eQd until Eq. (94) is satisfied. currents in the rotor as developed in Section 15 is approx- 
To include the effect of saturation, break the reactance imately equal to 2(rz - r@. Assuming for the moment that 

X which represents the machine, into two components 
xz’ and (x, 

the loss varies as the square of the current and neglecting 
-xP), the latter being next to the voltage es& the differences due to the frequencies in the two cases, the 

The voltage at the junction of these two reactances is eP, loss for the unidirectional components of current is 
the voltage behind x,. The effect of saturation will be 
included by adding the saturation factor s taken from the 
no-load saturation curve (see Fig. 17) for ePr to the excita- 
tion obtained by neglecting saturation. This corresponds 
to method (d) of Sec. 3 for steady-state conditions. Eq. 
(98) then becomes Actually, however, the loss varies more nearly as the 1.8 

power of the current so that the expression becomes 

w-2 - r1) 

Ir 
(xd > 

27. Armature Resistance Now considering the effect of frequencies. Since the 
For most stability studies the loss associated with the depth of current penetration varies inversely as the 

resistance of the armature is so small as to be negligible. square root of the frequency, the resistance varies directly 
The exception to this rule is the case for which a fault as the square root of the frequency. The loss for the uni- 
occurs near the terminals of a generator. directional component is then 

The losses in an a-c generator during a three-phase short 
circuit can be large enough to affect significantly the rate 2(r2 fib-2 -4 

(101) 
at which the rotor changes angular position. This is of fl(xd”) I” 

or (xd”)l.8 l 

particular importance for stability studies. Two of the 
most important factors determining this effect are the loca- 
tion of the fault and the value of the negative-sequence 

36, 
I I I I I I I I I I I I I.‘* 

resistance. The latter is difficult of evaluation particularly 
for turbo-generators-the type of machine in which the 
effect is greatest. One must rely almost entirely upon cal- III I I I I I I I I I I I I 

culations, which are extremely complicated. For a-c board 
\\I 11 11 11 11 11 11 
I --I 

studies of system stability it is convenient to represent the 
- .I4 

machine losses by means of a resistance placed in series in 
the armature. The value of this resistance should be chosen .I2 
so that its loss, with the reactance of the machine repre- 
sented by xi, be equivalent to that of the machine under 

\I L 
‘- 

actual conditions. An approximate evaluation of this g2.0 .I0 5 

equivalent resistance will be developed for a turbo- 
2 

generator. s Q 

Let the initial value of the subtransient component of g 1.6 .08 z 
a 

short-circuit current be designated, i”. The components F 

of the unidirectional current have a maximum value fii” 1.2 \I I I I I I I I I I I 

and are related in the three phases in a manner as discussed Ill 11 .06 
----. _ --- 

in Sec. 8. The sum of the unidirectional components in all 
three phases produce an essentially sinusoidal wave of mmf .8 

that is stationary with respect to the armature. This sta- 
f-yy\\I.o4 

tionary mmf develops a flux that in turn generates currents 
having a frequency of 60 cps in the rotor. This effect is .4 +++-J-I.02 

similar to that produced by negative-sequence currents in 
the armature except that the latter produce a sinusoidal 
<mm. wave that rotates at a speed corresponding to 60 cps 

0 
D5 .I0 .I5 .20 .25 .30 

in a direction opposite to the rotation of the shaft and TIME IN SECONDS 

ultimately generates circulating currents in the rotor hav- 
ing a frequency of 120 cps. The magnitudes of the mmf 

Fig. 50—Development of req of a turbo-generator for the con- 

waves in the two cases are equal for the same crest values 
dition of a three-phase short circuit across the terminals of 

the machine for various duration of the short circuit. 
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Fig. 51—Typical equivalent resistance, 
of machines. 

r eq, for different types 

(a) for three-phase short circuit across the terminals used 
(b) for three-phase short circuit across the terminals of a series- 

connected transformer of 10 percent impedance. 

Since the unidirectional current decreases exponentially 
with a time constant T,, the loss as a function of time is 

u/z(r, - ?-I) E-lz 

(xd”) “’ ’ 
(102) 

In addition to the losses associated with the unidirec- 
tional current, the load losses as reflected by rl can also be 
significant for a three-phase fault across the terminals. 
Neglecting the sub-transient component, the a-c com- 
ponent of short-circuit for a three-phase short circuit from 
no-load is 

The loss associated with this current is 

rl[ (p-)A?+J.J. (104) 

To form an idea of the order of magnitudes of these 
losses, let 

xdf’ = 0.09. 
x:=0.15. 
xd = 1.25. 
r2 = 0.035. 
r1= 0.005. 

T, = 0.09. 
Td=0.6. 

The results of the calculations are shown in Fig. 50. The 
upper dashed curve is the loss associated with the uni- 
directional component and the lower dashed curve the load 
losses. The full line represents the total losses. The cur- 
rent flowing in the generator as represented on the board 

is constant and equal to -$. The equivalent resistance, 

ras, to be inserted in series with xd’ must be such that the 
integrated loss over any interval must be the same as that 
in Fig. 50. The dot-dash curve in Fig. 50 gives the values 
of reel obtained by this method. 

Figure 51 gives similar values of r,, for other types of 
machines. The curves in Fig. 51(a) were calculated for 
short circuits at the terminals of the machines, those in 
Fig. 51(b) are for three-phase short circuits across the 
terminals of a transformer connected in series with the 
machine. 

VIII. UNBALANCED SHORT CIRCUITS ON 
MACHINES WITHOUT DAMPER WINDINGS 

Because of the dissymmetry of salient-pole machines 
without damper windings, the armature currents at times 
of three-phase short-circuits, as shown in Sec. 12, contain 
second-harmonic components. For unsymmetrical short- 
circuits, such as from terminal-to-terminal, the wave forms 
of currents and voltages become even more complex. Both 
odd and even harmonics are present. 

28. Terminal-to-Terminal Short Circuit 

In particular consider a salient-pole machine in which 
saturation is neglected and which is operating at no load 
to which a short-circuit is suddenly applied across two 
terminals. The short-circuit current5 in these phases is 
then 

i=(59fxd’)+(xq-xd’) cos2(2~f~+~~) (105) 

in which &, indicates the phase position during the cycle 
at which the short-circuit occurred. 

It will be observed that this can be resolved into two 
components 

First: 
4 If sin (27$++1) 

(zq+xd’) + (“q- xd’) cos 2 (27$+&3) 

-\/3 If sin $0 

Second: (xq+xd’) + (x,--xd’) cos 2 (27$+40) 

(106) 

(107) 

The first component is shown in Fig. 52(a) for a typical 
machine and consists of odd harmonics only. The second 
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Fig. 52—Armature current and field current in a synchronous 
machine when a terminal-to-terminal short circuit is sud- 

denly applied. 

xd’=o.30 xd’l.1 x, =0.75 (b. = 9o” 

component is shown in Fig. 52(b) for &,= +90” and con- 
sists of even harmonics only. The latter component is de- 
pendent upon the instant during the cycle at which the 
short-circuit occurs and may vary anywhere between the 
values given and the negative of those values in accordance 
with the coefficient, sin 40. Figure 52(c) gives the total 
current, the sum of Figs. 52(a) and 52(b). 

The units chosen are the p.u. in which for the machine 
operating at no-load at rated circuit voltage If would be 
equal to 1.0 and in this case the current i is given in terms 
of crest magnitude of rated phase current. 

The components of armature current shown in Figs. 
52(a) and 52(b) have associated with them the field cur- 
rents shown in Figs. 52(d) and 52(e), respectively, the for- 
mer consisting only of even harmonics and the latter only 
of odd harmonics. In Fig. 52(f) is shown the total field 
current. The average magnitude of this current is equal to 

Xd +4x ~- ---If. 
xd’+&.t&’ 

The odd-harmonic component of field current and its as- 
sociated even harmonic in the armature decay to zero with 
time. The even harmonics of the field and their associated 
odd harmonics of armature current decay to constant, 
steady-state amounts. Their initial values are in excess of 
their steady-state magnitudes by the amount the average 
of If is in excess of its steady-state amount, If. The steady- 
state value of i is then equal to the initial amount of the 
odd-harmonic component multiplied by 

x/+4= 

xd + dxqxd” 

Thus keedyate = 6If 
xd’+m 

xd+dz 

sin (27$+40) 

[(x,+xd’)+(xq- xd’) cos 2 (t-h+@] (108) 

With the assistance of Fig. 52 it will be seen from Eq. 
(105) that the maximum amount of the odd harmonic 

d3 If 
component is equal to - 

t&d’ ’ 
The maximum value of 

the total current is dependent upon the instant during 
the cvcle at which short-circuit occurs and reaches a 

u 

43 If 
maximum of V. 

Assuming no decrement for either the odd or even 
harmonics 

. ~3 If sin & 

J 

l+b2 
2rms (even) = - - 

2 4s l-b2 
(109) 

. 
%ma (odd) 

If- 1 

xd’ + ~&-$d’ di-=?? 
(110) 

(110 

Fig. 53—Wave form of voltage across terminals of a water- 
wheel generator without damper windings for a terminal-to- 

terminal short circuit from no-load. xq/xd’ = 2.5. 

(a) Initial value of odd harmonic component (decays slowly); 
(b) initial value of even harmonic component for sin do= 1 (decays 

rapidly). Its magnitude varies between that given and its 
negative depending upon the point during the cycle at which 
short circuit occurs. It may be zero. 

(c) Total initial value for sin +0x 1 
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The rms total current is equal to the square root of the 
sum of the squares of those components. It must be re- 
membered that the unit of current is the crest of rated 
terminal current. When expressed in terms of the rated 
rms current the above figures must be multiplied by 4. 

The voltage from the short-circuited terminals to the 
free terminal, neglecting decrements, is equal to 

ea-eb=eab= --31fK[sin(2~~~+4o)+3b sin 3(%$+&I) 
+51,sin 5(27rjt+&)+. . .] 
+31r sin (b[2b cos 2(27rfl+&) 
+4b2 cos 4(27rj-t+~) + . . 

in which 

K=Am 

dXcl/Xd’ + 1 

1 (112) 

013) 

and b has its previous significance. 
Like the short-circuit current this voltage can likewise 

be resolved into two components that together with the 
total voltage are plotted in Fig. 53. The maximum possible 
voltage, that, which occurs when sin 40 is equal to unity, is 

eab(maximum for max. flux linkages) 

When sin &=O, the even harmonic component is equal 
to zero and for this case the maximum voltage is 

eab(maximum for minimum flux linkages) = (115) 

The corresponding line-to-neutral voltages for the termi- 
nal-to-terminal short-circuit are ?,$ of the above figures. 
In all of these expressions the crest value of rated line-to- 
neutral voltage has been used as a base. When the rms 
figure is used, the above quantity must be multiplied 
by 4. 

For a terminal-to-neutral short circuit, neglecting de- 
crements, the short-circuit current is 

3lJcos (27rjl+$o) -cost&j 

i=~‘+z,+%l)+i xc+xq) cc% 2(2n;ft+&) 
(116) 

29. Unsymmetrical Short Circuits Under Capa- 
citive Loading 

When a salient-pole machine without damper windings 
is loaded by a highly capacitive load,12* l3 there is danger, 

Fig. 54—Schematic diagram of a three-phase, salient-pole 
alternator to which a three-phase bank of capacitors and a 
terminal-to-terminal short circuit are applied simultane- 

ously. 

Fig. 55—Equivalent circuit to which Fig. 54 may be reduced. 

b= _ dx&d’-- 1 

dzJxd’+ 1 

at times of unbalanced short circuit, that resonance occur 
between the reactance of the machine and the load 
with the possibility that dangerously high voltages might 
result. Considering a purely capacitive load such as an 
unloaded transmission line, the schematic diagram is shown 
in Fig. 54 and the equivalent circuit in Fig. 55 for the 
condition of a terminal-to-terminal short circuit. The emf 
applied to the circuit is equal to the open-circuit voltage 
for the same short-circuit condition. The oscillographic 
results of tests made on a particular machine as terminal- 
to-terminal short circuits are applied for different amounts 
of connected capacitance are shown in Fig. 56. Resonance 

will occur near points for which the quantity Z =n 2 

dxdlz, 
7 

where n represents the integers 1, 2, 3, etc., and also the 
order of the harmonic. The nature of this resonance phe- 
nomenon is illustrated more clearly by the curve of Fig. 57, 
in which is plotted the maximum voltage during short- 
circuit in per unit. 

To orient one’s self with regard to the length of line 
involved in these considerations, the figure in miles which 
appears below each oscillogram of Fig. 56 represents ap- 
proximately the length of single-circuit 66- or 220-kv 
transmission line that, with a generator having the char- 
acteristics of the one used in the test, is required to satisfy 
the given value of x,/d*. These figures were arrived 
at by assuming a generator capacity of 25 000, 75 000, and 
200 000 kva for 66-, 132-, and 220-kv lines, respectively. 
For smaller machines the length will decrease in proportion. 

The possibility of the existence of such resonant condi- 
tions can be determined for other types of loads and other 
types of faults by setting up the network for the system 
and replacing the machine by the reactance xw. This 
circuit should be set up for the positive-, negative-, and 
zero-sequence networks and the networks connected in 
accordance with the rules of symmetrical components. Any 
condition for which the impedance as viewed from the 
machine is zero or very small should be avoided. 

Since the danger of these high voltages arises from the 
dissymmetry of the machines, it can be eliminated effec- 
tively by the installation of damper windings. Fig. 58 
presents oscillographic evidence of the voltages existing 
for machines equipped with different types of dampers as 
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Fig. 56—Effect upon the terminal voltage of varying the shunt capacitive reactance when a terminal-to-terminal short cir- 
cuit is applied to a machine without damper windings. 
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Fig. 57—Experimental values of crest voltages (twelfth cycle) 
from terminal a to b when switch in Fig. 54 is closed. Unit of 
voltage is crest of terminal-to-terminal voltage before short 

circuit. xq/xd’ = 2.2. Machine without damper winding. 

terminal-to terminal short circuits and capacitive react- 
antes are applied simultaneously. While a continuous 
or connected damper winding is most effective, a non- 

If 
connected damper winding having a ratio of 2, equal to 

at least 1.35 will be found adequate for practically all 
purposes. 

IX. DAMPER WINDINGS 

The addition of copper damper windings to machines 
effectively simplifies the characteristics of the machines 
as viewed externally in that harmonic effects are largely 
eliminated. However, the addition of other possible cir- 
cuits for current flow complicates the internal calculations. 
The influence of dampers can in most cases be evaluated 
in terms of their effect 14 upon the subtransient reactances 
in the two axes. 

30. Types of Damper Windings 

Damper windings are of several general types. 
Connected Dampers-These consist essentially of 

windings similar to a squirrel-cage or an induction motor. 
They are continuous between poles as shown in Fig. 59 in 
which (a) shows the connection between poles for a slow- 
speed machine and (b) shows the additional bracing re- 
quired in the form of an end ring for higher speed ma- 
chines. In this type of damper, x~” and xd” have nearly 
the same magnitudes. 

Non-connected Dampers-The dampers in each pole 
face are independent from those in adjacent poles, as shown 

Fig. 58-Effect of damper windings. 

Terminal-to-terminal short circuit: 

(a) No dampers. 
(b) Connected copper damper. 
(c) Connected high resistance damper. 
(d) Non-Connected copper damper. 

Terminal-to-neutral short circuit: 

(e) No damper. 
(f) Connected copper damper. 
(g) Connected high resistance damper. 
(h) Non-connected copper damper. 

in Fig. 60. They are somewhat cheaper than connected 
dampers but at the expense of no longer being able to 
make x~” and xd” equal. 



182 Machine Characteristics Chapter 6 

Fig. 59—Connected damper windings: 

(a) Slow-speed machine. 
(b) High-speed machine. 

Fig. 60—Two types of non-connected damper windings. 

Special Dampers-In this classification fall such 
dampers as double-deck windings, which are in effect a 
double winding, one of high resistance and low reactance 
and the other of low resistance and high reactance. The 
principal uses of this type are in motors where the com- 
bination provides better starting characteristics. At low 
speeds the high reactance of the low-resistance winding 
forces the current to flow through the high-resistance wind- 
ing, which produces a high torque. At higher speeds the 
low-resistance winding becomes effective. Another type of 
special winding is one that is insulated from the iron and 

connected in series to slip rings. By connecting a variable 
resistor externally to the slip rings the starting character- 
istics can be varied at will. 

The general characteristics of damper windings will be 
discussed under the following heads. 

31. Balancing Action and Elimination of Voltage 
Distortion 

One of the earliest needs for damper windings arose from 
the use of single-phase generators and, later, phase bal- 
ancers. Such machines if unequipped with damper wind- 
ings have characteristics which resemble closely those of 
a three-phase machine without damper windings when a 
single-phase load is drawn from it. Voltage distortion 
similar to that discussed under unbalanced short-circuits 
occurs. In addition, if this condition persists the currents 
that flow in the body of the pole pieces, produce excessive 
heating. The addition of damper windings provides a low- 
resistance path for the flow of these currents and prevents 
both wave distortion and excessive heating. Because of 
the steady character of the load, damper windings in 
single-phase machines and phase balancers must be heavier 
than those in three-phase machines. 

The best criteria of a polyphase machine to carry un- 
balanced load are its negative-sequence reactance and 
resistance. The former reflects its ability to prevent un- 
balancing of the voltage and the latter its ability to carry 
the negative-sequence current without undue heating of 
the rotor. These properties are particularly important for 
such fluctuating loads as electric furnaces. Not only do 
the dampers reduce voltage unbalance but also reduce 
wave form distortion. 

32. Negative-Sequence Reactance and Resistance 

As discussed previously the negative-sequence reactance 
and resistance of a machine are both affected by the damper 
windings. Table 2 shows the effect of different types of 
windings upon a 100-kva generatorI and Table 3 upon a 
5000-kva synchronous condenser.14 Both of these tables 
represent test results. 

TABLE 2—CONSTANTS OF A SYNCHRONOUS GENERATOR AS 
AFFECTED BY TYPE OF DAMPER WINDING (100 KVA, 

2300 VOLTS, 25.2 AMPERES) 

33. Damping Effect 

In the early days when prime movers consisted mostly 
of reciprocating engines the pulsating character of the 



Chapter 6 Machine Characteristics 183 

TABLE 3— CONSTANTS 0~ A SYNCHRONOUS CONDENSER As 
AFFECTED BY TYPE OF DAMPER WINDING (5000 KVA, 

4000 VOLTS, 721 AMPERES) 

torque made parallel operation difficult. This was success- 
fully solved by damper windings in that the damper wind- 
ing absorbed the energy of oscillation between machines 
and prevented the oscillations from becoming cumulative. 
More recently in consideration of the stability problem 
low-resistance damper windings have been advocated for 
the same reason. While a low-resistance damper winding 
will decrease the number of electro-mechanical oscillations 
following a disturbance this effect in itself is not impor- 
tant14 in increasing the amount of power that can be 
transmitted over the system. 

ratio is greater than 1.35 and less than 1.35 add 2 and 3 
percent, respectively, to the price of the machine. In con- 
sideration of the many complicated problems involved in 
the selection of a damper winding it would appear, in view 
of the low increase in cost of the connected damper, that 
if any damper winding is thought necessary, the connected 
type should be used. 

The general influence of damper windings, their negative- 
sequence resistance and reactance, and also their purely 
damping action, upon the stability problem, is discussed 
in more detail in Chap. 13. 

34. Other Considerations AfTecting Damper Wind- 
ings 

Synchronous generators feeding loads through trans- 
mission lines having a high ratio of resistance to reactance 
tend to set up spontaneous hunting.15 This tendency is 
greater at light loads than at heavy loads, the criterion at 
which it tends to disappear being when the angle between 
the transient internal voltage and the load voltage equals 
the impedance angle of the connecting impedance. There 
need not be any periodic impulse, such as the pulsating 
torque of a compressor, to initiate this phenomenon but, 
it may very well aggravate the condition. Damper wind- 
ings are very effective in suppressing such inherent, hunt- 
ing conditions and also alleviate hunting produced by 
periodic impulses, although the latter phenomenon is usu- 
ally eliminated by altering the natural frequency of the 
system by changing the fly wheel effect of the generator 
or motor or both. Synchronous motors connected through 
high resistance lines or cables also develop spontaneous 
hunting but not so frequently as they are always provided 
with a damper winding. Fig. 61—Construction of regulation curves for induction 

loading. 

X. SELF-EXCITATION OF SYNCHRONOUS 
MACHINES 

When a synchronous machine is used to charge an un- 
loaded transmission line whose charging kva is equal ap- 
proximately to the kva of the machine, the machine may 
become self-excited and the voltage rise beyond control. 
The conditions that must be satisfied for this phenomenon 
to occur are made manifest by determining the machine 
characteristics for a constant inductive reactive load. 

Series capacitors in decreasing the effective series react- 
ance increase the ratio of resistance to reactance and thus 
tend to increase the likelihood of spontaneous hunting. 

In general, where beneficial effects can accrue with the 
use of damper windings, the benefits are greater for con- 
nected or continuous dampers than for non-connected 
dampers. Mechanically there is no choice as both types 
can be made equally reliable. The non-connected winding 
lends itself somewhat easier to the removal of a pole but 
not to sufficient, extent to constitute a consideration in the 
choice of type to install. A ratio of x~” to xd” as low as 
about 1.35 can be obtained with non-connected and 1.1 
with connected dampers. Damper windings for which this 

In Fig. 61 the line OAG represents the no-load saturation 
curve. Suppose the machine is loaded with a three-phase 
reactor equal to x, .ohms per phase. To determine the 
regulation curve for this impedance, that is, a curve of 
terminal voltage plotted against field current, proceed as 
follows: Choose an armature current, such that x,i*, the 
terminal voltage, is approximately rated voltage. This 
voltage is given by the distance BD in Fig. 61. By adding 

*In this discussion, the terminal voltage is regarded as the terminal- 
to-neutral value. When terminal-to-terminal voltage is used the volt 
age drops considered will have to be multiplied by fi. 
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to this distance the x,i drop, DA, the voltage behind Potier 
reactance denoted by the point A is obtained. The mag- 
netizing current to produce this voltage is given by the 
distance OB. In addition to this, however, the field current 
Ai is required to overcome the demagnetizing effect of the 
armature current. For normal current, Ai is the distance 
KN in the Potier triangle, OMN. In conclusion, to produce 
the terminal voltage F, the field current OC is necessary. 
The triangle BAC is a sort of Potier triangle, in which 
the Potier reactance is replaced by a reactance equal to 
(x,+x,). Thus by drawing any line HG parallel to CA and 
GJ parallel to AF, the intersection with the vertical from 
H determines the terminal voltage for the excitation H. 

When the load consists of balanced capacitors having a 
reactance xc in which xc is greater than x,, the impedance 
as viewed from the voltage behind Potier reactance is ca- 
pacitive and the armature current is magnetizing instead 
of demagnetizing. This case can be treated in a manner 
similar to that for an inductive-reactance load with some 
modifications as is shown in Fig. 62. In this figure the 
distance CF represents the terminal voltage produced by 
the external drop x$. Since the current leads the terminal 
voltage by ninety degrees the voltage behind Potier react- 
ance for the assumed armature current is found by sub- 

Fig. 62—Construction of regulation curves for capacitive 
loading. 

Fig. 63—Regulation curves for constant capacitive load of 
such values as to give the loads at rated voltage indicated on 
the curves. HG parallel to Oq. Point q represents excitation 
and internal voltage, neglecting saturation, to produce rated 

terminal voltage with 100-percent capacitive current. 

tracting the drop x,i giving the distance CD or BA. To 
produce this voltage the magnetizing current OB is re- 
quired but since the armature current is magnetizing to 
the extent of Ai, the actual field current necessary is only 
OC. This determines F as a point in the regulation curve. 
For other field currents such as the point H, draw HG 
parallel to CA until it intercepts the no-load saturation 
curve at G. Then draw GJ parallel to AF. The intersection 
with the vertical from H determines the point J. 

Fig. 63 depicts the regulation curves for different sizes of 
capacitors. The number assigned to each curve represents 
the percent kva delivered at rated voltage. 

The angle cx in Fig. 62 is equal to tan -l 
(XC -‘,b. At 

Ai 

zero excitation it can be seen that if this angle is sufficiently 
small, intersection with the no-load saturation curve is 
possible, but as a increases a point is finally reached at 
which intersection is impossible and the solution fails. 
This signifies that when this point is reached self-excitation 
does not occur. This critical condition occurs when the 

slope 
(xc - x,)i 

Ai 
equals the slope of the no-load saturation 

curve. In discussing the significance of xd use was made of 
Fig. 10, where it was pointed out that DA is the current 
necessary to overcome the demagnetizing effect, Ai, of the 
armature current. The distance AB is the synchronous 
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reactance drop xdi and DC the Potier reactance drop. 
Thus the slope of the no-load saturation curve is equal to 
Xdi - xpi 
~ 

Ai ’ 
The condition for self excitation is then that 

(xc- x,) 2. < bd - x,>i 

Ai Ai 
or 

%cxd (117) 

Stated otherwise, the machine will become self-excited if 
E2 . 

the kva of the machine as defined by G IS less than the 

E2 
charging kva of the line ;. Since xd is, except for special 

cases, of the order of 120 percent, danger may threaten 
when the charging kva requirements of the line exceed 
approximately 80 percent of the kva of the machine. 

XI. CAPACITANCE OF MACHINE WINDINGS 

A knowledge of the capacitance to ground of machine 
windings is necessary for several reasons, among which are: 

(a) Grounding of Generators. This is discussed in con- 

Fig. 64—Capacitance to ground of TURBINE-GENERATOR 
windings for 13 200-volt machines in microfarads per phase. 

For other voltages multiply by factor K in insert. 

siderable detail in the chapter on Grounding. The ca- 
pacitance to ground of the windings must be known so 
that the associated resistance can be selected. 

(b) System Grounding. The capacitance must be 
known so that the contribution of this element to the 
ground current can be determined for single line-to- 
ground faults. The contribution to the fault current for 
this condition is equal to t/3 27rjCoE X lo+ where f is the 
system frequency, E the line-to-line voltage and CO the 
capacitance per phase in microfarads. 

(c) System Recovery Voltage. The capacitance of the 
rotating machines may be an important element in the 
determination of the system recovery voltage. It is cus- 

Fig. 65-Capacitance to ground of SALIENT-POLE GENERATORS AND MOTORS in microfarads per phase. 



Machine Characteristics Chapter 6 

HORSE POWER 

Fig. 66—Capacitance to ground of 2300-volt SYNCHRONOUS 
MOTORS in microfarads per phase to ground. For voltages 
between 2300 and 6600, the capacitance will not vary more 

than f 15 percent from the values for 2300 volt. 

tomary to represent the machine capacitance in this 
work by placing one-half of the total capacitance to 
ground at the machine terminal. For details of this type 
of calculation refer to the chapter on Power-System 
Voltages and Currents During Abnormal Conditions. 

(d) Charging Kva. In testing the insulation of ma- 
chines, particularly in the field, it is sometimes necessary 
to know the approximate charging kva of the windings 
so that a transformer of sufficiently high rating can be 
provided beforehand to do the job. This is required 
either for normal routine testing, for testing at time of 
installation or for testing after rewinding. The charging 
kva per phase is equal to 27rjCoE2X 10eg where Co is the 

Fig. 67—Capacitance to ground of 2300-volt INDUCTION 
MOTORS in microfarads per phase. For voltages between 
2300 and 6600, the capacitance will not vary more than 

f 15 percent from the values for 2300 volts. 

capacitance per phase to ground in microfarads and E is 
the applied voltage from winding to ground. 

Figures 64 to 67 provide basic data calculated for West- 
inghouse turbine generators and salient-pole generators 
and motors. The generator data was obtained from refer- 
ence 23 and the motor data from some unpublished ma- 
terial of Dr. E. L. Harder. This information should be 
typical of other machines to within about + 50 percent. 
In general, it should be borne in mind that these character- 
istics vary greatly between machines of different designs. 
Fortunately, however, not very great accuracy is required 
for the applications cited above. 

XII. NATURAL FREQUENCY OF SYNCHRONOUS 
MACHINE CONNECTED TO INFINITE BUS 

A synchronous machine connected to an infinite bus 
possesses a natural period of oscillation which is given in 
the ASA C50-1943 Rotating Electrical Machinery 
Standards as 

35 200 IP, Xf fp- - 
(rpm)d WR2 

cycles per minute (113) 

where P, is the synchronizing power in kw per electrical 
radian displacement, 
f is the system frequency. 

When given an angular displacement, the machine oscil- 
lates with this frequency and finally subsides unless sub- 
jected to periodic impulse of proper magnitude. It is not 
within the scope of this work to discuss this subject in its 
entirety, but merely to derive the above expression. 

If an incremental displacement A0 be assumed, the cor- 
responding synchronizing power is 

AP = P,A8 in kw (114) 

and A0 is in degrees. From the Stability Chapter it can be 
seen that the acceleration of the rotor is 

180 f 
a = kvaHAP in deg/seG 

Tf 
= LAP in rad/sec2 

(kva) H 
(115) 

where the kva refers to the rating of the machine and H 
the inertia constant. Substituting H from Eq. (93) 

n106 f a=- 
0.231 (WR2)(rpm)2 

AP in rad/se$ (116) 

The sign of P, is actually negative as an increment in A0 
produces a torque which tends to return the machine to the 
operating angle. Thus, K is positive. Now 

d2(A0) 
a=-= -KAB. 

dt2 
(120) 
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Further, let 

A0=A sin 27rjnt (121) 

then substituting this relation into Eq. (120) 

- (27rfJ2 A sin 2n-fnt = - KA sin 2rfnt 

from which 

fG -- n- 2n’ 

Substituting K from Eq. (119) 

fn = sJ& cycles per set (122) 

which converts to Eq. (113). 

XIII. TYPICAL CONSTANTS AND COSTS 

Both the voltage and the current at which a machine 
operates affect certain of the principal constants through 
the variability of the permeability of the iron. In this 
sense, these so-called constants are not in reality constant. 
Consider the transient reactance, xd’. If three-phase short- 
circuits are applied to a machine from no load, the react- 
antes so obtained vary with the excitation. Two of these 
quantities have been given special designations. Thus the 
reactance obtained when the excitation is such as to pro- 
duce rated voltage at no load before the short-circuit is 
called the “rated-voltage reactance” and the reactance 
obtained when the excitation is reduced so as to produce 
from no load a transient component of the short-circuit 

Fig. 68—Saturation factors for transient reactance. Three- 
phase short circuits from rated voltage no load. Current 

limited by series reactance. 

current equal to rated value is called the “rated-current 
reactance.” 

A knowledge of these two values of xd’ is not sufficient 
for all applications for which xd’ is required. The rated- 
current xd’, because of lower excitation, lends itself more 
readily for determination from test. The rated-voltage xd’ 
is that required for short-circuit studies. Saturation within 
the machine is a minimum for the former and a maximum 
for the latter. The rated voltage value is sometimes called 
the “saturated value” and is the value usually given by the 
designer. Certain applications, such as stability studies, 
demand a quantity determined under conditions for which 
the terminal voltage is near rated voltage and the armature 
current is likewise near its rated current. Fig. 68 obtained 
from data presented by Kilgore 16 shows how the reactances 
of typical machines of different classes vary if three-phase 
short-circuits were applied from rated voltage no load, the 
current being altered by introducing different external 
reactances in the armature circuits. The rated-current 
figure is used as a base for all the curves. The particular 
reactance on the curves for rated current is the one that 
would have greatest utility for stability and regulation 
problems. No specific name has been assigned to this 
quantity. 

Similar considerations apply to the subtransient react- 
antes, with this difference, that the rated-current reactance 
xd” is obtained from the same test as that for which the 
rated-current reactance of xd’ was obtained. In this case 
rated current refers to the transient component and not 
the subtransient component of current. Fig. 69 shows how 

Fig. 69—Saturation factors for subtransient reactance. 
“Rated current” value used as base. All reactances from 
three-phase short circuits without external reactance. Satu- 
ration factors for salient-pole machine with damper winding 

is equal to unity. 
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xd” varies with the transient component of current, all 
points being obtained from three-phase short-circuits with 
no external reactance, the current being altered by the 
excitation before the short-circuit. 

In general, it is unnecessary to make this distinction for 
the negative-sequence reactance. The AIEE code lo sug- 
gests determination of x2 by means of the method discussed 

Fig. 70—Normal unsaturated transient reactance (au’) for 
waterwheel generators. waterwheel generators. 

under Negative-Sequence Reactance, the current during 
the sustained terminal-to-terminal short-circuit being 
limited to the rated current. 

The normal value of x’du designed into waterwheel gen- 
erators varies with the kva capacity and speed. These 
values are plotted in curve form in Fig. 70. To obtain 
lower values than those indicated usually involves an 
increased cost. 

The angular relations within the machine are determined 
to a large extent by x,. The variation, by test, of x, for 
several salient-pole machines12*” is shown in Fig. 71. 

Fig. 71—x, for salient-pole machines. 

A = 7500 kva generator without damper winding. 
B= 750 kva generator without damper winding. 
C=331 kva motor with damper winding removed. 
D= 100 kva generator with damper winding. 

The zero-sequence reactance, as evidenced by Fig. 72 
taken from Wright’s paper,17 is not affected to any great 
extent in the region for which it has greatest use. 

For practical purposes the effect of saturation upon the 
open-circuit transient time constant Tdlo and the sub- 
transient short-circuit time constant Td” can be neglected. 
In general, Td’ varies l7 in the same manner as xd’, so that 

the relation Tdf =x6Tdf,, is still maintained. Because of 

Fig. 72—Variation of x, for turbine generators. 

Fig. 73—Open-circuit transient time constants of a-c gen- 
erators and motors. 

Fig. 74—Open-circuit transient time constants of turbine 
generators. 

the wide variation of T dlo with the size of the unit the 
curves of Figs. 73 and 74 taken from a paper by Hahn 
and Wagner,18 are also included. 

Table 4 gives both the range of typical constants that 
are characteristic of normal designs and also an average 
that can be used for general purposes when the specific 
value of a particular machine is not known. The negative- 
sequence resistance is that obtained at a negative-sequence 
current equal to rated current. It must be kept in mind 
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that the loss associated therewith varies as the second 
power of iz for salient-pole machines either with or without 
damper windings and as the 1.8 power of iz for turbine 
generators. Column (9) in Table 4 refers to the a-c re- 
sistance, rl, (which includes the effect of load losses) and 
column (10) the d-c resistance, rs. 

The inertia constant, H, which is discussed in Chap. 13 
is likewise given in Table 4. The general variation of H of 
turbogenerators and the corresponding figures for water- 
wheel generators are given in Fig. 75. The effect upon H 

Fig. 75—Inertia constants. 

(a) Large turbine generators, turbine included. 

(b) Large vertical type waterwheel generators, including allow- 
ance of 15 percent for waterwheels. 

of increasing the short-circuit ratio and changing the 
power-factor is given in Fig. 76. The WR2 represented 
by the curves of Figs. 75 and 76 are those obtained 
from a normally designed machine in which no particular 
effort has been made to obtain abnormally high H. When 
magnitudes of WR2 in excess of these are desired a more 
expensive machine results. The additional cost of the 
additional WR2 is about proportional as shown in Fig. 77. 

The cost per kva of water-wheel generators depends 
upon its kva and speed. The extent of this variation is 
shown in Fig. 78. Machines of higher short-circuit ratio 
or power-factor are more expensive in the proportion shown 
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Fig. 76—Effect of short-circuit ratio upon H. 

Fig. 77—Effect of increasing H above the normal values given 
by Fig. 75. 

Fig. 78—Cost of water wheel generators including direct-con- 
nected exciters only. 

(0.8 power-factor and 1.0 short circuit ratio) 

(0.9 power-factor and 1.1 short circuit ratio) 

(1.0 power-factor and 1.25 short circuit ratio) 

Fig. 79—Effect of short-circuit ratio upon cost (Normal 1.0 
short-circuit ratio and 0.8 power-factor used as base). 

Fig. 8O—Cost of synchronous condensers including exciter 
and autotransformer. 

in Fig. 79. Naturally these figures will vary from year to 
year with the cost of materials and labor. 

The condenser cost per kva including the exciter, pilot 
exciter, and auto-transformer is plotted in Fig. 80. The 
exciter kw varies with the size of the unit, ranging from 
1.2, 0.7, and 0.32 percent for a 1000, 5000, and 50 OOO-kva 
unit, respectively. 

The cost of normal exciters for water-wheel generators 
varies from 7 to 13 percent of the cost of the generator 
alone for slow speeds, and from 2.5 to 6 percent for high 
speeds. The larger figures apply for units of about 3000 
kva and the smaller figures for machines of about 50 000 
kva. Direct-connected pilot exciters cost approximately 
30 percent of that of the exciter. 

XIV. INDUCTION MOTORS 

The equivalent circuit of the induction motor is shown 

in Fig. 31. The loss in the resistor 
l-s 
-T, represents the 

S 

shaft power and since the circuit is on a per phase basis, 
the total shaft power is thus 
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Total shaft power = in watts (123) 

=A 5(3r,ir2) in hp. (124) 

The rotor copper loss is (3r,ir2). Therefore, neglecting 
other losses, the efficiency is: 

Efficiency = 
total shaft power 

total shaft power+rotor copper loss 

l-s 

S 
=-=l-ss. (125) 

Thus, the efficiency decreases with increasing slip. For 
10 percent slip the efficiency is 90 percent, for 90 percent 
slip the efficiency is 10 percent. Similarly, the rotor copper 
loss is directly proportional to slip; being 10 percent for 
10 percent slip and 90 percent for 90 percent slip. 

The total shaft power can also be expressed in terms of 
torques. Thus, 

Total shaft horse power = ~ I 
332;oo(f 

in lb ft> @pm> 8Yn. c1 -s>- 

(126) 
Equating (124) and (126), the torque is 

1 

T=7.04(rpm),yn. 
(3rrir2) in watts 

lb ft. 
Sin per unit 

(127) 

The equivalent circuit of Fig. 31 can be simplified con- 
siderably by shifting the magnetizing branch to directly 
across the terminals. The resultant approximate circuit 
is shown in Fig. 81. This approximation permits of 

Fig. 81—Approximate equivalent circuit of induction motor. 

relatively simple determination of i,, so that Eq. (127) 
becomes 

lb ft. (128) 

Most transients involving induction motors fall within 
one of two categories; first, those in which the machine is 
disconnected from the source of power and, second, those 
in which the machine remains connected to the source of 
power. In the first case the transient is determined largely 
by changes in magnetization and may be quite long. An 

example of this case is the phenomena that occurs during 
the interval between the transfer of power-house auxiliaries 
from one source to another. In the second case, the tran- 
sient is determined by reactions involving both the stator 
and rotor and the duration is quite short. Examples, of 
this case, are the sudden energization of an induction motor 
or sudden short circuit across its terminals. 

35 Contribution to System Short-Circuit Current 

In the calculation of system short circuits only synchro- 
nous machines are usually considered but in special cases 
where induction machines constitute a large proportion of 
the load, their contribution to the short-circuit current 
even if its duration is only a few cycles may be large enough 
to influence the choice of the breaker from the standpoint 
of its short-time rating, that is, the maximum rms current 
the breaker can carry for any time, however small. 

As a first approximation the short-circuit current sup- 
plied by an induction motor can be resolved into an alter- 
nating and a unidirectional component much like that for 
a synchronous machine. The initial rms magnitude of the 
alternating component is equal to the terminal voltage 
to neutral divided by the blocked rotor impedance per 
phase. The time constants are namely, 
for the alternating component, 

(blocked rotor reactance per phase in ohms) in cycles 

27r (rotor resistance per phase in ohms) 
. 

for the unidirectional component, 

(blocked rotor reactance per phase in ohms) in cycles 

27r (stator resistance per phase in ohms) 
. 

Fig. 82 shows the short-circuit current of a 25-horse-power, 
550-volt squirrel-cage motor. The dotted line in the upper 

Fig. 82—Short-circuit currents in armature of squirrel-cage 
induction motor. 
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curve indicates the computed value of the envelope of the 
alternating component of short-circuit current. The am- 
plitude shows a substantial check but the computed time 
constant was low. This can probably be attributed to using 
the a-c resistance of the rotor rather than the d-c resistance. 
The dotted line in the lower curve is the computed value of 
the unidirectional component which checks quite well. 

Wound-rotor motors, operated with a substantial amount 
of external resistance, will have such small time constants 
that their contribution to the short-circuit can be neglected. 

36. Electra-Mechanical Starting Transient 

Fig. 31 shows the conventional diagram of an induction 
motor. In the present discussion the per unit system of 
units will continue to be used, in which unit current is the 
current necessary to develop the rated power at the rated 
voltage. The unit of both power and reactive volt-amperes 
will be the rated kva of the motor and not the rated power 
either in kilowatts or horse power. This convention is 
consistent with the choice of units for the impedances. At 
rated slip the volt-amperes input into the stator must be 

l-s 
equal to unity but the power absorbed in the resistor -T 

s * 
will be less than unity and will be equal numerically to 
the ratio of the rated power of the motor to the rated kva. 
The unit of shaft torque requires special comment. The 
shaft power can be expressed as 

l-s 
Shaft Power in kw = kvarated I$,- 

s ’ 
(129) 

In terms of torque the shaft power is equal to 
Shaft Power in kw 

EO 746T in ib ft 2a(rpm),,ncdl-~s)m 
. 

33 000 
(13o) 

Equating, there results that 

33 000 

in lb ft = 2r(O.746) (rpm) synch. 
kvarated I$. (131) 

If unit torque be defined as that torque required to pro- 
duce a shaft power equal to rated kva at synchronous 
speed, then from (130), the unit of torque is 

33 000 

2~(0.746) (w-d synch. 
kvarated 

and equation (131) in per unit becomes 

T in p.u. = I::. (132) 

For the purpose of determining the nature of electro- 
mechanical transients upon starting a motor from rest, the 
first step involves the calculation of the shaft torque as a 
function of the speed. Either the conventional method of 
the circle diagram or expression (132) can be used. In 
using the latter method it is only necessary to solve the 
network of Fig. (31) and substitute the solution of I, there- 
from into Eq. (132). A solution of a typical motor is shown 
in Fig. 83. For most motors the magnetizing branch can be 
neglected, for which case the torque expression becomes 

Fig. 83—Illustrating calculation of speed-time curve of an 
induction motor upon application of full voltage. 

lr 
- 

T in per unit = ei 
S 

( ) 

(133) 
(2,+z,)2+ r.+? * 

S 

The crosses close to the torque curve in Fig. 83 were 
computed by this expression. 

In Fig. 83 is also shown the torque requirements of a 
particular load such as a blower. Upon applying voltage 
to the motor the difference between the torque developed 
by the motor and that required by the load is the torque 
available for acceleration of the rotor. To convert to accel- 
eration it is convenient to introduce a constant, H, which 
is equal to the stored energy in kw-sec. per kva of rating 
at synchronous speed. H may be computed by means of 
Eq. (93). WR2 must, of course, include the WR2 of the con- 
nected load. 

Suppose that one per unit torque is applied to the motor 
which means that at synchronous speed the power input 
into acceleration of the rotor is equal to rated kva, and 
suppose further that the rotor is brought to synchronous 
speed in one second. During this interval the acceleration 
is constant (1 per unit) and the power input increases 
linearly with time so that at the end of one second the 
stored energy of rotation is (s kva) in kw-sec. Thus 1 per 
unit of torque produces 1 per unit of acceleration if the 
inertia is such that s kva of stored energy is produced in 
one second. From this it can be seen that if the inertia is 
such that at synchronous speed the stored energy is H, 
then to develop this energy in one second, the same acceler- 
ation but a torque 2H times as great is required. Therefore, 
there results that 

T- TL -- 
a- 2H (134) 
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do 
Acceleration can be expressed as x and its reciprocal 

dt 
as do. Thus from (134) 

dt 2H -=- 
do T-T= (135) 

This function is likewise plotted in Fig. 83. The utility of 
this form of the expression may be seen at once from the 

.-I4 
fact that E is known as a function of o and the time to 

reach any value of o can be determined by a simple 
Fig. 84—Decay of residual voltage% of a group of power house 

auxiliary motors. 
integration. Thus t = (136) 

By summing up areas (such as indicated by the shaded 
portion) in a vertical direction, the time to reach any 
speed is obtained. The curve of time so obtained is 
plotted in Fig. 83. 

The following formula can be used to form an approxi- 
mate idea of the time required to accelerate a motor, 
whose load varies as the square or cube of the speed, to 
half speed 

Time to half speed= H(zs+zr)2in seconds 
w2t 

(137) 

All of the above units must be expressed in per unit. Re- 
member also that xB should include any external react- 
ance in the stator back to the point where the voltage 
may be regarded as constant and et should be that con- 
stant voltage. 

37. Residual Voltage Fig. 85—Typical time constants for 2300-volt squirrel cage 
induction motors. 

If an induction motor is disconnected from its supply, it 
rotates for some time, the rate of deceleration being de- appears at the open terminals of the machine. If the volt- 
termined by the inertia of its own rotor and the inertia of age source is reapplied when the source voltage and residual 
the load and also by the nature of the load. Because of 
the inductance of the rotor, flux is entrapped and voltage 

voltage of the motor are out of phase, currents exceeding 
starting values may be obtained. 

Fig. 86—Approximate variation of price with voltage and horsepower of squirrel-cage 
induction motors. These values apply approximately for 8 poles or less for 60-cycle 

motors. Most economical used as base price. 
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Figure 84 shows the decay of a group of power-house 
auxiliary motors2s. The group had a total rating of 2500 
kw of which the largest was 1250 hp. This curve includes 
not only the effect of magnetic decay but the reduction in 
voltage due to decrease in speed. The open-circuit time 
constant for individual 2300-volt machines is given in Fig. 
85. There is a great variance in this constant between 
different designs but these curves give an idea of the mag- 
nitude for squirrel-cage induction machines. 

38. Cost of Induction Motors 

The price of induction motors of a given rating varies 
with the voltage. As the rating increases the most eco- 
nomical voltage also increases. To form a basis of judg- 
ment of the effect of voltage upon size the curve in Fig. 86 
was prepared. 
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CHAPTER 7 

EXCITATION SYSTEMS 

Author: 
J. E. Barkle, Jr. 

P RIOR to 1920 relatively little difficulty was en- 
countered in the operation of electrical systems, and 
operating engineers had little concern about system 

stability. As the loads grew and systems expanded, it be- 
came necessary to operate synchronous machines in paral- 
lel, and difficulties encountered were not well understood. 
In certain areas it became necessary to locate generating 
stations some distance from the load centers, which in- 
volved the transmission of power over long distances. It 
soon became apparent that system stability was of vital 
importance in these cases and also in the operation of large 
interconnected systems. 

In 1922, a group of engineers undertook solution of the 
stability problem to determine the factors involved that 
most affected the ability of a system to transfer power from 
one point to another. The results of these studies were 
presented before the AIEE in a group of papers* in 1924, 
and it was pointed out that the synchronous machine ex- 
citation systems are an important factor in the problem of 
determining the time variation of angle, voltage, and power 
quantities during transient disturbances. E. B. Shand 
stressed the theoretical possibility of increasing the steady- 
state power that could be transmitted over transmission 
lines through the use of a generator voltage regulator and 
an excitation system with a high degree of response so that 
operation in the region of dynamic stability would be pos- 
sible. It was not recommended that this region of dynamic 
stability be considered for normal operation, but that it be 
considered additional margin in determining permissible 
power transfer. 

Improvement of the excitation systems, therefore, ap- 
peared to be at least one method of increasing the stability 
limits of systems and preventing the separations occurring 
during transient conditions. Greater interest in the design 
of excitation systems and their component parts developed, 
and exciters with higher speeds of response and faster, 
more accurate generator voltage regulators were soon 
introduced to the industry. 

Early excitation systems were of many different forms 
depending principally upon whether the main generators 
were small or large in rating and whether the installation 
was a steam or hydroelectric station. The two broad 
classifications were those using a common excitation bus 
and those using an individual exciter for each main gen- 
erator. The common exciter bus was generally energized 
by several exciters driven by motors, turbines, steam en- 
gines, waterwheels, or combinations of these to provide a 

on the bus. It usually had sufficient capacity to carry the 
excitation requirements of the entire station for at least an 
hour. 

Motor or turbine drive was also used in the individual- 
exciter system, but it was not long before it was realized 
that direct-connection of the exciter to the generator shaft 
offered an excellent answer to the many problems encoun- 
tered with separately-driven exciters and this system grew 
rapidly in popularity. The standby excitation source was 
usually a spare exciter, either motor- or turbine-driven, 
and in case of trouble with the main exciter, transfer was 
accomplished manually. 

Pilot exciters had not been used up to that time. The 
exciters were invariably self-excited. In the common-bus 
system without a floating battery, the bus was operated 
at constant voltage supplied by compound-wound d-c gen- 
erators. Thus, practically constant voltage was obtained 
on the bus and control of the individual a-c generator field 
voltage was accomplished by using a variable rheostat in 
each field as shown in Fig. 1. When a standby battery was 

main and emergency drive. Standby exciter capacity was A-C GENERATOR FIELDS 

Provided in the common-bus system bY a battery floated Fig. l—Common-exciter-bus excitation system using flat- 
*A.I.E.E. Transactions, Vol. 43, 1924, pp. 16-103. compounded exciters and a-c generator field rheostats. 
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floated on the common bus, however, the exciters were 
shunt-wound to prevent polarity reversal by reversal of 
the series-field current. The a-c generator-field rheostat 
required in the common-bus system was a large and bulky 
device, which had considerable loss and required a great 
deal of maintenance. Control of voltage was under hand- 
regulation. 

In the individual-exciter system, the exciter was a shunt- 
wound machine with field control enabling it to operate as 
a variable-voltage source. The exciter usually operated at 
voltages between 30 and 100 percent, lower field voltages 
being obtained with a generator-field rheostat so that the 
exciter could operate slightly saturated and be stable. 

The generator voltage regulators in use at that time were 
predominantly of the continuously-vibrating type. The 
fact that these regulators were not suitable for use with 
the new exciters with fast response and high ceiling voltages 
prompted the development of new types of regulators.* 

In the past 25 years, there have been many developments 
in excitation-system design and practices. There is an 
unceasing search among designers and users alike to find 
ways of improving excitation-system performance through 
use of various types of d-c generators, electronic con- 
verters, and better controlling devices. The ultimate aim 
is to achieve an ideal in rate of response, simplicity, reli- 
ability, accuracy, sensitivity, etc. The achievement of all 
of these ideals simultaneously is a difficult problem. 

A review of the common excitation systems in use at the 
present time is presented in this chapter. The design and 
characteristics of each of the component parts are dis- 
cussed, along with the methods of combining these parts 
to form an excitation system having the most desirable 
features. Methods of calculating and analyzing excitation 
system performance are also included. 

I. DEFINITIONS 

In discussing excitation systems, a number of terms are 
used, the meaning of which may not be entirely clear. The 
following definitions are proposed for inclusion in the new 
edition of the American Standards Association, Publication 
C42, “Definitions of Electrical Terms”. 

Excitation System—An excitation system is the source of field 
current for the excitation of a principal electric machine, includ- 
ing means for its control. 

An excitation system, therefore, includes all of the equip- 
ment required to supply field current to excite a principal 
electric machine, which may be an a-c or d-c machine, and 
any equipment provided to regulate or control the amount 
of field current delivered. 

Exciter Ceiling Voltage—Exciter ceiling voltage is the max- 
imum voltage that may be attained by an exciter with specified 
conditions of load. For rotating exciters ceiling should be de- 
termined at rated speed and specified field temperature. 

Nominal Exciter Ceiling Voltage—Nominal exciter ceiling 
voltage is the ceiling voltage of an exciter loaded with a resistor 
having an ohmic value equal to the resistance of the field winding 

*A symposium of papers on excitation systems was presented 
before the AIEE in 1020 and gives details of equipment and practices 
fn use at that time. See A IEE Transactions, Vol. 39, Part II, 1920, 
pp. 1551-1637. 

to be excited, This resistance shall be determined at a tempera- 
ture of: 

(a) 75C for field windings designed to operate at rating with a 
temperature rise of 6OC or less 

(b) 1OOC for field windings designed to operate at rating with a 
temperature rise greater than 60C. 

For rotating exciters the temperature of the exciter field winding 
should be considered to be 75C. 

Rated-Loud Field Voltage—Rated-load field voltage is the volt- 
age required across the terminals of the field winding of an 
electric machine under rated continuous load conditions with the 
field winding at: 

(a) 75C for field windings designed to operate at rating with 
a temperature rise of 60C or less 

(b) 100C for field windings designed to operate at rating with 
a temperature rise greater than 60C. 

No-Loud Field Voltage—No-load field voltage is the voltage 
required across the terminals of the field winding of an electric 
machine under conditions of no load, rated speed and terminal 
voltage, and with the field winding at 25C. 

In the definitions of rated-load and no-load field voltage, 
the terminals of the field winding are considered to be such 
that the brush drop is included in the voltage in the case 
of an a-c synchronous machine having slip rings. 

Excitation System Stability—Excitation system stability is the 
ability of the excitation system to control the field voltage of the 
principal machine so that transient changes in the regulated 
voltage are effectively suppressed and sustained oscillations in the 
regulated voltage are not produced by the excitation system 
during steady-load conditions or following a change to a new 
steady-load condition. 

Exciter Response—Exciter response is the rate of increase or 
decrease of the exciter voltage when a change in this voltage is 
demanded. 

Main-Exciter Response Ratio—The main-exciter response ratio 
is the numerical value obtained when the response, in volts per 
second, is divided by the rated-load field voltage; which response, 
if maintained constant, would develop, in one-half second, the 
same excitation voltage-time area as attained by the actual ex- 
citer. The response is determined with no load on the exciter, 
with the exciter voltage initially equal to the rated-load field 
voltage, and then suddenly establishing circuit conditions which 
would be used to obtain nominal exciter ceiling voltage. 

Note: For a rotating exciter, response should be determined 
at rated speed. This definition does not apply to main exciters 
having one or more series fields or to electronic exciters. 

In using the per-unit system of designating exciter volt- 
ages, several choices are available from which to choose 
the unit. 

First, the rated voltage of the exciter would appear to be 
the fundamental basis, but for system analysis it has very 
little utility. 

Second, for specification purposes it has become standard 
through the adoption by the AIEE and ASA to use the 
rated-load field voltage as unity. It should be noted that 
rated-load field voltage is the voltage formerly referred to 
as “nominal slip-ring” or “nominal collector-ring” voltage. 

Third, the exciter voltage necessary to circulate the field 
current required to produce rated voltage on the air-gap 
line of the main machine. For analytical purposes this is 
the one most generally used and is the one used in the 
analytical work in Chap. 6. Under steady-state conditions, 
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no saturation, and using this definition, exciter voltage, 
field current and synchronous internal voltage become 
equal. 

Fourth, the slip-ring voltage necessary to produce rated 
voltage at no load or no-load field voltage is sometimes, but 
rather infrequently used. This definition includes the small 
amount of saturation present within the machine at no load. 

Exciters for turbine generators of less than 10 000 kilo- 
watts capacity are rated at 125 volts, and those for larger 
units are generally rated 250 volts. Some of the large units 
placed in service recently have exciters rated 375 volts. 
The vast majority of exciters in use with all types of syn- 
chronous machines greater than 10 000 kilowatts in capac- 
ity are rated 250 volts. On this rating the rated-load field 
voltage is of the order of 200 volts or 80 percent of the 
exciter rating. The exciter voltage required to produce the 
field current in the main machine corresponding to rated 
voltage on the air-gap line is usually about 90 volts or 
36 percent of the exciter rating. Using this value as 1.0 
per unit exciter voltage, the rated-load field voltage is 
approximately 2.2 per unit. 

The nominal exciter ceiling voltage is defined above and 
can be interpreted as being the maximum voltage the ex- 
citer attains with all of the field-circuit resistance under 
control of the voltage regulator short circuited. On a 250- 
volt exciter, the ceiling voltage is usually about 300 to 330 
volts, which is 120 to 132 percent of the exciter rated 
voltage, or 3.3 to 3.7 per unit. The relative values of these 
quantities are shown graphically in Fig. 2. 

The construction of the response line in accordance with 
the definition for determining main-exciter response ratio 
is also included in Fig. 2. The curve aed is the actual 

voltage-time curve of the exciter as determined under the 
specified conditions. Beginning at the rated-load field volt- 
age, point a, the straight line ac is drawn so that the area 
under it, abc, during the one-half second interval from zero 
time is equal to the area under the actual voltage-time 
curve, abde, during the same interval. The response used 
in determining response ratio is the slope of the line UC in 
volts per second; 

100 volts 

0.5 second 
= 200 volts per second. 

The rated-load field voltage is 200 volts, and the response 
ratio, obtained by dividing the response by the rated-load 
field voltage, is 1.0. The work can also be done by express- 
ing the voltages as per-unit values. 

The half-second interval is chosen because it corresponds 
approximately to one-half period of the natural electro- 
mechanical oscillation of the average power system. It is 
the time during which the exciter must become active if 
it is to be effective in assisting to maintain system stability. 

II. MAIN EXCITERS 

The main exciter is a source of field current for the 
principal electric machine. Thus, any d-c machine that 
might be used to serve this purpose can be called a main 
exciter. Seldom are storage batteries used as main exciters. 
With a main generator of any appreciable size, the diffi- 
culties encountered in finding room for the battery, in 
maintaining the charge, and in keeping the battery in good 
operating condition are such as to make it impractical. 
Many other types of d-c machines have been developed 

Fig. 2—Construction for determining main-exciter response ratio showing relative values of important quantities for 250- 
volt main exciter. 
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to a high degree of specialization for use as main exciters 
that offer many operating and maintenance advantages 
over a battery. 

Main exciters, in general, can be grouped into two classi- 
fications; i.e., rotating and non-rotating d-c machines. The 
most common form of rotating main exciter is the more or 
less conventional d-c generator. The term “conventional” 
is used with reservation since a d-c generator built for the 
purpose of supplying excitation for a synchronous machine 
has incorporated in it many features to improve reliability 
and reduce maintenance not found on d-c generators used 
for other purposes. Aside from these special features, the 
theory of operation is the same as the conventional d-c 
generator. A new form of rotating exciter that has made 
its appearance in recent years is the main-exciter Rototrol. 
The Rototrol or rotating amplifier is very different in its 
operation from the conventional main exciter. The major 
static or non-rotating form of main exciter is the electronic 
exciter. 

Each of these d-c machines, in regard to its application 
as a main exciter, is discussed in detail in the sections 
that follow. 

1. Prime Movers for Main Exciters 
Rotating main exciters are of either the direct-connected 

type or the separately-driven type. A direct-connected 
main exciter is one coupled directly to the shaft of the main 
generator and rotates at the same speed. A modification 
is the geared or shaft-driven exciter, driven through a gear 
by the shaft of the main generator. Problems of gear main- 
tenance are introduced, but this enables the two machines 
to operate at different speeds. A separately-driven main 
exciter is usually driven by a motor, the complete unit 
being called an exciter m-g set, or it can be driven by some 
other form of prime mover such as a steam turbine or a 
hydraulic turbine. 

Loss of excitation of an a-c generator generally means 
that it must be removed from service. Hence a reliable 
source of excitation is essential. If the main exciter should 
stop running while the main generator is still capable of 
operating, blame for the resultant outage would be placed 
on the main exciter. Considerable expense, therefore, can 
be justified to provide a reliable source of power to drive 
the main exciter. The type of drive accepted as reliable 
depends upon the type of synchronous machine being ex- 
cited; that is, whether it be a generator or a synchronous 
condenser. 

Exciter M-G Set-The exciter m-g set can be driven 
by a synchronous or induction motor. Direct-current mo- 
tors have been used in some cases. The synchronous motor 
drive is undesirable, because of the possibility of transient 
disturbances on the motor supply system causing insta- 
bility. Induction motors are ordinarily applied where the 
exciter m-g set is used. In any event, the motor must be 
specially designed to drive the main exciter through any 
form of system disturbance. 

Power supply for the motor is, of course, important. The 
exciter m-g set might be classed as an essential auxiliary 
for operation of the generator, and may receive its power 
from the auxiliary power-supply system. Most essential 
auxiliaries have a dual power supply comprising a normal 

and an emergency supply, and automatic quick-transfer 
to the emergency supply is provided in case of failure of 
the normal supply. In some cases, dual prime movers are 
used such as a motor and a steam turbine, the turbine 
taking over the drive when the motor power supply fails. 
The driving motor can be connected directly to the main 
generator terminals through an appropriate transformer. 
It is then subject to voltage disturbances on the main 
system. 

The motor is apt to be subjected to voltage disturbances 
regardless of the source of its power supply, and it is nec- 
essary to construct the m-g set so that it can withstand 
these disturbances without affecting the excitation of the 
main a-c generator. The inertia constant of the m-g set 
and the pull-out torque of the motor must be high enough 
to assure that the speed of the set does not change appre- 
ciably or the motor stall during momentary voltage dips. 
The response ratio and ceiling voltage of the exciter must 
take into consideration any speed change that may occur. 
In arriving at values for these various factors, it is neces- 
sary that some time interval and voltage condition for the 
system disturbance be chosen. A common requirement is 
that the exciter m-g set be capable of delivering maximum 
forcing excitation to the generator field during a system 
disturbance when the motor voltage is 70 percent of normal 
for a period of one-half second. Based on this criterion, 
characteristics of the exciter m-g set have become fairly 
well standardized as follows: 

Inertia constant of the entire m-g set, H = 5.0. 
Pull-out torque of driving motor, P,, = 500 percent. 
Response ratio of main exciter when operating at rated 

speed, R = 2.0. 
Nominal exciter ceiling voltage when operating at rated 

speed, E,, = 160 percent. 

When an exciter m-g set is used with a synchronous 
condenser, the logical source of power for the motor is the 
system that energizes the condenser. In this respect, the 
use of exciter m-g sets with synchronous condensers does 
not involve many complications. 

Direct-Connected Exciter-The most reliable prime 
mover for the main exciter is the same prime mover that 
drives the a-c machine being excited. This was realized 
many years ago when main exciters were first coupled to 
the shafts of the generators. The reliability of this form of 
drive is obvious and no elaboration is necessary. However, 
in the case of high-speed turbine generators, early installa- 
tions experienced trouble in operation of the d-c exciters at 
high speeds. These difficulties have been completely over- 
come by adequate design of the exciter, special features 
being included for operation at 3600 rpm. Direct connec- 
tion of the main exciter is widely accepted in the utility 
industry. 

2. Conventional Main Exciters 
Conventional main exciters, in general, can be classified 

according to their method of excitation, being either self- 
excited or separately-excited. In the former the field wind- 
ing or windings are connected across the terminals of the 
machine through variable resistors and in the latter the 
field windings with their resistors are connected to a source 
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Fig. 3— TWO common forma of shunt-excited main exciters. 

(a) self-excited. 
(b) separately-excited. 

of essentially constant voltage such as a small auxiliary 
flat-compounded exciter, called a pilot exciter. The basic 
connections of these two forms of main exciter are shown 
in Figs. 3(a) and (b). 

The curve oca in Fig. 4 represents the no-load saturation 
curve of a conventional d-c generator that might be used 
as a main exciter. An examination of the curve reveals that 
for values of voltage less than approximately 75 percent of 
rated armature voltage substantially all of the field current 
is expended in forcing magnetic flux across the air gap of 
the machine. In this region the voltage output is directly 
proportional to the field current, and a line drawn coincid- 
ing with the straight portion of the curve is called the air- 
gap line. Above the straight-line portion of the curve, the 
voltage output is no longer proportional to the field cur- 
rent, and a given percentage increase in voltage output 
requires a greater percentage increase in the field current. 
Under this condition, the machine is saturated and a 
greater proportion of the field ampere-turns are used in 
forcing flux through the magnetic circuit. 

The field windings of the main exciter are frequently 
divided into two or more parallel circuits and in the present 
discussion the field current is always referred to as the 
current in one of the parallel circuits. For either the self- 
or separately-excited exciter, the terminal voltage is varied 
by simply changing the resistance of the field circuit. The 
field resistance line OA in Fig. 4 is drawn so that its slope 
is equal to the resistance of the field, that is, the ordinate 
at any point divided by the field current is the total resist- 
ance of one circuit of the field winding. At no-load, the 
intersection of the no-load saturation curve with the line 
OA determines the operating point, namely a. For the 

Fig. 4—Steady-state operating points for unloaded and 
self-excited and separately-excited machines. 

loaded 

particular constant-resistance load for which the line odb 
represents the saturation characteristic, the operating point 
is likewise the intersection with OA, namely b. If some 
resistance is inserted in the field circuit so that its resist- 
ance line is changed to OB, then the operating point is c for 
the no-load condition and d for the constant-resistance load 
condition. In this manner of changing the exciter field 
resistance, any exciter voltage within limits can be ob- 
tained. 

Should the field resistance be increased so that the resist- 
ance line coincides with the air-gap line, the output voltage 
theoretically can establish itself at any value between zero 
and the point where the no-load saturation curve begins to 
bend away from the air-gap line. Operation in this region 
is unstable unless some artificial means of stabilizing is 
provided. 

On the other hand, if the machine were separately- 
excited by a pilot exciter, the field current is determined 
by the intersection of the resistance line with the pilot- 
exciter voltage line. Thus in Fig. 4, for the resistance line 
0.4 and the constant pilot-exciter voltage e,, the field cur- 
rent of the exciter is determined by the intersection at f, 
and the terminal voltages for no-load and constant-resist- 
ance load are at points g and h, respectively. 

3. Calculation of Response of Conventional Main 
Exciters 

It will be observed that the definition of exciter response 
is based upon the no-load voltage build-up curve. T ‘S 

f may differ in several essential points from the load con i- 
tion which will be discussed later. For the present, the 
response will be calculated for the no-load 
will be applied to a self-excited machine. 

condition and 
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If 

e, = terminal voltage of the exciter and also the voltage 
across its field circuit 

&=field current per circuit in amperes 
rf = total resistance of each field circuit in ohms 
$J= flux linkages per circuit of the field winding in 

10S8 lines-turns 

then there exists for the field circuits the following equa- 
tion: 

a=rrir+$ (1) 

where each term is expressed in volts. This expression can 
be rewritten in the following form 

dJI - 
dt=-rtz! 

(2) 

The flux linkages, #, can be regarded as made up of two 
components; first, those produced by the useful flux in the 
air gap and, second, those produced by the leakage fluxes. 
The first component is proportional to the no-load terminal 
voltage as this is the flux which produces that voltage. The 
designer can give the useful flux at any particular voltage 
or it can be obtained from the design constants of the 
machine. Multiplying this flux in 10B8 lines by the turns, 
N, linked by the flux, which is equal to the number of 
turns per pole times the number of poles per circuit, gives 
the total linkages due to this component. These linkages 
may be designated as k,G, where, to be specific with respect 
to the particular voltage concerned, we may write 

( 

total useful flux linkages number of poles 

ku= 
per pole at rated voltage >( per circuit > 

rated voltage 
(3) 

The leakage component is more complex as not all of the 
leakage flux cuts all of the turns. If there were no satura- 
tion effects in the pole pieces and yoke, the leakage fluxes 
would be proportional to the field current. If, however, 
the leakage fluxes are specified at some definite current 
such as that required to produce rated voltage at no load, 
then the leakage at higher currents will be less than pro- 
portional to the current and at lower currents will be more 
than proportional to that at the specified point. Inasmuch 
as the leakage flux is only about 10 percent of the useful 
flux, considerable error is permissible in the leakage com- 
ponent without affecting the result significantly. The 
leakage flux may be said to contribute the flux linkages 
k&r to the total. The coefficient k1 can be defined by re- 
questing from the designer both the flux linkages per pole 
at rated voltage due to the useful flux and the total flux 
linkages per pole at rated voltage. The coefficient kl is 
then 

( 

Total # 3/ per pole due 
per pole at - to useful flux 

kl= 
rated voltage at rated voltage 

)( :EtE ) 
per circuit 

if at rated voltage 

(4) 

The total flux linkages per circuit are then 

$ = kuex+hG (5) 

These quantities are illustrated in Fig, 5. 

Fig. 5—Forcing voltages and flux linkage8 concerned in cal- 
cula ting response. 

Equation (2) states that the time rate of rise of # is pro- 
portional at any instant to a forcing voltage which is equal 
to the vertical distance between the terminal-voltage curve 
and the straight-line curve of resistance drop at any given 
field current. It shows that the flux within the machine 
will increase so long as (e,- r&f) is positive, that is, until 
the point of intersection of the two curves, as shown in 
Fig. 5, is attained. Beyond this point (e, -r&f) be- 
comes negative. If, for any reason, the flux within the 
machine extends beyond this point, it will decrease. 

Fig. 6—Graphical determination of responee of flux linkages 
$ with time. 
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In other words, the intersection is a stable operating 
point. 

Equation (2) can be transformed to 

from which 

(6) 

(7) 

By choosing particular values of if from Fig. 5, it is pos- 
1 

sible to plot # as a function of ~ 
dt 

or - shown in Fig. 
e--r& d+ 

6. From Eq. (7) it can be seen that t can be obtained as 
a function of # by simply obtaining the area of the vertical 
strata of increments, starting from rc/ corresponding to the 
starting value of e,. After rc/ is obtained, e, can be plotted 

Fig. 7—Example for calculation of response of exciter. 

167 kw, 125 volts, 1200 rpm, 6 poles 
Separately excited-e, = 125 volts 
Three circuits-two poles per circuit 
Ceiling voltage-165 volts. 
if at ceiling voltage =8.16 amperes per circuit 
Resistance per circuit = 15.3 ohms 
Two field windings =6.8 ohms 
External resistance per circuit =8.5 ohms 
Total external resistance = 2.8 ohms 
# per pole at 125 volts due to useful flux = 18 
Total I) per pole at 125 volts=20.3 

k, = (20.3 - 1812 = 1 
4.4 * 

o5 

as a function of time by taking corresponding points from 
Fig. 5. The simplest method for obtaining the area is to 
divide the region into a large number of increments and 
then sum them progressively on a recording adding 
machine. 

If the machine is separately excited, the variable ter- 
minal voltage e, in the expression for the forcing voltage 
should be replaced by the voltage e, of the pilot exciter 
and the forcing voltage then becomes (e,-r&r), which is 
illustrated in Fig. 5. The difference in these forcing volt- 
ages shows why separately-excited exciters are usually 
faster in response. 

When systematized, it is found that this calculation is 
quite simple, as will be illustrated by an example. Let it be 
desired to determine the exciter response for the separately- 
excited machine whose characteristics are given in Fig. 7. 
In Table 1, columns (1) and (2), tabulate the terminal 
voltage and field currents from Fig. 7. Columns (3) and 
(4) are simply steps in the determination of the total + of 
column (5). Columns (6) and (7) are likewise steps in the 

determination of -$ of column (8). From this point a 

choice may be made of two procedures. If the graphical 

method is used, plot the value of g from column (8) as 
dlC/ 

ordinate against the value of # from column (5) as abscissa 

Fig. 8—Auxiliary curves for calculation of response for exam- 
ple given in Fig. 7. 
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TABLE 1 

giving the curve shown in Fig. 8. Time can then be de- 
termined by integrating this curve. One method of doing 
this is by means of the table constituting the insert of this 
figure. This is found by dividing # into increments of 
unit width, except for the first element for which A# is 
only 0.8. This is done to obtain convenient divisions. 
Increments of time At are enumerated in the first column. 
The second column represents time, the summation of the 
At column. On the other hand, the same integration can be 
accomplished in tabular form. Continuing in Table 1, 
column (9), the difference of successive values of + from 
column (5), constitutes the base of increments of area of 

dt 

curve G 
in Fig. 8. Likewise, column (lo), the mean of 

successive values of column (8), constitutes the mean of 
elementary areas. The product of these two values tabu- 
lated in column (11) is the increment of time. Column 
(12) is merely a progressive summation of (11) and gives 
actual time. By plotting column (1) against column (12), 
the response curve is obtained. 

For higher speeds of response, the eddy currents pro- 
duced in the solid yokes can retard the buildup of the flux. 
The extent to which this is effective is given by the curve 

Fig. 9—Correction factor to be applied to calculated response 
to include effect of eddy currents, according to W. A. Lewis.’ 

in Fig. 9 by W. A. Lewis l. This curve supplies a correction 
to be applied to calculated responses. 

Separately-excited exciters are usually, but not neces- 
sarily, faster in response than self-excited exciters. They 
do, however, have other advantages, such as being more 
stable at low voltages, voltages at which self-excited ex- 
citers may have a tendency to creep. Improvement in 
speed of response can be obtained by two general methods; 
(1) decreasing the time constant of the field circuit, and (2) 
increasing the pilot-exciter voltage in the case of separately- 

excited exciters or the ceiling voltage in the case of self- 
excited exciters. The former is usually accomplished by 
paralleling the field circuits placing at the same time re- 
sistors in series to limit the current. Thus, if the parallels 
are doubled, the number of poles and likewise \c/ per circuit 
are halved. It is necessary to add more resistance to the 
external circuit so that the resistance per circuit remains 
the same. In Eq. (7) the only change is that Ic/ is one- 
half and, therefore, the terminal voltage rises twice as 
fast. 

4. Calculation of Response Under Loaded Con- 
ditions 

Most of the cases for which the exciter response is desired 
are concerned with sudden changes, such as short circuits, 
in the armature circuit of the synchronous machine. Asso- 
ciated with these changes one usually finds that the field 
current of the alternator has increased a considerable 
amount, perhaps in excess of the armature current rating 
of the exciter. Because of the high inductance of the field 
circuit of the synchronous machine, the armature current 
of the exciter can usually be regarded as remaining sub- 
stantially constant at this increased value during the period 
for which the response is desired. 

When current flows in the armature, the phenomenon of 
armature reaction must be taken into consideration except 
for those machines that have a compensating winding. The 
function of the compensating winding, which is wound into 
the pole face of the field winding, is to annul the effect of 
the cross-magnetizing mmf of armature reaction. However, 
for machines without compensating windings, the mmf of 
armature reaction produces an mmf that varies linearly 
from the center of the pole piece, one side being positive 
and the other side negative. This effect is shown in Fig. 
10 (a) in which MN represents the maximum magnetizing 
mmf at one pole edge and PQ represents the maximum 
demagnetizing mmf at the other pole edge. Fig. 10 (b) 
represents a section of the no-load saturation curve in 
which 0 represents the generated voltage on the vertical 
co-ordinate and the field mmf on the horizontal co-ordinate. 
If A and C are so laid off that OA and OC equal MN and 
PQ, respectively, from Fig. 10 (a), then because of the 
linearity of QN of Fig. 10 (a), the abscissa of Fig. 10 (b) 
between CA represents the mmf distribution along the pole 
face. Further, since the generated voltages are propor- 
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Fig. 10—Effect of armature reaction in reducing total flux 
across gap. (a) Shows distribution of armature mmf; (b) Sec- 

tion of no-load saturation curve. 

tional to the air-gap fluxes, the section of no-load satura- 
tion curve shows the effect of the superposed armature 
mmf upon the density of air-gap flux across the pole. The 
higher mmf does not increase the flux on the right-hand 
side as much as the lower mmf decreases the flux on the 
left-hand side. As a result, the total flux and consequently 
the generated voltage are decreased from the value indicated 
by CA to that indicated by FG, which is obtained by 
integrating the area under the curve DOB and drawing FG 
so that the two triangular areas are equal. The extent to 
which the average flux or voltage is decreased can be in- 
dicated by a “distortion curve,” such as shown by the 
dotted curve of Fig. 11. This effect is most pronounced in 
the region of the knee of the saturation curve as at both 
higher and lower field currents, there is a tendency to add 
on the one side of the pole just as much flux as is subtracted 
on the other. The terminal voltage is reduced still further 
by the armature resistance and brush drops, resulting in a 
load saturation curve for constant current, such as shown 
in Fig. 11. 

From this same curve it can be seen that for a given field 
resistance line, the forcing voltage (~-r&f) for a self-excited 

Fig. 11—Load saturation curves for exciter assuming constant 
armature current. 

machine is very much smaller under load than under no 
load. In calculating the flux linkages in accordance with 
Eq. (5), the distortion curve should be used for G. Except 
for these two changes, the load response can be calculated 
in the same manner as the no load response. 

For separately-excited exciters, the forcing voltage re- 
mains unaltered by the loading on the machine as it is 
independent of the terminal voltage. The armature resist- 
ance can be regarded as part of that of the main field wind- 
ing. There remains only the distortion effect to consider 
which amounts to only several percent. For machines with 
compensating windings, this effect is negligible. 

5. Effect of Differential Fields on Response 
Differential windings are provided to reduce the exciter 

voltage to residual magnitude or below. They consist of a 
small number of turns wound on each pole, so connected 
that the mmf produced thereby is opposite to that of the 
main windings. Fig. 12 (a) shows schematically such an 
arrangement. If the differential windings are not opened 
when the regulator contacts close to produce field forcing, 
the differential circuit reduces the response of the exciter. 
The extent to which this is effective may be calculated 
as follows : Let 

a = number of parallel paths in the main winding. 

b = number of parallel paths in the differential winding. 

c = number of turns per pole of the main winding. 

d = number of turns per pole of the differential winding. 

N = total number of poles of exciter. 

i,= current per circuit of main winding. 

i d= current per circuit of differential winding. 

The resistors R, and Rd in series with the combined main 
and differential windings, respectively, may be included in 
the calculation by increasing the actual resistances in each 
of the main and differential circuits by aR, and bRd, re- 
spectively. With these increases the resistances of each of 
the main and differential circuits will be designated by the 
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If (10) and (11) are inserted in (8) and (9), then 

d. d# 
e, = (Ra+rm) (i+;d +R&+-g (12) 

ad d# ~=RU(i+~id)+(Rbfrd)id+bC dt (13) 

bc dtC/ 
By multiplying (13) by ad, dt can be eliminated by 

subtracting from (12). The current id can then be solved 
in terms of i. Upon substituting the expression for id 
into (12) there is finally obtained that 

Equation 14 shows that the ordinary flux-linkage curve 
for the exciter and conventional method of calculation can 
be used if the coefficient of i be used as the resistance of each 
circuit, i be the current read from the saturation curve, and 
the voltage across each circuit be multiplied by the co- 
efficient of e,. In other words, the calculations should be 
carried out as though the differential winding were not 
present, except that instead of using the expression 
(e, - r&) to determine the forcing voltage, e, should be mul- 

- Fig. 12—-schematic diagram for main and differential 
windings. tiplied by 1 

(-%)/ 
A, and if by FiR(z+i)]/A. 

symbols r, and r d, respectively. Referring to Fig. 12 (b) 6. Three-Field Main Exciter 
the following equations can be written The three-field main exciter shown schematically in Fig. 

~=R((ai,+bi )+r i +“s I3 is of conventional construction so far as mechanical 
d 

mm dt 
(8) details and armature winding are concerned, but it is built 

G=R(ai 
with three electrically independent shunt fields. Field 1 

m +bi )+r i +@ d 
dd dt 

(9) is connected in series with a variable resistance across the 

in which J/ and $d are the flux linkages in each of the 
two respective circuits. 

If all the field flux cuts all turns, then 

\cI = EC X (flux per pole in lOwa lines) 
a 

#d = 3 x (flux per pole in lo-* lines) 

If it be assumed that the two windings be replaced by 
another winding having the same number of turns and 
circuit connections as the main windings, then the in- 
stantaneous mmf of this winding is the same as that of 
the combination if its current, i, is 

d 
i=im--id 

C 

from which Fig.13—Sch ematic diagram of three-field main exciter. Field 

d. 1 is self-excited and provides base excitation, field 2 is a 
&=i+;%,j cw separately-excited controlling field, and field 3 is a small- 

capacity battery-excited stabilizing field. 
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main terminals of the exciter and operates in the manner 
of the self-excited field discussed in Sec. 1. Field 1 provides 
the base excitation for the machine. Field 3 is a small 
separately-excited shunt field that obtains its energy from 
a station battery or any other source of substantially 
constant d-c voltage. It is capable of supplying 5 to 10 
percent of the normal total excitation requirements of the 
main exciter, and its purpose is to provide exciter stability 
at, low voltage output under hand control. Field 3 is used 
only when the exciter speed of response or range of voltage 
output makes it desirable. Field 2 is a shunt field that is 
excited from a reversible variable-voltage d-c source under 
control of a voltage regulator. This field also provides for 
stability of the exciter when the voltage regulation is under 
control of the voltage regulator. 

Fields 1 and 3 have rheostats in their energizing cir- 
cuits. These are usually motor-operated under manual 
control. The rheostat arms are mechanically connected 
together so that resistance is added in one field circuit, as 
it is removed from the other. Thus, when the self-energized 
shunt field is carrying a high excitation current, the sepa- 
rately-excited field 3 carries a negligible current. The 
combined effect of fields 1 and 3 is shown in Fig. 14 and 
can be explained by assuming that the current in field 2 is 
zero. When the field rheostat is adjusted to give a voltage 
output greater than that represented by the distance Oc, 
all excitation is supplied by field 1, and the relation between 
the exciter terminal voltage and the total field ampere- 
turns is represented by the line ab. Operation in this region 
is the same as a self-excited exciter. If the resistance in the 
circuit, of field 1 were increased to give a value of ampere- 
turns less than Od in Fig. 14, and if field 1 were the only 
field excited, the machine would be unstable as pointed 
out in Sec. 1. 

To obtain a terminal voltage less than Oc, such as Oj, 
the resistance in the self-excited field circuit would be in- 
creased to reduce the ampere-turns produced by that field 
to Oj. These ampere-turns would cause a generated volt- 
age equal to Oh. However, at the same time the current 
in field 1 is reduced, the current in field 3 is increased, 
and the generated voltage due to field 3 being energized 
is represented by hf. The ampere-turns of the two fields 
and the generated voltages add so that the distance Of is 
the total terminal voltage. Since the current in field 3 is 
controlled by the amount of current in field 1 through the 
mechanical coupling of the field-rheostat arms, the total 
terminal voltage can be plotted as a function of the arnpere- 
turns in field 1 alone and is represented by the curve cX-ab 
in Fig. 14. If the field-resistance characteristic of the self- 
excited field is plotted on the same curve, there will always 
be a positive point of intersection between the resistance 
line and the saturation curve ckab and stable operation can 
be obtained for any voltage greater than Of. The voltage 
represented by Oc is usually less than 10 percent of the 
rated voltage of the exciter. Operation at smaller values 
would not ordinarily be necessary except in the case of a 
synchronous-condenser exciter. Smaller terminal voltages 
are obtained by holding the current in the self-excited field 
to zero and reducing the current in separately-excited field 
3. Exciter polarity can be reversed by reversing both 
field circuits when the currents are zero and building up 

Fig. 14—Equivalent no-load saturation curve of three-field 
main exciter showing effect of stabilizing field 3. Field 2 is 

open-circuited. 

in the opposite direction. Thus, manual control of voltage 
is possible over the complete range necessary. 

When the voltage of the main exciter is under the control 
of a voltage regulator that varies the magnitude and polar- 
ity of voltage applied to the separately-excited field 2, 
the manually-operated field rheostat in field 1 circuit is set 
to provide some base amount of excitation. This setting 
is determined by the operator, but is generally high enough 
to supply sufficient field current to the a-c generator field 
to maintain steady-state stability. The current in field 3 
is usually negligible with such a setting of the rheostat when 
the generator is carrying any load. The polarity and magni- 
tude of the voltage applied to field 2 are then regulated so 
that the flux produced by field 2 either aids or opposes the 
flux produced by the base excitation in field 1, thus, either 
increasing or decreasing the exciter terminal voltage. Since 
the effect of field 1 is that of a conventional self-excited 
machine, a small amount of energy input to field 2 can 
control the output voltage over a wide range. The opera- 
tion of the three-field main exciter is made stable by sepa- 
rate means for the two conditions of operation: by a 
separately-excited stabilizing field under manual control, 
and by the voltage regulator controlling the input to field 
2 under regulator control. 

The three-field main exciter has an advantage over the 
single-field separately-excited main exciter described in 
Sec. 1 in that control of the exciter terminal voltage is 
not completely lost if any trouble should occur in the 
separately-excited field circuit. The trouble might involve 
the variable-voltage source for field 2 or the voltage regu- 
lator that controls it, but even though the current in the 
field should become zero, the exciter will continue operating 
at a terminal voltage determined by the setting of the 
rheostat in the self-energized field circuit. The only effect 
on the a-c generator would be a change in its internal 
voltage which would cause a change in reactive loading of 



the machine. Under similar circumstances of failure with terminal voltage, the total useful flux at any later instant 
the single-field exciter, the source of excitation for the a-c of time is 
generator field would be lost and a shut-down of the unit +‘=K(Nlilf+Nzizf+N3is’). (17) 
would be necessary. 

The change in total flux per pole is the difference between 

7. Calculation of Response of Three-Field Main these two values, 

Exciter $=#I-&= K(Nlil+N2i2+N&). (18) 
A method of calculating the response of a single-field 

exciter is given in Sec. 2. The method uses step-by-step 
The basic formula for the self-inductance of any of the 

integration to take into account the saturated condition 
field circuits is 

of the exciter. If additional fields are present, damping 
L N+lO-* 

=-henrys, 
currents flow in those fields during voltage changes. Their i 

effect is to reduce the rate of change of flux in the exciter and since the flux is expressed as Maxwells per pole times 
iron paths. The following analysis presents a means of lo*, the self-inductance of the circuit of field 1 becomes 
replacing the assembly of several fields with one equivalent 
field so that the response can be calculated. 

L P&W -- = PKN12X. 1- (19) 
The specific fields involved in the three-field main exciter 21 

are the self-excited field 1, the battery-excited field 3, and The time constant of the field circuit is the total self- 
the separately-excited field 2 as shown in Fig. 13. The inductance divided by the total resistance, 
three fields are wound to form a single element to be 
mounted on the field pole, so that the mutual coupling is 

L1 PKNl=X 

“=%=-RI ’ 
(20) 

high and can be assumed to be 100 percent with small 
error. Also, the same leakage coefficient can be applied to Equations similar to Eq. (19) can be written for self-in- 
each of the fields. In the following symbols the subscript ductances L2 and Lt and similar to Eq. (20) for time con- 
indicates the particular field to which the symbol applies. stants 12 and /a. 
Thus, N1 is the turns per pole of field 1, Nz the turns per The voltage applied to each of the field circuits is 
pole of field 2, etc. d4 

P = Number of poles, assumed to be connected in series. 
absorbed in Ri drop in the circuit resistance and Nz drop 

N = Number of turns per pole in the field winding. in the circuit inductance. The voltage equations at any 

4’ = Total useful flux per pole in Maxwells times lo*. instant of time are 

40 = Initial useful flux per pole in Maxwells times lo*. E,’ = c+’ = RI&‘+ NAPp# cm 
4 = Change in flux per pole = 4 - &,. 
i’=Total amperes in field circuit. 

E2’ = R2i2’ + N2XPp# (22) 

io = Initial amperes in field circuit. E3’ = R&3’+ N3XPp#. (23) 

i= Change in amperes in field winding =i’-6. During the initial steady-state conditions, when the total 
L = Inductance of field winding in Henrys. useful flux is constant and p&= 0, 
K = Flux proportionality constant 

c Maxwells X lo* per pole 
Et0 = c40 = R&o + NWp& (24) 

Ampere turns per pole 
GO = R&o -t NAPp+o (25) 

leakage flux 
X = Flux leakage factor = 1 + useful flux 

E30 = R&o + NMp4o. (26) 

Subtracting the two sets of voltage equations, a set in 
c = Voltage proportionality constant terms of changes from steady-state conditions is obtained. 

terminal volts 

E Maxwells X IO* per pole 
Since the voltage E3’ is supplied from a constant-potential 
source, ES’ - E30 = 0. 

R = Resistance of the complete field circuit, ohms. c$ = RI&+ NIXPp$ (27) 
t =Time constant of complete field circuit, seconds. 

Et’ =Terminal voltage applied to field 1. 
Ez = R& + NzXPp+ (28) 

Et0 = Initial value of terminal voltage. 
0 = R&3+ N&Pp+ (29) 

E, = Change in terminal voltage = Et’ -Eta. If Eqs. (27), (28)) 
KNI KN2 

Ez’ = Voltage applied to field 2. 
and (29) are multiplied by - - 

RI ’ R9, ’ 
E20 = Initial value of voltage applied to field 2. 
Ez=Change in voltage applied to field 2. 

and KN3 
R3 ’ 

respectively, and added, the result obtained after 

E3’ = Fixed voltage applied to field 3. substituting from Eqs. (18) and (20) is 
d 

p = Differential operator -. 
dt (30) 

The initial or steady-state value of total useful flux per 
pole is Rearranging the terms in Eq. (30); 

4o=K(N~ilo+Nzi,o+N3i30). (16) 

J&en the field currents are changed to force an increase in u 
g-p=[(l-&)+(t,+k+tdP]~~ (31) 

206 Excitation Systems Chapter 7 
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When solved, Eq. (31) expresses 6 and hence the terminal 
voltage as a function of time if saturation and the con- 
sequent change in constants are neglected. 

The three fields on the exciter can be assumed to be 
replaced with a single equivalent self-excited field as shown 
in Fig. 15. The quantities referring to the equivalent 

Fig. 15—-Self-excited single-field equivalent 
exciter. 

of three-field 

field are designated by the subscript e. The field has 
applied to it a voltage equal to the terminal voltage c$’ 
plus an equivalent voltage E,’ supplied by the. regulator. 
During steady-state conditions, 

&+c+o = Reid+ N,J+$,. (32) 

At any instant of time, 

E,‘+c# = R&‘+ N,XPp#. (33) , 

Subtracting Eq. (32) from (33) 

Using the relations 

t$ = KN,i, (35) 

t PKN,2X 
e=-------. 

R3 

Eq. (34) reduces to 

(37) 

(3% 

Equation (38) is of the same form as Eq. (31), and by 
comparing similar terms, it is derived that 

te = 4+tz+ta (39) 

The self-inductance of the equivalent field is given by 
Eq. (36), and the resistance is 

(41) 

The applied regulator voltage is 

Eliminating F by using Eq. (40) 
e 

E !&E 
‘= tlN2 2g 

(4% 

Equations (38) and (31) can be solved only if saturation 
is neglected. However, for a small interval of time, it can 
be assumed that the machine constants do not change, and 
the change in flux calculated by either equation will be the 
same. If at the end of the first time interval, the machine 
constants are appropriately adjusted to new values 
applicable to the next small interval of time, the flux 
change can be calculated for the second interval and will 
be the same by either equation. Thus, the flux rise cal- 
culated from the equation for the single equivalent field 
by using the normal step-by-step methods that take into 
account saturation will be the same as the actual flux rise 
with the assembly of several fields. The various time 
constants for the machine in the unsaturated condition 
may be used to determine the constants of the equivalent 
field. 

The above equations can be generalized to the case of a 
machine having any number of the three types of fields 
considered. Letting t,, E, and N, refer to all coils to which 
regulator voltages are applied, and t, and N, refer to all 
coils which are self excited, Eq. (31) in the general form 
becomes 

~~=[(l-c&$-$,,z1], (48 

wherezt =sum of time constants of coils of all types. The 
sum of the time constants should also include a value for 
the frame slab, which acts as a short-circuited turn, and 
eddy currents in the slab cause a delay in the flux rise. 
For d-c machines of the size used as main exciters, the 
frame-slab time constant may approach 0.2 second. 

The constants of the equivalent self-excited field are 
determined from the following : 

t,=zt (44) 

L, is determined by Eq. (36) 

R L e =---- 
e + (46) 

and the regulator voltage to be applied 

E,=x 
te c (47) 

If no self-excited fields are present in the machine, the only 
requirements to be satisfied are given by Eqs. (44) and 
(47). Any value of N, can be used provided the appro- 
priate value of R, is calculated from Eqs. (36) and (46). 
When no self-excited fields are present, the equivalent 
field is not self-excited and has applied to it only the 
regulator voltage. 

If no regulator-controlled fields are present, the require- 
ments to be met are given by Eqs. (44), (45), (46), and 
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(47), and the equivalent field is a self-excited field with no 
regulator voltage applied. 

Using this equivalent single-field representation of the 
multiple-field main exciter, the voltage response can be 
calculated by the step-by-step method of Sec. 2. The volt- 
age E is determined by the source of voltage under regu- 
lator control. For example, if the regulated field is a self- 
excited field, the voltage E becomes equal to the exciter 
terminal voltage at each instant of time. 

8. Main-Exciter Rototrol 
The most recent development in the field of rotating 

main exciters is the adaptation of the Rototrol rotating 
amplifier as a main exciter. Any generator is in fact a 
“rotating amplifier” in that a small amount of energy input 
to the field is amplified to a large energy output-at the 
generator terminals. However, the name rotating amplifier 
has been specifically applied to a form of rotating machine 
possessing an unusually large amplification factor. In such 
machines, the change in input energy to the field is a small 
fraction of the resulting change in energy output of the 
armature. In the ordinary d-c generator, the change in 
field energy required to produce loo-percent change in 
output energy is usually within the range of 1 percent to 
3 percent of the machine rating. Thus, the amplification 
factor might be between 30 and 100. In the case of the 
Rototrol, the amplification factor can exceed 106 depending 
upon the design of the machine. 

The main-exciter Rototrol is not adaptable at present to 
use with generators operating at less than 1200 rpm. The 
principal field of application is with 3600-rpm turbine gen- 
erators. The two-stage main-exciter Rototrol can be built 
with sufficient capacity to supply the excitation require- 
ments of the largest 3600-rpm generator, but when used 
with 1800- or 1200-rpm generators, the maximum rating 
of generator is restricted. In any event, the Rototrol is 
direct-connected to the generator-shaft. 

The slower the speed of a generator, the larger the physi- 
cal size. For a given voltage output, the reduction in speed 
is compensated by an increase in the total flux, requiring a 
larger volume of iron to maintain the same flux density. 

Fig. 16—A 210-kw, 250-volt, I-pole main-exciter Rototrol 
direct-connection to generator shaft at 3600 x-pm. 

for 

The excitation requirements, therefore, are greater for 
slow-speed generators. The main-exciter Rototrol has not 
been built in capacities large enough to supply the excita- 
tion requirements of large slow-speed a-c generators. Fur- 
thermore, as the Rototrol rated speed is decreased, its 
excitation requirements also increase and a larger control- 
ling energy is required. The combination of these factors 
has largely restricted the use of the main-exciter Rototrol 
to direct-connection with 3600-rpm turbine generators. 

A 210-kw, 250-volt, 3600-rpm main-exciter Rototrol is 
illustrated in Fig. 16, and to all outward appearances it is 
a conventional type of d-c machine. The mechanical de- 
tails such as the enclosure, brush holders, commutator, 
etc., are of conventional 3600-rpm exciter construction, 
but the electrical connections are quite different. The 
armature winding is of the lap form but has no cross 
connections, and there are a number of specially-connected 
field windings to provide the high amplification factor. 

A detailed discussion of the theory of operation of the 
Rototrol is beyond the scope of this chapter, and can be 
found in the References. The discussion here will be con- 
fined to a description of the operating principle as it applies 
to use of the Rototrol in excitation systems. 

A schematic diagram of the main-exciter Rototrol is 
shown in Fig. 17 (a), and the equivalent schematic diagram 
is shown in Fig. 17 (b). The Rototrol can be built with one 
or more stages of amplification, and the main exciter Roto- 
trol is of the two-stage type. The field connected between 
terminals F3-F4 is called the control field, and windings 
appear on only the two south poles, 1 and 3. The circuit 
between terminals F5-F6 energizes a field similar to the 
control field, and it also appears on only the two south 
poles. This field operates in the same manner as the con- 
trol field in controlling the Rototrol terminal voltage but 
it is called the limits field. The control field is energized 
by the voltage regulator and normally has control of the 
voltage output. However, the limits field is energized by 
devices that restrict the maximum or minimum voltage 
output, so that the limits field can, under certain condi- 
tions, overcome the effect of the control field. The output 
terminals are Ll-L2, and it should be noted that the circuit 
between the brushes of like polarity energizes additional 
field windings that are compensating and forcing fields and 
also serve as series fields. The windings energized by the 
circuit between terminals Fl-F2 are shunt-field windings 
used for tuning purposes as discussed later. As far as ex- 
ternal circuits are concerned, the main-exciter Rototrol can 
be represented as shown in Fig. 17 (c) : the control field is 
energized by some exciter-voltage controlling device, the 
limits field is energized by a device for limiting the max- 
imum or minimum output or both, and the line terminals 
supply voltage to the load in series with the series field. 

The operation of a conventional self-excited d-c gener- 
ator is unstable when the field-resistance line coincides with 
the air-gap line of the saturation curve as shown in Sec. 1. 
Although this characteristic is undesirable in the self- 
excited generator, it is an important part of the Rototrol 
principle. Reasoning identical to that in Sec. 1 can be 
applied to a series-excited generator where the self-excited 
winding is in series with the load and both the load and 
the field can be considered as a shunt across the armature. 
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Fig. 17—Two-stage main-exciter Rototrol, complete schematic diagram and equivalent representations. 

The series-field current then is directly proportional to the 
armature voltage in the same way as the shunt-field current 
in the self-excited shunt-wound machine. 

The Rototrol is operated on the straight portion of its 
saturation curve and the adjustments necessary to meet 
this condition are termed tuning of the Rototrol. This is 
usually done by adjusting the resistance of the load or an 
adjustable resistance in series with the load, but can also 
be done by varying the air gap between the field poles and 
the rotor surface, which shifts the position of the air-gap 
line. Thus, the series-field circuit is tuned so that the 
resistance line of the circuit coincides with the air-gap line. 
Exact coincidence ‘of the resistance line with the air-gap 
line cannot always be obtained by these two means so a 
small-capacity shunt field is provided to serve as a vernier 
adjustment. The resistance of the shunt-field circuit is 
adjusted to change the position of the terminal voltage- 
series-field current relation to tune the machine perfectly. 

It is particularly significant that under steady-state 
conditions, the self-excited field of the Rototrol furnishes 
all of the ampere-turns required to generate the terminal 
voltage. However, the control field forces the change in 
ampere-turns required to stabilize the machine or to change 
and establish the terminal voltage required for a new load 
condition. The ampere-turns of the self-excited field and 
those of the control and limits fields are superimposed, and 
the algebraic sum of the ampere-turns on all of the Roto- 
trol fields determines the terminal voltage. 

9. Operating Principle of the Main-Exciter Roto- 

The fundamental principle by which a small amount of 
energy in the control field forces a large change in Rototrol 
output is that of unbalancing the ampere-turns on two 
poles of like polarity; in this case, two south poles. A 
current in a given direction in the control field will weaken 
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Fig. 18—Principle of operation of two-stage Rototrol. 
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one south pole and strengthen the other, and by virtue of 
the form of the armature winding, causes a difference in 
polarity between two brushes of like polarity. Current- 
direction arrows and corresponding flux-direction arrows 
are shown in Fig. 17 (a), and the operation can be under- 
stood best by describing the sequence of events for a given 
operating condition. 

A current is shown flowing in the control field in Fig. 
18 (b). The current is in a direction to cause an increase in 
the terminal voltage of the Rototrol and produces fluxes as 
shown by the flux arrows to strengthen south pole 1 and 
weaken south pole 3. Reversing the polarity of the voltage 
applied to the control field would reverse the effect and 
cause a decrease in terminal voltage. The resulting un- 
balance of the south-pole fluxes causes a phenomenon that 
is suppressed in the usual d-c generator; and that is the 
unbalance of voltage generated in the armature when the 
magnetic flux densities in the field poles are unequal. The 
effect of the unbalanced south poles on the armature wind- 
ing can be analyzed by assuming the unbalanced fluxes are 
the only ones present in the machine. 

The winding-development diagram of Fig. 18 (a) is drawn 
for the control-field flux in the direction shown in Fig. 18 (b). 
So far as the control-field flux is concerned, pole 1 is a south 
pole and pole 3 is a north pole; thus, the flux direction 
under pole 1 is out of the paper and under pole 3 is into 
the paper in Fig. 18 (a). For clockwise armature rotation, 
the conductor moves under poles 1,2,3, and 4 in that order, 
so the current directions in the armature conductors are as 
shown. The result is that the positive brush under pole 1 
is raised to a higher potential than the positive brush under 
pole 3. The relative polarities of the two positive brushes 
are, therefore, as indicated by the encircled polarity marks. 
Further analysis shows that the positive brush of higher 
potential is always under the south control-field pole for 
the conditions of Fig. 18. 

The potential difference between the two positive brushes 
is used to energize another special field called the forcing 
field, as shown in Fig. 18 (c). For control-field current in 
the direction shown, the fluxes produced by the forcing- 
field windings are in a direction to increase the flux densi- 
ties in all four poles as shown by the open-headed flux 
arrows, which is in the direction to increase the terminal 
voltage of the machine. With the opposite control-field 
polarity, the forcing-field mmf’s decrease the flux densities. 

The forcing-field current also flows through the armature 
winding as shown in Fig. 18 (a). The two conductors in a 
common slot under poles 2 and 4 carry currents in opposing 
directions. The conductors under poles 1 and 3, however, 
carry currents in a common direction. Thus, an armature 
reaction is developed which is in the direction to weaken 
north pole 2 and strengthen north pole 4. The effect is 
similar to that caused by current flow in the control field, 
escept that the unbalance in generated voltage appears 
between the two negative brushes with polarities as shown 
by the encircled marks in Fig. 18 (d). The resulting current 
flow between the two negative brushes would cause an 
armature reaction in opposition to the control field, greatly 
reducing its effectiveness if compensation were not pro- 
vided in some way. The compensating windings in series 
with the forcing fields in Fig. 18 (d) oppose the armature 

reaction caused by current between the positive brushes, 
holding to a minimum the voltage difference between the 
negative brushes and minimizing the armature reaction 
that would oppose the control field. 

A group of compensating fields are also connected in 
series in the circuit between the negative brushes, and 
serve a purpose similar to that of the compensating fields 
between the positive brushes. These are shown in Fig. 18 (e). 

All of these currents and fluxes are summarized in Fig. 
17 (a), which shows all of the field windings and the current 
and flux arrows for the assumed condition. Tracing the 
circuit of the load current reveals that the load current 
must flow through the forcing and compensating fields. 
The coils are wound on the field poles in such a direction 
that the load current cancels so far as any magnetizing 
effect is concerned, while the magnetizing effects of the 
unbalance currents add. This is verified in the circuits of 
Figs. 18 (c), (d), and (e). 

In addition to the field windings described above, a set 
of commutating-pole windings are included in the Rototrol. 
These windings produce the proper mmf in the commutat- 
ing poles to assist commutation of the current in the 
armature. 

The overall effect of current in the control field is shown 
in Fig. 17 (b), the equivalent circuit of the two-stage main- 
exciter Rototrol. The Rototrol is represented as three 
separate generators; two of them are two-pole machines 
and the third is a four-pole machine. The difference in 
potential between the two positive brushes caused by cur- 
rent in the control field is represented as a two-pole gen- 
erator excited by the control field and is the first stage of 
amplification in the Rototrol. The output of this machine 
is fed into the field of the four-pole generator which is the 
second stage of amplification. The four-pole field windings 
are the forcing fields of the Rototrol. Current flowing in 
the first-stage machine sets up an armature reaction rep- 
resented by a two-pole armature-reaction generator. The 
armature reaction is represented by a field exciting this 
generator and the compensation for armature reaction be- 
tween the positive brushes is another field on this same 
machine. The mmf’s produced in the armature-reaction 
and compensating fields are in opposition. 

The armature reaction establishes a potential difference 
between the negative brushes as shown, and the current 
flowing between these brushes energizes additional com- 
pensating windings on all four poles. Two of these wind- 
ings appear as compensating windings on the armature- 
reaction generator since they further compensate for the 
armature reaction produced by the current between the 
positive brushes. The remaining two compensating wind- 
ings compensate for the armature reaction caused by the 
current flowing between the negative tjrushes, this arma- 
ture reaction being in opposition to the control field exciting 
the first stage. 

10. Series-Field Effect in Main-Exciter Rototrol 
The definition of main-esciter response ratio given in 

Part I does not apply to main exciters having series fields. 
Thus, the response ratio of the main-exciter Rototrol can- 
not be stated in the conventional manner. As stated in 
Sec. 7, the series fiekl of the Rototrol supplies all of the 
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ampere-turns necessary to generate the terminal voltage 
under steady-state conditions. The response-ratio defini- 
tion also states that the test for voltage response should be 
made under conditions of no load on the exciter, which 
would seriously hamper the rate of voltage build-up in the 
Rototrol, because there would be no mmf produced by the 
series field. 

As shown in Chap. 6, Part IT, a short circuit at the 
terminals of an a-c generator induces a large direct current 

Fig. 19—Simplified circuit of electronic main exciter supplied 
from the a-c generator terminals through a rectifier trans- 

former. 

in the generator field winding. The induced current is in 
the same direction as the current already flowing in the 
field circuit and serves to maintain constant flux linkages 
with the field winding. This occurs when the generator 
voltage is low, and if the induced current were sustained 
at its initial value, the internal voltage of the generator 
would be at a high value when the fault is removed. The 
function of a quick-response excitation system is to in- 
crease the exciter voltage as rapidly as possible under such 
conditions, in order to keep the field current at as high a 
value as possible. The same effect takes place, although 
to a smaller extent, when a load is suddenly applied to the 
generator terminals. Removal of a fault or sudden reduc- 
tion of the load causes an induced current in the opposite 
direction due to removal of the armature demagnetizing 
effect. Thus, a current of appropriate magnitude is induced 
in the field winding of an a-c generator when there w any 
change in the terminal conditions, but this current cannot 
be sustained by conventional main exciters because their 
voltage cannot ordinarily be increased fast enough. 

The main-exciter Rototrol benefits directly from this 
induced current through its series-field winding and im- 
mediately increases the mmf produced by that winding. 

Fig. 20—Simplified circuit of electronic main exciter supplied 
from a six-phase alternator direct-connected to the main 

generator shaft. 
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and the Rototrol voltage follows the decay in current. The 
result is that the Rototrol terminal voltage follows a mag- 
nitude dependent largely upon the induced current in the 
generator field winding, and it cannot be duplicated in a 
voltage-response test with the exciter unloaded. 

The series-field effect in the Rototrol is a desirable phe- 
nomenon in improving the response of the excitation sys- 

tem and in aiding to maintain system stability. It enables 
the main exciter to anticipate the change in a-c generator 
excitation voltage required. As the series-field mmf is fol- 
lowing the induced current, the voltage regulator delivers 
energy to the control field to increase further the Rototrol 
terminal voltage. There is some time delay before the control- 
field current is effective in changing the terminal voltage, 
whereas the series-field effect is substantially instantaneous. 

11. Electronic Main Exciters 
Power rectifiers of the ignitron type have been used for 

many years in industrial applications and have given reli- 
able and efficient performance. Their use as main exciters 
for a-c synchronous machines has been limited, principally 
because they cost more than a conventional main exciter. 
The electronic main exciter, however, offers advantages 
over rotating types. 
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The Rototrol terminal voltage is raised to a value that can 
sustain the induced current. If the’ induced current is 
caused by a short circuit, it gradually decays in magnitude, 

An electronic exciter consists essentially of a power recti- 
fier fed from an a-c source of power and provided with the 
necessary control, protective, and regulating equipment. 
The coordination of these component parts presents prob- 
lems that must be solved in meeting the excitation require- 
ments of a large a-c generator. 

The output of a rectifier is only as reliable as the source 
of a-c input power. Thus, this a-c source might be con- 
sidered a part of the rectifier, and so far as service as an 
excitation source is concerned, it must be reliable. Three 
sources have been used in operating installations: 

1. A-c power for the rectifier taken directly from the term- 
inals of the a-c generator being excited. 

2. A-c power taken from a separate a-c supply that is essen- 

tially independent of the a-c generator terminals. 
3. A-c power taken from a separate generator which supplies 

power to the rectifier only, and which has as its prime mover the 
I I same turbine that drives the main a-c generator. 

In the first of these, the electronic main exciter is self- 
excited, since its power supply is taken from its own out- 
put, and in the second and third forms, it is separately- 
excited. 

When power for the rectifier is supplied by a high-voltage 
source such as the generator terminals, a rectifier trans- 
former must be used to reduce the voltage to the proper 

Fig. 21—Two methods of supplying excitation for the six- 
phase alternator. 

(a) Self-excitation using a thyratron rectifier supplied from six- 

magnitude for the rectifier. The transformer is connected 
delta on the high-voltage side and six-phase star on the 
secondary side. No transformer is required when the six- 
phase shaft-driven generator is used as a power source, 
since the generator can be designed for the proper voltage. 

phase alternator terminals through a rectifier transformer. A A simplified circuit diagram of an electronic exciter and 
voltage regulator is used to hold the alternator field voltage 
approximately constant. The battery is used to flash the (b) Separate-excitation using a three-phase permanent-magnet 
alternator field to start operation. generator and dry-type rectifiers. 
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Fig. 22—Installation photograph of electronic main exciter. 

rectifier transformer is shown in Fig. 19. The delta primary 
of the transformer can be energized from the terminals of 
the main a-c generator, from the plant auxiliary power 
supply, or from some other independent source. The recti- 
fier comprises three groups of two ignitron tubes each, the 
two tubes of each group being connected to diametrically 
opposite phases of the six-phase transformer secondary 
through a two-pole, high-speed anode circuit breaker. Thus 
if a breaker is opened, both tubes of a group are deener- 
gized. Each pole of the anode breaker is equipped with a 
reverse-current trip attachment and the breaker is auto- 
matically reclosed. If an ignitron arc-back should occur, 
the breaker is automatically opened at high-speed and 
reclosed when the arc-back has been cleared. Should a 
second arc-back occur within a short time, the anode 
breaker again opens and locks in the open position to 
permit inspection of the unit. 

The simplified circuit diagram of the electronic exciter 
supplied from a six-phase alternator is shown in Fig. 20. 

Fig. 23—Method of controlling release of the thyratron firing tube to regulate the main-exciter voltage. The firing control 
circuit for ignitron tube 6 is shown. 
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So far as the main-exciter rectifier is concerned, the details 
of the circuit are the same as Fig. 19. A complication is 
introduced, however, since it is necessary to provide for 
excitation of the six-phase alternator. Two methods of 
accomplishing this are shown in Fig. 21. In the method 
of Fig. 21(a), the excitation is provided through a six-phase 
thyratron rectifier, which receives its power input from the 
same source used to supply the main-exciter rectifier. A 
permanent-magnet a-c generator is used as the power sup- 
ply in Fig. 21(b). It consists of high-quality permanent 
magnets mounted on the same shaft with the main a-c 
generator to serve as the rotor and a conventional three- 
phase armature winding on the stator. The output of the 
permanent-magnet generator is rectified by a three-phase 
bridge-type selenium rectifier and fed directly into the field 
of the six-phase alternator. While the shaft-driven gener- 
ator in Fig. 20 is shown with six phases, it can be a standard 
three-phase unit in which case a rectifier transformer would 
be required to convert the ignitron rectifier input to 
six-phase. 

Each group of two ignitron tubes with its anode breaker, 
cathode-disconnecting switch, firing tubes and associated 
control circuit is located in one of three individual com- 
partments of the main rectifier cubicle as shown in Fig. 22. 

Ignitron Firing Circuit and D-C Voltage Control 
-The firing circuit for each ignitron tube is of the anode- 
firing type as shown in Fig. 23. A thyratron tube is con- 
nected in parallel with the ignitron through its igniter. 
The thyratron is made conductive when its anode voltage 
is positive with respect to its cathode and its grid is re- 
leased. Current then passes through the ignitron igniter 
which initiates a cathode spot and fires the ignitron. If the 
ignitron should fail to conduct for any reason, the thyra- 
tron attempts to carry the load current but is removed 
from the circuit by the thyratron anode breaker. 

The magnitude of the output voltage of the electronic 
exciter is varied by controlling the point on its anode volt- 
age wave at which the ignitron tube is made conductive. 
This point is determined by releasing the control grid of 
the firing thyratron, which is controlled by a sine-wave 
grid transformer, a Rectox supplying a fixed positive bias, 
a Rectox supplying variable negative bias for manual con- 
trol, and an electronic regulator supplying variable negative 
bias for automatic control. The circuits of these devices 
are shown in Fig. 23. 

The grid circuit of the thyratron firing tube can be 
traced from the cathode of the thyratron through the 
ignitron to rheostats RPB and RNB and through the grid 
transformer to the control grid of the thyratron. The volt- 
age El appearing across rheostat RPB is a positive grid 
bias, while the voltage E2 appearing across RNB is a nega- 
tive grid bias. The sine-wave voltage EGAC impressed on 
the grid of the thyratron is delayed almost 90 degrees from 
the anode voltage and is connected in series with the 
positive and negative biases. These voltages are shown 
in Fig. 24. 

Rheostats RPB and RNB are initially adjusted to give 
the desired values of positive and negative grid-bias volt- 
ages. Manual control of the exciter voltage is obtained by 
changing the setting of rheostat MVR which varies the 
negative bias. The bias voltages El, E2 and EoAo add to 

E*- FIRING TUBE ANODE VOLTAGE 
EGG-CRITICAL GRID VOLTAGE OF FIRING TUBE 
EGA(;-PHASE SHIFTED A-C GRID BIAS VOLTAGE 
E,-FIXED POSITIVE GRID BIAS 
E2-VARIABLE NEGATIVE GRID BIAS 
EG-TOTAL GRID BIAS VOLTAGE 
CC-ANGLE OF GRID DELAY 

Fig. 24—Control grid voltages applied to thyratron firing tube. 

give a total grid-bias voltage represented by EG and vary- 
ing the negative bias determines the point at which the 
total grid voltage becomes more positive than the critical 
grid voltage EGC of the firing tube releasing the tube for 
conduction. The ignitron is then made conductive by cur- 
rent in the igniter and remains conductive for the remain- 
der of the positive half-cycle of anode voltage. The angle 
LY in Fig. 24 is defined as the angle of grid delay. 

The use of a positive and negative grid bias in this 
manner provides for a wide range of control of the angle 
of grid delay, and consequently, for a wide range of control 
of the exciter output voltage. When the exciter voltage is 
under control of the automatic electronic regulator, the 
manually-controlled negative bias Ez is replaced by a 
variable negative bias voltage from the regulator. 

12. Electronic Exciter Application Problems 

Modern a-c generators have proven their capability of 
continuous operation over long periods without being shut 
down for maintenance. It is necessary, therefore, that 
main exciters and excitation systems be capable of similar 
operation and that wearing parts be replaceable without 
requiring shutdown or even unloading. The ignitron and 
thyratron tubes in the electronic exciter are subject to 
deterioration and eventual failure and replacement, and it 
is essential that such a failure and consequent replacement 
be sustained without interfering with excitation of the 
a-c generator. 

In its usual form, the electronic main exciter is designed 
so that it can supply full excitation requirements continu- 
ously with two of the six ignitron tubes out of service. 
With all six tubes in service, the capacity is approximately 
150 percent of the requirements. Furthermore, the over- 
load capacity of the ignitron tubes is such that the rectifier 
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can supply full excitation for a short time with only two 
of the six tubes in service. Should a tube failure occur, the 
ignitron anode breaker, grounding switch, and firing-tube 
anode breaker are opened enabling replacement of the 
ignitron or firing thyratron of any group without disturb- 
ing the continuous operation of the remaining two tube 
groups. 

For the electronic exciter to be completely reliable, it 
must be provided with a reliable source of a-c power. When 
self-excited from the terminals of the main a-c generator, 
the input to the rectifier is subject to voltage changes 
during system disturbances. Thus during nearby faults 
on the system when it is desirable to increase the generator 
excitation as much as possible, the rectifier voltage output 
may be low due to the low a-c voltage. To compensate for 
the low voltage, the rectifier can be designed for a voltage 
output much higher than that required during normal 
operation; that is, the rectifier may be designed to produce 
normal ceiling voltage when the a-c input voltage is 75 
percent of normal. Under normal load conditions the volt- 
age is reduced to that required by control of the firing 
point. This method of compensation requires a larger 
rectifier transformer and means that the firing is delayed 
longer during normal operation. 

When separate-excitation is used to supply power to the 
rectifier, the input is no longer subject to variation during 
disturbances on the main system. It is possible that a 
disturbance in the system supplying power to the rectifier 
may cause a disturbance in the excitation of the a-c gen- 
erator and a consequent disturbance on the main system. 
This is overcome by making the rectifier power supply as 
reliable as possible. Since the same philosophy applies to 
the system used to supply the powerhouse auxiliaries, 
this system can be used to supply the rectifier. The 
shaft-driven three- or six-phase alternator, however, 
offers the most reliable solution. It is also possible to 
use duplicate supply with automatic changeover during 
disturbances in the normal supply, but this is not justi- 
fied normally. 

13. Response of the Electronic Main Exciter 
The ignitron rectifier has the ability to increase or de- 

crease its voltage output with substantially no time delay. 
Compared with the rate of voltage build-up of other types 
of d-c machines, it might be considered instantaneous. If 
the response ratio of the electronic exciter were expressed 
in accord with the definition given in Part I, it would 
convey a false impression. The line Oa in Fig. 25 represents 
the actual voltage response of the electronic exciter. The 
line ab represents the ceiling voltage. The line Oc is drawn 
so that the area Ocd is equal to the area Oabd under the 
actual response curve during the 0.5-second interval. Ac- 
cording to the definition, the rate of response is the slope 
of the line Oc, which implies that the exciter voltage has 
not reached its ceiling value at the end of a 0.5-second 
interval. 

If the distance Oa is set equal to 1.0 per unit, then the 
distance dc almost equals 2.0 per unit. The rate of voltage 
build-up is dc divided by 0.5 second or 4.0 per unit per 
second. The actual time required for the voltage to in- 
crease from 0 to a is much less than 0.1 second, and there- 

Fig. 25—Response of the electronic main exciter. 

fore, the actual rate of voltage increase exceeds 10 per unit 
per second. 

III. PILOT EXCITERS 

When the main exciter of an a-c synchronous machine is 
separately-excited, the d-c machine which supplies the 
separate excitation is called a pilot exciter. A main exciter 
can be supplied with excitation from more than one source, 
as is the three-field main exciter, which has a self-excited 
field and two separately-excited fields, but the sources of 
separate excitation are still considered as pilot exciters. 

Older excitation systems used a storage battery as a pilot 
exciter, but maintenance problems soon prompted its re- 
placement with rotating types of d-c machines. Two gen- 
eral classifications of pilot exciters are constant-voltage and 
variable-voltage types. The constant-voltage type is used 
where control of the main exciter voltage output is by a 
rheostat in the exciter’s separately-excited field circuit, and 
the variable-voltage type is used where the pilot-exciter 
voltage must vary to give variable voltage on the exciter 
field. 

14. Compound-Wound Pilot Exciter 

The most common form of constant-voltage pilot exciter 
is the compound-wound d-c generator. The circuit diagram 

Fig. 26—Compound-wound conventional pilot exciter. 
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is shown in Fig. 26. The pilot exciter is invariably a 125- 
volt machine with a self-excited shunt field and a series- 
excited field, adjusted to give substantially flat-compound- 
ing. Thus, regardless of the load on the pilot exciter, 
the magnitude of its terminal voltage is practically con- 
stant. 

volt machine with a self-excited shunt field and a series- 
excited field, adjusted to give substantially flat-compound- 
ing. Thus, regardless of the load on the pilot exciter, 
the magnitude of its terminal voltage is practically con- 
stant. 

The compound-wound pilot exciter is normally mounted 
on 
is 
pilot exciter all rotate at the same speed. A rheostat, either 

The compound-wound pilot exciter is normally mounted 
on the shaft of the main exciter, and where the main exciter 
is direct-connected, the a-c generator, main exciter, and 
pilot exciter all rotate at the same speed. A rheostat, either 
under the control of a voltage regulator or under manual 
control, is connected in series with the output circuit of the 

the main exciter. 

under the control of a voltage regulator or under manual 
control, is connected in series with the output circuit of the 
pilot exciter to regulate the voltage applied to the field of 
the main exciter. 

15. Rototrol Pilot Exciter 15. Rototrol Pilot Exciter 
The Rototrol, described in Sec. 8 as a main exciter, is 

also used as a variable-voltage pilot exciter. Depending 

amplification. Generally, when the main exciter and Rota- 

at a speed lower than 3600 rpm, such as 1800 or 1200 rpm, 
it is of the two-stage type. 

The Rototrol, described in Sec. 8 as a main exciter, is 
also used as a variable-voltage pilot exciter. Depending 
upon the excitation requirements of the main exciter, the 
Rototrol pilot exciter may be of either one or two stages of 
amplification. Generally, when the main exciter and Roto- 
trol pilot exciter are direct-connected to the generator shaft 
and operating at 3600 rpm, the pilot exciter has a single 
stage of amplification. When the pilot exciter is operated 
at a speed lower than 3600 rpm, such as 1800 or 1200 rpm, 
it is of the two-stage type. 

The single-stage-Rototrol is a stabilized series-excited 
d-c generator as shown in Fig. 27. The control field is a 

Fig. 27—Equivalent circuit of single-stage Rototrol pilot 
exciter. 

separately-excited shunt field. The principal difference 
between this and a conventional series-excited d-c genera- 
tor is the fact that the Rototrol is operated in the unsat- 
urated region, that is, on the air-gap line. Under steady- 
state conditions, the sustaining series field supplies prac- 
tically all of the ampere-turns required to maintain the 
Rototrol terminal voltage. The input to the control field 
acts as a stabilizing force to hold the voltage at any point 
on the straight-line portion of the saturation curve. 

IV. GENERATOR EXCITATION SYSTEMS 

In the ten-year period following 1935, two basic types of 
generator voltage regulators filled substantially all needs 
of the electrical industry. These were the indirect-acting 
exciter-rheostatic regulator and the direct-acting rheo- 
static regulator. Excitation systems are now in the midst 

of a period of changes by reason of progress in the develop- 
ment of regulating and excitation systems. Efforts have 
been directed particularly toward the development of more 
reliable, more accurate, more sensitive, and quicker-acting 
systems. Consequently, there are now many different ex- 
citation systems in use, each filling a specific need of the 
industry. 

The preceding sections have discussed the various types 
of main and pilot exciters in use at present. The remainder 
of the chapter will be a comprehensive discussion of the 
application of these d-c machines in excitation systems in 
conjunction with various types of generator voltage 
regulators. 

Four types of voltage regulators are being used to con- 
trol the excitation of synchronous machines: 

1. Direct-acting rheostatic type 
2. Indirect-acting exciter-rheostatic type 
3. Impedance-network or static-network type 
4. Electronic type. 

Each of these are described in their application in various 
types of excitation systems in the order named. 

16. The Direct-Acting Rheostatic Regulator 

The Silverstat generator voltage regulator is a common 
and widely used form of the direct- and quick-acting rheo- 
static type of regulator. It is specifically designed for the 
automatic voltage control of small and medium size gen- 
erators. For generators rated above 100 kva, the Silverstat 
or SRA regulator is available in five sizes, the largest being 
used with generators as large as 25 000 kva. A typical SRA 
regulator of medium size is shown in Fig. 28 (a). 

The direct-acting rheostatic type of regulator controls 
the voltage by the regulator element varying directly the 
regulating resistance in the main exciter field circuit. The 
different sizes of SRA regulators are suitable for the auto- 
matic voltage control of constant-speed, one-, two- or 
three-phase a-c generators excited by individual self-excited 
exciters. The exciter must be designed for shunt-field con- 
trol and self-excited operation, with its minimum operating 
voltage not less than 30 percent of its rated voltage. Each 
regulator is designed for and limited to the control of 
one exciter. 

Where a-c generators are operated in parallel and are 
within the range of application of this regulator, the prac- 
tice is to provide each generator with an individual exciter, 
with the exciters operated non-parallel. Each generator 
and its exciter is provided with an individual regulator and 
suitable cross-current compensation provided between the 
regulators. 

Sensitivity-The sensitivity of a generator voltage 
regulator is the band or zone of voltage, expressed as a 
percentage of the normal value of regulated voltage, within 
which the regulator holds the voltage with steady or grad- 
ually changing load conditions. This does not mean that 
the regulated voltage does not vary outside of the sensi- 
tivity zone, but does mean that when the regulated voltage 
varies more than the percentage sensitivity from the regu- 
lator setting due to sudden changes in load or other system 
disturbances, the regulator immediately applies corrective 
action to restore the voltage to the sensitivity zone. 

Regulator sensitivity must not be confused with overall 
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regulation, which involves not only regulator sensitivity 
j but also the time constants of the machines and the char- 

[ 
acter and magnitude of the voltage changes. The magni- 
tude and rate of load change determine how far the voltage 
deviates outside of the regulator sensitivity zone, and the 

t time constants of the machines chiefly determine the time 
required to restore the voltage to the sensitivity zone. For 
these reasons only sensitivity can be specified so far as the 

, vokage regulator is concerned and not overall regulation, 
which involves factors over which the regulator has no 
control. 

The rated sensitivity of the SRA voltage regulators 
a depends on the size of the regulator. The SRA-1 and 

SRA-2, the two smaller sizes, have rated sensitivities of 
plus or minus 2% and 1% percent, respectively. The 
larger SRA-3, SRA-4 and SRA-5 regulators are rated at 
plus or minus s of 1 percent sensitivity. 

17. Operation of the Direct-Acting Rheostatic 
Regulator 

The silver-button assembly, Fig. 28 (b), provides the 
means for changing the resistance in the exciter shunt-field 
circuit under control of the regulator. This basic assembly 
consists of a group of spring-mounted silver buttons so 
arranged that the buttons are separated from each other 

Fig. 28—(a) SRA-4 Silverstat generator voltage regulator. Fig. 29—Schematic internal diagram of SRA-3 Silverstat 
(b) Silver-button assembly of Silverstat regulator. regulator. 
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normally, but can be closed or opened in sequence by a 
suitable driver having a travel of a fraction of an inch. The 
springs or leaves that carry the silver buttons are insulated 
from each other and each leaf is connected to a tap on a 
resistance element as shown in Fig. 29. Varying amounts 
of the resistance are short circuited by closing of the silver- 
button contacts. One or more of these basic elements are 
used in regulators of different sizes, four being used in the 
SRA-4 regulator illustrated in Fig. 28 (a). 

The control element of the regulator is a d-c operated 
device. A spring-mounted armature is centered in the air 
gap of the electromagnet as shown in Fig. 29. In regulating 
a-c voltage, a full-wave rectox rectifier is used to convert 
the a-c to d-c for energizing the control element. 

A typical excitation system under control of an SRA 
regulator is shown schematically in Fig. 30. The regulating 

voltage is necessary. For a given value of regulated voltage 
and load on the machine being regulated there is a corres- 
ponding value of regulating resistance required in the field 
circuit; and a corresponding position of the moving arm 
and silver buttons that gives this value of resistance. Under 
such conditions the magnetic pull on the moving arm is 
balanced against the spring pull at that position of its 
travel.. When there is a change in load on the machine 
being regulated, a corresponding change in voltage results, 
and the voltage is restored to its correct value by the 
moving arm and silver buttons taking a new position. 
Since the pressure on silver contacts determines the resist- 
ance of the contacts, an infinite number of steps of regulat- 
ing resistance are obtained. If the required value of exciter 
field resistance should lie between two of the tapped points 
of the regulating resistance, the pressure of the silver con- 
tacts changes to provide the correct intermediate value 
of resistance. 

The fixed resistance in the exciter field circuit in Fig. 30 
is used when it is desired to limit the exciter shunt-field 
current when the maximum or ceiling current is such as to 
interfere with the best performance of the voltage regulat- 
ing equipment. The exciter shunt-field rheostat and the 
generator field rheostat are provided primarily for control 
of the generator excitation when the regulator is not in 
service. Excitation current in the generator field can be 
regulated by changing the exciter output voltage or by 
holding the exciter voltage constant and changing the gen- 
erator field resistance. When the voltage regulator is in 

Fig. 30—Self-excited main exciter controlled by Silverstat 
regulator. The compensating resistance is used to provide 
cross-current compensation during parallel operation of a-c 

generators or to provide line-drop compensation. 

resistance is connected directly in the exciter shunt-field 
circuit. At one end of the travel of the moving arm, all of 
the silver buttons arc apart from each other, placing max- 
imum resistance in the field circuit. At the other end of 
the travel, the buttons are closed and the resistance is 
short circuited. The moving arm can hold the resistance 
at any intermediate value and, since the travel is short, 
all the resistance can be inserted or removed from the field 
circuit quickly. The speed of operation of the regulating 
element depends upon the magnitude and rate of change 
of the operating force. With a sudden drop in a-c voltage 
of 10 to 12 percent, the time required for the regulator to 
remove all resistance from the exciter shunt-field circuit is 
approximately 0.05 second or 3 cycles on a W-cycle basis. 

The regulating action of the SRA regulator is that of a 
semi-static device that operates only when a correction in 

Fig. 31—Silverstat regulator damping transformer and rectox 
rectifier assembly. 
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operation and controlling the generator voltage, the exciter 
shunt-field and generator field rheostats are ordinarily 
turned to the “all out” position so that the regulator has 
full control of the excitation voltage. 

Dumping-To stabilize the regulated voltage and pre- 
vent excessive swinging under various conditions of excita- 
tion change, a damping effect is introduced into the regu- 
lator coil circuit by means of a damping transformer as 
shown in Fig. 30. The damping transformer is illustrated 
in Fig. 31. The use of this device eliminates the need for 
dashpots or similar mechanical anti-hunting devices. 

The damping transformer is of a special type having a 
small air gap in the laminated-iron magnetic circuit. One 
winding is connected across the field of the generator whose 
voltage is being regulated, and the other winding is con- 
nected in series with the voltage regulator coil. When there 
is a change in excitation voltage as a result of the regulating 
action of the regulator, energy is transferred by induction 
from one winding to the other of the damping transformer. 
This energy introduced into the circuit of the regulator 
coil acts by reason of its direction, magnitude, and time 
relation to electrically damp excessive action of the moving 
arm, preventing the moving arm from carrying too far the 
change in regulating resistance and consequent change in 
generator excitation. Since the damping transformer oper- 
ates only when the excitation of the generator is changing, 
it has no effect when the regulated voltage is steady and the 
regulator is balanced. 

Parallel Operation-As is true with most generator 
voltage regulators, the SRA regulator can control only one 
exciter at a time. Where several a-c generators operate in 
parallel and all the generators are excited from one common 
exciter, a single Silverstat regulator can be used, provided 
the exciter is of a size that is within the range of application 
of this type of regulator. However, where a-c generators 
operate in parallel, the usual practice is to provide each 
one with an individual exciter controlled by an individual 
regulator. This scheme of operation requires that the ex- 
citers be operated non-parallel, and it is necessary to supply 
a means of assuring proper division of reactive kva between 
the generators. The division of the kilowatt load among 
paralleled a-c generators is dependent upon the power 
input to each generator and is controlled by the governor 
of its prime mover. Thus the division of kilowatt load is 
practically independent of the generator excitation. How- 
ever, changes in the field excitation of paralleled a-c gen- 
erators do affect the reactive kva or wattless component 
of the output, and the division of the reactive kva is directly 
affected by the operation of the voltage regulators. 

Thus, wattless current circulates between the paralleled 
a-c generators unless some provision is made whereby the 
generators are caused to properly divide the reactive kva. 
This is accomplished by means of cross-current compensa- 
tion, which functions to cause each generator to shirk 
wattless current by means of a slight droop in the regulated 
voltage with increase in the wattless component of current. 
The effect of the small droop required is usually negligible 
under operating conditions as found in actual practice. 

For three-phase a-c generators with the SRA regulator, 
the compensation is obtained by a standard current trans- 
former connected in one lead of each generator being regu- 

lated as shown in Fig. 30. The current transformer is 
connected to an adjustable resistance in the a-c supply 
circuit to the regulator operating element. The adjustable 
resistance permits adjustment of the compensation to suit 
the application. The current transformer is connected in 
one generator lead, while the potential transformer that 
operates the regulator is connected to the other two leads. 
Thus the phase relationship is such that for lagging re- 
active kva, the voltage drop across the compensating re- 
sistance adds to the a-c voltage energizing the regulator 
and subtracts in the case of leading reactive kva. This 
action tends to cause the regulator to lower excitation for 
lagging reactive kva and raise excitation for leading reac- 
tive kva. In this manner each generator tends to shirk 
reactive kva, and the wattless power is automatically 
divided in proportion among the paralleled a-c generators. 

In many applications, reactance in the form of power 
transformers, bus reactors, etc., exists between paralleled 
a-c generators. If each generator is excited by an individ- 
ual exciter under control of an individual voltage regu- 
lator, and if the reactance is such as to cause from four 
to six percent reactive drop between the two generators, 
then stable operation and proper division of the wattless 
component can usually be obtained without using cross- 
current compensation between the regulators. This is be- 
cause the reactance produces an effect similar to that ob- 
tained where cross-current compensation is used. 

18. Indirect-Acting Exciter-Rheostatic Regulator 

In recent years the increase in capacity of generating 
units, the extension of transmission systems, and the inter- 
connection of established systems, have reached a point 
where quick-response excitation is valuable for improving 
stability under fault conditions and large load changes. On 
applications of this kind the type BJ regulator is particu- 
larly adapted to the control of a-c machines employing 
quick-response excitation. The BJ regulator is of the 
indirect-acting exciter-rheostatic type for the automatic 
control of medium and large size a-c generators. 

The indirect-acting exciter-rheostatic type of generator 
voltage regulator controls the voltage of an a-c machine by 
varying the resistance in the field circuit of the exciter that 
excites the a-c machine. The exciter is preferably sepa- 
rately-excited from a pilot exciter or other source. If the 
exciter is self-excited, its minimum operating voltage must 
not be less than 30 percent of its rated voltage if stable 
operation is to be obtained. When lower voltages are 
necessary, the main exciter must be separately-excited. 

A schematic wiring diagram of the BJ generator voltage 
regulator and its auxiliary contactors is shown in Fig. 32. 
This diagram in conjunction with the simplified schematic 
of Fig. 33 is used to describe the operation of the device. 

The main control element of the regulator is energized 
from two single-phase potential transformers connected to 
the a-c machine leads. Two sets of contacts are on the 
moving lever arm of the regulator element shown in Fig. 
32, namely, the normal-response contacts R-L and the 
quick-response contacts AR-AL. The normal-response 
contacts control the rheostat motor contactors NR and 
NL, to raise or lower the a-c machine voltage, respectively- 
The quick-response AR and AL contacts control the high- 



speed contactors QR and QL, which are the “field forcing 
up” and “field forcing down” contactors, respectively. 
When contactor QR in Fig. 33 is closed, all external resist- 
ance is shorted out of the main-exciter field circuit, and 
when QL is opened by energizing its coil, a block of resist- 
ance is inserted in the field circuit. 

Normal Response-When the a-c voltage is normal, 
the regulator lever arm is balanced and in this position 
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neither the normal-response contacts R-L nor the quick- 
response contacts A R-AL are closed. Should the a-c volt- 
age fall below normal by a small amount, depending upon 
the sensitivity setting of the regulator, the normal-response 
contact R will close, energizing the rheostat motor control 
contactor NR. The contacts NR energize the rheostat 
motor which then turns the rheostat in a direction to 
remove resistance from the exciter field circuit, thereby 
increasing the voltage applied to the exciter field. 

The rheostat-motor control contactor NR has three con- 
tacts that close in independent circuits simultaneously. 
The one circuit is that just described which operates the 
rheostat motor. The second is the circuit of the anti- 
hunting winding NH of the regulator main control element 
and the third set of contacts complete a timing-condenser 
circuit. The anti-hunt device operates to increase the gap 
distance between the contact faces of the regulator contacts 
R and L, thereby opening the circuit at the R contacts. 
This change in position of the R contact is equivalent to 
changing the regulator setting to a lower voltage so far as 
the raise contacts are concerned, and to a higher voltage 
so far as the lower contacts are concerned. Where the 
deviation from normal voltage is small and within the 
recalibration effect of the anti-hunt device, the immediate 

Fig. 32—Schematic diagram of the BJ regulator controlling the voltage of a separately-excited main exciter. 

I I 

Fig. 33—Main-exciter circuits under control of BJ regulator in Fig. 32. 
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result of the closing of the contacts on contactor NR is to 
cause the opening of the regulator R contact, which in turn 
opens the circuit to the coil of contactor NR, to stop the 
motor of the exciter field rheostat and thus stop the rheo- 
stat moving arm. However, contactor NR does not im- 
mediately open due to a time-delay circuit around its coil 
that maintains the coil voltage. Thus the rheostat arm is 
permitted to move a definite distance, for example, from 
one button to the next on the rheostat faceplate, and at 
the end of its time delay, contactor NR opens to stop the 
rheostat motor and deenergize the anti-hunt device. 

After the rheostat motor stops, it is desirable to provide 
some time delay to allow the a-c machine voltage to reach 
its final value. Such delay is obtained by a dashpot on the 
anti-hunt device that prevents the regulator contacts from 
immediately returning to their normal position. After this 
time delay has expired and the contacts have returned to 
their normal position, the normal response contact R again 
closes if the a-c voltage has not returned to normal. This 
starts another cycle of operation such as just described and 
these cycles continue until the normal value of regulated 
voltage is established. 

Where the original voltage deviation is large enough the 
regulator contacts remain closed continuously even though 
the anti-hunt device changes the contact setting. In this 
case the regulator arm is caused to follow the change in 
contact, position made by the anti-hunt device, and the R 
contact and the contactor NR remain closed. This causes 
the rheostat motor to run continuously until the a-c volt- 
age is within the zone for which the anti-hunt device is set, 
at which time the notching action takes place to bring the 
voltage to normal. 

By means of the continuous or notching action of the 
rheostat, dependent upon the magnitude of the voltage 
change, time is allowed for the a-c voltage to come to rest 
between each voltage correction as the voltage approaches 
its normal value. The action of the dashpot is also such 
that the time required for the contacts to remake is longer 
as the lever arm approaches the normal voltage position. 
This results in a decreased motor speed as the rheostat arm 
moves nearer to its new position, preventing overshooting 
of the rheostat position and bringing the a-c voltage to 
normal in a minimum length of time. 

When the a-c voltage rises above the regulated value, 
an action similar to that described for low voltage takes 
place, except that the regulator contact, I, closes energizing 
the rheostat motor control contactor NL, which operates 
the rheostat motor in a direction to increase the resistance 
in the exciter field circuit. 

Quick Response—When a large drop in voltage occurs, 
such as might be caused by a large block of load being 
thrown on the system or by a fault, the normal-response 
contacts R on the regulator close, followed by closing of the 
quick-response contacts R. Contacts AR close the circuit 
to the high-speed field-forcing-up contactor QR, which 
short circuits all of the external resistance in the exciter 
field circuit, applying full exciter voltage to the field circuit. 
This clauses the a-c machine voltage to start to return to 
normal very rapidly by forcing action. 

When the field-forcing-up contactor QR closes, an aux- 
iliary contact on this contactor closes at the same time in 

the circuit of the anti-hunt device QH, which operates to 
spread the AR and AL contacts in the same manner as 
described for the NH device and the R and L contacts. 
Therefore, if the deviation from normal voltage is within 
the recalibration effect of the QH anti-hunt device, the 
field-forcing-up contactor closes and opens rapidly while 
the rheostat arm approaches the required new position. If 
the deviation from normal voltage is greater than the 
recalibrated setting of QH anti-hunt device, the field-forc- 
ing-up contactor closes and remains closed until the a-c 
voltage is brought within the recalibrated setting. 

As the a-c voltage comes within the setting of the AR 
contacts and they no longer close, the normal response 
contacts R take control and by notching the rheostat, 
return the a-c voltage to normal. Since the rheostat moves 
at maximum speed while the quick-response contacts are 
closed, it takes only a minimum of additional movement 
after the normal-response contacts take control to return 
the voltage to normal. 

When the main exciter has a differential field as shown 
in Fig. 33, a contact in the QR contactor opens the differ- 
ential-field circuit. In this way; the damping effect of the 
differential field in slowing the exciter response is removed. 

19. Sensitivity of the BJ Regulator 
The rated sensitivity of the BJ generator voltage regu- 

lator is plus or minus 1/2 of one percent. The sensitivity is 
adjusted by varying the spacing between the regulator 
contacts R and L. The quick-response contacts are set to 
a wider spacing than the normal-response contacts so that 
larger deviations from normal voltage are required to close 
them. The usual range of settings of the quick-response 
contacts is from plus or minus 21/2 percent to plus or minus 
10 percent, the setting depending somewhat on the setting 
of the normal-response contacts and upon the operating 
conditions of the particular installation. 

The main coil of the control element in Fig. 32 consists 
of a voltage winding energized by a d-c voltage, rectified 
from the three-phase a-c source being regulated. Thus, the 
coil is energized by a voltage equal to the average of the 
phase voltages and the regulator holds this average voltage 
within the rated sensitivity zone. The level of the regu- 
lated voltage is set by adjustment of the voltage-adjusting 
rheostat; resistance being added in series with the regulator 
voltage coil to increase the level of the regulated voltage, 
and resistance being removed to decrease the level of the 
regulated voltage. The normal range of adjustment is 
approximately plus or minus 10 percent from the normal 
generator voltage. 

20. Cross-Current Compensation with BJ Reg- 
ulator 

When cross-current compensation is required to give the 
voltage regulator a drooping characteristic, one compen- 
sator and one current transformer are required, connected 
as shown in Fig. 32. The compensator is designed to supply 
a compensating voltage in two phases of the three-phase 
regulator potential circuit. This insures applying a bal- 
anced three-phase voltage to the regulator element, which 
would not be the case if only one leg was compensated. 

The vector diagram of the compensating circuit is shown 
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Fig. 34 —Vector diagram of cross-current compensation used 
with BJ regulator. Circuit shown in Fig. 32. 

in Fig. 34, the potential transformer secondary voltages 
being represented by EZl, Es2 and Z&. The current applied 
to the autotransformer of the compensator in Fig. 32 is 
taken from the secondary of a current transformer in phase 
2 of the a-c circuit. Two compensating voltages are pro- 
duced; one between terminals Xl-X2 designated as Ez on 
the vector diagram and the other between terminals Y l-Y2 
designated as ER on the vector diagram. Voltages ER and 
Ez are 120 degrees apart in time phase and, therefore, can 
be added to a three-phase set of voltages without unbalanc- 
ing it. 

The vector diagram shows Ez and En for zero power 
factor, under which condition maximum compensation is 
obtained. As the power factor approaches unity, these 
voltage vectors swing through an arc of 90 degrees and 
give zero compensation at 100 percent power factor. At 
zero power factor, vectors Ez and ER add directly to vec- 
tors E, and E13, respectively. For power factors greater 
than zero, only a proportionate component of these volt- 
ages Ez and ER add directly to voltages Es1 and E13. The 
addition of these compensating voltages to the line voltages 
as the load increases or the power factor changes gives the 
regulator element a high voltage indication resulting in a 
reduction or droop in regulated voltage. Usually the com- 
pensator should cause from four to six percent droop in 
voltage at zero power factor full load on the a-c generator. 

21. Line-Drop Compensation with BJ Regulator 
The wide use of interconnected power systems has elim- 

inated to a large extent the need for line-drop compensa- 
tion. However, it is sometimes desirable to regulate for a 
constant voltage to be maintained at some point on the 
system external to or distant from the station where the 
a-c machine and its regulator are located. The principle 
by which this is accomplished is shown by the circuit and 
vector diagrams of Fig. 35. 

The voltage regulator is to maintain the voltage EZ 
constant. If it were possible to supply the regulator with 
pilot wires so that it could measure the voltage at the load 
center, the regulator could adjust the excitation of the 
generator to maintain Z&. constant. Since in actual practice 
it is impractical to use pilot wires, the regulator potential 
winding is energized from the generator bus voltage E1, and 
the two components X1 and RI are subtracted from it 
artificially by the compensation. The resultant voltage E2 
is then supplied to the regulator. If the components XI 

Fig. 35—Principle of line-drop compensation. 

and RI are proportioned to and in phase with the corres- 
ponding values of line reactance and resistance voltage 
drops, the regulator controls the voltage as if it were 
connected by pilot wires to the load center. 

In general, since the reactance component XI of the line 
predominates, it is necessary to compensate mainly for this 
component of the line drop, the resistance component RI 
having a relatively small effect. 

Parallel operation of a-c generators, each under the con- 
trol of a voltage regulator, requires a droop in regulated 
voltage with an increase in wattless load. On the other 
hand, reactance line-drop compensation requires a rising 
characteristic for the regulated voltage with an increasing 
wattless load. In order to compensate for reactive-cross 
current between machines and for complete line drop when 
machines are operating in parallel in the same station, three 
current transformers and two compensators with suitable 
auxiliary equipment must be used for each machine. In 
any event, the XI line-drop compensation must never 
exceed the XI cross-current compensation; i.e., there must 
be a net droop in regulated voltage with increase in watt- 
less load. 

Complete line-drop compensation is not always neces- 
sary, and a simple compromise solution is available to 
provide approximate line-drop compensation and reactive- 
droop compensation. The RI-drop compensation is set to 
approach the XI drop of the line for some average power 
factor. When the RI-drop compensation is so set, the 
XI-drop compensation can be adjusted independently to 
provide the required cross-current compensation, and there 
is no interference between the two compensators. 

22. Synchronous Condenser Excitation with BJ 
Regulator 

The type BJ generator voltage regulator can also be used 
to control the excitation of a synchronous condenser. The 
circuit is essentially the same as that shown in Figs. 32 
and 33. 

When the excitation of a synchronous condenser is in- 
creased above a certain value, the condenser furnishes a 
lagging (overexcited) current to the system thereby caus- 
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ing the voltage to rise. In a similar manner, decreasing the 
excitation lowers the voltage. Thus, when a generator 
voltage regulator is applied to a synchronous condenser, 
it regulates the line voltage to a constant value by varying 
the excitation of the condenser, provided the condenser 
has sufficient corrective rkva capacity. 

It is often necessary that the condenser furnish leading 
(underexcited) rkva as well as lagging (overexcited) rkva 
and it is necessary to reduce the excitation to an extremely 
low value. Where the minimum value is less than 30 per- 
cent of the main exciter rated voltage, it is necessary to use 
a separately-excited main exciter. In many cases it is 
necessary to reverse the excitation voltage to obtain full 
leading rkva capacity from the condenser. This is accom- 
plished by the differential field in the conventional main 
exciter, and by reversing the pilot exciter voltage in the 
case of the Rototrol pilot exciter. 

In the operation of a synchronous condenser under ab- 
normal conditions, a situation may occur where the con- 
denser does not have sufficient corrective rkva capacity to 
handle all, or the most severe, system requirements. At 
such a time, the regulator in trying to hold the line voltage 
overexcites the condenser, causing it to carry excessive 
current and become overheated. To protect against this 
condition, a current-limiting device is used to limit the 
maximum excitation voltage to a level that does not cause 
damage due to continuous overloading of the condenser. 

When the BJ regulator is used to control the excitation 
of a synchronous condenser, a time-delay current-limiting 
device is used. The equipment is designed to recognize two 
conditions; first, the case of a slowly rising load current to 
a predetermined limiting or unsafe value, and second, a 
sudden increase in load current such as might be caused 
by a system fault. 

Protection against overcurrent is provided by a current- 
operated device having its operating coil energized by the 
line current and having its main contacts connected in 
series with the main control contacts of the voltage regu- 

lator. If the synchronous condenser load is gradually in- 
creased, the current-limiting contact in series with the R 
contact of the regulator opens the “raise” control circuit 
and prevents any further increase in excitation. At the 
same time, a second contact of the current-limiting device 
energizes the “lower” control circuit of the regulator, caus- 
ing the excitation and load current to be reduced to the 
safe limiting value. This protection against a gradual in- 
crease in load operates in the normal-response R-L circuits 
of the voltage regulator. 

In the case of a sudden increase in load current, an 
instantaneous overcurrent relay set to pick-up at a higher 
value of current than the current-limiting device closes its 
contacts. One set of contacts initiates a timing cycle, and 
the other set deenergizes an auxiliary relay. Deenergizing 
the auxiliary relay allows the contacts of the voltage- 
regulating element to remain in control for the time setting 
of the timing relay, thus permitting the use of both normal- 
and quick-response excitation for stability purposes under 
fault conditions. 

Control of the excitation is automatically returned to the 
voltage-regulator control element when the overload dis- 
appears. Should the decreasing overload remain for a time 
below the setting of the instantaneous overcurrent relay 
but within the setting of the current-limiting element, the 
latter maintains control to prevent increase in excitation. 

23. Impedance-Type Voltage Regulator 
The excitation system shown in Fig. 36 employs a main- 

exciter Rototrol to supply excitation to the a-c generator. 
With the high degree of amplification obtainable with a 
Rototrol, the energy requirements of the control field are 
sufficiently small that they can be supplied by instrument 
transformers. The intelligence transmitted to the control 
field of the Rototrol as a function of the generator terminal 
voltage is determined by the voltage-regulator potential 
unit, voltage adjusting unit, and automatic control unit. 
These voltage-regulator devices consist entirely of imped- 

Fig. 36—Block diagram of the impedance-type voltage regulator as used in a main-exciter Rototrol excitation system. 
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ance elements and from this consideration the combination 
of devices in Fig. 36 is referred to as an impedance-type 
or static-type voltage regulator. 

The voltage regulator potential unit is energized by the 
generator line-to-line voltage and the currents of two 
phases. Its output is a single-phase a-c voltage, applied 
to the series connection of the voltage adjusting unit and 
the automatic control unit. The automatic control unit is 
a voltage-sensitive device, the output of which is a d-c 
voltage. The polarity and magnitude of this d-c voltage 
are determined solely by the magnitude of the impressed 
a-c voltage. The output of the automatic control unit is 
the control signal that energizes the control field of the 
main-exciter Rototrol. 

When the generator output voltage is exactly at the 
regulated value, the output voltage of the automatic con- 
trol unit is zero. If the generator voltage increases above 
the regulated value, the d-c output voltage is in the direc- 
tion to decrease the excitation voltage, working through 
the Rototrol exciter. When the generator voltage falls 
below the selected value, the d-c output voltage of the 
automatic control unit is in the direction to increase the 
a-c generator excitation. 

When the voltage regulator is not in service, manual 
control of the a-c generator excitation is by means of the 
manual control unit. To guarantee synchronous machine 
steady-state stability, that is, insure adequate excitation 
for all kilowatt loads, a minimum excitation unit is used. 
The minimum excitation unit used with the Rototrol ex- 
citation systems is of a form that provides a variable 
minimum limit depending on the kilowatt load. 

Fig. 37—Impedance-type regulator potential unit. 

(a) Schematic diagram. 
(b) Vector diagram. 

Potential Unit—The voltage-regulator potential unit, 
shown schematically in Fig. 37, consists of a potential 
transformer, a filter reactor and a set of resistors. The 
output voltage of the potential unit is directly proportional 
to the positive-sequence component of the generator ter- 
minal voltage, and therefore, the voltage regulator is not 
affected by generator voltage unbalance and regulates to 
constant positive-sequence voltage. The circuit is a nega- 
tive-sequence voltage-segregating filter so connected that 
the negative-sequence voltage is subtracted from the line 
voltage which, in the absence of a zero-sequence component, 
yields positive-sequence voltage. 

The primary of the filter or mutual reactor is energized 
by the phase 1 and 3 current transformers. The flux 
produced thereby induces a voltage in the secondary wind- 
ing which is added vectorially to the phase-3 drop in the 

Fig. 38—Vector diagrams showing how cross-current com- 
pensation is obtained with the potential unit of the imped- 

ance- type regulator. 
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resistor RC, the sum being proportional to the negative- 
sequence voltage at the generator terminals. This negative- 
sequence voltage is the component of the three-phase volt- 
age that represents the unbalance in voltage resulting from 
load unbalance. It is subtracted vectorially from the gen- 
erator voltage to give the desired positive-sequence voltage 
across the terminals Vll and V12. 

The potential unit can also provide compensation for 
parallel operation of a-c generators when each machine is 
equipped with a voltage regulator. Reactive-droop com- 
pensation is obtained by adjustment of the resistance RC 
in the potential unit in Fig. 37. The vector relations of 
the generator line currents and terminal voltages are shown 
in Fig. 38 (a). If the ohmic value of the resistor RC is 100 
percent, the voltage equation of the circuit and the vector 
diagram are those shown in Fig. 37. If the ohmic value of 
RC is reduced to 50 percent, the vector diagram becomes 
that shown in Fig. 38 (b). ER and Elz no longer are iden- 
tical, although for unity power factor their difference in 
magnitude is of negligible proportion. The difference vec- 
tor EC can appropriately be called the reactive-droop 
compensator voltage. Assuming a given lagging power 
factor generator load, the vector diagram of Fig. 38 (c) 
shows how the generator terminal voltage El2 must vary 
for the automatic control-unit input voltage ER to remain 
constant. As the generator load increases, EC also increases 
and El2 must decrease, since ER remains constant in mag- 
nitude. Thus the generator voltage is given a drooping 
characteristic with increase in lagging power factor load. 

Voltage Adjusting Unit-The voltage adjusting unit 
in Fig. 36 is a rheostat that enables the operator to set the 
a-c generator regulated voltage at any value within a band 
of plus or minus 10 percent of the rated generator voltage. 
By means of the voltage adjusting unit, the resistance 
between the generator terminals and terminals Vll and 
V12 of the automatic control unit can be changed, causing 
a directly proportional change in voltage drop in the cir- 
cuit. The drop requires a change in a-c generator voltage 
to produce the regulator balance-point voltage across the 
terminals VI1 and V12. 

Automatic Control Unit-The automatic control 
unit is the voltage-sensitive element of the impedance-type 
voltage regulator. It measures the voltage to be regulated 
and delivers energy to the main-exciter control field only 
when necessary. The voltage-sensitive circuit in Fig. 39 
consists essentially of two parallel-circuit branches; one 
containing a capacitor and the other a saturating reactor. 
The voltage-current characteristic curves of the capacitor 
and saturating reactor are shown in Fig. 39 (b). The curve 
of the reactor indicates that its current increases more 
rapidly than voltage, and the currents through the two 
branches of the circuit are equal at only one value of volt- 
age where the characteristics intersect. This point of inter- 
section is called the balance point of the two impedances. 
The operation of the voltage regulator depends upon the 
fact that when the voltage increases above this point, the 
current in the reactor is greater than the current in the 
capacitor. When the voltage decreases below the balance 
point, the capacitor current is the greater. 

The output of the reactor circuit and the output of the 
capacitor circuit are rectified by single-phase full-wave 

Fig. 39—Impedance-type regulator automatic control unit. 

(a) Circuit diagram. 

(b) Intersecting impedance characteristics of saturating reactor 
and capacitor. 

dry-type rectifiers, which are connected with additive re- 
lation in series through a resistor and smoothing reactors. 
The control field of the Rototrol is connected between a 
mid-tap on the resistor and the opposite side of the rectifier 
circuit. When the applied voltage is at the balance point 
and the capacitor and reactor currents are equal in magni- 
tude, the output currents of the rectifiers are equal and 
circulate between the rectifiers. Under this condition there 
is no potential difference between the terminals ACR-ACL 
of the Rototrol control field and no current flows in the field. 
Should the a-c voltage become low, however, the rectified 
current of the capacitor circuit is large compared with that 
of the reactor circuit raising the potential of terminal ACR 
above that of ACL and causing current to flow in the con- 
trol field in a direction to increase the excitation voltage and 
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raise the a-c voltage. For an increase in a-c voltage, the 
direction of current flow in the control field would be 
reversed causing a reduction in excitation voltage. Thus 
with normal a-c-voltage applied to the automatic control 
unit, the control-field current is nearly zero and any devi- 
ation in a-c voltage causes a corrective current to flow in 
the control field. 

The current in the control field of the Rototrol is directly 
proportional to the horizontal difference between the ca- 
pacitor and saturating reactor volt-ampere characteristics 
in Fig. 39 (b). Examination of the curves shows that the 
control-field current is approximately proportional to the 

Fig. 40—Typical output curve of 
function of a-c 

automatic 
voltage. 

control unit as 

change in a-c voltage for small changes. The control-field 
current as a function of the a-c voltage applied to the 
automatic control unit is shown in Fig. 40. Maximum cur- 
rent in the direction to raise the Rototrol terminal voltage 
occurs when the a-c voltage is approximately 85 percent 
of the balance-point voltage. The small current output of 
the automatic control unit is sufficient to control the Roto- 
trol output over the entire range of the Rototrol capability. 

Minimum Excitation Unit-Like other units of the 
impedance-type voltage regulator, the minimum-excitation 
unit normally used is comprised of impedance elements. 

The minimum-excitation unit establishes a minimum 
point or limit below which the excitation of the a-c gen- 
erator cannot be lowered. The minimum point can be a 
fixed limit or a variable limit. On machines that carry 
considerable real or kilowatt load it usually is desirable to 
make the minimum limit vary approximately directly pro- 
portional to the kilowatt load, thereby maintaining a mar- 
gin of excitation current above that at which the machine 
would pull out of synchronism. Since the main-exciter 
Rototrol is limited to use with 3600-rpm turbine gener- 
ators, the minimum excitation unit is of the variable-limit 

type- 

Fig. 41—Schematic diagram of the impedance- type minimum 
excitation unit and vector diagram showing how variable 

minimum limit is obtained. 

The schematic diagram and vector diagram of the min- 
imum-excitation unit is shown in Fig. 41. A saturable 
reactor with coils on the three legs of a B-shaped core 
is used. The two outside legs are connected in parallel, 
such that at any given instant, both windings produce an 
a-c flux in the same direction through the center leg of the 
core. The winding on the center leg is the d-c control coil. 
The d-c current in this winding controls the saturation of 
the iron core, thereby controlling the inductance and react- 
ance of the two outer a-c windings. When the d-c control 

is high, the core has a higher degree of saturation and the 

The schematic diagram and vector diagram of the min- 
imum-excitation unit is shown in Fig. 41. A saturable 
reactor with coils on the three legs of a B-shaped core 
is used. The two outside legs are connected in parallel, 
such that at any given instant, both windings produce an 
a-c flux in the same direction through the center leg of the 
core. The winding on the center leg is the d-c control coil. 
The d-c current in this winding controls the saturation of 
the iron core, thereby controlling the inductance and react- 
ance of the two outer a-c windings. When the d-c control 
current is low, saturation of the core is slight, and the 
reactance of the a-c coils is high; and when the d-c current 
is high, the core has a higher degree of saturation and the 
reactance of the a-c windings is low. 

The center-leg winding is energized by the main-exciter 
Rototrol output voltage as shown in Fig. 36. When the 
a-c generator is operating at normal voltage and the excita- 
tion voltage is normal, the current in the reactor control 
winding is relatively high, and consequently the reactance 
of the a-c windings is low. A substantial amount of a-c 
current is allowed to flow through the reactor windings 
under this condition. The relatively high a-c current 
through resistor R1 causes a large voltage drop such that 
the a-c voltage appearing across X-Y is relatively small. 
When the voltage is low across the series circuit composed 
of the saturating reactor, capacitor and rectifier, current 
in the series circuit is substantially zero. However, because 
of the impedance characteristic of this series circuit, there 
is a voltage at which the series-circuit current begins to 
increase rapidly with small increases in voltage. 

The center-leg winding is energized by the main-exciter 
Rototrol output voltage as shown in Fig. 36. When the 
a-c generator is operating at normal voltage and the excita- 
tion voltage is normal, the current in the reactor control 
winding is relatively high, and consequently the reactance 
of the a-c windings is low. A substantial amount of a-c 
current is allowed to flow through the reactor windings 
under this condition. The relatively high a-c current 
through resistor R1 causes a large voltage drop such that 
the a-c voltage appearing across X-Y is relatively small. 
When the voltage is low across the series circuit composed 
of the saturating reactor, capacitor and rectifier, current 
in the series circuit is substantially zero. However, because 
of the impedance characteristic of this series circuit, there 
is a voltage at which the series-circuit current begins to 
increase rapidly with small increases in voltage. 

If for some reason system conditions should cause the 
voltage regulator to introduce current into the control field 

If for some reason system conditions should cause the 
voltage regulator to introduce current into the control field 
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of the Rototrol to reduce the excitation voltage, the current 
in the reactor control winding is also reduced. The re- 
actance of the a-c windings increases, and the current 
through resistor M is reduced, causing less voltage drop 
in the circuit and increasing the voltage across X-Y. If 
the voltage across X-Y rises to the conducting point of the 
series circuit, a-c current increases sharply in this circuit, 
and this current rectified is supplied to the minimum ex- 
citation control field of the Rototrol exciter. The minimum 
excitation control field is the limits field in Fig. 36. The 
direct current supplied to the minimum excitation control 
field is in the direction to raise the excitation voltage, and 
the minimum excitation unit thus begins to regulate for a 
preset minimum excitation voltage to keep the circuit of 
the unit balanced. When system conditions cause the auto- 
matic control unit to increase the excitation above that 
provided by the minimum excitation unit, the regulator 
again takes control and holds the voltage for which it 
is adjusted. 

The variable minimum excitation limit is obtained by 
the compensating circuit shown in the left-hand portion of 
Fig. 41. The voltage E1? across terminals Vl-V2 is held 
constant by the automatic control unit under balanced 
load conditions. A compensating voltage that is a function 
of line currents 12-I1 is added vectorially to Elz such that 
the a-c voltage applied to the saturating reactor is equal 
to Ec. The currents 11 and I2 in the vector diagram of 
Fig. 41 are drawn for the unity power factor condition and 
the resulting magnitude of EC is represented by the vector 
drawn with a solid line. If the magnitudes of the line 
currents are held constant and the power factor changed 
to 70 percent lagging, the voltage ER21 is shifted such that 
the magnitude of EC becomes that represented by the 
dotted vector. Thus, the magnitude of the voltage EC is 
dependent on the magnitude of the in-phase component 
of the line current, and hence varies with the kilowatt load 
on the generator. The locus of the magnitude of EC for a 
particular magnitude of current at various power factors 
is represented by the semi-circle as shown. Therefore, since 
the voltage input to the saturating reactor is a function of 
the kilowatt load, the voltage across X-Y applied to the 
series circuit also varies with kilowatt load. The minimum 
excitation limit becomes a variable quantity dependent 
upon the kilowatt load of the generator. 

The individual and combined volt-ampere character- 
istics of the saturating reactor, capacitor and resistance 
(equivalent resistance of the reactor, rectifier and load) 
are shown in Fig. 42 (a). As the voltage across X-Y is 
increased, the combined characteristic shows that the cir- 
cuit conducts practically no current until the voltage El is 
reached. The current then undergoes a large increase to 
the value 11. When the volt-ampere characteristic of the 
resistor ZZ1 is included, the combined characteristic is modi- 
fied to that shown in Fig. 42 (b). The sudden large increase 
in current shown when voltage E1 is reached in Fig. 42 (a) 

is eliminated, but the current increases rapidly and linearly 
with increase in voltage in the range above El. The prac- 
tical operating range of the unit is determined by the 
intersection of the capacitive reactance line Xc with the 
saturating reactor line Xs. Two ratings of minimum-ex- 
citation units are available; one giving an operating range 

Fig. 42—Volt-ampere characteristics of individual compo- 
nents of minimum excitation unit and combined volt-ampere 

characteristic. 

(a) Effect of Rl omitted. 
(b) Effect, of Rl included. 

of O-300 milliamperes, and the other giving an operating 
range of O-750 milliamperes. The unit having the larger 
operating range is used with the main-exciter Rototrol. 

Manual Control Unit-The manual control unit used 
with the main-exciter Rototrol excitation system of Fig. 36 
is a bridge-type circuit as shown in Fig. 43. Such a circuit 
is required to reverse the direction of current in the control 
field as required to raise or lower the Rototrol voltage. In 
addition, the unit is a d-c voltage regulator in itself, main- 
taining essentially constant main-exciter voltage and con- 
stant a-c generator voltage for 

The bridge circuit consists 
a given load. 
of two fixed resistors, a 

potentiometer and two selenium rectifiers connected as 
shown. The main exciter terminal voltage is applied across 
two terminals of the bridge and the control field of the 
Rototrol is connected across the other two terminals. The 
exciter terminal voltage is adjusted by changing the posi- 
tion of the potentiometer. The selenium rectifiers form the 
controlling element of the bridge circuit since the voltage 
drop in this lee: of the bridge is practically independent of 
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Fig. 43—Schematic diagram of the impedance- type 
manual control unit. 

regulator 

the current through the rectifiers, and will remain sub- 
stantially constant. Thus the voltage Ez in Fig. 43 can be 
considered constant. 

For a given setting of the potentiometer, the bridge 
circuit is balanced when the voltage E1 is equal to Ez and 
under this condition there is no current in the Rototrol 
control field. If the main exciter voltage should increase 
for any reason, the current through the bridge increases, 
which increases the voltage drop El so that MCR is positive 
with respect to MCL. Current then flows in the control 
field in a direction to reduce the exciter voltage until the 
bridge circuit is again balanced. For a drop in exciter 
voltage, the control field current would be in the raise 
direction. Thus, the a-c voltage may be adjusted for any 
value from zero to maximum, and the manual control unit 
holds the excitation voltage constant. 

24. Main-Exciter Rototrol Generator Excitation 
System 

The Rototrol with its two stages of amplification can be 
built with large power output capabilities while the control 
field energy requirements are sufficiently small to be sup- 
plied by instrument transformers. Also, since the Rototrol 
is a high-speed machine with air-gap dimensions the same 
as any other form of d-c machine, it can be direct-connected 
to the shaft of a turbine generator. The direct-connected 
main-exciter Rototrol is a step toward simplification of 
turbine generator construction, operation and maintenance 
by completely eliminating the pilot exciter. The circuit of 
the main-exciter Rototrol excitation system is that shown 
in Fig. 36. 

The effect on the main-exciter Rototrol of induced field 
current caused by changes in generator load was discussed 
in Sec. 10. Evidence of the importance of this effect and 
illustration of the comparative performance of the main- 
exciter Rototrol excitation system is given in Fig. 44. The 
solid line shows the time variation of the a-c generator 
voltage under control of an impedance-type regulator and 
a main-exciter Rototrol, and the dashed-line curve shows 
the variation under control of an indirect-acting exciter- 
rheostatic type of regulator and a conventional main ex- 
citer with 0.5 response ratio. In each case, a three-phase 
reactance load was suddenly applied to the generator to 

Fig. 44—Voltage-recovery performance of main-exciter Roto- 
trol excitation system compared with performance of con- 
ventional main-exciter system under control of BJ regulator. 
Approximately 20 percent of generator rated amperes at 0 

percent lagging power factor added at zero time. 

cause approximately 20 percent of rated generator amperes 
to flow in the circuit. The rapid recovery of the voltage 
under control of the impedance-type regulator and main- 
exciter Rototrol is an important factor in maintaining 
system stability, particularly during the period of over- 
shoot when the generator voltage is greater than 100 
percent. 

The main-exciter Rototrol excitation system has the 
advantage of a voltage regulator without moving parts, 
without contactors, and requiring no large motor-operated 
main-exciter field rheostat. The overall performance of the 
system shows marked improvement in voltage dip and 
recovery time when compared with a conventional main- 
exciter excitation system. The system also eliminates the 
use of any pilot exciter. 

25. Rototrol Pilot Exciter with Single-Field Main 
Exciter 

The simplest form of an excitation system using a Roto- 
trol pilot exciter is shown in Fig. 45. When the speed of 
rotation of the main a-c generator is 1200, 1800 or 3600 
rpm, the main exciter and Rototrol pilot exciter can be 
direct-connected to the generator shaft. A second possi- 
bility is to have the main exciter mounted on the shaft of 
the a-c generator and the Rototrol separately-driven by a 
small motor, the m-g set having sufficient inertia to carry 
through system disturbances without appreciable speed 
change. This arrangement might be used where the gen- 
erator speed is less than 1200 rpm. A third arrangement is 
to have the main exciter and the Rototrol pilot exciter 
driven by a motor and operating at 1200 or 1800 rpm. 
The latter arrangement is applicable with a generator of 
any speed. 

In the conventional excitation system, the pilot exciter 
is a constant-voltage generator. The Rototrol pilot exciter 
is a variable voltage pilot exciter and the method of operat- 
ing the excitation system of Fig. 45 is essentially no differ- 
ent than the operation of conventional exciter-rheostatic 



230 Excitation Systems Chapter 7 

systems., except that no regulator-controlled, motor-oper- 
ated exciter-field rheostat is used. Variable voltage is SUP- 

plied to the main-exciter field by the Rototrol pilot exciter, 
which is connected directly to the field and is under the 
control of the voltage regulator automatic control unit or 
the manual control unit. 

The voltage regulator potential unit, voltage adjusting 
unit, automatic control unit and the manual control unit 
are those described in Sec. 23. 

The Rototrol pilot exciter used in this excitation system 
can provide either one or two stages of amplification, 
depending on the energy requirements of the main-exciter 
shunt field. The Rototrol can easily be constructed to 
provide rates of response and ceiling voltage equal to or 
in excess of those obtained with conventional d-c machines. 

Fig. 45—Excitation system with Rototrol pilot-exciter and 
single-field main exciter con trolled by impedance-type 

regulator. 

The excitation system shown in Fig. 45, therefore, provides 
performance characteristics at least equal to those obtained 
with conventional excitation systems. 

The Rototrol pilot exciter in Fig. 45 supplies all the 
excitation requirements of the main exciter. In this respect 
this system is identical with exciter-rheostatic systems 
using pilot exciters. The essential advantage is the elim- 
ination of the comparatively complicated exciter-rheostatic 
regulator with its moving parts and elimination of the 
motor-operated main-exciter field rheostat. As is the case 
with the exciter-rheostatic excitation system, loss of the 
pilot exciter through a short circuit or open circuit causes 
loss of excitation on the a-c generator. 

26. Rototrol Buck-Boost Pilot Exciter 
The buck-boost Rototrol excitation system using a two- 

or three-field main exciter, as shown in Fig. 46, offers a 
number of advantages over the single-field main exciter 
system described in Sec. 25. In the system of Fig. 46, the 
Rototrol pilot exciter operates in a different manner from 
that in Fig. 45. 

The operation of the three-field main exciter was de- 
scribed in Sec. 6. The Rototrol buck-boost pilot exciter 
supplies the proper voltage to field 2 of the main exciter 
to control the output voltage. Briefly, the excitation pro- 
vided by field 1 is set by the operator to give a base ex- 

Fig. 46—Excitation system with Rototrol buck-boost pilot 
exciter and three-field main exciter. 

citation in the main exciter, and the excitation provided 
by field 2 adds to or subtracts from this base excitation 
to vary the output voltage. Thus the Rototrol must be 
capable of bucking or boosting the main exciter base ex- 
citation to give the necessary range of main exciter voltage. 
The Rototrol-excited field of the main exciter also acts as 
a stabilizing field under regulator control. 

All of the voltage regulator component parts in Fig. 46 
are those described in Sec. 23. The manual control unit is 
not required, since manual control is obtained by operating 
the main exciter as a self-excited exciter with a stabilizing 
field, and voltage control is by means of the shunt-field 
rheostat. 

Since the main exciter base excitation is supplied by the 
self-excited field, complete excitation is not lost or is the 
continuity of the load disturbed upon the occurrence of 
any trouble in the Rototrol buck-boost pilot exciter cir- 
cuits or in any part of the impedance-type voltage regu- 
lator elements. Even in the event of a short circuit or open 
circuit in the pilot exciter output circuit, the preset base 
excitation remains rheostat controlled and undisturbed. 
If a circuit failure occurs when the a-c generator is carrying 
a load other than that used to determine the rheostat 

Fig. 47—Excitation system for hydroelectric generator with 
motor-driven Rototrol buck-boost pilot exciter and three- 

field main exciter. 
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setting, the a-c generator continues to carry its kilowatt 
load, but at a different power factor. 

27. Rototrol Excitation for Hydroelectric Gener- 
ators 

It is impractical to direct-connect the Rototrol to the 
shaft of a waterwheel generator, because of the multiplicity 
of speeds and sizes involved. The Rototrol pilot exciter, 
therefore, must be driven by a small motor, introducing 
the problem of a reliable power supply for the driving 
motor. The three-field main exciter and Rototrol buck- 
boost pilot exciter excitation system of Fig. 46 is readily 
adaptable to use with slow-speed generators and is shown 
in Fig. 47. 

During start-up of the generator when no outside source 
of supply is available for driving the Rototrol motor- 
generator set, the main exciter is operated as a self-excited 
machine and provides excitation for the main generator. 
As soon as a-c voltage is available, the Rototrol can be 
started and the voltage regulator placed in service, or 
operation can be continued under hand control with the 
operator controlling excitation with the self-excited shunt 
field rheostat. 

Under short-circuit conditions on the a-c system, the 

excitation system must be capable of supplying full ex- 
citation to the generator field. With the system shown in 
Fig. 47, this is accomplished by building sufficient inertia 
into the Rototrol m-g set to carry it through such disturb- 
ances with very little change in speed even under severe 
forcing conditions. 

28. Rototrol Excitation for Synchronous 
Condensers 

The Rototrol excitation system for synchronous con- 
densers is similar to that shown in Fig. 47 for waterwheel 
generators. However, in the usual case, the main exciter 
for the condenser is also motor-driven so that the motor 
supply circuit has to be modified to supply sufficient power 
for the motor-generator set. Electrically, the circuit is the 
same as Fig. 47, but the main and pilot exciters are 
normally on the same shaft and driven by a large motor. 

Where some form of current limit is desired as discussed 
in Sec. 22, a static current-limit device can be used with 
the Rototrol excitation system. The circuit of the current- 
limit unit is similar to that of the minimum excitation unit 
shown in Fig. 41. The rectified a-c load current of the 
condenser is used to energize the center or control winding 
of the three-legged reactor, and to control the magnitude 

Fig. 48-Schematic diagram of the electronic generator voltage regulator. The variable output appearing across terminals 
24 and 25 can be used to control the firing point of an electronic main exciter or can be adapted to control a Rototrol 

excitation system. 
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of the voltage applied to the series reactor-capacitor- 
rectifier circuit. At a certain magnitude of a-c current, 
the series circuit begins conducting a rapidly increasing 
current, which is applied to the limits field of the Rototrol. 
The current in the limits field is in the direction to lower 
the excitation voltage. Should the control field be con- 
ducting current in the raise direction, the combined effect 
of the two fields is such that the excitation voltage is held 
constant at the limiting value. Time delay can be provided 
in the limiting circuit to enable full forcing of the condenser 
excitation during transient overloads. 

29. Electronic-Type Voltage Regulator 
Electronic-type voltage regulators are available in many 

different forms, a typical one being shown in Fig. 48. This 
particular regulator is used with the electronic main exciter 
in Fig. 23, but it can be modified for use with Rototrol 
excitation systems. 

A d-c voltage proportional to the average three-phase 
a-c generator voltage is obtained from a three-phase bridge- 
type rectifier, the output of which is applied to a voltage- 
adjusting rheostat and a modified Wein bridge-type filter. 
The bridge, comprising resistors R1, RZ, RS and R4, capac- 
itors C1 and C2 and potentiometers P2 and PS, filters the 
360-cycle ripple voltage in the d-c output of the rectifier. 
Thus, the output of the bridge circuit, which is the input 
to the regulator, is a smooth d-c voltage. The bridge-type 
filter provides a high degree of filtering without adding 
unduly long time constants to the regulator input circuit. 

The generator voltage regulator consists of two d-c 
amplifiers and a reference voltage. Regulation is obtained 
by comparing the rectified generator terminal voltage with 
the reference voltage. The first d-c amplifier is a high-gain 
voltage amplifier using a 5693 tube, which is an industrial- 
type tube with characteristics the same as a type 6SJ7 
tube. The output of the voltage amplifier is fed into a 
power amplifier using a 6V6GT tube. The high-gain volt- 
age stage gives the regulator its high degree of sensitivity 
and the power amplifier supplies the variable negative bias 
voltage for controlling the thyratron firing tubes in Fig. 23. 

A full-wave rectifier (5Y3GT tube) is used to supply the 
plate voltage of the 5693 tube. The rectified output of 
transformer T1 is fed into a two-section condenser input 
filter giving a smooth d-c voltage with polarities as indi- 
cated. The d-c reference voltage is obtained from the 
voltage drop across a type VR-105 voltage regulator tube 
connected in series with resistor R6 across the d-c power 
supply. The reference voltage is also a smooth d-c voltage 
that remains constant for wide variations of supply voltage. 

The rectified generator voltage is connected differentially 
with the reference voltage and applied to the grid circuit 
of the 5693 tube. This circuit can be traced from the grid 
of the tube through the grid resistor R5 to the negative side 
of the rectified generator voltage; from the positive side of 
the rectified generator voltage to the positive side of the 
reference voltage; and from the negative side of the refer- 
ence voltage to the cathode of the 5693 tube. The amplified 
voltage from the 5693 tube appears across the load resistor 
R?’ with polarities as shown and this voltage drop is applied 

to the grid of the 6V6GT tube. The grid circuit of the 
6V6GT tube can be traced from the grid through resistor 
R7 to the cathode. The variable negative d-c voltage out- 
put of the regulator is obtained across the load resistor R9 
of the 6V6GT tube and applied to the grid circuits of the 
thyratron firing tubes in Fig. 23. 

Under balanced conditions when the a-c generator volt- 
age is equal to the regulated value, the grid of the 5693 
tube is established at a particular bias voltage depending 
on the magnitudes of the reference voltage and the rectified 
a-c voltage. This grid bias establishes the current in the 
5693 tube and the drop across R7, which in turn establishes 
the grid bias of the 6V6GT tube. Current in the 6V6GT 
tube is thus fixed, as is the drop across load resistor R9. 
The voltage output is constant as long as the a-c generator 
voltage is equal to the regulated value. 

Should the a-c generator voltage increase above the 
normal value, the differential connection of the rectified 
generator voltage and the reference voltage makes the grid 
bias of the 5693 tube more negative than previously, which 
reduces the current in the tube and in resistor R7. The 
lower voltage drop across R7 reduces the negative bias 
voltage on the grid of the 6V6GT tube and causes an 
increase in current through the tube and load resistor R9. 
Thus, the negative voltage output across terminals 24 and 
25 is increased. Reference to Fig. 24 shows that the in- 
crease in negative-bias voltage on the thyratron firing 
tubes causes an increase in the angle of grid delay, which 
reduces the main-exciter voltage. In a similar manner, low 
a-c voltage causes the grid bias of the 5693 tube to be less 
negative than previously, which causes a reduction in the 
voltage across terminals 24 and 25 and a consequent 
reduction in the thyratron firing tube angle of grid 
delay. 
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CHAPTER 8 

APPLICATION OF CAPACITORS TO POWER SYSTEMS 
Author: 

A. A. Johnson 

I. SHUNT CAPACITOR FUNDAMENTALS 

T 
HE function of a shunt capacitor applied as a single 
unit or in groups of units is to supply lagging kilovars 
to the system at the point where they are connected. 

A shunt capacitor has the same effect as an overexcited 
synchronous condenser, generator or motor. It supplies 
the kind of kilovars or current to counteract the out-of- 
phase component of current required by an induction 
motor as illustrated in Fig. 1. 

Fig. l—Shunt Capacitors supplying kvar required by an in- 
duction motor. 

Shunt capacitors applied on the load end of a circuit 
supplying a load of lagging power factor have several 
effects, one or more of which may be the reason for the 
application: 

1. 
2. 
3. 

4. 

5. 

6. 
7. 

8. 

9. 

10. 

Reduces lagging component of circuit current. 
Increases voltage level at the load. 
Improves voltage regulation if the capacitor units are 
properly switched. 
Reduces Z2R power loss in the system because of reduction 
in current. 
Reduces Z2X kilovar loss in the system because of reduction 
in current. 
Increases power factor of the source generators. 
Decreases kva loading on the source generators and cir- 
cuits to relieve an overloaded condition or release capacity 
for additional load growth. 
By reducing kva load on the source generators additional 
kilowatt loading may be placed on the generators if tur- 
bine capacity is available. 
To reduce demand kva where power is purchased. Correc- 
tion to 100 percent power factor may be economical in 
some cases. 
Reduces investment in system facilities per kilowatt of 
load supplied. 

The shunt capacitor affects all electrical equipment and 
circuits on the source side of where they are installed. If 
the capacitor kvar is small, say ten percent of the circuit 
rating, it is usually sufficient to make an analysis on the 
circuit involved for the application. However, where the 
capacitor kvar is large, its effect on each part of the system 
back to and including the source should be considered. 

In determining the amount of shunt capacitor kvar re- 
quired, it must be recognized that a voltage rise increases 
the lagging kvar in the exciting currents of transformer 
and motors. Thus, to get the desired correction some addi- 
tional capacitor kvar may be required above that based on 
initial conditions without capacitors. If the load includes 
synchronous motors, it may be desirable, if possible, to 
increase the field currents to these motors. 

Shunt capacitors are applied in groups ranging from one 
capacitor unit of 15 kvar to large banks of these standard 
units totaling as much as 20000 kvar. Many small banks 
of 45 kvar to 360 kva are installed on distribution circuits. 
Banks of 520 kvar to about 3000 kvar are common on 
distribution substations of moderate size. Larger banks of 
5000, 10 000 and 15 000 kvar are in service in a number of 
larger substations. Usual voltage ratings of capacitor 
banks start at 2400 volts and range upward for groups of 
capacitors connected in series for 46 kv. Consideration is 
being given to voltages up to and including 138 kv. This 
is feasible provided the bank is sufficiently large in kvar. 

1. History 

Shunt capacitors were first applied for power-factor 
correction about 1914. Their use, however, was limited 
during the next twenty years because of high cost per 
kvar, large size and weight. Prior to 1932 all capacitors 
employed oil as the dielectric. At about this time the in- 
troduction of chlorinated aromatic hydrocarbon im- 
pregnating compounds (askarels) and other advances in 
the capacitor construction brought about sharp reductions 
in size and weight. As shown by Fig. 2 the present weight 
per kvar is less than 5 pounds compared with over 20 
pounds in 1925. 

Before 1937 practically all capacitors were installed in- 
doors in industrial plants. Extensive utility use started 
after the appearance of outdoor units, which eliminated 
steel housings and other accessories. By 1939 capacitor 
costs had been reduced almost proportionately with weight 
and they had been proved in service. Starting in 1939 and 
continuing to the present, capacitor use has increased 
phenomenally year by year, as shown in Fig. 2. The 
acceptance of capacitors has been due to the following: 
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Fig. 2—Evaluation of the size and use of Shunt Capacitors. 

1. Reduction in selling price. 
2. Improved design and manufacturing methods resulting in 

small size and weight. 
3. Development of outdoor, pole-type units and standardized 

mounting brackets. 
4. Reduction in failures. 
5. Better understanding of system benefits that accrue from 

their use. 
6. By force of circumstances, during the war emergency of 

1939 to 1945, manufacturing facilities for capacitors were 
more available than other means of supplying kilovars. 
Also less critical material was required for capacitors than 
for other kvar generators. 

Fig. 3—Cut-away view of 25 kvar 2400 volt outdoor capacitor 
unit. 

7. Due to the large volume of production during the war and 
since, the economics of using capacitors is favorable. 

2. Capacitor Failure Rates 

To evaluate the operation and economics of shunt 
capacitors, it is helpful to predict the number of unit 
failures that may occur. Not only do unit failures mean 
the loss of the units but also, under certain conditions a 
unit failure may damage other good units. Prediction of 
failures can be based on past experience, such as given in 
Curve A, Fig. 4. This curve gives cumulative unit failures 
per 1000 units in service regardless of how or where they 
are installed or how they are protected. Curve B repre- 
sents unit failures of small groups of capacitors distributed 
over a system without lightning protection and subject to 

Fig. 4—Failure rate of shunt capacitors. 

A-Average of all types of installations. 
B-Average of unprotected, exposed installations. 
C-Average of well protected larger installations. 

other hazards. In view of the benefits a performance as 
given by Curve B has been considered economical and 
satisfactory. Curve C represents performance of large 
banks of capacitors where careful attention has been given 
to operating conditions and protective devices. For such 
performance each unit should be inspected and tested at 
the installation to weed out units damaged in transporta- 
tion. Individual capacitor fuses are also essential 
for best performance as discussed later under Capacitor 
fusing. 

3. Fundamental Effects 

To illustrate the effects of shunt capacitors, assume that 
a 100-kva circuit or piece of apparatus has to carry 100 kva 
at various power factors. By adding shunt capacitors at 
the load, the kva from the source is reduced materially. 
The lower the load power factor, the more effective the 
capacitors are. This situation is illustrated in Fig. 5. 
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Fig. 5—-Fundamental effects of shunt capacitors on power 
circuits. 

Increasing the capacitors lessens the current carried by 
the supply circuit from the source (Fig. 5(D) ), up to the 
ultimate point at which capacitors supply all of the kilo- 
vars required by the load and the circuit supplies only the 
kilowatt component. For a constant load in the circuit, 
adding various amounts of capacitors allows the useful 
load to be increased. By adding 40 kva of capacitors to a 

gests. (If the load should be 10 000 kva at 70 percent 
power factor, then adding 4000 kvar of capacitors permits 
the kw to be increased from 7000 to 8700 without increas- 
ing the circuit loading above 10 000 kva. The load kva can 

thus be increased to 12 400 kva at 70 percent power factor.) 
Shunt capacitors can be viewed in two lights. Adding 

capacitors releases circuit capacity for more load, and 
adding capacitors relieves overloaded circuits. 

The capacitor kvar per kva of load increase, Fig. 5(E), is 
of particular interest, because multiplying this quantity by 
the cost per capacitor kvar, the product is the average cost 
of supplying each additional kva of load. This cost, neglect- 
ing other advantages of the capacitor, can be compared 
with the cost per kva of increasing the transformer or 
supply circuit rating. Thus if the load power factor is 70 
percent and a capacitor kvar of 40 percent is added, the 
capacitor kvar per increase in kva of the load is 1.65. If 
capacitor cost is $7.00 per kvar, then the increase in 
ability to supply load is obtained at a cost of 1.65 times 
$7.00 or $11.55 per kva. The incremental cost of adding 
transformer capacity may be much greater per kva of 
increased capacity. 

The same data apply equally well to any equipment 
other than transformers in which current might constitute 
a limiting factor such as generators, cables, regulators, as 
well as transmission and distribution lines. 

In the example taken (Fig. 5) as the load through the 
transformer approaches unity power factor, smaller and 
smaller incremental gains in load are obtained for in- 
cremental increases in capacitor kvar. The incremental 
capacitor kvar required for an increment in kva of the load 
is Fig. 5(F). Expressed mathematically, the ordinate in this 

100-kva load of 70 percent power factor, the load can be Fig. 6—Reduction in losses in the source circuit to shunt 

increased from 100 kva to about 124 kva, as Fig. 5(C) sug- capacitors. 
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curve is equal to 
d (Cap. kvar) 

d (Increase in load kva)’ 
These curves 

show that the final increment is attained at much greater 
expense than the initial increment. 

Capacitors applied to a given load reduce the 12R and 
12X loss in the supply circuit in accordance with Fig. 6. 
For a 70 percent power factor load with 40 kvar of capaci- 
tors added for each 100 kva of circuit capacity, the 12R and 
12X loss will be 59 percent of its former value. This loss in 
the particular circuit supplying the load can be calculated 
directly and may be a big factor, particularly if the circuit 
impedance is high. The resistance and reactance losses are 
also reduced in all circuits and transformers back to and 
including the source generators. 

To illustrate the effect of shunt capacitors applied to a 
large load, the curves in Fig. 7 are shown where it is as- 
sumed that the load bus voltage is maintained constant at 
4160 volts and the generator voltage varies with load. 

7—Effect of 
and half 

various 
load on 

amounts of shunt capacitors 
a practical system problem. 

at full 

A 15 OOO-kva, 70 percent power factor load is supplied over 
15 miles of 33-kv circuit. Without shunt capacitors the 
generators must supply 19 900 kva at a power factor of 62 
percent, whereas with the use of 6000 kvar of capacitors the 
generator power factor is raised to 82 percent. The 6000 
capacitor kvar reduces the loading on the generator by 
5850 kva, which is almost equal to the capacitor kvar. The 
12R loss in the circuit is reduced by about 800 kw (1900- 
1100) and the Z2X losses are reduced by about 1600 kvar 
(4000-2400). Curves are also shown for half load or 7500 
kva at 70 percent power factor. 

In the case cited, it is desirable to switch part or all of the 
capacitors off during light-load periods. The voltage and 
power factor at the generating end determine whether 
switching in steps should be applied. As Fig. 7 indicates 
the voltage at the generator would have to vary from 13.8 
kv at full load with 6000 kvar of capacitors to 12.1 kv at 
half load with 6000 kvar of capacitors, assuming a constant 
voltage of 4160 at the load. By providing 3 steps of 
capacitors and removing 4000 kvar from the system at 1/2 
load, the remaining 2000 kvar gives a voltage of 12.9 kv at 
the generator; removing all capacitors from service, a 
generator voltage of 13.4 kv is required for 4160 volts at the 
load. 

4. Voltage Drop 

lines can be ex- The voltage drop in feeders or short 
pressed approximately by the relation 

Voltage drop = RI,+XI, (1) 

where R is the resistance, X the reactance, I, the power 
component of the current, and I, the reactive component 

Fig. 8—Effect of shunt capacitors 
circuit. 

on voltage drop in source 

as shown in Fig. 8. If a capacitor is placed in shunt across 
the end of line, the drop immediately decreases or the 
voltage rises. The new voltage drop becomes approxi- 
mately: 

Voltage drop = RI,+XI,--XI, (2) 

where I, is the current drawn by the capacitor. Thus if I, 
be made sufficiently large, both the RI, and the XI, drops 
can be neutralized. This expression also shows that if the 
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Fig. 9—Shunt Capacitors required for various power factor loads to give 0, 5 or 10 percent voltage drop in the source cir- 
cuit. All percent values are referred to full load kva as 100 percent base. 

voltage drop is compensated at full load with permanently 
connected capacitors, then at light loads I, and I, become 
smaller and the line is over-compensated because I, is 
dependent only upon voltage and not upon load. Regula- 
tion of the line is practically unchanged by the capacitor 
because the capacitor effects an increase in voltage both at 
light load and at full load. At light loads the voltage rise 
might be so much in excess of normal as to represent an 
undesirable or even intolerable condition; a solution is to 
provide manual or automatic switching to add or remove 
groups of capacitors as desired. 

The curves of Fig. 9 show the amount of shunt capacitor 
kvar required for loads of three power factors and for 0, 5 
and 10 percent voltage drop over the supply circuit. To 

illustrate their use, assume a 20-mile, 33-kv line of 2/O cop- 
per conductors which steps down through a 10000-kva, 7- 
percent reactance transformer to 13.8 kv. Assume the full 
load is 10 000 kva at 80 percent power factor. Also assume: 
line impedance 9.62+j15.36 ohms or O.OSSS+jO.142 per 
unit on 10 OOO-kva base; transformer impedance O.OOS+ 
jO.07 per unit; total impedance 0.096+jO.212 per unit. 

0.096 
Therefore, ratio R/X = - = o 212 0.45. Referring to Fig. 9 

for R/X ratio of 0.45 and a circuit reactance of 0.212 per 
unit, the shunt capacitor kvar required for a 10 percent 
voltage drop on the line is 0.54 per unit. In this case 1.0 
per unit is 10 000 so 5400 kvar of shunt capacitors are 
necessary. These data and the capacitor kvar required 
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for 0 and 5 percent voltage drop are given in the following 6. Standard Ratings and Tests on Capacitors 
table. In addition, calculated losses in the circuit are given, Table 2 gives the standard ratings of capacitor units for 

as well as the power factors at the sending (Es) and re- indoor and outdoor types. Table 3 gives the standard 

ceiving (ER) ends of the circuit with the selected capacitor ratings of indoor and outdoor housed capacitors. Table 4 

kvar in use. To give a more complete view of the use of gives the factory test voltage which are applied to capaci- 

Fig. 9 curves the shunt capacitor kvar required for 5000- tors. 

kva 80-percent power factor load is included in Table 1. The average operating loss for capacitors, in kw, is one- 
third of one percent of the kvar rating. Each capacitor has 

TABLE1—DATA FOR 20 MILE 33 Kv LINE WITH TRANSFOR- a built-in high resistance device which automatically dis- 
MATION TO 13.8 Kv LOAD Bus charges the capacitor for safety. The ambient temperature 

TABLE 3—-STANDARD RATINGS for INDOOR AND OUTDOOR 
HOUSED CAPACITORS BANKS 

VOLTAGE AND KVAR RATINGS 

For 5000 kva the circuit reactance is 0.106. The ratio 
R/X remains constant for all loads. Thus the capacitor 
kvar can be determined, for a given voltage drop in the 

circuit, for any part of full load by using the per unit I 
reactance based on the partial load. 

5. Overvoltage on Capacitors TABLE 4—FACTORY TEST VOLTAGES ON CAPACITORS 

Capacitors are designed for operation on circuits whose 
average voltage over a 24-hour period does not exceed the 
rated voltage by more than 5 percent. The variations 
above the average may go to 115 percent in the case of 230, 
460, and 575 volt capacitors, or 110 percent in the case of 
higher voltage units. For short periods of time, shunt 
capacitors can safely withstand higher voltages. For 
example, during the starting of large induction motors the 
voltage rating of capacitors applied in shunt with the 
motor may be as low as 67 percent of the voltage applied 
to the motor, which means that the voltage applied to the 
capacitor is 150 percent of its rating. The maximum 
momentary voltage, such as in welding applications, should 
not exceed 165 percent of the rated voltage. 

TABLE 2—STANDARD CAPACITOR RATINGS limit covering all capacitors is 40°C; for outdoor open 
mounted units it is 50°C and for housed units between 
40°C and 50°C depending on rack type. 

II. CAPACITOR ON INDUSTRIAL PLANT 
CIRCUITS 

A capacitor can be installed in shunt with any load of 
low power factor to supply the magnetizing current required 
by the load. The load may be a single motor, or it may be 
a large industrial plant. The capacitor can be chosen to 
supply the magnetizing current under peak load conditions, 
or it can be chosen only large enough to supply the reactive 
kva hours accumulated over the month. It can be located 
at the service entrance, thus removing magnetizing current 
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from the utility system only; or units can be applied to the 
individual loads, thus removing magnetizing current from 
the plant circuit also, reducing their loss, and increasing 
their load capacity, and better maintaining voltage at the 
loads. 

The selection of the capacitor size, and its location is 
dependent on what is to be accomplished. This varies with 

Fig. 10—Enclosed indoor bank of 2400/4160 volt shunt capaci- 
tor units with protective screen removed. This is one steg 

voltage control with a RCOC oil contactor. 

the power rates, and local conditions. An outdoor bank of 
capacitor units is shown in Fig. 10. 

7. Location of Capacitors 

Many factors influence the location of the capacitor such 
as the circuits in the plant, the length of the circuits, the 
variation in load, the load factor, types of motors, distribu- 
tion of loads, constancy of load distribution. 

The capacitors can be located in many ways as follows: 

(a) Group correction-at primary of transformer. 
(b) Group correction-at secondary of transformer. 
(c) Group correction-out in a plant, as for example for one 

building. 
(d) Localized correction on small feeders. 
(e) Localized correction on branch motor circuits. 
(f) Localized correction direct on motors, or groups of motors 

and switched with the motor. 

8. Group Correction 
The two principal conditions under which group corren- 

tion is better are: 

1. Where loads shift radically as to feeders. 
2. Where motor voltages are low such as 230 volts. 

If the power flows from the service entrance to various 
widely-separated parts of the plant and if the loads shift 
about a great deal from one feeder to another, the correc- 
tion may be needed first in one part of the plant and later 
in another. A centrally-located group capacitor in this 
case would be an advantage since it would tend to be the 
same distance from the loads at all times. 

If a group capacitor remains connected during light 
loads the voltage rise is less if this capacitor is installed at 
or near the transformer bank since the reactance of the 
plant circuits does not contribute to voltage rise. In this 
case, application of capacitors to individual motor would 
represent a larger investment because of the diversity 
factor. It, therefore, would be better for the operator to 
switch off portions of the central capacitor to meet the 
varying load conditions. Exceptions will arise where 
feeders are long and where the gain from individual load 
application warrants the greater initial investment in 
capacitors. Because of the higher cost of low-voltage 
capacitors their application to 230-volt motor circuits may 
more than double their cost. This gives considerable ad- 
vantage to group installation if this can be on the primary 
side, 2400 to 7200 volts. Capacitors placed ahead of the 
main bank of transformers do not benefit the transformers; 
no transformer kva is released. Thus, use of the 230- 
volt capacitors on the feeders or near the motors is fre- 
quently warranted. 

9. Localized Correction 

Capacitors should be placed as near the load as possible 
or near the ends of feeders for three main reasons: 

1. Losses are reduced in the circuits between the loads and 
the metering point. 

2. Voltage is raised near the loads, giving better motor per- 
formance. 

3. Capacitor kvar can be reduced automatically as the load 
drops off by installing some of the capacitors direct on 
loads so they are switched off with the loads. 

The first point can be evaluated easily by investigating 
the length of the circuits, and the transformations, if any. 
Whatever gains are found in released transformer capacity 
and reduction in losses in transformers and circuits are 
added gains. 

The effect of the capacitor is to raise the voltage per- 
manently at any given point where it is connected. This 
voltage boost, superimposed on the normal voltage, is 
practically constant from no load to full load on the feeder. 

10. Rates and Capacitor 
For the purpose of analyzing the different types of rates 

a typical application can be considered, such as an in- 
dustrial plant with a day load averaging 960 kw and 67 
percent power factor, with peak loads running up to 1200 
kw and 75 percent power factor. It is obvious that a large 
magnetizing current is drawn from the line, and con- 
siderable savings can be made by supplying this magnetiz- 
ing current with capacitors. The size of the capacitor or 
the merits of their use can only be determined by systema- 
tic analysis. 
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One of the following conditions may exist. 

(a) Power factor is not considered in the rates. 
(b) Power factor is taken into account in demand charge. 
(c) Power factor is checked by test and used to determine 

energy charge thereafter. 
(d) Power factor is determined by the ratio of kw hours and 

rkva hours and is used in different ways to calculate the 
demand charge or energy charge or both. 

(a) If power factor is not taken into account in the rate 
structure, the capacitor can be used only to secure savings 
in the plant, such as to reduce current in circuits, reduce 
loads on transformers, and to reduce loads on customer- 
operated generators. The capacitor should usually be 
located near the loads of low power factor. The size can be 
determined by calculating the reactive kva. By using a 
capacitor large enough to supply all or part of this reactive 
kva, the current in the circuit is reduced to the desired 
figure. 

(b) If the rates include a kva demand charge, the kva can 
be reduced by raising the power factor during the demand 
peak. With a demand of 1200 kw at 75 percent power 

factor the kva demand is 
1200 
- = 1600 kva. 
0.75 

If the power factor is raised to 95 percent the demand kva 
. 1200 
IS - = 1260 kva. The size of the capacitor required to 

0.95 
accomplish this is determined from the reactive kva at the 
two values of power factor as follows. 

Reactive kva at 75 percent power factor 

= 1/16002- 12002 = 1060 

Reactive kva at 95 percent power factor 

= 1/12602 - 12002 = 387 

Kvar rating of capacitor is 1060 minus 387 which equals 
673 kva. 

The reduction in the kva demand from 1600 to 1260 may 
result in either a reduced kva demand charge, or it may 
reduce the energy charge depending on the rate structure. 
Some rates involve several energy charges for successive 
blocks of power, the size of the blocks depending on the 
kva demand. For example : 

Size of block = (70) X (kva demand). 
1st block—5c per kw hour 
2nd block—lxc per kw hour 
3rd block—lc per kw hour 
Additional xc per kw hour 

In this case the energy cost is reduced by a decrease in 
kva demand, because if the blocks are smaller, the lower 
rate applies to a larger proportion of the energy consumed. 

(c) Sometimes a check is made on the average power 
factor under day load conditions, and the billing there- 
after based on this check until some future check is made. 
The energy charge, or the net billing is adjusted up or down 
according to this power factor. In such cases it is neces- 
sary to determine how this check is to be made, and under 
what conditions, in order to install capacitors to raise the 
power factor as high as warranted by the expected savings. 
Such a capacitor usually is made proportional to day load 
requirements. In the case above. the dav load averaned 

960 kw at 67 percent power factor. Assuming this is to be 

brought up to 95 percent power factor, 720 kva of capaci- 
tors are required as follows: 

960 kw 

67 percent 
= 1430 kva 

Reactive kva at 67 percent power factor 

= d14302 - 9602 = 1035 kvar 

960 
kva at 95 percent power factor =05= 1010 kva. 

Reactive kva at 95 percent power factor 

=1/10102-9602=315. 

Capacitor required is 1035 minus 315 which equals 720 
kvar. 

(d) A method commonly encountered in industrial 
plants takes into account monthly power factor obtained 
by integrating kw hours and rkva hours. Assuming the 
plant mentioned above is billed for 322 250 kw hours, and 
that the reactive kva hours equals 346 000. This ratio 
amounts to a power factor of 68 percent. 

Assuming that rates indicate that it will be worthwhile 
to reduce this rkva hours to a point corresponding to 95 
percent power factor. 

kva hours at 95 percent power factor = 3?=339 000 

Reactive kva hours at 95 percent power factor 

= 2/339 0002 - 322 2502 = 106 000 

Using 730 hours per month the capacitor kvar required 

equals 
339000-106000 

730 
or 319 where the kvar meter has 

no ratchet so that full credit results even if the power 

Fig. 11—Self excitation of induction motor with various 
amounts of shunt capacitors when supply breaker is opened. 

A-Capacitor current less than motor current at no load rated 
voltage. 

B-Capacitor current equal to motor current at no load and rated 
voltage. 

C-Capacitor current equal to 100 percent. 



the capacitor must be large enough to build up accumu- 
lated kvar-hours while the power factor is not leading. 

Detail analysis of the load and its variations at each 
plant, taking into consideration the type of rates, should 
be made to obtain the greatest benefit from using capaci- 
tors. In some cases part of the capacitors may have to be 
switched off during light load periods to prevent excessive 
voltage on plant circuits. 

11. Capacitors on Induction Motor Terminals 
Capacitors frequently are installed across the terminals 

of induction motors and switched with the motor. The 
amount of kvar so connected should be limited to values 
that do not cause excessive voltage at the motor due to self- 

TABLE 5—MAXIMUM CAPACITOR KVAR FOR USE WITH OPEN 
TYPE THREE PHASE 60 CYCLE INDUCTION MOTOR 

i 

Fig. 12—180 kvar, group-fused, pole-mounted capacitor 
installation. 

Chapter 8 Application of Capacitors to Power Systems 241 

When the meter has a ratchet ‘. ” factor is leading at times. 

excitation when the breaker is opened, as Fig. 11 shows. 
Table 5 gives the maximum recommended capacitor kvar 
for direct connection to the terminals of induction motors 
taken from the 1947 National Electrical Code. 

III. CAPACITORS ON DISTRIBUTION 

CIRCUITS 

Shunt capacitors offer a convenient and practical means 
of relieving lines and source equipment of wattless current. 
They can be installed in relatively small banks and placed 
near the load points. They usually are arranged in three- 
phase banks of 45 kvar or more and are distributed over 
the system at distribution voltage, usually 2400 volts and 
up, in accordance with local requirements. A 180 kvar in- 
stallation is shown in Fig. 12. At present it is not econom- 
ical to apply capacitors on the secondary side of distribu- 
tion transformers because of the much greater cost. 
Where the transformers are expensive, such as network 
units, secondary capacitors may be justified. 

The capacity of a distribution feeder can be limited by 
current or by voltage drop. Where current is the limiting 
factor, the effect of capacitors in reducing the current is 
dependent upon load power factor. If the power factor is 

low, a large reduction in feeder current or kva can be 
obtained as indicated by the curves in Fig. 5. If the load 
power factor is high, shunt capacitors cannot materially 
change feeder loading. Where voltage is the limiting fac- 
tor, the capacitor kvar to decrease voltage drop is de- 
pendent not only on load power factor but also on the 
ratio of resistance to reactance of the distribution feeder. 

12. Application Factors 
In applying shunt capacitors to distribution circuits, 

certain system data are required. 
1. Determine variation, preferably by graphic instru- 

ments, of kw and kva on each feeder for a typical 24- 
hour period at both minimum and maximum daily 
loads. Usually the minimum reactive kva determines 
the amount of fixed capacitors to apply without 
automatic control. This gives about unity power 
factor at minimum load. In certain cases more fixed 
capacitor kvar can be applied where voltage condi- 
tions at light load permit and where leading power 
factor is not objectionable. 

2. Obtain actual voltage measurements on the feeder 
during full load and light load at a sufficient number 
of points to determine the optimum location for 
capacitors. Fixed shunt capacitors raise the voltage 
level at the point where they are applied on a given 
circuit by practically a constant value as given by 
XI, in Eq. 2. 

To calculate the voltage at various points on the 
feeder the circuit characteristics and the load dis- 
tribution must be known. Where the individual loads 
are not known, it is reasonable to assume they are 
proportional to the installed transformer capacity for 
minimum and maximum feeder load. To simplify 
calculations single-phase loads can be grouped to- 
gether to form balanced three-phase loads and ad- 
jacent three-phase loads can be grouped to simplify 
the calculations. 
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3. It is desirable to supply the kvar required by the load 
as close to the load as possible to reduce feeder 
losses. Therefore, capacitor units should be located 
at load centers or near the ends of feeders. Ideally 
each load point would have the exact amount of 
capacitor kvar to supply the necessary load kvar. 
This, however, is not possible because standard size 
units must be used. Also it is more economical to use 
the large size units, namely, 15 or 25 kvar. Over- 
compensation of feeder branch circuits with capaci- 
tors to obtain a higher voltage results in increased 
copper losses because at lower and lower leading 
power factors, the current increases. 

4. Calculate the released feeder capacity in kw and kva 
for the capacitor kvar installed. This may involve 
capacitors installed at several locations on a given 
feeder. Released substation, transmission, and gen- 
erator capacity is also immediately available. 

5. Calculate the reduction in kw losses and the reduc- 
tion in kvar losses in the feeder. The effect on all 
equipment back to and including the source genera- 
tor should also be evaluated when the total capacitor 
kvar become appreciable relative to the total source 
circuit or system reactive kva. 

6. Summarize the tangible effects namely, the released 
feeder capacity, the released capacity back to and 
including the source generator, the reduction in 
losses, the effect on voltage, etc. and evaluate the 
economics to determine whether or not capacitors are 
justified. Also compare the cost of capacitors with 
other ways of doing an acceptable job, such as con- 
struction of a new feeder, installation of voltage regu- 
lators, raising the distribution voltage, etc. 

From the above brief summary on applying shunt 
capacitors to distribution systems, it is evident that no 
fixed rules can be stated regarding the location of capaci- 
tors nor can the degree of importance of each of their 
effects be stated. Each case is different and requires a 
complete study in more detail than has been given in this 
general discussion. 

IV. LARGE CAPACITOR BANKS 

Shunt capacitors have been applied at substations and 
at the ends of primary feeders in banks ranging-in size up 
to about 20 000 kvar. The usual large sizes are between 
5 000 and 10 000 kvar. A capacitor bank can be switched 
all in one step, but general practice is to provide switching 
SO that a large bank is connected to the system as needed 
in several equal steps. Three equal steps are quite common 
although more or less steps are used, depending on the 
voltage change per step and the variation in load. 

Several typical layouts for switching large capacitor 
banks are shown in Fig. 13. Fig. 13(a) is for one group of 
capacitors switched by one automatic circuit breaker. 
Fig. 13(b) shows four automatic breakers controlling four 
equal steps in a large capacitor bank. The circuit breakers 
must be capable of handling short circuit currents. Figure 
13(c) shows three equal steps where one automatic breaker 
supplies the entire bank and trips for short circuits in any 
one of the three groups of capacitors. Two non-automatic 

Fig. 13—-Schematic arrangements for 
pacitor banks. 

switching large ca- 

breakers are provided for controlling two steps, the third 
step being controlled by the main breaker. Figure 13(d) 
is a scheme in which three groups of capacitors properly 
proportioned provide seven equal steps. Switch 1 gives 
l/r of the total; switch 2 gives 2/7; switches 1 and 2 give 3/7, 
and so on for all three switches giving the full capacity of 
the bank. The disadvantage to this scheme is that during 
the switching process, large changes of capacitor kvar are 
made to get from one kvar to another. The worst condition 
is changing from 3/7 to 4/T of the total kvar where switches 
1 and 2 must be opened, thus, disconnecting all capacitors 
before closing switch 3, or switch 3 must be closed putting 
all of the capacitors in service before switches 1 and 2 are 
opened. If the voltage change during these changes can be 
tolerated, then seven steps in capacitor kvar can be ob- 
tained with three circuit breakers. Figure 13(e) is another 
scheme where one automatic circuit breaker supplies a 
number of non-automatic breakers which control equal 
amounts of capacitor kvar. Each non-automatic breaker 
has a high-capacity fuse that will clear a faulted capacitor 
group ahead of tripping the main supply breaker. There 
are many combinations of the use of automatic breakers, 
non-automatic breakers and high-capacity fuses for capaci- 
tor banks that can be applied, depending upon the operat- 
ing requirements and economics. 

13. High Voltage Banks 
Supplying kilovars direct to high-voltage circuits is often 

desirable to meet certain system requirements even though 
a greater portion of the system is benefited by placing the 
capacitor nearer the load and on lower voltages. For many 
years, transformers were used to step down the voltage to 
the range of the capacitor unit ratings. A few years ago 
the practice of connecting low-voltage capacitors in series 
parallel groups and directly to the high-voltage line was 
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established because they are more economical than the use 
of high-voltage capacitors or transformers and low-voltage 
units. One of the first such installation consisted of six 
groups of 2400-volt outdoor capacitor units operating in 
series on the phase to neutral voltage of a 24kv circuit. 
Each group of 2400-volt units consisted of lo-15-kvar 

Fig. 14—Connection for fused capacitor units for one phase 
of a three phase bank. Symbols apply to Eqs. (3) to (11). 

X-Number of capacitor groups in series. 
M-Normal number of capacitor units per group 
N-Number of units out of one group. 

e, -Actual voltage across group 1. 
e,,-Rated voltage across group 1. 
e, -Normal system voltage to neutral. 

units in parallel, and these 150 kvar groups were supported 
on insulators to take care of the line to ground voltage. 
Figure 14 shows how capacitor units are assembled for one 
phase of a bank. 

Initially, operation of capacitor units in series was looked 
upon as risky due to the ever-present possibility of sub- 
jecting capacitors to overvoltage as a result of changes in 
voltage distribution either due to a change in impedance of 
portions of the phase leg or due to grounds at some point 
on the assembly. Most of these risks are minimized or 
entirely eliminated, however, when proper thought is given 
to such factors as fusing, number of units in parallel, 
connection of one bushing of capacitor to the insulated 
platform on which it rests and means of detecting un- 
balance conditions before the unbalance becomes excess- 
sive. Each capacitor unit in a high-voltage hank should 
be provided with a fuse of the indicating type. These fuses 
need not be of high interrupting capacity because there 
are always two or more capacitor groups in series, and, 

when a unit becomes short circuited for any reason, the 
current through the fuse is limited. With individual fuses 
a faulty unit can be located without resorting to the risky 
procedure of searching for the source of noise or arcing, 
or making inconvenient tests. It is also easy to make a 
check and determine if all units in the bank are operating 
properly. The fuses can be omitted but at a sacrifice in the 
protection to the capacitor bank. 

The number of units in parallel in a single group is im- 
portant. Several things affect this. First the number should 
be sufficiently large to insure that the fuse on a single unit 
blows when the unit becomes short circuited and the fuse 
is called upon to carry the total phase current. Second, 
the voltage on the remaining units in a group should not 
become excessive with the operation of one fuse in a group. 
If the number of parallel units is too small, the current 
through the fuse may be so low that it will not blow, or 
take too long in doing so. An arc of 50 amperes inside a 
capacitor unit may rupture its case if allowed to continue 
for a long time and such a rupture may endanger other 
units in the hank. After considering the size of fuses that 
must be used to avoid operation on switching transients, 
and taking into account the arc energy required to rupture 
the capacitor case, it has been established that the current 
through the fuse when a unit becomes shorted should 

Fig. 15—6000 kvar 34.5 kv outdoor capacitor bank with bus- 
mounted fuses. 

never be less than 10 times the normal capacitor current 
through the fuse. 

It is also desirable to avoid voltages in excess of 110 per- 
cent on the remaining units in a group following the opera- 
tion of one fuse. This assumes that in the case of the 
minimum size bank not more than one fuse operation is 
permitted. To accomplish this, periodic checks are 
necessary. 

The amount of current, that flows through a fuse when a 
unit is shorted is also affected by the number of series 
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groups and whether or not the neutral of the capacitor 
bank is grounded. 

Tables 6 and 7 show the recommended minimum num- 
ber of fused capacitor units that should be used in parallel 
for a given number of groups in series in each phase leg, for 
ungrounded or grounded-wye connections respectively 

TABLE 6—UNGROUNDED WYE CAPACITOR CURRENT AND 
VOLTAGE RELATIONSHIPS WITH SHORTING AND REMOVAL 

OF ONE UNIT IN ONE PHASE LEG 

Fig. 16—Ungrounded wye connected shunt capacitor bank. 
Curves give the percent overvoltage across the remaining 

units in a group. 

periodic checks of fuses are necessary to avoid abuse of 
good capacitors as result of a faulty one. The voltage 
across the remaining capacitors can be determined from 
Tables 6 and 7, the curves of Figs. 16 and 17 or calculated 
from the equations given below. For all equations the 
system impedance up to the capacitor bank was neglected. 

TABLE 7—GROUNDED WYE CURRENT AND VOLTAGE RELA- 
TIONSHIPS WITH SHORTING AND REMOVAL OF ONE UNIT 

IN ONE PHASE LEG 

Refer to Fig. 14 for identification of symbols in the fol 
lowing equations. The equations simplify quickly; all units 
have the same voltage rating. 

based on meeting the previously discussed requirements. 
All capacitor units are assumed to be the same voltage 
and kvar rating. 

Very often large banks contain many more than the 
minimum number of units in parallel. When this is the 
case, more than one fuse can operate and still not seriously 

Fig. 17—Grounded wye-connected shunt capacitor bank. 
c urves give the percent overvoltage across the remaining 

raise the voltage across remaining units. In such cases units in a group. 
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14. Ungrounded Neutral Capacitor Bank 
Normal voltage across group 1 is 

em= 
(3) 

With N1 units removed from group 1, the voltage el across 
the remaining units is 

(4) 

With N1 units removed from group 1 the voltage shift of 
the neutral of the capacitor bank eNo is 

The current through the fuse for a completely short-cir- 
cuited capacitor unit in group 1 in times normal operating 
current is - A n n - 

I 61 ! 42 ! . . .-c”b, I 

(6) 

15. Grounded-Neutral Capacitor Bank 
Normal voltage el across group 1 is same as for un- 

grounded neutral bank as given in Eq. (3). 
With N1 units removed from group 1 the voltage el across 

the remaining units is 

The current through the fuse of a completely 
cuited capacitor unit in group 1 in times normal 
current for a grounded-neutral capacitor is 

If = (a) 

16. Two Identical Capacitor Banks with Neutrals 

(7) 

short-cir- 
operating 

(8) 

Solidly Tied Together and Ungrounded 
The normal voltage across any group of capacitors in an 

installation consisting of two similar groups with the 
neutrals tied solidly together and ungrounded is el as given 
by Eq. (3) for any bank. With N1 units out of group 1 in 
one bank the voltage across the remaining units in group 1 is 

em= (9) 

The current in the fuse of a completely short-circuited 
capacitor unit in group 1 of one bank of two similar banks 
with the neutrals solidly connected and ungrounded in 
terms of normal current in one capacitor unit is 

The current in the neutral connection between two sim- 
ilar banks of capacitors, with N units out of group 1 in 
one bank, in terms of the normal current through one 
capacitor is 

17. Protection of Large Banks of Shunt Capacitors 
The usual types of protection for large capacitor banks 

are : 

1. 
2. 
3. 

4. 

5. 

6. 

Individual capacitor fuses. 
Capacitor group (or bank) fuses. 
Overcurrent relays or trip coils to trip a bank circuit 
breaker. 
Potential transformers connected across each phase or each 
series group per phase of ungrounded wye banks to trip the 
bank circuit breaker on phase or group voltage unbalance. 
This-scheme can be used for delta or wye grounded-neutral 
banks that have two or more groups in series. 
Potential or current transformers connected between the 
neutrals of two or more wye ungrounded banks to detect 
unbalance in one bank and operate a relay to trip a single 
breaker through which all banks, in the protective scheme, 
are supplied. 
Potential transformer placed between the neutral and 
ground of a wye ungrounded bank connected to a grounded 
system to operate a relay and trip the bank breaker on a 
shift in the neutral voltage. 

Large capacitor banks can be connected in wye un- 
grounded, wye grounded or delta. However, the wye un- 
grounded connection is preferable from a protection stand- 
point. Individual single-phase 15- and 25-kvar capacitor 
units are protected usually by a fuse whether installed in 
an outdoor or indoor bank for any type of capacitor con- 
nection. For the wye ungrounded system of connecting 
single capacitor units in parallel across phase-to-neutral 
voltage the fault current through any fuse is limited by 
the capacitors in the two sound phases. In addition the 
ground path for harmonic currents is not present for the 
ungrounded bank. For wye grounded or delta-connected 
banks, however, the fault current can reach the full short- 
circuit value from the system because the sound phases 
cannot limit the current. Thus, with the wye ungrounded 
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connection smaller fuses and less material are needed for 
protecting the capacitors. With two or more groups of 
capacitors in series per phase, the short-circuit current is 
limited by the capacitors in the unfaulted group. The 
capacitor bank should have a protective device to dis- 
connect the bank from the system if individual units be- 
come defective thereby causing a bad unbalance of capaci- 
tor kvar among the three phases. 

Two protective schemes for wye connected ungrounded 
banks for all voltage classes are shown in Fig. 18. The 
scheme shown in Fig. 18(a) is preferred because the poten- 
tial transformers serve the dual purpose of protecting 
against unbalanced capacitor kvar per phase leg as well as 

Fig. 18—Two protective schemes for large banks of un- 
grounded wye-connected capacitors. 

(a) Residual voltage trip in event of unbalance among the three 
phases due to failure of capacitor units. 

(b) Residual voltage trip in event of unbalance between the two 
3-phase groups of capacitors. Current flow between the two 
groups can also be used for protection. 

Fig. 19—Delta-connected, fused capacitor units usually used 
at 2400 volts or less. 

providing a discharge path to dissipate quickly charges 
left on capacitor units when the supply is disconnected. A 
current or potential transformer connected between the 
neutral points of two equal parts of a group of capacitors 
provides protection for unbalanced kvar per phase as 
shown in Fig. 18(b). In addition, however, two potential 
transformers connected in open delta should be used on 
automatically controlled banks across the supply leads 
to the group to provide a fast discharge path when the 
capacitors are de-energized. One of the potential trans- 
formers can also be used for an indicating lamp to show 
when the group is energized. 

A delta-connected bank of capacitors, Fig. 19, usually 
applies to voltage classes of 2400 volts or less. Individual 
capacitor fuses are provided for each unit. If the bank is 
controlled automatically, potential transformers should be 
applied across each phase leg to provide fast discharge 
when the group is de-energized. The individual capacitor 
units have a very high resistance provided across the termi- 
nals inside the case to discharge the capacitors in five min- 
utes after being disconnected from the source. This time 
of five minutes is considered to be too long for banks 
that are controlled automatically because when the group 
is switched on again before the charge is dissipated high 
transient switching currents result. In special cases such 
as for indoor capacitor banks, it can be compulsory that 
potential transformers be applied for rapid dissipation of 
charges remaining on capacitor units. 

18. Capacitor Fusing 

General-Each capacitor unit contains a large area of 
insulation and the probability of unit failures must be 
recognized even though the record is good, as shown in 
Fig. 4. When the number of units in a single installation 
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- 

Fig. 20—Capacitor fault current and its relation to case 
rupture. 

Curve A-Where fault currents are cleared in a time to the left of 
this curve the case is not likely to rupture. 

Curve B-Where fault currents are on for a time to the right of this 
curve the case is likely to rupture with sufficient force to damage 
other units. 

Area AB-Fault currents in this area may open case seams. This 
area may be used for fuse selectivity with reasonable safety. 

is large the probability of a unit failure of insulation is 
greater. The removal of faulted units is important for 
the protection of the remaining good units. 

About sixty-five percent, of existing capacitor kvar on 
utility systems are “pole type” and usually total about 180 
kvar per installation. These are usually on circuits where 
the fault currents are moderate and group fusing has been 
satisfactory. When a capacitor unit becomes shorted, it 

usually does not result in case rupture or damage to other 
units. 

Large capacitor banks are generally on circuits capable 
of producing high fault current, and additional problems 
are created due to the close association of large numbers 
of capacitor units. 

The ability of a short-circuited capacitor to pass current 
is limited by the current-carrying capacity of the thin 
aluminum foil that forms the electrode surfaces. If these 
foils are allowed to carry heavy fault current, the foil 
may act as its own fuse. This has considerable bearing 
on the fusing problem because a fault within a capacitor 
can melt the foil rather easily and the fault tends to clear 
and sometimes restrike. The presence of other capacitors 
in parallel with and discharging into the shorted capacitor 
increases the tendency to melt the fault clear. Under cer- 
tain conditions the arc restrikes each half cycle, thus al- 
lowing the adjacent capacitors to be repetitively charged 
and discharged. This may damage the current-carrying 
connections of some adjacent units and cause simultaneous 
or later failure. The current a capacitor unit can pass 
before case rupture is likely to occur is shown in Fig. 20. 
If the fault current in a capacitor is limited to a few hun- 
dred amperes, the pressure builds up slowly and many 
cycles of current) flow may be endured before case rupture 
takes place. When the current exceeds about 3000 am- 
peres a rupture results in mechanical damage to adjacent 
units and often in short-circuited bus connections; the 
greater the short-circuit current the more violent the case 
rupture. 

If the arc in a capacitor unit is allowed to persist until 
the case is ruptured, other units and parts in the bank may 
be damaged either mechanically or by consequent arcs. 
It is, therefore, desirable to provide adequate protection 
against short-circuited capacitor units. The function of 
this protection is: 

(a) To protect the circuit and capacitor bank so as to mini- 
mize the chance of an outage. 

(b) To protect other capacitors in the bank against electrical 
damage due to current transients. 

(c) To protect the other units in the bank from mechanical 
damage due to a unit, case rupture. 

(d) To minimize the hazard to the operators and maintenance 
personnel. 

Protection Inherent in Breakers-Breakers with 
overload protection, and adequate interrupting rating pro- 
tect the circuit, but usually do not protect the capacitors 
against, damage in case of a short-circuited unit, unless 
supplemented by individual capacitor fuses, or relay means 
to trip the breaker as a result of current or voltage un- 
balance. Use of breakers alone, however, does not remove 
the hazard associated with a bank where unit fault cur- 
rents are high. 

A breaker should be considered primarily as a switching 
device and circuit, protective device, and not, as protection 
against high fault current within an individual capacitor 
unit. It may, however, be considered as back-up protec- 
tion in case the individual unit protection or other pro- 
tection fails. 

Group Fusing-A short-circuited capacitor is in re- 
ality a conducting path having time-melting character 
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istics, which has a bearing on the maximum size of the 
group fuse. The size of the group fuse is also determined 
by the normal current of the bank and harmonic currents. 

In general, the following rules are recommended for 
group fusing : 

(a) It is preferable not to apply group fuses greater than 85 
amperes in rating (on a 100 per cent rating basis.) 

(b) The circuit is protected adequately by group fuses if they 
have sufficient interrupting capacity. 

(c) To minimize the danger of mechanical damage, group 

(f) They permit uninterrupted use of the capacitor bank since 
a faulty unit need not take the bank out of service. 

Table 7 shows there is a minimum number of capacitor 
units required in parallel per group to give sufficient cur- 
rent for positive operation of an individual fuse on a failed 
unit. Likewise there is a maximum safe number of indi- 
vidually fused capacitors that can be placed in parallel 
per group because if a unit fails all other parallel units dis- 
charge their stored energy, at high current, through one 
fuse to the fault. If too many units are in parallel per 

fuses should be supplemented with individual fuses when 
the unit fault current is expected to exceed 3000 amperes, 

group, the current is high enough to cause mechanical 

even though the group fuse interrupting rating is ade- 
rupture of the fuse with the possibility of damage to other 

quate for the expected fault current. 

Large banks of capacitors have been installed with de- 
pendence placed solely on group fuses or breakers. Where 
fault currents are high, the failure of one unit is likely to 
damage other units in the bank, thereby multiplying the 
damage considerably. Other units may also fail at a later 
date when the reasons are not, immediately apparent. 

Some of these large capacitor banks without, individual 
fuses are wye connected with the neutral ungrounded, or 
are made up of series groups, so that the problem of high 
fault currents does not, exist. Unbalance in these cases is 
detected by voltage transformer and relay schemes so as 
to trip the breaker under abnormal conditions such as 
might occur if a unit, becomes short-circuited. The objec- 
tion to this arrangement is that it is difficult to identify a 
defective unit and there is the possibility of electrical 
damage to parallel units before the breaker de-energizes 
the bank. Individual capacitor fuses give indication of a 
blown fuse and give electrical as well as mechanical pro- 
tection to parallel units. 

Individual Fuse-The individual fuse rating is de- 
pendent, upon the normal current rating of the capacitor 
unit, harmonic currents and the number of times in rapid 
succession a fuse must carry discharge current, from a good 
capacitor unit to a defective unit. To provide for the later 
requirement, the current rating of the fuse is usually at 
least twice the current rating of the capacitor. 

Individual fuses are used primarily to remove units 
following failure of the dielectric. Since only one fuse is 
used with each unit, this fuse is not, expected to clear for 
ground faults within the unit. Relaying should be pro- 
vided where possible to detect ground faults even though 
their occurrence is very rare. 

Individual capacitor fuses should be used, particularly 
in large banks, SO that a faulted unit is disconnected 
promptly from the circuit for a number of reasons: 

Fig. 21--Typical type BAC capacitor fuse characteristics for 
use with housed units where the fault current is leas than 

15 000 amperes from the system. 

(a) Their current rating is small and coordinated with the Fuse A-4160 volt delta connected 15 kvar units. 
time-current characteristics of the capacitor. 4160 volt ungrounded wye 15 kvar units. 

(b) They indicate the defective unit. 7200 and 7960 volt ungrounded wye 15 kvar units. 
(c) They reduce to a minimum the chance of unit case rup- Fuse B-2400 volt deIta connected 15 kvar units. 

ture and subsequent mechanical damage. 2400 volt grounded wye 15 kva.r units. 
(d) They remove a short-circuited unit before the inside foil 4160 volt delta connected 25 kvar units. 

material is fused to the point where repetitive clearing 2775 volt ungrounded wye 15 kvar units. 

creates high transient current in adjacent units. 4160 volt ungrounded wye 25 kvar units. 
(e) They protect units against transient currents set up by 7200 and 7960 v. ungrounded wye 25 kvar units. 

parallel arcs in the bank such as bus flashovers, roof bush- Fuse C-2775 volt ungrounded wye connected 25 kvar units. 
ing flashovers, or failures in potheads or accessories, or Fuse D-2400 volt delta connected 25 kvar units. 

arcs in short-circuited units in the bank. 2400 volt grounded wye-connected 25 kvar units. 
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Fig. 22—Typical type CLC current limiting fuse characteris- 
tics for use where the fault current is high or in excess of 

15 000 amperes from the system. 

Fuse E-2400 volt delta connected 15 kvar units. 

2400 volt grounded wye 15 kvar units. 

Fuse F-2400 volt delta connected 25 kvar units. 
2400 volt grounded wye 25 kvnr units. 

units. Therefore, on large banks of capacitors, when the 
number of units in parallel per group exceeds two or three 
times the minimum required number, special considera- 
tion should be given to the application particularly with 
regard to arrangement. Where such limitations are in- 
volved, the bank can be divided into two or more parts 
where there are two or more groups in series. Lower 
voltage units with a fewer number in parallel per group 
with more groups in series may be a solution also. 

Individual Fuse Characteristics 
(a) Housed Banks-2400- and 4160-volt delta-connected 

and 2400-volt wye-connected grounded-neutral. 

Housed banks usually contain indoor-type individual 
unit fuses. Where the fault current is less than 15 000 
amperes type BAC fuses are used, the characteristics of 
which are shown in Fig. 21. Actually the discharge cur- 
rent from the good capacitor units operating in parallel 
with the faulted unit supplies a considerable portion of the 

energy to blow the fuse on the faulted unit. If it were not 
for the current from the parallel units the system short- 
circuit current would have to be limited to about 3000 
amperes to prevent rupture of the capacitor case. The 
discharge current from the parallel capacitors is high in 
magnitude as shown in Fig. 28 and reaches half value in 
about 0.02 second or less. 

Where the fault current exceeds 15 000 amperes from 
the system, individual capacitor current limiting fuses 
(CLC) are used, the characteristics of which are shown on 
Fig. 22. 

(b) Housed Banks (Ungrounded Wye) 

Housed banks for circuit voltages of 4800 volts and 
above are usually wye connected with the capacitor neutral 
ungrounded, whether or not the source neutral is grounded. 

Fig. 23—Typical UT fuse characteristics used on ungrounded 
wye-connected outdoor capacitor banks. 

Fuse G-4160 volt 15 kvar units 
7200 volt 15 kvar units. 

Fuse H-2775 volt 15 kvar units. 

4160 volt 25 kvar units. 

7200 volt 25 kvar units. 

Fuse I-2775 volt 25 kvar units. 
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This arrangement limits fault current and the type BAC ous and involved, but their operation is accurate, reliable, 

fuses are used, the characteristics of which are shown on and thoroughly proved by many applications. 

Fig. 21. Where the need for capacitor kvar follows a fixed 

(c) Outdoor Structural Type Banks (Delta or Grounded 
schedule, the capacitors can be switched by a time relay 

Wye) 
that initiates on or o$ at predetermined times. 

Where the fault current is likely to be high as for a delta 20. Inrush Current 
connected or grounded wye, outdoor bank current limiting When the first step of a capacitor bank is energized, it is 
individual fuses (CLC) are desirable. This applies to 
delta connected 2400 volt banks, wye connected 2400 volt 

possible for a large instantaneous current from the system 
to flow. Curves in Fig. 24 show for several line-to-line 

and delta connected 4160 volt banks of capacitors. The 
characteristics of the fuses are the same as for similar 
indoor banks as shown on Fig. 22. 

(d) Outdoor Structural Type Banks (Ungrounded Wye) 

Outdoor structural type banks for voltages of 4800 volts 
and above are usually wye connected with the neutral of 
the capacitor ungrounded, whether or not the source 
neutral is grounded. This arrangement limits fault current 
and permits fuses of lower interrupting rating. The charac- 
teristics for these fuses are given on Fig. 23. 

19. Automatic Control for Capacitor Banks 

The intelligence required to switch banks of shunt 
capacitors automatically depends upon the reason for 
their use. If they are used primarily to control voltage, 
then the capacitors can be switched on when the voltage 
is low or off when the voltage is high, and a voltage relay 
supplies the control. If the system voltage is regulated 
by other means and the capacitors are used for power- 
factor correction, then the load kvar or total current must 
be used as the means for control. 

It is always desirable to use the simplest type of control 
that will accomplish the desired result. Current control 
is commonly used where the voltage is regulated by other 
means and the power factor is practically constant through 
wide variations in load. Kvar control is used where t,he 
load power factor varies over a wide range as the load 
changes. 

Whether the control is accomplished by voltage, cur- 
rent, or kvar, the control systems are similar. In addition 
to the master control relay, other devices are required in 
the control scheme such as time-delay relays, control 
switches, etc. For one-step automatic control the master 
relay energizes the “closing” element of a time-delay relay, 
and if the master-relay contacts stay closed for the time 
required for the time-delay relay contacts to make, then 
the operating circuit is energized and the capacitor breaker 
closes. 

A similar process in reverse trips the capacitor breaker. 
For a two-step control the sequence is the same as for 
one-step control except that auxiliary contacts on the No. 
1 breaker set up the circuits for the control of the second 
step. If the No. 1 breaker is closed, the circuit is set up 
to either trip No. 1 or to close No. 2. The sequence of 
operation is the same in all cases, that is, No. 1 breaker 
always closes first and trips last. 

For more than two-step control, each additional break- 
er, by means of auxiliary contacts, sets up the control cir- 
cuits for the next operation whether it be to add or re- 
move capacitor kvar. The control circuits become numer- 

Fig. 24—Inrush current from system when energizing capaci- 
tor bank. 

voltages the maximum rms inrush current for different 
system short-circuit currents available at the capacitor 
terminals. This current can be calculated using the fol- 
lowing formula : 

(12) 

Where ELo is line-to-ground operating voltage on the 
capacitor bank. 
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X0 is the capacitive reactance in ohms of one 
phase to neutral of the capacitor bank. 

XL is the inductive reactance in ohms per phase 
of the source. 

The above formula applies to delta-connected capacitor 
banks if X, is determined as the reactance of the equivalent 
line-to-neutral capacitor kvar. The current values are 
for the first step of a bank. If one or more steps in the 
capacitor bank are already energized, then the maximum 
peak current that flows into the next capacitor group to be 
energized is determined largely by the momentary dis- 
charge from those capacitor units already in service. 

The breaker controlling the last step in a bank of capaci- 
tors is the one that is subjected to maximum peak current 
when this step is energized. The peak currents if no charge 
is on the step being energized, can be determined approxi- 
mately by using the following equation: 

lpeak=(1.2) (6) ELN z 
( J) 

(13) 

If the step being energized is fully charged, the peak 
inrush current can be about twice this value. Em is rms 
line-to-neutral voltage applied to the capacitors. C is the 
total capacitance per phase of the capacitors already ener- 
gized combined with the capacitance of the step being 
energized. For a three step bank with two steps energized 
and with the third step being energized then 

cc l 

&+k 
(14) 

12 3 

For delta-connected banks the equivalent single-phase-to- 
ground capacitor kvar must be used as though the bank 
WM wye connected. L is the inductance between the step 

being energized and that portion of the bank already 
energized. This value of L is difficult to determine ac- 
curately, but, due to inductance in the capacitor leads and 
bus structure, the estimated L is usually a low value rather 
than a high one, thus giving a current that is too high and, 
therefore, on the safe side. The 1.2 factor is applied to 
account for some feed in from the system and also possible 
current unbalance due to unequal pole operation of the 
breaker. 

The inrush current and frequency when a bank of 
capacitors is energized in parallel with one or more 
existing banks is given in Fig. 25. To illustrate its use 
assume a 13.8-kv, three-step capacitor installation con- 
sisting of three 2520-kvar banks, two being energized and 
the third step to be energized. The percent capacitive 
reactance for each step on 2520 kvar is 100. The two 
capacitor steps already energized in parallel are 50 per- 
cent on 2520 kva. These two steps in series with the one 
step to be energized are 150 percent. So the X, for use 
with Fig. 25 is 150 percent. Now assume that each capaci- 
tor step has a series inductive reactance of 0.0076 ohm in 
all of its leads between the capacitor units and a common 
point on the bus which is 0.01 percent expressed on 2520 
kvar. Two such units in parallel plus one in series gives 
0.015 percent XL for use with Fig. 25. Using this data the 
XL (X,/100) equals 0.0225 which for switching in the 
third 2520 kvar step of capacitors allows a maximum peak 
inrush current of about 69 times normal rms rated current 
of each step or 69X 105, or 7250 amperes. The frequency 
of this current is about 6000 cycles. If the inductive 
reactance of the leads is less than 0.0076 ohm, the maxi- 
mum inrush current is greater than 7250 amperes. 

Where the inrush current when switching banks of 
capacitors is excessive, it can be limited by the insertion 

Fig. 25—Magnitude and Frequency of transient inrush current when energizing a bank in parallel with one existing 

bank. 



Fig. 26—Test results indicating the effect of reactance 
resistance on limiting energizing inrush current. 

of reactance or resistance into the circuit. Reactance is 
much more effective than resistance. The curves in Fig. 
26 give the results of tests showing the effect of adding 
resistance or reactance in reducing the peak inrush cur- 
rent. 11-c voltage was used to charge one group of capaci- 
tors; the voltage was then removed and when the switch 
was closed between the two groups, the peak current was 
measured. 

21. Voltages When Switching Off Capacitors 

Since the current goes out at normal current zero when 
de-energizing a bank of shunt capacitors, the rms voltages 
resulting can be calculated. The voltages to ground, re- 
covery voltage across circuit breakers: and the link-to- 
line and line-to-neutral voltages across the capacitors are 
important. The voltages of Table 8 expressed in percent 
of normal peak line to-neutral voltage are obtained when 
the supply system is grounded solidly and does not suffer 
neutral displacement while switching a wye-connected 
ungrounded capacitor bank. For a normal breaker open- 
ing, one phase is interrupted first even for a well adjusted 
breaker, at current zero, and 90 degrees later the-other 
two phase currents are interrupted simultaneously at 
current zero by the clearing of either B or C breaker con- 
tact. 

TABLE 8 
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The voltages of Table 8 are brought about by the fact 
that 100 percent voltage is left on A phase, the first phase 
to open. The very instant A phase opens, a charge 
of 50-percent voltage is left on phases B and C because the 
instantaneous voltage across these two phases is 50 per- 
cent. The neutral point of the capacitor bank remains at 
a, potential of 50 percent above ground, which appears 
across the capacitance to ground. The subsequent voltage 
applied across B and C when B or C clears is 173 percent, 
half of which is across B capacitor and half across C capaci- 
tor. But the 50-percent charge left on these two phases, 
when A opened, is still present and adds or subtracts from 
half of 173 percent giving a net of 37 percent or 137 per- 
cent. Similar analyses can be made for delta-connected 
capacitors. 

The voltage across the contacts of the circuit breaker is 
important because if the recovery rate or the magnitude is 
too great, restriking occurs across the contacts. Such re- 
striking cause switching surges that may produce peak 
voltages of several times the normal peak voltage to 
ground. Special consideration should be given to this 
problem in each case. The problem is more acute at volt- 
ages above 15 kv. Careful adjustment of the breaker can 
make an otherwise unsatisfactory condition one which is 
acceptable. Special treatment with respect to the oil flow 
in the breaker grid during interruption usually solves the 
problem. In extreme cases it may be necessary to limit 
restriking on de-energizing by inserting in series or parallel 
with each phase of the capacitor circuit a suitable resistor 
just prior to the operation of the circuit breaker to de- 
energize the bank. A careful analysis of the problem 
should be made for each application; laboratory and field 
tests may be necessary. 

22. System Harmonic Voltages 

Since the reactance of a capacitor varies inversely as the 
applied frequency relatively small harmonic voltages cause 
relatively large current-wave distortion. Capacitors are 
therefore built to permit combined harmonic and 60-cycle 
kvar to equal not more than 135 percent (AIEE Standard) 
of the capacitor nameplate rating. The kvar loading of a 
capacitor expressed as a fraction of its rating with har- 
monic voltages applied can be obtained as follows: 
KVA= E12+3E,2+5E,2+. . . . . . where all voltages are 
expressed as a fraction of the rated voltage. If only one 
harmonic is present, it can have a value of 

where n is the order of the harmonic. 
The standard margins in capacitors are usually more 

than sufficient for the amounts of harmonic voltages 
present in most systems and, therefore, very little trouble 
is experienced. The principal cause of harmonic currents 
in capacitors is the magnetizing requirements of system 
transformers. If the transformers are operated near their 
rated voltages, the harmonic voltages are limited to 
minimum values. Capacitors do not generate harmonic 
voltages. 

Harmonic frequencies usually encountered are the third 
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frequencies and therefore allows proportionately larger 
currents. Figure 27 shows the amount of total rms current, 
fundamental and one harmonic, which standard capacitors 
can carry, depending on how much total rms voltage, 
fundamental and harmonic, exists at the same time. For 
example, suppose the fifth harmonic and the fundamental 
are present and the total rms voltage is 105 percent. Then 

Fig. 27—Permissible harmonic currents. For 135 percent kvar 
for different fundamental voltages without exceeding ther- 

mal limits. 

the total current the capacitor can carry is 161 percent. 
This is made up of about 102-percent rated amperes at 
fundamental frequency and about 125-percent rated 
amperes at fifth harmonic. The corresponding voltages 
are 102-percent fundamental and 25-percent fifth har- 
monic. 

Breakers applied with shunt capacitors must have 
sufficient continuous current-carrying capacity to handle 
expected harmonic currents along with the rated-frequency 
current. 

23. Discharge Current 

When a capacitor is short circuited, either at its termi- 
nals or through a length of feeder, it discharges its stored 
energy determined by 

Stored energy = 5 CE2 W-3 

If the short circuit occurs at the instant the voltage on the 
capacitor is a maximum, then the stored energy is a maxi- 
mum. The stored energy is dissipated in the resistance of 
the circuit which includes the capacitor and the feeder up 
to the short circuit. The peak current, the frequency of the 
current and the time constant of the circuit can be calcu- 
lated for a given situation. Figure 28 shows the peak value 
of current calculated for various lengths of bus consisting 
of single-conductor cables with an equivalent delta spacing 
of four feet. The peak current is high in magnitude but 
since the frequency is high and the time constant of the 
circuit low, the current decreases rapidly. For all practical 

sizes of capacitor banks, the discharge current reaches half 
value in about 0.02 second, or less. Breakers normally 
applied with capacitor banks are capable of handling 
these currents. 

24. Harmonics and Coordination with Telephone 
Circuits 

The principal cause of harmonic voltages and currents 
in capacitors is the magnetizing requirements of trans- 
formers. Because of the lower impedance of capacitors at 
higher frequencies, the harmonic currents may become so 
high as to endanger the life of the capacitor, or cause 
excessive fuse blowing, or overheating of breakers and 
switches. The standard margins built into capacitors, 
which were mentioned previously, are usually sufficient 
so that for the amount of harmonic voltage present in 
most systems no undue amount of trouble is experienced. 
For the transformer magnetizing current the third har- 
monic components and their multiples are supplied usually 
by circulation around the delta connected windings. The 
higher harmonics are usually so small that they give no 
appreciable trouble as long as the transformers are operated 
near their rated voltage. 

An unbalanced fault on a system supplied by water- 
wheel generators without damper windings may produce 
harmonic voltages. By resonance or partial resonance with 
capacitors these voltages can be magnified. While the 
duration of the fault might not be sufficiently long to 
injure the capacitor, it may result in blowing of capacitor 
fuses all over the system. This hazard is reduced by proper- 
ly designed damper windings and system arrangement. 

Considerable study has been given the effects of shunt 
capacitors on the inductive coordination of power systems 

Fig. 28—Peak current supplied to a three phase fault through 
various lengths of bus from shunt capacitor banks. 
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and exposed telephone circuits at noise frequencies. These 
studies have been carried on by the Joint Subcommittee 
on Development and Research of the Edison Electric In- 
stitute and Bell Telephone System. The results of their 
preliminary study of the problem were included in an 
article published in the August, 1938 issue of the Edison 
Electric Institute Bulletin. It has been found that the use 
of capacitors may be either detrimental or beneficial from 
the inductive coordination standpoint, depending on the 
particular conditions in each case. Advance planning by 
the power and communication industries has reduced the 
number of troublesome situations to a small percentage of 
the capacitor installations. Where capacitors have resulted 
in increased noise, it has generally been practicable to 
improve conditions by relatively simple measures applied 
to either the power or communication systems or both. 
A summary of the available measures is included in the 
article mentioned above and in Chap. 23 of this book. 

25. Portable Capacitors 

Portable capacitor units such as shown in Fig. 29, are 
effective in relieving overloaded facilities until more per- 
manent changes in the system can be made. Two single- 

Fig. 29—Portable capacitor bank. 

phase mobile capacitor units can be used to reduce the 
overload on open-delta banks of transformers occasioned 
by the failure of one transformer of a three-phase delta- 
connected bank. In the open-delta application the most 
effective use of the capacitors is to plan twice as much 
capacitive kvar across the phase lagging the open side of 
the delta as is placed across the open side. 

26. Capacitors and System Stability 
Shunt capacitors reduce the static stability limits of 

generators (and systems) because they reduce the field 
currents used for a given kw load and terminal voltage. 
The effect is noticed by an increase in generator power 
factor as more and more shunt capacitors are added. Ac- 
tually many factors are involved in determining the static 
stability limits of generators, some of which are difficult 
to evaluate. However, the effect of shunt capacitors can 
be determined rather directly. 

The static stability limit of a generator for a given set 

of conditions is directly proportional to the voltage on the 
air-gap line of the generator corresponding to the excitation 
current. Therefore, as more shunt capacitors are added 
to a system, the power factor of the generators increase 
and consequently the exciting current decreases. As the 
exciting current is decreased, the voltage on the generator 
air-gap line decreases. The static stability limit is therefore 
proportional to generator exciting current. Generally on 
turbo-generators, if the operating power factor at full load 
is no greater than 95 percent lagging, experience has shown 
that the operation is safe. In some cases generators are 
operated between 95 percent lagging and 100 percent 
power factor with satisfactory performance. Few, if any, 
generators are operated consistently at power factors in 
the lead unless the generators are designed specifically for 
such service. Hydro-generators may also be affected by 
shunt capacitors, but usually these generators are so far 
removed electrically from capacitors that the generators 
are affected more by other factors such as the character- 
istics of transmission lines and the sending of power over 
relatively long distances. 

Any generator, regardless of its prime-mover, may be 
affected by systemshunt capacitors and therefore the prob- 
lem should always be taken into consideration. This is 
particularly important where large amounts of shunt ca- 
pacitors are planned for systems where generators are 
already operating at high power factors. A few power 
systems have this problem now and more will probably 
have the problem as future plans are made to get better 
overall system economy by taking advantage of the char- 
acteristics of shunt capacitors. This problem also has a 
direct bearing on how much capacitor kvar can be per- 
manently connected through minimum-load periods with 
few generators in service and how much capacitor kvar can 
be installed with switching to provide needed kvar during 
maximum load periods and maximum generation. 

27. Surge Protection of Shunt Capacitors 
On circuits exposed to lightning it is recommended that 

lightning arresters be provided on all delta-connected ca- 
pacitors either housed or hanger type large or small banks. 
Likewise arresters are recommended for all wye-connected 
capacitor banks where the neutral is ungrounded. Where 
the capacitor bank is switched, it is best practice to provide 
arresters on the capacitor side of the circuit breaker. 

A capacitor bank connected in wye with the neutral 
grounded has the ability of sloping off the front and reduc- 
ing the crest of traveling waves, so that it affords added 
lightning protection to the capacitor bank itself and to 
transformers and other adjacent equipment. Thus there 
is some question as to whether or not arresters are needed. 
In addition, for those surges where arresters are required 
there is also some hazard to the arrester because the ca- 
pacitor discharges through the arrester when the arrester 
operates. When the capacitors are connected to a bus with 
transformers and other circuits, arresters are required to 
protect this other equipment whenever the capacitor bank 
is disconnected. The arresters are therefore available and 
in service at all times. Where the capacitor bank is the 
only load on a transformer winding the arresters can be 
omitted if the transformer is removed from service when 
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all capacitors are disconnected. Where the capacitors are 
supplied from a third winding of the transformer, arresters 
may be required on this winding if all of the capacitors are 
to be out of service at times. 

From a surge-protection point of view for greatest safety 
to the arresters, wye-connected capacitor banks should be 
operated ungrounded. For best surge protection of the 
capacitors, the neutral should be grounded and arresters 
provided. There are other problems with capacitor banks, 
however, which make the wye-grounded bank undesirable. 
The grounded-neutral bank provides a path for the third 
or residual harmonics, thereby increasing the probability 
of communication interference; if a capacitor unit becomes 
shorted, where there is a single unit between line and 
neutral, the fault current can exceed the ability of the fuse 
to clear before the capacitor unit is ruptured. 

Lightning arresters protecting high-voltage capacitor 
banks above 15 kv are subjected to switching surges, when 
the capacitors are switched, whether or not the capacitor 
bank neutral is grounded. With restriking across breaker 
contacts, which may occur, the arresters may be damaged. 
Therefore it is necessary to provide means of limiting the 
restriking in the breaker to protect the arresters. The 
solution in a given case may require special field tests to 
determine the proper adjustment of the breaker or to 
determine what changes are necessary. 

28. Capacitors Versus Synchronous Condensers 

In large units synchronous condensers constitute a com- 
petitor of shunt capacitors. The following points should 
be considered in comparing these two types of equipment. 

1. A standard synchronous condenser is capable of sup- 
plying kvars equal to its rating to the system as well as 
absorbing them to an extent equal to 50 percent of its 
rating. For those applications requiring these character- 
istics, the comparison should be on a basis of the synchro- 
nous condenser against the capacitor at full kvar plus a 
shunt reactor of 50 percent kvar. 

2. The fineness of control of the synchronous condenser 
cannot be duplicated by the capacitor unless a large num- 
ber of switching steps are used. 

3. An instantaneous drop in terminal voltage, within 
practical limits, increases the kvar supplied to the system 
in the case of a synchronous condenser whereas a similar 
change in the case of capacitors decreases the kvar supplied 
to the system. In this regard the synchronous condenser 
has greater stabilizing effect upon system voltages and 
likewise tends to maintain synchronism between machines. 
Its mechanical inertia, in general, has a further stabilizing 
effect upon the other synchronous machines comprising 
the system. By reason of these same characteristics, a 
synchronous condenser reduces the effects of sudden load 
changes or rapidly varying loads, such as drop in system 
voltage occasioned by starting of a large motor or operation 
of large welders. 

4. For short periods the synchronous condenser can 
supply kvar in excess of its rating at normal voltage, 
whereas this is not the case for capacitors. 

5. The losses of synchronous condensers are much 
greater than those of capacitors. For synchronous con- 
densers the full load losses vary from about 3 percent of 

the kva rating for 3000 kva units to about la percent for 
very large units of 50 000 to 100 000 kva. For capacitors 
the losses are about one-third of one percent of the kva 
rating. The no-load losses of air-cooled synchronous con- 
densers are about 60 percent of the full-load losses and for 
hvdrogen-cooled synchronous condensers about 40 per- 

” 

cent; therefore, at fractional loads the losses of the syn- 
chronous condenser are not in proportion to the output in 
kva. For a capacitor, however; the losses are proportional 
to the kvar connected to the system. 

6. A comparison of the cost-of synchronous condensers 
and capacitors involves an evaluation of the losses. Figure 
30 gives an idea of the relative cost of air-cooled outdoor 

Fig. 30—Approximate relative cost of shunt capacitors and 
synchronous condensers. (Capacitors connected in wye and 
switched in five steps. Costs- do not include main circuit 
breaker, land space, foundations, or space parts, but do 
include freight, automatic control, erection, capacitor fuses. 

coolers on synchronous condensers, and so forth.) 

synchronous condensers and capacitors. Three evaluations 
for losses were assumed 0, $150, and $250 per kw. The low 
losses of the capacitors should not be evaluated as highly 
as those for the synchronous condenser because, as just 
mentioned, at fractional loads the losses decrease more 
rapidly than for the synchronous condenser. 

7. Capacitors lend themselves to distribution at several 
locations throughout the system, which is difficult to do 
economically with small synchronous condensers. Thus, 
capacitors can be located at points closer to the load and 
be more effective. 

8. The kvar rating of a capacitor installation can be 
increased or decreased as the loads and system require- 
ments dictate, which is impractical with synchronous con- 
densers. Capacitors can be installed easily. By moving 
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capacitors from point to point as required, the installation 
of other equipment such as transformers, may be deferred. 
Foundations are less important than for synchronous 
condensers, and auxiliaries are fewer and simple. 

9. A failure of a single fused unit in a bank of capacitors 
affects only that unit and does not jeopardize operation 
of the entire bank. A failure in a condenser removes the 
entire ability to produce kva. On the other hand, failure 
of a synchronous condenser is less likely to occur than 
failure of a single unit in a bank of capacitors. 

10. Synchronous condensers add to the short-circuit 
current of a system and may increase the size of breakers 
required. This is rarely, if ever, the case with shunt ca- 
pacitors. On the other hand, breakers used in the switching 
large banks of capacitors may involve large currents of 
short duration. In general, however, these currents fall 
within circuit-breaker ratings dictated by the power 
system. 

29. Capacitors and Synchronous Condensers 
Banks of shunt capacitors have been used in conjunction 

with synchronous condenser where fluctuating loads of low 
power factor are prevalent or where the steps in the ca- 
pacitor bank were too coarse to give the desired fineness 
of voltage control. In this way the economy of using shunt 
capacitors for part of the kvar correction can be had by 
using one or several steps of capacitors with breakers. 
Where the voltage of the bus is controlled by the com- 
bination of capacitors and condenser, the master control 
would be from the bus voltage. It is more likely though 
that the bus voltage will be controlled by other means such 
as a tap-changing-under-load supply transformer, and that 
the object of using the kvar corrective equipment is for 
power-factor regulation. In such cases the control of the 
kvar must be accomplished by a power-factor regulator. 

V. SERIES CAPACITORS FUNDAMENTALS 

Like the shunt capacitor, the series unit has application 
on transmission and distribution lines. Behavior of the 
shunt capacitor is generally well understood and can be 
accurately predicted. The same is not always true of the 
series type. Many questions are still unanswered and 
many problems are still unsolved. However, developments 
and experience of recent years are bringing new knowledge 
and maturity to the science of applying series capacitors to 
improve conditions on distribution and transmission lines. 

Constructionwise, shunt and series capacitors are iden- 
tical. In fact, should the need for a series capacitor dis- 
appear, the capacitor units can be removed and reinstalled 
as shunt units. The two types differ in their method of 
connection. The shunt unit is connected in parallel across 
full line voltage. The series unit is connected in series in 
the circuit and hence conducts full line current. While 
the voltage on a shunt installation remains substantially 
constant, the drop across the series bank changes instan- 
taneously with load, as with any series device. It is this 
characteristic, which produces an effect dependent on load, 
that makes the series capacitor extremely valuable in cer- 
tain applications by compensating for line series inductive 
reactance. 

A series capacitor in an a-c circuit introduces negative 
or leading reactance. Current through this negative re- 
actance causes a voltage drop that leads the current by 
90 degrees. This drop is opposite from that across an 
inductive reactance. Thus a series capacitor at rated fre- 
quency compensates for the drop, or part of the drop, 
through the inductive reactance of a feeder. The effects 
of this compensation are valuable in two classes of appli- 
cations: one, on radial feeders to reduce voltage drop and 
light flicker; and, two, on tie feeders to increase the ability 
of the feeder to transfer power and help the stability of 
the system. 

30. Effects on Radial Feeders 

The action of a series capacitor to reduce voltage drop 
is illustrated in Fig. 31. The voltage drop through a feeder 
is approximately 

IR cos 8+IXL sin 0 (17) 

where R is feeder resistance, XL feeder reactance, and 8 the 
power-factor angle. If the second term is equal to or 

Fig. 31—Voltage vector diagrams for a circuit of lagging 
power factor (a) without and (b) with series capacitors. The 
series capacitor increases the receiving-end voltage, thus 

reducing voltage drop. 

greater than the voltage improvement desired, a series 
capacitor may be applicable. The magnitude of the second 
term is a relatively larger part of the total voltage drop 
where power factor is low and where the ratio of feeder 
resistance to reactance is small. With a series capacitor 
inserted, Fig. 3 1 (b), the voltage drop becomes 

IR cos O+I(XL-X,) sin 0 (18) 

or simply IR cos 0 when X, equals XL. In most applica- 
tions the capacitive reactance is made smaller than feeder 
reactance. Should the reverse be true, a condition of over- 
compensation exists. Overcompensation has been em- 
ployed where feeder resistance is relatively high to make 

WL -X,) cos 8 negative. However, overcompensation 
may not be a satisfactory condition if the amount of ca- 
pacitance is selected for normal load, because during the 
starting of a large motor the lagging current may cause an 
excessive voltage rise, as shown by Fig. 32. This is harmful 
to lights and introduces light flicker. 
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Fig. 32—The high lagging current due to motor starting 
rapidly raises the receving-end voltage of a circuit which is 

over-compensated with series capacitors. 

The power factor of the load current through a circuit 
must be lagging for a series capacitor to decrease the volt- 
age drop appreciably between the sending and receiving 
ends. If power factor is leading, the receiving-end voltage 
is decreased by the addition of a series capacitor, as indi- 

Fig. 33—When the load power factor is leading, a series ca- 
pacitor is undesirable because it decreases the receiving end 

voltage. 

cated by Fig. 33. If the power factor is near unity, sin 8 
and consequently the second term of Eq. (18) are near 
zero. In such cases, series capacitors have comparatively 
little value. 

When properly applied, a series capacitor reduces the 
impedance of a line and thereby raises the delivered volt- 
age. This increases the kva capacity of a radial feeder and, 
for the same delivered load kva, siightly reduces line cur- 
rent. A series capacitor, however, is not a substitute for 
line copper. 

31. Light Flicker 
Series capacitors are suited particularly to radial circuits 

where light flicker is encountered due to rapid and repeti- 
tive load fluctuations, such as frequent motor starting, 
varying motor loads, electric welders, and electric furnaces. 
A transient voltage drop, which causes light flicker, is 
reduced almost instantaneously in the same manner as 
voltage drop due to a slowly increased load. To predict 
accurately the reduction in voltage flicker by series ca- 
pacitors, the current and power factor of the sudden load 
increment must be known. It is obvious that to improve 
voltage conditions or reduce light flicker at a given load 
point the series capacitors must be on the source side of 
that point. The series capacitors must compensate for line 
inductance between the source and the point where it is 
desired to reduce light flicker. This sometimes makes the 
application of capacitors difficult because one feeder from 
a bus with several feeders may have a fluctuating load that 
produces sufficient voltage change on the bus to cause light 
flicker on all feeders. To use series capacitors to reduce 
the flicker, they must be installed in the supply circuit 
or circuits to the bus. 

Shunt capacitors cannot be switched fast enough to 
prevent light flicker. In fact, an attempt to use shunt 
capacitors for this purpose might aggravate the situation. 

Step voltage or induction voltage regulators, also, are not 
sufficiently rapid to follow sudden voltage fluctuations. 
The voltage dip cannot be prevented by shunt capacitors 
or regulators as the dip itself is used to initiate the 
correction. 

32. Effects on Tie Feeders 
Series capacitors can be applied to tie feeders to increase 

power-transfer ability and improve system stability rather 
than to improve voltage regulation as on radial feeders. 
The vector diagrams and Eq. (17) and Eq. (18) still apply 
but the emphasis is now on power transfer and stability. 
For simplicity, assume the feeder impedance consists only 
of inductive reactance. Since the effect of resistance is 
small in most tie-feeder circuits, it can be neglected with- 
out materially affecting the results. Referring to Fig. 34, 

Fig. 34—Vector diagram for a tie feeder in which resistance 
effects are neglected. 

the simplified equation for the amount of power transferred 
through a tie feeder is: 

P-E ES sin P ERG3 - -has e) =- 
RXLCOSe XL 

sin p (19) 

where p is the angle between the sending (Es) and receiv- 
ing (ER) voltages. With a series capacitor, the expression 
for power transfer is 

p- ESER - ______ sin p 
-L-xc 

(20) 

Therefore, for a given phase-angle difference between the 
voltages, the power transfer is greater with a series ca- 
pacitor. Thus by making possible a greater interchange 
of power, the normal load transfer and the synchronizing 
power flowing during transient conditions are increased, 
thereby helping stability. This is illustrated in Fig. 35, 

Fig. 35—The power-transfer ability of a tie feeder may be 
increased from curve (a) without series capacitors, to curve 

(b) with series capacitors. 
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which shows that for the same angle, a series capacitor 
effects a 40-percent increase in power-transfer ability- 
and also the maximum power that can be transferred. 
Furthermore, to transfer the same amount of power 
through the tie feeder, angle p is smaller, which aids 
stability of the system. 

A series capacitor on a radial feeder is ineffectual unless 
the load power factor is lagging. This is not as important 
in most tie feeders as can be seen from Eqs. (19) and (20). 
Power transfer is affected primarily by the angle between 
the sending and receiving voltages and not as much by 
power factor. 

33. System Power Factor Improved 
The lagging kilovars supplied by a series capacitor im- 

prove system power factor, just as a shunt capacitor or an 
overexcited synchronous machine, but to a much smaller 
extent. In effect, the capacitor compensates for the 12XL 
“lost” in the feeder reactance. The amount of compensa- 
tion varies, of course, as the square of the current since 
the kilovars supplied equal 12Xc. At half load, for example, 
only one-quarter rated kilovars is provided. 

34. Relative Effect of Power-Factor Correction 

A shunt capacitor improves load voltage by neutralizing 
part of the lagging current in a circuit, thereby reducing 
the line current and voltage drop. A series capacitor im- 
proves load voltage more effectively by compensating 
directly for part of the feeder reactance, which causes the 
voltage drop. Consequently, the same voltage correction 
is obtained with a smaller rating of series capacitors than 
shunt, usually in the ratio of one half to one fourth. How- 
ever, because the amount of power-factor correction in- 
creases with capacitor kvar rating, the shunt capacitor 
corrects power factor to a greater extent. 

For example, on a 10 000-kva circuit having a load power 
factor of 80 percent and an R/X ratio of 0.3, 1100 kilovars 
of series capacitors are required to limit the voltage drop 
to 10 percent. This capacitor raises the source power factor 
from about 74 to about 78 percent. If a shunt capacitor 
is used in this circuit to obtain the same voltage correction, 
3800 kilovars are required, but the source power factor is 
raised from 74 percent to 91 percent lagging. 

To increase materially the source power factor as well 
as improve voltage, shunt capacitors at or near the load 
offer the best solution. Usually shunt capacitors must be 
switched in one or more groups to keep within desired 
voltage limits as load varies. Shunt capacitors do not 
reduce light flicker because they cannot be switched on 
and off fast enough to counteract rapid fluctuations in 
voltage. 

VI. APPLICATION OF SERIES CAPACITORS 

In general, series capacitors are applicable to radial 
circuits supplying loads of about 70 to 95 percent lagging 
power factor. Below 70 percent, shunt capacitors are more 
advantageous (unless the power factor changes over such 
a wide range, making it impossible to switch shunt ca- 
pacitors fast enough to supply the kvar required by the 
load). Above 95 percent, the small value of sin 8 limits 

the beneficial effect of series capacitors. Applications to 
radial circuit? supplying loads of 70 to 90 percent power 
factor are most likely to be successful. 

The application of series capacitors differs materially 
from that of shunt capacitors. Where voltage correction 
is the primary function of shunt capacitors the correction 
is obtained by raising the power factor of the load. To 
determine the shunt capacitor kvar required, the most 
important data needed are the magnitude of the load, its 
power factor and the impedance of the source circuit. 
While similar data are required for voltage correction with 
series capacitors, the effect of series capacitors is to reduce 
the reactance of the source circuit. Series capacitors affect 
power factor to a limited extent as compared with shunt 
capacitors because usually the kvar in a series capacitor is 
much smaller, being one-fourth to one-half of the shunt 
capacitor kvar for the same change in load voltage. In 
addition, the series capacitor contributes its kvar to the 
system as the square of the load current. 

35. Determination of Capacitor Rating 

A three-phase circuit containing a series capacitor con- 
sists of line resistance, line inductive reactance, and ca- 
pacitive reactance. The kva ratings of these components 
are 312R, 312XL, and 312Xc. These values as a percent of 
the total circuit rating are useful in considering the useful- 
ness of series capacitors. The percent rating is obtained 
by dividing the kva rating of each element times 100 by 
the total circuit kva rating (2/&I) which must be known. 
The percent rating of the capacitor equals 300 1X,/&!& 
(or 173 1X,/E,) where I is full-load rating of the circuit 
and ER is the load line-to-line voltage. 

Calculation of kva ratings as a percent of circuit rating 
can be extended to voltage. The voltage drops, IR, IXL, 
and IXc times 100, are divided by the circuit voltage 
rating ER/& The percent of the capacitor again equals 
173 IX,/&. Consequently, the percent ratings of each 
component on a kva base and on a voltage base are iden- 
tical. Therefore, a series capacitor rated 20 percent on the 
base of circuit kva is also rated 20 percent on the base of 
circuit voltage. These ratings mean that at full load, the 
capacitor “consumes” 20 percent of rated circuit kva and 
the voltage drop across its terminals is 20 percent of rated 
circuit voltage. 

The rating of a series capacitor (kilovars, voltage, and 
current) for a radial feeder depends on the desired voltage 
regulation, the load power factor, and the amount of resist- 
ance and reactance in the feeder relative to each other and 
to the circuit rating. The capacitor kilovar rating can be 
determined for 80 or 90 percent load power factor and 5 
or 10 percent circuit voltage drop from data given in the 
curves of Fig. 36. To use these data, the feeder rating is 
taken as 100 percent kva and all other figures are calculated 
in percent on this base. For example, assume a 10000-kva 
feeder having an inductive reactance of 20 percent and a 
ratio of resistance to reactance of 0.3 supplying a load 
whose power factor is 80 percent. From Fig. 36, to limit 
the voltage drop to 5 percent at full load, the series ca- 
pacitor must be rated 20 percent of the circuit rating. This 
is 20 percent of 10 000 kva or 2000 kilovars. The capacitor 
voltage rating is also 20 percent of the rated circuit voltage. 
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Fig. 36—Kilovar and voltage ratings of a series capacitor for a 
radial feeder may be determined for many cases from these 

curves. 

Thus if the circuit is rated 20 000 volts, phase to neutral, 
the capacitor is rated 4000 volts. If a voltage regulation 
of 10 percent is permissible, only 1100 kilovars (at 2200 
volts) are required. Had load power factor been 90 per- 
cent, 2200 kilovars (at 4400 volts) would be necessary for 
5-percent regulation and 900 kilovars (at 1800 volts) for 
lo-percent regulation. 

Other factors being equal, the ratio of B/X, has a large 
effect on capacitor rating, as Fig. 36 indicates. Higher 
ratios require more capacitors; this is seen vectorially in 
Fig. 37. 

The current rating of the capacitor equals that of the 
circuit because the bank must be able to carry rated circuit 

Fig. 37—Radial feeders having a higher ratio of resistance to 
reactance (for the same percent reactance) necessitate more 

capacitors. 

current continuously. In addition, when circuits suppIy 
relatively large motors, the capacitor must be able to carry 
temporarily the starting current of the largest motor plus 
the current of other loads already in service. The total of 
the transient and steady-state currents through the ca- 
pacitors should not exceed 1.5 times rated. 

The rating of a series capacitor applied to a tie feeder 
is determined from a study of the power-transfer and 
stability requirements. No definite rules can be stated, 
but in general, the capacitive reactance of a series ca- 
pacitor is less than (probably not more than 70 percent) 
the inductive reactance of the tie line. If the maximum 
transient current during a system disturbance is greater 
than about 1.5 times rated current, stability requirements 

rather than load transfer may dictate the capacitor rating 
for a tie-feeder application. 

36. Arrangement of Capacitor Units 

When the kilovar, voltage, and current ratings of the 
bank are known, capacitor units are arranged in series- 
parallel connections to obtain the desired values. Series 
connection builds up the voltage rating and parallel con- 
nections the current rating. Each bank must be “tailored” 
to fulfill the requirements of that specific application. 

Capacitor banks can be assembled for any current rat- 
ing and for almost any voltage rating, standard or non- 
standard. If the voltage across the bank is less than 230 
volts, it may be economical to install a series step-up trans- 
former to permit using standard capacitor units of higher 
voltage and lower cost. 

37. Location of Capacitors 
In general, a series capacitor can be located at any 

convenient place on a feeder provided that certain require- 
ments are met. First, the voltage level at the output 
terminals of the bank must not be too high for the line 
insulation and lightning arresters; and second, a capacitor 
on a radial feeder must be located between the source and 
the load whose voltage is to be improved. Where a radial 
circuit has a number of tapped loads distributed through- 
out its length, the best location of the series capacitor is 
at about one third of the electrical impedance of the feeder 
from the source bus. If a feeder is long, two banks of 
capacitors may be preferable as more uniform voltage is 
obtained throughout the circuit. Where short-circuit cur- 
rent is high, it may be advisable to locate the capacitor 
so that fault current through the protective gaps and 
switches is a minimum. 

A series capacitor located in a substation can be con- 
nected in each phase on the neutral ends of wye-connected 
transformer windings to permit use of a lower voltage class 
in the capacitor insulation. However, this practice raises 
the voltage-to-ground level of the transformer windings. 
This must be checked carefully. The effectiveness of a 
series capacitor is independent of whether it is connected 
on the neutral ends or on the line ends of the transformer 
windings. 

VII. PROTECTION OF SERIES CAPACITORS 

38. Protection During Line Fault 

For most circuits in which series capacitors are applied, 
the currents and corresponding capacitor voltages during 
fault conditions are several times the maximum working 
value. As standard capacitor units can withstand about 
200 percent of their rated working voltage for brief periods 
without damage to the dielectric, it is necessary to use 
capacitors with continuous current ratings equal to 50 per- 
cent of the maximum current that may flow during a fault, 
or to use a voltage-limiting device. For a given reactance, 
the cost of capacitors increases approximately as the square 
of the rated current so that it is more economical to use 
capacitors whose ratings are based on the working current 
and to limit the voltage that can appear across their 
terminals by means of auxiliary apparatus. 
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Care must be used that the voltage rating of the series 
capacitor and its associated protective equipment is made 
high enough so the capacitor is not by-passed during work- 
ing loads. On radial circuits to insure availability of the 
series capacitor during motor starting currents, when its 
effects are most useful, the capacitor rating must be at 
least 67 percent of the greatest motor inrush current that 
may be imposed on the line plus other operating load. 
With protective devices set to by-pass the capacitor at 
200-percent rating, the capacitor remains in service during 
such transient loads. 

The device used to protect a series capacitor during a 
fault should limit the voltage rise to about twice the rated 
value even for a short time. The capacitor must therefore 
be by-passed during the first half cycle of fault current. 
A properly designed gap (shown in Fig. 38) fulfills this 

Fig. 39—A typical series capacitor on a distribution circuit. 

cleared. This is necessary to enable the series capacitors 
to provide system stability. If the capacitors are not re- 
inserted within a cycle or less, their full benefit cannot be 
realized and their usefulness on tie lines would be reduced 
materially both electrically and economically. 

39. Protection Against Continuous Overload 

Standard series capacitors should not be used for con- 
tinuous operation at an average more than I 05 percent of 
their rated voltage. Consequently, average working cur- 
rent through a series capacitor should not exceed the-rated 
working current by more than five percent. The short- 
circuit protective device is not designed to function at less 
than 260 percent of the rated current; therefore, it is some- 
times desirable to provide overload as well as short-circuit 
protection. The overload protective device should have 
an inverse time-current characteristic that can be co- 
ordinated with the capacitor to allow momentary overloads 
but not continuous ones. Series capacitors have a 30- 

Fig. 38—Special gap for parallel protection of series capacitors. 

requirement and materials can be selected to give a stable 
arc and a low arc drop without repetitive restriking. Under 
most conditions, some means must be provided for shunt- 
ing this gap and transferring the arc current to another 
path. After the circuit current again falls to normal, the 
by-pass equipment must open to transfer current back 
through the capacitor. This commonly is done with a 
thermal or magnetic contactor or by an automatic circuit 
breaker that closes to by-pass the gap and capacitor and 
opens some time after the fault has cleared to restore the 
capacitor to service. If the installation consists of two or 
more groups of capacitor units in series within a bank, 
each can be protected by its own parallel gap. 

Where the insulation class of the series capacitor is low, 
for example, where 230-volt capacitor units are used and 
the gap must break down at 460 volts, it is not possible 
to set the gap for sufficiently low breakdown voltage. In 
such instances, a trigger circuit is used to initiate the 
break-down of the gap. 

On large series capacitors in transmission tie lines special 
gaps or special high-speed circuit. breakers or both may be 
required to protect the capacitors and re-insert them into 
the circuit within a half cycle or a cycle after the fault is 

minute rating of 1.35 times rated current and a 5-minute 
rating of 1.5 times rated current. A thermally operated 
switch can also be used for this purpose. 

This special type of protection usually is not warranted 
except on large series capacitor banks. The absence of 
overload protection on small distribution installations fur- 
ther emphasizes the 
uous current rating. 

need for care in choosing the contin- 

40. Dielectric Failure Protection 
Dielectric failure protection rarely is used except on 

large banks. This also is a feature that is sacrificed on-small 
distribution series 
and low first cost. 

capacitors in the interest of simplicity 

Dielectric protection is a means of detecting a faulted 
capacitor unit in a series-capacitor assembly. In an un- 
fused capacitor bank a short-circuited capacitor may sus- 
tain an internal arc, , which causes gas to be generated in 
the unit. Continued operation causes the internal pressure 
to reach a value that rupture the case and possibly-damage 
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other units and equipment. If the units are equipped with 
individual fuses-and they should be-a fuse operation to 
remove a faulted unit increases the reactance of the bank 
and operation at the rated current of the original bank 
subjects the remaining units to overvoltage. Protection 
is afforded by detecting with proper relaying when the 
currents become unequal in two equal branches of the 
capacitor, When the unbalance in current exceeds the 
selected value, the capacitor is by-passed until the de- 
fective unit is replaced. 

41. Circuit Relaying 

On radial circuits, fault-protection relaying usually is 
not affected by the addition of series capacitors. Fault 
currents practically always considerably exceed twice rated 
current. Consequently the parallel gap breaks down on 
the first half cycle of fault current. This happens faster 
than most types of relays operate and thus relay and 
circuit-breaker operations are the same as without capaci- 
tors. Relaying of line-to-ground faults is accomplished 
usually by residual or neutral current, which is not affected 
greatly by a series capacitor. Fault-protective relaying on 
a tie feeder, however, may be affected considerably by the 
installation of a series capacitor. Detailed studies must be 
made for each case prior to installation of the capacitor. 

VIII. OPERATING PROBLEMS 

Along with the desirable characteristics of series capaci- 
tors, there is the possibility of undesirable phenomena, 
usually involving some kind of resonance, which until re- 
cently has deterred the installation of large banks of series 
capacitors even where they otherwise could solve difficult 
system problems. In many cases the difficulties can be 
anticipated and suitable precautions taken to make an 
installation practical. 

Three major phenomena may be encountered in a circuit 
employing a series capacitor: sub-synchronous resonance of 
a motor during starting, ferro-resonance of a transformer, 
and hunting of a motor during steady-state operation. 
One, two, or all of these may occur. 

42. Sub-synchronous Resonance During Motor 
Starting 

When an induction or a synchronous motor is started, 
(the latter as an induction motor) through a series capaci- 
tor, the rotor may lock in and continue to rotate at a speed 
below normal or synchronous. This condition is known as 
sub-synchronous resonance. It is caused by the capacitor, 
whose capacitive reactance in conjunction with the induc- 
tive reactanceof the circuit and motor establishes a circuit 
resonant at a frequency below that of the power supply. 
The rotor, in effect, acts as a stable asynchronous gener- 
ator. It receives power at rated frequency from the stator 
windings and transposes it to the sub-synchronous fre- 
quency, which it returns to the circuit containing the ca- 
pacitor. This circuit, being resonant, imposes a minimum 
of impedance to the sub-synchronous voltage and conse- 
quently conducts a large current. A motor operating under 
these conditions may be damaged by excessive vibration 
or heating. 

The sub-synchronous frequency is dependent on the 
relative sizes of the motor and the capacitor. The capacitor 
rating is determined by the circuit rating (other conditions 
remaining the same, the ratings are proportional). Con- 
sequently, the resonant frequency is related, indirectly, to 
the rating of the motor in proportion to that of the feeder. 
This frequency is usually 20 to 30 cycles for a 60-cycle 
motor whose rating equals half the circuit rating. 

As the motor size decreases with respect to the capacitor 
and circuit ratings, its reactance increases. During reso- 
nance, capacitive and inductive reactance are equal. Be- 
cause capacitive reactance increases with decreasing fre- 
quency, the sub-synchronous resonant frequency is lower 
when the motor requires a smaller proportion of the circuit 
rating. A motor requiring less than five percent of the 
circuit rating can be resonant at a sub-synchronous fre- 
quency of five cycles or less if it starts under load. 

The most common method of preventing sub-synchro- 
nous resonance is to damp out this frequency by placing 
a resistor in parallel with the capacitor. While the resist- 
ance to use can be calculated, the results thus obtained are 
usually one half to one tenth the values that experience 
proves necessary. Calculations are inaccurate because of 
the difficulty of giving precise consideration to such vari- 
ables as inertia of the motor and load, starting load, speed 
of acceleration, the type of starter, and other load on the 
circuit. For example, load elsewhere on the circuit, when 
a motor is started, reduces the possibility of sub-synchro- 
nous resonance by providing a damping effect similar to 
that of parallel resistance. 

The resistance should be as high as possible in order to 
hold to a minimum its continuous losses, which are equal 
to the square of the voltage across the capacitor bank 
divided by the resistance. It is common practice, then, to 
apply resistors that are adjustable over a predetermined 
range, particularly in the larger installations. 

When low ohmic resistance is used, the resistor can be 
disconnected after the motor reaches full speed and the 
risk of resonance has passed. Switching could be accom- 
plished manually or by remote control over a pilot wire 
or power-line carrier channel with electrically-operated 
switching equipment. 

Sub-synchronous resonance can also be avoided by use 
of parallel resistors across only two phases of a three-phase 
series capacitor. Such a solution is permissible where the 
omission of resistors from one phase does not unbalance 
the voltage appreciably. The amount of unbalance is de- 
termined by the resistance. The higher the resistance, the 
less the unbalance. But the resistance necessary, not the 
degree of unbalance, determines the ohmic value. At least 
one such installation is in service and is operating satis- 
factorily. 

Sub-synchronous resonance can exist only during motor 
starting. Hence, resonance can be prevented by inserting 
resistance in series in the supply leads to the motor instead 
of in parallel with the capacitor. A contactor is required 
to short circuit the series resistance after the motor reaches 
full speed. If the circuit contains only a few motors such a 
scheme may be more economical than a single large resist- 
ance in parallel across the capacitors. To be effective, the 
series resistance must be in the stator circuit of the motor. 
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Resistance in the rotor circuit of a slip-ring motor does not 
give the desired damping but affects primarily the amount 
of slip between the sub-synchronous frequency and the 
frequency of the current through the rotor circuit. 

If motors are started infrequently, sub-synchronous res- 
onance can be avoided without using resistance by short 
circuiting the capacitor during starting. If a temporary 
unbalance is tolerable, the same result can be achieved in 
some cases by short circuiting only one phase of the bank, 
which simplifies the switching equipment. 

The reactance of a capacitor is inversely proportional 
to frequency, while that of an inductor is directly propor- 
tional. Hence, in a series circuit consisting of capacitance 
and inductance the voltage drop across the former in- 
creases as frequency is reduced. Therefore, a condition of 
sub-synchronous resonance in a power circuit causes an 
increase in the voltage drop across the capacitor. This 
voltage may be large enough to cause the protective gap 
in parallel with the capacitor bank to flash over, thus short 
circuiting the capacitor. This halts the resonant condition 
and permits the motor to accelerate normally to full speed. 
After a time delay the capacitor is automatically restored 
to the circuit. This sequence of operations may make it 
possible in some installations (particularly where motors 
are started rarely) to use the gap alone to prevent sub- 
synchronous resonance and perhaps eliminate the need for 
parallel resistors. However, heavy-duty gaps in series with 
resistors to dissipate the energy stored in the capacitors 
may be required. 

The gap is set to break down at twice rated current 
(twice rated voltage) at rated frequency. Consequently, 
during sub-synchronous resonance at half rated frequency 
the gap flashes over at rated current since the capacitive 
reactance is doubled. The lower the frequency the smaller 
the current required to break down the gap. 

In general, the possibility of sub-synchronous resonance 
should be checked for all circuits in which the largest motor 
requires more than five percent of the circuit rating. Ex- 
perience indicates that standard motors rated less than 
ten percent of circuit rating encounter no difficulty if 
started at no load. In fact, motors rated up to 20 percent 
usually accelerate satisfactorily if started at no load and 
across the line. However, when high-inertia loads are in- 
volved, the circuit must be checked for sub-synchronous 
resonance even if the power requirement of the largest 
motor is as low as five percent of the circuit rating. 

43. Ferro-Resonance in Transformers 
A transformer bank when energized draws a high tran- 

sient exciting current. If a series capacitor is in the circuit, 
it may create a resonant condition that causes the high 
current to continue. This is known as ferro-resonance. 

Ferro-resonance is cured automatically in most cases by 
the parallel gap. The magnetizing inrush current is prob- 
ably of sufficient magnitude and low enough in frequency 
to cause a voltage drop to appear across the capacitor (and 
across the gap) high enough to break down the gap. As 
the transient period approaches its end, the current in the 
gap decreases. The steady-state current through the gap 
for a short period is usually too small to maintain the arc 
and therefore the gap clears, restoring the capacitor to the 

circuit. The possibility that the gap alone can prevent 
ferro-resonance is checked by oscillographic tests after the 
capacitor is installed. 

If tests indicate that the gap is inadequate, ferro-reso- 
nance can be eliminated by shunting the capacitor with a 
resistor or by having a certain minimum load on the trans- 
former side of the capacitor when the bank is energized. 
Of course, a parallel resistor applied to prevent sub-syn- 
chronous resonance of motors also prevents ferro-resonance 
of transformers. 

In some cases, such as 2400- or 4160-volt circuits, the 
voltage rating of a series bank would be very low (and its 
cost high) if installed directly in the line. To permit appli- 
cation of a capacitor having a higher voltage rating, a 
transformer in series with the line is sometimes employed 
to step the voltage up from the required drop in the line 
to the capacitor rating. Such transformers must be de- 
signed carefully to prevent ferro-resonance. 

A series capacitor, when installed in a long circuit sup- 
plying a transformer of abnormally high steady-state 
exciting current, may resonate during normal operation 
at a frequency corresponding to a harmonic component 
of the exciting current. Fluctuating loads may cause such 
resonance even though it does not appear when the trans- 
former is energized. Resonance in this case is eliminated 
by a parallel resistor, by changing the transformer winding, 
or by replacing the transformer with another having a 
normal exciting current. 

44. Hunting of Motors During Normal Operation 

Hunting of a lightly-loaded synchronous motor can be 
caused by disturbances such as switching of power circuits 
and changes in load or excitation of the motor itself. Such 
hunting cannot be directly attributed to resonance. The 
principal factor in predicting hunting is the ratio of feeder 
resistance to total feeder reactance (including the series 
capacitor) between the power source and the motor ter- 
minals. If the ratio is less than one and is not negative, 
hunting is unlikely. Violent hunting of a synchronous 
motor was encountered upon application of a series ca- 
pacitor in one instance because the ratio of feeder resistance 
to reactance was approximately four. 

A synchronous motor, when fed through a long line 
excessively compensated by a series capacitor, may hunt 
if started during periods of light load. Such hunting is 
avoided if the power-factor angle of the load (after the 
motor is started) is equal to or greater than the impedance 
angle of the circuit (including the capacitor). The tang- 
ent of this impedance angle is the ratio of total circuit re- 
actance (feeder reactance minus capacitor reactance) to 
feeder resistance. 

Hunting is not limited to synchronous motors. Series 
capacitors should not be applied to circuits supplying 
either synchronous or induction motors driving reciprocat- 
ing loads such as pumps or compressors. In addition to 
problems of sub-synchronous resonance, the motors once 
started may hunt, causing objectionable light flicker. The 
frequency of hunting is sometimes equal to, or a direct 
multiple of, the frequency of power pulsation, which 
further aggravates the situation. A cure for hunting may 
be the installation of a heavv flvwheel to increase the 
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Fig. 40—10000 Kvar series capacitor in 66-kv line showing 
large capacitor housings with somewhat smaller housings for 

parallel resistor units. 

rotating mass. However, this solution may enhance the 
possibility of sub-synchronous resonance, which is equally 
undesirable. 

IX. 10000-KVAR SERIES CAPACITOR 

A 10 OOO-kvar series capacitor is in service on a 66-kv 
radial circuit having a rated load of 500 amperes. Each 
phase of this capacitor bank consists of 240 standard 15- 
kvar, 2400-volt units, divided into 3 groups connected in 
series. Each group, which contains 80 units in parallel, 
is protected by its own gap and accompanying by-pass 
thermal switch. 

This series capacitor, Fig, 40, was installed because the 
desired voltage improvement is obtained more efficiently 
and at less cost than by any other method. The principal 
function of the bank is to improve the voltage level and 
decrease flicker voltage at a steel plant where the bulk of 
the load consists of four 10000-kva electric-arc furnaces. 
The heaviest load normally encountered is approximately 
37000-kva at about 78 percent power factor. The change 
in voltage conditions effected by the series capacitor is 
shown in Fig. 41, which indicates that the fluctuations are 
reduced and the average voltage level during periods of 
peak load is increased about 10 percent. Before installa- 

Fig. 41—Voltage conditions at the steel-mill bus (a) before 
and (b) after the series capacitor was installed. 

tion of the capacitors, the voltage at the bus dropped from 
12 000 volts at no load to 10 000 at full load. The full-load 
voltage is now about 11 300 volts. Furthermore, voltage 
conditions at) the tapped point (Fig. 42), which was pre- 
viously used only as an emergency supply to a nearby 
town, are so improved that this source now provides every- 
day power service. 

The series capacitor compensates for 57 percent of the 
total circuit reactance up to the 1 I-kv steel-plant bus. This 
decreases by over 50 percent the magnitude of the change 
in voltage level during periods of heavy load and also 

Fig. 42—Voltage conditions at tapped load point (a) before 
and (b) after the 10 OOO-kvar, 66-kv series capacitor was 

installed. 

reduces flicker voltage. However, the capacitor compen- 
sates for 100 percent of the total reactance up to the 
tapped load point. As a consequence the change in voltage 
level is reduced even more (about 80 percent) than at the 
steel-mill bus. Furthermore, the sudden fluctuations at 
the tapped point are almost entirely eliminated. 

In addition to the furnace load the steel plant has 
several motors, the largest being a 4000-hp wound-rotor 
induction motor. A 400-ohm resistor across the capacitor 
gives sufficient damping for successful motor starting and 
prevents self-excitation or sub-synchronous resonance. 
Such phenomena sometimes occur when large motors 
(relative to the circuit rating) are started through a feeder 
containing a series capacitor. The resistor, because of its 
continuous losses, is undesirable but experience has in- 
dicated that it is essential for successful motor starting. 

This large series capacitor has been successful. Had a 
synchronous condenser been installed at the load instead of 
a series capacitor, the initial cost would have been at least 
doubled and the continuous losses would have been much 
greater. The installed cost of such a capacitor is estimated 
to be about sixteen dollars per kilovar. 

X. PROGRESS OF SERIES CAPACITORS 

About 100 installations of series capacitors are in service 
on power circuits throughout the United States. The 
best results are obtained where there are no relatively large 
motors and where the capacitive reactance provided by 
the series capacitor is less than the inductive reactance of 
the circuit up to the principal load point. 
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Good results have been obtained with capacitors in 
circuits supplying electric-arc furnaces, one of the worst 
types of industrial loads. Series capacitors are ideal for 
resistance-welding devices where they can reduce the kva 
demand by 50 to 75 percent. Welders can be provided 
with built-in capacitors. If a series capacitor is applied to 
an existing welder, modifications to the welding trans- 
former must be made to prevent excessive current flow. 

While most of the improper operations of series capaci- 
tors are due to the fact that circuits with series capacitance 
resonate at some frequency, some trouble with protective 
devices has been encountered. But with new developments 
and information and experience gained on recent applica- 
tions, more reliable performance is now expected. Some 
types of equipment should not be supplied through series 
capacitors because of difficulties that at present cannot be 
overcome. Overcompensation except in very special cases 
should be avoided as it produces undesirable results. 

Twenty years ago shunt capacitors were used to a very 
limited extent. Today they have been universally ac- 
cepted as practical, reliable, and economical solutions to 
many problems involving voltage level, power-factor cor- 
rection, equipment loading, etc. Many shunt capacitors 
rated over 5000 kva and a few over 10 000 kva are in 
operation. Undoubtedly the same evolution is now in 
process with series capacitors. Several series capacitors 
rated over 1000 kva and one installation of 10 000 kva 
have been installed. Perhaps the “ice” has been broken 
and other large installations will follow. Experience gained 
on the 10 000-kva installation certainly indicates that 
large series capacitors applied carefully are economical 
and successful in operation. Still further progress is likely 
to result from studies now being made on the application 
of large series capacitors to extra-high-voltage transmis- 
sion lines. A large series capacitor is now being installed 
and tested in a 230-kv line in the Pacific Northwest. 
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G. D. McCann 

T HIS chapter deals with problems relating to the 
performance of transmission lines under normal 
operating conditions. The analytical expressions for 

currents and voltages and the equivalent circuits for trans- 
mission lines are first developed for “short” lines and for 
“long” lines (where the effects of distributed line capaci- 
tance must be taken into account). A simplification is pre- 
sented in the treatment of long lines that greatly clarifies 
their analysis and reduces the amount of work necessary 
for calculations. Problems relating to the regulation and 
losses of lines and their operation under conditions of fixed 
terminal voltages are then considered. The circle diagrams 
are developed for short lines, long lines, the general equiv- 
alent 7r circuit, and for the general circuit using ABCD 
constants. The circle diagrams are revised from the previ- 
ous editions of the book to conform with the convention 
for reactive power which is now accepted by the American 
Institute of Electrical Engineers, so that lagging reactive 
power is positive and leading reactive power is negative. 

When determining the relations between voltages and cur- 
rents on a three-phase system it is customary to treat them 
on a “per phase” basis. The voltages are given from line 
to neutral, the currents for one phase, the impedances for 
one conductor, and the equations written for one phase. 
The three-phase system is thus reduced to an equivalent 
single-phase system. However, vector relationships be- 
tween voltages and currents developed on this basis are 
applicable to line-to-line voltages and line currents if the 
impedance drops are multiplied by t/3 for three-phase 
systems and by 2 for single-phase two-wire systems. 

Most equations developed will relate the terminal con- 
ditions at the two ends of the line since they are of primary 

importance. These terminals will be called the sending end 
and receiving end with reference to the direction of normal 
flow of power, and the corresponding quantities designated 

by the subscripts S and R. 

I. EQUIVALENT CIRCUITS FOR 
TRANSMISSION LINES 

1. Short Transmission Lines 

For all types of problems it is usually safe to apply the 
short transmission line analysis to lines up to 30 miles in 
length or all lines of voltages less than about 40 kv. The 
importance of distributed capacitance and its charging 
current varies not only with the characteristics of the line 
but also with the different types of problems. For this 
reason no definite length can be stipulated as the dividing 
point between long and short lines. 

CHAPTER 9 

OF TRANSMISSION LINES 
Revised by : 

R. F. Lawrence 

Neglecting the capacitance a transmission line can be 
treated as a simple, lumped, constant impedance, 

Z= R+jX=xs=rs+jxs 
Where 

z = series impedance of one conductor in ohms per mile 
r* = resistance of one conductor in ohms per mile 
x* = inductive reactance of one conductor in ohms per 

mile 
s = length of line in miles 

The corresponding “per phase” or equi valent single-phase 
curcuit is shown in Fig. 1 together with the vector diagram 

EOUIVALENT TRANSMISSION 
CIRCUIT TO NEUTRAL 

Fig. l—Equivalent circuit and vector diagram 
mission lines. 

for short trans- 

relating the line current and the line-to-neutral voltages at 
the two ends of the line. 

The analytical expression for this relationship is given 
by the equation: 

Es=ER+ZI (1) 

2. Long Transmission Lines 
The relative importance of the charging current of the 

line for all types of problems varies directly with the volt- 
age of the line and inversely with the load current. To 
appreciate this fully it is necessary to consider the analysis 
of “long” lines. 

A “long” transmission line can be considered as an in- 
finite number of series impedances and shunt capacitances 
connected as shown in Fig. 2. The current IR is unequal to 
19 in both magnitude and phase position because some 
current is shunted through the capacitance between phase 

*These quantities can be obtained from the tables of conductor 
characteristics of Chap. 3. 

265 
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Fig. 2—Diagram representing long transmission lines. 

and neutral. The relationship between ES and ER for a 
“long” line is different from the case of the short line be- 
cause of the progressive change in the line current due to 
the shunt capacitance. If Es and ER are considered as 

phase-to-neutral voltages and Is and Ia are the phase cur- 
rents, the classical equations relating the sending-end volt- 
ages and currents to the receiving-end quantities are: 

- - 
Es= ER cash (sdzy)+IR z sinh (~4) (2) 

Y 

Is=% sinh (sG)+In cash (sd&) (3) 
lz 

II i 
The susceptance, y, heretofore has been used most fre- 

quently in these expressions. However, with the advent of 
the new form of tables giving characteristics of conductors, 
the shunt-capacitive reactance is obtained as a function of 
the conductor size and equivalent spacing. The reciprocal 
of y, which is x’ is therefore a more convenient quantity to 
use. For this reason the concept of shunt-capacitive re- 
actance is used through t/ ut this chapter. Eqs. (2) and (3) 
then become : 

(4 

(5) 

where z is the series impedance of one conductor in ohms 
per mile, z’ is the shunt impedance of the line in ohms per 
mile, s is the distance in miles. 

z’= -jx’(10)6 
X ‘* = capacitive reactance in megohms per mile. 

Equations (4) and (5) can be written conveniently in 
terms of the conventional ABCD constants.4 For the case 
of a transmission line the circuit is symmetrical and D is 
equal to A. (Refer to Chapter 10, Section 21 for definition 
of ABCD constants.) 

Es=AER+BIR (6) 

Is=CER+DIR=CER+AIR (7) . 
ER=AEs-BIS (8) 

IR= -CEs+DIS= -CEs+AIs (9) 

where 

A=cosh (s&)=cosh $ 

*This quantity can be obtained from the tables of conductor char- 
acteristics in Chap. 3. It is given in megohms in tables as it is then 
of the same order of magnitude as the inductive reactance. 

in which 

Z=zs and Z’=c. 
S 

(12) 

The values of the hyperbolic functions can be obtained 
from tables2 or charts3 or from evaluation of their equiv- 
alent series expressions 

cash (s$)=cosh 8=(l+;+;+;+.-) (13) 

Fig. 3—Variation of the real and imaginary components of A, 
B, and C for a 795 000 circular mils ACSR, 25-foot equivalent 

spacing, transmission line. 

T =0.117 ohm per mile. 
2 =0.7836 ohm per mile. 
x’ = 0.1859 megohm per mile. 
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sinh (s$)=sinh B’(B+E+E+E+. . . .) (14) 

Expressed in terms of their equivalent series expansions, 
the ABC constants become 

The series are carried out far enough so that the ABC 
constants can be determined to a high degree of ac- 
curacy. However, for lines approaching one quarter wave 
length, the series do not converge rapidly enough. In such 
a case it is better to determine the ABC constants for the 
line in two sections and combine them as described in 
Chapter 10, Table 9. 

The ABC constants can be determined easily for any 
length of line by an evaluation of the cash and sinh func- 
tions using the hyperbolic and trigonometric functions. 
The procedure is outlined briefly here. 

J 

- 
e=s i=cx+jp 

where cx and p are in radians. 

cash 8 = cash Q! cos @+j sinh a! sin /3 
sinh 0 = sinh (I! cos p+ j cash CY sin p 

where: 
E= + ca 

cash cy=- 
2 

c-e --Q 
sinh a=- 

2 

Figure 3 shows the variation of the ABC constants as a 
function of line length for the line of Fig. 18. The real and 
imaginary parts of A, B, and C are shown for a complete 
wave length. 

3. The Equivalent ?r of a Transmission Line 

There are several equivalent circuits that represent the 
above transmission line equations and thus can be used 
for the representation of transmission lines. One such 
circuit is the equivalent 7r shown in Fig. 4. 

Referring to this figure the equations relating the 
terminal conditions for this circuit are 

Fig. 4—Equivalent a circuit for representing long transmia- 
don lines. 

By equating like coefficients of the equivalent Eqs. (18) 
and (6) 

Z 0q=B (20) 

1+$%4 (21) 

Giving for the equivalent impedance Z& 

(22) 

Expressed in terms of the corresponding hyperbolic 
functions and their equivalent series the equations for the 
impedances are 

Z, = l/ZZ’ sinh 

dZZ’ 

+ 
23 Z* 

30 240Z13- 1207 6OOZ’* 
+. . . 

z2 .- 
720Z12 

(23) 

4. Equivalent T of a Transmission Line 
Another equivalent circuit for a transmission line is 

shown in Fig. 5. The equations for the impedances of this 
circuit are 

Z -L+2Lp- 17z3 
T’=:-=-- 

122’ 120Z’2 20 16OZ” 

+ 
3124 ’ 

3 628 8OOZ’*- - ’ - > 

z+;=zt l-$+&2-l;;2;z,3 
( 

+ 
127Z* 

604 8002’4- l * � 

(25) 

(26) 

Fig. 5—Equivalent T circuit for representing long transmis- 
sion lines. 
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5. Comparison of the Equivalent r vs. ABCD Con- 
stants 

The choice of the use of the equivalent 7r vs. ABCD con- 
stants in calculating transmission-line constants is largely a 
matter of personal preference. However, each offers cer- 
tain advantages over the other. When the network calcu- 
lator is to be used, it is necessary to set up an actual circuit 
in the form of the equivalent 7r. The equivalent 7r affords a 
better physical picture of transmission-line performance 
and makes the comparison between long and short lines 
and the effect of charging current easier to visualize. 

On the other hand, when a problem is to be solved 
analytically, the use of ABCD constants has a definite ad- 
vantage over the equivalent 7r because of the availability 
of the independent check: AD-BC= 1. This is partic- 
ularly desirable when other circuits are to be combined 
with the transmission line circuit. 

The equivalent 7r or ABCD constants can be used to rep- 
resent any line, section of line, or combination of lines and 
connected equipment. Either one represents accurately all 
conditions at the two terminals of the system. The equiv- 
alent circuit or ABCD constants being considered here per- 
tains only to a single line or line section. The general 
equivalent circuit and general ABCD constants, if so 
desired, can be determined by the combination of the 
equivalent circuits for the rest of the system as discussed in 
Chapter 10. 

6. Expressions for Transmission Line Constants by 
First Two Terms of Their Series 
When considering the accuracy with which transmission 

line circuit constants need be determined, it should be 
realized that the resistance, inductance, and capacitance of 
a line can rarely be known to within 3 or 4 percent and 
probably never within one per cent. This is due to con- 
ductor sag, its variation with different spans, and the varia- 
tion that exists in conductor spacing together with the 
effects of temperature upon conductor resistivity and sag. 
For this reason equations for the above circuit constants 
that are accurate to within 0.5 percent should be satis- 
factory. 

The effect of neglecting all but the first two terms of the 
series in the above expressions can best be shown by con- 
sidering an actual line. For a 300-mile line with 250 000 
circular mil stranded copper and a 35-foot spacing the 
third term in all of the above series expressions is larger 
than normal. 

For this line, from the conductor tables of Chap. 3 

r=O.237 ohms per mile 

~=x,+.rd=O.487+0.431=0.918 ohms per mile 
~‘=~,‘+.~~‘=0.111+0.106=0.217 megohms per mile 
Z = rs+j.cs = (77.1 +j275.4) ohms 

Z'= q'106 -= -j723.3 ohms 

Z 77.1 Ij275.4 
rl 44 - j723.3 

- -0.3807+jO.1066 

z2 
- = 0.0056 - jO.0034 
24Z’2 

This term is thus about 0.6 percent of one (the first term). 
For the third term in the expression for ZT. 

Z2 
- = 0.0011 - jO.00067 
1 20Zf2 

which is about 0.1 percent of one (the first term). 
For all the rest of the constants the term is less than 

0.1 percent. 
Since these terms vary with the fourth power of the 

length of the line, they decrease rapidly for lines less than 
300 miles in length and can be neglected. For instance for 
a 150-mile line the terms are one-sixteenth as large as for 
a 300-mile line. 

Thus the above transmission line constants can be ex- 
pressed sufficiently accurately by the following equations 
which were derived from Eqs. (15), (16), (17), (23), (24), 
(25), and (26) by neglecting all but the first two terms of 
each series expression. 

B=Z,,=lOOrS l- 
( &> 

+jlOOxS l-zs2+Tzsz 
( GOOx’ 600~~’ 

C=$[(l-s)+j$]10-4 

Z&= -j$[(l-&,)+j&]lO* 

zr=5o~s( 1 +S) 

+j5OxS 
( 

T2S2 
1 t s-m 

) 

Z~‘=-~$[(l+&)-j$]10( 

(27) 

w9 

(29) 

(30) 

(31) 

(32) 

In these equations: 
S=length of line in hundreds of miles. 
x and r are in ohms per mile, and x’ in megohms per mile. 

7. Simplified Method of Determining the Imped- 
ances of the Equivalent r Circuit for Transmis- 
sion Lines 
The following method greatly simplifies the determina- 

tion of the impedances of the equivalent 7r circuit and still 
enables them to be determined to within 0.5 percent for 
all practical power transmission lines. 

Equations (28) and (30) can be expressed in the follow- 
ing form: 

Z,, = lOOrSK,+ jlOOxS& (33) 

z;,= -j2$(k.+jk,)lO* (34) ” 

gz=0.1335-jO.08117 
L 

For the third term in the series expression for A. 

where 
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K,=l- 

k,=l- 

k 
7S2 

==izG2 

r2 
sz’ 

(36) 

(37) 

Examination of the above equations shows that for a 
given line, the factors K,, K,, and k, differ from 1 by a 
term that is proportional to the square of the length of the 
line. However, a study of the characteristics of lines which 
it is economical to build and that have been built in the 
United States reveals that for a given length the variance 
of these correction factors from a mean is very slight. In 
addition, it is only the lines with smaller conductor sizes 
and equivalent spacings for which the correction factors 
vary appreciably. 

TABLE 1— MINIMUM CONDUCTOR SIZES AND SEPARATIONS FOR 
WHICH THE MEAN VALUES OF THE CORRECTION FACTORS 

ARE APPLICABLE TO AN ACCURACY OF WITHIN ONE- 
HALF OF ONE PERCENT”’ 

Fig. 6—Correction factors for, the equivalent ?r transmission 
line impedances and ABC constants at 60 cycles. 

Table 1 gives minimum conductor sizes and spacings for 
various lengths of line for which the use of mean correction 
factors will give sufficient accuracy. For lines up to 300 
miles in length with conductor sizes and spacings equal to 
or greater than given by this table, the use of mean values 
for I(,, K,, and k, gives an accuracy of within 0.5 percent. 
The correction factor k, is never greater than about 0.005 
and can be neglected. Thus, the shunt impedance Z& 
can be considered as a pure capacitor. 

In Fig. 6 are plotted the curves for K,, K,, and k, as a 
function of line-length. The values on these curves con- 
form to those of the most common type of line construc- 
tion that is used for a given line length. Thus, in most 

S =length of line in hundreds of miles. 
T- =conductor resistance in ohms per mile. 
z =inductive reactance in ohms per mile. 
x’ = capacitive reactance in megohms per mile. 

be expressed to sufficient accuracy as parabolic equations 
of the type 1 -KS2. In Table 2 are tabulated the cor- 
rection factors expressed in this form. The curves con- 
structed from these equations conform closely to the curves 
of Fig. 6. Table 2 shows that K, can be considered as 1 up 
to 50 miles, K, as 1 up to 75 miles, and k, as 1 up to 100 
miles. Since in practically all cases the individual sections 
of line to be considered are not over 100 miles long, the 
correction factors can be neglected entirely if an accuracy 
of better than lyz percent is not desired. The largest 
deviation from unity is in K, which at 100 miles is only 
1.4 percent. 

- - 
cases the use of these values will give an accuracy con- 
siderably better than 0.5 percent. The factors can also 

Example I-As an example of the use of this method 
in determining the equivalent 7r of a transmission line, con- 
sider a three-phase, GO-cycle, 230-mile line of 500 000 
circular mil stranded copper conductors at an equivalent 
spacing of 22 feet. 

From the Tables of Chap. 3 

Table 2—EXPRESSIONS FOR THE CORRECTION FACTORS FOR 
THE EQUIVALENT r IMPEDANCES 

T = 0.130 ohms per mile 
x =0.818 ohms per mile 

x’ = 0.1917 megohms per mile 

From the curves of Fig. 6 for a 230 mile line 

K, = 0.93 1 
K, = 0.9G4 
k, = 0.982 

S is the length of the line expressed in hundreds of miles. From Eqs. (33) and (34) or Fig. 6 
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2, = (0.130) (230) (0.931) +j(O.SlS) (230) (0.964) 

= (27.8+j181.4) ohms 

Z&= -2 “;‘3gd7’(0.982) ( 104) 

2’ w = -j1635 ohms 

The equivalent circuit for this line is shown in Fig. 13. 

8. Adaptation of Simplified Method of Determining 
Equivalent 7r to Determining ABC Constants 
The foregoing method can be adapted with an acceptable 

degree of accuracy to determining the ABC constants of a 
transmission line. The ABC’ constants of the line should be 
determined by a more accurate method if the line is to be 
combined with other circuit elements. Eq. (27) can be 
written as follows: 

A =K,fji(l-K,), (39) 

where 
XS2 

K,=l--200s’. 

Since K, is the same form of correction factor as K, (Eq. 
(35)), a new curve for the correction factor can be plotted 
as shown in Fig. 6. The constant A is readily obtained 
from the correction factor K, and Eq. (39). The constant 
B is equal to 2, and is determined through the use of the 
correction factors K, and K, of Fig. 6. 

From Eqs. (16) and (17) it can be seen that 

c- B - Bxm6 
ZZ’ xx’- jrx’ (40) 

where 
r= conductor resistance in ohms per mile. 
x=inductive reactance in ohms per mile. 

X' = capacitive reactance in megohms per mile. 

Example I(a)-Determine the ABC constants of the 
transmission line of example 1. 

From the curves of Fig. 6, for a 230-mile line 

K* = 0.897 

From the curve for K* of Fig. 6 and from Eqs. (39) and 
(40) 

A=0.897+~~~ -“*130( l-0.897) 

=0.897+jO.O164 

B=Z, =27.8+j181.4 ohms (from example 1) 

(27.8+j181.4)(10e6) 

‘= (0.818) (0.1917) - j(O.130) (0.1917) 

I=I -0.00000639+j0.001156 

II. REGULATION AND LOSSES 

9. Analytical Solution for Voltage Regulation of 
Short Lines from Known Receiver Conditions 
The commonest type of regulation problem is one in 

which it is desired to determine the voltage drop for known 
receiving-end conditions. For the solution of this problem 
it is more convenient to make ER the reference vector as 
shown in Fig. 7(a). Unless denoted by the subscript L all 
voltages will be taken as line-to-neutral voltages. If line- 

Chapter 9 

(b) FOR KNOWN SENDING END CONDITIONS 

Fig. ‘I-Vector diagrams for determining voltage regulation of 
short lines. 

to-line voltages are applied to the following voltage equa- 
tions the impedance drop must be multiplied by fi for 
three-phase lines or by 2 for single-phase lines. 

In the following equations, (41) through (61), the sign of 
the power factor angle c$, depends upon whether the current 
is lagging or leading. For a lagging power factor, 4 and sin d, 
are negative; for a leading power factor, C#J and sin 4 are 
positive. The cos of t$ is positive for either lagging or leading 
current. 

ER = & = referen_ce 
I =I cos +R+jI sin c$a 
Z=R+jX=rs+jxs 

Es=ER+IZ (41) 
or 

Es= (J!&+~R cos &-IX sin &)+j(fX cos $n 
+IR sin $a). (4% 

Jn magnitude 

(43) 
If the 7R a,nd IX drops are not over 10 percent of J%, 

Es can be determined for normal power-factors to within a 
half percent by neglecting its quadrature component. 
Then 

Es = ER+I;R cos ~#JR - TX sin $a (44) 

The voltage regulation of a line is usually considered 
as the percent drop with reference to ER. 

Percent Reg. = 
lOO(E, -E,) 

E 
R 

(45) 
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For exact calculations formula (43) can be used with 
Eq. 45. 

Using the approximate formula (44) Eq. 45 can be 
written 

1OOs;i: 
Percent Reg. = _ 

E ( 
r cos C#Q-x sin (by) 

R 

(46) 

The load in kva delivered to the receiving end of a 
three-phase line is given by the equation 

-- 
KVA _ 3&J _ u’~EJ 

1000 1000 
(47) 

where EL is the line voltage at the receiving end. 
The regulation expressed in terms of the load and the line- 
to-line voltage can be written 

Percent Reg. = 
100 OOO(kva)(s) 

-2 
EL 

(r cos $R-x sin 4~) (48) 

These equations show that the amount of load that can 
be transmitted over a given line at a fixed regulation varies 
inversely with its length. Using the regulation calculated 
from these equations to determine the receiver-end voltage 
will give this quantity to y2 percent if neither the resist- 
ance nor reactive drops exceed more than 10 percent of the 
terminal voltage. The percentage variance of the regula- 
tion from its own correct value, however, may be great, 
depending upon its actual magnitude and for this reason 
such equations are not accurate for determining load limits 
for fixed regulations. 

Example 2—The use of these equations can be illus- 
trated by calculating the regulation on a three-phase line 
five miles long having 300 000 circular mil stranded copper 
conductors at an equivalent spacing of four feet and carry- 
ing a load of 10 000 kva at 0.8 power-factor lag and a 
receiver line voltage of 22 000 volts. 

r=O.215 oh ms per mi and x = 0.644 ohms per mi. 
Applying Eq. (48) 

Percent Reg. = 
(100 000)~10 000) (5) 

(22 000)2 
(0.215) (0.8) - (0.644) ( -0.6) 1 

Reg. = 5.8yo 

10. Voltage Regulation of Short Lines from Known 
Sending-End Conditions 

To calculate the receiving-end voltage from known 
sending-end conditions it is more convenient to use Es as 
the reference vector as shown in Fig. 7(b). For this case 

Es = J!?S = reference 
ER=Es-IZ (49) 

ER=(Es-IRcos&+lXsin&) -j(rXcos+s+TRsin&) 

(50) 

%=~(~s-fRcos+s+~Xsin+~)2+(IXcos+S+fRsin&)2 

(51) 
Neglecting the quadrature component of ER: 

ER=E~--IRcosc#Q+TX sin& (52) 

11. Problems Containing Mixed Terminal Condi- 
tions 

Sometimes problems are encountered in which mixed 
terminal conditions are given, such as load power factor 

and sending-end voltage, or sending-end power factor and 
receiver-end voltage, and it is desired to determine the 
unknown voltage for given load currents. Such problems 
can not readily be solved by analytical methods. For 
instance, if it were desired to determine the receiver voltage 
from known load power factor, sending end voltage, and 
current, it would be necessary to solve for ER in Eq. (43) 
by squaring both sides of the equation and obtaining a 
quadratic equation for ER. This is somewhat cumber- 
some. Trial and error methods assuming successive values 
of one of the two unknown quantities, are often more con- 
venient. Also, it is sometimes found easier to solve such 
problems by graphical means. The more important prob- 
lems of this type can be solved by use of the Regulation 
and Loss Chart as shown in Sec. 28(d) of this chapter. 

12. Taps Taken Off Circuit 
Quite frequently the main transmission circuit is tapped 

and power taken off at more than one point along the cir- 
cuit. For such problems it is necessary to solve each in- 
dividual section in succession in the same manner as dis- 
cussed above, starting from a point at which sufficient 
terminal conditions are known. 

13. Resistance Losses of Short Transmission Lines 
The total RI2 loss of a three-phase line is three times the 

product of the total resistance of one conductor and the 
square of its current. 

Loss = 3Rr2 in watts. (53) 
In percent of the delivered kw. load 

Percent Loss= - 
173rs1 

EL ~0s ~JR 

It is sometimes desired to determine the amount of 
power that can be delivered without exceeding a given 
percent loss. This is given by 

KW= '% cos2 +R(yo Loss) 

100 OOOrs 
(55) 

This equation shows that the amount of power that can 
be transmitted for a given percent loss varies inversely 
with the length of the line and directly with the loss. 

14. Regulation of Long Lines from Known Receiver 
Conditions 

The effect of charging current on the regulation of 
transmission lines can be determined from the equivalent 
?r circuit. In Fig. 8(a) are shown the vector diagrams for 
the case of known load conditions. The voltage drop in 
the series impedance Z, is produced by the load current 

ER 
1~ plus the charging current z’ flowing through the shunt 

impedance at the receiver end’if the line. For a given line 
this latter current is dependent only upon the receiver 
voltage ER. 

There are two methods of taking this charging current 
into account. One of these is to determine first the net 

> 
that flows through Zm together 

angle &. Using the equivalent 
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Fig. E&-Vector diagrams for determining voltage regulation of 
long lines. 

series impedance Z,, an d this current instead of the load 
current all of the analytical expressions developed for 
short lines are applicable. The equivalent, terminal con- 
ditions to use are shown in Fig. 8 (a). 

Example 3—As an example of the use of this method 
consider the line of example 1, operating at a line voltage 
at the receiver end of 110 kv delivering a load current IR 
of 50 amperes at 0.9 power-factor lagging. 

En = (1 lO,OOO+jO)/& = 63,5OO+jO 

IR = 50e-j25.80 = 5O[cos ( - 25.8”) +j sin( 

= 45 - j21.8 amps 

- 25.8’)] 

I,,=I,+I~=45-j21.8+j38.8=45+j17=48.1~’20~70 

Zeq= 27.8+j181.4 = 183.5?.280 
Es = 63,500+ (48.1~~~~-‘~“) (183.5~~~‘.~~“) 

= 61,7OO+j8640 

*Sine of negative angle is (-), of positive angle is (+). 

15. Regulation of Long Lines from Known Sending- 
End Conditions 

For this case the equivalent current flowing through 
Z& can be determined as the difference between IS and 
I; the current in the shunt reactance at, the sending end 
of the equivalent circuit. The vector diagram and equa- 
tions for this case are shown in Fig. 8 (b). 

16. Effect of Line Capacitance on Regulation Ex- 
pressed in Terms of a Correction Factor 

As an alternative method the voltage relations can be 
determined in a form equivalent to adding a correction 
factor to the terminal voltage instead of to the current. 
This method has an advantage in that an average value 
can be taken for this correction factor which is a function 
only of the length of the line. 

Referring to the vector diagram of Fig. 8(a) for known 
receiving-end conditions and lagging power-factor, it is 
seen that the vector equation for the sending-end voltage 
Es can be written in the following form in terms of the 
load current IR and receiving-end voltage ER if the cur- 
rent IRf is expressed in terms of ER: 

cos +R+Repf~ sin &t (56) 

When the quadrature component of Es is neglected, its 
magnitude can be expressed as 

Es= l-xe 
( ) 

ER+IL~IR cos +R--XJR sin +R (57) 
eq 

From the same considerations that enabled average 
values to be taken for the correction factors of the equiv- 
alent 7r impedance discussed in Sec. 7 an average value 

can be assumed for 2 in Eq. (57). 
eq 
x-4 ry- = 0.0201s2 (58) 

09 
where S is the length of the line in hundreds of miles. An 
approximate expression can thus be obtained for the regu- 
lation of long lines similar to that of Eq. (46). 

1OOIR 
App. y0 Reg. = ~(~.,~os~~-X~~sin~~)-2.01~~(59) 

R 

Similar analysis can be applied to problems involving 
known sending end conditions. A comparison of Cqs. 
(59) and (46) shows that when Z,, is used for long lines, 
the equations are of the same form with the exception of 
the correction factor ( -2.01S2). For lines up to 100 miles 
in length short line formulas can usually be applied to a 
good degree of accuracy by merely adding this term to the 
result. This, of course, neglects the correction factors K, 
and k’, for Z,,. 

17. Determination of Voltage at Intermediate 
Points on a Line 

The voltage at intermediate points on a line may be 
calculated from known conditions at either terminal by 
simply setting up the equivalent circuit for the line be- 
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tween the terminal and the intermediate point. For the 
line thus set up any of the methods given above may be 
used. 

18. Resistance Losses of Long Lines 

The effect of charging current on line losses can be 
treated as in Sec. 14 for regulation. Referring to Fig. 8 
the loss can be considered to be due to the current 
Ie,=IR+IR’=IS-19’ flowing through the equivalent 
resistance (n,,). 

Thus in terms of the load current 

Los~=312,,(1~+1~‘)~ watts (60) -- 
-2 
ER 

sin 9n+z’2 1 watts (61) 
ea 

III. CIRCLE AND LOSS DIAGRAMS 

Equations for line currents, power, and resistance losses 
can be expressed as functions of the terminal voltages and 
system constants. Such equations and graphical repre- 
sentations of them are found convenient not only for the 
more common types of performance problems but also in 
connection with system stability. The graphic form of 
the power and current equations are very similar and are 
known as “circle diagrams.” Of these the power circle 
diagram is the most important. In the past this diagram 
has been primarily limited in its use to transmission sys- 
tems. However, it is thought that if its simplicity and the 
clarity with which it depicts system performance are 
better understood, it will be applied more frequently to 
both transmission and distribution problems. 

19. Vector Equations for Power 
In previous editions of this book, lagging reactive power 

was considered as negative and leading reactive power 
positive. This conformed to the standard adopted by the 
American Institute of Electrical Engineers at that time. 
The convention has now been adopted as standard by the 
Institute that lagging reactive power be considered as 
positive and leading reactive power negative. Using this 
notation the vector expression for power can be written as 
the product of the voltage and the conjugate of the 
current. 

P+jQ=Ef (6% 

This can be shown with reference to Fig. 9. 

E = E cos O,+ j,@ sin 8, 

I =I COS Oi+jT sin 0i 

I=1 cos ei-j1 sin 0i 

Ef=E (cos O,+j sin &)I (cos ei---j sin 0i) -- 
= EI [(cos 8, cos Bi+sin 8, sin 0,) +j(sin 8, cos 8i 

- cos 8, sin ei)] 

since, cos (&---0,) =cos 8, cos Bi+sin 8, sin 0i 

and sin (0,---0J = sin 0, cos 0i-cos 0, sin 8i -- -- 
Ef=EI cos (O,--Oi)+jEI sin (0,-e,) 

Let + be 8,--8i; then for lagging or inductive power 
factors 4 is positive and 
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Fig. 9—Diagram for determining the vector equation for 
power. 

For leading or capacitive power factor, 4 is negative and 
the imaginary component will be negative. A complete 
discussion of the direction of the flow of reactive power is 
given in Chap. 10, Sec. 2. 

20. Current and Power Equations and Circle Dia- 
grams for Short Lines 

Using the above notation the per phase power at either 
end of a line is given by the product of the line-to-neutral 
voltage and the conjugate of the current at the particular 
end in question. If Is is chosen as positive for current 
flowing into the line, positive sending-end power indicates 
power delivered to the line; and if In is taken as positive 
for current flowing out of the line, positive receiving-end 
power indicates power flowing out of the line. 

Referring to Fig. 1: 
Is=IR=I 

Ps+jQs=&f 

&+jQR=ERf 

The current can 
voltage as follows : 

be expressed in terms of the terminal 

I=~s-E~ 

---z--- 

also f=H 

2 
(63) 

Thus 
&&-J%BR 

Ps+jQs= 2 

-ERER+ER& 
PR+j&R=- 2 

If ER be taken as the reference, then Es = Escjeacd -- 
E&!?s=E~; ESBR=ESERE~~; EnBR=E&; and ERES=ERES 
E . -je The expressions for sending- and receiving-end power 
become -- 

Ei ESERE~’ 
Ps+jQs=2--~ 

-- 
P+jQ=Ef=EI cos $+jEI sin +. the vector to the center of the sending end circle diagram. 

(64) 

(65) 

The sending and receiving end real and reactive power is 
the sum of two vector quantities. Furthermore, if the 
voltages Es and ER are held constant, there is only one re- 
maining variable, 8. The interpretation of Eqs. (64) and 
(65) in the form of power circle diagrams is an important 
concept. Tts simplicity is self evident by referring to Eq. 
(64) and Fig. 10. 

The first term 2 is plotted as shown on Fig. 10 and is 
EL 

2’ 
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Fig.10—Power circle diagram for short lines. 

-- 

The second term 
EsERej’ 

--, which is the radius of the circle 
2 

is added to this first term so that the resultant is the send- 
ing end real and reactive power. A complete sending end 
circle diagram is obtained by first determining the center -- 

of the circle from 
I?; EsE&’ 
-, and second, the radius- --) 
2 2 

letting 0 = 0. 
The receiving-end circle diagram is obtained in the same 

manner. 
Equations (64) and (65) can be reduced in general terms 

to Cartesian coordinate form in which the real and reactive 
parts are separated. However, it is simpler to insert the 
proper numerical values in the vector and conjugate form 
and solve by polar and Cartesian coordinates, from which 
the circle diagrams can then be plotted. 

If Eq. (65) is reduced to Cartesian-coordinate form it 
can be shown that the maximum power that can be re- 
ceived over the line is obtained when 6 is equal to 

y = tan-l 4, the angle of the line impedance. 
r 

The expres- 

sion for the maximum receiving power is -- 

PR max= -++E+s 036) 

It can also be seen from Fig. 10 that PR is maximum when 
8=7. 

When the line-to-neutral voltages are expressed in volts, 

the coordinates of the diagram are per-phase real volt- 
amperes and per-phase reactive volt-amperes. When ex- 
pressed in kilovolts, the coordinates become thousands of 
kilowatts and thousands of reactive kilovolt-amperes. 
Total three-phase power is three times the per-phase 
power. All of the expressions for power written contain -- 
products of Ei, Ei, or EJ3R. When given in terms of 
line-to-line voltages, they are all three times as great as 
when line-to-neutral voltages are used and thus the 
equations then represent total three-phase power. 

Referring to Fig. 10 for the operating condition indi- 
cated by the given angle 8 the point A of the power circle 
diagram shows the value of Ps and Qs being delivered to 
the line at the sending end and the point B the value 
of PR and Qn drawn from the line at the receiver end. The 
difference between Ps and PR is the RI2 loss of the line 
itself for this operating condition. 

The value of Q at each end is the reactive power which 
must be supplied to the line in the case of the sending end 
or drawn from the line in the case of the receiving end in 
order to maintain the chosen terminal voltages. At the 
receiving end the reactive power drawn Gy the load itself 
at the particular load power factor may not be equal to 
that required to maintain the desired voltage. If a syn- 
chronous condenser is used at the receiving end, the dif- 
ference must be supplied by the condenser to maintain the 
voltage. 

It will be noted that for a given network and given 
voltages at both ends there is a definite limit to the amount 
of power which may be transmitted. If the angle 8 is 
increased beyond this point, the amount of power trans- 
mitted is reduced. The critical value of 8 for this condition 
was shown by Eq. 66 to be 8 = y. The only way the power 
limit may be increased for a given network is by increasing 
the voltage at either or both ends. Increasing the voltage 
at one end increases the radius of both circles in direct 
proportion and moves the center at that end only away 
from the origin, along a line connecting the original center 
to the origin, proportional to the square of the voltage at 
that end. Where the network is subject to change, changes 
in network constants will also change the power limit. 
Referring to Fig. 10 and Eq. (66)) it is evident that a 
decrease in the magnitude of 2 will result in an increase in 
the power which may be transmitted. Thus any change 
which decreases the series impedance such as the addition 
of parallel circuits will increase the power limit. 

Since the conjugate of the phase current, in amperes, is 
the per-phase power in volt-amperes at either end divided 
by the phase voltage at the same end, either the sending- 
end or receiving-end power circles, when placed in the 
proper quadrants, can be used to represent the locus of the 
current with a proper change in scale of the coordinates. 
Referring to the sending end circle diagram of Fig. 10, 
Ps+jQs=Ef and for the point A, Qs is positive lagging 
reactive power. Therefore the imaginary component of the 
conjugate of the current is positive; the imaginary com- 
ponent of the current is negative. If the power circle dia- 
grams are rotated about the real power axis so that the 
center of the sending-end circle is in the fourth quadrant 

I?; 

-z- 
will then be the vector to center), and the center of 
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the receiving end circle is in the second quadrant, then the gether with the quantities for laying out the diagram. 
power circle diagrams properly represent the current circle Since the coordinate of the center of the power circles 
diagrams if the appropriate change in scale of the coor- depends only on ER which is fixed, all the circles have the 
dinates is made. Lagging reactive current is negative and same center but different radii corresponding to the differ- 
leading reactive current is positive. ent values of sending end voltages. 

If the sending-end circle is used the current is referred 
to the sending end voltage as the reference vector and the 
coordinates should be divided by the sending end voltage. 
For instance, if the sending-end power diagram were con- 
structed using line-to-line voltages in kilovolts resulting in 
power coordinates given in thousands of total three-phase 
kilovolt-amperes, the power coordinates should be divided 
by 43 times the line-to-line sending end voltage in kilo- 
volts giving current coordinates in thousands of amperes. 
If the receiving end circle is used, the current is referred to 
the receiving end voltage as reference. For the current 
circle diagrams the angle 0 still, of course, refers to the 
angle between the two terminal voltages. 

Examination of this figure shows, for example, that the 
maximum load at 0.9 power factor lag which can be carried 
by the line at 5 percent regulation without reactive power 
correction is that indicated by point A or about 2600 kw. 
If it is desired to transmit a load of 5000 kw indicated by 
point B, the regulation would be about 11 percent without 
rkva correction. To reduce the regulation for this load to 
5 percent would require that the receiver and load condi- 
tions be that indicated by the point C, and it is evident 
that about 2400 lagging reactive kilovolt-amperes must be 
supplied to the receiver end of the line to attain this condi- 
tion by having capacitors or a synchronous condenser 
supply that amount of lagging reactive kilovolt-amperes. 

For a study of the performance of a system it is some- 
times found convenient to plot on the power circle diagram 
a family of circles corresponding to various operating volt- 
ages. The most common case is one in which the line is to 
operate at a fixed receiver voltage and it is desired to de- 
termine the line performance for various sending-end volt- 
ages. For such a case the receiver diagram is usually all 
that is needed. 

21. Current and Power Equations and Circle Dia- 
grams for Long Lines 

Representing long lines by their equivalent r circuit as 
shown in Fig. 6 results in modifying the form of the simple 
short line equivalent circuit by the addition of the shunt 
capacitive reactances at each end 

Example 4-An example of this type of problem is 
shown in Fig. 11. There the line constants are given to- Thus the equations for the terminal currents have an 

additional term as shown in Fig. 8. 

Fig 11—Family of receiver power circles for a 15-mile line with 
No. 0000-19 strand-copper conductors and I-foot equivalent 

spacing. 

Receiver voltage E, = 22-kv line-to-line. 
T =0.303 ohm per mile. 
z =0.665 ohm per mile. 
Z = zs = 10.94 ohms. 

I s- -Eg+g; r,=7 2,. Es-&i; 8s 

eq eq -4 eq 
(67) 

I 
Es-& ER &-3, $R 

RZ------ 

z eq 
-z'; fR=------;-. 

eq seq zdq 

(68) 

The sending- and receiving-end power is determined in 
the same manner as for the short line. 

Ps+.iQs = Esfs 

L eq L -4 &?2 eq 

Rewriting Eq. (69) in a slightly different form 

Ps+jQs=(~+~)-~. 

Similarly for receiving end power: 

(70) 

A comparison of Eq. (70) with (64), and (71) with (65) 
shows them to be of the same form consisting of a fixed 
vector with a second vector constant in magnitude but 
variable in phase, added to it. The power circle diagram 
can be plotted as shown in Fig. 12. The circle diagram is 
most easily obtained by the numerical and vector substitu- 
tion for the voltages and impedances. The center and the 
radius of the circle can then be calculated by reduction 
using a combination of polar and Cartesian coordinates. 
Example 5 illustrates the method and shows the power 
circle diagrams which are obtained in Fig. 13. 
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Fig. 12—Power circle diagram for long lines. 

In Eqs. (70) and (71) the terms 

are not a function of the angle 8 and therefore add directly 
to the “short line” fixed vector so that the effect is to shift 
the center of the power circles in the direction of volt- 
amperes only. The presence of the shunt reactances 
decreases the amount of positive reactive volt-amperes put 
into the sending end of the line for a given amount of real 
power and increases the positive volt-amperes delivered at 
the receiving end. This decreases the amount of leading 
reactive volt-amperes which would have to be absorbed by 
synchronous condensers or capacitors for a given load 
condition. It does not affect the real power conditions for 
a given operating angle or the load limit of the line. These 
factors are determined entirely by the series impedance of 
the line. 

Referring to Fig. 12, if the radius of the receiving-end 
circle for 8=0 were plotted with the origin as the center, 
the vector would be at an angle y with the real power axis. 
The angle indicated on Fig. 12 is therefore equal to y, 
the angle of the equivalent series impedance. The max- 
imum real power that can be delivered over the line occurs 
when 8 = y. 

The current circle diagrams for the sending- and re- 
ceiving-end currents can be obtained as discussed in Sec. 
20. The sending-end current diagram is obtained from the 
sending-end power circle and is referred to the sending- 
end voltage vector as reference. The receiving-end current 
diagram is obtained from the receiving-end power circle and 
is referred to the receiving-end voltage. 

Fig.13—Equivalent circuit and power circle diagram for a 230- 
mile line with 500 000 circular mll. stranded copper conductors 

and an equivalent spacing of 22 feet. 

Operating voltages; ES = 230-kv, El< = 200-kv, line-to-line. 
For this line T =0.130 ohms per mile. 

z =0.818 ohms per mile. 
x’=O.1917 megohms per mile. 

From curves of Fig. 6 for 230 miles 
K, =0.931 
K, = 0.964 
k, = 0.982 

Z,, = (27.8+j181.4) ohms; ZIeq = -j1635 ohms. 

Example 5— Fig. 13 shows the power circle diagram 
constructed for an actual line. 

The power circle diagrams are obtained from Eqs. (70) 
and (71). If line-to-neutral voltages in kv are used, the 
results must be multiplied by three to obtain real and re- 
active power in mw and mvar. If the line-to-line voltages 
in kv are used, the results are three-phase power in mw 
and mvar. . 

a E; 
Vector to center = z+z 

(230)2 

= 27.8 --j181.4 
+ (23OY 

+j1635 

(230)2 + (230)2 
= 183.4~-~~‘~~~~ 1635~~~~ 
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= 288d81.28”+32.4E-fgo” 

= 43.6+j284+32.4 = 43.6+j251.6 
-- 
EsE&’ 

Radius of the sending end circle = - v for 8=0. 
z w 

230 x 200 =- 
27.8-j181.4 

= _ 25 1 p.28 = - 38.0 -j248 

Ps+jQs (for 0=0) =43.6+j251.6-38.0-j248=5.6+j3.6 

Similarly for t,he receiving circle: 

E,z ER2 
Vector to center = -If -rsil 

- (200)2 (200)2 
-- = -33.0 -jr90.5 

= 27.8~$81.4 +j1635. 
-- 
E&t 

for 8 = 0, Radius = T 
zw 

= 38.0 +j248 

and PR+~QR = -33.0-j190.5+38.O+j248 = 5.O+j57.5 

Figure 13 shows the power circle diagrams plotted from 
the calculated results given above. Suppose it is desired to 
deliver a load of 100 mw at 0.9 power factor lagging; 
i.e., P+jQ= lOO+j48. From the curves of Fig. 13, for a 
delivered power of 100 mw the angle 0 is 23.5”. The fol- 
lowing values from the circle diagrams are Ps+jQs = 108 
+jll and PR+jQR = lOO+j20. These values are indicated 
on the diagram of Fig. 14. The arrow indicates the direc- 

Fig. 14—Recorded values of power flow as obtained from 
Fig. 13 and Example 5. 

tion of positive real power flow. Inductive lagging re- 
active power in the same direction is positive and is the 
value in parenthesis. These designations and nomencla- 
ture follow present-day network calculator practice. 

At the receiving end there is a deficit of lagging reactive 
power. A synchronous condenser operating overexcited 
would be required to supply 28 mvar. If the condenser is 
considered as a load the direction of the arrow can be 
reversed with a minus sign in front of the value for the 
reactive power. The synchronous condenser is then taking 
negative, or leading reactive power. 

22. Current and Power Equations and Circle Dia- 
grams for the General Equivalent T Circuit 

The circle diagrams are applicable to the study of the 
performance of an overall system. Such a system can be 
represented by an equivalent 7r circuit of the form shown 
in Fig. 15. For such a case the shunt impedances usually 
are not equal and have resistance components introduced 
by the presence of other equipment containing resistance. 

If the shunt impedances take the completely general 
form of 2s’ and ZR’, the equations for sending- and re- 

Fig. 15—Power circle diagram for the general equivalent ?r 
circuit. 

ceiving-end power can be written directly from equations 
(70) and (71). 

f’s+jQs=(~+$)-E~ (72) 

and p,+jQ.=( -E?i)+sF (73) 

The construction of the power circle diagrams is the 
same as for the long lines as shown in Fig. 12. In the case 
of the general equivalent a, Zs’ replaces Z,,’ at the sending 
end and ZR’ replaces ZCq’ at the receiving end. The effect 
of resistance and reactance in the shunt branch at the 
sending or the receiving end can be visualized better if the 
impedance is expressed in Cartesian coordinate form. 
Referring to Eq. (72), the second quantity in the first term 
becomes 

(74) 

This quantity is added to the “short line” vector to center, 
-2 
ES 

z!,’ 

This point as applied to the sending end circle diagram 
is illustrated in Fig. 15. The complete vector to center is 

-2 Es E: 
shown as -+-;-, as the sum of the two individual vector 

geq 2,’ 

E 
quantities, and as the sum of the vector 2 and the Car- 

L 

@Rs’ 
tesian coordinates - 

@Xs eq 

ZA2 
and jp 

zs2 - 
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Referring to Fig. 15 and Eq. (74) the effect of resistance 
is to shift the center of the circle in the direction of in- 
creased positive real power. A positive reactance shifts the 
center in the direction of increased positive reactive power; 
a negative reactance shifts the center in the direction of 
decreased positive reactive power. 

In the case of the receiving-end circle diagram, the effect 
of resistance is to shift the center of the circle in the 
direction of increased negative real power. A positive 
reactance shifts the center in the direction of increased 
negative reactive power; a negative reactance shifts the 
center in the direction of decreased negative reactive 
power. 

The current circle diagrams for this case can be de- 
termined as discussed in Sets. 20 and 21. 

23. Loss Diagram 

Although the resistance loss can be taken from the power 
circle diagram, it can be obtained more accurately and 
conveniently from the Loss Diagram. 

Loss = Ps - PR 

For the case where the transmission line alone is being 
considered 

E; EsER 

Loss = FFR - +R cos 8-X sin 0) 

-- 
E2 EsER 

+FfR- r (R cos 8+X sin 0) 

-- 

= (@+&)!&2E+R COS e (75) 

The graphical representation of this equation is given in 
Fig. 16. I 

Fig. 16—The transmission line loss diagram (when solving for 
general equivalent A loss, substitute R,, for R and z,, for z). 

For the general equivalent 7r circuit, the equation for 
loss is 

Loss= @+,!?; 2+&i; 

[ 1 

E2 

eq cl)2 
-- 

+ ” R’ 2EsERR cos 8 
(2;)” lx- z;, eq 

(76) 

As shown by Fig. 16 this is equivalent to the formula for 
the loss on the transmission line alone except for the terms 
A!?; E; 

-23; and mRL which represent the losses in the 
6%) 2 R 
resistance components of the shunt impedances 2; and 
2;. 

As was the case for the previous power equations, if 
line-to-neutral voltages are used, the loss is on a per 
phase basis; and if line-to-line voltages are used the total 
three-phase loss is represented. 

An equation for the load which can be delivered at a 
given percent line loss on lines regulated by synchronous 
capacity is important in determining their performance. 
Upon the assumption of equal sending- and receiving-end 
voltages a very simple approximate equation can be de- 
rived which gives an accuracy of a fraction of a percent over 
the practical operating range of loss and regulation. When 
loss is expressed as a percentage of PRY this equation is: 

PR= 
y$$ Loss E:X;q [ 1 (loo+% Loss) R,qzZq 

A corresponding equation for &R is 

(77) 

PR in Eq. (77) is, of course, independent of the load 
power factor and from Eq. (78) the required amount of 
synchronous capacity to maintain equal sending- and 
receiving-end voltages for the delivered load PR can be 
obtained by subtracting the reactive kva of the load 
from &R. 

24. Current and Power Relations in Terms of the 
ABCD Constants 

In many cases it is desirable to use ABCD* constants 
because of the desirability of the check AD -BC = 1. This 
is particularly true where there are several combinations of 
circuits including transmission lines, series impedances and 
shunt impedances. Expressions for sending and receiving 
end power can be obtained readily and the circle diagrams 
can be drawn. 

E&!=AER+BIR (7% 

Is = CER+DIR (80) 

ER=DEs-BIS (81) 

IR= -CEs+AIS (821 

Solution of the above equations for IS and IR gives: 

fj ZR Is=;Es-9; f,=B&-B. 

IR= 

Ps+jQs=Esfs 

=E 2 c ES*R -- 
ssB B 

=E2g E&de 

sB--z--- 

*For definition of ABCD constants see Chap. 10 Sec. 21. 

(83) 

(84) 

(85) 
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036) 

where 

A=Al+jA2=A+; A=A1-jAz=Ae-j 

B= Bl+jB2=Zi@ fi = B1 - jB2 = BE-jfi 

D=Dl+jDz=DP fj=D,--jD,=~~-j8 

The sending- and receiving-end power can be obtained 
readily from solution of Eqs. (85) and (86) by numerical 
substitution using polar and Cartesian coordinates. Eqs. 
(85) and (86) take the familiar form (see Sec. 20) of a fixed 
vector plus a vector of constant magnitude but variable in 
phase position. The circle diagram construction is shown 
in Fig. 17. The maximum real power that can be de- 

Fig. 17—Power circle diagram in terms of ABCD constants. 

livered occurs when 0= p, which is the angle of the con- 
stant B. The angle p is indicated on Fig. 17. 

A breakdown of Eqs. (85) and (86) into their Cartesian 
coordinate form gives the equation for loss in the form 

Loss=Ps-PR= 

E2S E2R 
~(u,D~+B,D,)+B2(B~A1+B,A2) -T+ 

037) 

Further discussion of the use of ABCD constants and 
power angle diagrams is given in Chapter 10, Sec. 21. 

IV. TYPICAL TRANSMISSION 
LINE CHARACTERISTICS 

In any detailed analysis of power flow, voltage regulation, 
and losses involving a transmission line circuit, each line 
should be considered individually with regard to its 
specific characteristics. However, for rough approxima- 
tions there are certain rules of thumb that apply to an 
“average” line and that can be used for orientation 
reasons. 

A study was made of recently constructed transmission 
lines in the United States in the voltage range from 69 to 
230 kv and Table 3 shows the results. This table is a good 
representative cross section of existing lines and gives im- 
portant characteristics of typical lines. The conductor 
sizes, spacings, and type of tower construction represent 
the most common usage. For the middle value of spacing, 
the characteristics of the aluminum conductor and its 
copper equivalent are given to illustrate the difference 
between types of conductors. In previous years, copper 
conductors were used more frequently although the present 
trend seems to be toward the use of ACSR conductors. 
The spacings given were modified slightly in some in- 
stances so as to follow a smooth curve of spacing vs. 
voltage for the different types of construction. Regarding 
the type of construction, it appears that the particular 
locale dictates the material used. As a matter of fact, in 
certain sections of the world reinforced concrete poles are 
used because of the unavailability and high cost of either 
steel or wood. 

The 60-cycle series reactance in ohms per mile is given 
for each line in the table. The average of these values is 
0.7941 ohm per mile, which indicates that the rule of 
approximately 0.8 ohm per mile for a transmission line is 
applicable. Frequently, it is desired to know the per- 
cent reactance per mile of a line and for convenience this 
value is also given. The percent reactance varies directly 
with the kva base so that for some base other than 100 
mva, the percent reactance can also be determined con- 
veniently. 

As previously mentioned, the use of susceptance is less 
at present because of the manner in which tables of con- 
ductor characteristics are given. The shunt-capacitive 
reactance in megohms per mile is therefore included in this 
table. The susceptance can be determined by taking the 
reciprocal of the shunt-capacitive reactance. The suscept- 
ance is in micromhos per mile. Shunt-capacitive react- 
ance varies inversely with the distance in miles. 

The average value of the shunt capacitive reactances in 
Table 3 is 0.1878 megohm per mile. A good rule is that 0.2 
megohm per mile may be used for the shunt-capacitive 
reactance. It is significant to note that regardless of the 
voltage, conductor size, or spacing of a line, the series 
reactance and shunt-capacitive reactance are respectively, 
approximately 0.8 ohm and 0.2 megohm per mile. 

The charging kva per mile of line is a convenient value 
for reference and is given in column 9 of the table. This 
value varies with the voltage of the line. Some convenient 
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TABLE 3. TYPICAL TRANSMISSION LINE CHARACTERISTICS AT 60 CYCLES 

rules are given for estimating charging kva in the following 
discussion. 

The surge impedance of a transmission line is numeri- 

cally equal to 
4 

z 
C’ It is a function of the line inductance 

and capacitance as shown and independent of line length. 
A convenient average value of surge impedance is 400 ohms. 
As shown in the table, this value is more representative of 
the larger stranded copper conductors than it is for the 
ACSR conductors. Compared to the average value of 356 
ohms from the table, 400 ohms is a good approximation. 

resistance; i.e., Es =ER+fR. Surge-impedance loading in 
itself is not a measure of maximum power that can be 
delivered over a line. Maximum delivered power must take 
into consideration the length of line involved, the impe- 
dance of sending- and receiving-end equipment, and in 
general all of the major factors that must be considered 
with regard to stability. The relation of surge-impedance 
loading to line length, taking into account the stability 
consideration, is covered in Chap. 13, Part IX. 

Following is a summary of approximations that may be 
applied to transmission lines for estimating purposes: 

Surge-impedance loading in mw is equal to 

(kv L--d2 

Surge Impedance 

and can be defined as the unit power factor load that can 
be delivered over a resistanceless line such that the q2X 
is equal to the charging kva of the line. Under this condi- 
tion the sending-end and receiving-end voltages and cur- 
rents are equal in magnitude but different in phase posi- 
tion. In the practical case of a line having resistance, the 
magnitude of the sending-end voltage is approximately 
equal to the magnitude of the receiving-end voltage plus 
the product of the magnitude of the current and the line 

1. Series reactance of a line=0.8 ohm per mile. 

2. Shunt-capacitive reactance of a line=0.2 megohm per mile. 

3. Surge impedance of a line = 400 ohms. 
(km-d2 

4. Surge-impedance loading, (SIL) in mw = 400 orinkw= 

2.5(kvLpL)? 

5. (a) Charging kva for a hundred miles of line is 20.5 percent 
of the SIL. 

(b) Charging kva of a line is also=5000 100 ( L)(!F%$)*, 

where L= line length in miles, 
kvn-L = line- to-line voltage in kilovolts. 
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Fig .18—Distribution of voltage and current along a 300-mile 
transmission line, 795 000 circular mils, ACSR conductor, 25- 

foot equivalent spacing. 

- Voltage 
. _ _ _ _ . _ _ Current 

r =0.117 ohm per mile 
x =0.7836 ohm per mile 

z’= O.1859 megohm per mile 

The effect of the distributed capacitance of a transmis- 
sion line on the voltage and current distribution along the 
line is illustrated in Fig. 18. The calculated results are 
based on a transmission line 300 miles in length, 230 kv, 
795 000 circular mils, and 25-foot equivalent spacing. The 
loo-percent surge-impedance loading of the line is 139 000 
kilowatts. The current corresponding to this load at 100 
percent voltage is 348 amperes, The voltage and current 
are shown as a function of the line length for 100 percent, 
50 percent surge-impedance loading at the middle of the 
line and for zero delivered load. The voltage at the middle 
of the line was maintained at 230 kv and E’s and ER were 
allowed to vary depending upon the load condition. 

At loo-percent surge-impedance loading, the voltages 
Els = 240 kv and ER= 219 kv. The current is a constant 
value of 348 amperes. If the surge-impedance loading is 
assumed at the receiving end of the line, the magnitude of 
the current is slightly different at the sending end because 
of line resistance. The amount of this difference depends 
upon the ratio of line reactance to resistance and the length 
of the line. Based on the calculated voltages of Es and ER, 
the regulation of the line is 9.5 percent. The value of 
regulation as determined from the product of the magni- 
tude of the current and the resistance is also 9.5 percent. 

For 50-percent surge-impedance loading the current is a 
minimum value at the middle of the line. If the surge- 
impedance loading is taken at the receiving end, the cur- 
rent decreases to a minimum at the receiving end. In Fig. 18 
surge-impedance loading is taken in the middle of the line 

for purposes of exposition. Generally the surge-impedance 
loading should be considered at the receiving end because 
the delivered load is usually the quantity of most interest. 

V. 60-CYCLE TRANSMISSION LINE 
REGULATION AND LOSS CHARTS 

The voltage regulation and efficiency of a transmission 
line or distribution feeder are fundamental properties of 
its performance. In determining these quantities for ex- 
isting systems or in designing new systems to meet given 
load requirements, it is thought that the charts presented 
here will save a great deal of time and labor that would 
in many cases be necessary if analytical methods were used. 

For low voltage lines without synchronous or static 
capacitors, voltage regulation is usually the more impor- 
tant consideration. For instance, in the design of a line 
to carry a certain load one wishes to determine the proper 
transmission voltage and conductor size. Based on an assum- 
ed allowable regulation several voltages and conductor sizes 
will be found to transmit the load, the final choice being 
based upon economics for which the line efficiency is de- 
sired. The performance of higher voltage regulated lines, 
however, is determined primarily by the line loss. 

The charts presented here were developed with these 
two points of view in mind. Quite frequently it is desired 
to obtain quickly an approximate solution. The Quick 
Estimating Charts afford a simple method for such cases. 
For more accurate calculations the Regulation and Loss 
Chart is provided. It is important to be able to consider 
more than just the line itself. The transformers are often 
the determining factor in the choice of the proper line volt- 
age. The Regulation and Loss Chart is constructed so that 
from the knowledge of the equivalent impedance of a 
system its performance can be determined. 

25. Quick Estimating Charts 
In Figs. 19 and 20 are plotted curves showing the power 

which can be transmitted at five percent regulation to- 
gether with the corresponding percent line loss for various 
voltages and conductor sizes. These curves afford the 
rapid estimation of such problems as the regulation for a 
known load, the load limit of a line for a given regulation 
and the determination of voltage and conductor size for the 
transmission of a given load at a given regulation. Fig. 21 
is an aid for interpolation between the values of power 
factor given on the curves. 

The curves of Fig. 22 give the power which can be trans- 
mitted for various conductors and voltages at a line loss of 
five percent. These curves are most useful in determining 
the performance of lines regulated by synchronous or static 
capacitors, 

Charts Based Upon Regulation- Fig. 19 applies 
specifically to stranded copper conductors, but it can be 
used for copperweld-copper conductors with an accuracy 
of two to three percent. Fig. 20 applies to ACSR con- 
ductors. The load which can be transmitted over a line 
at a fixed regulation varies inversely with its length so that 
for a given line the actual load is the value read from the 
curves divided by the line length. For 220 to 440-volt lines 
the values on the curves are given in kilowatts times hun- 
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Fig. 19—Quick Estimating Charts Based Upon 5 Percent Reg- 
ulation-stranded Copper Conductors. 

The curves give load in kilowatts X miles or kilowatts X hundreds 
of feet which can be received at 5 percent regulation together 
with corresponding line loss. 

For a given length of line, power is equal to value read from curves 
divided by length of line. 

Power for other regulations is approximately equal to values 

% Reg read from curves multiplied by ___ 
5 * 

For power factors other than given in charts, multiply values read 
from curves for unity power factor by fractions given in Fig. 21. 

Percent loss for other regulations and power factors than found on 
charts are given by equation 

(Percent Loss ) 2= (Percent Loss)I X ~-- X 
(Kw Load) I (Power Factor); 

For single phase lines divide power read from charts by 2 and 
percent loss by d3. 
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Fig. 20—Quick Estimating Charts Based Upon 5 Percent Reg- 
ulation-A.C.S.R. Conductors. 

dreds of feet. For higher voltages they are in kilowatts 
times miles. 

The curves give load in kilowatt X miles which can be received 
at 5 percent regulation tog&her with corresponding line loss. 

For a given length of line, power is equal to value read from curves 
divided by length of line. 

Power for other regulations is approximately equal to values read 

7% Reg 
from curves multiplied by 5, 

For power factors other than given in charts, multiply values read 
from curves for unity power factor by fractions given in Fig. 21. 

Percent loss for other regulations and power factors than found on 
charts are given by equation 

(Percent Loss) 2 = (Percent Loss)I X 
(Kw Load)2 (Power FactorI? 

(Kw Load)1 ’ (Power Factor): 

For single phase lines divide power read from charts by 2 and 
percent loss by 4% 

For each voltage a common equivalent conductor spac- 
ing is assumed and the curves are drawn so that it is pos- 
sible to interpolate to a good degree of accuracy for other 
voltages than those given. In addition the relationship 
that the power is proportional to the square of the volt- 
age may be used. Since the percent loss does not vary 
more than about a tenth of one percent for each conductor 
size in each set, of curves, mean values are given as 
shown. 

For the same line voltage, conductor, equivalent spac- 
ing, and regulation half as much load can be transmitted 
on a single-phase two-wire line as for a three-phase line. 
For this reason the curves can be used to good accuracy 
for this kind of line by simply dividing by two the load 
read from them. For this single-phase load the percent 



Charts Based Upon Loss-In Fig. 22 (a) are plotted 
curves for short lines which show the power in kilowatts 
times miles which can be transmitted under two condi- 
tions. The solid curves are based on five’ percent loss and 
equal receiving- and sending-end voltages. These are use- 
ful for lines where little regulation can be allowed such as 
on interconnected systems. The dotted curves are for the 
maximum power which can be transmitted at the given 
load voltage and five percent loss. For this condition the 
regulation varies but in no case does it exceed about five 
percent. 

Fig. 22 (b) is for higher voltage lines long enough that 
distributed capacitance of the line need be considered. 
Only the condition of equal sending and receiving end 
voltages is considered here since regulation does not greatly 
effect the power for the conductors and spacings practical 
to use. For all of these curves an arbitrary coordinate sys- 
tem has been used for the abscissa beneath which is 
plotted the correct sizes for the various conductors. The 
curves here are based on 10 percent loss. 

Equation (77) was used for determining the curves for 
equal voltages at both ends of the line and its examination 
shows that, for the practical range of losses, power for 
other values of percent loss are very nearly that read from 

70 Loss 
the curves multiplied by ~ 

5 or 10’ 
If greater accuracy is 

desired the factor 
70 Loss 

100 + 70 Loss 
of Eq. (77) can be used. 

Fig. 21—Effect of power factor on load that can be carried at Eq. (55) was used for the curves based on the maximum 
a fixed regulation. power at five percent loss. For this case power is directly 

Curves apply specifically for three foot equivalent spacing and five porportional to loss. For both sets of curves it is propor- 
percent regulation, but can be used with good accuracy for normal tional to the square of the receiving-end voltage. 
spacing and regulation range. The power which can be transmitted over a single-phase 

line is one half that of a three-phase line of the same equiv- 
loss will be that read from the charts divided by [fi alent spacing and line-to-line voltage. Thus Fig. 22(a) can 
(or 1.732)]. be used to good accuracy for single-phase lines by dividing 

Curves are presented for three common power factors: the values read from the curves by two. 
unity, 0.9 lag, and 0.8 lag. It is difficult to interpolate for 
other power factors, however, especially between unity 
and 0.9. To facilitate this the curves of Fig. 21 are pro- 

26. Examples of the Use of the Quick Estimating 

vided showing the effect of power factor on the load that Example 6(a)—Determine the maximum load at 

can be transmitted at a fixed regulation in terms of that unity power factor and five percent regulation which can 

at unity power factor. The curves apply specifically to be transmitted over a three-phase five-mile line having 

stranded copper conductors at a three foot equivalent 300 000 cir mil stranded copper conductors and operating 

spacing and for five percent regulation, but they will give at a load line voltage of 22 kv. 

an accuracy within 10 percent for conductor spacings up to From the unity power factor curves of Fig. 19 for this 
20 feet and for the same copper equivalent in other com- conductor size and voltage, 100 000 kw times miles is ob- 

mon conductors. The error however may be as high as tained. The load is then 
100 000 

25 percent for spacings as small as 8 inches. 
- = 20 000 kilowatts. The 

5 
The Quick Estimating Curves can also be used for other percent loss read from the curves is 4.2. 

values of regulation if the approximation is made that the Example 6(b)—What is the load for this line at this 
load which can be transmitted varies directly with the regulation but 0.95 power factor lag? Referring to Fig. 
regulation. 21 it is seen that for this conductor size 0.58 as much load 

After having determined the load for other power fac- can be transmitted at 0.95 power factor as at unity. 
tors or regulations than those for which the curves are Thus the load is 20 000X -58 = 11 600 kilowatts. The 
drawn, the percent loss can be determined from the re- percent loss as determined from Eq. (88) is 
lation 

(Percent Loss)2 = (Percent Loss)1 Percent Loss = (4.2) 
11 600(1)2 

20 OOO( .95)2 
= 2.7% 

X (Kw Load)2 X (Power Factor): 

(Kw Load)1 (Power Factor)! 
(88) 

Example 6(c)-What load can be transmitted over this 
I- . ,a line at unity power factor but 15 percent regulation7 
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Fig. 22—Quick Estimating Charts Based Upon Percent Loss. 

The solid curves are based on percent loss and equal receiving- 
and sending-end voltages. The dotted curves are for the maximum 
power which can be received at a given receiving-end voltage and 
percent loss. 

For the curves of Fig. 22 (a) line capacitance has been neglected 
and power for a given length of line is value read from curves divided 
by line length in miles. Loss base is 5 percent. 

In Fig. 22 (b) line capacitance has been taken into account and the 
data is thus a function of line length. Loss base is 10 percent. 

For all curves: 
For other values of percent loss multiply power read from curves - - - 

by % Loss 
- for (a) and-* for (b). 

5 10 
For single-phase lines divide power read from charts by 2. 
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Fig. 23—Regulation and Loss Chart for transmission lines. 
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The answer is (20 OOO)? = 60 000 kw 
5 

60 000 
The percent loss is (4.2)%x= 12.6% 

Example 7—Determine the conductor size and voltage 
necessary to transmit 10 000 kw at 0.9 power factor lag for 
a distance of ten miles. 

This corresponds to 100 000 (kw times miles). Referring 
to the 0.9 power factor curves for both copper and ACSR 
conductors for this load, it is seen that the following lines 
can be used: 

Stranded Copper ACSR 

Voltage Cond. Size y& Loss Cond. Size 70 Loss 

33 000 300 000 cir mil 2.5 636 000 cir mil 1.9 
44 000 x0. 0 4.0 No. 0000 3.7 
66 000 h-0. 4 4.5 Ko. 2 5.0 

If it were desired to allow a ten percent regulation in- 
stead of five percent, the value of kilowatt miles to refer 
to on the curves would then be 50 000 instead of 100 000. 

The use of the Quick Estimating Charts based upon 
line loss is quite similar. For instance, if the line of ex- 
ample 6 were equipped with capacitors so that regulation 
would not be excessive, examination of Fig. 22 shows that 

it could deliver a maximum of 
116 000 
_____ = 23 200 kw at 

5 > 
five percent loss. 

27. Regulation and Loss Chart 

Several valuable voltage regulation charts have been 
developed. Perhaps the best known of these are the 
Dwight7 and Mershon8 charts. The chart shown in Fig. 
23 provides a means of solving not only regulation but 
loss problems to a high degree of accuracy. It is just as 
simple in its use as any of the previous ones, but has the 
distinct advantage that it is based upon an exact solution 
of the vector diagram for any circuit which can be repre- 
sented by a single lumped impedance. For this reason 
problems involving the determination of the load which 
can be transmitted for a given regulation can be solved 
much more accurately than from charts based upon ap- 
proximations. 

The chart is developed on the principle that for a given 
difference in magnitude between the sending-end and re- 
ceiving-end voltages, the impedance drop (ZI) is fixed 

entirely by the angle p = y ++ where (,=tan-lf) is the 

impedance angle of the line and (b is the power factor angle. 
For lagging power factors $ is negative and for leading 
power factors + is positive. Thus, corresponding to vari- 
ous values of percent regulation, the corresponding percent 
ZI can be plotted as a function of the angle p. These are 
the set of curves on the chart for voltage drops from 0 to 
15 percent and voltage rises from 0 to 5 percent. The 
value of the percent (XI) is the same whether p is positive 
or negative. It depends only upon its magnitude. 

Since the use of the chart requires a knowledge of y and 
4, additional curves are provided to facilitate their deter- 
mination. One of these is a cosine curve for determining 4 
from the power factor. For obtaining y from a knowledge 
of the resistance and reactance of the line, tangent and 
cotangent curves are plotted so that y can be obtained 
from the ratio z/r or r/x. However, a simpler means is 
provided for standard conductors, by the set of curves at 
the top and bottom of the main portion of the chart. These 
curves give y for various conductors as a function of 
equivalent spacing. The resistance of the conductor per 
mile is necessary, and it is given for each conductor. The 
values on the chart are for a conductor temperature of 
50°C. 

Although the chart is developed primarily for problems 
involving known receiver voltage and power factor, it can 
also be used for problems where the sending-end voltage 
and receiving-end power factor and either load current or 
sending end kva are known. This is the commonest type 
of problem involving mixed terminal conditions. 

28. Use of the Regulation and Loss Chart for Short 
Lines 

(a) Regulation from Known Load Conditions-to 
calculate regulation when receiving-end (or load) voltage, 
power factor, and current or kva are known: 

(1) Determine p = r++ where the sign of 4 is dependent 
upon jvhether the current is leading or lagging. 

4, the power factor angle, can be obtained from the 
cosine curve. 

y, the impedance angle, can be obtained by reading it 
from the conductor curves or by calculating r/x or X/T 
whichever is less than one and reading from the cor- 
responding curve. r and x are the conductor resistance 
and reactance in ohms per mile. 
(2) Calculate percent ZI where 

(43 rs I) 100 
Percent 21 = pp = 

100 000 rs (kva) 

EL cos y E2L cos y 
for three-phase lines (89) 

= (2 rs I) 100 = 200 000 rs (kva) 

EL cos y lY2L cos y 
for 2-wire single-phase lines 039a) 

EL is the line voltage in volts. s is the length of the 
line in miles. 

(3) For the calculated values of p and percent ZI read 
percent regulation from curves of constant regulation. 

(b) Load Limitationfor Fixed Regulation-To de- 
termine load limit for a given value of regulation: 
(1) IMermine p as in above and from chart for given 

value of regulation and p read the corresponding 
percent %I. 

Load in kva= 
(70 ZI)Ef, cm! y 

100 000 1’s 

for three-phase lines 

= (% zr>ls;, cos y 

200 000 1’S 

for single-phase 2-wire lines 

w-u 

NOa) 
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(c) Line Deficiency-The line loss in percent of the 
load kva is given by the equation 

Percent Loss = y0 RI = 70 ZI cos y (91) 

where cos y can be read off its cosine curve from the known 
value of y. The loss can be determined in percent of the 
load in kilowatts by dividing the value obtained from 
Eq. (91) by the power factor. If it is desired to determine 
the percent loss for a given regulation, the percent ZI can 
be obtained without the use of Eq. (89). It is simply 
necessary to determine p and for this angle and the given 
regulation to read the (percent 21) from the chart. 

(d) Use of Chart for Known Sending-End Voltage 
and Receiving-End Power Factor-The chart can be 
used to as good accuracy as desired for problems of this 
nature. As a first approximation the regulation, in percent 
of the sending-end voltage, can be obtained as outlined in 
(a) when the sending-end line voltage is used in Eq. (89). 
Either the line current or the load kva expressed in terms 
of the sending-end voltage can be used. The load (or 
receiving-end) voltage can be calculated from this regula- 
tion and the sending-end voltage. This first approximation 
will usually give the load voltage to an accuracy of about 
one percent, but the percent accuracy of the regulation 
may be much worse depending upon its magnitude. 

A more accurate value can, however, be very easily 
obtained by the following method of successive approxi- 
mations. Using this first determined value of load volt- 
age and then each successive value obtained, recalculate 
the regulation. One or two such steps will usually give 
very good accuracy. When calculating the percent ZI in 
this process it is not necessary to solve Eq. 89 each time. 
The new value of percent ZI can be obtained by dividing 
the first value calculated by the ratio of the load voltage 
to the sending-end voltage. This type of problem is illus- 
strated in Example 8(d). 

It is, of course, obvious that the load limit for known 
sending-end voltage, load power factor, and regulation 
can be determined as in 28(b) after the load voltage is 
calculated from the regulation and sending-end voltage. 

29. Examples of the Use of the Regulation and Loss 
Chart 

Consider a three-phase line ten miles long with No. 0000 
stranded-copper conductors at an equivalent spacing of 
six feet and operating at a line voltage of 33 kv at the load 
end. 

Example 8(a)-For rated voltage at the receiving end 
and a 9140 kva load at 0.9 power factor lag, determine the 
regulation. 

Referring to the impedance angle curves for stranded 
copper conductors at the bottom of the chart, the im- 
pedance angle for this conductor and spacing is y =67.2’. 
Cos y is 0.390 and the conductor resistance is 0.303 ohms 
per mile. Reading from the cosine curve the power factor 
angle for 0.9 power factor is 4=26”, and the sign is 
minus p=y+$=67.2°-260=41.20 
From Eq. (89) : 

Percent ZI = 
(100 000) (0.303) (10) (9140) 

(33 ooop (0.390) 

Reading from the chart for this percent ZI and p--41.2’, 
the regulation is found to be 5.0 percent. 

Example 8(b)-Determine the maximum kva that can 
be transmitted over this line at the same power factor for 
a regulation of no greater than 5 percent. Reading from 
the chart for 5 percent regulation and p of 41.2”, the percent 
ZI is found to be 6.54. 
Using Eq. (90) : 

Load in kva= 
(6.52) (33 OOO)2(0.390) 

(100 000) (0.303) (10) 

= 9140 

Load in kw = (9140) (0.9) = 8230. 

Example 8(c)-As an example of the calculation of 
efficiency for the above case using Eq. (91) : 

Percent loss = (6.52) (0.390) = 2.55. 

Example 8(d)--For this same line operating at a 
sending-end line voltage (EsL) of 33 kv and a sending-end 
load of 9140 kva but a receiving-end lagging power factor 
of 0.9, determine the line voltage at the load end. 

As shown in Example 8(a) : 

The value of percent ZI determined as a first approx- 
imation by using the sending-end voltage and kva in 
Eq. (89) is 

and 
Percent ZI = 6.52 

p =y++=41.2* 

Thus as a first approximation 

Percent Reg. = 5 

3==%=31.42 kv. 

As a second approximation 

Percent ZI = (1.05) (6.52) = 6.85 

reading from the chart for percent ZI =6.85 and p =41.2’ 

Percent Reg. = 5.20 

EL= EsL -=31.35 kv. 
1.052 

As a third approximation 

Percent ZI = (1.052) (6.52) = 6.87 

Percent Reg. = 5.25 (as closely as can be read from the 
chart) 

BSL 
EL=-- 

1.0525 
-31.34 kv. 

30. Use of Regulation and Loss Chart for Long Lines 
As shown in Sec. 16, methods of calculating regulation 

for short lines can be applied to lines up to 100 miles in 
length to a good degree of accuracy by simply adding the 
correction factor ( -2.01S2) to the percent regulation 
where S is the length of the line in hundreds of miles. 

If greater accuracy is desired, the chart can be used 
with the equivalent load current and power factor ob- 
tained as described in Sec. 14. Using this method both 
regulation and efficiency can be determined. 

31. Determination of Effect of Transformers on 
Line Performance 

The chart can be used as described in Sec. 28 for de- 
termining regulation and efficiency of transformers al- = 6.52 
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though the transformer charts in Chap. 5 are simpler. In 
considering the performance of a line and transformers 
together, however, the chart can be used to advantage. 
The impedance of the transformers can be combined with 
that of the line into a single impedance. These impedances 
can be expressed either in ohms or in percent on some 
common kva base. Transformer impedance is usually 
given in percent. It can be expressed in ohms by the 
equation * 

z 
z (percent) ELk”) (10) 

(ohms) = 
kva 

(92) 

The transmission line impedance in ohms can be trans- 
formed to a percent basis by the equation 

z 
z 

(percent) = 
(ohms) ckva) 

E2 L(kv) (lo) 

(93) 

The transmission line resistance can be read directly from 
the chart and the reactance obtained from the chart 
by reading the line impedance angle y from the chart and 
the ratio of r/x: or x/r for this angle. 

For problems of this type it is usually easier to use the 
impedance in percent. After having obtained the total 
equivalent percent R and percent X, the equivalent angle 
y can be read from the curves for the ratio of R/X or 
X/R. The percent ZI can be calculated from the equation 

Percent ZI = (%RI = %R> (rated load) (actual load) (g4) 

cos y (rated load) 

Example 9—AS an example of the calculation of a 
problem of this type consider the 10 mile, 33 kv, 300 000 
cir mil stranded copper line found adequate for the 
(10 000 kw = 11 111 kva) load at 0.9 power factor lag of 
Example 7. 

Assume that it has transformers at each end rated at 
12 000 kva with 0.7 percent resistance and 5 percent re- 
actance, and let us calculate the total regulation and loss 
of the system. 

Reading from the chart 

The line resistance is (0.215)(10) = 2.15 ohms 
r/x for the line impedance angle of 71.6” is 0.330 

The line reactance is go = 6.51 ohms 

The percent impedance of the line on a 12 000 kva 
base is from Eq. (93). 

Percent 2~ = W~+j6.51)(12 000) =2 3,+j7 16 
(X3)2( 101 

. . 

The total impedance is 

Percent 2 = (2.37+j7.16) +2(0.‘7+j5) 
= 3.77+j17.16 

?@=3.77=()21g 
%X 17.16 

Reading from the chart for this ratio 

y = 77.7” 
cos y = 0.219 

For 0.9 power factor + = -26’ 
p=51.7 

From Eq. (94) 

Percent ZI = (-.E) (g-g)= 15.94 

The regulation read from the chart for this percent ZI 
and the calculated value of p is 

Regulation = 10.5% 
The loss in percent of the load in kw is from Eq. (91) 

Percent 
Loss= ~15.94)~0*219) =3 33 

0.9 - * 

5. 

6. 

7. 

8. 

9. 
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CHAPTER 10 

STEADY-STATE PERFORMANCE OF SYSTEMS INCLUDING 
METHODS OF NETWORK SOLUTION 

Original Author: 
E. L. Harder 

POWER system must generate, transmit, and then 

A distribute electric power to the desired points, reli- 
ably and in good condition. The electrical perform- 

ance of the system as dealt with in this chapter is the 
measure of how well it performs this task and is expressed 
by such quantities as voltage regulation, loading of lines 
and equipment, efficiency and losses, and real and reactive 
power flow. Stability, of vital importance also, is dealt 
with in Chap. 13. 

The key to the determination of such system quantities 
is the network solution, or determination of currents and 
voltages throughout the system for any prescribed con- 
ditions. From the network solution can be determined all 
of the essential electrical characteristics that are dependent 
upon the fundamental-frequency currents and voltages. 

Network solution is based on Kirchoff’s two laws: 

First, that the vector sum of all the voltages acting 
around any closed loop is zero. 

And second, that the vector sum of all the currents 
flowing to any point is zero. 

In the course of applying these elementary principles 
to the solution of thousands of linear networks for many 
years, various investigators have found several powerful 
theorems that follow directly therefrom, such as the super- 
position theorem’, the reciprocal theorem, and Thevenin’s 
theorem. These theorems not only assist in visualizing the 
phenomena taking place in the circuits, but also greatly 
simplify and systematize the work of solution for the species 
of networks to which they apply. 

The method of symmetrical components, given in Chap. 
2 is a highly developed special application of the super- 
position theorem, taking advantage of the symmetry of 
the several phases of the usual polyphase power system. 

The direct use of Kirchoff’s Laws can be designated as 
“Solution by Equations,” to distinguish it from “Solution 
by Reduction” in which portions of a system are progres- 
sively replaced by simpler equivalents until a single branch 
remains. This latter makes use of the superposition theorem 
in treating one emf at a time. Also, it utilizes equivalent 
circuits, many of which are now available. 

Thevenin’s theorem and the superposition theorem have 
provided direct methods for obtaining solutions in net- 
works of several fixed emfs, with enormous simplification. 

Solutions of networks can be expressed in many forms, 
each one being particularly adaptable to certain types of 
networks or certain problems. Thus, the expression of so- 
lutions as “Self and Mutual Drops and Current Division” 

Revised by : 
E. L. Harder 

is particularly well suited to regulation and apparatus 
loading studies. The method of Driving Point and Trans- 
fer Admittances or Impedances is well suited to power 
flow or stability studies on multiple-entrance systems, and 
the General Circuit Constants, ABCD, or the equivalent 
Pi and T are similarly advantageous for the transmission- 
type network having two significant terminals. 

These methods of network representation and solution 
constitute a highly developed science with extensive pres- 
ent literature. However, as they constitute the heart of 
the problem of steady-state performance of systems as well 
as of many other system problems, a large part of this 
chapter will be devoted to them. In general, the most 
commonly used methods will be outlined and illustrated 
by examples. For further information a bibliography of 
selected references is included. 

Network solution, once accomplished largely by analyt- 
ical methods, is now performed to an increasing extent by 
a-c and d-c network calculators. However, many problems 
are still solved analytically and also a thorough knowledge 
of methods of network representation and solution is as 
essential as ever to the system designer. Fortunately, how- 
ever, the calculator has removed the enormous burden of 
routine calculation and has made it economically possible 
to solve complicated systems. Analytic methods are still 
largely used for the simpler studies or where network 
calculators are not available. 

I. NETWORK REPRESENTATION 

1. Single-Line Diagram. Fig. 1 

In dealing with power systems of any complexity, one 
of the first essentials is a single-line diagram, in which each 
polyphase circuit is represented by a single line. Stripped 
of the complexity of several phase wires, the main power 
channels then stand out clearly, and the general plan of 
the system is evident. Most power companies maintain 
up-to-date single-line diagrams of their systems. 

This diagram is a short-hand or symbolic representation 
of the principal connections, showing the equipment in its 
correct electrical relationship and usually having indicated 
on it, or in supplementary tabulations, data essential for 
the determination of the impedance diagram. The recom- 
mended symbols for apparatus are given in Table l(a). 
In addition, auxiliary symbols, Table l(b), are inscribed 
near the devices in question, to indicate the winding con- 
nections and the grounding arrangement, if any, at the 

290 
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TABLE 1 (a)-GRAPHICAL SYMBOLS FOR DIAGRAMS°—-EQUIPMENT SYMBOLS 

neutral. The use of these auxiliary symbols is illustrated and its implications are discussed in detail here. 
in Fig. 1. 

Similar diagrams showing circuit breakers and dis- 
connecting switches are used as power-system operating 
diagrams. Or they can be marked with suitable symbols to 
show the relay (See Chap. 11) or lightning protection. 

2. The Sign of Reactive Power 

The + sign used with the reactive-power terms in the 
loads of Fig. 1 designate lagging-reactive power in accord- 
ance with the standard notation approved by the AIEE 
Standards Committee on Jan. 14, 1948 and recommended 
for adoption to the American Standards Assn. and the 
IEC. Since this is a change from the convention used in 
editions 1 to 3 of this book the history of this standard 

The complete specification of real- and reactive-power 
flow in a circuit requires: 

First, an indication of the direction spoken of, i.e., a 
reference-positive direction. 

Second, numerical values and associated signs. The 
numerical values give the magnitude of the real- and 
reactive-power components respectively. The associated 
signs show whether they flow in the reference-positive 
direction or not. 

Third, there must be a convention as to whether it is 
lagging-reactive power or leading-reactive power, the di- 
rection and magnitude of which is being specified. 

Lagging-reactive power is that which is generated or 
supplied by an over-excited synchronous machine or by a 



292 SteadpState Performance of Systems Including Methods of Network Solution Chapter 10 

TABLE l(b)— .GRAPHICAL SymBOLS FOR DIAGRAMS- WINDING 
CONNECTION SYMBOLS 

static capacitor and used by inductive loads such as induc- 
tion motors, reactors, and under-excited synchronous 
machines. 

According to the convention recommended by AIEE in 
1948 and used throughout this book the positive sign for 
reactive power indicates that lagging-reactive power is 
flowing in the reference-positive direction. The vector 
relationship for power is therefore: 

P+jQ = Ef, the symbol A designating conjugate. 

For example if E is taken as reference, E =E and if 
I =I’- jl” is a lagging current, 1’ and 1” being positive 
quantities, the real power is P =Efl and the lagging- 
reactive power is Q = El”. 
The expression, 

-- 
P+jQ=Ef=E(I’+ji”‘)=Ep+ji?fl 

results in the proper sign for the P and Q terms, whereas 
l?I would give the right values but the wrong sign for the 
Q term. With this new convention, and taking E as refer- 
ence, the power vector P+jQ lies along the conjugate of 
the current vector. Consequently current and power circle 
diagrams lie in conjugate quadrants. 

Historical Summary—Originally there was one school 
of thought, typified by Evans, Sels6, and others, that used 
the positive sign for lagging-reactive power for the same 
reasons that it has now finally been adopted. The principal 
reasons were these. Like real power, lagging-reactive power 
is generally used in the load and must be supplied at some 
expense in the supply system. It is thus the commodity 
dealt with by the practical power-system designer, and 
dispatched by the operators. This concept is consistent 
mathematically with the following forms: 

Power associated with voltage E and current I is: 

P+jQ=Ef 

and power in an impedance 2 to a current I is: 

Fig. l—Single-line diagram of a power system. 

P+jQ =I22 

The form P+ jQ = E2Y is then erroneous and gives the 
wrong sign for Q. 

For the conventional transmission line, with this concept 
(lagging-reactive power positive) the center of the sending- 
end power-circle diagram lies in the first quadrant and the 
center of the receiving circle in the third quadrant. 

The other school of thought used leading-reactive power 
as positive, lagging-reactive power as negative. This had 
the theoretical advantage of throwing current and power 
circle diagrams into the same quadrant, but the disadvan- 
tage that lagging-reactive power, the reactive commodity 
usually dispatched by power-system operators, was then 
a minus quantity. This concept is consistent with the 
mathematical forms: 

Power associated with a voltage E and a current I is:- 

P+jQ=l?I 

Power flowing into an admittance Y due to a voltage 
E is: 

P+jQ=E2Y 



Chapter 10 Steady-State Performance of Systems Including Methods of Network Solution 293 

The form P+jQ = r22 is then erroneous and gives the 
wrong sign for Q. 

The latter school, (leading-reactive power positive) won 
out, for the time being, on the basis of the theoretical 
considerations, and on August 12, 1941 the American 
Standards Association approved this convention as an 
industry standard, C42-1941, Section 05.21.050. The first 
three editions of this book followed this standard conven- 
tion. However, the convention was never followed by 
system-planning and operating people to any extent. They 
continued to dispatch lagging-reactive power which they 
called simply “reactive,” and to mark on their flow charts 
the direction in which lagging-reactive power flowed. They 
could not be converted to selling a negative amount of 
leading-reactive power for positive money, but preferred 
to sell a positive amount of lagging-reactive power. 

A majority of engineers have now come to consider 
lagging-reactive power as the commodity being dealt with. 
The AIEE Standards Committee recognizing this fait 
accompli recommended to ASA in 1948 adoption of the 
convention making lagging-reactive power positive. This 
reference book has, starting with the fourth edition, 1950, 
been changed to conform with what will undoubtedly be 
the standard from now on, namely, lagging-reactive power 
positive. 

Teachers and writers can materially aid in eliminating 
confusion by discontinuing all use of the term leading- 
reactive power which after all is simply an unnecessary 
name for the negative of lagging-reactive power. Such a 
term is no more necessary than a name for the negative 
of real power. Eventually if this is followed the adjective 
“lagging” can be dropped, as reactive power will always 
mean lagging-reactive power. 

3. Impedance Diagram. Fig. 2 

The second essential in analytic study of a power system 
is the impedance diagram, on which are indicated on a 
common basis, the impedances of all lines and pieces of 
equipment related to the problem. Because of the sym- 
metry of phases it is usually sufficient to represent only 
one phase-called the reference phase, or a phase. Under 
balanced conditions of operation, the currents and volt- 
ages in the other two phases are exactly equal to those in a 
phase and merely lag behind the a phase quantities by 120 
and 240 electrical degrees. Hence, when the a phase quan- 
tities have been determined, the others follow directly. 

Even when unbalances, such as a line-to-ground fault, 
or one-wire-open, occur at one or two points of an otherwise 
balanced polyphase system, the impedance diagrams for 
the reference phase are sufficient, if use is made of the 
method of symmetrical components as outlined in Chap. 2. 

The impedance diagram, corresponding to the system 
shown in Fig. 1, is given in Fig. 2. Generator impedances 
are not shown as they do not enter into the particular 
problem. All impedances on this diagram have been ex- 
pressed in ohms, and admittances in mhos, on a 110-kv 
base. Actually there are several choices, such as percent 
or per unit on various kva bases or ohms on voltage bases 
other than 110-kv. The relations between these several 
methods, and factors affecting the choice are discussed 
subsequently. 

Fig. 2-Impedance diagram of a system shown in Fig. 1. 

4. Determination of Impedances 

In general, accurate cable and overhead-line impedances 
can be obtained from the tabulations of Chaps. 4 and 3, in 
terms of the wire size and spacing. Average apparatus 
constants are given in the tabulations of Chap. 6, Machine 
Characteristics, and Chap. 5, Power Transformers and 
Reactors. More accurate figures, if required, can be ob- 
tained from name-plates or direct from the manufacturer 
of the equipment. The impedances of lines and trans- 
formers in Fig. 2 have been obtained, for example, from the 
tables of Chaps. 3 and 5 based on the data given in Fig. 1. 

Representation of Loads-The necessary representa- 
tion of loads in the impedance diagrams depends upon 
the use intended. In short-circuit studies, loads are most 
frequently neglected. In stability studies, they must gen- 
erally be considered. Several methods of representing loads 
are as follows: 

a. Shunt impedance that draws the same kilowatts and 
reactive kva at normal voltage as is drawn by the 
actual load. 

b. An impedance circuit, which, for any conditions of 
voltage is adjusted to draw the desired amount of 
real and reactive power. 
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c. 

d. 

In network calculator studies, the use of a “source”t 
adjusted, in phase angle and magnitude, to draw the 
desired real and reactive power from the system. 
Given any characteristics of variation of real and 
reactive power with voltage, the load can be con- 
verted to impedance at the expected voltage, this 
impedance used in determining the system voltages, 
and then the load impedance corrected to the new 
voltage if such correction is warranted. 

Conversion of Load Kw and Reactive Kva to 
Ohms or Mhos—Loads given in kilowatts and reactive 
kva can be converted to impedance or admittance form by 
the following equations: 

Let P = kw (three-phase) 
Q = reactive kva lagging $(three-phase) 

EL--L =line-to-line voltage in kv at which the conver- 
sion is to be made. 

2 = vector impedance value, ohms line-to-neutral. 
Y = vector admittance value, mhos, line-to-neutral. 

z lOOOE2L-L lOOOE2L-L 
= P-j& = p2+&2 V'+jQ) 

lOOO(kv) 2 

= kw - j reactive kva (lagging) 
ohms, line-to-neutral (1) 

Y= P-j& = kw - j reactive kva (lagging) 

1000E2L-L 1000(kv)2 
mhos, line-to-neutral (2) 

For example, at 13.8 kv a load of 10 000 kva at 80 
percent power factor lagging may be expressed as: 

P=8ooo kw Q = +6000 reactive kva 

The impedance required to represent it is: 

1000(13’8)2 
’ = (6000)2+ (8000)2 

(SOOO+j6000) = 15.2+j11.4 ohms, 

line-to-neutral 

and the admittance is: 

y SOOO-j6000 

= lOOO( 13.8)2 
= 0.0420 -jO.O315 mhos, line-to-neutral, 

Y and 2 as given above are the admittance or impedance 
values to be used in the single-phase impedance diagram in 
which only the reference phase and neutral are represented. 

Shunt Capacitors are built to a tolerance of -0 to 
+10 percent of their rated kva, +5 percent being the 
average. It is generally sufficiently accurate to consider 
the reactance to be 100 percent based on 105 percent of 
the rated kva base. 

Series Capacitors-The determination of reactance 
of a series capacitor can best be explained by example. 
Suppose ten standard 15-kva single-phase, 440-volt, shunt- 
capacitor units have been used in parallel in each phase, 
or a total of 150 kva per phase. The capacitive reactance 
presented in series in each phase is then: 

†The "Sources” are voltage regulator-phase shifter circuits from a 
main power bus and can be readily adjusted to either draw or feed 
the desired quantities of real and reactive power. 

X 
1000(kv)2 1000(0.44)2 

s=1.05*(kva)= 1.05X150 
= 1.22 ohms (5) 

This ohmic value can be converted to percent by Eq. (12). 
Shunt Reactors have 100-percent voltage drop across 

them when connected to normal voltage, or have 100-per- 
cent impedance based on the kva drawn from the system 
at normal voltage. 

Series Reactors—The reactance of a series reactor is 
frequently expressed in percent, but the kva of its parts 
is given. Thus, if a 6-percent reactor is desired in a circuit 
having a rating of 10 000 kva, three-phase, the reactor 
rating will be 600 kva, three-phase (6 percent of 10 000 
kva). Three 200-kva single-phase reactors might be used. 
These would ordinarily be referred to as three 200-kva, 
6-percent reactors, whereas actually they constitute a 
three-phase reactance in the circuit having 6-percent re- 
actance on a 10000-kva base. Care must be taken, there- 
fore, to determine the reactance value on the through or 
transmitted kva base, or 10000-kva base in the example 
cited. The relation between reactor kva, and through kva 
are as follows: 

Reactor three-phase kva rating = a 
Through or transmitted kva rating = A 
Percent reactance on the transmitted kva base=X 

Then (3) 

Given the reactor three-phase kva rating, a, the through 
kva rating is 

A=Ta (4) 

The reactor has a reactance of X percent on the kva base A. 
In the case cited above of a 600-kva, 6-percent reactor, 

Eq. (4) gives A = yX600 = 10 000. Whence, the reactor 

has a reactance of 6 percent on a 10 OOO-kva base. 
The standard reactance tolerance of current-limiting 

reactors is -3 percent to +7 percent for single-phase and 
-3 percent to + 10 percent for three phase. The rated 
reactance is generally used in system calculations unless 
test figures are available. 

5. Conversions. Percent to Ohms and Ohms to 
Percent † 

Method I—If a base kva (three-phase) and kv (line- 
to-line) are selected, the corresponding normal or base 
current, line-to-neutral voltage, and impedance values can 
be immediately determined. 
They are: 

kva 
Normal Current I, = - 

v’%W 
amperes (6) 

Normal Voltage E _ lOOO(kv) 
(line-to-neutral) n - d3 

volts 

E, ohms per phase, 
Normal Impedance 2, = T 

n line-to-neutral. (8) 

*If the ratio of 
place of 1.05. 

actual to rated kva is known, it should be used in 

‡Q is positive for lagging reactive kva. †(Note: Per Unit is percent divided by 100). 
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From these relations 
verted to ohms. 

any percent impedance can be con- 

Ohms = (normal impedance) 
percent impedance 

100 

(9) 

Conversely any ohmic figure can be converted to percent. 

Percent = 100 Ohms 
Normal Impedance 

)=lOO(qf) (10) 

Method 2-The magnitude of 2, from (8), (7), and 
(6) can be substituted in (9) and (10) and gives direct 
conversions : 

(11) 

For example, a 15000-kva, 13.8-kv to 66-kv transformer 
bank has a reactance of 8 percent on the 15000-kva base. 
Let it be required to determine its impedance in ohms on 
a 66-kv base. 
Normal current: 

I 
15 000 

- w = 131 amperes. 
“-66d3 

Normal voltage : 

E 
66 000 

- - = 38 100 volts, line-to-neutral. 
ll- &i 

Normal impedance: 

z 38 100 

Il- 131 
- ~ = 291 ohms per phase, line-to-neutral. 

Transformer impedance = 8 percent of 291 
=23.3 ohms per phase at 66 kv. 

The direct determination from (11) is, 
Transformer impedance 

= w33)2(10) 
15 000 

=23.3 ohms per phase. 

The first method is longer, but gives other information 
generally required in the problem, and has some advantage 
in visualizing the procedures. 

6. Conversions to a Different Kva Base 

From (12) it is apparent that for a given ohmic imped- 
ance the percent impedance varies directly with the kva 
base selected. Thus lo-percent impedance on a 10 OOO-kva 
base becomes 100-percent impedance on a 100 OOO-kva 
base. When using percent impedances, all percentages 
should be expressed on the same kva base. 

7. Conversions to a Different Voltage Base 

In system studies if impedances are expressed in ohms 
it is desirable to convert them all to a common voltage base 
so that transformer turns ratios need not be considered in 
the subsequent calculations. The terms “voltage ratio” 

and “turns ratio” are often used loosely as synonymous 
terms, until more precise or important calculations are 
being made for which it is desired to be quite accurate. 
Then the question sometimes arises as to whether imped- 
ances should be transferred to the voltage base on the 
other side of a transformer on the basis of its voltage ratio 
or its turns ratio. It is actually the turns ratio that counts 
and should be used as will be shown later in this section. 
The turns ratio is the same as the nameplate voltage ratio 
but differs from the terminal voltage ratio under load. 

Also in approximate calculations it is frequently assumed 
that for all parts of the system of the same nominal voltage 
the same transformation ratio can be used to the desired 
voltage base. This is a rough approximation and becomes 
exact only if the transformer turns ratios between parts of 
the system at the same nominal voltage are all unity. 
Barring this, one correct procedure is to select some one 
point of the system as a base and transform all other 
impedances to this base by multiplying by the square of 
the intervening turns ratios. Once all impedances are on 
a common base they can all be transformed by a single 
multiplier to any other voltage base. 

When impedances are in percent on a given kva base the 
percent refers to a given normal voltage. Thus strictly two 
conditions must be fulfilled in sequence for percent im- 
pedances to be used in network solutions. First, the normal 
voltages to which the percentages refer must be in the same 
ratios as transformer turns ratios throughout the system. 
Second, the normal voltage used in converting the answers 
from percent to amperes and volts must be the same as the 
normal voltages on which the percent impedances are 
based. Otherwise approximations are involved. These 
approximations can be eliminated by suitable transforma- 
tions beyond the scope of this chapter except for the 
following general method. 

Where doubt exists as to the correct direct transforma- 
tion of percent impedance, the impedance of each element 
can be converted to ohms. The ohmic values can be con- 
verted to a common base as described above and combined. 
The result can be reconverted to percent on any desired 
kva and voltage base. This is the general procedure by 
which rules for direct percent-impedance transformations 
are derived. 

The pitfall of ignoring near-unity turns ratios extends to 
voltage also. Suppose a 13.8-kv generator feeds through 
step-up and step-down transformers to a 13.8-kv distribu- 
tion system and that impedances have been expressed on 
the distribution system voltage base. Suppose further that 
there is a resultant 1:l.l step-up turns ratio between the 
generator and the distribution system. Then a generator 
operating at 13.8 kv would be at 13.8X l.l= 15.18 kv on 
the 13.8-kv voltage base of the distribution system, and 
must be so treated in the calculations. Similarly, for cal- 
culations in percent, the same machine must be treated 
as operating at 110 percent voltage. The theoretical basis 
upon which all such transformations rest, and examples of 
their correct use is given in the following paragraphs. 

From an energy or power standpoint, no change is made 
if all voltages are multiplied by a constant, N, all currents 
divided by N, all impedances multiplied by N2, and all 
admittances divided by N2. When two circuits are sepa- 
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Fig. 3—Power invariant transformation. 

rated by an ideal transformer* of turns ratio N, such an 
operation performed on the quantities on one side of the 
transformer with a corresponding change in the trans- 
former ratio, has the advantage of bringing the currents 
and voltages on the two sides to an equality. A direct 
connection can be made and the ideal transformer can be 
omitted from the diagram (see Fig. 3). Solutions can be 
made with the quantities on the fictitious or transformed 
voltage base, and they can be reconverted to actual 
quantities whenever desired. 

An actual transformer differs from an ideal transformer 
in two respects only. It has primary and secondary resist- 
ances and leakage reactances, which are no different than 
the same impedance connected externally. Its primary 
and secondary ampere-turns differ by a small quantity 
of exciting ampere-turns that excite the core. A shunt 
branch can be connected which draws the requisite exciting 
current if important in the particular problem. 

Example-As an example consider the circuit of Fig. 4, 
a generator, transformer and high-voltage line with a three- 
phase short circuit at the end. Suppose the short-circuit 
currents are to be determined. This problem will also illus- 
trate that calculations can be made interchangeably with 
impedances in ohms on any voltage base or in percent on 
any kva base. 

The generator reactance (assumed 15%) in ohms is 
from (11): 

*A transformer having zero exciting current and zero leakage 
impedance. 

(15)(10>(13.8>2 

50 000 
=0.571 ohms at 13.8 kv 

The transformer reactance in ohms is: 

(9)(10>(13.8>2 

50 000 
=0.343 ohms at 13.8 kv. 

The line impedance is, from Chap. 3. 

9.75+j57.9 ohms at llO-kv. [See Fig. 4(c)] 

Fig. 4—Problem illustrating the expression of ohms on vari- 
ous voltage bases and the relation to percent on a kva base. 

The shunt impedances of this line are high (line CD’ Fig. 
2) and will be neglected for simplicity in this problem. 

Use of Generator Voltage Base—If the current in 
the generator is desired, it will be most convenient to 
express all impedances on the generator voltage base. The 
generator and transformer impedances are already on this 
base. The line impedance is converted to it by multiplying 
by the square of the turns ratio, usually taken as the 
nameplate voltage ratio corresponding to the taps in use. 
Thus the line impedance is: 

(9.75+j57.9) 
( > 

&f 2=0.154+j0.910 ohms at 13.8 kv. 

The impedance diagram of Fig. 4(b) results, in which 
all impedances are expressed in ohms on a 13.8-kv base. 
The fault current in the generator is then: 

I= 
13 800 

2/3( 1.830) 
= 4350 amperes. 

The current flowing in the line is: 

13.8 
I’=4350 110 

( > 
= 545 amperes. 

Use of Line Voltage Base-A similar result would be 
obtained if the generator and transformer reactances had 
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been converted directly from percent to ohms at llO-kv. 
The impedance diagram, Fig. 4(c) would then result, the 
fault current being calculated directly for the line and 

requiring a conversion 
110 

multiplication by 13 to deter- 
. 

mine the current in the generator. 
Use of Percent on a Kva Base—A third method of 

approach is to convert the line impedance to percent on 
a kva base, and “work in percent.” A convenient base 
will be 50 000 kva since two of the impedances are already 
known on this base. The line impedance is, from Eq. (12) : 

(g*75+‘57*g)(50 ‘O”) = (4 O+j23.9)% on 50 OOO-kva base. 
(10)(110)2 * 

The impedance diagram Fig. 4(d) results, the percentages 
being shown as decimal fractions or “per unit” to facilitate 
computation. 

In this case the current is: 

1=& = 2.08 per unit or 208 percent of the normal 
. current, corresponding to the selected kva 

base. 

This normal current is: 

I 
50 ooo 

“=&13 8 or 110) 
=2090 amp. at 13.8 kv 

. 
or 262 amp. at 110 kv 

The generator and line currents are, therefore, 208 percent 
of 2090 and 262 or 4350 and 545 amperes respectively, 
which agree with the preceding calculations. 

The base selected obviously is immaterial. Had a 
100 000-kva base been used, the impedances in Fig. 4(d) 
would all be doubled and the resulting percent currents 
halved. But the normal currents to which these percent- 
ages refer would be twice as great, and thus the same 
number of amperes would be obtained. 

8. Phase Shifts in Transformer Banks 

In addition to magnitude transformation, the voltage of 
the reference phase in general undergoes a shift in angular 
position. For balanced conditions, that is, considering 
positive-sequence quantities only, this is generally of no 
significance. For example, in the problem just worked out, 
the current in the reference phase of the line may or may 
not have been in phase with the reference or a phase 
current in the generator. If the transformer were delta- 
delta, the currents would have been in-phase; if delta-star 
they would have been 30 degrees out-of-phase, using the 
usual conventions. 

However, it should be recognized that an angular trans- 
formation has been made whenever the single-phase circuit 
or impedance diagram is used for the calculation of currents 
and voltages in a circuit including a star-delta connected 
transformer bank. The following statements should aid in 
determining the treatment required in any particular case. 

Radial Systems—In radial systems, the angle trans- 
formation is not usually significant as few phenomena 
involve comparisons of the phase angles of line currents 
on opposite sides of a transformation. Since currents and 
voltages are shifted alike, power or impedance determina- 
tion at any one point in the circuit is unaffected by the 
angle transformation. 

Transformer Differential Protection—A typical ex- 
ception is the differential protection of a transformer bank. 
Here the currents on opposite sides of the transformation 
are purposely compared and measures must be taken to 
correct for the shift if the devices used are sensitive to 
phase angle. 

Sequence Voltages and Currents—Positive-sequence 
voltages and currents are shifted the same as the reference 
or a phase in progressing through a symmetrical trans- 
formation. Negative-sequence voltages and currents, if 
present, are shifted the same amount as the reference phase 
but in the reverse direction. Zero-sequence voltages and 
currents are not shifted in progressing through a trans- 
formation. 

Ideal Transformation—The shifts referred to have to 
do with the ideal transformer only, deleted of all leakage 
impedance and exciting current. That is, they depend only 
on how many turns of primary and secondary are used 
on each core and how these are grouped to form the phases 
on the primary and secondary sides. Symmetry with respect 
to a, b, and c phases is assumed. 

Regulating Transformers—A symmetrical three 
phase bank of regulating transformers may involve both 
ratio and phase-angle transformation. Suppose that in 
progressing through a particular bank of this type, a 
phase-angle advance of 10 degrees exists in the reference 
phase. Then, in progressing through the transformer in 
the same direction, positive-sequence quantities (currents 
and voltages) are advanced 10 degrees, negative-sequence 
quantities retarded 10 degrees, and zero-sequence quantities 
not shifted at all. 

Standard Angular Shifts—The angular shifts of 
reference phase for various transformer connections are 
given in Chap. 5, Sec. 13. The American Standard* is a 
30-degree advance in phase in progressing through either 
a star-delta or a delta-star connected transformer from a 
lower to a higher voltage. When carried out consistently, 
this will permit interconnections at various system volt- 
ages without difficulty in phasing. However, at present 
practically all possible connections are in use throughout 
the industry. 

9. Loop Systems That Close 

Transformations of magnitude or angle in a system in- 
volving one or more loops can be treated similarly to a 
radial system provided that: 

a. The product of the magnitude transformation ratios 
for the reference phase, taken in a common direction 
around each closed loop is unity. 

b. The sum of the reference phase angular shifts taken 
in a common direction around each closed loop is zero. 

If each transformation ratio is expressed vectorially as 
NP, including angular significance in the term “vector 
transformation ratio,” then a and b above can be combined 
into the single requirement: 

c. The product of the vector transformation ratios 
around each closed loop is lcj”. 

If the requirements a and b, or c are fulfilled, then the 
circuits of the system can be divided into zones separated 

*ASA Standards C-57. 
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Fig. 5—Ratio and angular transformations. 

from each other by transformations. One zone, usually 
the one of greatest interest in the particular problem, can 
be taken as the reference zone. 

Example-For example, in Fig. 5 currents in various 
parts of the system are to be determined for a balanced 
three-phase fault on the 132-kv line. 

There is one closed loop in which: 

= 1 EJO (13) 

Therefore, the reference-phase impedance diagram can 
be prepared from the single-line diagram without showing 
any transformations. 

Let Zone 3 be taken as the reference zone and all im- 
pedances expressed in ohms on 132-kv base. The fault 
current, If, and the distribution of currents I,, and I, are 
now readily determined. So also are the voltages through- 
out the network. It is recognized that in Zone 3 these are 
the actual reference phase currents and voltages. In Zones 
1 and 2 they are the actual quantities transformed to the 
Zone 3 base, and hence, must be transformed to their own 
respective bases to obtain the actual quantities. Since they 
are all positive-sequence currents and voltages, that is, 
normal balanced three-phase quantities, the actual cur- 
rents and voltages of the reference phase, which have been 
indicated on the single line diagram, are as follows: 

In Zone 3 

In Zone 2 

I[=It (14) 

E,‘=E, (15) 

I: = 3$ = I,N/’ 

In Zone 1 

The Zone 1 quantities may also be expressed as follows, 
illustrating the general method to be followed when the 
zone in question is separated from the reference zone by 
several transformations. 

NW2 I+----- ejel x p - IfN1N2e-j”+efi 

Et 
x ejel=~~2e 

-m+rw 

The power at any point s, for example, can be cal- 
culated without transforming. For: 

(f,N,~+j@‘) = EJ, (20) 

and 
P,+jQB=E,f, (21) 

These are the same. In other words the transformations 
described thus far and ordinarily used in analytical work 
are power invariant. They differ from transformations to 
a model scale for setting on a network calculator, in which 
power must obviously be scaled down. 

10. Loop Systems That Do Not Close 

If the product of vector transformation ratios around a 
closed loop is not unity, special consideration needs to be 
given. This case will be sub-divided into three parts, viz- 
(a) product of ratios not unity, (b) sum of angular shifts 
not zero, and (c) product of ratios not unity and sum of 
angles not zero. 

Product of Ratios Not Unity—Many transformers 
are provided with taps in one or more windings. With star 
or delta connected windings, use of these taps changes the 
ratio only, without affecting the angular shift through the 
transformer. Thus, by far the largest number of cases of 
non-unity vector transformation ratio around closed loops 
falls in this category of ratio discrepancy only. 

Example-An example is shown in Fig. 6, in which two 
circuits A and B differ in capacity, the taps having been 
increased on the B circuit to make it carry more of the load. 
The power factor of the portion of load that can be thus 
shifted from B to A depends on the impedance phase angles 
of the A and B circuits being nearly pure wattless for pure 
reactive circuits, and pure watts for pure resistive circuits. 
Thus, for 60 degrees impedance angle circuits the shifted 
*See Section 2. 
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Fig. 6—Product of ratios around a closed loop not unity. 

load is at about 50 percent power factor. The amount 
shifted is nearly constant, and not a percentage of the 
total load. Thus, at no load, there is a circulation over 
the two lines. 

Suppose that the network of Fig. 6 is to be solved, and 
it is desired to work on the Zone 2 basis. Zone 3 can be 
readily transformed to this basis as explained in a preced- 
ing section. However, no transformation can be found for 
Zone 1 that will result in both transformer ratios being 
unity. The best that can be done is to make one of them, 

for example A, unity by transforming the voltages of Zone 

1 in the ratio E8”’ 
13.8 

and currents and impedances by 

the corresponding factors. This leaves an uncompensated 
or remnant ratio to be accounted for in B, which may be 
represented as an autotransformer, Fig. 6(b). 

In a-c network calculator studies, small auto-transform- 
ers of the remnant ratio are used and no further consider- 
ation need be given. For analytic studies the simplest 
method is to neglect the remnant transformation ratio, 
provided great accuracy is not required. The order of 
magnitude of the circulating current can be estimated by 
dividing the inserted voltage by the loop impedance to see 
whether it can be neglected in the problem at hand. For 
example, if the remnant ratio is 1.05 the inserted voltage is 
of the order of 0.05 per unit under normal load conditions. 
If the loop impedance is 0.50 per unit the order of magni- 

tude of circulating current is ‘6 =O. 10 per unit. 

If this cannot be neglected the following approximation 
is suggested in cases where the remnant ratio is close to 
unity. The accuracy of the method is indicated later by 
an example. 

a. Treat as though the ratio were unity and determine 
the resulting shunt voltage at the location of the 
auto-transformer. 

b. Determine the resulting series voltage introduced, 

in this case 
138-132 -6 

132 
= 132’4.5 percent of the shunt 

C. 

voltage, and in phase with it. 
Determine the current circulated in the network by 
the action of this series voltage alone, setting the 
generator emf, E, equal to zero. Determine the volt- 
ages for this condition also. 

d. 

e. 

Superpose this set of circulating currents on the cur- 
rents previously calculated. Superpose the voltages 
similarly. The resulting solution is in error only by a 
correction factor of the second order which usually 
can be ignored, as will be shown subsequently. 

Where several such auto-transformers are required 
to “close” the impedance diagram, the circulating 
currents can be calculated separately, treating the 
ratios of the others as unity at the time. All of the 
resulting circulating currents can then be superposed. 
The resulting voltages can likewise be superposed. 

This approximation is based on the concept that the 
auto-transformer could be replaced by a shunt load that 
draws the same current from the system as the main section 
of the auto-transformer and a series emf that impresses 
in series the same voltage as the short extension of the 
auto-transformer. With this substitution, the solution by 
superposition is exact. If the auto-transformer introduces 
five-percent voltage in series and the impedance to the 
resulting circulating current is 50 percent, then ten-percent 
current will flow. With five-percent voltage this amounts 
to 0.5-percent load, which is supplied from the system to 
the shunt winding of the auto-transformer, thence, to the 
series winding and back into the system, as 12X and 12R 
losses of circulation. As this load drawn by the shunt 
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winding is quite small, 0.5-percent in the case just cited, 
it is most frequently ignored. 

In general, introduction of the series voltage raises the 
voltage on one side of the auto-transformer and lowers it 
on the other side, as compared with the voltage that would 
be present if the auto-transformer were not there. Thus, 
if the series voltage is five percent, the shunt voltage 
applied to the auto-transformer will differ by not over 
five percent from that calculated with the auto-transformer 
removed. A correction of five-percent in the shunt voltage 
would change the series voltage from five-percent to 4.75 
percent. This small correction usually is not required. 
Thus, the steps as outlined from a to d above will usually 
be sufficiently accurate. 

Example—A comparison of the exact solution (by 
equations-see Sec. 13) and the approximation in the 
case of Fig. 6 will illustrate the procedure and indicate 
the degree of accuracy to be expected. Assume a set of 
constants as follows, in per unit on the generator kva base. 
Assume the voltage to be maintained constant on the 
generator bus. 

A =jo. 10 E=l+jO 

B =jO.lO 

c=0.10+j0.173 

D=O.10+~0.173 

F=jO.lO 

G=0.90+j0.50 

Following the steps suggested above, the series voltage 
is first set equal to zero and the solution using the generator 
voltage alone is obtained, Fig. 6(c). The series voltage is 
4.5 percent of 0.9745 -jO.O329 or equal to 0.0443 -jO.OOlS 
and is directed to the right. Then, setting the generator 
voltage equal to zero and applying the series voltage alone, 
the solution of Fig. 6(d) is obtained. Adding vectorially 
the corresponding quantities in these two solutions, the 
superposed solution, Fig. 7(a), is obtained for the simul- 
taneous application of the generator voltage, E, and the 

Fig. 7-Comparison of exact and approximate solutions of 
Fig. 6. 

series voltage e, and is a good approximation to the exact 
solution of the circuit of Fig. 6(a) and (b) as will be shown 
by comparison with Fig. 7(b). 

The Exact Solution for the currents and voltages in Fig. 
6(b) can be obtained by writing Kirchoff’s Law for the 

TABLE 2 —COMPARISON OF RESULTS BY APPROXIMATE AND 
EXACT METHODS OF SOLUTION WHEN PRODUCT OF 
VECTOR TRANSFORMATION RATIOS IS NOT UNITY. 

(REFER ALSO TO FIG. 7). 

drops around each of the three loops and setting up a fourth 
equation stating that the total ampere-turns on the perfect 
transformer are zero. 

The solution of these simultaneous equations with the 
numerical values of the impedances A to G substituted, 
is given in Fig. 7(b). Table 2 shows the error in various 
quantities by the approximate method. The voltages are 
within 0.2 percent. The largest current error is 3.35 percent 
in I,. The sum of errors in I, and I, are about 4.5 percent. 
This is necessary since these two currents are taken the 
same in the approximate solution and differ by 4.5 percent 
in the exact solution. 

Sum of Angular Shifts Not Zero—Regulating trans- 
formers or regulators as well as special connections of trans- 
formers can introduce angular shift. If the net shift around 
a closed loop is not zero but is small, the treatment is 
similar to that for ratio discrepancies except that the series 
voltage is introduced at right angles to the shunt voltage. 
On the a-c network calculator, transformers cannot be 
used to obtain a shift since the circuits are single phase. 
Power sources must be used to introduce the necessary 
series voltages. 

Sum of Angular Shifts Not Zero and Sum of 
Ratios Not Unity—The series voltage can be introduced 
at any desired angle, corresponding to the net vector trans- 
formation ratio, and the currents superposed as outlined 
above, with appropriate phase relations. 
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II. NETWORK SOLUTION 

11. Network Theorems** 

The Superposition Theorem states that each emf 
produces currents in a linear network* independently of 
those produced by any other emf. It follows that the 
emfs and currents of a given frequency can be treated 
independently of those of any other frequency, and of 
transients. The superposition theorem is a direct result of 
the fact that the fundamental simultaneous differential 
equations of the network are linear. (See any standard 
book on Differential Equations.) (See Sec. 13.) 

The Compensation Theorem states that if the im- 
pedance of a branch of a network be changed by an 
amount AZ, the change in current in any branch is the 
same as would be produced by a compensating emf -AZ1, 
acting in series with the modified branch, I being the origi- 
nal current in that branch. By compensating emf is meant 
one which, if it were inserted, would neutralize the drop 
through AZ. This theorem follows directly from the 
superposition theorem. 

The Reciprocal Theorem states that when a source 
of electromotive force is connected across one pair of 
terminals of a passive† linear network and an ammeter is 
connected across a second pair of terminals, then the source 
of electromotive force and the ammeter can be inter- 
changed without altering the reading of the ammeter 
(provided neither the source nor receiver has internal 
impedance). This follows from the fact, that, in Eq. (56), 
if all emfs are zero except E2 and E3 for example, then if 

EP=O, I,,E*, while if ES=O, 13=E+, 

so that if ES = Ez, I3 = I2 for the conditions of the theorem. 
Note that A23 =&,. 

12. Reference Current and Voltage Directions 

To specify uniquely a vector current or voltage in a 
circuit, some system must be adopted to label the points 
between which the voltage is being described or the branch 
in which the current, flows. This system must also indicate 
the reference or positive direction. Two common methods 
are: the use of reference or positive direction arrows and 
the double subscript notation. 

ReferenceDirection Arrows-Fig.8(a)and(b)-When 
a network is to be solved to determine, for example, the 
current flow for a given set, of impressed emfs, the network 
should first be marked with arrows to indicate the reference 
positive direction of each current and voltage involved. 
These can be drawn arbitrarily, although if the predom- 
inant directions are known, their use as reference-direction 
arrows simplifies later interpretation. 

The use of open voltage-arrowheads and closed current,- 
arrowheads will avoid confusion in numerical work, where 
the E and I symbols are not used. 

It must be decided at this point whether the voltage 

**See also Thevenin’s Theorem, Sec. 18. 
*A linear network is one in which each impedance is linear; that is, 

has a straight line relation between current and voltage drop. 
tA passive network is one having no internal emfs as distinguished 

from an active network. 

0 
p---r 

n 

6) 
n 

Fig. 8—Methods of notation used in network solution. 

arrow is to represent a rise or a drop. In system calcula- 
tions it is generally used as the rise in voltage. While 
this decision is arbitrary, once made, it must be adhered 
to consistently. 

Finally a vector value must be assigned to the voltage 
or current. It can be expressed as a complex number, or 
in polar form or graphically and gives the magnitude and 
relative phase of the quantity with respect to some ref- 
erence. A symbol, such as I,, can be used to designate 
this vector quantity. 

The known vectorial voltages or currents must be asso- 
ciated with the reference arrows in a manner consistent 
with the conditions of the problem. For example, suppose 
the problem in Fig. 8(a), is to determine the currents that 
would flow with the two voltage sources 180 degrees out 
of phase, and 100 volts each, rms, 60-cycle. Then if E, 
is taken as l00+jO, E, must be taken as -lOO+jO. Had 
the arbitrary reference-direction arrows been taken as in 
Fig. 8(b), then for the same problem a consistent, set of 
voltages would be : 

E, = l00+jO, E, = l00+jO 

Ordinarily the reference-direction arrows for shunt voltages 
are directed from the neutral to the phase conductor as 
in Fig. 8(a). 

Summarizing then, the complete specification of a 
quantity in the reference-direction-arrow system involves 
three elements: 

a. The reference-direction arrow, drawn arbitrarily. 
b. An agreement, consistently followed as to what the 

reference-direction arrow means; particularly whether 
the voltage arrow means the voltage of the point 
above the tail or the drop from tail to point. 

c. A vector to represent the magnitude and relative 
phase of the quantity with respect to a reference. 

Suggested convention: For voltages, the vector quantity 
shall indicate the voltage of the point of the arrow above 
the tail, that is, the rise in the direction of the arrow. It 
then is also the drop from point to tail. 
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Mesh Currents and Voltages-Refer to Fig. 8(c)- 
The “mesh current” system involves a somewhat different 
point of view. Here each current is continuous around a 
mesh and several currents may flow in the same branch. 
(I, and I, flow in 2.) The branch current1 is the vector sum 
of all the mesh currents in the branch, taken in the refer- 
ence direction for the branch current. If such a network 
can be laid out “flat,” it is most convenient to take the 
reference direction for mesh currents as simply “clockwise” 
for example. Or circular arrows can be used as shown in 
Fig. 8(c). The example of solution by equations in Sec. 9 
illustrates the use of “mesh currents.” 

The same reference directions can be conveniently used 
for mesh emfs, which are the vector sum of all emfs acting 
around a particular mesh, taken in the reference direction. 

Double-Subscript Notation—Fig. 8(d)-A double- 
subscript notation is sometimes used and is of course 
equivalent to the drawing of reference arrows. Here again 
an arbitrary decision must be made as to what is intended. 
Suggested Convention. Refer to Fig. 8(d). 

I,t means the current from s to t. 

E,, means the voltage of s above n 
It is apparent then that E,, = --E,,; Iet = -Its, etc. 

Setting Up Equations—If the work is analytical, by 
the method of equations, the equations must be set up 
consistent with the reference direction arrows, regardless 
of the values of any known currents or voltages. Consistent 
equations for Figs. 8(a), (b), (c), (d), are as follows, using 
Kirchoff’s Laws (See Sec. 1) : The voltage equations are 
written on the basis of adding all of the voltage rises in a 
clockwise direction around each mesh. The total must of 
course be zero. The current equations are written on the 
basis that the total of all the currents flowing up to a point 
must equal zero. Arrows and double subscripts have the 
meanings given in the “suggestions” above. 

Referring to Fig. 8(a). 

E,--I,&-IZ=O (26) 
-I,&-E,+IZ=O (27) 

&-I-I,=0 (28) 

Referring to Fig. 8(b). 

E,--I&--IZ=O (29) 
-I,Z,+E,+IZ=O (30) 

&I-I,=0 (31) 

Referring to Fig. 8(c). 

E,-I,(Z,+Z)+I,Z=O (32) 
I,&I,(Z+Z,) -E,=O (33) 

Referring to Fig. 8(d) or 8(e). 

E,,- I,& -I& = 0 (34) 
It,Z-I&-E,,=0 (35) 

I,t-It,-It,=0 (36) 

In the double-subscript system, the voltages and cur- 
rents could of course be indicated on the figure. They have 
been purposely omitted in Fig. 8(d), however, to emphasize 
that the specification of these quantities in Eqs. (34) and 
(35) is perfectly definite from the subscripts alone. 

Also, the inclusion of reference-direction arrows on the 
diagram, even when the double-subscript system is used, 
may aid in writing equations, although they are not 
strictly required. If used, they must be consistent with 
the double-subscript system. That is, each arrow must 
be directed from the second subscript toward the first for 
voltages, and from the first subscript toward the second 
for currents. Fig. 8(e) illustrates such a diagram con- 
sistently labeled. 

13. Solution by Equations 

Representation-A network of n meshes can be 
represented as having n independent currents, II to I,, 
as shown in Fig. 9. The branch currents are combinations 
of these. See Brunch Currents below. 

Mesh Impedances are defined generally as: ZPp= 
voltage drop in the reference direction in mesh q per unit 
of current in reference direction in mesh p. The curved 
arrows indicate reference directions in each mesh. In 
general 

z PQ =GlJ 

The impedances ZPP and Z,, are called self and mutual 
impedances. 
Specifically in Fig. 9. 
(First subscripts i and c indicate inductive and capacitive 
reactances respectively.) 

zll=R,+Rb+j(Xia+Xib-Xorr-Xcb) (37) 
z 12~ -Rb-j(Xib-Xob) (38) 

213=0 (39) 

Fig. 9—General flat network. 
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214=0 (40) 
Etc. 

Zn=Rb+Ro+Rd+R,+j(Xlb+XI,+Xld-X,b-x~~) 

(41) 

z 23 = - jxide (42) 

[The polarity marks signify that the mutual flux links 
the two windings in a manner to produce maximum volt- 
ages at the same instant at the marked ends of the wind- 
ings. See Fig. 9(b) .] 

z 24 = -L (43) 

Zzs = 0, etc. (44) 

212 = 221 (45) 

Z13 = &I etc. (46) 

Mesh Em&--Reference-positive directions for branch 
emfs, E,, &, etc., are shown by arrows associated there- 

The cofactor of a term in a determinant is the minor 
determinant obtained by eliminating the row and column 
containing that term, this minor being prefixed by a + 

- sign depending on whether the sum of column num- 
zr and row number is even or odd respectively. In (57), 
the first subscripts define columns, the second rows. Thus 
the cofactor of a term has a + sign if the sum of sub- 
scripts on the term is even. Since Z,, = Z,,, it can be shown 
that A,, = A,,. 

In (56), the term involving El is the current that flows 
in mesh p if all emfs are set equal to zero except El. Simi- 

&A p2 
larly, the term D is the current that flows in mesh p 

if Ez alone acts and El, ES, etc., are equal to zero. 
Specifically : 

with. 
A mesh emf is the sum of the branch emfs acting around 

that particular mesh in the reference direction. 
where D is 

The same reference direction will be used for mesh emfs 
And: 

as for mesh currents. 
Specifically in Fig. 9. 

El=E,--Et 

E2= -EC 

E3= -Et, 

Ec=&+Er+.Eo 

(47) 

(48) 

(49) 

(50) 
Etc. 

E,=E, 

Equations—Kirchoff’s Law 
drop around each closed mesh 
pressed in that mesh. 

L.%1+~2~21+~3&1+ ’ 

ul2+~2~22+u32+ * 

Ml3+~2%3+&&,+ * 

. . . 

. . . 

. . . 

(51) 

states that the voltage 
must equal the emf im- 

~~+I,Znl=Er (52) 
-+I,Zn2=E2 (53) 
l l +I&,, = Et (54) 

. . 

. . 

. . 

Mesh Currents*-Equations (52) to (55) can be 
solved for the mesh currents 11 to I,. The solution for 
current in any particular mesh, p, is: 

I E&I E&z &A,, 
P 

=D+D+D+. . .+yLT (56) 

where D is the determinant of coefficients 

~d21Z,1* * * zll 

&2222&2 * * - zl2 

D = 2&23233~ . . Zn3 (57) 
. . . . 
. . . . 
. . . . 

ZnZ2n.L * - * zlrl 

and A,, is the cofactor of Z,, in the determinant (57). 

*The method of determinants is used to state the solution here. 
However, any method of solving the simultaneous equations (52) 
to (55) for the unknown currents 11 to I, may be used. 

given by (57). 

Z12&2* * 42 

Azl = - Z&f&. . . Z,a (59) 
. . . 
. . . 
. . . 

&l&n - l - zm 

Currents can now be obtained by combina- 
vector sum of all mesh currents flowing in a tion. Inc. 

branch is the branch current. 
Specifically with reference to Fig. 9. 

Etc. 

I,==II 

&,=&-I2 

I,= I2 

Im=14--la 

(62) 

(63) 

(64) 

(65) 

Brunch Voltages-The branch voltages, E,, EYI, 
etc., or the voltages between any two conductively con- 
nected points in the network, as E,,, can be obtained by 
vectorial addition of all voltages, both emfs and drops 
through any path connecting the two points. 

The voltage drop from x to y, Dxy, and the voltage of 
point x above point y, Exy, are the same. 
(Note that drop is measured from first subscript to sec- 
ond. The voltage of the first subscript is measured above 
the second.) 
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.Dxy=Exy =ICRC+jl,(Xi,-XA (66) 

Dys=&z = IdRd + jIdXid -jIaidtt (67) 
D wa =E,,= -Eo+LRm 033) 
D =E,, =I,R,+jl,(Xi,-X,)+IdRd 

=‘+jIdXid - jISide. (69) 

Note that 

DXZ = Dx,+D,, (70) 
E xz=Eys+Exy. (71) 

Example of Solution by Equations—(a) Given the 
impedances and emfs of a network, Fig. 10, required to 

Fig. 1—Example of a solution by equations. 

find the currents. Note: The headings (b), (c), etc., ref ‘er 

to the corresponding paragraphs b, c, etc., in which the 
method and equations are given. 

(b) Mesh Impedances 

Z~~=O+j(7.55+136) =O+j143.55 
212 = 221 - j113.0 
222=5+j(150.5-2.65) 15+jl47.85 

(c) Mesh Emfs 
El= 2.9 +j56.6 
E 2 = -0.29 - j5.66 

(d) Equations. It is unnecessary to write these out 
completely since only the solutions are desired. However 
for completeness they are: 

&(O+j143.55) +12( -4 13.0) = 2.9 +j56.6 
11( -j113.O )+12(5+j147.85) = -0.29-j5.66 

(e) Mesh Currents 

D = O+j143.6 -j113.0 
-j113.0 5+j147.9 = -84OO+j718 

. 
A 11 = 5+j147.9 
A 12 =A 21= +j113 
AZ = O+j143.6 

I E& &An 
1- -D+D 

L 
(2.9+j56.6)(5+j147.9)+(-0.29-j5.66)(jl13) 

-84OO+j718 -84OO+j718 
=0.921+j0.007 

I &&I &h. 
2- -0+0 

F (2.9+j56.6)(jll3)+(-0.29-j5.66)(+j143.6) 

-84OO+j718 -84OO+j718 
= 0.662+jO.O34 

& API . 
Note that the term D=z is the “transfer admit- 

tance” between meshes 1 and 2, or is the current in either 

one of these meshes per unit of emf impressed in the other. 
Thus the voltage E2 is -0.1 of El and likewise the current 
in mesh 1 resulting from E2 is -0.1 of the current in mesh 
2 due to El. 

14. Solution by Reduction 

General-The currents flowing in a network of known 
impedances, caused by a given set of applied emfs, can be 
determined by the method of superposition (See Sec. 11). 
First the solution (currents in all branches of interest) is 
obtained considering one emf acting with all others set 
equal to zero. Following the same procedure for each emf 
in turn, a number of current solutions are obtained. By 
the principle of superposition, the current in any branch, 
when all emfs are acting at once, is the sum of currents in 
that branch caused by each emf acting independently with 
the others set equal to zero. The principle of superposition 
presupposes a linear network. The same reference direc- 
tions must be adhered to for all solutions if the super- 
position is to be a simple vector addition of the several 
current solutions. 

The solving of a network involving several emfs is thus 
reduced to the more fundamental problem of solving a 
network with one impressed emf. This can be accomplished 
by the method of reduction. 

Fig. 11—Solution by reduction. Bridge network current dis- 
tribu tion. 
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Solution by Reduction consists of replacing portions 
of network, such as Fig. 11 (a), by simpler equivalent sec- 
tions, Fig. Il(b, c, d), until a simple series circuit results, 
Fig. 11 (e), which includes the impressed emf and one im- 
pedance branch. The current is readily calculated. Then, 
using current distribution factors obtained in the course 
of reduction, a reverse process is carried out, expanding the 
network to its original form and determining the division 
of currents in the process. The methods and equivalent 
circuits for carrying out this procedure in general are given 
in the subsequent paragraphs. 

The Network Equivalents will first be given. Network 
constants can be expressed either in admittance or im- 
pedance form. Some transformations are more readily 
performed in impedance form, such as adding impedances 
in series, or delta-to-star transformations. Others are more 
conveniently performed in admittance form, such as ad- 
ding admittances in parallel, or star-to-delta transforma- 
tions. For more complicated transformations, it is best to 
convert constants to the most convenient form for the 
particular transformation. For simpler ones, it is usually 
preferred to use one form or the other throughout the 
problem. 

The common transformations are presented in both 
forms. The more complicated and unusual ones only in the 
form best suited. Impedances (symbol 2) are reciprocals 
of admittances (symbol Y) and vice versa. 
That is 

z : 
1=- 

1 

y ; 
1=- 

1 

(72) 

Fig. 12—Solution by reduction. Bridge network current dis- 
tribution. 

In all cases, the equivalent circuits are equivalent only 
insofar as the labeled terminals are concerned. For ex- 
ample, when a star with mutuals is reduced to a star 
without mutuals, the potential of the center point is not 
the same in the equivalent. 

Delta and star forms used in general networks are iden- 
tical with Pi and T forms used in specialized transmission 
forms of networks. See Fig. 15. The difference is simply 
in the manner of drawing the circuit. Thus the star-delta 
and delta-star transformations are at once, T to Pi and 
Pi to T transformations. The arrow between parts of the 
figures indicates that the figure on the left is being trans- 
formed to the figure on the right. It is assumed then that 
the currents are determined for the figure on the right 
and the equations under the figure on the left are for 
determining the resulting currents (or voltages) in it. 

15. Transformations in Impedance Form 

a. Impedances in Series (Fig. 13) 

Fig. 13—Impedances in series. 

21 21 
el=Z1+Zz=Z (75) z=z,+z, (74) 

e2=Z1+Z2=Z (76) 

b. Impedances in Parallel (Fig. 14)~“The parallel 
of two impedances is the product divided by the sum.” 

. 22 

21=z1+zz 

Fig. 14-Impedances in 

. 21 
zp=zl+zz 

parallel. 

(78) z=$$ (77) 
1 2 

(79 

Fig. 15—Pi and delta; t ’ and stars or Y are the same. 
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Suggested order of calculation (80) 

D=Zl+Zz 
22 il = - 
D 

= current in Z1 per unit current in 2. (81) 

i2 = 1 --iI = current in Z2 per unit current in 2. (859 
(il and i2 are current distribution factors.) 
z = il& (83) 

c. Delta to Star Transformation or Pi to T (Fig. 
16)—“The star impedances are the product of adjacent 
delta impedances divided by the sum of all delta imped- 
ances. ’ 

Fig. 16—Delta to star-impedance form. 

Isb = - %I.+‘$Ib (88a) (84) 

@W 

(85) 

I,,= -%I”+5 zabIa (goa) Zc=!!i$.f 

= - ibcIc + iabIa (gob) D = Zab+Zbc+Zca (87) 

Suggested order of calculation* 

D = &b+Zbc+Zca (87) 
z iab = Lb 
D 

(91) 

za = Zcaiab 

zb = &bib0 

&a 
i,, = - 

D 
(95) 

& = Zbcica (96) 

(i&, ibc, i,, are current distribution factors.) 

d. Star to Delta Transformation or T to Pi(Fig. 17) 

b 

Fig. 17—Star to delta-impedance form. 

*Then after I,, Ib, and I, have been found, I,,, lab, and Ih can be 
determined using Eqs. (8Sb), (89b), and (90b). 

I, = La - Iab 
Ib = Iab - Ibc 

I, = Ibo - ha 

(101) 
(102) 
(103) 

zab = Dz,&, 
&,c = Dzbz, 
Z,, = DZ,Z, 

D=$+++j- (100) 
a b 0 

Alternative forms of the transformation formulas fol- 
lows : 

Num. =Z,Zb+Z,Z,+ZbZ, (104) 

Num. 
z =-jj--- 

zazb 
ab 

0 
=za+zb+z 

0 

Num. 
zbo= -jj- 

a 
=zb+zc+y 

a 

zbzo 

(105) 

(106) 

Z 
Z Za Nzm’ Z,+Za++ ca=----= (107) 

e. Star with Mutuals to 
(Fig. 18) 

Star without Mutuals 

Fig. 18—Star with mutuals to star without mutuals-im- 
pedance form. 

UW 
ZB=Zb+Zca-Zbc-Zab (109) 

ZC=Zc+Zab-Zca-Zbo um 

Polarity marks require that with all reference directions 
from center outward as shown, all self and mutual drops 
are from center outward. That is, it is understood that 
with the polarity marks as shown, the voltage drop from 
the center to a will be written: 

Dna = Iaza+ IbZab + IcZca 

and the numerical (vector) values and signs assigned to 
Z& and Z,, must be such as to make this true. It follows 
that Z& is defined as the voltage drop from n to a divided 
by the current from n to b that causes the drop. 

Special case: Star with one mutual between two branches 
to star without mutual. (Fig. 19.) 

Fig. 19—Star with one mutual to star without mutual- 
impedance form. 

ZA=Za+Zbc 

zB=zb-zb,, 

i&C=& --ii&, 

(111) 

(112) 

(113) 
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f. Two Self Impedances and a Mutual Trans- 
formed to an Equivalent Star or T. Or the Equiv- 
alent Circuit of a Two-winding Transformer (Fig. 
20) 

Fig. 20—Two self impedances and a mutual transformed to 
an equivalent star or T. Or the equivalent circuit of a two 

winding transformer. 

z1= z11- z12 (1 14 
z2 = 222 - zn (115) 

NOTE: This transformation involves bringing b and d to the 
same potential and is permissible only when these potentials are 
not otherwise fixed. Strictly, the form on the right is equivalent 
to that on the left with switch S closed. However, if the closure 
of S would not alter the current division, it can be considered 
closed and the equivalent circuit used. The resulting potentials 
Eab, and IL will be correct but the potentials E,, and Edb, which 
are definite in the equivalent, are actually indeterminate in the 
original circuit and must not be construed as applying there. 
See note under e for meaning of polarity marks, considering b 
and d as point n. 

This is the familiar equivalent circuit of a two-winding 
transformer, provided all impedances have first been 
placed on a common turns basis. In this case .Z12 is the 
exciting impedance and 2 = Z1+Zz the leakage impedance. 

16. Transformations in Admittance Form 
a. Admittances in Series (Fig. 21) 

Fig. 21—Admittances in series. 

Y2 
el=yl+yz (117) 

KY2 

y=a 
016) 

Yl -- 
e2- Yl+Y, 018) 

Suggested order of calculation. 

D= Yl+Yz (119) 
y2 

el=- 
D (120) 

e2=1-er 

Y = Ylel, or Y2e2 
(121) 

(122) 

b. Admittances in Parallel (Fig. 22) 

i~=*~=$ (124) Y= Yl+Yz (123) 

V V 

Fig. 22—Admittances in parallel. 

c. General Star to Mesh Transformation, or 
“Elimination of a Junction” (Fig. 23) 

Fig. 23—General star to mesh transformation, or elimination 
of a junction-admittance form. 

NOTE: A network can be solved by eliminating one junction 
point after another until a single-branch mesh remains. 

RULE : “A mesh branch is the product of adjacent star 
branches divided by the sum of all star branches.” 

The mesh contains n/2 (n - 1) branches, where n is the number 
of star branches. 

Ir=Izl+&L+ l 9 l $-In1 (130) 
KY2 

&2=-g- (126) 

12=112+132+ - - * +1,2 (131) 
1 3 

Y13 - ‘D’ -- (127) 

etc. etc. 

I,= L,+Iz,+ - . . +Lp (13% Y,,=Y (128) 

D=Y,+Y2+&+-+Yn (129) 

In which the positive reference direction for any mesh 
current I,, is toward terminal q. 

Suggested order of calculation. 

D= yl+y2+y3+ l * * +Yn (133) +c2 (137) 

Yl 
--I= 
D k 

1 (134) Y23 = ‘D’ -2-2 = k2Y3 (138) 

KY2 

’ D 
12=-----= 

k y 
1 2 (135) Y2~=~=hYI (139) 

KY3 
Y -,=klY3 13 - 

etc. 

(136) etc. 

d. Star to Delta or T to Pi(Specia1 case of c) (Fig. 24) 

Ia = I,, - Lb (144) y.,=y (140) 

Ib = Iab - Ibo 
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Fig. 24—Star to delta-admittance form. 

IO = Ibc - I,, (146) Y,,= y (142) 

D= Y,+Yb+Yc (143) 

Suggested order of calculation same as for general 
transformation. (c) 

e. Delta to Star Tramformation, or Pi to T (Fig. 25) 

to star-admittance form. 

I sb = -i,,I,+ibcIb (151) 

I bc = -ia&,+icaIo (152) 

I ca - - -ib&+ia& (153) 

ya = D yea yab 

Yb=DYabYbc 

yo = D ybo yea 

(147) 

(148) 

(149) 

1 
where &b = - 

Dyab 
(154) D=++&++ (150) 

ab 08 

1 
ibo = F (155) 

ux bo 

1 
i,, = - 

D Yea 
(156) 

17. Examples of Solution by Reduction 
A power-distribution system network is solved by the 

method of reduction in Sec. 20. 
The following example is also given showing the method 

when two sources of emf are present. 
Solve for the currents in the network of Fig. 11(a) by 

the method of reduction for applied voltages as follows: 

Case 1. E,= O+jlOO volts 
Ed = 50 +jo volts 

Case 2. E, = 3O+j40 volts 
Ed = 10 +jSO volts 

Obtain unit current division and total current division 
as indicated in Tables 4(a) and 5. 

The method generally is to resolve the network for one 
applied voltage at a time, with the other one set equal 
to zero. 

After solutions have been obtained for each applied 
voltage acting independently, these solutions are super- 
posed to obtain the current flow with both applied volt- 
ages acting simultaneouslv. 

Particular attention is directed to certain relationships. 
The total current input resulting from a particular ap- 
plied emf is obtained by dividing it by the driving-point 
impedance* at that pair of terminals. Thus, when the 
driving-point impedances, Z,, and Zdd, at the impressed 
voltage terminals have been determined, and the unit 
current divisions developed, the network is solved. This 
is illustrated by Cases 1 and 2, which differ only in magni- 
tude of the applied voltages. The resulting currents in 
these two cases are obtained from the same basic network 
solution. 

Solution—a. Eliminate the mutual as per Eqs. (lll- 
113) and combine impedances in series forming &. 

Zb =j20 -jlO =jlO 
Zk =j30 -jlO =j20 
zg =j1o+j30 =j40 

b. Let Ed = 0 and replace star Ze, Zd, Zh by its equiva- 
lent delta from Eqs. (97-100). 

D&+‘+?- 
320 j5 jl0 

= -j(O.O5+0.20+0.10) = -jO.35 

Zeh = (- j0.35) (j20) (jl0) = j70 
Zde = ( - j0.35) (j20) (j 5) = j35 
Zdh= (-jO.35)(j 5)(jlO) =jl7.5 

c. Parallel the branches Zde and Zr also, Zdh and 21, of 
Fig. 11(c), obtaining Fig. 11 (d). 

D=Zt+Zde=j45 
. Zde j35 

zf=z=j45 = 0.78 

i&= l-0.78=0.22 (in Z&) 
Zm=0.22Xj35=j7.77 

(Parallel Zdh and Z,) 
D=Zk+Zdh=j20+jl7.5=j37.5 

. Zdh j17.5 

zk 
=-=- 

D j37.5 
= 0.468 

idb= 1 -i&=0.532 (in Zdh) 
2, = 0.532 X j17.5 = j9.333 

d. Z,+Z, =Z,, = j17.10 

Parallel Z,, with Zeh = 2, 
D=Z,,+Z,h= jl7.lO+j7O=j87.10 

ieh 
Z z-.2.!?! jl7.10 

= ___ = 0.196 (through Zh) 
D j87.10 

i,, = 1 -&h = 0.804 (through Z,,) 
Z, = imnZmn = 0.804 X jl7.10 = j13.74 

e. The impedance viewed from &‘a terminals is: 

Z sa =Z0+Z,=j13.74+j40=j53.74 

f. Current Division for unit current in at (a). 

The symbol (i) has been used for current division 
factors. 

Let prime symbols be used for the currents in terms of 
one ampere total input to the network. 

*Driving-point impedance is that impedance measured looking 
into any pair of terminals of a passive network with all other ter- 
minals terminated in a specified manner. In this case all other 
terminals are short-circuited. 
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i*‘= l.O=& 
i’eh = ieh = 0.196 
‘I i? mn = 0.804 
ilk = fmn& = 0.804 X0.468 = 0.375 = i,,’ 

&h = i’mnidh = 0.804 x0.532 = 0.429 
if’ = ifmnif = 0.804 X0.78 = 0.625 

i’~e=i’mni~e=0.804X0.22=0.179 
&‘=0.196+0.179=0.375 
id = 0.196+0.429 = 0.625 = ib’ 
id’ = 0.429 - 0.179 = 0.250 

The six currents i,‘, i,‘, if’, i,‘, id’, ib’ are given in Table 
4(a) and constitute the current division corresponding to 
unit current entering the network at a. Figs. 12(a) to (c) 
illustrate the steps in dividing the current. 

g. Transfer admittances. See Table 4(b): 

y $=-‘-- aa=- 
j53.74 

-jO.O1861 
as 

Y,b = ibt Y,, = 
Y,, = i,‘Y,, = 
etc. 

jO.01163 
jO.00698 

Note: The transfer admittance, Ysb, is the current in 
branch (b) in the reference direction per unit 
voltage impressed in branch (a) in the reference 
direction. 

TABLE 3 

In a similar manner, for voltage applied at (d), the 
driving-point impedance Zdd and the current division and 
transfer admittances can be obtained. These are given in 
Tables 3 and 4. It is essential that the same reference 
directions be maintained for all current divisions, in order 
that the solutions for applied voltages at different terminals 
can be superposed. 

The current divisions of Table 5 for the conditions in- 
dicated in the second and third columns are obtained 
directly from the basic network solution Tables 3 and 4. 
For example with E, = O+ jlO0, 

I =E,=“+j100=1@31 
a3 Zaa j53.74 * 

(or IaaEaYa,~ -jO.Ol86l(jlOO) = 1.861) 

Multiplying by the unit current division correspond- 
ing to current in at a, the currents I, to If, for 1.861 am- 
peres in at a, are determined. 

This method is particularly advantageous when many 
different combinations of applied voltages are to be applied 
to the same network. It is also convenient to obtain the 
transfer admittances, as shown in Table 4(b). These are 
the currents in the various branches corresponding to unit 
voltages applied at the respective driving points. It is 
necessary only to multiply by any actual single applied 
voltage to obtain the corresponding current division. There 
is a check here, for the reciprocal theorem states that the 
current at (d) for unit voltage applied at (a) must be the 
same as the current at (a) for unit voltage applied at (d). 

18. Solution by Thevenin’s Theorem 
Thevenin's Theorem2 is useful in analyzing a net- 

work or part of a network when its reactions at a particular 
pair of terminals are of prime importance. Through its 
use, a complicated network consisting of several emfs and 
impedances can be replaced by a simple series circuit of one 
emf and one impedance supplying the pair of terminals of 
interest. The theorem can be stated as follows: 

With respect to any single external circuit connected to any 

Table 4(b)-TRANSFER ADMITTANCE (See note under g) 



310 Steady-State Performance of Systems Including Methods of Network Solution Chapter 10 

given pair of terminals of a network, the network can be the circuit of Fig. 26(a), so far as the terminals z, y are 

replaced by a single branch having an impedance, Z, equal 
to the impedance-measured at these terminals looking into 

concerned. E, is as measured with the terminals z, y open 
circuited in Fig. 26(b). Z is as measured in Fig. 26(c) by 

the network (when all the network emfs are made zero) and 
containing a single emf, Eo, equal to the open-circuit voltage 

applying any voltage E’ of the frequency under consider- 

of the network across the given-pair of terminals. 
ation to 5, y and measuring the corresponding vector cur- 
rent I’ with the emfs El, Es and E3 short circuited. 2 is 

The term emf as used here has a broader meaning than the vector quotient E’/I’. 
electromotive force. It is any voltage in the network that An Example of the use of this theorem is found in the 

remains constant while the impedance connected to the 
output terminals is varied. Thus, the voltage of a battery 

calculation of short-circuit current on a loaded system. 
The equivalent circuit of the system, up to the point of 

of negligible internal impedance is an emf, while the voltage fault, consists of an emf, E,, and an impedance, Z. E0 
drop in an impedance is not, unless the current is held is the voltage at the point of fault before the fault and is 
constant. (See later paragraph). A generator having regu- usually a known system operating voltage. Z is the im- 

lation is segregated into an emf and an internal impedance, 
back of which the voltage is constant for the particular 

pedance looking into the system at the point of fault with 
all emfs set equal to zero. The short-circuit current is then: 

problem and hence can be treated as an emf. 
The General Case is illustrated by Fig. 26. The emfs, 

I = $‘. Thus, it is unnecessary to determine the generator 

El, Ef, and E3 can be of any single -frequency. If more 
than one frequency is present, the emfs of each frequency 

internal voltages. At a given operating voltage E,, and 

must be treated separately, as the equivalent circuit will 
fixed generating capacity, increased load tends to increase 

not usually be the same-for different frequencies. The 
short-circuit current by lowering Z, the driving-point im- 

impedances may be composed of resistances, inductances 
pedance at the fault with all system emfs set equal to zero. 

and capacitances, but must be linear within the accuracy 
The method applies equally well to a network in which 

necessary for the problem at hand. A linear impedance is 
certain fixed currents are forced to flow, as by current 

one that satisfies Ohm’s Law, E =ZZ, Z being a constant. 
transformers. Examination of the equations of a network 

With these considerations as a basis, Thevenin’s The- 
having fixed current input reveals its identity with a net- 

orem states that the circuit of Fig. 26(d) is equivalent to 
work of fixed emfs. For example, consider the circuit of 

Fig. 27—Application of Thevenin’s Theorem in a network of 
fixed input currents. 

Fig. 27(a). The equations that involve the known input 
currents are : 

-LA --&(A tc+D)+I,c+zmD=o (157) 
+zcB--I,(B+E+C)+I,C+Z,E=o (158) 

The equations involving E, and E, in Fig. 27(b) are: 

E,--I,(A+C+D)+Z,C+I,B=O (159) 

Fig. 26-Determination of equivalent network by means of 
+E,-L(B+E+C)+Z,C+I,E=O (160) 

Equations for the remainder of the network are the same 
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for Fig. 27(a) or (b). It is apparent that (157) and (158) 
are identical with (159) and (160) respectively, if: 

E *=-I&i (161) 
E o= -I&l (162) 

In other words, the terms - I,A and - IJ3 can be treated 
as emfs in applying Thevenin’s Theorem, and the per- 
formance at terminals x, y treated through the use of 
open-circuit voltage and driving-point impedance. The 
latter is obtained with the input-current terminals, that 
is, the a, b, and c leads from the current transformers, 
open circuited in Fig. 27(a), or the equivalent emfs, E, 
and Eb, of Fig. 27(b) set equal to zero. 

A more complete discussion is given in Reference 
Number 2. 

19. Solution by Circulating Currents 
A ladder-type network common where transmission and 

distribution circuits parallel each other as in a-c railway 
electrification3 is represented in Fig. 28. The example is, 

Fig. 28—A general ladder-type net work. 

however, for a three-phase system. Suppose it is desired 
to determine the current division and regulation for the 
particular loading condition shown, without making a gen- 
eral solution of the network. This problem lends itself to 
the method of circulating currents. 

The voltages at the load buses must first be assumed 
and the kva loads converted to currents. The sum of the 
three load currents flow in the generator and constitute 
the current I, in Fig. 29. These load currents and the 
generator current are assumed to be fixed for the balance 
of the problem. 

The division of I, between I,, and I, is next assumed. 
Now the voltage drops from 1 to 2, 2 to 5 and 2 to 3 can 

Fig. 29— Impedance diagram for the system of Fig. 
ing the method of circulating currents. 

28. Show- 

be calculated. The current Ih is obtained by subtracting 
the load at 5 from I,, and then the drop from 5 to 6 can 
be computed. Knowing the drops from 2 to 3 and 2 to 6, 
for the assumed current division, the drop from 3 to 6 is 
obtained by subtraction. This drop divided by the imped- 
ance j gives the current If. Now the balance of the currents 
can be obtained, that is, Id and Ik. However unless a 
perfect guess has been made, the drop 34-7 will differ 
from the drop 3-6-7, and an arbitrary voltage, AE, must be 
included to make the voltages around the loop add to Zero. 

So far an &act solution has been obtained for the case of 
certain load currents, a particular generator voltage and 
a voltage AE. However, the solution is desired without 
AE. To obtain it a solution is next obtained for -AE 
acting alone. According to the conditions of the problem 
the load and generator currents are fixed so that these 
branches are considered open circuited when computing 
the currents caused by -AE alone. This solution is there- 
fore quite simple and gives rise to a set of currents I,‘, 
I& . . . Ik’, which are the “circulating currents” for which 
the method is named. 

Now let these two solutions be superposed; that is: 
I,” = I,+ I, 
Id” = Id+ Id’ etc. 

The resulting solution does not involve AE since the AE 
of the first solution is canceled by the -AE of the second 
solution. It is therefore an exact solution for the load 
currents assumed. The voltage drops from the generator 
to the several load points can now be computed, since the 
currents are known. Also, from the new load voltages, and 
from the load currents that have been held fixed through- 
out the solution, new load kvas and power factors can 
be computed. 

The net result is an exact solution for a set of conditions 
that differs more or less from those originally assumed. 
While this can be used as a basis for a second approximation 
it is more generally considered the engineering answer. 
The loads are usually not known exactly; the solution 
obtained provides an exact reference point in the region 
of the loads assumed, and thereby provides a tangible 
basis for engineering judgment. 

There is much to be said for this type of solution as a 
system design tool, since it capitalizes experience and fore- 
knowledge of the order of magnitude of the answer. As 
an example the network of Fig. 28 has been solved for the 
loads indicated thereon. 

Example of Method of Circulating Current-The 
network diagram, Fig. 29, is obtained from the single-line 
diagram as outlined in Secs. 2 and 3. The 15 OOO-kva 
transformer impedance should be converted to ohms on a 
34.5-kv base and then multiplied by (13.8/33)” to convert 
to the 13.8-kv base at the load. The resulting diagram 
is on the load-voltage base, a conversion being necessary 
to change to or from the generator-voltage base, which is 
also nominally 13.8 kv. Thus with the generator at 13.8 
kv, the corresponding voltage to be applied in Fig. 29 is 
13.8(34.5/13.8) (13.8/33) = 14.42 kv or 4.5 percent above 
normal. In an actual case transformer resistances should 
be included as these are significant in regulation and 
loss calculations. 
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As a first approximation, assume the regulation in step- 
up and step-down transformers to total 10 percent with an 
additional 10 percent in lines. Allowing for a 4.5 percent 
above normal voltage at the generator, the loads should be 
converted to currents based on approximately 85 percent 
voltage or 11 700 volts. The load currents are given in the 
following tabulation. 

In the current distribution calculation which follows, the 
current I, must be guessed, or taken arbitrarily. Later 
a circulating current is determined, which, added to the 
arbitrarily assumed value, gives the correct current. It 
is advantageous to guess as close as possible so that the 
correcting circulating current is small. In fact if the guess 
is sufficiently close, the labor of calculating the distribution 
of circulating current can be saved. 

Ia = 638 
I, - 300 

Ic=I,--I* = 338 

Is = 245 
Ih==&Ic, =I 55 

IO = 338 
z, - 0.53 +j1.176 

MO = 179 +j397 

I, = 300 
z3 c=l +jl.91 

LZtJ m + j573 

Ih = 55 
zh a 3.03+j6.37 

IhZh = 166.5 +j350 
LA c3 + j573 

D 266 = 166.5 +j923 
ICZ - 179 +j397 

IfZf = - 13.5 +j526 
Zf a +j1.91 
If 5=) 275 +j7.1 
IO CJ 338 

Id=&& = 63 -j7.1 

Ih 

If 

= 55 
= 275 +j7.1 

Ih+If 

I6 

Ik 

zd 

- 330 +j7.1 
= 295 

= 35 +j7.1 

D 0.53+j3.086 
Id 

IdZd 

SC 

~3 63 -j7.1 

- 55.3 +j190.7 

CI 3.03+j6.37, 
Ik 

Ikzk 

c=l 35 +j7.1 

= 60.8 +j244.5 
IfZf = - 13.5 +j526 
D 367 = 47.3 +j770.5 
D 347=IdZd = 55.3 +j190.7 

AE = - 8.0 +j579.8 

Solution for Circulating Current. 

Find the impedance as viewed from AE with load and 
generator branches taken as constant current branches, 
i.e., open circuited for this calculation. Apply a voltage 
AE’ = negative of the AE required to close the mesh in the 
above calculation. 

Z* - 0.53 +j 1.176 

&A e3 +j 1.91 

zh - 3.03 +j 6.37 

Z 3266 = 3.56 +j 9.456 
Zf L3 +j 1.91 

D - 3.56 +j11.366 

l/D = 0.0251 -j 0.0801 

Zf m +j 1.91 

G/D = i3266 = O.l53O+j 0.0479 
if = 1 -is266 = 0.8470 -j 0.0479 

Zf El +j 1.91 

Z par = O.O915+j 1.618 

zd = 0.53 +j 3.086 

zk = 3.03 +j 6.37 

Z = 3.6515+j11.074 

l/Z =I 0.0269-j 0.0814 
-AE=AE’= 8.0 - j579.8 

I: =AE’/Z = -46.98 -j16.25 
Id’= -Ik’ = 46.98 +j16.25 
&2S6 = O.l53O+j 0.0479 

IO = 6.41 +j 4.74 
I[=I,‘-Id’= -40.57 -jll.51 

Ii= -I,’ = - 6.41 -j 4.74 
Ihf = -I,’ = - 6.41 -j 4.74 

The currents from the arbitrary distribution (requiring 
AE to close) and the circulating currents contributed by 
AE’ = -AE, are now combined to get the actual current di- 
vision for the load currents assumed. The circulating cur- 
rents are distinguished by prime symbols, the total division 
by double-primes. Fig. 30 illustrates this superposition. 

I,” =.I, = 638 +jO 

I, = 300 +jO 
I, = - 6.4 -j4.7 

I,” ~=l 293.6 -j4.7 

IO 0 338 +jO 
IO’ c3 6.4 +j4:7 

I,” = 344.4 +j4.7 

Ih = 55 +jO 
Ih’ = - 6.4 -j4.7 

Ih 
If - 48.6 -j4.7 

If = 275 +j 7.1 
If’ = - 40.6 -jll.S 

If 
II = 234.4 -j 4.4 

Id = 63 -j 7.1 

Id’ - 47.0 +j16.3 

Id 
II = 110.0 +j 9.2 

Ik - 35 +j 7.1 
Ik’ = - 47.0 -j16.3 

Ik 
II =--‘I2 -j 9.2 

Check of Drops Around Loops. This solution can be 
checked by checking voltage drops around each loop. 
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Fig. 30-Solution of the network of Fig. 28 by the method of 
circulating currents. 

Calculate the drop from generator bus to load point 6. 

L = 638.0 +jO 
Z3 = 0.53+jU311 

L&z, = 338.1 +j1155.4 
I/Z, = 9.0 +j560.8 

D 126 = 347.1 +j1716.2 

Regulation-Determination of Load Voltages. The 
magnitude of the generator voltage is known, but not its 
phase position. The phase position of the load voltage 
E6 is known but not its magnitude. It is at an 80-percent 
power factor position with respect to 16. The drop from 
generator to load point 5, D lz6, is known vectorially with 
16 as reference. Thus the magnitude, E6, can be deter- 
mined by the solution of a quadratic equation as shown 
below, or graphically as indicated in Fig. 31. 

E, = E,(0.8+j0.6) 
&+Dn,=E, 

E,2 (14427)~ 
= ~ = (0.8E6+347.1)“+ (0.6E6+1716.2)1 

8 
E”,+2(1307.4)E6-66.313x10~=0 
E 6 = - 1307.4 _+d( 1307.4)2+66.313 x lo6 

Fig. 31—Graphical determination of the load voltage & in 
Fig. 28. 

1. The load current Ia is along the reference line. 
2. Draw circle of radius 8330 volts on which E, must terminate. 
3. Draw construction line at the load power factor (80 percent) 

along which E!j must lie. 
4. Construct the voltage drop vector, I&, and move it parallel 

to itself, with one end following the generator voltage circle, 
until the other end falls on the load voltage construction line. 

6. E, and E6 can then be drawn in and their vector values scaled 
Off. 

E, = - 1307.4 + 8248 
= 6941 volts L-N 
= 12 022 volts L-L 
= 87.12 percent of 13 800 
=83.33 percent of 14 427 

i!& = 6941 x (0.8+j0.6) 

&= 5553+j4165 

Check of Voltage Drop from 1 to 6. 

E6= 5553+j4165 
&= 347+j1716 

E, = 5900 + j5881 
= 8330.4 L-N 

14428 L-L 

The remaining load voltages are readily determined as 
follows: 

if35 = 
Ih”Zh = 

E8 = 
= 

= 

Ee = 
IkWZk = 

E, = 
= 

= 
= 

5553 +j4165 
177.2 +j295.3 

5375.8 +j3869.7 
6624 L-N 

11 473 L-L 
83.14a/, of 13 800 
79,52a/, of 14 427 

5375.8 +j3869.7 
22.2 -j 104.3 

5353.6 +j3974.0 
6667 L-N 

11 547 L-L 
83.68% of 13 800 
80.04% of 14 427 
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Load Power Calculations. 

& 
3fa 

= ( 5.553 -$.165&v 
= 735 

P5+jQ,= (4081 +j3061)kva 
= 5101 kva 

at 80.00 percent power factor lagging. 

9, 
= (5.375 $869)kv 
= 885 

P6+jQ6 = (~7~~861+f$Wkva 
= 

at 81.16 percent power factor lagging. 

E7 =( 5.354 +j3974)kv 

317 = 294 -jO 

P,+jQ,= (1574 +j1168)kva 
= 1960 kva 

at 80.31 percent power factor lagging. 

Generator Output Power. 

ffg 
=( 5.900 +j5.881)kv 
= 1914 -jO 

P,+jQg= (11293 +jll256)kva 
= 15 945 kva 

at 70.82 percent power factor lagging. 

Loss Calculation. 

Pl+jQs= 4081 +j3061 
PB+jQ6 = 4757 +j3424 
P,+jQ,= 1574 +jll68 

Total of Loads= 10 412+j7653 
P,+jQp= 11 293+jll 256 

Losses = 881 +j3603 
Kw Line Loss = 881,’ 1 I 293 

=7.80 percent of generator 
output. 

In an actual case transformer resistances must be in- 
cluded in the diagram as these are significant in regulation 
and loss calculations. Transformer iron losses must be 
added to the copper losses thus determined to obtain the 
total loss. 

The solution given in Fig. 30 is exact for the conditions 
shown on the figure, which differ slightly from the original 
assumptions of Fig. 28. However, the total load is off 
only 1.3 percent and the regulation values therefore apply 
closely for the original conditions. In a practical problem 
it is not significant that the answer does not apply exactly 
to the original load assumptions. If the work is done with 
a calculating machine so that several significant figures 
can be carried, losses can be computed as the difference 
between input and output power, as shown. 

III. REPRESENTATION OF NETWORK 
SOLUTIONS AND THEIR USE IN SYSTEM 

PROBLEMS 

Network solutions can be represented in a variety of 
ways. For example a diagram can be labeled with all 
pertinent information obtained in the solution as in Fig. 

30. This scheme is used most commonly in expressing 
current distributions. The solution can also be expressed 
as a tabulation of self and mutual drops and current divi- 
sion, or in the form of driving point and transfer imped- 
ances or admittances. General circuit constants such as 
the ABCD constants or Pi and T equivalents can also be 
used to express the solution of certain types of networks. 
The following paragraphs describe these several methods 
of representing solutions and their uses. 

20. Method of Self and Mutual Drops 
The method of self and mutual drops constitutes one 

of the most useful means for fully describing the action 
of a complicated network in the form of a table of system 
constants. It is applicable principally to single-source sys- 
tems or to systems in which all of the generator voltages 
can be taken equal and in phase. However, its use can be 
extended to multiple-source systems provided that either: 

a. All sources but one are treated as negative loads, 
b. The emfs of the several sources are fixed in magnitude 

and phase position with respect to each other. 
The method will be described with respect to the single- 
source system, and the multiple-source system treated as 
an extension. 

A Single-Source System Without Shunt Branches 
other than the loads, is shown in Fig. 32(a). Each of the 
loads draws current through the network causing voltage 
drop from the generator bus g to the bus on which it is 
connected. Each load likewise causes voltage drops to the 
other loads, known as mutual drops. As these drops are 
proportional to the load current, they can be determined 
by finding first the drop resulting from unit load and mul- 
tiplying by the value of load. Accordingly, the following 
definitions will be found of use. 

Z,, is the voltage drop from g to a caused by unit load 
current drawn from the network at a. It is called the self 
drop constant. 

Z ,b is the voltage drop from g to b caused by unit load 
current drawn from the network at a. It is called the 
mutual drop constant. 

NOTE that the self and mutual drop constants Z,, and Zab as 
defined and used here in Sect. 20, differ from the self and mutual 
impedances defined and used in Sections 13 and 21. The 2 with 
double subscript is used in each case to conform with accepted 
terminology. 

In both cases current is admitted at g and the unit load 
referred to is the only load. Obviously, the self and mutual 
drops have the dimensions of impedance but the term drop 
will be retained to distinguish from the terms self and 
mutual impedance that are used otherwise. For unit loads 
at other points the self and mutual drops are similarly 
defined. Thus associated with the network of Fig. 32(a) 
are the nine drops: 

.z%a Zab z,, 
z ba Zbb zbo 

&a Zcb &I 

The first subscript denotes the point at which unit cur- 
rent is drawn; the second denotes the point to which the 
drop is measured. However, in all cases mutual drops 
between the same two points are equal. That is: 
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Fig. 32-A single-source system without shunt branches. Illustrating the method of self and mutual drops. 

TABLE 6--CURRENT DIVISION 

(163) The resulting tabulations of current division and self 

(164) and mutual drops, as illustrated in Tables 6 and 7 for the 

(165) network of Fig. 33, are the basic network solution. They 

The drops can be calculated or measured on a network 
calculator. Unit current is drawn from one of the points 
of interest, for example load point a of Fig. 32(a), and the 
voltage drops from the reference bus, g, to each of the load 
points a, b, and c measured or calculated. These are the 
self and mutual drops Z,,, Z&, and Z,,, respectively. The 
current division for this condition should likewise be 
recorded. 

This process is repeated in turn for the other cardinal 
load points b and c. Mutual drops must check according 
to Eqs. (163-165). If the solution is to be used for a study 
of short circuits and relaying, it is generally necessary to 
include many cardinal points that are not strictly load 
points, but are line junctions, etc. 

TABLET 

Self and Mutual Drops 
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Fig. 33-Single-line diagram of a typical 11-kv subtransmis- 
sion system. 

can be used in many of the problems of interest, in the 
performance of systems; that is, regulation, short-circuit 
currents, losses, loading of lines and equipment, phase 
angles, circulating currents, stability, etc. 

Current Division-To determine the current division 
for any particular loading condition the current division 
corresponding to unit load current at a point is multiplied 
by the actual load current at that point. When this has 
been done for each load point the resulting currents are 
superposed giving the current division for the simultaneous 
loading condition. 

Let I,, i)e the total current from p to Q, where pq is 
some particular branch of a network. 

Then in a network of n cardinal load points, if II, 12, s . . , 

I, are the load currents drawn from the network, the 
current from p to q is: 

I,, =IJb,,+I,L.,,+ * * * +LJn.,, m33) 

where In.pq is the current in any branch pq caused by unit 
current drawn at n. 

Thus, once the basic current divisions have been deter- 
mined for unit loads at the cardinal points, the current 
in any branch can be readily determined for any given 
load condition. 

Regulation—In a similar manner, to determine the regu- 
lation under a condition of simultaneous loads at several 
of the cardinal points, the self and mutual drops for unit 
load at a point are first multiplied by the actual load at 
that point. When this has been done in turn for each load, 
the resulting drops are superposed to obtain the voltage 

drops corresponding to the simultaneous loading condition, 
as stated in the following equation. 

Let D, be the total drop to a typical point p. 

D, = I~ZlP+12Z2P + . . . +I,&, (167) 

Or the voltage at p may be expressed 

E, = E,’ - IIZ1, - 12Zz, - . . s - I,Z,, (168) 

where E,’ is the voltage at p with no load on the system*. 
The superposition theorem applies strictly to a jzed 

network and may appear to preclude the possibility of 
connecting loads to various terminals. Fig. 32 illustrates 
the philosophy under which this problem is brought within 
the scope of the superposition theorem. Part (a) is the 
network with all loads connected, and (b) is the corres- 
ponding impedance diagram with loads replaced by the 
load voltages E,, Eb, and E, and the load currents I,, It,, 
and I,. The load voltages can be viewed as emfs as far as 
relations within the portion of network from g to a-b-c 
are concerned. Part (g) illustrates unit current drawn at a. 
According to the definition, the drop to a is Z,,; hence 
starting with zero voltage on the generator bus the voltage 
at a must be -Z,,. Similarly the voltages at b and c must 
be --Zab and -Z,,, respectively. Thus unit load at a can 
be viewed as produced by zero generator voltage and by 
voltages -Z,,, - Z,b and -Z,, acting at a, b, and c, 
respectively, in the same network as Fig. 32(g). Parts (h) 
and (i) illustrate the corresponding voltages required to 
produce unit load current at b and c, in this same network. 

It is at once apparent that if all voltages and currents 
of Fig. 32(g) are increased in the ratio 1,/l, the resulting 
emfs are those required to produce current I, at a and zero 
load current at the other two points. This condition is 
shown in Fig. 32(d), and the corresponding conditions for 
loads at, b and c are shown in 32(e) and 32(f) respectively. 

Part (c) is simply the no-load condition illustrating load 
emfs equal and opposite to the generator emf, producing 
zero load currents in the same network. 

If now the four solutions of the same network, as given 
in (c), for the no-load condition and in (d), (e), and (f) for 
loads at a, b, and c respectively, are superposed, the 
resulting solution for the general case, Fig. 32(b), is 
obtained. Thus: 

E,= E,‘-I,&-I,,Zba-IcZca (16% 
Eb = El - I,Zab - IbZbb - I,Z,b (170) 
E, = E,’ - I,Z,, - IbZbc - I,Z,, (171) 

And in this case, as shown in Fig. 32(c): 

E,’ = Eb’ = E,’ = E, (172) 

Example-Single-Source System Without Shunt Branches 
Other Than the Loads-As an example of the use of this 
method, suppose a general solution is desired for the system 
of Fig. 33. Also the improvement in regulation at points 
B, C, and D, when 2500 kva of capacitors are added at 
each of these points, is to be determined for a particular 
condition. The network is solved by the method of reduc- 
tion. See Secs. 14-17. It is first reduced to a single branch 
by employing several series or paralleling operations and 

*The voltage at the source point from which drops are measured 
is assumed to remain constant. 
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Convert Delta ABC to Star* 

z&B** = 2.60 + j3.59 

ZB-C = 2.60 +j3.59 

%2-A = 1.44 +j3.02 

D=sum = 6.64 + jlO.20 

l/D = 0.04483 - jO.06886 

ZA-B = 2.60 +j3.59 

GAB = ZA-B/D = 0.3638 - jO.0181 
&2-A = 1.44 +j3.02 

ZA = ZC-A~AB = 0.5785 +j1.0724 

Fig. 34—Reduction of the system of Fig. 33 with respect to 
terminals G and B. 

l/D = 0.04483 - j0.06886 

ZB-C = 2.60 +j3.59 

iBc = .ZB-c/D = 0.3638 - jO.0181 
ZA-B = 2.60 +j3.59 

. 
ZB = .??A-B%BC = 1.0109 +j1.2590 

l/D = 0.04483 -jO.O6886 

&-A = 1.44 + j3.02 

icA = Zc-A/D = 0.2725 +jO.O362 
ZB-C = 2.60 +j3.59 . zc = ZB-CZCA = 0.5785 +jl.O724 

G G 

a delta-to-star conversion. Current distribution factors, 
symbol i, obtained in the course of this reduction are used 
later in the current distribution calculation. The steps 
of reduction are illustrated in Fig. 34. The steps in the 
subsequent current. distribution calculation are illustrated 
in Fig. 35, the network being expanded in reverse order, to 
its original form. Fig. 35(c) shows the current distribution 
for a one ampere load at B. The mutual drops are then 
obtained by calculating the voltage drop from generator to 
each load point, using the impedance diagram Fig. 33 and 
current diagram Fig. 35(c). 

This procedure is repeated in turn for unit current at 
each of the load points, and the results tabulated as in 
Tables 6 and 7. The symbols ZAA, ZAB have been included 
in Table 7 to identify the drops, but this in general is 
not necessary. 

Typical Calculation of Self and Mutual Drops and Current, 
Division. Unit, Load at B 

Combine a and c in Series. 
a = 0.47 +j 1.00 
C = 4.05 +j 5.90 

a+c = 4.52 + j6.90 

Parallel b with a+c. 

a+c = 4.52 + j6.90 
b = 7.78 + j9.04 

D=sum = 12.30 +j15.94 
l/D = 0.03034 - jO.03932 
a+c = 4.52 + j6.90 

t = (a+c)/D = 0.4075 + jO.0321 
= 7.78 + j9.04 

h = parallel b with (a+c) = 2.8802 +j3.9335 

Fig. 35—Current distribution in the network of Fig. 33 for 
unit load at B. 

*See equations (87)-(96). 
**2*-B is used here for impedawe of branch from A to B to 

distinguish it from ZbB, the drop to B for unit load at A. 
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Refer to Fig. 34 and Combine d and k in Series. 

d 
k 

n=d+k 

= 1.85 +j3.15 
= 0.579 +j1.072 

Series h and 1. 

h 
1 

p=h+l 

Parallel n and p. 

n 

P 
D=sum 
l/D 
P 
i, = p/D 
n 

1: = pn/D 
2,=1-i, 

Series r and m. 

T 
m 

ZBB 

= 2.429 +j4.222 

= 2.88 +j3.93 
= 0.579 +j1.072 

= 3.459 +j5.002 

= 2.429 +j4.222 
= 3.459 +j5.002 

= 5.888 +j9.224 
= 0.04917 - jO.07703 
= 3.459 +j5.002 

= 0.5554 -jO.O205 
= 2.429 +j4.222 

= 1.4356 +j2.2951 
= 0.4446 +jO.O205 

= 1.4356 +j2.2951 
= 1.011 +j1.259 

= 2.4466 +j3.5541 

Current Division*. Refer to Figs. 35 and 34. 

IA = -i, 
IB 

Ic= 4, 
- Z’CA 

IA 

- iCAIA 

= -0.5554+jO.O205 
= 1 .oooo+jo.oooo 
= -0.4446-jO.0205 
= -0.2725-jO.0362 
= -0.5554+jO.O205 

= 0.1521+jO.O145 

iBC 

IB 

iBCIB 

IA B 

-iAB 

IB 

- iABIB 

= 0.3638~jO.0181 
= l.OOOO+jO.OOOO 

= 0.3638-jO.0181 

= 0.5159-jO.0036 

= -i&A+iBCIB 

= -0.3638+jO.O181 
= 1.0000+j0.0000 

= -0.3638+jO.O181 

&A 

h 

&Ah 

IBC 

--BC 

IC 

- iBCIC 

= 0.2725-l--jO.0362 
= -0.4446-jO.0205 

= -0.1204-jO.0217 

= -0.4842-jO.0036 

= -iABIB+iCAIC 

= -0.3638+jO.O181 
= -0.4446-jO.0205 

= 0.1621-jO.0006 

iA B 

IA 

iABIA 

I CA 

= 0.3638 - jO.0181 
= -Q.5554+i0.0205 

= -0.2017+j0.0175 

= -0.0396+jO.O169 

= -~BCIC+~ABIA 

*See equations (88b), (89b), (90b). 

Ih== -Ic = 0.4446+jO.O205 
ib = 0.4075+jO.O321 

ICC = i& = 0.1805+jO.O226 
IGD=Ih--IGC= 0.2641-jO.0021 

Mutual Drops. 

I GA = 0.5554-jO.0205 
d = 1.85 +j3.15 

z BA = 1.0921+j1.7116 

I GC = 0.1805+jO.O226 
b = 7.78 +j9.04 

z BC = 1.2OOO+j1.8075 

I GD = 0.2641-jO.0021 
a = 0.47 +jl.OO 

ZBD = 0.1262+jO.2631 

The current division and self- and mutual-drop factors 
from these calculations are tabulated in Tables 6 and 7, 
together with similar factors for unit loads at A, C, and D. 

Regulation-Tables 6 and 7 are considered to be the 
basic network solution. Their use in the regulation problem 
will now be outlined. 

The chief problem is to express the several load currents 
in proper phase relationship to a single reference voltage, 
either the voltage at one of the most important load points 
or the generator-bus voltage. 

If they are expressed with respect to the generator-bus 
voltage, a simple deduction of vector drops from this 
voltage gives the load point voltages so that the load 
power factors and kva can be checked and a correction 
made if necessary. 

If there is considerable drop in the system but the im- 
portant load voltages are nearly alike, it is preferable to 
use one of these load voltages as reference. The generator- 
voltage phase position can then be determined graphically 
or by the solution of a quadratic equation as outlined in 
the example of the circulating current method Sec. 19. A 
simplified modification of this method is given below. In 
either method the proof of the assumptions lies in the 
check of load kva and power factor and corrections can 
be applied if the assumed values prove to be far enough 
off to affect materially the regulation values and currents 
of interest. 

The present problem is to calculate the regulation for the 
system of Fig. 33 under normal heavy load conditions, 
Case 1, Table 8, and also with several capacitor banks 
added as indicated in Case 2, Table 8. 

A practical problem now arises that is not immediately 
evident from Eq. 168. The load power factors given fix 
the positions of the currents with respect to the final load 
voltages, (E, in this equation) not with respect to the 
generator or “no load” voltage E’,. Thus the phase rela- 
tions between the generator voltage and the drops cannot 
be determined directly. A further difficulty exists in con- 
verting the loads from kva to amperes since the load 
voltages are not yet known. 

A straightforward method of approach would be as 
follows. First assume that all load voltages are equal to, 
and in phase with, the generator voltage. Convert load 
kva’s to vector currents with this voltage as reference. 
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TABLE 8—REGULATION WITHOUT CAPACITORS (CASE 1) AND WITH CAPACITORS (CASE 2) 

Then calculate and deduct the drops to determine the 
load voltages corresponding to this first approximation of 
the currents. The currents used will not have quite the 
right phase positions or magnitudes, when associated with 
these load voltages, to agree with the loads and power 
factors specified. 

However, with these load voltages a new set of load 
currents can be calculated, the drops recalculated and a 
second approximation to the load voltages determined. 
This process is highly convergent and the second approx- 
imation would ordinarily be sufficient. In fact by making 
two judicious guesses, one an estimate of regulation to each 
load point and the second an estimate of phase shift from 
generator to load, the first approximation is nearly always 
sufficient and but a single calculation is required. This is 
the procedure followed in the subsequent paragraphs. 

The assumed regulation to the load points is a straight- 
forward estimate from experience or from the quick esti- 
mating tables of Chap. 9. However, the treatment of the 
phase-angle estimate bears some further explanation. First 
the load voltages are assumed to be in phase. Making use 
of the regulation estimates the vector load currents can be 
calculated with this common load voltage phase as a refer- 
ence. The vector drops can be calculated and consist of in- 
phase and out-of-phase drop components. The generator 
voltage is now selected leading the reference by the average 

reactive drop to the loads. The example will make this 
clear. The magnitude of generator voltage is a given 
quantity. It is apparent that when the drops to various 
load points are deducted from this generator voltage, the 
load voltages obtained are close to the reference phase and 
hence the load power factors are close to those for which 
a solution is desired. Thus the resulting generator voltage, 
load currents, and drops are now sufficiently accurate to 
complete the regulation calculation. An exact answer is 
obtained for a set of loads differing slightly from those 
assumed. The example will make this clear. 

As the loads are given in kva and power factor, it is 
necessary to estimate the load voltages to convert the 
loads to currents. The load voltages are all assumed to be 
in-phase, as a first approximation, and below the normal 
voltage of 11.2 kv by the “assumed regulation” values 
listed in Table 8. Load currents are calculated on this basis 
using load voltage as the reference axis. For example the 
load current at C is for Case 1: 

I - 4Foo(o’85 -j”‘5268) = 266 ~(0 85 jo 5268) 
-1/3X11.2X(1-0.13) . . - ’ 

= 226.6 - j140.3 amperes. 

Voltage drops are computed according to Eq. (167), the 
component and total drops being as shown in the table. 

A rough check of the drops at the critical locations, B 
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and C, indicates that for normal load conditions, Case 1, 
the approximate in-phase drops are 1224 and 1118 volts, 
or approximately 19.0 and 17.2 percent of normal line-to- 
neutral voltage. The “assumed regulations” could be cor- 
rected at this point but as this repetition would not add 
to the exposition, it is omitted. 

Up to this point a reference axis in phase with the load 
voltages has been used, the load voltages being taken all 
in phase. This was most convenient for converting loads 
to currents as the power factors were known with respect 
to the load voltages. Now it is necessary to determine the 
generator voltage with respect to this reference so that the 
calculated drops may be deducted from it to find the actual 
load voltages. The phase position of the generator voltage 
does not need to be determined exactly. However after 
the load voltages are computed, the load power will be 
computed and the regulation will be exact for the loads 
thus computed rather than for the actual given loads. 
Such a result is usually an adequate engineering answer 
as the “given loads” are seldom accurately known. However 
it is desirable to start with a generator voltage as near as 
possible to that corresponding to the assumed load voltage 
so that the computed loads will be close to the given loads. 
This is accomplished as follows. 

Noting that the out-of-phase drop is approximately 600 
volts for B and C, the generator bus voltage is arbitrarily 
taken 600 volts ahead of the load voltage or reference. The 
drops, as deducted from this voltage, give load voltages 
quite closely in phase with those used and hence the load 
power factors are nearly correct. As the generator voltage 
magnitude is 6466.5 volts, line-to-neutral, the in-phase 
component must be 4(6466.5)2-(600)2= 6438. Whence 
the generator bus voltage is 6438+j 600. 

The load voltages should now be calculated and the 
loads checked to see that they do not differ too far from 
the assumptions. A typical check follows, for Case 1, load 
at B. 

E, = 6438 +j 600 
DB = 1224 +j 652 

EB = 5214 -j 52 

EB 

3fB 

E= (5.214 - jO.052)kv 
= 390.3 + j189.3 

h+j&B= (2050$-j 970)kva 
= 2265 kva 

at 90.4 percent power factor lagging. 

Case 2 of Table 8 illustrates the great improvement in 
regulation possible by the use of shunt capacitors. They 
may have to be partially switched off at light load to 
prevent overvoltages under that condition. Comparing 
the reduction in drops caused by capacitors at D, with the 
reductions caused by capacitors at B and C, it can be seen 
that the capacitors are much more effective at the latter 
two points which are farther from the generating station. 

Single-and Multiple-Source System Having 
Shunt Branches Other Than Loads-Figs. 36(a) and 
(b) give a simple illustration of a system having shunt 
branches other than loads, namely charging capacity of 
high-voltage lines or cables. In this case the no-load volt- 
ages E,’ and Eb’ of Fig. 36(c) differ from point-to-point in 
the system and also differ from the generator bus voltage 
E,. If there are several sources, a similar condition exists. 
However, in either case the no-load voltages can be deter- 
mined by measurement on a network calculator or by 
calculation and these form the base from which drops are 
deducted to determine voltages under load conditions by 
Eqs. (169) to (171). If the generator emfs vary in phase 
or magnitude for different parts of the study, the no-load 
voltages must be changed accordingly. 

Fig. 36(f) shows the arrangement of the network for 
calculation or measurement of Z,, and .Zsb. Sufficient 
voltage is applied between a and the bus of no-voltage to 
draw one ampere, all generator emfs being short circuited. 
The voltage required, using the reference direction shown 
in Fig. 36(f), is -Z,,. It is thus necessary to amend the 
definitions of Z,, and Z,b given previously to the following: 

Z,, is the vector voltage drop from g to a caused by unit 
current drawn from the network at a, with all generator 
emfs set equal to zero. 

Or it is the incremental vector drop in voltage at a 
per ampere drawn from a, with all generator emfs fixed 
in magnitude and position and all other load currents 
held constant. 

Za,, is the vector voltage drop from g to b caused by unit 
current drawn from the network at a, with all generator 
emjs set equal to zero. 

The voltages and currents in Fig. 36(f) and (g) are 
labeled in accordance with these definitions. Increasing 
in ratio of actual load currents, parts (d) and (e) are 
obtained. Part (c) is the no-load condition. The super- 
position of (c), (d), and (e) results in currents identical 
with part (b). Consequently, the voltages E, and Eb in 

Fig. 36—Single-source system having shunt branches other than loads. 
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part (b) must be the superposition of the corresponding 
quantities in (c), (d), and (e), as stated in Eq. (168) 
generally. Specifically 

E, = E,’ - I,Z,, - I,,Zt,a (173) 
E,, = E,,’ - I,Z,,, - I,,Zbi, (174) 

It is apparent that the case of no shunt branches is 
simply a special case of the situation with shunt branches. 
Also the case of one emf is a special case of that with 
several. However, without shunt branches it is customary 
to apply enough voltage at the generator to cause one am- 
pere in a short circuit at the load point and determine the 
drops through the network from generator to load points 
to obtain the constants Z,,, Zab, etc. With shunt branches 
present this is no longer a series circuit from generator to 
load point. In this case the voltage must be applied at 
the load point and the generator emfs short circuited, or 
else an indirect method employed as described below. 

With several emfs and shunt branches the network con- 
stants can be obtained by short circuiting one load terminal 
at a time, after first having measured the no-load voltages 
E,‘, Eb’, . + . , E,‘. Referring to Eqs. (173) and (174) this 
gives the condition: 

E,=O (175) 
lb=0 (176) 

(177) 

z =Eb’-& 

ab 
I, 

(178) 

Similarly 
obtained. 

by short circuiting b, the other constants are 

z E&E, 
ba=- 

Ib 
(179) 

(180) 

Both measurements, that is, the no-load voltages and 
also the voltages and currents with one terminal short 
circuited, must be made with the same generator emfs. 
However, it is immaterial what emfs are used so that they 
may be taken all in phase and equal for the purpose of 
obtaining the system constants. This results in a different 
set of no-load voltages for computing system constants 
than the actual no-load voltages used in the system studies 
but simplifies calculation in some cases. 

Summarizing, the general solution of a multiple source 
system with shunt branches consists of: 

a. Self and Mutual Drops. 
b. Current Division. 

and for each set of emfs to be used in the study 
c. No-load voltages. 
A suggested procedure for calculating these data is as 

follows. If a network calculator is used, the labor of re- 
ductions is eliminated. 

a. Apply voltage at one load point with generator emf 
short circuited and other load points open circuited. 

b. Reduce the resulting network to a single branch 
viewed from the selected load point. This branch 
is the self drop. 

c. Expand the network developing the current division 
based on one ampere drawn out at the selected load 
point. This current division is part of the general 
solution. 

d. Calculate the voltages of other load points above the 
bus-of-no-voltage, or neutral bus. These are nega- 
tives of the mutual drops. 

e. Perform a, b, c, and d for other load points in turn. 
f. With the load points all open circuited apply the 

generator emfs to be used in the study and determine 
the no-load voltages. 

g. Load voltages and current distribution throughout 
the network may now be determined for any loading 
condition corresponding to the generator emfs from 
which the no-load voltages were developed. The 
voltage at any load point p is given by Eq. (168). 
The current in any branch, p-q is given by Ey. (166). 

NOTE: Alternative methods are outlined in the following 
paragraphs. 

More Than One Source-As Negative Load-If 
the generator emfs do not remain constant throughout a 
study, the network can be solved by treating all sources but 
one as load points. Determination of voltage and current 
conditions on the system for any loading conditions are 
then determined by using as the no-load voltages, those 
produced by the one selected source alone. These will be 
directly proportional to this one source voltage and hence 
can be varied for different conditions of the problem if that 
source voltage changes. A condition of the system is then 
completely specified by the selected source voltage and the 
currents drawn at all other sources and load points. 

Changes in the Network-When a transformer is 
removed or a line opened, it is of course desirable to deter- 
mine the effects without completely solving the new result- 
ing network. Assume that the branch to be omitted or 
added connects between two of the cardinal points, a and c, 
of Fig. 37 for which network constants and current division 
factors are known. A solution is desired with the branch UC 
removed. By solution is meant the voltage at any cardinal 
point and the current in any branch corresponding to a 
particular load condition on the network. Thus the solution 
of the changed network for a given load condition is iden- 
tical with the solution of the original network for the same 
load condition plus two additional loads. One of these 
added loads is drawn at each end of the branch to be 
removed from the original network. These added loads are 
equal and opposite to the current in the branch so that the 
total current drawn by the branch and added load is zero. 

Suppose the load condition being solved for is Ih, I,, Id 
and the corresponding current in UC is I,,. When loads 
I,’ and I,’ (equal to -I,‘) are added, they cause additional 
current in the branch UC: 

AI,, = I&,, - I,‘I,.,o (181) 

The total of branch and added load must equal zero. 

whence : 

and 
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the loads I,’ and -I,’ were added at a and c respectively, 
instead of connecting the impedance 2. 

A branch 2 can be removed by adding an impedance 
branch, -2, as alternative to the method previously 
given. 

Example of Changing a Network-A partial solu- 
tion of the network of Fig. 38 follows: 

Fig. 37—Adding loads to a network to make it equivalent to 
the network with a branch removed. Fig. 38—A simple network showing loads and distribution 

factors. 

Z,, = 2.5 ohms 
Z,, = 1.75 ohms 
Z,, = 2.875 ohms 

I aeac = -0.25 amperes 
I a-ba = 0.75 amperes 
I,.,, = 0.375 amperes 
I c-ba= 0.375 amperes 

Thus to solve the changed network for a given set of loads 
it is merely necessary to solve the original network instead, 
using the two added loads determined by Eqs. (183) and 
(184). 

Adding a Branch Between a and c. Refer to Fig. 
37 (a)-Suppose a branch is to be added between a and c 
having impedance 2. It can be simulated in the original 
network by loads equal to what the branch would carry 
if there. Referring to Fig. 37(b) a branch would carry: 

I ,jC’-Ed 
a-- Z (185) 

where primes refer to the condition after the branch is 
added. 

E: = Ea- I,‘Zaa+ I:Z,a ww 

Ed = EC- IlZa,+ I,‘Z,, (187) 

II -Ea-Eo I 1 Zaa-2Zac+Zcc 
e --- 

z a Z 
(188) 

I:= 
Ea-Ec Lb-Da 

Za*-2Za,+Z,,+Z=Zaa-2Za,+Z,,+Z 
(189) 

That is, the effect on the voltages and currents in Fig. 
37(a), of adding a branch of impedance, Z, between a 
and c, while holding the generator emf and the load 
currents Ib, IC, and Id constant, is exactly the same as if 

From this solution the currents and voltage drops for 
the load condition, Fig. 38(d), are obtained. 

I ba= 2X0.75+3X0.375 = 2.625 amperes 
I,,=2X( -0.25)+3X0.375=0.625 amperes 
Da=2x2.5+3x1.75= 10.25 volts 
Dc=2x1.75+3X2.875= 12.125 volts 

Now consider the changed network IGg. 39(a) under the 
same load condition. Solving directly: 

Id, = 2 amperes 
I,‘, = 0 amperes 
D;=2x2+5x1=9 volts 
D;=3x3+5x1=14 volts 

However, suppose it were desired to obtain these data 
from the solution of the network, Fig. 38. Then using 
Eq. (183): 

1;\‘= --I+1 *w-I 
a.80 C.&l 

0.625 

- - l-O.25 -0.375 
= - 1.66 amperes 

I,’ = - I,’ = 1.66 amperes. 

Fig. 39(b) h s ows these loads added to the network loads 
of 2 and 3 amperes at a and c. 
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Fig. 39—Network of Fig. 38 changed by the removal of branch 
a c and its equivalent. 

1,‘,=0.33X (-0.25)+4.66X0.375 = 1.66 amperes. 

Thus it is seen the added loads and the current in branch 
ac total zero, and can be eliminated. 

That is: I,‘,+I;=1.66-1.66=0 

Proceeding with the solution. 

I <,=0.33X0.75+4.66X0.375=2.0 amperes 
D,‘=O.33X2.5+4.66X1.75=9.0 volts 
D; = 0.33 x 1.75+4.66X 2.875 = 14.0 volts. 

All of these agree with the direct solution. Ia’ could also 
be obtained from the consideration of adding a -3 ohm 
branch from a to c. Eq. (189) gives 

Id=, 
Do-Da 

aa - 2zLc+zc+z 

12.125- 10.25 

=2.5-3.5+2.875-j- 
- - 1.66 amperes. 

and the remaining solution is the same as above. 
Intermediate Loads-It frequently happens that reg- 

ulation and current division are required at loads con- 
nected along branches intermediate between two cardinal 
points, such as the load at x, a fractional distance, m, along 
impedance branch Z from a to b, Fig. 40. 

To determine regulation at x: proceed as follows: 

a. Replace I, by two loads (1 -m) I, at a and ml, at 
b, as shown in Fig. 40(b). From these and the other 
loads on the system, the voltages at a and b can be 
determined and a circulating current I&, found. 

b. Permit the currents (1 -m) I, and ml, to flow over 
the branch to point x and into the load. This will 
not alter the drop from a to b since the two added 
drops introduced into this branch are equal and 
opposite. 

(l-m)I,mZ=mI,(l-m)Z (190) 

Nor will it alter the circulating current I& that 
causes the drop through Z and absorbs the voltage 
difference between a and b. The drop can now be 
calculated from either a or b to the load point, tak- 
ing into account both circulating and load com- 
ponents of current. 

D,, = (1 -m)I&?Z+I&mZ (191) 

Or the voltage at x is: 

E,=(l--m)E,+mEb-I,m(l-m)Z (192) 

c. The use of equivalent loads at a and b [Fig. 40(b)] 
results in the same currents in all other branches of 

Fig. 40—Current division for a simple network with a single 
intermediate load. 

the network as the actual condition [Fig. 40(a)]. 
The currents in branch ab are determined as shown 
in Fig. 40(c), in which I& is as determined from the 
equivalent loading, Fig. 40(b). 

General Solution for Intermediate Point-The 
intermediate load location is to be treated as a new car- 
dinal point of the network for which self and mutual drop 
constants and current division factors are required. 

The self drop constant is obtained by recalling that for 
unit load at x, Fig. 40, the drops to a and b are 

Da=(l-m)Zaa+mZba (193) 

&=(I-m)Zab+mZbb (194) 

whence : 

or 

Z,,=(l-m)D,+mDt,+m(1-m)Z 

Z,,=(l-m)2zaa+2m(l-m)Zab 
+m2&b+m(l-m)z 

(195) 

(196) 

The mutual drop constant to a typical point, p, is 

Zxp=(l-~)&+mZbp (197) 

The current in any branch pq caused by unit current 
drawn at J: is (except for branches ax and bx): 

I X-WI = (1 -m)Iaepq+mIbpq 

For branches ux and xb 

I x.*x= (1 -m) rs.ab +mIb..b+ (1 -ml (198a) 

I x+x== (1 -wh)Ia.&+mIb.&-m (198b) 
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While for point y, external to branch ab, 

I Y.SX =I y.xb = Iy-ab 

Several Intermediate Loads-H the branch ab con- 
sists of several parallel mutually coupled circuits such as 
the trolley rail circuits of a four-track railroad, and con- 
tains several intermediate loads, the procedure is quite 
similar to the above. Refer to Fig. 41. 

Fig. 41 -More network having 
load points. 

intermediate 

Let 2 be the total impedance a to b. 

Let z be the impedance of each component circuit. 
Let M, M’, Al” be the mutual impedances between 

component circuits. 

It is assumed that these impedances are uniform 
throughout the section. 

The procedure is as follows for determining voltage at 
the load I,, and current distribution. 

a. Divide each load inversely as the impedance to the 
two adjacent points a and b, to obtain total equiva- 
lent loads. From these and the other network loads 
the voltages E, and Eb can be determined. The total 
circulating CUrrent I& can also be found. 

b. Determine the voltage at x while the loads are re- 
moved to a and b. It is: 

E,=(l-m)&,+?d&, (199) 

c Now reintroduce the equivalent load currents letting 
them flow over the circuits to their respective loads. 
In the case shown there are four added drops, result- 
ing in a voltage at the load I,: 

E,=(l-m)E,+mEb-(l--m)l,mZ-(l-n)I,mM 
-(1-p)l,mM’-(l-q)l,nzM (200) 

d. The circulating current I& should be divided between 
the four circuits as though the loads were not present. 
If the mutual impedances are nearly equal it may be 
sufficiently close to assume x of the total in each 
circuit. Otherwise a solution by equations may be 
required. See Sec. 13. 

e. The current in any section of one of the circuits of 
branch ab consists of the vector sum of the circulating 
component as determined in (d), and the reintroduced 
equivalent load currents flowing up to the inter- 
mediate loads. 

21. Circle Diagram of Transmission Systems 

Because of its importance to both the light and power 
and the communication industries, the transmission type 
network has been widely studied. A useful body of data is 
available for simplifying the calculations and expressing 
the performance of such networks. The fundamental ideas 
involved are extremely simple, and the reader should not 
be misled by the large accumulation of formulas tabulated 
for special cases. These merely signify that the field has 
been well explored, whereas only one or two of the formulas 
may be required in any particular problem. 

The general transmission-type network including shunt 
loading, is one having only input and output terminals of 
importance, designated for convenience as the sending and 
receiving ends. The type dealt with in this chapter is 
considered to be passive (having no internal emfs), and 
linear (made up of linear impedance branches and voltage 
transformations). 

For such a network the sending-end voltage and current 
depend solely on the receiving-end voltage and current, 
and the impedances and voltage transformations of the 
intervening network. 

The transmission problem is briefly the determination of 
the performance of the transmission-type network. This 
performance is most commonly expressed in two forms. 

a. Equations expressing the sending-end voltages and 
currents in terms of the receiving-end voltages and 
currents, and vice versa. 

b. The power equations or loci, the graphical representa- 
tions of which are known as the power circle diagrams. 
One circle gives the locus of sending-end power and 
one the locus of receiving-end power, as the angle 
between sending and receiving voltages is varied. 

A third form is sometimes used. 

c. The current equations expressing the sending-end or 
receiving-end currents in terms of the voltages at the 
two ends. The current locus for fixed voltages and 
varying angle between them is the current circle 
diagram. 

Power Circle Diagram-The power-circle diagram is 
derived mathematically in Chap. 9. The treatment in this 
chapter applies the diagram to general system problems. 
Condensed tables are presented for determining the circle 
diagrams from general circuit constants. First, however, 
a brief review of the power-circle diagram will serve to 
point up the important power system design and operating 
information which it provides. 

The fact that real and reactive power fed into and out 
of a transmission line can be plotted as a function of the 
sending- and receiving-end voltages only is itself an ex- 
tremcly important concept. Stated differently, once the 
voltage magnitudes at the two ends of the line have been 
fixed, there exists for each angle between these voltages, 
one and onlv one nossible value for each of the four quan- 
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Fig. 46—Typical power-circle diagram. 

tities, input real and reactive power, and output real and three power quantities are uniquely determined. 
reactive power. Or, if one of these is fixed, say delivered If the voltages of the two ends of the line are fixed in 
real power, this determines the angle and thus the other magnitude and the angle between them varied, then for 
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each angle there will be a discreet value of input real and 
reactive power. If these are plotted, one against the other, 
on a set of coordinate axes having real power as abscissa 
and reactive power as ordinate, the locus of such points as 
the angle between voltages is varied is a circle. Thus this 
plot of real power vs. reactive power for fixed line voltages 
and varying angle, is called a power circle diagram. What 
has been said of input real and reactive power applies 
equally well to output real and reactive power. Hence, 
for a given pair of terminal voltages there are two circle 
diagrams, a sending-end circle and a receiving-end circle. 
For other voltages there are other circles. The fact that 
these diagrams are circles makes them easy to draw. How- 
ever the important point is that the input and output real 
and reactive powers are uniquely determined by the ter- 
minal voltages and the angle between them. In a sense 
this places definite restrictions on the use of lines. Or from 
another viewpoint it makes it possible to predetermine the 
amount of synchronous-condenser capacity that is required 
to supply a given load over a given line. 

These points may be made more clear by reference to 
Fig. 46 which shows the sending-end and receiving-end 
power-circle diagrams for two values of sending-end voltage 
and one value of receiving-end voltage, i.e. for two com- 
binations. Thus there are four circles. The method of 
plotting these circles and the derivation has been given in 
Chap. 9, and will be summarized shortly for the general 
case. That need not concern us here. Suffice it to say that 
there are such plots. What do they show? 

The coordinates of the plot are real power as abscissa, 
positive to the right and lagging-reactive power as ordinate, 
positive upwards. The two sending end circles, have their 
centers at B and B’ in the first quadrant. The positive 
reference direction at the sending end is into the line. Thus 
positive real or reactive power flow into the line at this end. 

The two lower circles having centers at A, in the third 
quadrant, are the receiving-end circles. At the receiving 
end the positive reference direction is out of the line. Thus 
positive real and reactive power from the receiving circles 
indicate real or reactive power out of the line and a nega- 
tive sign of reactive power indicates that lagging reactive 
power flowed into the line at the receiving end. 

Note first there is a maximum power that can be deliv- 
ered, for example 57 771 kw for one set of voltages, Er= 
127 020 and Es = 129 917 volts L-N. This is of course an 
absolute limit and well beyond a practical operating limit. 

It has been stated that with fixed voltages there exists 
for each angle between them, one and only one possible 
value of each of the four power quantities. This is shown 
on the diagram, for example, for an angle of 23”20’59”, and 
for the voltages Ea= 127 020, Es = 129 917 volts L-N. 
Note that the angles are measured out from reference 
lines, marked Line for 6’=0, whose construction will be 
described later. The angle 8, by which the sending-end 
voltage leads the receiving end voltage is measured out 
ccw for the upper or sending circles and cw for the lower 
or receiving-end circles. Thus this specific angle fixes the 
points F and G on receiving and sending circles respec- 
tively. These are referred to as corresponding points, since 
they correspond to the same angle and hence give sending- 
and receiving-end conditions that occur simultaneously. 

For this angle and these voltages note that 27 595 kw 
enters the line and 25 835 kw leaves it at the receiving end, 
the loss being 1760 kw. At the sending-end lagging reactive 
kva is negative and hence flows opposite to the reference 
positive direction. That is, lagging reactive kva flows out 
of the line, 7620 kva. This must be absorbed by the system 
at the sending end of the line, in inductive loads or by 
under-excited machines. At the receiving end lagging re- 
active kva is positive and hence flows in the reference 
direction for that end which is out of the line, 2270 kva. 
In general this may be more or less than the lagging re- 
active requirements of the load and the difference must be 
absorbed or supplied locally. For example, if the load were 
25 835 kw at 83.26 percent power factor lag as plotted at 
E, requiring 17 258 lagging reactive kva, the difference of 
14 988 kva would have to be supplied by a synchronous 
condenser operating in its over-excited range, or an 
equivalent. 

If the load is increased to an emergency load of 52 335 
kw at 84.78 percent power factor lagging, the correspond- 
ing points on the circles are at J and K. It is assumed that 
the sending-end voltage has been raised to 137 523 volts 
L-N for this condition. The condenser must now supply 
52 461 kva of lagging reactive, as the line supplies a nega- 
tive amount or actually draws lagging reactive. Note that 
to supply this load with the lower sending voltage would 
have required considerably more than the 52 461 kva from 
the condenser. 

Other circles could be drawn for different receiver volt- 
ages and these would show the variation of synchronous- 
condenser capacity requirements within the limits of 
permissible variation of receiver-end voltage. 

Thus the circle diagram presents a complete graphical 
picture of the line performance under all conditions of 
terminal voltages and angles and hence provides the nec- 
essary information for design and operation of the system, 
particularly with relation to voltages, provision of reactive 
capacity, and real power flow. 

Transmission Equations: Constructing the Circle 
Diagram 

Generally the following steps are involved in determin- 
ing the transmission characteristics of a system from one 
point to another. 

a. The network must be reduced to a simple equivalent 
from which the constants for plotting the circle dia- 
grams can be obtained. The simple equivalent can be 
expressed as a T or a Pi circuit or by giving the 
coefficients of the current and voltage equations, 
c:tlled the ABCD constants. Table 9 gives the nec- 
essary formulas for determining the ABCD constants 
directly from networks of various forms. The T and 
Pi equivalents can be obtained by reducing the net- 
work as outlined in Sets. 13-17, or as indicated by 
the definitions of these constants which are to follow. 
Table 10 gives the transformations from Pi to T and 
to AX”D forms. This table also includes transforma- 
tions to admittance and impedance constants that 
are coefficients of the power equations as shown in 
the table. 

b. The Current and Voltage Relations if needed can be 
written directly from the T, Pi or ABCD constants 
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TABLE 9—GENERAL CIRCUIT CONSTANTS FOR DIFFERENT TYPES OF NETWORKS5 



TABLE 10-Conversion Formulas for TRANSMISSION TYPE NETWORKS * 
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TABLE 11—CURRENT AND VOLTAGE RELATIONS IN 
TRANSMISSION TYPE NETWORKS 

as shown in Table 11. Frequently these are not 
needed. 

c. The Power Expressions are given in Table 12 in terms 
of the T, Pi, or ABCD constants and also in terms of 
admittance and impedance coefficients, which are 
described in a later paragraph. The power convention 
used in this text is : 

P+jQ=Ef (212) 
for which a positive value of Q is lagging reactive 
power, and P and Q of the same sign indicates lagging 
power factor (see Sec. 2). At the sending end, denoted 
by the subscript, S, the positive direction is into the 
network. At the receiving end, denoted by R, it is out 
of the network. See Figs. 42,44,45 which are part of 
Table 10. With the generalized impedance or admit- 
tance form, Fig. 43, the reference-positive direction 
for current and power at each terminal is into the 
line or network. 

d. The Power Circle Diagrams can be determined from 
the data in Table 12 as outlined at, the bottom of the 
table. The detailed data for plotting the circles can 
be obtained from the supplementary Table l2A, 
explained in the next paragraph. 

TABLE 12—POWER EQUATIONS AND DATA FOR PLOTTING CIRCLE DIAGRAMS 

UNITS 
Table gives P and Q in megawatts (mw)., and megavolt amperes (mva) for & and ES in kv line-to-neutral, or it gives P and Q in watts 

and volt-amperes for Es and ER in volts, line-to-neutral. 
To use volts or kv line-to-line, omit factor 3 throughout the tabulation. 
Impedances and admittances are in ohms or mhos per phase line-to-neutral. 
0 is the an 
- Symbol 3 

le of Es in advance of ER or the angle of E2 in advance of El. 
esignating conjugate of a vector. 

To DRAW CIRCLE DIAGRAM-FIG. 47 
1. Calculate “vector to center” and locate center, Cs or CR. 
2. Calculate radius vector for 8=0 (c-ie=&= 1). Call it Rso or RRO. 
3. Add 1 and 2 to obtain real and reactive power for sending and receiving ’voltages in phase. 

4. 
Plot this as “Power for 8 =O”, on the diagram. Wao = Ca +RRO. Wso = Cs +Rso. 
Draw the circle through the “Power for 8 =O” point. Draw the reference radius vector from the center to the “Power for 8-O” point; 

5. 
‘- serve as the reference from which angles are measured. 
Corresponding sending and receiving conditions are found at the same angle on the corresponding circles. 
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TABLE 12A—CONSTANTS FOR PLOTTING POWER CIRCLE DIAGRAMS 
Refer Fig. 47 

Chapter 10 

Construction of power circles.-For the occasional 
user it is convenient to list directly the coordinates of the 
centers and the radii of the circles, together with the 
location of the reference line from which angles are to be 
measured. For this purpose the six constants I, m, n, Ot,, 
1’ and m’ are defined and used. When working with ABCD 
constants these have the definitions:- 

1 -- --n 
B 

W3) 

6b = tan-’ F where B = bl+jba 
2 

A 
B=l+jm 

b 
B = I?‘+ jm’. 

(214) 

(215) 

(216) 

For other forms of expression of the transmission network 
the definitions of these six constants are given in Table 
12A. 

Having defined these six constants, the circles can be 
constructed as follows. Refer to Fig. 47. The scales used 
for mw and reactive mva must be the same. Line-to-line 

voltages are used, giving three-phase mw and reactive mva. 
If line-to-neutral voltages are used to determine the cen- 
ters and radii of sending and receiving circles, the ex- 
pressions in Fig. 47 must be multiplied by three. 

‘(‘enter of sending circle is at 1’ EsS mw, m’ Es” mvar. -- 
Radius of sending circle is nEREs. 
The reference line for angles in the sending circle is clock- 

wise from a downward vertical radius by the angle, &,. 
See Fig. 46, Angles 8 of sending-end voltage in advance of 
receiving-end voltage, are measured ccw from this refer- 
ence line. 

Center of the receiving circle is at -@R” mw, —ER~ 
mvar. -- 

Radius of the receiving circle is nEREs. 
The reference line for angles in the receiving circle is cw 

from an upward vertical radius by the angle, &,. See 
Fig. 47. 

Corresponding sending and receiving conditions are 
found at the same angle 6 on the two corresponding circles. 

An alternative method of construction is listed in the 
five steps under Table 12, which eliminates the necessity of 
measuring angles. An “initial radius vector for 0 =0” is 
added to the “vector to the center” to get the coordinates 
of a point (i.e. the vector power) corresponding to 8 =O. 
This fixes both the radius and the reference line for 
measuring angles. 

Power-Angle Diagrams-From the circle diagram the 
power expressions as a function of angle can be written 
directly. They are, for three-phase power in mw on mvar, 
and voltages in kv, L-L;- 

PS=t’E~+nE,ES sin (e-0,) (217) 

QS=m’Ei-nERES cos (O--&J (218) 
-- 

PR= -ZEi+nEREs sin (8+&) (219) 

QR= -rnEi+nE$s cos (0+&J (220) 

Power plotted vertically against 0 plotted horizontally 
is thus a displaced sine wave known as a power angle dia- 
gram. Its use in stability calculations is described in 
Chapter 13. 

Use of Equations vs. Circle Diagrams-If only 
one condition were of interest, for which the voltages 
and intervening angle were known, the sending and re- 
ceiving power quantities could be calculated directly, 
using the power expressions of Table 12. However, 
if the power transmitted is to be determined for a 
number of angular positions, as in stability studies, the 
circle diagram is advantageous. Also if the voltages and 
power are known and the angle and reactive requirements 
are to be determined the circle diagram becomes indis- 
pensable. More particularly a diagram having several 
circles corresponding to different voltages constitutes a 
chart of the real and reactive powers that can be trans- 
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Fig. 47—Power circle diagram for line AED Fig. 48 and used for example of plotting diagram. 
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mitted for various voltages and angles. AS such it finds 
extensive use both in system operation and design. 

Interpretation of Power Circle Diagrams—Power 
circle diagrams for a particular system are given in Fig. 
47. They have been drawn in accordance with the in- 
structions at the bottom of Table 12. Likewise their con- 
struction from the six constants I, m, n, f&, Z’, n’, given in 
Table 12A is indicated. This system consists of ninety 
miles of 110-kv line with a load of 10 000 kw and 5000 
lagging reactive kva tapped on at the middle. The load 
is treated as a fixed impedance. Points p and p’ convey 
the following information, “With a receiver voltage of 110 
kv and a sending voltage 116 kv, if 34 000 kw (34 mega- 
watts) are supplied at the sending end, then 500 leading 
reactive kva must be supplied at the sending end and 
20 000 kw and 9000 leading reactive kva will be delivered 
at the receiving end. That is, 9000 kva of lagging reactive 
must be supplied at the receiving end. 13 500 kw and 8500 
reactive kva will be consumed in the system, including 
line losses and reactive plus the intermediate load. In- 
cidentally the sending-end voltage is only 20 degrees ahead 
of the receiving-end voltage and the operation will there- 
fore be stable†.” Obviously contained in this informa- 
tion are the answers to a variety of questions that might 
be asked. 

ABCD Constants are coefficients of the current and 
voltage equations (201a) to (201d) given in Table 11. 
They apply to the transmission-type network having 
sending-end and receiving-end terminals, and have the 
following physical significance. 

A is the voltage impressed at the sending end per volt 
at the open-circuited receiver. It is a dimensionless volt- 
age ratio. 

B is the voltage impressed at the sending end per am- 
pere in the short-circuited receiver. It is the transfer 
impedance used in network theory. It is also equal to 
the voltage impressed at the receiving end per ampere 
in the short-circuited sending terminals. 

C is the current in amperes into the sending end per 
volt on the open-circuited receiver. It has the dimen- 
sions of admittance. 

D is the current in amperes into the sending end per 
ampere in the short-circuited receiver. It is a dimen- 
sionless current ratio. 

Table 9 gives the ABCD constants for many types of 
networks. Table 10 gives the transformations to Pi, T, 
admittance and impedance forms. Chap. 9 illustrates 
the use of ABCD constants in a stability example. 

For passive networks, as dealt with here, 

AD-RC=l (221) 

This affords a valuable check on the calculations. If the 
single-phase network used involves phase shift, it is not 
strictly passive. A case in point is an ideal phase-shift 
transformer Fig. 48. As shown R D-BC is numerically 
one but includes a double angle term. This single-phase 
representation of a three phase transformer receives 
power at one time phase and passes it on at another time 
phase, although the total power flow is continuous in 
the three-phase transformer it represents. Usually the 

tRefer to Chap. 13 for criteria of stability. 

Fig. 48—Ideal phase shift transformation. 

phase shift factor is removed from the equivalent single 
phase circuit before calculating the ABCD constants SO 
that Eq. (221) is applicable. 

Admittance Constants (or Driving Point and 
Transfer Admittances) are coefficients of the network 
current equations. 

II = YllEl+ YE& (222) 

I2 = LE2 + Y& (223) 

As indicated in Fig. 43 the positive direction is taken 
into the network at both ends. This permits ready ex- 
tension to more than two terminals. In the following 
definitions current in a terminal is understood to be in 
the positive direction unless otherwise stated. The defi- 
nitions indicate the extension to more than two ter- 
minals. In general: 

Yll is the current in terminal 1 per volt applied at ter- 
minal 1 with all other terminals short circuited. 

Ylz is the current in terminal 2 per volt applied at ter- 
minal 1 with all other emfs short circuited, or vice 
versa. It will usually be negative for transmission- 
type systems with positive direction into network 
at both ends, etc. 

The power equations as obtained from (222) and (223) 
are : 

(224 

(225) 

For a Three-Terminal System (as in a three-machine 
problem) the current equations are: 

II = YllEl+ Yz,Ez+ YnE3 (226) 

Iz = Yd-G + Kw% + W-G (227) 

13 = Y&1 + YUEZ + LE3 (228) 

The corresponding power equations are: 

PI +jQ1 = Elf1 = %JL% + %I& J% + h%% (226a) 

f’~+jQ~=E~~~ = %PJ%%+ %%%+ ~dW% (227a) 

Pa +jQa = Ed3 = h%~, + %& & + %&J% (228a) 

The extension to more than three terminals is apparent. 
Self and Mutual Impedances are coefficients of the 

network voltage equations given generally in Eqs. (52)- 
(55). Writing these for the transmission-type network, 
which can in general be reduced to a number of meshes 
equal to the number of significant terminals: 
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211 is the voltage in terminal 1 per ampere in terminal 1, 
with all other “significant terminals” open circuited. 

212 is the voltage in terminal 2 per ampere in terminal 1, 
with all other “significant terminals” open circuited. 
Etc. 

NOTE that the self and mutual impedances 2~ and 2~ as 
defined and used in Section 13 and in this Section 21, differ from 
the self and mutual drop constants defined and used in Section 
20. The 2 with double subscript is used in each case to conform 
with accepted terminology. 

The power equations are obtained from (229) and (230). 

PI +jQ, = Elfi = ZJJ, + &ILL (231) 

J% + j$, = E& = &I& +&I& (232) 

For a three-terminal system the voltage and power 
equations are given below. The extension of admittance 
or impedance constants to any number of terminals is 
apparent. 

IV. REAL AND REACTIVE POWER FLOW 

It is well known that in a system in which impedances 
are largely reactive, real power flow is controlled by phase 
angles and reactive flow by voltage magnitudes. Ordi- 
narily the adjustments of real power flow are made by 
throttle or gate adjustments (governor settings), although 
the flow in a closed loop can be controlled by a regulating 
transformer capable of introducing a phase shift. Similarly 
reactive flow is usually controlled by generator field ad- 
justment (regulator setting) but in a closed loop, trans- 
former tap adjustments can be utilized.. 

Quantitatively the real and reactive power over a trans- 
mission circuit or interconnection can be determined from 
the power circle diagrams. These diagrams give the real 
and reactive power at the sending and receiving ends of an 
interconnecting line or network, in terms of the voltages at 
the two ends and the angle between them. The method 
will be explained by examples, starting with a simple two- 
station system with an interconnection, and covering in 
all, the following conditions: 

22. Examples of Real and Reactive Power Flow. 

Refer to Fig. 1, or the equivalent network Fig. 49. 
I. Two Stations with Interconnection (Station A to 

station B). 
Case Ia. 

Given : 1. Sending-end and Receiving-end Voltages. 
2. Received Power. 

To Find: 1. Received reactive kva. 
2. Transmitted kw and reactive kva. 
3. Required kw and reactive kva to be sup- 

plied by generators at each end. 
4. Losses (kw and reactive kva). 

Fig. 49—Network 

Case Ib. 
Given: 1. 

2. 
To Find: 1. 

2. 
3. 
4. 

of Fig. 2 reduced to an equivalent Pi for each 
line. 

Received kw and reactive kva., 
Receiving-end voltage. 
Sending-end voltage. 
Sending-end kw and reactive kva. 
Required generation at sending end. 
Losses. 

II. Three generating stations along one main intercon- 
nection, no closed loops, intermediate substation. A, 
B, C, D Fig. 1. 

Case IIa. 
Given: 1. Voltages at all but D. 

2. Real power flow. 
To Find: 1. Remaining Power Quantities. 

2. Voltage at D to hold stated voltage at in- 
termediate Substation C. 

Case IIb. 
Given: 1. Voltages at all but intermediate substa- 

tion C. 
2. Real power flow. 
3. Load at C, real and reactive. 

To Find: 1. Remaining power quantities. 
2. Voltage at intermediate substation C. 

III. Closed Loop System. 

Case IIIa. Find voltage to close under given load and 
power flow conditions. (To determine regulator require- 
ments.) 

Case IIIb. Find power which flows if loop is closed and 
flow held constant in rest of the loop. 

Case I. Two-Source System-Stations A and B, Fig. 
1, and the 50-mile line connecting them, will be used for 
illustration. The remainder of the system shown will be 
considered as disconnected. It may be desired to find the 
required voltages of the A and B buses, and the angle be- 
tween them, to transmit a desired real and reactive power. 
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Or it may be necessary to find what real and reactive 
power can be transmitted for different voltages and angles. 
In either case the power circle diagram is an ideal method 
of expressing the performance of the interconnection. Two 
cases will be considered illustrative of the two forms in 
which the problem may appear. 

Case la. Two Station System, A and B. See Fig. 49. 

Fixed. Voltages and receiver real power. 
Sending end Station A 
Receiving end Station B 

The given conditions are: 
Sending-end voltage &,=11O kv L-L 
Receiving-end voltage ER= 110 kv L-L 
Received power 20 Megawatts 
Load at A 10 000 kw, 6200 lagging reactive kva 

(lO.O+j6.2) mva 
Load at B 50 000 kw, 37 500 lagging reactive kva 

(5O.O+j37.5) mva 

It is required to find the real and reactive power that 
must be generated at Stations A and B. This requires 
determination of the reactive power received from the 
line, and the real and reactive power at the input end. 
From the line power quantities and the local loads, the 
required kw and wattless generation can be determined. 

General Comments 

This is a characteristic problem of transmitting between 
buses whose voltages are fixed by load requirements. 
Wattless capacity in condensers or generators must be 
available at the proper locations because the fixed voltages 
determine the wattless flow over the line. 

Tap-changing-under-load transformers permit main- 
taining the generator bus voltage while raising the effective 
sending-end voltage to transmit wattless. No-load taps 
can be used to a rather limited extent if the power flow is 
in one direction with not too much variation from maxi- 
mum to minimum. 

This problem is often further complicated by the fact 
that the load bus voltage must be scheduled during the 
day, being somewhat more under heavy load conditions. 

The stability of the interconnection is not investigated 
in this chapter: Refer to Chap. 13 for examples of stability 
determinations. 

Obtaining the Circle Diagram 

The method of obtaining the impedance diagram, Fig. 
2, from the single-line diagram, Fig. 1 has already been 
described in Sec. 3 and 4. To obtain the circle diagram 
from the impedance network from A to B two general 
methods of approach can be used. The intervening net- 
work can be reduced to an equivalent Pi and the circle dia- 
gram determined therefrom as shown in Table 12. Or 
A BCD constants can be written for the sections of the in- 
terconnection, from Table 9. These can then be combined 
to obtain ABCD constants for the complete interconnec- 
tion as shown also in Table 9. The circle diagram data can 
then be determined from the overall ABCD constants, 
using the formulas of Tables 12 or 12a. Some prefer the 
ABCD constants because the method is systematic, and 
has a check for each step. Others prefer the equivalent cir- 

cuit method because they can more clearly visualize the 
problem by this method. As a result both methods are used 
and some examples of both methods will be given. The 
stability problem of Chap. 13 is treated exclusively by the 
method of ABCD constants. This power flow problem has 
been treated by the equivalent circuit method. 

Reducing the Network 

The first step is the reduction of the network between 
A and B, Fig. 2, to an equivalent Pi, shown in Fig. 49. As 
the equivalent circuits between other buses will be needed 
in subsequent cases, they also must be obtained. A typical 
reduction follows for the section from A to B, the steps 
being shown in Fig. 50. 

Convert the T network a, b, and c to an equivalent Pi 
using Eqs. (105.)-( 107). 

2, = 2.82+j32.3 
Zb = 24.05+j43.05 
Z,= - jSOO0 

&3’ = .&xc = z,+&+&zc/zb 

=2158-j12 778 
~=~bc=~b+~c+&~c/~, 

= -4940-j19 050 
2 = Zab = ~,+~b+~,~b/~o 

= 26.76+j75.19 

Parallel M and N to obtain &’ 

MN 

zR’ M+N 
= ~ = -418-j5700 

Plotting the Circle Diagram 

From the constants Zs’, 2, &’ of the equivalent Pi, the 
data for plotting the power circle diagrams for line AB 
can be obtained, using Eqs. (206a) and (207a) of Table 
12. In the following calculations Es and ER are expressed 
in kv, line-to-line which gives the power, calculated as 
E2/Z, in the dimensions of megavolt amperes; that is, 
megawatts (mw) and reactive megavolt-amperes (reactive 
mva). With the power* calculated as P+jQ = Ef, the ASA 
standard, a positive value of Q indicates lagging reactive 
power in the chosen reference direction for I. 

Sending-end Circle--from equivalent Pi in impedance 
form 

Es=110 kv, if&=110 kv 
Center 

cg= i+& ii?; 
( > 

= 50.99309fj141.9209 

Radius vector for 0 = 0 

R 
&i&j 

so= - 
2 

= - 50.8369 j142.8429 

Power for 8=0 

Wso=Cs+Rso 
= 0.1561- jO.9220 

The sending circle has been drawn in Fig. 51 by plotting 
the center, the power for 8=0, and drawing the circle 
*The term power is used generally meaning real and reactive power. 
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Fig. 50—Steps in the reduction of line AB to an equivalent Pi. 

through the latter point. The sending power for any 
angle, of Es in advance of ER, is a point on the circle, an 
angle 0 counter-clockwise from the radius for O=O. 

Receiving-end Circle-from equivalent Pi in imped- 
ance form. 

Es=110 kv, En=110 kv 

Center 

Radius for 8 = 0 

= - 50.6821 -j140.7363 

= 50.8369+j142.8429 

Power for 8=0 

WRO=CR+RRO 

=0.1548+j2.1066 

The receiving circle is located in a similar manner to the 
sending circle. The receiving power for any angle 8, of Es 
in advance of ER, is a point on the circle an angle 8 clock- 
wise from the radius for 6’= 0. The corresponding sending 
and receiving power for a given transmission condition 
over the line, are points on the two circles for the same 
angle 8. 

Interpreting the Circle Diagram For the 
Particular Problem-Case Ia. 

From the conditions of the problem, the received power 
is 20 mw which is found at point 1, on the receiving circle, 
Fig. 51. Laying off the same angle & on the sending circle, 
the point 1, is located giving the corresponding real and 
reactive power at the sending-end. 

PsA+j&sA= 21.0-j7.0 mva 
PRB+~&RB= 20.0 -j7.0 mva 

Fig. 51—Power circle diagram for line AB. 

The local loads at A and B are respectively: (See Fig. 1) 

PLA+j&LA = lO+j6.2 mva 
PLB -tjQLB = 5O+j37.5 mva 

The required generation at A is therefore: 

~GA+~&GA= PLA+j&LA+PsA+j&sA 

=31 -jO.8 mva 

or 31 mw and 0.8 lagging reactive mva. i.e., underexcited. 
The required generation at B is 

PGB+~QGB=PLB+~QL,B-(PRB+~QRB) 

= 3O+j44.5 mva 

or 30 mw and 44.5 
The line losses are : 

lagging reactive mva. 

P~+j&~=&+j&s-(&t-j&) 
= 1 +jO mva 

or 1 mw and no reactive mva. 
The 12XL lagging reactive power consumed by the line 

is balanced by the E2/Xo leading reactive power consumed 
by its shunt capacity. 

For accurate values of losses, Pa+jQa and Ps+jQs can 
be calculated for the angle 8 involved. Transformer iron 
losses must also be added. 

From this example it can be seen that if a particular 
kilowatt load is transmitted over a line with fixed terminal 
voltages, the input and output reactive power quantities 
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are determined by the line, and must be provided for in 
the machines at each end. 
Case Ib, Two-Station System, A and B, Fig. 1. Fixed re- 
ceiver voltage and real and reactive power. 

Sending end Station A 
Receiving end Station B 

The given conditions are: 
Receving-end voltage #??R = 110 kv, L -L 
Received power (20+ jl5) mva, or 20 mw, 15 lagging 

reactive mva. 
Load at A (lO+j6.2) mva. 
Load at B (5O+j37.5) mva. 

To be determined: 
Sending-end voltage. 
Sending-end real and reactive power. 
Line Losses 
Generation required at sending end. (The generation 

at B must obviously be 3O+j22.5 mva.) 
Receiving-End Circle (Refer to Fig. 51) 

The center of the receiver circle is the same as deter- 
mined in Case Ia since the receiver voltage is again, 110 
kv. The received power, (2O+j15) mva is plotted as point 
2~ on the diagram. The receiver circle passes through 
point 2~. Scaling or calculating the radius to this point it 
is found to be R R= 171 mva, scalar value. But the scalar 

ERJ% 
value from Eq. (207a), Table 12 is ~ 

z - 
Whence solving 

for the sending voltage 

E =R&t”- 17W’9.8~ 124 kv 

s -g-- 110 

Sending-End Circle. 

Center, Cs 

Es = 124 kv, if&= 110 kv 

The vector to the center for 110 kv has previously been 
drawn. Increase it in the ratio (124/l 1O)2 to obtain the 
new center for 124 kv. 

Radius Vector for 0=0, Rso 
The radius vector for 8 = 0, for ER = 110 kv, and Es = 110 

kv has previously been obtained. Increase it in the ratio 
(110X124)/(110X110) to obtain the new radius vector 
at 8=0 for Es=124 kv, ER=llO kv. 

Power for 8 = 0 

Wso=Cs+Rso=7.4916+j19.3214 

From the center and power at 0 =0 the new sending 
power circle can be drawn. The received power point 2R 
occurs at the angle e2. Laying off 82 along the sending 
circle the sending power point 2s is located. Thus: 

PsA+j&sA = 21.5+j15.5 mva 

And since the load at A is 

PLA+j&LA = lO+j6.2 MV& 

The required generation is: 

PGA+j&GA = PsA+j&sA+PLA+j&LA 
=31.5+j21.7 mva 

or 31.5 mw and 21.7 lagging reactive mva 
The losses are : 

Pl+jQ1=PsA+jQsA- (PRB+j&RB) 
= 1.5+jO.5 

or 1.5 mw and 0.5 lagging reactive mva. 
The required sending-end voltage of 124 kv could be 

provided by a step up transformer at A having a rated high 
voltage of 115 kv and equipped with + 10 percent tap- 
changing-under-load equipment, giving it a range of from 
126.5 kv down to 104.5 kv. This would provide for trans- 
mitting only a reduced load in the reverse direction unless 
the transformer at B were similarly equipped. 

This problem illustrates that to transmit a desired 
amount of wattless as well as real power over a line with 
fixed receiver voltage, the sending voltage must be under 
control of the operator or automatic means, since the re- 
quired value depends on the wattless to be transmitted. 

Case II. Three Generating Stations Along One Main 
Interconnection, and Intermediate Substation- 
The methods used in analyzing a two-station system can 
be easily extended to a multi-station system in which the 
stations are all connected along one main transmission 
channel. Such a system is illustrated for example by Fig. 
1 and Fig. 49 with line AED omitted. Because in this case 
power can flow over only one path, any two stations and 
the line connecting them can be treated as a two-station 
system, independent of the other stations and lines. For 
instance, the system of Fig. 1 with line AED omitted 
merely adds more stations and lines to the two-station sys- 
tem of Example I, and part AB can be solved as before. 

Besides the addition of another generating station, the 
new system has the added complication of a substation 
between stations B and D. Since there are no generators 
at C to maintain the voltage, the voltage on the substa- 
tion bus is determined by the voltages at the adjacent sta- 
tions and by the real and reactive kva load on the substa- 
tion bus. 

There are in genera1 two problems concerning the volt- 
age at an intermediate substation such as C. First, the 
voltage at one of the adjacent stations may be fixed, and 
it is desired to maintain a given voltage at the substation 
by varying the voltage at the other generating station. 
The problem is then to find the generating-station voltage 
and determine the power and kva flow in both lines. This 
problem can be solved by setting up a circle diagram for 
the line from the substation to the fixed-voltage station 
and determining the kva flow. This kva is subtracted from 
the load on the substation to give the kva that must be 
furnished by the other line. Using this kva, the circle dia- 
gram for the other line can be set up and the desired gen- 
erating bus voltage can be found as in the case Ib just pre 
ceding. 

Second, the voltage at both generating stations may be 
fixed, together with the real power flow over each line sec- 
tion, and the voltage at the substation must be deter- 
mined. This can be done by a cut-and-try process, using 
the circle diagrams of the two lines and varying the sub- 
station voltage until the sum of the reactive kva’s trans- 
mitted to the substation is equal to that required by the 
substation load. 

Each of these two operating conditions will be illustrated 
in the following example. 
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Case IIa. Multistation System with Intermediate Substa- 
tion-No Closed Loops-Fixed Substation Voltage 

Sending End Receiving End 

Line AB A B 
Line BC B C 
Line DC D C 

The given conditions are as follows, line AB being as- 
sumed to operate under the same conditions as case Ib. 

At A Generated = 31.5+j21.7 mva 
Load = 10 +j6.2 mva 
Transmitted = 21.5+j15.5 mva 
Voltage = 124 kv. 

At B Load = 50 +j37.5 mva 
Received over AB = 20 +jl5 mva 
Transmitted over BC= G.O+j? mva 
Generated = 36+j?mva 
Voltage cl10 kv 

At C Load = 18.3+j7.0 mva 
Voltage = 108 kv 

At D Load - lO.O+j7.0 mva 

To be determined: 

At B Transmitted reactive over BC 
Generated Reactive 

At C Received P+jQ over BC 
Received P+jQ over DC 

At D Voltage 
Transmitted P+jQ 
Generated P+jQ 

Solution: 

Line BC, sending circle (B) for Es = 110 kv, En = 108 kv 
Center (Refer to Fig. 52) 

=34.2iOO+j200.7886 

Radius vector fo_r t=O 

-33.5978 -j199.5234 

Power for 8 = 0 
Wso = Cs+ Rso = 0.6222+~1.2652 (Point 5, Fig. 52) 

Line BC, Receiving Circle (C) for E’s = 110 kv J!& = 108 kv 
Center 

Radius for 0_= O_ 

RROzE+ 

= -3-2.9870 -j193.5536 

= 33.5978+j199.5234 = 202.3324 

Power for 0 = 0 
WRO = CR+RRO =0.6108+j5.9698 

Line BC circles are plotted in Fig. 52 from these data; 
the section near the origin being enlarged. From the send- 
ing circle the transmitted power of 6 mw is accompanied 
by transmitted lagging reactive power of 0.6 mva (Point 
2, Fig. 52). From the receiving circle, for the same angle 
81, the received power at C is found to be 6.O+j5.0 mva, 
as closely as the chart can be read (Point 1, Fig. 52). 

&=147.9=7-- 
80.1 

E =147.9x80.1 
S ----110 kv 

108 

Line DC, sending circle (D) for Es = 110 kv, En= 108 kv 
Center 

Fig. 52-Power circle diagram for line BC. 

Line DC, Receiving Circle (C) for J!!?R = 108 kv, Es = ? 
Refer to Fig. 53. 

Center CR= - 
( ) 

i+$ E; 
R 

= -26.2732 -i j142.2751 

The received power over line DC can be determined 
Load at C= 18.3+j7.0 mva 
Received over BC = G.O+ j5.0 mva 
Received over DC= 12.3+j2.0, which is plotted as 

point 1 of Fig. 53. 
Scaling from the center to this point the radius of the 

receiving circle is found to be 147.9 mva, from which 
we can solve for El,. 

if?& 108& 
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Fig. 53—Power circle diagram for line CD. 

= 20.9354+j146.2781 mw. 

Radius vector for 8 = 0 

= - 20.6011 -j146.6527 mw. 

Power for 8 = 0 
Wso = Cs+Rso = 0.3343 -jO.3746 mw. 

The sending circle can now be plotted and laying off the 
angle &, the same as for the receiving circle the sending-end 
power is found to be 12.4-j1.8 mva, at point 2. 

Now recapitulating, 
At B Transmitted over BC 6.O+jO.6 mva 

Generation otherwise required 3O.O+j22.5 mva 
Generation required 36.O+j23.1 mva 

At C Received over BC 6.O+j5.0 mva 
Received over DC 12.3+j2.0 mva 
Load at C 18.3+~7.0 mva 

Losses in line BC* 0 -j4.4 mva 
or 0 mw and -4.4 lagging reactive mva, i.e., 4.4 lagging 

reactive mva is supplied net by the line. 
At D Transmitted over DC = 12.4 - j1.8 mva 

Load at D = lO.O+j7.0 mva 
Generation at D = 22.4+j5.2 mva 

Losses in line DC=O.l -j3.8 mva* or 
0.1 mw and -3.8 lagging reactive mva. 

*See discussion of losses in case la. 

Case Ilb. Multistation System with Intermediate Substa- 
tion-No Closed Loops--Substation Voltage to Be De- 

termined 

The generating-station voltage magnitudes are assumed 
to be fixed. As the methods of combining loads and of de- 
termining losses are simple and have been outlined in the 
previous cases, this case is confined simply to determining 
the voltage of the intermediate substation and the reactive 
power flow over the lines. The real power flow is assumed. 

Given: 

Voltage at B = 110 kv 
Voltage at D = 116 kv 

At C 
Load at C 18.3+j7.0 mva 
Received over BC 6.O+j? mva 
Received over DC 12.3+j? mva 

To be determined: 

At B Transmitted power over BC 

At C Voltage 
Received reactive over each line 

At D Transmitted power over DC. 

A cut-and-try method is employed, based on assuming 
values of voltage at C until a value is found that results 
in a total received reactive power equal to the reactive load 
at C (+j7.0 mva). Obviously after a few trials a curve of 
received reactive power versus voltage-at-C can be plotted 
and the proper voltage read from this curve. Or after two 
trials the increment of reactive per increment in voltage 
noted, so that the third trial is simply a check. Assume, to 
start with, a voltage of 109 kv at C. Circle centers and 
radii can be found by ratioing from values calculated in 
Case IIa. ** Refer to Table 13. 

The second trial gives a sufficiently close value of total 
reactive (+j6.2 mva compared with the desired +j7.0 
mva) and the circles corresponding to this trial are used to 
determine the power quantities. Thus, drawing the cor- 
responding sending circles, and using points 3 and 4 on 
Fig. 52 and 3 and 4 on Fig. 53. 

At B Transmitted over BC 6 -j5.2 

At C Voltage is 111 kv 
Received over BC 6 -jO.5 
Received over DC 12.3+j6.7 
Load Assumed 18.3+j7.0 

At D Transmitted over DC 12.3+j2.5 

**Obtaining Circle Centers and Radii by Ratioing—General: 
In working graphically, after one sending and receiving circle 
have been drawn for a given intervening network, all further 
work can be done by simple scalar ratios and graphical con- 
struction using the following relationships. 

a. The center of a receiving circle is always along the same 
line through the origin, the distance to the origin being 
proportional to E& 

b. The center of a sending circle is always along the same 
line through the origin (not necessarily the same as in a) 
the distance to the origin being proportional to Ei. 

c. The scalar value of the radius is proportional to J!& ER. 

d. The radius for 0 = 0 is always parallel to the first, one drawn, 
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TABLE 13 

Case III. Loop System, Three Generating Stations, 
Two Intermediate Substations, Fig. 1 *-Power flow in 
the complete loop system of Fig. 1* is next considered. A 
method for calculating the effect of a regulator for con- 
trolling phase angle and voltage ratio is given. This meth- 
od in general consists of breaking the system at one 
point and treating it as several stations along one line up 
to the point of closing. The voltage required to close the 
loop can then be determined and also the circulating 
current that flows if the loop is closed without this 
voltage. 

The simpler problem is to calculate the voltage required 
to close the loop for a given power flow condition, as this 
is simply an extension of Case II, above. The voltage re- 
quired to close the loop gives the necessary setting of a 
regulating device to produce the assumed power flow. 

Case Illa. Loop System, Given Power Flow, Find Voltage Case Illa. Loop System, Given Power Flow, Find Voltage 
Across Open Point Across Open Point 

Given Conditions. Given Conditions. 

For the system external to line AD we shall use the For the system external to line AD we shall use the 
voltages and power flow conditions described in Fig. 54 voltages and power flow conditions described in Fig. 54 
which have been arrived at: which have been arrived at: 

For line AR from case Ia, Circle Fig. 51. For line AR from case Ia, Circle Fig. 51. 
For line BD from case IIb, Circle Figs 52 and 53. For line BD from case IIb, Circle Figs 52 and 53. 
Load at E = lO.O+j5.0. Load at E = lO.O+j5.0. 
Voltage at E will be taken as 111 kv for converting loads 

to impedances. to impedances. 

Required to Find. Required to Find. 
The voltage between A and A’. 
There are a number of ways to go about this problem. There are a number of ways to go about this problem. 

It must be remembered that up to the point of closing 
the loop there is complete and independent control of real 
and reactive power flow over each line section connecting 
two generating stations. This assumes that permissible 
voltage or stability limits are not exceeded. For example, 
the generator voltages and throttles at A and B can be set 
to produce a desired real and reactive power over this line. 
Then holding the voltage and speed at B fixed, so as not to 
affect the flow over line AB, the generator voltage and 
throttle at D can be adjusted to give the desired flow in the 
BD section. Now if the voltages and speeds are held fixed 
at A, B, and D by suitable adjustments at those points, 
then the connection of a line from D to E and the passage 
of any amount of power over it under the control of a 
regulator in the line will have no effect on that part of the 
loop external to line AD. 

Thus the problem reduces to a consideration of the flow 
in the section A to D only when the magnitudes and phase 
positions of the voltages at those two points have been 
previously fixed by the required conditions elsewhere in 
the loop. 

*Fig. 49 also shows the system except for loads, Fig. 54—Power flow condition for Case IIIa. 
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The one selected involves the following steps: 

a. Assume a voltage at E and determine the power con- 
sumed by the open line. Add this to the load at E to 
obtain the total load received over line DE. 

b. Find the voltage at E at which this load can be re, 
ceived. 

c. Determine the voltage at A’, and the angle between 
it and the voltage at A. 

Proceeding with the calculations in this sequence: 

a. The input power at E to the open-ended line EA’ is 
obtained from the impedances, Fig. 49. 

52 752 

b. 

-- 
111; -- iii2 

E -418+j5700+2158+j12 700 

= 0.0049 - j3.0877 mva 

Load at E = lO.O+jS.O mva 
Open line EA’ - O.O-j3.1 mva 
Power received from DE = lO.O+jl.S mva 

The circle diagram for line DE is given in Fig. 55. 
By trial it is found that with a receiver voltage at 
E of 113.5 kv the received power is lO.O+jl.S mva 
as desired and the corresponding sending power at 
D is 10.0 - jO.5, within the accuracy of the graphical 
construction. 

Fig. 55—Power circle diagram for line DE. Fig. 56—Reduction of line AD. 

c. The voltage at A’ is: 

EAl 
2s’ 

= EE--- 
z+&J 

113.5(2158-j12 778) 

=26.76+j75.19+2158-j12 778 
= 114.18 -jO.407 = 114.2 kv. 

Taking EA = 110~‘” 
Angle of A in advance of B, Case Ia, = 0AB = 8.15’ 
Angle of B in advance of C, Case IIb, =&o = 1.76’ 
Angle of D in advance of C, Case IIb, = 0no = 4.14” 
Angle of D in advance of E, Case IIIa, = 0nE =3.23’ 
Angle of A’ in advance of J$, Case IIIa, = 0;s = 0.17’ 
Angle of A in advance of A’ =edA 

8 dA=hB+oBC- oDC+&E- dE - 8 - 8.83’ 
Thus, since J!?A = 110 kv and EA’ = 114.2 kv 

and a regulator having a setting such as to result in a 
vector ratio of 

1:0.963 ?.830 

closes the loop with the power flow as indicated. For any 
other desired power flow in the various sections of the 
loop the requisite regulator setting can be similarly cal- 
culated. Thus by taking the extreme conditions of flow 
one way and then the other, the range required of the 
regulator can be determined. 

Case IIIb. Loop Closed Without Regulator 

Given Conditions. 

The load E, for simplicity is converted to an impedance 
on 111 kv base. 

Voltage at A = 110 kv 
Voltage at D = 116 kv 
Angle of D in advance of A = -5.77” 

To Be Determined. 

Power flow in Line AD. 
With the conditions stated as above the problem is easily 

solved by determining the circle diagram for the complete 
line AD. The load impedance at E is shown on Fig. 56 
together with the reduction to an equivalent Pi. The circle 
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diagram for the line DA is given in Fig. 47. Using the 
given voltages and angle it is found that 

Power transmitted at D over DA = - l.O+j6.5 
Power received at A over DA = - 11 +j6.2 

From the circle diagram of a line connecting two points 
of known voltage and phase angle the effect of a regulator 
at one end can be determined by multiplying the voltage 
at that end by the vector ratio of the regulator and using 
the value thus obtained as the voltage at that end of the 
line. 

It is hoped, that while it has not been possible to cover 
all conditions, a study of the methods used in the cases 
given will point the way to the solution of most other cases. 
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CHAPTER 11 

RELAY AND CIRCUIT-BREAKER APPLICATION 
Original Authors: 

E. L. Harder and J. C. Cunningham 

T HE function of relays and circuit breakers in the 
operation of a power system is to prevent or limit 
damage during faults or overloads, and to minimize 

their effect on the remainder of the system. This is ac- 
complished by dividing the system into protective zones 
separated by circuit breakers, such as are shown in Fig. 1. 
During a fault, the zone which includes the faulted appa- 
ratus is de-energized and disconnected from the system. 
In addition to its protective function, a circuit breaker is 
also used for circuit switching under normal conditions. 

The relay application problem consists of selecting a 
relay scheme which will recognize the existence of a fault 
within a given protective zone, and initiate circuit-breaker 
operation. This problem is considered from a system 
point of view. The operating characteristics of protective 
schemes for generators, transformers, lines, and buses are 
discussed in their relation to overall system performance. 
Reference is made to other publications, particularly 
Silent Sentinels’, for the operating characteristics and con- 
nections of individual relays. It is proposed here only to 
give the general features which will determine the type of 
scheme to be used. 

The circuit-breaker application problem consists pri- 
marily of determining the interrupting requirements, 

Revised by: 
E. L. Harder and J. C. Cunningham 

normal current, voltage, and other rating factors required 
to select the proper breaker for each location. These fac- 
tors are discussed, and methods of calculating the fault cur- 
rent and interrupting rating are given. 

I. GENERAL PHILOSOPHY AND BASIC 
RELAY ELEMENTS 

As mentioned the system is divided into protective zones 
as shown in Figure 1, each having its protective relays for 
determining the existence of a fault in that zone and hav- 
ing circuit breakers for disconnecting that zone from the 
system. It is desirable to restrict the amount of system 
disconnected by a given fault; as for example to a single 
transformer, line section, machine, or bus section. How- 
ever, economic considerations frequently limit the number 
of circuit breakers to those required for normal operation 
and some compromises result in the relay protection. 

The relays operate usually from currents and voltages 
derived from current and potential transformers or po- 
tential devices. A station battery usually provides the 
circuit breaker trip current. Successful clearing depends 
on the condition of the battery, the continuity of the wiring 
and trip coil, and the proper mechanical and electrical 

Fig. l—Typical system showing protective zones. 



Chapter 11 Relay and Circuit-Breaker Application 343 

operation of the circuit breaker as well as the closing of the 
relay trip contacts. 

In event of failure of one of these elements, so that the 
fault in a given zone is not cleared by the first line of de- 
fense, relays and circuit breakers, some form of back-up 
protection is ordinarily provided to do the next best thing. 
This means, first of all, to clear the fault automatically, if 
at all possible, even though this requires disconnection of 
a considerable portion of the system. Once cleared, the 
system can generally be rather quickly restored; whereas 
if the fault hangs on, the line may be burned down, or 
apparatus damaged beyond repair, or the entire system 
may be shut down for an extended period. The measures 
taken to provide back-up protection vary widely depend- 
ing on the value and importance of the installation and the 
consequence of failure. These will be discussed in a sepa- 
rate section. 

Some utilities in measuring the performance of trans- 
mission line relay protection analyze all relay trip opera- 
tions as shown in Table 1. The numbers shown are typical 
of a system operating 3000 miles of 110-kv line. 

This is only an analysis of faults for which the relay 
tripped or should have tripped. For each of these there 
were several cases where the relays should not have 
tripped, and did not. Thus the total number of discrim- 
inations made by the relays is possibly five to ten times 

TABLE 1—RELAY OPERATIONS 

as great as the trippings. The percentage failures are 
correspondingly less on this larger basis. 

However, Table I has been presented at this point to 
bring out the following factors that enter into a highly 
successful protective relay system : 
1. Good equipment, relays and instrument transformers. 
2. A system design that can be protected and correct applica- 

tion of relays to provide the possible protection. 
3. Good maintenance primarily to assure that all the accessories 

are operative. 

The correct but undesired trippings are cases where the 
relays have done what should be expected from their 
characteristic curves and settings and the fault conditions 
involved. There may have been system changes since their 
application, or incorrect initial application, or application 
with foreknowledge that certain conditions would un- 
avoidably operate the relays, but this was necessary to 
secure tripping in other desired cases. 

It is important to bear in mind that simple standard 
system design plans can be better protected. Distance 
measuring and carrier or pilot-wire types of relaying are 
much less subject to disqualification by system changes 
than are over current types. 

Wrong tripping and tripping failures, together with all 
causes of failure to clear faults, are found to stem largely 
from human errors, such as leaving the trip circuit open 
after test, or to open circuited trip coils, or mechanical 

failure of the circuit breaker, or blown fuses in trip cir- 
cuits (if used). Only a small part of the total failures occur 
in the protective relay itself. Thus close attention to the 
initial design, installation, testing, and maintenance of all 
of the accessory equipment, as well as of the protective 
relay proper, are needed to assure successful operation. 

The application of protective relays properly requires 
evaluation of several factors, namely: 

1. The requirements of the power service and desired function- 
ing of the system during fault conditions to produce this 
result. 

2. The currents, voltages, temperatures, pressures, or other 
indicators at time of fault which provide the fundamental 
basis of discrimination. 

3. The characteristics of available or standard relay elements. 
4. The schemes in which they are used. 

A wide variety of characteristics are now available op- 
erating in response to the prime quantities themselves, or 
to various functions of these prime quantities, such as 
power, phase angle, power factor, current comparison, 
power comparison, impedance, reactance, modified re- 
actance, current ratio, or phase-sequence component. 

In each case the response may be instantaneous, mean- 
ing no intentional delay, or the operation may depend in a 
predetermined manner on the electrical quantities and 
time of duration. 
2. Basic Relay Element87 

The more commonly used relay elements and their un- 
derlying principles of operation are shown in Fig. 2. The 
schemes in which the elements are used are much more 
numerous. The more common ones will be described under 
the application headings, such as generators, transformers, 
and buses. 

Instantaneous Elements—For instantaneous re- 
sponse to current or voltage the solenoid element, Fig. 2(a), 
is most common, appearing individually or as the instan- 
taneous attachment with the induction-type overcurrent 
relay. The beam element, (b), with spring or weight bias 
is used where low burden is desirable, as when setting for 
low ground currents with low-ratio bushing current trans- 
formers. The polar element, (j), is of far lower burden 
than the nonpolar types and has come into widespread use 
since 1935 as the receiver relay of directional-comparison 
carrier equipments, and is the basic element when supplied 
from networks or electronic devices, For example, it ap- 
pears as the operating element in a pilot wire relay, in a 
phase-comparison carrier relay, in linear-coupler bus pro- 
tection, and in supervision of pilot wires. 

Because of its higher pick-up to drop-out ratio and less 
accurate setting the clapper-type element, (c), is used less 
frequently for the primary protective functions but is 
widely used as an auxiliary relay. 

Induction Elements—The induction-disk element, 
(d), continues to be most widely used, its reliability and 
inherent time characteristic giving it great flexibility for 
coordinating relays in series or coordinating with fuses or 
direct-trip devices. A variety of characteristics are avail- 
able from the definite-minimum-time, which is ideal for 
securing definite time steps between relays, to the very 
inverse which provides faster tripping with the same mar- 
gins when the fault current drops considerably from one 
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Fig. 2—Relay elements. 
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Fig. 2—Relay elements—Continued 
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Fig. 2—Relay elements—Continued 
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Fig.2—Relay elements-Continued 

relay location to the nest. The more inverse characteristic 
also co-ordinates better I\-ith fuses. 

The induction disk scrvcs as a tlirwtional element, ((I), 
or, ivhcn used I\-ith a spring, as a \vaf tj c+mcwt, (I), the 
electric torque being proport ional to 131 cos 8, where 0 is 
the power-factor angle. IjZthcr of thaw can, of COIII~, bo 
current polarized instead of voltage polarized for uw in 
ground relaying \vhcn a txmk-nwt 1x1 curwnt is availal)lo. 

The relative phase of voltage and c*urwnt wn be shiftc~cl 
by internal or external phuw-shift ing cloviws to prtxlriw 
maximum torque for po\vcr factors other than unity, as in 
(9). For csample, the directional cbl(tmcnt for ground rc- 
laying usually has its masimurn tor(ltic for current lagging 
the voltage by GO or 70 dcgrws to proviclc masim~lm 
torques for the faiilt contlitions. A pure \vat t char:wt(~rist ic 
is used with the 30 and 60 dcgrcw conncc*t ions for ~)hasc 
directional relays, the phase shift twing provided t)y iwing 
the voltage of a different phaw from the clirwnt. \l’i th 
the 90 dcgrec connection this shift is too much, ant1 the 
voltage is advanced about, 43 dc~grc~~+ t)y a phase shiftclr to 
provide a maximum-torque position for a current 45 de- 
grees lagging. 

The disk is provided also n-ith an clcctromagnct, (u), 
producing ratio characterist its for use as a differential rc- 
lay for generators or transformers. The generator-difrer- 
ential relay is shown in (0). The transformer relay has 

windings 1 and 2 tapped for different current-transformer 
r atios. 

Referring to Figure 2 (o), the differential current pro- 
duces lower-pole flus which acts in the operating direction 
on disk currents produced by the upper pole which is trans- 
former fed from the same differential current. The re- 
straint torque, giving the ratio-differential characteristic, 
is produced by the through current in coils 2-3, which 
supply disk current by transformer feed to the upper pole, 
and by lower-pole flux produced by the same through cur- 
rent. 

The induction disk provides a tripping-time-proportion- 
al-to-impedance characteristic as shown in Figure 2(X). 

Multiple Electromagnets or Disks--Two electro- 
magnets on the disk provide for balancing mechanical 
torques with no phase angle effects (see (p)). When these 
are both current electromagnets, the relay is the regulat- 
ing-transformer differential relay which balances the cur- 
rent in the shunt exciting winding against the through line 
current. For example in a f 10 percent regulating trans- 
former, it operates when the shunt current exceeds about 
15 per cent of the through current. When both electromag- 
nets are volt age energized, the voltage-differential relay 
results. When one is voltage (actually responsive RE2) 
and one is a productJ element, El cos (0+), a balance oc- 
curs when I (‘0s (0-4) = KE. This impedance character- 
istic: is shown in current and also in an R-X plot in (m). 

A second disk on the same shaft provides space for two 
more electromagnets. This structure is sed as the phase- 
balance relay for motor protection, whose characteristics 
are shown in (p). It is used for the 3-winding-transformer 
differential relay, using one operating electromagnet and 
three restraint electromagnets, (n). With two current- 
input input on each electromagnet and with two re- 
lays per phase the multirestraint bus differential relay 
results. Its used will the described later. 

Multiple-Pole Cylinder or Disk Elements-The 
multiple-pole cylinder or disk element is illustrated in (f). 
The example shows how it would be energized to act as a 
single-phase directional element having torque propor- 
tional to It1 cos 8. This element also serves as a polyphase- 
directional element by the connection, (q). The multiple- 
pole element is flexible making possible a variety of other 
combinations. 

Four-Pole Induction-Cylinder Elements-These 
high-speed elements serve a variety of purposes as shown 
in Figure 2(l), (LI), (w), and (.c). The clement (u), desig- 
bated a mho element, operates with torque E” cos (0-4) 
restrained by torque proportional to e2. It produces the 
circular-impedance-tripping locus passing through the 
origin or relay location, the same as shown for the induc- 
t ion disk in (in). Or with either clement, the circle can be 
shifted from this position by current compensation, IZb, 
in the restraining circuit, as indicated. A directional- 
starting unit, (I), is obtained using current times shifted- 
quadrature voltage for operating and the product of two 
delta for restraint. This results in maximum 
torque for current 30 degress ahead of the quadrature 
volt ago or about 60 degrees lagging the unity-power-factor 
posit ion. 

The special impedance characteristic, (w), obtained, by 
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12 operating against EI cos (0 +20 degrees) is used to re- 
strict the tripping area to assist other relays in differenti- 
ating heavy load swings from faults. A reactance element, 
(s), is obtained similarly with the phase-shift devices ar- 
ranged so that the maximum-torque line is along the x 
(reactance) axis. 
Inductor-Loop Element—The inductor loop, (h), pro- 
vides a very high speed and very reliable directional ele- 
ment which has been used for many years now in high- 
speed distance measuring relays. 
Balance- Beam Element-The basic balance-beam im- 
pedance element is shown in (i), a balance occurring for 
E/1=2,,. For higher impedances than 20 (current rela- 
tively lower) the contacts remain open; whereas for lower 
impedances (relatively higher currents) they close quickly. 
Since the balance is mechanical, the phase angle between 
voltage and current is of minor consequence, and the trip- 
ping characteristic, plotted on an R and X diagram is 
substantially a circle. 

Modified-Impedance Characteristic—The circu- 
lar characteristic may be shifted by some circuits auxiliary 
to the element as shown in (k), in order to provide better 
discrimination between fault currents and load and swing 
currents on long, heavily-loaded transmission lines. The 
shifting imparts a directional characteristic to the relay in 
addition to narrowing its tripping region to more nearly 
just that required for faults. 

Networks and Auxiliary Circuits-It may be 
noted that in discussing fundamental relay elements cer- 
tain auxiliary circuits external to the mechanical relay 
have been introduced: in (g), the phase shifter; in (j), the 
Rectox; and in (k), a full fledged network to produce in the 
relay element proper, the desired currents. This is a trend 
of which we shall certainly see more as time goes on, as 
static circuits are devised to produce a simple current out- 
put proportional to the desired function of the various line 
currents and voltages. 

Sequence-Segregating Networks, I,+K&—The 
method of symmetrical components has been the key 
that has unlocked the door to a number of the aforemen- 
tioned possibilities, some of which are illustrated in (r), 
(s), and (t). The positive- and zero-sequence network in 
(T) is commonly used in pilot-wire relaying, where it is 
desired to compare over the wires only one quantity, which 
is a good measure of the fault current irrespective of what 
kind of fault it may be, that is A-B, A-G&, ABC. The 
relay can be given almost independent and widely different 
settings for phase faults and ground faults, using the single 
relay element. For example, it may be set for one ampere 
of ground fault to provide the requisite sensitivity, but for 
ten amperes of 3-phase current to avoid operation on loads. 

A negative-sequence directional element is shown in (8). 
It is an adequate directional element for ground faults on 
reasonably well-grounded systems, and requires only two 
potential transformers rather than three as with usual 
residual-directional relays. 

Another novel application, (t), is the phase-selector re- 
lay to determine which phase is faulted. This information 
is necessary in single-pole tripping and reclosing schemes. 
It is predicated on the knowledge, from symmetrical- 
components theory, that the negative-sequence current in 

the faulted phase only is in phase with the zero-sequence 
current. Individual overcurrent elements in the three 
phases could not be used for this selection as all three 
would pick up for a single line-to-ground fault on many 
solidly-grounded systems. 

II. PROTECTIVE SCHEMES 

Protective schemes may be conveniently classified as 
follows: 

1. Apparatus Protection 
2. Bus Protection 
3. Line Protection 

Thus, in Fig. 1, generator and transformer protection 
come under the “Apparatus” classification; generator 
buses, high-voltage buses, and substation buses, under the 
second classification; and high-voltage transmission lines 
and feeders under “Line Protection.” 

The relay application chart, Table 2, has been included 
for ready reference in determining the operating principles 
and application of various specific relay types referred to 
throughout this chapter. 

3. A-C Generators 

Most a-c generators above 1000 kva and many smaller 
machines are equipped with differential protection ar- 
ranged to trip if the currents at the two ends of each phase 
winding differ. This scheme is shown in Fig. 3. 

Smaller machines are sometimes operated without dif- 
ferential protection, but if paralleled with larger machines 

Fig. 3—Connections for one phase using the percentage differ- 
ential relay for generator protection. 

or with a system, they may be arranged to trip off on a 
reversed flow of power into the machine. 

For differential protection the Type CA normal-speed, 
induction, ratio-type relays are used in the large ma- 
jority of cases, their speed (about 0.1 second relay time on 
severe faults) being adequate to prevent serious burning of 
the iron in nearly all cases. However, a high-speed gen- 
erator-differential relay, Type HAlg, is available providing : 
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l-cycle protection and is being used with 100 per cent SUC- 

cess in a number of important applications. 
The relay is usually arranged to trip the generator, field 

circuit, and neutral circuit breakers (if any) simultaneously 
by a manually-reset lockout relay in new installations. 
Frequently the relay also trips the throttle and admits 
CO, for fire prevention. For example it may be required to 
coordinate with other high speed relays or to reduce the 
shock to the systems. 

If a single-winding generator (or equivalent) is con- 
nected to a double bus through two breakers, a current 
transformer matching problem is introduced. The cur- 
rent transformers in the connections to the busses may 
carry large currents from one bus to the other in addition 
to the generator current. Thus, matching is not assured 
by identical current transformers as in the simpler case of 
Fig. 3, and consequently, the Type HA relay is pre- 
ferred for this case because of its superior discriminating 
qualities. 

The Type CO relay is also used for generator differential 
protection. It provides straight differential protection, as 
contrasted with percentage differential, the diagram being 
the same as Fig. 3 without the restraining coils. Its setting 
must be considerably coarser than that of the CA relay be- 
cause there are no restraining coils to desensitize it when 
high through-fault currents are flowing. 

Double- Winding and Multiple- Winding Gener- 
ators-The differential protection scheme of Fig. 3 does 
not detect turn-to-turn short circuits within the winding 
because the entering and leaving currents of a phase re- 
main equal. Double and multiple winding machines pro- 
vide a means for obtaining such protection in the larger, 
more important generators. The currents in the parallel 
branches, become unequal when turns are short circuited 
in one branch. The differential relays, Type CA or HA, 
can be arranged to detect shorted turns, grounds* or 
phase-to-phase faults, by placing one current transformer 
in the neutral end of one of the parallel windings, and one 
of double ratio at the line end in the combined circuit. The 
choice of schemes depends somewhat on the facility with 
which leads can be brought out and the necessity of over- 
lapping the generator breaker. With hydrogen cooling 
additional leads can be brought out through the necessary 
gas-tight bushings only with considerable difficulty, and 
usually there is no space for transformers inside the hydro- 
gen compartment. 

Effect of the Method of Grounding-The method 
of grounding the generator neutral affects the protection 
afforded by differential relays. For example, if sufficient 
grounding impedance is used so that a ground fault at the 
generator terminals draws full load current, then for a 
fault at the midpoint of the winding, where the normal 
voltage to ground is half as great, the fault current will be 
approximately one-half the full load current. When a 
ground fault occurs 10 percent from the neutral end of the 
winding, the fault current, being limited largely by the 
neutral impedance, is about 10 percent of full load current. 
This corresponds to the sensitivity of a 10 percent differ- 
ential relay and, therefore, represents the limit of protec- 
tion for phase to ground faults with such a relay. For 

*With the same limitations as for a single winding generator. 

lower impedance grounding the differential relay protects 
closer to the neutral. With higher impedance grounding, 
the limit of protection for ground faults is farther from 
the neutral end, and for an ungrounded machine, the 
differential protection is ineffective against ground faults. 
The protection afforded for phase-to-phase, double-phase- 
to-ground, or three-phase faults is relatively unaffected by 
the method of grounding. A complete discussion of the 
methods of grounding is given in Chap. 19. 

Solidly Grounded and Low Resistance or React- 
ance Grounded Machine-If the generator is solidly 
grounded, or grounded through a reactor or resistor, draw- 
ing at least full-load current for a ground fault at a line 
terminal, the usual 10 percent differential relay operates 
for practically any short circuit within the machine and 
for grounds to within 10 percent of the neutral, or closer 
if the ground current is higher. 

Ungrounded, and Potential-Transformer- 
Grounded Generators-are those grounded only through 
the natural capacitance from the metallically connected 
windings, buswork, and cables to ground. The potential 
transformer from neutral to ground, if properly applied?, 
serves as a measuring device only. To insure that this is 
so, it must be liberally designed so that under no condition 
will its exciting current become appreciable compared with 
the charging current to ground. Otherwise, ferro-reso- 
nance may occur. Usually a full line-to-line rated trans- 
former will suffice. The potential transformer and a volt- 
age relay such as the SV (instantaneous) or CV (inverse 
time) may be used to initiate an alarm or optionally to 
trip. Or, on lower voltages, a static voltage unbalance 
indicator may be used connected directly to the primary 
circuit. Such an instrument is the Type G. These devices 
supplement the generator differential protection to provide 
indication or tripping for ground faults. Light resistance 
grounding as covered in the next section is generally pre- 
ferred to ungrounded operation, 

Light-Resistance-Grounded Generators—This 
scheme and an associated protective arrangement is il- 
lustrated in Fig. 29 of Chap. 19. Indication from a volt- 
age relay, connected in parallel with the resistor as shown, 
or from a current relay, such as the Type BG, connected 
in series with the resistor, may be used to sound an alarm 
or to trip, depending on the application. Combinations 
of sensitive alarm and coarser trip, or of alarm and time- 
delay trip, have also been used. The latter gives time 
to transfer the load to another machine at the hazard of 
operating with a fault on one phase. 

This scheme was designed primarily for the unit station 
arrangement in which a generator and step-up transformer 
are operated as a unit without an intervening bus. How- 
ever, it can also be used where an intervening bus carries 
the station service transformer and one or two short feeder 
cables. A limited amount of selectivity is possible by the 
use of a polarized relay, such as the CWP-1, which obtains 
most of its energy from a potential coil in parallel with the 
grounding resistor. Such a relay used in the station-service 
feed, for example, can detect a ground on that circuit. 

Field Protection—While a large number of machines 
still operate without any protective relays to function on 

†See also Light-Resistance—Grounded Generators. 
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loss of field, there is a trend to more general use of equip- 
ment for this purpose. On some systems where loss of 
field would cause serious low voltage and danger of in- 
stability but where the system is operated in a way which 
can tolerate the loss of one machine, automatic means are 
being provided to disconnect the machines on loss or par- 
tial loss of field. 

Fairly common is the use of a d-c under-voltage relay, 
a Type D-2 d’Arsonva1 relay in series with a resistor, con- 
nected across the slip rings for field short circuit detection; 
also a similar element across the field ammeter shunt for 
undercurrent or open field detection. These do not pro- 
vide complete protection, and there are a number of instal- 
lations of reactive power relays used at the generator 
terminals in conjunction with under voltage to trip for any 
field reduction which would cause serious low voltage. 

On many closely knit metropolitan systems loss of field 
has been found to be not serious if immediately corrected. 
The operator attempts to restore the field, the generator 
in the meantime operating at somewhat reduced load as 
an induction generator. If he cannot restore field within 
a few minutes, he must trip the line circuit breaker to avoid 
injurious rotor heating. 

Field Ground Detection-Some form of field ground 
detection is frequently provided. It is considered most 
important to detect the first ground because a second 
could short circuit part of the field winding causing un- 
balance and vibration which could wreck the machine. 
The a-c scheme provides complete coverage for solid 
grounds. The d-c scheme gives nearly complete coverage, 
complete if the main field rheostat is varied. In some in- 
stances vibration detectors26 are used if the machine is known 
to be operating with a ground on its field. This will trip 
the unit instantly in event a second ground occurs. The 
over-all protection scheme frequently includes armature 
and bearing temperature indication and sometimes alarms. 
Less frequently field temperature indications are provid- 
ed. The voltage regulators are sometimes equipped with 
over- and under-voltage protection, and, of course, over- 
speed protection is provided. 

In addition to the protection described, generators can 
be equipped with over- or under-voltage, frequency, over- 
speed, and loss of field, and temperature responsive 
devices. 

4. Transformer Protection 

Power-transformer protection in general includes over- 
load devices to protect the transformer and fault-detect- 
ing devices to protect the system and limit damage in 
event of fault in the transformer. 

In the first category is the thermal relay immersed in 
the transformer oil but energized from a current trans- 
former so that it responds to the copper temperature. 
This relay, obtainable only on new transformers, has 
alarm contacts to announce the approach of dangerous 
temperatures, and tripping contacts that close if an unsafe 
temperature is reached. 

Oil temperature indicators perform a somewhat similar 
function though less effectively. For large power trans- 
formers the order of magnitudes of copper and oil time- 
constants are 5 minutes and 7 hours respectively. Thus, 

an emergency overload for a half hour could seriously 
damage the transformer without reaching an oil tempera- 
ture which might be reached daily after several hours of 
motierate load. The thermal relay responsive to copper 
temperature will permit the overload to be carried, if safe, 
but will protect the transformer otherwise. 

Fault-detecting relays include percentage and straight 
differential schemes similar to generator-protective re- 
lays but include provisions for the magnetizing inrush 
current and for transformer ratio and phase shift. Also, 
transformers are often included with the transmission line 
into a single protective zone. This is particularly true of 
the smaller sizes such as network transformers. Many 
small power transformers (600-3000 kva) are provided 
with internal protective links that act like a single-opera- 
tion breaker as the fusible element whips through the oil 
in the top of the tank thereby disconnecting the trans- 
former in event of internal trouble. Others are fused to 
provide disconnection from the line in event of transformer 
failure. 

A typical application of the CA relay to a star-delta con- 
nected transformer bank is shown in Fig. 4. Neglecting 

Fig. 4—Differential protection of a grounded star-delta trans- 
former bank with CA relays. Note that the current trans- 
formers are connected star on the delta side and delta on the 

star side. 

exciting current, the top phase line current on the right 
hand side is made up of the difference of two transformer 
currents or the difference of the two top phase line cur- 
rents on the left hand side. Consequently, it is compared 
with this difference current obtained by connecting the 
left hand current transformers in delta. These two cur- 
rents are not exactly equal, even with a perfectly sound 
transformer bank, because of the magnetizing current. 
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Magnetizing Inrush-While under steady operat- 
ing conditions, the magnetizing current amounts to only 
5 or 10 percent, it may rise to several times full load cur- 
rent when a transformer is first energized, and decay 
rather slowly from this value; that is, it may be as much 
as full load current even a full second after the transformer 
is first energized. This magnetizing inrush current is fully 
displaced and hence, contains a large d-c component.S 
The inrush current is greatest if the switch is closed at the 
zero point of the voltage wave. Its magnitude depends 
also on the residual excitation and on the leakage reactance 
in the supply circuit and transformer primary. Data for 
determining the value of the magnetizing inrush is given 
in Chap. 5. Ordinarily the residual flux density is low 
when the transformer is first energized. However, when a 
severe fault occurs near a transformer at a time when its 
flux density is maximum (voltage zero), and if the fault is 
interrupted an odd number of half cycles later, the residual 
flux at the instant of re-energizing may approach normal 
density. As this requires the fault to start and stop at 
zero voltage, it is seldom fully realized. 

The rate of decay of the magnetizing inrush current 
depends on losses and is particularly slow when a large 
bank is paralleled with one already operating and quite 
near to a large generating station.20 The d-c component, 
which flows at first over the supply circuit, transfers to a 
circulating current between the two transformer banks, 
and this dies out very slowly because of the high L/R ratio. 
For example, when the magnetizing current has dropped 
to 50 percent of full load in a 60-cycle transformer having 
0.25 percent primary resistance, the reactance to resist- 
ance ratio is 200/.25 or 800/l. The corresponding L/R 
ratio or time constant which determines the rate of decay 
of the d-c component is 2.1 seconds. 

The Type CA normal-speed differential relay most 
commonly used for transformer protection has a 50-per- 
cent differential characteristic and 2.5-ampere minimum 
trip. It is prevented from operating during the magne- 
tizing inrush by the large restraint, the inverse time char- 
acteristic, and the braking action of the direct current on 
the induction disc. It is found adequate in all but the 
extremely rare cases where one large bank is paralleled 
with another. 

When the differential relay cannot, because of its in- 
herent characteristics, avoid tripping on the magnetizing 
inrush, a timing device can be used, which desensitizes 
the protection during the timing interval by requiring a 
drop in voltage in addition to operation of the differential 
relay to produce tripping during the inrush period. This 
device, known as a magnetizing-inrush tripping suppres- 
sor,’ is used primarily with high-speed differential relays 
or with pilot-wire relays when a transformer is included 
as a part of the line. 

High-speed transformer differential protection (Type 
HA relay) is required in certain circumstances to coordi- 
nate with other high-speed system protection, particularly 
where stability is critical. It must be used with the trip- 
ping suppressor as outlined above. This unit is therefore 
built as an integral part of the Type HA transformer relay. 

Three-Winding Transformers are protected in the 
same manner as two winding transformers except that the 

Fig. 5—Single line diagram showing the arrangement of cir- 
cuits when using the CA-4 relay for the differential protection 

of a three-winding power transformer. 

Type CA-4 relay for this purpose has three restraining 
coils to be associated with the three transformer windings 
as shown in Fig. 5. 

Regulating Transformers-Regulating transformers 
for voltage and phase-angle control constitute a special 
problem because of the change in ratio taps during opera- 
tion. Figure 6 illustrates the most modern differential re- 
lay protection for such a unit. A Type CAM relay, Fig. 
2(p), having one disk and two electromagnets is arranged 
to trip if the current in the shunt-exciting winding of the 
regulator greatly exceeds the proper proportion of the 
series-line current. For example with a + 10 percent volt- 
age regulator, a typical relay would operate for any cur- 
rent in the shunt winding greater than 11.5 percent of the 

Fig. 6—Typical large regulating transformer protection. 
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line current. This provides sensitive protection for the 
shunt transformer. In addition normal two-winding trans- 
former-differential protection is applied around the entire 
unit, providing overlapping protection with the bus and 
line protection and guarding the series transformer. It is 
difficult to provide complete protection to the series trans- 
former and tapped regulating windings. Optimum use is 
made of ground protection, for example as shown in Fig. 6. 
However, the possibilities of this protection vary with the 
arrangement of windings and whether grounded or not. 

Remote Trip for Transformer Faults—Because of 
the high record of reliability of large power transformers, a 
circuit breaker between the high-voltage side of the trans- 
former and the line frequently cannot be justified, purely 
for protection of the transformer, and the transformer is 
very little hazard to the line. However, an intermediate 
measure costing much less than the high-voltage circuit 
breaker is frequently provided to trip the remote circuit 
breaker (or breakers) necessary to clear in the event of a 
transformer fault. The transformer differential relay is 
sometimes used to initiate a remote trip signal over a car- 
rier or pilot wire channel, particularly if the channel is 
already available for some. other purpose. Another meth- 
od is to close a fast spring-operated high-voltage grounding 
switch in response to the relay indication. This trips the 
ground relays at the other terminals of the 
pense of some added shock to the system. 

line, at the ex- 

5. Bus Protection 

The advantages of bus protection in clearing faults 
rapidly from a system are well recognized by the industry 
and the provision of relay protection for major station 
busses has been standard practice for a number of years. 
The problems involved in such protection are also quite 
well known. One of the principal problems is the satura- 
tion of current transformers by the d-c transient compo- 
nent of the short-circuit current as in Fig. 7. In severe 

Fig. 7—False differential current caused by d-c saturation of 
current transformers during the condition of an asymmetri- 
cal short circuit. The d-c time constant for the case shown is 
0.14 sec. The incoming transformers are assumed not to sat- 
urate. Thus the error current of the outgoing transformer is 

the differential current through the relay. 

cases the d-c transient component may require 100 times 
as much flux capacity in the transformer as is required by 
the a-c component to completely prevent saturation. 

There are a, number of successful solutions to this prob- 
lem, as well as the fault-bus scheme, 11*16 which completely 
avoids it. One is the use of large current transformers 
which will not be saturated by the d-c component. These 

are used in the simple differential scheme, Fig. 10(a), with 
low-resistance leads to minimize the current transformer 
requirements. The formula specifying the requirement of 
iron cross section, turns and lead resistance for nonsatura- 
tion18 is. . 

;=4.44 IT 

where T is the short-circuit current d-c time constant in 
cycles. I, is the a-c exciting current in the secondary, se- 
lected as the threshold of saturation. It would be taken 
as less than the relay setting by a suitable factor of safety. 

E, is the required secondary rms, a-c voltage corre- 
sponding to I, on the a-c saturation curve of the current 
transformer. This determines the needed iron cross sec- 
tion and turns, or the iron if turns are fixed. 

I is the crest value of symmetrical subtransient current, 
secondary amperes. 

R is the secondary circuit resistance in ohms, including 
the transformer winding and leads up to the relay (or 
point at which all current transformers are paralleled.) 

The a-c flux is neglected. It is usually relatively small 
as the ratio of maximum d-c flux to a-c flux is 27rT or 37.7 
for a G-cycle d-c time constant. 

For R =0.5 ohm, I = 100 amperes, T=6 cycles, and 
taking I, as one ampere, in considering a 5-ampere relay 
setting, E, becomes 1332 volts. A current transformer 
which would generate this voltage at 1.0 ampere exciting 
current is very large. Thus, this is a bull-by-the-horns 
solution, and the size, weight, and cost can be afforded only 
in the most important installations. However, it does 
provide the possibility of instantaneous tripping without 
any time delay. 

A method18 has been developed for calculating with 
reasonable engineering accuracy, the time-to-saturate with 
offset currents, and the time and current settings required 
to prevent misoperation with time-delay overcurrent re- 
lays and usual current transformers. 

Induction Type Overcurrent Relays-On busses 
of moderate time constant, say 0.1 second or less, and with 
somewhat better than average current transformers, satis- 
factory protection can be obtained with a straight differ- 
ential scheme, Fig. 8, using a fast induction element. A 
small ratio of maximum to minimum fault is favorable to 
this application. Relaying times of the order of 3 or 4 
cycles for maximum faults and up to 8 or 12 cycles on 
minimum faults can be obtained in some cases. As men-, 
tioned, the performance can be predicted.‘* However, 
the time delays involved in less favorable cases are fre- 
quently so long as to point the need of a better solu- 
tion. 

Even on substation busses having a d-c time constant 
as short as 0.01 second, false tripping has been experienced 
with 300/5 bushing current transformers and standard 
induction relays in the connection of Fig. 8, with 4 ampere 
tap, 0.5 time lever, giving 0.15 second time at 10 times tap, 
and with a fault current of 13 000 amperes. While this has 
been overcome by changing to 1200/5 current transform- 
ers, nevertheless present practice would be to install ratio- 
differential relays in these cases, providing both greater 
sensitivity and greater safety factor. 
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Fig. 8—Bus-differential-current relay scheme. 

Multirestraint Ratio Di’erential Relays-Relays” 
have been developed which will not operate falsely even 
when used with normal sized current transformers which 
saturate due to the d-c component of current. These are 
multirestraint relays, connected as in Fig. 9; however, their 
success is due also to exploitation of variable percentage 
characteristics, and the tendency of the d-c component to 
brake, rather than drive, the induction disk. 

No small part of this development is the reduction of 
the operating limits to a few simple rules which insure safe 
application. This relay scheme provides operation gen- 
erally in from three to six cycles and can be set as low as 
one percent of the maximum through-fault current. 

Linear Coupler Scheme—The multirestraint relays 
just described may, of course, be used when the setting 
does not need to be as low as one percent of the maxi- 
mum-through-fault current. However, on busses where a 
setting of four percent or more of the maximum through- 
fault provides the requisite sensitivity, a simpler and faster 
scheme (one cycle) can be used known as linear-coupler 
bus protection.21,27 The linear coupler is an air-core mu- 
tual inductance used directly in the primary circuit in the 
same manner as a current transformer except that the 
secondaries are usually connected in series, as shown in 
Fig. 10, instead of in parallel as are current transformers, 
Fig. 8. 

The secondary induced voltages are proportional to the 

Fig. 9—Protection of a six-circuit bus using two multi-re- 
straint relays per phase. 

primary currents, a ratio of five volts per 1000 amperes 
being commonly used. These voltages, which add up to 
zero for through faults:and to a value proportional to the 
fault current for internal faults are joined in a series loop 
to the relay as shown in Fig. 10. The rt 1 percent tolerance 

Fig. 10—Linear-coupler bus-protection scheme. 

within which the mutual inductances are held commer- 
cially, limits the maximum possible false differential to 2 
percent. Thus the minimum setting of 4 percent allows a 
2:l factor of safety. Solenoid elements, Fig. 2(a), are used 
for settings down to about 1500 amperes on a 6-circuit bus, 
and polar elements, Fig. 2(j), with saturating transformer 
and Rectox for lower settings. 

Impedance Schemes-Busses having reactors in a 
majority of the feeders and possibly in the bus-tie circuits 
provide the possibility of protection by impedance re- 
lays. l3 Impedance or modified-impedance elements can 
be used, see Fig. 2, (i) and (k). For a fault on the bus, the 
maximum impedance measured is that of the arc which is 
taken as about 300 to 500 volts per foot for current above 
500 amperes. Considering the possible arc length during 
the first few cycles of fault, a maximum arc voltage can be 
computed and this, divided by the minimum fault current 
gives the greatest fault impedance encountered for in- 
ternal faults, that is, for faults on the protected bus. Pro- 
vided this impedance is smaller than the impedance from 
the relay to a fault anywhere beyond the reactors, a basis 
of discrimination exists and the impedance scheme can be 
used. 

Two relay arrangements are used. When the bus tie 
circuits include reactors, separate impedance relays can 
be used on each generator or transformer feed to the bus, 
operation of any of which will trip the bus. This arrange- 
ment is most feasible when the generators and transformers 
are matched, acting as a unit, and the generators on the bus 
are either high and low pressure units of a single combina- 
tion or are treated as a single generator. The other ar- 
rangement requires totalizing all of the main feeds to the 
bus and the use of a single set of impedance relays. The 
grouped main sources provide the possibility of a large 
false differential current for through faults on one of these 
main circuits. The voltage is also low under this condition 
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if the source circuits are not equipped with reactors. 
Usually a fast induction relay, Fig. 2(d), is used together 
with adequate current transformers in the main feeds so 
that it will not operate for through faults on those feeders. 
Combined impedance and fast-induction-element opera- 
tion is then required to trip the bus. 

Directional relays can be used in a variety of ways, 
either as the basic protection, tripping when fault current 
flows into and not out of the bus,24 or as an adjunct for 
determining which of several bus sections included within a 
common differential protective zone is in trouble.13 
Fault Bus-For new and certain existing segregated 

phase busses, the fault-bus scheme11,16 provides a distinctly 
different mode of attack to the bus protection problem. 
All metal parts to which the bus may flash are connected 
together and grounded through a current transformer and 
relay. This construction lends itself particularly well to 
metal-clad switch-gear. The entire cubicle or switchhouse 
is insulated from ground except for the ground connection 
through the current transformer. The simplicity of this 
scheme is strongly in its favor where the construction per- 
mits its use. However, it is sometimes difficult to secure 
overlapping protection with the adjacent system elements. 

Summary of Bus Protection-While personal pref- 
erence, experience, and factors peculiar to a particular 
installation play a large part, some of the general factors 
that lead to the selection of one or the other of the several 
schemes are described below. One-cycle operation, sim- 
plicity, and savings in cable costs, as compared with the 
multirestraint scheme, are favorable to linear couplers. 

Quite adequate speed (3-6 cycles), the use of existing 
current transformers, the use of current transformers 
which can be used for certain other purposes also (such as 
back-up protection), simple application rules, and ability 
to set for minimum faults one percent of maximum- 
through-fault sometimes eliminating need of separate 
ground relay, are all favorable to the multirestraint sys- 
tem. 

Existence of reactors and the cost or difficulty which 
would otherwise be involved of installing current trans- 
formers on all feeders, favors impedance schemes. 

The fault-bus scheme is limited to cases where the struc- 
ture can be insulated from ground, but in these cases its 
simplicity is favorable. 

Simple time-delay over current frequently involves ex- 
cessive delay, but if used with ordinary current trans- 
formers, it may be lowest in cost. 

The directional schemes are used to good advantage by 
some and have the advantage of securing fast operation 
with ordinary current transformers, but are considered less 
favorably by others because of the number of contacts to 
be coordinated for correct operation. 

In most cases, spring-operated, manually-reset auxiliary 
tripping relays are used, unlatched electrically by the main 
differential relays. These trip the necessary circuit 
breakers and provide lockout. 

on the protective relay has become increasingly more diffi- 
cult. However, developments in the protective relaying art 
have kept pace with the requirements. Through the intro- 
duction of improved relaying principles and better use of 
the old principles, high-speed action can be obtained on the 
complicated systems of today with better overall results 
than that previously possible on the simple radial systems. 

Starting with the induction-type overload and reverse- 
load relay in about 1901, which used power for discrimina- 
tion, the directional overcurrent relay with inverse-time 
characteristics was introduced in 1910. Later, in 1914, the 
definite minimum time characteristic was added. This sim- 
plified the relay coordination problem and is still used in 
the greater proportion of overcurrent relays today. The 
first impedance-, or distance-measuring relay, the type CZ, 
was introduced in 1922. 

Shortly after this the importance of speed in fault clear- 
ing, particularly with inter-connected systems, was begin- 
ning to receive merited attention and in 1929 the high 
speed impedance relay, type HZ, operating in one cycle 
and using the balance beam principle, was introduced31. At 
about the same time, circuit breaker operating times were 
lowered from about 24 cycles to 8 cycles. 

The reductions of overall fault clearing times that could 
be realized by these progressive changes in the arts2 are 
shown in Fig, 11. 64 Starting with times up to 2 seconds for 
the slow-speed relays and 24 cycle breakers, the change to 
high-speed relays brought the time down to about 27 cycles 
with about one second in the end zones. 

Decreasing the circuit-breaker operating time to 8 cycles 
further lowered the overall clearing time to 8 to 10 cycles 
for about 80 percent of the line length but left times of 
about 27 cycles in the end zones. 

In about 1935 carrier current relaying passed out of the 
experimental stage51152’5354 and reached general acceptance, 
making available uniform high speed action throughout 
the entire section. Shortly later, in 1938, the Type HCB 
relay 62 based on symmetrical component principles made 
one-cycle operation practical over two a-c pilot wires. 
Summarizing, and referring to Fig 11, with 8 cycle break- 
ers the total clearing time is under 0.2 seconds for pilot- 
wire or carrier current relaying, 0.2 seconds (with 0.5 sec- 
onds for the end zones) for high speed distance relaying 
and 0.2 to 2.0 seconds or longer for overcurrent protection, 
depending on the layout. 

6. Transmission Line Protection 

As systems have grown in extent and complication, from 
the simple radial systems of the early 1900’s to the looped 
and interconnected systems of the present, the task imposed 

Fig. 11—Reduction of fault clearing time obtainable through 
the use of higher speed circuit breakers and relays. 
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Fig. 12—Composite power system illustrating typical protective problems and their solution. 

A cross section view of the industry today shows all of 
these relay and circuit breaker types and speeds to be in 
current operation. Although speeds of new oil circuit 
breakers appear to have stabilized at 8 cycles except for 
special cases, there appear to be distinct fields for both nor- 
mal-speed and high-speed relays. 

7. Protection of a Typical System 

A composite diagram showing the typical transmission 
line conditions in many of the large systems is given in Fig. 
12. For example the main transmission lines are shown as 
220-kv, although they may be from 66 to 287-kv, bringing 
in power from a remote hydro plant or interconnecting with 
an adjacent system. These lines are equipped with the 
finest and fastest protection, high-speed distance, or car- 
rier-pilot relays .54 Balanced-line protection36 may also be 
used if the lines are paired although high-speed distance or 
carrier relays are required to secure fast operation with one 
line out of service. 

The 33-kv circuits, often looped or interconnected, carry 
bulk power out through the territory served by the partic- 

ular utility, to substations in the various towns and com- 
munities. A looped 33-kv circuit may use directional over- 
current relays, Type CR, set with selectively higher time 
settings each way around the loop, as shown in Fig. 12. 
Impedance relays, preferably the step-type HZ, or alter- 
natively the normal-speed impedance relays, Type CZ, 
may be used as in the 33-kv loop on the right. Impedance 
relays are particularly desirable if interconnections are con- 
templated as shown dotted. Loops involving short lines of 
33- or 13.8-kv lend themselves well to pilot wire protec- 
tion62163 as in the center right. 

Induction-type overcurrent relays, usually with instan- 
taneous trip attachments for operation at the higher cur- 
rents, will be found on a majority of the radial feeders and 
4-kv or 2.3-kv primaries. Network feeders are cleared at 
the load end by the network relays, essentially a reverse 
power form of protection. 

8. Relay Symbols 

Relay symbols are useful in illustrating the form of pro- 
tection used for each element of a system. With modifying 
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notations as to relay types and settings, these symbols 
compress the otherwise complicated picture of complete 
system protection into a form that can be readily visual- 
ized. The standard symbols are given in Table 3. Their 
use has been illustrated in Fig. 12. 

TABLE 3 -RELAY SYMBOLS 

9. Fault Frequency and Distribution 

About 300 disturbances (or one per ten miles) occurred 
per year in a typical system operating 3000 miles of 110-kv 
circuit. This system used mostly overcurrent and direc- 
tional relays, and in a 4-year period experienced 2800 relay 
operations of which 

92.2 percent were correct and desired 
5.3 percent were correct but undesired 
2.1 percent were wrong tripping operations 
0.4 percent were failure to trip 

The faults were as follows: 

Lightning 56 percent 
Sleet, Wind, Jumping Conductors 11 percent 
Apparatus Failure 11 percent 
Close-in on Fault 11 percent 
Miscellaneous 11 percent 

Relative Number of different kinds of faults- 
The relative numbers of different types of faults vary wide- 
ly with such factors as relative insulation to ground and 
between phases, circuit configuration, the use of ground 
wires, volt age class, method of grounding, speed of fault 
clearing, isokeraunic level*, atmospheric conditions, qual- 
ity of construction and local conditions. Thus the figures 
given below serve merely to indicate the order of preva- 
lence and emphasize that there are usually a great many 
more line-to-ground faults than faults of other types. 

Three-Phase Faults 5 percent 
Two-Line-to-Ground Faults 10 percent 
Line-to-Line Faults 15 percent 
Line-to-Ground Faults 70 percent 

Total 100 percent 

10. Overcurrent Protection 

The general plan of coordination with overcurrent relays 
on a radial system is shown in Fig. 13. The time shown in 
each case is the fastest operating time for a fault at the lo- 
cation of the next device in sequence. At lighter generat- 
ing capacity the fault currents are reduced and all operat- 

Fig. 13—Coordination of overcurrent protection on a radial 
power system. 

ing times increase, but because of the inverse time charac- 
teristics of the relay the margins between successive relays 
also increase. 

Relays used with feeder circuit breakers must be coor- 
dinated with fuses of distribution transformers and with 
the main and branch line sectionalizing fuses.83 Several 
characteristic curve shapes are available in different de- 
signs of the induction-type overcurrent relays as illustrated 
in Fig. 11. These provide latitude in selecting the relay 
that coordinates best with the fuse curves at the current 
involved. 

The definite minimum time characteristic provides a 
ready means for coordinating several relays in series with 
only an approximate knowledge of the maximum current, 
and results in relatively small increase in the relay time as 
the fault current is lowered. It is used in the majority of 
overcurrent relay applications. The inverse and very in- 
verse characteristics are sometimes more favorable where 
close coordination with fuses is required. They also make 
it possible to take advantage of the reduction of maximum 
fault current as distance from the power source increases. 
Several relays in series can be set for the same time for 

*Number of storm-days per year, 
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Fig. 14—Characteristics of various induction type overcurrent relays. 

(a) Type COH. 
(b) Very inverse-low energy relay, Type CO. 

faults immediately beyond the relay and still provide the 
requisite 0.25 second or more margin for fault beyond the 
next relay because of the lower current value for fault in 
that location. For example the timing on curve (b), Fig. 
14, doubles when the current is reduced from 700 percent 
to 400 percent of pick-up value. Several settings of 0.3 sec- 
ond at 700 percent could be used in series, while still having 
0.3 second margin between successive relays if the fault 
current dropped in the ratio 7 to 4 between successive loca- 
tions. 

The choice of relays is also influenced in certain cases by 
the lower burden of the “low energy” and “very inverse” 
types. 

11. Normal-Speed Impedance Relay* 
The time-distance tripping characteristic of the Type 

CZ normal-speed directional distance relay is illustrated in 
Fig. 15, which shows a number of line sections in series. 
This may equally well be a loop, the two ends of the section 
shown being at the same supply point. The tripping time 
of the relay increases in direct proportion to the distance 
from the relay to the fault, except that the minimum time 
is about x second for a fault at the relay. Each relay is 

*The trend is toward the high-speed impedance relay described in 
Sec. 12 even for intermediate voltage transmission lines. 

(c) Inverse-low energy relay, Type CO. 
(d) Standard, definite minimum time, Type CO relay. 

Fig. 15—Time-distance curves of the Type CZ relay. The slope 
of the curve is changed by varying the resistance in series with 
the potential coil. The minimum operating time with zero 

voltage on the relay is about l/4 sec. 

adjusted to trip in approximately 3/4 second for a fault at 
the next bus, except as will be noted. 

It is essential that for a fault near bus 4, breaker NO. 3 
be tripped in preference to breaker No. 1. Thus the oper- 
ating time of relay No. 1 must exceed that of relay No. 3 
for fault at location No. 4 by one circuit breaker operating 
time plus margin. For 8-cycle breakers a reasonable break- 
er time plus margin is 0.4 second. 
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The operating time for faults anywhere on the system 
can be readily determined by drawing the straight lines 
representing the relay times, using whichever criterion 
rules in each case; that is, 0.75 second at the next bus or 0.4 
second above the next relay at the second bus. The partic- 
ular time values mentioned are typical only. The relay 
tripping time is independent of current magnitude once the 
overcurrent setting has been exceeded and timing thereby 
initiated. Thus variations in the amount and location of 
connected generating capacity, or switching lines out, does 
not materially affect the coordination of the distance type 
relays over the remainder of the system. 

The normal-speed type CZ relay is not usually employed 
on lines shorter than those in which at least 5 volts sec- 
ondary result at the relay for a fault at the other end of the 
line. As the relay is normally subjected to full voltage and 
must discriminate on values between zero and that for a 
fault at the other end of the line, the operating forces ap- 
proach the frictional forces below this limit. 

12. High-Speed Impedance Relays, HZ and HZM 

The high-speed distance type relay has the step type 
time-distance characteristic illustrated in Fig. 16, obtained 

Fig. 16—Time-distance curves of the Type HZ step type, high 
speed distance relay. When carrier current is added the time 

is reduced to that shown dotted. 

Fig. 17—Contact circuit for producing the stepped time-dis- 
tance characteristic shown in Fig. 14. 

Z1-First Zone Impedance Element Contact. 
&--Second Zone Impedance Element Contact. 
Za-Third Zone Impedance Element Contact. 
Tz, Tt, timer contacts having separately adjustable time settings. 
&--Directional element contact. 

by separate directional, impedance, and timing elements 
with contacts connected as shown in Fig. 17. There are a 
total of three balance-beam type impedance elements, each 
arranged with a current operating winding at one end of 
the beam and a voltage restraining winding at the other. 
When the ratio of voltage to current falls below the im- 
pedance setting of the relay high-speed action closes the 
contacts. 

The impedance elements 21, &, and 23 are set for suc- 
cessively greater distances. The directional element closes 
only for faults in the desired tripping direction from the 

relay. The third-zone impedance element, which operates 
when either of the other two elements operate, is used to 
start the timer that closes first a second-zone timing con- 
tact T2, and later a third-zone timing contact, Ts. 

Thus for a fault in the first 90 percent of the section, 
known as zone 1, the contacts D and 21 operate, giving im- 
mediate high-speed tripping in one to three cycles, as indi- 
cated in the timing chart of Fig. 16. While the other ele- 
ments also operate their action in zone 1 is unimportant 
because the circuit breaker has already been tripped. Thus, 
in zone 1 the tripping time is that of elements 21 and D. 

For the second zone, which extends approximately to the 
middle of the next section, contacts D, 22 and Tz in series 
do the tripping, provided the fault lasts for the time setting 
T2. If the fault is in the next section it will be cleared by 
the proper breaker in advance of 72 operation, although 
back-up protection is provided by the second zone setting 
extending into the next section. This also provides opera- 
tion for bus faults if they are not previously cleared by bus- 
protective relays. 

The third zone, corresponding to tripping through the 
contacts of elements D, 23, and Y’s, completely overlaps the 
next section, providing complete back-up protection. It 
must of course be timed selectively with the Tz timing of 
the next section. 

The flexibility of this arrangement in molding its char- 
acteristic to various section lengths and breaker and relay 
times is apparent. The highly successful operation of sev- 
eral thousand such relays in service indicates that for prac- 
tical systems, which of course depart in many ways from 
the simple ideal case represented in Fig. 16, the flexibility 
is sufficient to secure in general the operation outlined. 

For good operation the line should be electrically long 
enough so that there will be at least 5 percent voltage at 
the relay for a fault at the next bus, although in special 
cases successful operation can be obtained somewhat below 
this limit. 

In some cases the CZ characteristic lends itself better to 
coordination with other back-up protection, but the high 
speed of the Type HZ first-zone element is desired. For 
this purpose these two elements have been combined and 
make available the time-distance curve shown in Fig. 18. 

Fig. 18—Typical time-distance characteristics of the HCZ re- 
lay. Note the slope of the CZ element necessary for different 

length sections to secure selectivity. 

Modified Impedance Relay, Type HZM.41 The operat- 
ing characteristic of the standard type HZ impedance relay 
is nearly independent of the phase angle between current 
and voltage. That is its “reach”-vs.-angle characteristic is 
a circle centered at the origin as shown in Fig. 19. This 
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Fig. 19—Modified-impedance characteristics provides im- 
proved selectivity between heavy load swings and line faults. 

characteristic provides adequate discrimination between 
load and faults in a majority of cases. However, increased 
use is being made of the Type HZM relay having the modi- 
fied-impedance characteristics shown in Fig. 2(k) for the 
protection of long or heavily-loaded lines. It is necessary 
that the relays permit the maximum expected steady or 
swing loads without tripping. On long or heavily-loaded 
lines, and especially if high-speed reclosing is used, it be- 
comes more and more difficult for the relays to distinguish 
between heavy swing loads and fault conditions. The 
modified-impedance relays provide the improved discrimi- 
nation necessary in these cases. 

Their operation can best be shown by plotting on a sin- 
gle diagram the impedances corresponding to three things. 

1. Faults on the protected line. 
2. Heavy load swing conditions. 
3. The relay characteristics. 

These are shown for a simple case in Figure 19. Con- 
sidering the simplified case of a two-machine system with 
all impedances having the same R/X ratio, let the system 
impedance be laid out on a resistance-reactance chart as 
the line OABO’ representing the impedance from one ma- 
chine to the other. The transmission line being studied is a 
tie-line constituting the section AB, shown heavy, of this 
total impedance. If R and X axes are drawn through A, 
as shown, the impedance with respect to these co-ordinate 
axes are those seen by the relays at A. Thus, the locus of 
impedances seen by the relay at A for a solid fault on the 
protected line consists of the line A-B, having impedances 
from zero up to the full line impedance. 

It can be shown that if the generator voltages at the two 
ends of the system are equal in magnitude and are at first 
in phase, then are moved out-of-phase, resulting in load 
transfer over the line A-B, the impedance locus viewed 
from A is along the line EL’. That is, the impedance seen 
by a relay at A, for the load condition, is the impedance 

vector drawn from the origin, A, to a point on the line 
EL’. This line bisects O-O’ perpendicularly. The no-load 
points, corresponding to zero angle between machines are 
at infinity either way along EL’, whereas the 180 degree 
out-of-phase condition is at the intersection, C. All inter- 
mediate loads are somewhere along the line L-L’, the point 
L corresponding to power flow A to B and point L’ to 
power flow from B to A. 

The large circle with center at the origin, A, represents a 
pure impedance characteristic, as in Fig. 2(i). The smaller 
circle having the same “reach” beyond B is a modified im- 
pedance characteristic, Fig. 2(k). It can equally well trip 
for all faults on the protected line but is less likely to trip 
for very heavy loads or load swings. Successively heavier 
loads are represented by progressing through points L, D, 
and E along the load locus. The modified characteristic 
taken with directional element, trips for faults or loads in 
the cross-hatched area F, while the pure impedance ele- 
ment trips also in the areas G and G’. Thus the modified 
characteristic permits heavier loads without tripping. 

When carrier relaying is used so that tripping requires 
closure of the relay at each end of the line, the small circle, 
for the relay at A can be advantageously shifted further to 
the right, so that the combined action of this relay and its 
mate at the other end of the line limits carrier tripping to 
the restricted zone between the two arcs at H and H’. The 
back-up protection must be given sufficient timing to ride 
through swings or eliminated entirely except for a high-set, 
long-time element. 

The modified impedance element provides for indepen- 
dent adjustment of the radius of the circle and the location 
of the center as shown in Fig. 2(k) and hence makes pos- 
sible the superior discriminating characteristics needed for 
long or heavily-loaded lines as outlined before. 

13. Carrier Pilot Relaying 

A pilot channel such as that obtainable by carrier cur- 
rent over the power circuit, or by a microwave beam, pro- 
vides the possibility of simultaneous high speed tripping of 
both circuit breakers in one to three cycles for faults 
throughout the entire section. The significance of fault- 
clearing speed on system stability is treated fully in Chap. 
13. However there are, altogether, a number of reasons 
why carrier-current relaying has been employed in prefer- 
ence to other systems. These are: 

1. 

2. 

3. 

4. 

5. 

Stability-Simultaneous clearing improves system stability 
and increases the loads that can be safely carried over 
parallel interconnecting lines. 
Quick Reclosing53—S imultaneous tripping is essential to 
fast reclosing, the combination being particularly effective 
in increasing stability with single tie lines. 
Shock to System-System shock, evidenced by voltage dips 
and dropping of synchronous load is lessened by fast 
clearing. 
System Design Flexibility—Desirable system arrangements 
that can not be relayed with sufficient speeds otherwise, are 
possible with carrier relaying. 
Growth of Faults-The more serious three-phase and dou- 
ble-ground faults generally originate as line-to-line or single- 
ground and with sufficient speed of clearing the spreading 
to other phases is greatly reduced. 

6. Ground Relaying Improved-On systems where high-speed 
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ground relaying is not feasible otherwise, carrier pilot re- 
laying provides an ideal solution. 

7. Out-of-Synchronism*-The carrier channel provides means 
for preventing operation of protective relays by power 
swings or out-of-synchronism conditions, yet clearing 
faults during such conditions. 

8. Simultaneous Faults-The added basis for discrimination 
makes possible superior relay performance under simultane- 
ously occurring faults. 

9. Joint Use-From an economic point of view joint use of the 
carrier channel for point-to-point communication, or for 
control or remote metering, may indicate the use of carrier 
pilot where the relaying requirements alone do not justify it. 

Carrier relaying operates on the principle of tripping 
quickly all terminals through which power flows into a line 

provided fault power does not flow out at any other ter- 
minal. If fault power flows out at any terminal, that ter- 
minal continues to transmit a straight telegraphic carrier 
signal over the line, which is picked up by all other termin- 
als on that particular line and prevents tripping. No time 
delay is necessary for internal faults since tripping for ex- 
ternal faults can be prevented by the carrier signal. Since 
carrier is not transmitted for internal faults, the short cir- 
cuiting of the carrier channel by the fault is of no conse- 
quence. 

Directional Comparison System-The type HZ or 

HZM directional comparison system utilizes the stepped 
impedance elements, Fig. 2(i) or (k), as its basic actuating 
elements, (see section on High-Speed Impedance Relay). 

*Can also be accomplished without carrier,*9 with some differences. 

Corresponding second and third zone ground over-current 
elements, Fig. 2(b), are provided. The carrier control has 
the net effect of eliminating all second-zone time delay for 
faults within the protected section. This is accomplished 
by closing of the contact RR, Fig. 17, whenever a fault is 
present and carrier is stopped because the direction of flow 

is “inward” at each end of the line. 
The mechanism is indicated generally in Fig. 20. Occur- 

rence of a fault anywhere within reach of the third zone re- 
lays, closes 23 starting carrier and setting up a circuit so 
that the receiver relay will close if carrier is removed by 
some other action. If the fault is internal, D and 22 close, 
stopping carrier transmission from either end of the line. 
The receiver relays, RR, immediately complete the trip 
circuit. If the contact circuit RR is opened manually the 
carrier can be cut out and a stepped-distance relay scheme 
remains. Thus the carrier is thought of as simply eliminat- 
ing the time delay in the end zones, indicated by the shad- 
ed areas in Figure 16. The stepped-distance elements and 
an inverse-time ground current element provide the back- 
up protection in this system. 

Phase Comparison System-The phase comparison 
system differs functionally in that the current directions 
or phases at the two ends of the line are compared rather 
than the power directions. Networks are used to derive a 
single-phase function of the line currents as in the pilot- 
wire relay. This function may be referred to simply as the 
“current” at each end of the line since it is a measure of the 
several phase currents. 

Fig. 20—-Carrier current relay system including relays, carrier current transmitter-receivers, coupling capacitors, and chokes. 

Dotted lines indicate symbolically the carrier controls 
MO-Master Oscillator REC-Receiver 
PA-Power Amplifier LTU-Line Tuning Unit 
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If the currents at the two ends of the line are in phase 
and of fault magnitude, carrier is transmitted on alternate 
half cycles of current from either end of the line, resulting 
in substantially continuous carrier on the line from one end 
or the other. For an internal fault the current at one end of 
the line reverses or remains below the fault detector setting 
so that carrier is sent only half of the time. The relay is ar- 
ranged so that this produces tripping. 

Figure 21 shows (heavy) the relative positions of the 
locally and remotely transmitted carrier pulses for internal 

Fig. 21—Relay tube circuit and typical wave diagrams of type 3. Can trip with fault currents less than twice load currents. 
HKB carrier relaying system. 4. More flexible for system changes. 

faults (left) and external faults (right). Local pulses of op- 
erating voltage are applied to the relay tube every half 
cycle. For the internal fault the pulses of restraining volt- 
age caused by the carrier occur in the opposite half cycle 
from the operating pulses. Hence pulses of plate current 
occur and result in tripping. For the external fault, re- 
straining pulses occur during both half cycles, and since 
these pulses are, by design, greater than the operating 
pulses, no trip current results. With the entering and leav- 
ing line currents not quite in phase, some relay current 
flows. However, as shown in Fig. 22, a substantial phase 
difference can be tolerated without causing tripping. 

In this system, the carrier portion is purely pilot protec- 
tion. Back-up protection must be added as an entirely 
separate entity. Stepped-distance relays, or simply direc- 
tional-overcurrent relays, are used for back-up protec- 
tion. 

Fig. 22—Typical overall characteristics of the Type HKB car- 
rier relaying system. 

A few of the factors considered in determining whether 
to use one or the other of these systems are the following: 

1. 

2. 

3. 

4. 

5. 

Favoring the Phase Comparison System 

Can be added for high-speed protection with any existing 
relay scheme for back-up. 
No potential transformers are required. Low-tension 
potentials are sometimes adequate for back-up relays. 
Inherently trip proof on out-of-step conditions. (Out-of- 
step blocking relays are included in the other scheme if 
needed.) 
Not subject to trip by induced ground current from a 
parallel line. 
Back-up relays entirely separate. Can take either high- 
speed or back-up out of service without affecting the other. 

Favoring the Directional-Comparison System Using Stepped- 
Distance Relays 

1. More generally, applicable to multi-terminal lines. 
2. Provides better discrimination between loads (tapped from 

lines) and faults. When transformers are tapped along the 
lines, it is not desired to trip the line for faults on the low- 
tension feeders. 

However, on many lines either system is entirely applic- 
able and might equally well be used. 

Fig. 20 shows the complete equipment required for a 
carrier current relay system. Relays shown are of the di- 
rectional-comparison type. The carrier components are 
the same with the phase-comparison type relays. 

(a) The relays; practically the same as for high-speed distance- 
type protection except with the addition of the receiver relay, 
directional auxiliary relays, and out-of-step elements which are 
housed together. The Type HZ relay is shown in Fig. ‘23. 

(b) The carrier current transmitter-receivers operated from 
the station battery and with an output of 5 to 40 watts at 50 to 
150 kilocycles when keyed. The outdoor set contains line-tuning 
equipment for matching through the coupling capacitor to the 
high tension line. When the set is located indoors it is connected 
by coaxial cable to the line tuning equipment in a separate 
housing located near the coupling capacitor. 

(c) The coupling capacitor. The connections to ground, and 
to the potential device if used, are through radio-frequency 
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Fig. 23—The Type HZ high-speed, three-zone impedance re- 
lay. The relay is arranged for use either as a conventional 
step-type distance relay for phase-fault protection, or in the 
directional comparison scheme of pilot-wire or carrier-cur- 

rent relaying. 

chokes. Thus, at carrier frequency, the coupling capacitor is 
simply a series capacitor between the carrier set and the high- 
tension line. 

(d) The tuned carrier-current choke or wave trap, of sufficient 
capacity to carry the line current but imposing a high impedance 
to carrier current of the frequency used. Its purpose is to prevent 
loss of the carrier energy into other sections, so that ample signal 
strength is available in the protected section. 

Microwave Relaying-Either the directional-com- 
parison or phase-comparison systems of relaying can be 
used over microwave channels as well as power-line carrier 
channels without significant alteration. However, because 
the microwave channel is not subjected to line faults it 
does not necessarily have to be used in a blocking manner, 
but is suitable also for transfer tripping. 

14. Pilot-Wire Relaying 
Pilot wire relaying is to the short transmission line what 

carrier current protection is to the long one. It provides 
uniform simultaneous tripping of the circuit breakers at 
both ends of a section, with all that such operation implies 
in the way of increased stability, lessened shock and dam- 
age to the system, and simplified coordination with other 
relay protection. In short high-voltage lines, discrimina- 
tion is often impossible with distance type relays; pilot re- 
laying by wire or carrier becomes the only method of dis- 
crimination not based on time delays. 

The cost of carrier-current protection is practically un- 
affected by the length of the line. The terminal equipment, 

including the relays, carrier set, coupling capacitor, choke 
and installation, costs considerably more than the terminal 
equipment required with pilot-wire protection. However 
the cost of the pilot-wire circuit increases almost directly 
with the length of line; consequently there is an economic 
dividing line between carrier-current and pilot-wire appli- 
cations. The average dividing line is at about 10 miles but 
it varies widely with such factors as: the availability of ex- 
isting pilot-wire circuits, the number of other pilot wire 

services with which the cost of the pilot cable can be 
shared, the inductive exposure conditions which determine 
the test voltage of the pilot cable, and the cost and com- 
plexity of the necessary carrier-current channel. 

The ideal pilot-wire relay systems should: 

1. Require only two pilot wires. 
2. Provide complete phase and ground protection with a 

single relay at each terminal. 
3. Permit wide variations in current transformer performance. 
4. Be suitable for use over leased telephone circuits. 
5. Not operate incorrectly when the system is out-of- 

synchronism. 
6. Provide adequate insulation between the pilot wires and 

the terminal equipment. 
7. Have provisions for dealing readily with longitudinal 

induced voltages in the pilot circuits or with differences in 
station ground potential. 

8. Have provision for supervising the pilot wires. 
9. Operate at high speed. 

A number of d-c or a-c pilot wire schemes based on di- 
rectional comparison or on current differential have been 
used to a limited extent. For example an arrangement 
similar to the carrier-current protection described has been 
used with pilot wire. However by far the greatest number 
of pilot-wire relay applications employ the Type HCB re- 
lay thereby meeting all of the above requirements. 

The arrangement is shown in Fig. 24. At each end of the 
line a voltage proportional to positive-sequence current 

*Positive-sequence and zero-sequence segregating network. The secondary cur- 
rents are fed in. An internal voltage is produced proportional to II +Klo. The 
network as viewed from the relay element terminals has this internal voltage and 
an internal impedance. A saturating transformer, not shown, is used between 
the network and the relay element. 

Fig. 24—Alternating current pilot wire scheme using the 
HCB relay. Simplified schematic. Only two wires are required 
and continuous supervision of them can be obtained as shown 

dotted. 
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Fig. 25—Typical operating characteristics of the HCB relay for a phase A to ground fault with the currents through the 
two terminals 30 degrees out of phase, and a 2000-ohm pilot wire. 

Fig. 26—The Type HCB pilot-wire relay. The relay has a sin- 
gle operating element, which functions for all types of phase 

and ground faults. 

and a constant times the zero-sequence current is derived. 
The relay has variable-percentage differential character- 

istics. Each relay contains a filter segregating the positive- 
and zero-sequence currents and combining the right 
amount of each into a single relaying quantity. Thus, by 
selecting the proper relay tap, tripping is obtained at any 
desired ground-fault current and phase-fault current. This 
reduction to a single differentiating quantity makes com- 
parison over only two pilot wires possible. The ability to 
trip correctly even with badly mismatched current trans- 
formers is illustrated in Fig. 25. The vector positions of 
the sequence currents for various types GF faults are illus- 
trated in Fig. 32. 

15. Ground Relaying 
Overcurrent and directional relaying used for ground 

protection usually follows the same schemes as employed 
for phase protection. That is, the overcurrent ground re- 
lays for a radial system may be progressively timed, as in 
Fig. 13. For loop systems the directional element is added, 
polarized either by zero-sequence voltage or by a trans- 
former bank neutral current which is proportional to zero- 
sequence voltage. This results in progressive timing as in 
the loop circuit of Fig. 12. Stepped-distance relaying is 
likewise used but with limitations which will be dis- 
cussed. 

There are a number of differences between ground and 
phase relaying. 

(a) The zero-sequence impedance of the average trans- 
mission line is 2 to 5 times its positive-sequence impedance, 
while the zero-sequence impedance of the source, compris- 
ing frequently only the transformer-bank impedance, may 
be lower than the positive-sequence impedance of the 
source. Therefore as the fault is moved along the line, the 
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ground-fault current falls off more rapidly than the phase- 
fault current and current magnitude can be used more for 
discrimination, at least where ground wires are used. 

(b) Usually there are many more sources of ground cur- 
rent than of phase current. This improves the selectivity 
obtainable with overcurrent ground relays. 

(c) A system may have several unconnected portions of 
zero-sequence network, in which case a ground fault in one 
section does not draw ground current from other parts. 
This makes the coordination of ground relays simpler than 
that of phase relays. 

(d) Fault resistance is likely to be much higher for 
ground faults than for phase faults on the higher voltage 
lines. At currents of 1000 amperes or more the arc voltage 
is 300 to 500 volts per foot so that a lOOO-ampere line-to- 
line fault through a 5-foot arc involves a fault resistance of 
approximately 2500 volts divided by 1000 amperes or 2.5 
ohms. Compared with this, pole grounds, which may be 
the fault impedance for a ground fault, are usually in the 
5 to 50-ohm range. A wire on the ground can have almost 
any fault resistance. Being unaffected by load current, a 
ground-current relay can be set lower than a line-current 
relay. Thus it can be set low enough to operate even 
though the fault current is choked down considerably by 
fault resistance. 

(e) The zero-sequence mutual reactance between two 
parallel lines is important, although positive-sequence mu- 
tual reactance is usually unimportant. The zero-sequence 
mutual reactance leads to circulating residual currents in 
one line for a fault in the other, even though the lines are 
part of two separate systems. It also interferes some- 
what with distance-type ground relaying, although 

methods are available for compensating this effect in some 
cases.32l36 

Another factor of importance is that the fault, rather 
than the supply end of the line, is the source of zero- 
sequence voltage. That is, the zero-sequence voltage ta- 
pers down from the fault towards the relay as outlined in 
Sec. 23 and illustrated in Fig. 30. 

These factors lead to difficulties in applying impedance 
or other distance measuring relays for protection against 
ground faults, While they have been used in some cases 
where conditions are favorable and where discrimination 
would be even more difficult by other means, their use is 
limited. 

Overcurren t Ground Relaying-The vast majority 
of ground relaying is essentially overcurrent, with direction 
where needed. The more common elements follow: 

Type CO-Induction-overcurrent relay with instantaneous- 
trip attachment. The instantaneous trip is set below the max- 
imum ground current in the line for a fault at the next bus. 
Nonsimultaneous closure of the circuit breaker poles during load 
switching may result in momentary ground current sufficient to 
operate the instantaneous ground relays, where the relays are 
set sensitively. This has been avoided by connecting a residual- 
voltage-relay contact in series with the trip circuit. The latter 
does not operate during load switching operations. 

As above but with induction-directional element, Fig. 2(e), 
controlling the induction overcurrent element. The directional 
element may be polarized either by residual voltage, Type CR, 
or bank-neutral current if available, Type CRC. 

Instantaneous-overcurrent elements, such as the SC, can be 

used if the line terminates at the far end in a transformer that 
will not pass residual current. 

Reactance Relaying-has an inherent advantage over 
impedance relaying for ground fault protection in that the 
relay measurement is generally much less affected by fault 
resistance. If the currents supplied from the two ends of 
the line are not in phase, the fault resistance does appear to 
the relay to have some reactance. Nevertheless, the error 

in distance measurement caused by fault resistance is gen- 
erally much less with a reactance element than with an 

impedance element. 
For ground relaying it is desired that the relay measure 

the zero sequence reactance from the relay to the fault.a2 
It may be noted that the ratio of line-to-neutral voltage at 
the relay to zero-sequence current is: 

E, &lZo+Ml+~2Z2 
-= 

IO IO 

where 10, 11, I2 are the sequence current at the relay and 
ZO, 21, 22 the sequence impedances from relay to fault. 
Thus the zero sequence impedance can be measured as- 

Z. = E, - I121 - I222 _ Lzl 

IO IO 

The positive and negative sequence voltage drops from 
relay to fault are deducted from the line to neutral voltage, 
E,, by compensators and the resulting voltage divided by 
IO is a measure of the zero sequence impedance. A react- 
ance element using this voltage and current willmeasure 
the zero sequence -reactance as desired. 

The type HXS ground reactance relay operates on this 
principle, three elements being used to provide stepped- 
distance protection. As there is zero-sequence current only 
for fault conditions, no separate fault detector is required. 
Only one HXS relay is used for all three phases, the voltage 
of the faulty phase being connected to it by a type HPS 
faulty-phase selector relay illustrated in Fig. 2(t). 

To provide a single high-speed step, as for example where 
existing relays provide adequate backup protection, the 
HXL relay is used in conjunction with the HPS phase 

selector. This provides one ground reactance step, usually 
set about 75 percent of the line length, and a load-loss fea- 
ture which opens the second breaker instantly after the 
first breaker opens. The load-loss feature utilizes three 

overcurrent elements to recognize by the closing of at least 
one back contact and one or more front contacts that a 
fault is present and the far breaker is open. Under normal 
load conditions all three front contacts are closed. 

Negative-Sequence Directional Relaying-The 
negative-phase-sequence directional element can frequent- 
ly be used to advantage with an overcurrent ground relay 
to obtain selective clearing of ground faults. This results 
from three facts- 

1. Only two potential transformers are required. 
2. On solidly-grounded systems the negative-phase-sequence 

voltage at the relay may be of larger magnitude than the 
zero-sequence voltage at that point, hence, a more positive 
relay operation can be obtained. 

3. The negative-sequence directional element is not affected 
by zero-sequence mutual induction from parallel transmis- 
sion circuits. 
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In some very important stations complete duplicate sets 
of relays are used, operated from separate transformers to 
provide the back-up function. Also in certain large gener- 
ating stations, with double circuit breakers separating ma- 
jor bus sections with power concentrations of the order of 
20000-kw load, the back-up partial-differential circuit 
not only uses separate current transformers but trips the 
other circuit breaker of the double-breaker combination. 
The partial-differential protection can often be arranged so 
that it backs up generator, reactor, and bus protection as 
well as feeder protection. 

Since carrier, pilot-wire or distance protection is some- 
times required to obtain 100 percent selective primary pro- 
tection, it is not always possible to obtain selective action 
of the back-up relays. There is some trend in the case of 
pilot-wire protection of short-line sections to cut the back- 
up relays in automatically when the supervision relays in- 
dicate that the pilot wires are inoperative. Some use is be- 
ing made of carrier in a somewhat similar philosophy, to 
block certain back-up elements when carrier is being re- 
ceived. 

17. Motor Protection 
For the larger motors which are equipped with protec- 

tive relays, the protection supplied varies with the impor- 
tance of the service and whether automatic or not and 
whether attended or non-attended. 

Many motors 500 horsepower and larger, and some 
smaller ones are protected by long-time (geared, 40-sec- 
ond) induction-type overcurrent relays set in the neighbor- 
hood of 150 percent of maximum-load current, but with 
timing to permit the starting in rush of several-hundred- 
percent current for several seconds. A typical case might 
be 600 percent for ten seconds for an across-the-line-started 
induction motor, although these figures vary widely, de- 
pending on the application, and must be determined in 
each individual case. These relays will operate for a stalled 
motor, for internal motor faults, or for a heavy over- 
load. 

The overcurrent relays are usually provided with instan- 
taneous-trip attachments set above the motor-starting 
current to trip quickly for severe faults in starter, leads, or 
motor. 

Thermal relays are frequently provided in addition to 
the overcurrent relays, to provide more sensitive overload 
protection. Having a time constant of several minutes as 
contrasted with seconds for the overcurrent relay, they fol- 
low the motor temperature more closely. They will not 
protect the motor under stalled conditions, however, where 
the motor ventilation is missing; the overcurrent relay pro- 
vides this function. 

In automatic applications, and where starting in reverse 
would be serious, a phase rotation relay is used which 
closes contacts to permit a starting only if the phase se- 
quence is correct and voltage is present on all three phases. 
This does not guard against phase unbalances which might 
occur during operation, however. For this purpose, a 
phase-balance current relay, Fig. 2(p), is provided in many 
automatic schemes to trip if the 3-phase currents become 
excessively unbalanced. Time-delay under-voltage protec- 
tion is frequently applied to guard against over-current or 

process damage, resulting from sustained operation at low 
voltage. However, where continuous operation is more im- 
portant than motor protection this feature is eliminated or 
used for alarm only. 

Thermal-alarm devices applied directly on the motors 
are becoming increasingly popular in attended stations 
where the operator can determine from the ammeters or 
other indications, the source of trouble. 

18. Power House Auxiliaries 
The power house is the heart of any electric system and 

its functioning rests on the motors which drive its fans, 
pumps, gates, and other auxiliaries. Hence reliability is 
paramount, and in addition to provision of a most suitable 
power supply and spare units for certain auxiliaries, much 
attention has been given to the relay protection. A recent 
survey of United States practiceM resulted in the following 
recommendations, attendance being assumed. 

The 2300-volt motors should use long-time-delay phase-over- 
current relays for overload and internal motor faults, set at 
approximately 150 percent of rated current. They also should be 
equipped with instantaneous overcurrent relays for short-circuit 
protection set above maximum-inrush current. If the auxiliaries 
are transferred, the instantaneous relay must be set above a 
higher inrush current. 

On essential motors* the time-delay overload relays may be 
used for alarm purposes only, and the instantaneous relays used 
to trip. In this case the time-delay relays can be set more sen- 
sitively than 150 percent of rated current. 

Low voltage motors (208, 440, 550 volts) should use a thermal 
device for overload protection, and an instantaneous-trip device 
for short-circuit protection. 

In addition, the report notes the desirability of eliminat- 
ing undervoltage protection except for alarm purposes, so 
that the loss of auxiliaries due to system disturbances will 
be minimized. 

19. Industrial Interconnections 
When a line is tapped to an industrial plant having gen- 

eration, it is common practice to segregate essential loads 
for operation from the plant generator and dump others in 
event of a line outage. If the same line is tapped for other 
plants, the problem arises of separating the plant under 
consideration from the line under conditions hazardous to 
its operation. One scheme in successful use on many indus- 
trial interconnections consists of separation based on any 
of three indications provided power flow has reversed and 
is toward the power company. The three indications are: 
under frequency, undervoltage, or generator overload. 
Any of these occurrences, provided power flow is away from 
the plant, is taken as sufficient cause for separating and at 
the same time dumping nonessential loads so that the re- 
maining plant load may be brought within the capacity of 
the plant generation. 

The relays normally employed are : 
Induction-type overcurrent for generator overload. 
Induction-type under-frequency relay. 
Induction-type undervoltage relay. 
High-speed-type three-phase directional relay. 

The generator overload relay is directional controlled so 
*Essential motors are in this case defined as those motors whose 

failure results in the shut-down of generating capacity. 
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that it will not start timing unless direction in the intercon- 
nection has reversed. 

Directional relays are also used, without the voltage, fre- 
quency, or current fault detectors, for this purpose. 

20. Three Terminal Lines 
Lines having three or more terminals3* are generally 

more difficult to protect than two-terminal lines. Alternat- 
ing current pilot wire protection is applicable in many 
cases although the limiting values of pilot-wire capacitance 
and resistance are less per terminal than for two-terminal 
lines. Carrier schemes, particularly of the blocking type 
are applicable to multi-terminal lines. However, sequen- 
tial operation of circuit breakers occurs if fault current of 
appreciable magnitude flows out at one terminal for an in- 
ternal fault near another terminal. The first-zone imped- 
ance element nearest the fault, acting independent of car- 
rier, opens the first circuit breaker, after which carrier is 
stopped by the directional elements permitting clearing of 
the other circuit breakers. 

21. Out-of-Step Protection 
Practically all utilities,Q0 except those consisting of steam 

stations connected rigidly together electrically, have ex- 
perienced system instability. Most utilities have experi- 
enced some undesired operation of fault-protective relays 
as a result of system instability. Quite a number of utilities 
attempt either to block line relays from tripping because of 
out-of-step conditions, or to set the relays so that tripping 
will occur at a preselected point. Out-of-step blocking in 
conjunction with carrier relaying is the method most com- 
monly employed. 

Synchronous frequency changers interconnecting two 
systems may suffer mechanical damage to shafts and cou- 
plings if permitted to operate with the systems out-of-step. 
The resulting power pulsations may be close to the natural 
frequency of the two-mass system composed of the two 
rotors with connecting shaft. Out-of-step relays are avail- 
able which detect a slip cycle by the power reversal at high 
current and can be set to trip after two or three slip cycles, 
or before serious torque oscillations build up. 

Quick clearing of faults by modern 8-, 5-, and 3-cycle cir- 
cuit breakers and high-speed relays is well accepted as a 
measure of prime importance in improving system stability 
and reducing damage and permanent outages. Case after 
case could be cited where these improvements have been 
realized as circuit breakers and relays have been mod- 
ernized up to present-day standards. High speed reclosing 
has been made possible by simultaneous operation of cir- 
cuit breakers at the two ends of a transmission line by car- 
rier-current or pilot-wire relaying. This measure is gener- 
ally accepted as economically of greatest benefit in improv- 
ing stability and service reliability. Three-poleQ1 reclosing 
has been most widely used. However, there are a number 
of applications of single pole reclosingQ2 which further en- 
hance the stability by leaving the sound phases in service 
while the faulted ones are opened and reclosed. 

22. Testing and Maintenance 

Routine tests are made by many companies at quite fre- 
quent intervals such as one to three months, depending on 

the importance of the service. However, the major calibra- 
tion tests are generally scheduled for periods more of the 
order of six months to two years. One year is a quite com- 
mon period. There is a decided feeling that too frequent 
testing may cause more harm from mistakes and inadver- 
tent damage than the good that is accomplished. The tests 
vary from the over-all or primary test in which current is 
passed through the primary of the current transformer, 
and the circuit breaker tripped by the resulting relay ac- 
tion, to much less complete checks. A quite usual proce- 
dure would be to remove the relays from service and test 
and calibrate on a load box, and to check the instrument 
transformers for continuity and grounds. The instrument 
transformer-relay circuit is grounded at only one pointQ3 so 
that the intentional ground can be lifted for this test. If 
feasible the circuit breaker may be tripped by closing the 
relay contact. 

23. Relaying Quantities and How They Are Ob- 
tained 

The prime requisite of all protective relaying is a funda- 
mental basis of discrimination, which has been variously 
referred to as a discriminating function or quantity, an op- 
erating principle, or a relaying quantity. This discriminat- 
ing quantity must be one to which a protective relay can be 
made to respond, and one which separates the desired trip- 
ping values from the desired non-tripping values. 

The common discriminating quantities, such as current, 
voltage, time, impedance, direction, and power are well 
known, and the methods of obtaining them from current 
transformers, potential transformers, and potential devices 
are generally understood and described elsewhere.1*32 No 
general treatment of this subject can be given here. How- 
ever, some of the more important characteristics of these 
quantities will be briefly outlined. Some special considera- 
tion will be given the newer sequence quantities arising 
from the method of symmetrical components, given in 
Chap. 2. 

Voltages and Currents During Fault Conditions- 
Ten different faults of four kinds can occur at one point on 
the system: 

three-phase ABC 
line- to-line AB BC CA 
double line-to- 

ground ABG BCG CAG 
single line-to- 

ground AG BG CC 

When one of these four kinds of faults occurs along the 
line, the voltage and current relations at the relay are 
somewhat as shown in Fig. 28. For a three-phase fault the 
currents are balanced and lag the line-to-neutral voltages 
by the impedance angle of the line. In an average high- 
voltage line this angle is about 60”. The addition of fault 
resistance tends to lower it. For line-to-line fault, say BC, 
the current in line B lags the collapsed BC voltage by a line 
impedance angle of about 60”. For a two-line-to-ground 
fault, for example BCG, a similar situation pertains, except 
that the line-to-neutral voltages B and C also collapse to an 
extent depending on how solidly the system is grounded. 
Consider two easily visualized cases. If the system is 
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Fig. 28—Typical unbalanced conditions of current and voltage occurring during various types of fault on a three-phase 
system with an angle of sixty degrees. Load current flow neglected for fault conditions. 

grounded through a very high impedance (2, very high), closes for current from approximately 90º ahead to 90” be- 
the currents will be nearly the same as for a line-to-line hind the voltage applied to its potential coils. For a three- 
fault except for a small added ground current. However, phase fault on a 60” impedance-angle line the current lags 
the fault will establish the mid-point between B and C behind its unity power factor position by 60”. With a 30” 
phase voltages as ground potential. Another example is connection it lags the reference or polarizing voltage used 
the case Z1=Z2=Z0 for all parts of the system. For this on the directional element by 30”. Fault resistance (plus 
case the phases are independent and the three-phase sys- any modification of the relay characteristics by lagging) 
tern acts exactly like three independent single-phase sys- brings the fault current nearly to the maximum torque po- 
terns. The two-line-to-ground fault BCG, is the same as sition. For the other kinds of faults on different phases the 
the three-phase fault except that phase A voltage is not current is shifted one way or the other, but the wide closing 
collapsed, and only load current flows in phase A. The ma- band of the relay allows for this variation. The 30° connec- 
jority of systems fall between these two limits. tion uses star currents and delta voltages. 

For a single line-to-ground fault on phase A, the cor- The same system is followed in naming other connec- 
responding line-to-neutral voltage collapses and the phase tions, although the relay used, including its phase-shifter 
A current lags the line-to-neutral voltage of phase A by the if any, does not always have a closing zone for current from 
impedance angle of the line-ground-return circuit including -90” to +90” with respect to voltage. 
the fault impedance. If Z0 = Z1 = Z2 throughout the system The SO” Connection uses delta currents and voltages; the 
this fault will not influence the other two phases. If Z0 is IA- IB current being used with the phase CA voltage. A 
higher than 21, corresponding to high impedance ground- relay with a closing zone approximately +90” to -90” is 
ing, the condition of ungrounded operation or full displace- used. Delta-connected main or auxiliary current trans- 
ment of the voltage triangle is approached. formers are needed to obtain the delta currents. 

Single- Phase Directional Element Response— The 90° Connection uses star currents and delta voltages; 
Considering the different kinds of faults, and also their oc- the phase A current being used with the phase CB voltage. 
currence with symmetry to A, B, or C phases, the angle In this case, however, a 45” voltage advancing phase- 
between voltage and current for a fault on the line varies shifter is employed with the relay element giving it for star 
over rather wide limits. In using a single-phase directional currents a closing zone approximately from 135” ahead to 
element, as in the CR, CZ, or HZ relay, a particular voltage 45º behind the delta voltage. For a three-phase fault on a 
must be associated with a particular current. 60º impedance-angle line the phase A current leads the 

30” Connections. One of the common “connections” as- 
sociates the phase A current with the phase CA voltage 
and is known as the 30” connection, because at unity power 

*Other directional elements may have their closing zone shifted 

factor under balanced three-phase conditions the current 
as much as 45” in the leading or lagging direction. The element used 

leads the voltage by 30°. 
with the 30’ connection may be a watt type or may have its closing 

A watt-type* directional element zone shifted 10º to 20° in the lagging direction. 
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phase CB voltage by 30”, and a small fault resistance 
would swing it toward 45” leading. The closing zone ex- 
tends 90” either side of this position and affords optimum 
opportunity for the relay to give correct directional indica- 
tion with other kinds of faults. 

Usually any of these three connections gives correct di- 
rectional indication although in individual cases advan- 
tages can be found for one or the other, depending on such 
factors as the impedance angle of the line, the possible 
fault impedance, and the likelihood of an undesired 
amount of directional element operation caused by leading 
load currents near the directional boundary. For distance 
carrier relaying using single-phase directional elements the 
SO” connection using delta currents is preferred since the 
same delta current is used on the impedance element. 11 

TABLE &-SEQUENCE POWER RESPONSE OF THREE-PHASE DIREC, 
TIONAL ELEMENTS 

Fig. 29—Diagrams showing the relative directions of positive-, 
negative- and zero-sequence power during fault conditions. 
The Chart (b) indicates what part of the system fixes the pow- 

er factor for each sequence. 

impedance element operation is caused by a line-to-ground 
fault its associated directional element is influenced by 
fault current. This overcomes any possible load current 
effect. 

Three-Phase Directional Element Response-The 
same connections are used with three-phase directional 
elements*. In this case another factor influences selection 
of the connection. Table 4 shows the functions of sequence 
power to which various connections respond. As shown in 
Figs. 29 and 30, positive-sequence power flows toward 
the fault; negative- and zero-sequence power flows away 
from the fault, since the fault is the source of negative- 
and zero-sequence voltage. Therefore the positive-sequence 

*This discussion relates to three independent single-phase elements 
on the same shaft. No three-phase rotating field is involved. 

*These are the commonly used 30, 60, and 90” connections, 
**Other phases connected symmetrically in sequence A, B, C. 

(1) A new two-element 90” connection giving the desirable P-N torque. 
(2) Two-wattmeter connection with zero-sequence current removed by a filter. 
(3) Two-wattmeter connection. 
(4) Parasitic torques. 

Note: Torque is the real part of the expression in the last column. P =E&; 
N =Eu% Z = Ed. If the system were pure resistance throughout all E’s and 
I’s would be in phase, or phase opposition. For faults, N and Z would be 
negative at the relay, and P positive, but all three power terms would be pure 
scalars. The arrows show the vector position (not magnitude) of the torque 
expressions for this idealized pure resistance system case, taking into account 
that the values of N and 2 are negative as shown in Fig. 29. If instead of being 
pure resistance the system were pure 60” impedance angle throughout the 
effect would be to rotate all currents negatively 60. leaving all voltages 
unchanged. As the power terms are of the form El this will rotate similarly all 
the P, N, and Z quantities and hence the torque vectors. The real com- 
ponents of these vectors are the torques. Hence conclusions can be drawn as 
to whether the torques associated with P, N, and Z are additive and how 
much voltage phase shift is needed for optimum condition on a system of given 
impedance angle. 
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Fig. 30—Simplified equivalent system showing the sequence 
voltage distribution during fault conditions. 

minus the negative-sequence power at the relay (P-N) 
is more positive for a fault out on the line than is (P+N), 
and hence provides a better fault directional indication, 
having higher torques for fault currents in relation to 
those due to load currents. 

In table 4 the “connections” are shown in the first three 
columns, and the resulting three-phase torque on the ele- 
ment in the last column. The relative phase positions of 
the torques produced by positive- and negative-sequence 
power are shown in the 4th, 5th, and 6th columns, taking 
into account that when the impedance angles are the same 
throughout a system, the values of N and 2 are opposite to 
P under fault conditions. The positive-sequence torque 
vector is drawn in the position of the conjugate of the cur- 
rent vector to produce maximum torque, the horizontal 
axis being the unity power factor position. Thus for the 
star-voltage, star-current, 0” connection maximum torque 
is for unity power factor. If a watt responsive element 
is used the voltage must be retarded 60” by a phase-shifter 
to obtain maximum torque for current lagging 60”. 

The star-voltage, star-current, SO” connection* can be 
obtained with the phase A current associated with the 
negative of the phase B-to-neutral voltage, the other 
phases being symmetrically connected. This is perhaps the 
best star-current, star-voltage connection as no phase shift 
is required to get maximum positive-sequence torque with 

*This is not, the commonly referred to 60’ connection. 

current lagging 60°. Also the negative-sequence torque† is 
maximum for current lagging 120° and hence gives 50 per- 
cent of the maximum possible assistance to positive-se- 
quence torque for 60” system-impedance angle. As the 
system-impedance angle is likely to be above 60º, this is 
quite favorable. The zero-sequence torque is also in the 
right direction though not maximum. 

The delta-voltage, star-current, 30° connection has ad- 
verse negative-sequence torque, while the 90° connection 
is ideal in this respect, the positive- and negative-sequence 
torques have their maximums in the same direction for 
90° lagging current. The usual 45° voltage-phase-shifter 
brings the maximum torque to a desirable point and maxi- 
mum assistance is secured from the negative-sequence 
torque. 

The delta-voltage, delta-current, 60° connection, like the 
corresponding star-star connection, has good negative-se- 
quence torque in the proper direction for a 60” impedance- 
angle system. It has no zero-sequence torque. Maximum 
positive-sequence torque occurs for a 60° impedance angle 
without using a phase-shifter. 

In addition to symmetrical connections, one unsym- 
metrical connection is worthy of note in that it is capable 
of securing the desirable P -N accurately. It uses the B 
minus C current with the CA voltage and the A minus C 
current with the CB voltage. It has maximum torque for a 
90” impedance-angle system and hence can be used to ad- 
vantage with a 45° voltage advancing phase-shifter simi- 
larly to the better known 90° connection of three elements. 

Impedance Measurement-Referring to Fig. 30, the 
difference between E1 and Ez at the relay is the positive-se- 
quence drop from the relay to the fault plus the negative- 
sequence drop back to the relay. Recognizing that & = 21 
for the line, it can be readily shown that the line impedance 
to the fault is: 

z Ed% -- 
l- k-I2 

(1) 

This applies for three-phase, line-to-line, or double line- 
to-ground faults. For line-to-ground faults a higher im- 
pedance than 21 is measured by the ratio (E1 --Z&)/(11 -2r2). 
From Eq. (1) the delta connection is derived 

Ib = Io+a211+aI~ (2) 
I,= lo+aIl+a212 (3) 

Ib-I,=(a2-a)(Il--2) (4) 
Eb-E,= (a”-a)(&-EJ (5) 
Et,-% ErE,_Z -z----‘- 
Ib-Ic 11-12 1 

(6) 

The last expression shows that for fault at a given loca- 
tion the delta voltage divided by the delta current is the 
line impedance Z1 for three-phase, line-to-line and double 
line-to-ground faults. As shown previously a higher value 
is measured for line-to-ground faults. 

Lewis and Tippett32 give the fundamental basis for dis- 
tance relaying in the most comprehensive paper on this 
subject. Among other things it is brought out that use of 
delta current and delta voltage on the impedance element, 
for example the A minus B current with the BA voltage, as 

†This refers to torque due to negative-sequence currents and 
voltages. Actually it is torque in the positive direction. 
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outlined in the preceding paragraph, avoids a 15 percent 
difference in distance measured for line-to-line and three- 
phase faults, which is present if only one line current (star 
current) is used. 

Use of Sequence Quantities*-In using sequence 
quantities the point of view should be developed, first, that 
the fault is the source of negative- and zero-sequence volt- 
age and power, and that negative- and zero-sequence power 
(volt-amperes at system impedance angle) flow away from 
the fault at the relay location; second, that the sequence 
voltage is measured with respect to the bus-of-no-voltage 
or point n in the particular sequence network considered. 
These relations are brought out in Figs. 29 and 30. 

Sequence Voltage Distribution During Faults- 
In Fig. 30 the voltage gradients are shown very generally. 
For a three-phase fault the voltage tapers off from the gen- 
erator to the fault. For a line-to-line fault the positive- 
sequence voltage tapers off until, at the point of fault, it 
equals the negative-sequence voltage, which in turn tapers 
to zero back at the generator neutral, or point back of 
which there is no impedance to negative-sequence current. 
In some cases this may be an infinite bus. 

For a double line-to-ground fault the positive-sequence 
voltage again tapers off to the point of fault where it equals 
the negative- and zero-sequence voltages. These taper to 
zero in going back through the network until a point of no 
voltage of the respective sequence is reached. 

At a line-to-ground fault the positive-sequence voltage is 
the negative of the sum of the negative- and zero-sequence 
voltages and these taper to zero back through the network. 

It is well to note that if the zero-sequence impedance is 
high (high-impedance grounded system), the zero-sequence 
voltage is nearly equal to the normal positive-sequence or 
line-to-neutral voltage for a line-to-ground fault, and ap- 
proximately half as much for a double-line-to-ground fault 
where the generated voltage divides between the positive- 
and negative-sequence networks, thereby applying about 
half voltage to the zero-sequence network. As a result on 
lightly grounded systems all zero-sequence and residual 
voltages and currents are approximately half as much for 
double-line-to-ground as for line-to-ground faults. 

Sequence-Segregating Filters-Sequence currents 
and voltages may be segregated from the corresponding 
line currents and voltages by segregating networks or fil- 
ters. The methods of obtaining zero-sequence currents or 
voltages are already well known as these quantities are 
simply one-third of the corresponding residual quantities. 
Typical sequence-segregating networks are given in Fig. 
31. The performance of each network is expressed by giv- 
ing its equivalent circuit112 and also by giving the equations 
of operation. 

Polyphase networks for segregating positive- and nega- 
tive-sequence voltage are shown in parts (a) and (b), and 
are useful for operating a polyphase device in response to 
either of these quantities. The positive-sequence filter is 
also useful for obtaining a balanced three-phase supply 

from an unbalanced (or single-phase) supply. The remain- 
ing filters shown all have single-phase output. 

Parts (c) and (d) are auto-transformer type voltage- 
segregating networks and parts (e) and (f) are the all-im- 

*Refer to Chapt. 2. 

pedance type and require a special potential transformer 
connection. The star series transformer connection for ob- 
taining zero-sequence voltage is shown in part (g). Parts 
(h) and (i) are three-winding-reactor type current filters 
whereas parts (j) and (k) use an auxiliary current trans- 
former to produce the reactive drop due to B minus C cur- 
rent in a single-winding reactor. Note: The Type CRS 
negative-sequence directional relay uses filters (d) and (i) 
for negative-sequence voltage and current respectively. 

Parts (l), (m), (n), and (0) are all impedance-type cur- 
rent filters, (1) and (m) being suitable only when there is no 
zero-sequence current; (n) and (0) are not affected by zero- 
sequence current, but require double the number of current 
transformers. 

Part (p) is a zero-sequence current filter, which is merely 
the neutral connection of star-connected current trans- 
formers. 

A combination positive- and zero-sequence current- 
segregating filter is illustrated in part (q). This filter is 

used in the Type HCB pilot-wire relay.62 The relative 
weighting of zero and positive sequence is determined by 
the relative magnitude of & and &. For example, if it is 
desired that the same internal voltage Ei be produced by 
one-tenth as much zero-sequence current as positive-se- 
quence current,, the zero-sequence weighting factor k must 
be set equal to 10. Then the required value of Ro may be 
determined as follows: 

R. = $kRl= 6.67R1 

The relative phase positions and magnitudes of various 
sequence quantities of the reference or A phase vary with 
the type and phase of the fault. The response of a com- 
bination filter varies accordingly. Fig. 32 illustrates the 
relative positions and magnitudes of the vectors compris- 
ing the quantity I,+k10 on a system for which the ground- 
fault current is one-tenth of the phase-fault current, and 
using a zero-sequence weighting factor of k = 15. The 11 
vectors have been magnified somewhat in the line-to- 
ground fault diagram to make them visible; their actual 

Fig. 32—Vectors comprising the relaying quantity Il+Klo 
shown for K== +15. 11 vectors magnified in line-to-ground 

fault cases. 







376 Relay and Circuit-Breaker Application Chapter 11 

length being one-fifteenth of the krO vector. The combina- 
tion, II+klO, is the discriminating quantity used in the 
Type HCB pilot-wire relay which in effect totalizes the 
two ends of the circuit. It is a single quantity having, for a 
majority of systems, a much greater value for fault condi- 
tions than for load conditions and thus is an ideal discrim- 
inating quantity. 

24. Reclosing 
Many of the faults occurring on power systems are tran- 

sient in nature and if the circuit is opened momentarily, 
permitting the arc to become extinguished, the circuit can 
be reclosed successfully. The necessary power-off time for 
deionization of the arc is given in Chapt. 13. For example, 
Logan and MilesSs have found that on the Georgia power 
system the number of successful reclosures is as follows. 

Number of trip-outs. . . . . . . 10090 100% 
Successful reclosures 

1st immediate. , . . . . . . . . 8400 83.25% 

2nd 15-45 seconds. . . . . . 1084 10.05% 
3rd 120 seconds. . . . . . . . . 143 1.42a/, 

Circuit lockouts. . . . . . . . . . 553 5.28% 

This knowledge is used in a variety of ways. Many ra- 
dial distribution feeders are provided with reclosing relays. 
A very common arrangement, using the Type RC reclosing 
relay shown in Fig. 33, provides for one immediate and sev- 

era1 time-delay reclosures. In the event of a tripout after 
the third reclosure the line is locked out until the relay is 
reset manually. However if the line “holds,” even on the 
third “try,” the reclosing relay resets automatically, and is 
prepared to repeat the same performance at a later 
time. 

For a feeder sectionalized by a number of fuses, the re- 
placement of a fuse involves a service trip. However, an 
opening and reclosing operation interrupts the current be- 
fore any fuses blow, and if the fault is transient, the service 
trip is avoided. 

“Single-shot” reclosing which is also widely used may be 
accomplished by the Type SGR-12 reclosing relay. As 
shown by Logan’s data, it takes care of the large propor- 
tion of cases. Also a self-reclosing single-pole circuit 
breaker is used principally on single-phase feeders to per- 
form the single-shot reclosing function without the use of 
relays. Multiple-shot fuses are also used but require de- 
layed action of subsequent fuses and necessitate refilling 
manually after each operation. 

On tie lines or single lines serving important’ industrial 
loads reclosing is used for quite another purpose, namely, 
to keep the systems from going out-of-step or to prevent 
loss of essential loads. This phase of the problem is cov- 
ered in Chapt. 13. 

III. CONTROL SCHEMES 

To secure the system benefits expected from the circuit 
breakers and protective relays, it is essential that the con- 
trol scheme used result in prompt and reliable tripping of 
the circuit breaker when the relays indicate a fault within 
their protective zone. Two factors are involved: a reliable 
source of control power, and a scheme that permits the 
breaker to trip free in spite of all manual or automatic 
closing agencies. 

A control battery provides the most reliable source of 
tripping energy, and is connected to the shunt-trip coil 
by the protective relay contacts as shown in Fig. 34. As 

Fig. 33—The Type RC recloslng relay. A single instantaneous 
plus several time-delay reclosures can be initiated with this 

relay. 

Fig. 34—A protective relay and circuit breaker. When the 
breaker opens, the auxiliary switch interrupts the trip circuit 

to prevent burning of the relay contacts. 
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the circuit breaker opens, the trip circuit is broken by an 
auxiliary switch linked to the circuit breaker. 

25. Electrically Trip-Free Scheme 
Fig. 35 shows a typical circuit-breaker control scheme, 

one of the several commonly used, known as the X-Y relay 
scheme. A station battery provides power for closing and 

Fig. 35—The X-Y scheme of circuit breaker control using a 

battery. 

C-Closing contact of control switch. 
T-Tripping contact of control switch. 
X-Closing contactor or relay. 

CC-Closing coil of main circuit breaker. 
Y-Releasing contactor or relay. 
P-Typical protective relay contact. 
B-Auxiliary switch (closed when main circuit breaker is closed). 

W-D-C shunt trip coil of main circuit breaker. 

tripping. The control switch merely controls the applica- 
tion of battery power to the closing solenoid or shunt-trip 
coil as desired. The protective relay, when it operates, ap- 
plies battery power to the shunt trip coil. 

The X-Y relay scheme prevents pumping and makes the 
circuit breaker electrically trip-free. The closing contact of 
the control switch picks up the X relay that energizes the 
closing solenoid of the circuit breaker. As the circuit 
breaker reaches its closed position, an auxiliary switch B 
energizes the Y relay that seals in through its own front 
contacts. The Y relay contacts shunt the X relay, which 
opens and interrupts current to the circuit breaker closing 
solenoid. 

If the circuit breaker trips automatically when it is 
closed in on a fault, it will open and will not reclose even 
though the operator holds the control switch in the closing 
position. The X relay remains shunted by the Y relay un- 
til the control switch is returned to the neutral position. 

The trip-free relay scheme’ provides a similar action 
through the use of a specially designed contactor for con- 
trolling the heavy current to the breaker-closing solenoid. 
The moving contact assembly of this contactor is tripped 
free from the operating armature by a release coil energized 
by an auxiliary switch when the circuit breaker reaches its 
closed position. Thus even though the closing contact of 
the control switch or of an automatic closing device re- 
mains closed, thereby holding the operating armature 
closed, the circuit to the closing solenoid of the circuit 

breaker remains open after the circuit breaker has once 
closed in and tripped out. This situation continues until 
the control switch is restored to neutral or the closing con- 
tact of the automatic device opens. 

26. Mechanically Trip-Free Arrangements 

If a circuit breaker is to be closed manually against a 
possible fault, it should be mechanically trip-free from the 
closing linkage. The mechanically trip-free feature pro- 
vides somewhat faster tripping for three reasons. First, 
the circuit breaker contacts can be tripped free anywhere 
in the closing stroke without waiting for the closing current 
to be cut off before acceleration towards the open position 
can start. Second, with the contacts tripped free from the 
closing solenoid the mass to be accelerated is less. Third, 
because of eddy currents the flux in the closing solenoid 
does not decay immediately when the circuit is opened; 
thus there is appreciable magnetic retardation in the open- 
ing of a mechanically non-trip-free breaker which has just 
been closed. 

High-speed reclosing requires that the circuit breaker be 
mechanically non-trip-free so that the contact motion can 
be arrested before the full open position and the breaker 
closed again. To meet this need without encountering de- 
layed opening if the reclosure takes place on a permanent 

Fig. 36—A-C tripping echemee. 
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fault, a mechanism has been designed that is mechanically 
trip-free on the second opening but not on the first, except 
when the circuit breaker is initially closed. 

27. A-C Tripping 
In less important locations, where the cost and main- 

tenance of a control battery is not justifiable, various forms 
of a-c tripping are employed for the smaller, lower voltage 
circuit breakers. Some of the more desirable of these are 
shown in Fig. 36. 

The series-trip and transformer-trip schemes are used 
where the accurate magnitude and timing characteristics 
of a protective relay are not required. The transformer 
trip is used where the primary voltage or current is too 
great for the series trip. 

The capacitor trip and a-c shunt trip require a source of 
a-c control power. The capacitor trip is much to be pre- 
ferred in most cases because its ability to trip is not im- 
paired by the momentary drop in voltage at the time of a 
fault. The a-c supply is taken from the source side of the 
circuit breaker so that the capacitor is charged before the 
circuit breaker is closed. A-c shunt tripping can be used 
only where the reduction of voltage at time of fault on the 
protected circuit will not prevent tripping by some trip- 
ping agency. 

The circuit-opening relay scheme and the tripping-trans- 
former scheme are similar to the transformer-trip scheme 
in that the line current transformer supplies the trip-coil 
energy. However, a protective relay is added and must be 
supplied by the same or by a different current transformer. 
The trip coil imposes a heavy burden on the current trans- 
former, and there is a definite lower limit to the primary 
current at which tripping can be secured. The relay must, 
of course, be set above this value. 

IV. APPLICATION OF CIRCUIT BREAKERS 

The application of circuit breakers to power and lighting 
circuits involves the choice of the type of breaker and its 
mounting or housing as well as determination of the specific 
ratings required for the particular service. 

28. Typical Circuit Breaker Construction and 
Practice 

LOW Voltage Circuit Breakers-Circuit breakers 
intended for service on a-c circuits up to 1500 volts and 
d-c circuits up to 3000 volts are classified as low-voltage 
breakers.lo8 For such service air breakers have many ad- 
vantages and are generally used in preference to oil 
breakers. They are inherently fast in operation, free from 
fire hazard, require little maintenance on repetitive service, 
and, because of the low voltage, are simpler, more com- 
pact, and easier to handle than oil breakers. 

For low-capacity branch lighting and utility circuits 
such as are found in commercial and public buildings, 
small, molded case “thermal-breakers” are grouped in 
panelboards such as that shown in Fig. 37. Such breakers 
are usually operated manually and are available in ratings 
up to a maximum of 600 amperes load current and 25 000 
amperes interrupting current. They provide automatic 
inverse-time overload tripping to protect circuit wiring 

against overloads and short-circuits. Separate protective 
equipment is required for utilization devices such as 
motors. 

For more important and higher capacity circuits, metal- 
enclosed, drawout assemblies of air circuit breakers, as in 
Figs. 38 and 39, are used. Typical applications are found 
in main feeders of the lighting and utility circuits de- 
scribed above, and for the low-voltage power circuits of 
such buildings as well as industrial plants and generating 
stations. These breakers may be operated either manually 
or electrically (under some conditions only electrical op- 
eration is recommended) and may be obtained with direct- 
acting series overload trips or relays which will give selec- 

Fig. 38—1600 ampere, 600 volt, Type DB-50 air circuit breaker 
-50,000 amperes interrupting capacity. 
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tive isolation of a faulty circuit. The metal-enclosed gear 
is factory assembled and tested and provides maximum 
reliability, safety and ease of maintenance with minimum 
interruption to service. These breakers may be used to 
provide control as well as running overload and short- 
circuit protection for individual motor circuits. 

Even where unusual atmospheric conditions are en- 
countered (see Sec. 30), low voltage air breakers may be 
used if they are mounted in suitable sealed enclosures. 

Power Circuit Breakers — Medium Voltage— 
Circuit breakers intended for service on a-c circuits above 
1500 volts are classified as power circuit breakers. 

Fig. 40—Magnetic type air circuit breaker4160 volts, 150- 
mva interrupting capacity, type 50-DH-150. 

Fig. 41—Typical metal-clad drawout switchgear for 13.8 kv 
indoor service. 

For indoor service at from 1.5 to 15.0 kv and up to 500 
mva interrupting duty, magnetic-type air breakers in 
metal-clad assemblies have become predominant, although 
metal-clad oil breakers are also used under adverse atmos- 
pheric conditions. A typical breaker and assembly are 
shown in Figs. 40 and 41. Although interrupting time and 
space required are the same for medium voltage air and 
oil breakers, the freedom from oil-fire hazard and lower 
maintenance on repetitive service are distinct advantages 
of the air breakers. Many such breakers are used, both 
for power and lighting feeders and to control individual 
large industrial or powerhouse-auxiliary motors. 

For indoor service at interrupting ratings above 500 
mva, and for any rating at voltages between 15 and 34.5 

Fig. 42—Compressed air circuit breaker in station cubicle- 
15-H kv insulation class. 
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kv, compressed-air breakers mounted in station cubicles 
have become standard. A typical unit is shown in Fig. 42. 

Circuit-breaker practice in outdoor substations is more 
varied than in indoor service because there is a greater 
range in the requirements. In rural and outlying substa- 

Fig. 43—Installation view of outdoor 23 
circuit breakers. 

_ .~-~~ 
kv, 250 000 kva, oil 

Fig. 44— Typical outdoor coordinated unit substation, 

tions both normal load and interrupting kva are relatively 
low, and such factors as fire hazard, space requirements, 
appearance and rapid maintenance may not be critical. 
For such service frame-mounted oil breakers with open 
buses and disconnecting switches are frequently used be- 
cause of lower cost. A typical installation is shown in Fig 
43. 

For suburban and urban outdoor service up to 15 kv and 
up to 500-mva interrupting duty the many advantages of 
metal-clad oil-less switchgear (freedom from oil-fire haz- 
ard, compactness, appearance, ease of maintenance and 
flexibility) have resulted in the use of such gear for the 

Fig. 45—34.5-kv, lOOO-mva, frame-mounted, oil circuit 
breakers. 

majority of these substations. The metal-clad gear is 
usually throat connected to the transformer(s) although 
roof bushings are sometimes used, especially with single- 
phase transformers. A typical installation is shown in Fig. 
44. The cost comparison between open gear and metal 
clad varies with the voltage and kva rating, the type of 
open structure used, the cost of real estate, the labor facili- 
ties of the utility, and the method used in estimating over- 
head and fixed charges. 

Oil circuit breakers are used where severe atmospheric 
conditions are encountered, either frame mounted or in 
metal-clad structures. 

For outdoor service at interrupting ratings above 500 
mva and for all interrupting ratings at voltages between 
15- and 34.5-kv, oil breakers are essentially standard. A 
typical installation is shown in Fig. 45. 

High- Voltage Breakers-Almost all circuit breakers 
rated above 34.5 kv are mounted outdoors and are oil 
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Fig. 46—230-kv, 3500-mva, floor-mounted, oil circuit breaker. 

breakers of the grounded metal-tank type. Pneumatic 
operating mechanisms predominate and these can be ar- 
ranged to give 20-cycle reclosing. A 230-kv installation is 
shown in Fig. 46. 

Some experimental installations have been made of air- 
blast and oil-poor breakers at high voltage and a table of 
ratings for such breakers has been included in the stand- 
ards as a guide for development. At the present time it is 
difficult to produce and install an oil-less outdoor breaker 
having current transformers and potential devices to com- 
pete economically with conventional oil breakers. There 
is also the hazard of fragile porcelain structures. So far 
there is no definite indication of the place such breakers 
will fill in normal practice. 

29. Standard Ratings of Circuit Breakers 

The standard ratings of the several classes of circuit 
breakers are defined in ASA, AIEE, NEMA, and Under- 
writers Laboratories standards. 106-111 It is not the 
intention here to review these ratings in detail, only to 
discuss the principal factors involved in the selection of a 
circuit breaker for a particular application. 

Rated Voltage—In general a circuit breaker is given 
a rated voltage which designates the maximum nominal 
system voltage for which the breaker is intended and also 
a maximum design voltage which designates the maximum 
operating voltage for which it is intended. For certain 
low-voltage breakers this distinction is not made and rated 
voltage should be taken as maximum. Standard voltage 
ratings of power circuit breakers are in terms of three- 
phase line-to-line voltage. 

Standard values of rated voltage are based on operation 
at altitudes of 3300 feet or less. Standard equipment may 
be operated at higher altitudes if the maximum operating 
voltage is not more than the maximum design voltage 
times a correction factor, as follows: 

Altitude in Feet Voltage Correction Factor 

3300 1.00 
4000 0.98 
5000 0.95 

10000 0.80 

Operation at altitudes other than those listed is covered in 
AIEE BlB but operation above 10 000 feet should be given 
special consideration because of possible influence of alti- 
tude on interrupting capacity. 

Rated Impulse Withstand Voltage-Impulse rat- 
ings of standard power circuit breakers are listed in ASA 
C 37.6. A correction (the same as that given above for 
rated voltage) should be made for the effect of altitude 
above 3300 feet on impulse strength. No such ratings are 
given for low-voltage air breakers because such breakers 
are seldom exposed to impulse voltages. When necessary, 
impulse strength could be taken as the crest of the 60-cycle 
test voltage.l1° 

The surge protection of the system should be coordi- 
nated with the impulse strength of the breaker, both across 
the open contacts and to ground. Attention should also 
be given to increase in surge voltage because of reflections 
which occur at breakers when their contacts are open, 
especially where cables are involved.lo4 

Frequency-Standard power circuit breakers are 
rated at 60 cycles. Service at other frequencies must be 
given special consideration. Although standard 60-cycle 
power circuit breakers are given corresponding continu- 
ous-current ratings for 25-cycle service,lo5 other ratings 
(e.g. interrupting capacity) must be checked and acces- 
sories must be made suitable. Low-voltage breakers are 
listed for 60-cycle service and for direct current. Service at 
other frequencies requires special consideration. 

Rated Continuous Current—This rating is based 
on operation of the circuit breaker or switchgear assembly 
where the ambient temperature (measured outside the 
enclosure where such is supplied) does not exceed 40°C and 
the altitude does not exceed 3300 feet. Operation in higher 
ambient temperature must be given special consideration. 
Molded-case, thermal-trip, low-voltage circuit breakers 
are calibrated on the basis of an ambient temperature of 
25°C. Operation in ambient temperatures other than 
25°C will affect the tripping characteristic and must be 
taken into consideration. Standard equipment may be 
operated at higher altitudes by reducing the continuous 
current rating in accordance with the following table. 

Altitude in Feet Current Correction Factor 

3300 1.00 
4000 0.996 
5000 0.99 

10000 0.96 

Rated Interrupting Current-Rated Interrupt- 
ing Mva-Operating Duty-Interrupting Time—The 
rated interrupting current of a power circuit breaker is 
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based on the rms total current in any pole of the breaker 
at the time the breaker contacts part. (Note that this time 
may be considerably shorter than the interrupting time.) 
The correct value of rated interrupting current for an op- 
erating voltage other than rated value can be calculated by 
the following formula : 

Amperes at operating voltage= amperes at rated volt- 

age X 
rated voltage 

operating voltage. 
Operating voltage should, of 

course, not exceed the maximum design voltage. Also, no 
matter how low the voltage, the rated interrup ting current 
is not increased above the rated maximum interrupting 
current. Standard rating tables P give the value of rated 
interrupting current at rated voltage as well as the rated 
maximum interrupting current and the corresponding 
operating voltage. Over this range of voltages the product 
of operating voltage and current is constant and this pro- 
duct times a phase-factor is called rated interrupting mva. 
For 3-phase circuits the factor is 1.73, for 2-phase circuits 
2.0, and for l-phase circuits 1.0. However, standard 
breakers are rated only on a three-phase basis and rules 
are provided (given later in this chapter) for determin- 
ing the equivalent three-phase interrupting ratings. 

The above values of rated interrupting current are based 
on specified conditions of circuit recovery voltage, breaker 
performance, and also on standard operating duty. For 
power circuit breakers rated 50 mva and higher (“oil-tight 
or oil-less”) this consists of two unit operations (CO) oepa- 
rated by a 15-second interval. Each unit operation consists 
of breaker closing followed by its opening without inten- 
tional time delay. This standard operating duty is desig- 
nated by the expression, CO+ 15 sec.+CO. For power 
circuit breakers rated 25 mva and lower (“non-oil-tight”) 
the standard operating duty consists of two unit oierai 
tions separated by a two-minute interval (CO+2 min. + 
CO). For any other operating duty the standard inter- 
rupting ratings should be reduced in accordance with rules 
given in NEMA standards *log The following revision of the 
current rules is now being recommended by AIEE to ASA. 

NEMA STANDARDS-RECLOSING DUTY CYCLE FAC- 
TORS FOR OIL-TIGHT AND OIL-LESS POWER CIRCUIT 
BREAKERS-REVISION OF 11/17/49 

SG-6-90 BREAKER RATING FACTORS FOR RECLOSING 
SERVICE (Rev.) 

A. The interrupting ratings of power circuit breakers may be 
reduced for operating duty cycles other than the standard, CO 
+15 Sec.+CO (See SG6-40, Par. B) to enable them to meet the 
standard of Interrupting Performance. (See SG6-40, Par. C) 
Note: Such factors do not apply to highly repetitive duty at or 

near the continuous rating of the breaker. 

B. For purposes of this section, the following duty cycles shall 
be considered as representing the Usual Duty Cycles for Re- 
closing 

Reclosing Duty Cycle IO+15 Sec. **+CO+l5 Sec.** 
+CO+15 Sec.**+CO 
Reclosing Duty Cycle II 0+0 Sec.*+CO 
Reclosing Duty Cycle III 0+0 Sec.*+C0+15 Sec.** 
+C@+ 15 Sec.**+CO 

*Zero seconds shall be interpreted to mean no intentional time 
delay. 

**15 seconds or longer. 

Fig. 47—Breaker rating factors for the usual reclosing duty 
cycles. 

C. The Breaker Rating Factors for the Usual Reclosing Duty 
Cycles are obtained by reference to Figure 47. This gives the 
percentage rating factor for the duty cycle in question at the 
rated interrupting current at the circuit voltage of the system to 
which the breaker will be applied. 

D. The breaker interrupting rating at the specified reclosing 
duty cycle is obtained by multiplying the rated interrupting 
amperes by the rating factor. 

Example: Determine the interrupting rating of a 34.5 kv, 
lOOO-mva breaker used at 23-kv on Reclosing Duty Cycle I. 

1. Breaker Interrupting Rating on Standard Duty Cycle: 
17 000 Amperes at 34.5-kv 
25 000 Amperes at 23 kv 
2. Figure 1, Curve A, gives a rating factor of 91.5 percent at 
25 000 amperes for reclosing duty cycle I. 
3. Breaker Interrupting Rating on Duty Cycle I at 23 kv 
=Rating Factor, 91.5 percent X25 000 Amperes=22 900 
Amperes. 

E. Breaker Rating Factors for Other Than the Usual Re- 
closing Duty Cycles 

1. The standard for the number of operations is two (2). 
Additional operations increase the duty on the contacts and 
therefore a rating factor is applied to enable circuit breakers 
to meet standards of interrupting performance. (See SG6-40, 
Par. C) 

(a) For Three Operations-Use mean factor between 2 and 
4 operations, (Standard and Duty Cycle I). 

Example: 0+15 Sec.+CO+lfi Sec.+CO 
y0 Factor = 97 for 20 000 Amperes 

(b) For Five Operations-Use Factor obtained by re- 
ducing that for 4 operations (Duty Cycle I) by difference 
between 2 and 4 operations. 

Example: 0+15 Sec.+C0+15 Sec.+C0+15 Sec. 
+CO+15 Sec.+CO 
y0 Factor = 94 - 6 = 88 for 20 000 Amperes 

2. The standard for the interval between operations is 15 
seconds. Reducing this interval increases the interrupting 
duty and therefore a rating factor is applied to enable 
breaker to meet standards of interrupting performance. 
(See SG6-40 Par. C) 
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(a) For Two Operations-Reduce 100 percent factor for 
15 seconds by an amount equal to proportionate part of the 
reduction for zero interval as determined by the ratio of the 
times. 

Example: 0+5 Sec.+CO 
a/,Factor=lOO-#(100-94)=96for20 990 

Amperes 

(b) For Four Operations-Multiply the factor for Duty 
Cycle I by the appropriate factor determined under para- 
graph 2 (a) for each interval less than standard. 

Example: 0+5 Sec.+CO+Fi Sec.+C0+5 Sec.+CO 
y0 Factor=94X96X96X96=83 for 20 000 
Amperes 

(c) For Three or Five Operations-Use combination of 
Rule 1 and Rule 2 (a) applied for each interval. 

Example: 0+5 Sec.+C0+5 Sec.+C 
y. Factor = 97 X96X 96 = 89 for 20 900 Am- 
peres 

3. The usual instantaneous reclosing cycles are Duty Cycles 
II and III. Variations are in the number of operations. 

(a) For Three Operations-Use mean between factors for 
Duty Cycles II and III. 

Example: 0+0 Sec.+C0+15 Sec.+CO 
94+t35 

y0 Factor = - 
2 

=89.5 for 20 960 Am- 

peres 

(b) For Five Operations-Use factor by reducing that for 
4 operations (Duty Cycle III) by difference between 2 and 
4 operations. 

Example: 0+0 Sec.+C0+15 Sec.+C0+15 Sec.+CO 
+15 Sec.+CO 
% Factor = 85 - (94 -85) = 76 for 20 000 
amperes 

The reclosing duty cycle factors for breakers rated 25 
mva and below (non-oil-tight circuit breakers) are given in 
Table 5. 

TABLE 5*— -RRECLOSING DUTY CYCLE FACTORS FOR NON OIL- 
TIGHT OIL POWER CIRCUIT BREAKERS 

The interrupting time of a power circuit breaker is the 
maximum interval from the time the trip coil is energized 
at normal control voltage until the arc is extinguished. 
This time is published for standard power breakers for 

the interruption of currents from 25 percent to 100 per- 
cent of the rated value. 

The interrupting rating of low-voltage air circuit breakers 
is based on the rms total short-circuit current which would 
occur at the end of s cycle at the breaker location if the 
line terminals of the breaker were short-circuited. The 
impedance of the breaker which interrupts the circuit 
should not be included in calculating the interrupting duty. 
Also, for three-phase a-c circuits the breaker rated inter- 
rupting current should be chosen on the basis of the aver- 
age of the currents in the three phases. For single-phase. 
circuits the average current which would occur for three 
successive short-circuits should be used. For average sys- 
tems the average 3-phase or l-phase rms total current will 
be equal to 1.25 times the initial subtransient symmetrical 
current. 

Low-voltage air breakers for d-c service are also applied 
on the basis of the short-circuit current without the breaker 
in place; however, the maximum current is measured. 

The standard rated interrupting current of low-voltage 
air circuit-breakers is based on a standard operating duty 
designated 0 +2 min+CO. The breaker opens the circuit 
and, after a 2-minute interval, is reclosed on the fault, 
which it opens without purposely delayed action. 

For other interrupting duty the siandard interrupting 
rating should be multiplied by factors given in Table 6. 

TABLE 6**—-OPERATING DUTY FOR REGLOSING SERVICE 

FOR LARGE AIR CIRCUIT BREAKERS 

This table does not apply to molded-case breakers be- 
cause they are not used on reclosing service. 

Rated Momentary Current—The maximum rms 
total current (including the d-c component) through a 
breaker, measured during the maximum cycle, should not 
exceed the rated momentary current. For power circuit 
breakers this rating applies to each pole of the breaker 
taken individually and for the worst condition of asym- 

metry. 
Rated Four-Second Current—A four-second cur- 

rent rating is given for power circuit breakers based on the 
rms total current measured or calculated at the end of one 

second. For standard breakers it is numerically equal to 
the rated maximum interrupting current, and l/1.6 times 
the momentary current. For normal circuits this means 
that the permissible duration of the maximum permissible 
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fault current is four seconds. No current rating is given 
for times longer than four seconds but less than continu- 
ous. 

No similar short-time rating is given for low-voltage 
breakers because such breakers are normally equipped with 
direct acting series overload trips. 

Rated Making Current—This rating is given to 
power operated power circuit breakers only. No provision 
is made for manual closing of oil-less breakers or for oil 
breakers above 250 mva. It is essentially a design require- 
ment to preclude welding of contacts or other undue dam- 
age when a breaker closes on a fault. It is required that 
the breaker “be immediately opened without purposely 
delayed action. n 

The values of momentary and making-current rating for 
present standard breakers have been so selected that these 
ratings will not normally limit application of the breakers 
when they are applied in accordance with the recom- 
mended “simplified procedure,” which will be described 
later in this chapter. An exception may occur where 
motors produce a large portion of the fault current. 
Breakers may also be applied on the basis of decrement 
curves or detailed calculations and, under unusual condi- 
tions or in existing installations, momentary current may 
be the limiting rating of the breaker. 

Rated Latching Current—This rating is distin- 
guished from rated making current in that the breaker must 
latch when it closes on a fault of the specified rms total 
current magnitude. Thus delayed tripping is permissible 
within this rating if the magnitude, duration, and opera- 
ting duty are within the short-time and interrupting rat- 
ings. For present standard power circuit breakers the 
latching current rating is numerically equal to both the 
four-second rating and the maximum interrupting current 
rating. However, the latching current is measured during 
the maximum cycle whereas the interrupting rating is 
measured at the time the contacts part and the four- 
second rating is measured at the end of one second. 

Reclosing Time—For outdoor reclosing oil-circuit 
breakers standard and fast reclosing times are shown in 
Table 7. These values apply only to breakers which have 
a continuous current rating of 1200 amperes or less when 
operated in conjunction with an automatic reclosing 
device. 

TABLE 7*—RECLOSING TIME FOR OUTDOOR RECLOSING 
OIL CIRCUIT BREAKERS (60-CYCLE BASIS) 

30. Selection of Circuit Breakers for Specific Sys- 
tem Conditions 

General—The great majority of circuit breakers are 
applied as three-pole, gang-operated breakers in three- 
phase power systems which are ungrounded or grounded at 
the neutrals of generators or transformers. Consequently 
the standard ratings of most circuit breakers are given 
on this basis. For such an application it is sufficient (in so 
far as rating is concerned) to select a breaker such that 
none of its standard ratings will be exceeded under any 
condition of system operation. 

For example, the voltage rating should include allow- 
ances, where applicable, for such factors as line voltage 
regulation, shunt or series capacitance, overexcited or 
overspeed operation of synchronous machines, line-drop- 
compensation of tap changers or feeder voltage regulators 
and the operation of transformers on tap positions other 
than the nominal values. Both voltage and continuous cur- 
rent ratings should take into account future load growth and 
the contingencies associated with circuit or apparatus 
outages. The various ratings associated with interruption 
of faults should include allowances for increase in genera- 
tion, addition of parallel circuits or transformers, and any 
other system changes which would increase interrupting 
duty. The calculation of fault currents and their inter- 
pretation in terms of interrupting ratings will be con- 
sidered separately in Sec. IV. 

System frequency will usually be substantially constant 
at GO-cycles. Operation at other frequencies or at varying 
frequency requires special consideration. 

The interrupting time of the circuit breakers themselves 
is subject to choice in few cases. Considerations of transi- 
ent stability may dictate one or another type of relaying 
system in order to obtain sufficiently fast clearing. How- 
ever, considerations of system operation and stability may 
or may not call for fast reclosing, and a choice should be 
indicated. 

Determination of Equivalent Three-Phase Volt- 
age and Interrupting Ratings—The standard rat- 
ings of most power circuit breakers are given in terms 
of three-pole breakers for three-phase systems. These volt- 
age ratings are based on the line-to-line voltage of the 
circuit, and the interrupting ratings are given in amperes 
and approximate three-phase kva. In order to select the 
proper l-, 2-, 3-, or 4-pole circuit breaker for special ser- 
vices on three-phase circuits, and for use on two-phase 
and single-phase circuits, the equivalent three-phase 
breaker rating can be determined from Tables 8, 9, and 
10. 

First, the three-phase voltage rating of the breaker type 
must be equal to or greater than the voltage determined 
from column 5 of the tables. 

Second, make a tentative breaker selection on the basis 
of equivalent three-phase kva in accordance with column 
6 of the tables. If the computed equivalent three-phase 
kva is more than 95 percent of the approximate kva rating 
of the breaker type a further check must be made. In such 
cases the product of rated voltage times rated interrupting 
current times 1.73 (standard three-phase ratings) must 
equal or exceed the equivalent three-phase kva calculated 
in column 6. 
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TABLE8—DETERMINATION OF EQUIVALENT THREE-PHASE VOLTAGE AND INTERRUPTING RATINGS FOR THREE-PHASE SYSTEMS 
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TABLE %-DETERMINATION OF EQUIVALENT THREE-PHASE VOLTAGE AND INTERIWP~~NG RATINGS FOR TWO-PHASE SYSTEMS 



Chapter 11 Relay and Circuit-Breaker Application 387 

TABLE 10 —DETERMINATION OF EQUIVALENT THREE-PHASE VOLTAGE AND INTERRUPTING RATINGS FOR SINGLE-PHASE SYSTEMS 

at this time to give specific limits for capacitive switching. 
As an approximate guide special consideration should be 
given when one desires to switch 69-kv cables which ex- 
ceed 9 miles in length or 115 and 138kv cables longer 
than 7 miles. 

Another problem to be considered is that a large mo- 
mentary current may flow when one capacitor bank is 
switched in parallel with another capacitor bank. This 
current is a function of the capacitance involved and the 
inductance of the leads connecting the two banks. This 
current may be calcu1ated102 and should not exceed the 
momentary rating of the circuit breaker. 

Conditions Affecting Construction or Protective 
Features—There are unusual conditions which, where 
they exist, should be given special consideration in the 
selection and design of the apparatus. Among such un- 
usual conditions are: 

(1) Exposure to damaging fumes or vapors, excessive or 
abrasive dust, explosive mixtures of dust or gases, steam, 
salt spray, excessive moisture, or dripping water, etc.; 

Third, the short-time current rating and the interrupting 
capacity current limitation must not be exceeded. 

The fault current may be calculated by one of the meth- 
ods described in the next section, and should be checked for 
all types of faults. 

Switching of Capacitive Current—When circuit 
breakers are used to switch the charging current of lines 
or cables or to switch capacitor banks, abnormally high 
voltages can be produced by restriking in the breaker. 
Experience 101 has indicated that transient voltages which 
result from such restriking will seldom exceed 2.5 times 
normal line-to-neutral crest voltage on circuits having 
effectively grounded neutrals. There is relatively little 
hazard to either the breakers or to other apparatus on such 
circuits. There are insufficient data on ungrounded or 
impedance-grounded systems to draw conclusions. 

Lightning arresters may be damaged if the voltages 
developed are sufficient to cause them to discharge and if, 
in addition, the line capacitance is large. Because of the 
random nature of the phenomena involved it is not possible 
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(2) Exposure to abnormal vibration, shocks or tilting; 
(3) Exposure to excessively high or low temperatures; 
(4) Exposure to unusual transportation or storage conditions; 
(5) Unusual space limitations; 
(6) Unusual operating duty, frequency of operation, difficulty 

of maintenance, etc. 

31. Requirements for Low-Voltage Air Circuit 
Breakers in Cascade Arrangement* 

“When a plurality of low voltage air circuit breakers are 
connected in series in a distribution system, and the 
breakers beyond those nearest to the source are applied 
in the following correlated manner, they are said to be in a 
cascade arrangement. 

“In this cascade arrangement, breakers toward the source 
are provided with instantaneous tripping for current values 
which may obtain for faults beyond other breakers nearer 
the load. Hence, breakers in the series, other than the 
breaker closest to a fault may trip and interrupt loads on 
other than the fault circuit. Such arrangements are used 
only where the consequent possible sacrifice in service con- 
tinuity is acceptable. Where continuity of service is 
desired, selective tripping arrangements of fully rated 
breakers are required. Where continuity of service is not 
important, properly selected breakers may be applied in 
cascade. 

“The following requirements shall be observed: 

(a) Cascading shall be limited to either two or three 
steps of interrupting rating. 

(1). The interrupting rating of the breaker or 
breakers nearest the source of power shall be equal 
to at least 100 percent of the short-circuit current 
as calculated in accordance with section 29. 
The breaker or breakers in this step shall be equip- 
ped with instantaneous features set to trip at a 
value of current that will give back-up protection 
whenever the breaker in the next lower step carries 
current greater than 80 percent of its interrupting 
rating. 
(2) The breaker or breakers in the second step 
shall be selected so that the calculated short circuit 
current through the first step plus motor contribu- 
tion in the second step, will not exceed 200 percent 
of their interrupting rating. The breaker or 
breakers shall be equipped with instantaneous trip 
set at a value of current that will give back-up pro- 
tection whenever the breaker in the next lower step 
carries current greater than 80 percent of its inter- 
rupting rating. For the second step of a two step 
cascade the breaker or breakers shall have an in- 
stantaneous trip setting above the starting inrush 
current of the load. 
(3) The breaker or breakers in the third step shall 
be selected so that the calculated short circuit cur- 
rent through the first step, plus motor contribution 
of the second and third steps, will not exceed 300 
percent of their interrupting rating. The breaker 
or breakers shall have instantaneous trips set above 
the starting inrush current of the load. 

*Taken in pa rt from the current proposed revision of NEMA 
Standards 46-109—not applicable to molded-case breakers 

(b). All circuit breakers subjected to fault currents 
in excess of their interrupting rating shall be elec- 
trically operated. 
(c) . Where cascading is proposed, recommendations 
shall be obtained from the manufacturer in order to 
insure proper coordination between circuit breakers. 
(d). The operation of breakers in excess of their in- 
terrupting rating is limited to one operation, after 
which inspection, replacement, or maintenance may be 
required.” 

In calculating the short circuit current through each 
step in (al), (a2), and (a3) above it is permissible to include 
the impedance of all circuit elements (including breaker 
trip coils) between the line terminals of the breaker in 
question and the source, but not the impedance of the 
breaker for which the interrupting current rating is being 
determined. For example, the impedance of breakers in 
the first two steps may be included in the calculation to 
determine the fault current to which the breakers in the 
third step will be exposed. However, the impedance of the 
third-step breakers should not be included. 

32. Selective Tripping of Low Voltage Air Circuit 
Breakers* 

“Properly selected air circuit breakers may be applied to 
low voltage circuits to obtain selective tripping. The fol- 
lowing requirements shall be observed: 

(a) Each air circuit breaker must have an interrupt- 
ing rating equal to or greater than the available short 
circuit current at the point of application. 
(b) Each air circuit breaker, except those having in- 
stantaneous trips (such as the one farthest removed 
from the source of power), must have a short-time 
rating equal to or greater than the available current 
at the point of application. 
(c) The time-current characteristics of each air cir- 
cuit breaker at all values of available overcurrent 
shall be such as to insure that the circuit breaker 
nearest the fault shall function to remove the over- 
current conditions, and breakers nearer the source 
shall remain closed and continue to carry the remain- 
ing load current. 
(d) To insure that each breaker shall function to 
meet the requirements of paragraph (c) above, the 
time current characteristics of adjacent breakers must 
not overlap. The pickup settings and time delay 
bands of both the long-time and short-time delay ele- 
ments must be properly selected. 
(e) Manually operated circuit breakers shall be 
limited to applications in which delayed tripping re- 
quirements do not exceed 15 000 amperes or 15 times 
the coil rating, whichever is greater. 
(f) The time-current characteristics of a breaker in 
a selective system shall be such that up to four 
breakers may be operated selectively in series, when 
required. One of these breakers shall be a load 
breaker equipped with an instantaneous trip element. 

NOTE: Attention is directed to the fact that operation of 
selective tripping requires coordination with the rest of the 
system; as for instance, the low voltage side of a trans- 
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Fig. 48—Typical fault on a three-phase a-c system. 

former bank requires that in the application of relays or 
fuses on the high side, proper coordinating steps should be 
taken.” 

V. FAULT CALCULATIONS 

In order to determine the momentary and interrupting 
duty on circuit breakers and to make preliminary relay 
settings it is necessary to predict the fault currents that 
may occur at each circuit breaker location. This infor- 
mation is sometimes available from tests or from previous 
calculations on adjacent circuits, but must frequently be 
calculated for a new system or extension. The rigorous 
determination of short-circuit currents as a function of 
time involves too laborious a calculation to be practical. 
Thus, some approximation is required, and a degree of 
judgment must be used in the application of any method 
proposed. In the following paragraphs several such meth- 
ods will be discussed, including the simplified procedure 
suggested by the AIEE Protective Devices Committee. 

In using any of these calculating procedures it is neces- 
sary to determine the system impedance as viewed from 
the point of fault, and the current distribution for differ- 
ent kinds of faults. Such calculations for relatively simple 
systems or parts of systems can be made directly. The 
network solutions described in Chap. 10 and the method 
of symmetrical components given in Chap. 2 are helpful 
in such calculations. The calculation of faults by these 
methods on many modern interconnected systems may 
become entirely too involved. Such systems can be rep- 
resented in miniature on an a-c or d-c network calculator. 
Fault currents can be determined from calculator readings 
in a relatively short time. A description of an a-c network 
calculator is given in Sec. 35 of Chap. 13. A d-c network 
calculator can be used for studies where either resistance 
or reactance alone is sufficient to represent the system. 
Network calculators are also used in studies of load-cur- 
rent distribution, voltage regulation, transient overvol- 
tage, and transient and steady-state stability. 

33. Components of Fault Current 
Before discussing specific methods of fault calculation 

for circuit-breaker and relay application the current com- 

ponents of a typical fault on an a-c system will be reviewed 
briefly. A more complete analysis is given in Chap. 6. 

The current in one phase for a three-phase fault on an 
a-c system is shown as a function of time by the curve 

EX of Fig. 48. In this diagram OX is the line of zero cur- 
rent and 0 represents the time at which the fault has oc- 
curred. The current to the left of OY is the load current 
prior to the fault. The short-circuit current wave is un- 
symmetrical with respect to the OX axis immediately after 
the short circuit, but during increasing increments of time 
it approaches a position of symmetry. This asymmetry 
is dependent upon the point of the voltage wave at which 
the short circuit occurs. It is possible, by short circuiting 
at different points on the normal voltage wave, to secure 
short-circuit current waves ranging anywhere from those 
symmetrical about the OX axis to those totally asymmet- 
rical. CD is a curve passing through the maxima of the 
wave of the total current, and EF is a curve passing 
through the minima. AB is a curve cutting the vertical 
everywhere midway between CD and EF. 

The wave of fotaZ current with crests along curves CD 
and EF and with ordinates measured from the axis OX 
can be resolved into two components, namely: 

1. A direct-current component. 
2. An alternating-current component. 
The direct-current component is determined at any in- 

stant by the ordinate GH of the curve Al?, at the time X. 
The alternating-current component is a wave with a crest 

value at any time equal to the difference between the or- 
dinates of the curves CD and AB. This difference at the 
time X has the value HJ. The rms values of this alter- 
nating-current component are shown on curve ST. At any 
instant, this component is considered to have the same 
rms value as an alternating wave of constant amplitude 
with crest value one-half the distance between curves CD 
and EF at that instant. 

The rms value of the total current wave under short circuit 
at any instant is the square root of the sum of the squares 
of the direct-current component and the rms value of the 
alternating-current component at that instant. The rms 
values of this total current are shown on the curve RT. 
The rms value of the total current at the time of parting 
of the circuit-breaker contacts determines the interrupting 
rating of a power circuit breaker. 

34. Simplified Procedure for Calculating Short- 
Circuit Currents for the Application of Circuit 
Breakers and Relays 

A simplified procedure for the calculation of short-cir- 
cuit currents has been presented in reports 11~116 sponsored 
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TABLE ll—REACTANCE QUANTITIES AND MULTIPLYING FACTORS FOR APPLICATION OF CIRCUIT BREAKERS 

by the Protective Devices Committee of the AIEE. This 
method has been found satisfactory and is intended for 
general use by the industry as a simplified method of ap- 
proximating the magnitude of fault currents. However, 
other more rigorous methods should be used when re- 
quired. 

The new method is based upon the determination of an 
initial value of rms symmetrical current (a-c component) 
to which multiplying factors are applied for application 
purposes. In the determination of this current, the follow- 
ing symbols are used : 

E = line-to-neutral voltage. 
X1=positive sequence reactance viewed from the point 

of fault, including transient or subtransient direct- 
axis rated voltage reactance of machines as speci- 
fied in Tables 11 and 12 in ohms per phase. 

X0 = zero-sequence reactance. 
Z&I = zero-sequence resistance. 

(a) Circuit Breaker Application—(1) Determine 
the “highest value of rms symmetrical current for any type 
of fault” equal to E/Xl or 3E/(2X1+X,J, whichever is 
greater, except that when Ro is greater than 2.23X1 no 
consideration need be given to the latter expression. This 
value should be taken for the maximum connected syn- 
chronous capacity. (2) Multiply this current by the 
proper factors from Table 11. (3) The resulting interrupt- 

ing and momentary currents should be used to select the 
circuit breaker. 

The factors given in Table 11 represent the ratio be- 
tween the rms total current at the instant of contact part- 
ing and the initial value of rms symmetrical current. In 
determining these factors it was assumed that circuit 
breakers should be installed which would permit the use 
of high-speed relays at some later date, and the time of 
contact parting was selected on this basis. Contact parting 
times of 4,3,2, and 1 cycles were assumed for 8-, 5-, 3-, and 
2-cycle breakers. 

Note that the total fault current calculated above may 
in some cases divide between two or more circuits. It is 
necessary to determine the maximum fault current that 
must be interrupted by each breaker under any circuit 
condition (see example). 

For most apparatus and circuits the resistance may be 
neglected as a justifiable approximation. For underground 
cables and very light aerial lines the resistance may be as 
great as the reactance. For these elements the impedance 
should be used instead of the reactance. Unless it consti- 
tutes a major part of the total circuit impedance this im- 
pedance may be added arithmetically to the reactance of 
the rest of the circuit without appreciable error. 

(b) Overcurrent Protective Relays—In approximat- 
ing the settings of overcurrent relays, the fault currents for 
two conditions should be determined: 
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1. The maximum initial symmetrical current for maxi- 
mum connected synchronous capacity as determined by 
E/X1 or 3E/(2X1+Xo), whichever is greater, except that, 
when & is greater than 2.23X1, no consideration need be 
given to the expression 3E/(2X1 +X0). 

2. The minimum symmetrical current for minimum con- 
nected synchronous capacity as determined by 0.866E/X1, 
or 3E/(2X1+X0) for reactance grounded systems. In par- 
ticular situations, allowance should be made for remote 
fault locations and fault resistance. 

Ground, distance, balanced, and other types of relays 
require special consideration. 

For each of these conditions use machine impedances 
and multiplying factors in accordance with Table 12. 

(c) Example—In order to illustrate the use of the above 
method of calculation, circuit breaker ratings for several 
locations in the system shown in Fig. 49 will be determined. 
The approximate impedance data references in Sec. 37 will 
be used. 

From Table 4 of Chap. 6, Part XIII, the waterwheel gen- 

Fig. 49—Hypothetical system for example. 

TABLE 12 

erators would have a subtransient reactance of 24 percent 
on their own base. The 138-kv transformers would have 
an impedance of about 11 percent according to Table 1 of 
Chap. 5. The combined positive-sequence impedance of 
all four generators and transformers, viewed from the 138- 
kv bus is thus 35 percent on 200 mva or 17.5 percent on 100 
mva. The zero-sequence impedance would be that of the 
transformers alone or 5.5 percent on 100 mva. 

From Tables 2 and 6 of Chap. 3 each transmission cir- 
cuit has a positive-sequence reactance of 0.77 ohms per 
mile. For the two 40 mile circuits in parallel the reactance 
is 8.1 percent on 100 mva. From Table 14 of this chapter 
the zero-sequence reactance may be estimated at 24.3 per- 
cent on 100 mva. 

The 100-mva step-down transformers will also have an 
impedance of 11 percent on their kva rating or a net for the 
two of 5.5 percent on 100 mva. 

The turbine-generators (see Table 4 of Chap. 6) will be 
taken as 9 percent each on 50 mva or a total of 4.5 percent 
on 100 mva for the four units. 

The above impedances may be combined into the equiv- 
alent circuit shown in Fig. 50. 

For a fault at A in Fig. 49 the 3-phase fault will govern 
breaker interrupting duty because of the limiting effect of 

Fig.50—Equivalent circuit for system of Fig. 49. Impedances 
in percent on 100 mva. 
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the generator grounding resistor and the delta-connected 

transformers. This fault is 
1.0 

-=4.2 per unit =420 mva. 
0.239 

Since this is iess than 500 mva the general case of Table 11 
applies and an &cycle breaker of 420 mva interrupting rat- 
ing would be adequate. For normal interrupting duty 
(CO + 15 seconds + CO) a standard 500-mva breaker could 
be chosen without further analysis since the calculated in- 
terrupting mva does not exceed 95 percent of the breaker 
rating. 

If we desire to provide instantaneous single-shot reclos- 
ing on this feeder-breaker the interrupting current rating 
must be calculated. The interrupting rating of a 500-mva 
breaker at 13.8 kv is 21 000 amperes. According to Fig. 47 
reclosing duty cycle II requires reduction of this rating to 
21 000X0.94 = 19 700 amperes. The calculated fault level 
of 420 mva is equal to 17 600 amperes, so a standard 500- 
mva breaker would still be adequate. Regardless of the 
interrupting duty the momentary rating required would be 
1.6 X 17 600 = 28 200 amperes. 

For a fault at B, E/X1 =&$ = 25.5 per unit or 2550 

mva. However, the portion ‘of the fault contributed by 
generator B does not go through breaker B. This is 

& = 5.5 per unit or 550 mva. Thus E/Xl for breaker B is 
. 

2000 mva. Since this value is greater than 500 mva and 
all standard 13.8-kv breakers have 8 cycle interrupting 
time, breaker B should have an interrupting rating of 
1.1 X 2000 = 2200 mva. This is less than 95 percent of 2500 
mva and a standard 2500-mva breaker may be chosen 
without further study. 

A fault at C will give the highest fault current on any of 
the main 13.8-kv breakers. The three-phase fault will gov- 
ern as before. Although it is an abnormal condition, the 
greatest fault current will flow when breaker D is open. 
For this condition X1 is 4.0 percent and E/X1=25.0 per 
unit or 2500 mva. Since this fault is produced predom- 
inantly by the 13.8-kv turbine-generators the 1.1 multi- 
plier is required for 8-cycle breakers and the duty exceeds 
that of the largest standard 13.8-kv breaker. In view of 
the close margin between the breaker rating and the cal- 
culated duty a more accurate check would be in order as 
suggested in Sec. 30. If such a check still indicated duty in 
excess of 2500 mva it would be necessary to increase the X1 
by modification of generator design or the addition of cur- 
rent-limiting reactors. 

In order to determine the interrupting duty on the 138 
kv breakers at the steam station it is necessary to consider 
both three-phase and single-line-to ground faults as well as 
several fault locations and switching conditions. With all 

breakers closed E/X1 = && = 13.9 per unit or 1390 mva 
. 

for a three-phase fault and 
3E 3.0 

2X1+Xo=2(0.0719)+0.0465 
= 15.7 per unit or 1570 mva for a line-to-ground fault. The 
current distribution for such a fault is shown in Fig. 51. 
The transformer and line circuits have been shown sepa- 
rately in order to study different fault locations. The 
smallest 138-kv breaker is rated 1500 mva and 5 cycles. 

Fig. 51—Current distribution for a fault on 138-kv bus at 
steam station—currents in per unit on 100-mva base. 

It is apparent that ground faults will govern interrupting 
duty. 

A fault at D will produce the same fault currents but 
breaker D will carry I1 = I2 = 3.36 and IO = 3.04. IA = 9.76 
per unit. For such a fault the required interrupting duty 
for a 5 cycle breaker is 9.76X 1.1 = 10.7 per unit or 1070 
mva. 

In order to be safe it is also necessary to consider a fault 
at D with breaker C open. See Fig. 52. The total fault 

now becomes 
3.0 

0.0965+0.0965+0.0465 
= 12.5 per unit or 

1250 mva but part of lo does not pass through breaker D. 
In the breaker Ia= 4.16+4.16+2.40 = 10.72. The re- 

Fig. 52—Current distribution for single-line-to-ground fault 
at 138-kv terminals of transformer with 13.8-kv breaker open. 
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quire Id interrupting rating for this condition would be 
1.1X 
than 

10.72 = 11.80 per unit or 1180 mva which is greater 

1500. 
the value calculated in the previous study. Thus a 
-mva breaker would be adequate for breaker D on the 

Fig. 53—Short-circuit decrement cu rves for similar parallel machines. 

basis of the system as shown. If additional generation or 
lines were contemplated the 1500 mva rating might be ex- 
ceeded and such changes would have to be considered 
Reclosing would not normally be used on these breakers 
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For breaker E a fault at E with all breakers closed 
required an interrupting rating of 1.1 (4.52+4.52+4.84) 
= 15.2 or 1520 mva. If breaker F were open such 
a fault would require an interrupting rating of 

1.1 
3.0 

0.077+0.077+0.05 
= 16.1 per unit or 1610 mva. 

Breaker E would probably have instantaneous single shot 
reclosing. A standard 1500-mva breaker would be good 
for only 1425 mva for such reclosing duty (see Fig. 47). 
Although it might be possible to reduce the interrupting 
duty of the system to 1425 mva by increasing the trans- 
former impedance, a reasonable amount, some allowance 
should be made for future addition of generators or trans- 
mission lines. Thus a 3500-mva breaker would probably 
be chosen for the assumed system. 

35. Short-Circuit Calculations for Similar Parallel 
Machines 

It is intended that the simplified procedure given in Sec. 
34 be used for normal circuit-breaker applications and for 
preliminary relay settings. In some special cases it may be 
desired to make a more accurate analysis of current decre- 
ment such as to take into account abnormal machine time 
constants or to obtain relay currents a relatively long time 
after the fault has occurred. 

When all of the machines which contribute to a fault 
have similar reactances and time constants, are equally 
loaded, and are symmetrically located with respect to the 
fault the group of machines can be represented as a single 
equivalent generator. The fault current can then be calcu- 
lated with relative accuracy by the methods described in 
Parts II, III and VI of Chap. 6 in which the effects of in- 
dividual machine characteristics, loads, external impedance 
and change of excitation can be included. 

A somewhat easier analysis may be made by the use of 

(k) All generators are assumed to have an open-circuit tran- 
sient time constant (T’d) of 5 seconds and an armature 
short-circuit time constant of 0.15 second. 

(l) A subtransient time constant of 0.05 second was used for 
all curves. 

These curves are intended primarily for turbine-gener- 
ator systems as indicated by assumption (g). The assumed 
relation between transient and subtransient reactance is 
Xd’ = (1.4Xd”+ .02) per unit. The curves may be used 
with fair accuracy for salient pole generators with dampers. 
For salient pole machines without dampers the curves may 
be used with the following adjustments: 

(a) 

short-circuit decrement curves which have been pub- 
lished,117*118 and are reproduced in Fig. 53, if the assump- 
tions on which they are based hold for the system under 
consideration. These are: 

(b) 

(c) 

Calculate the total system reactance to the point of fault 
using the subtransient reactance of the machines, and then 
subtract 5 percent. 
Enter the curves with the above modified value of react- 
ance. (For example if the system reactance is 25 percent 
use the curve marked 20.) 
The proper a-c component of current will be approximately 
midway between the dotted and solid portions of the 
curves of 53(a) in the short time periods where a distinc- 
tion is made. 
The proper d-c component of current is given by the 
dotted curves of 53(b). 

The short-circuit current from a synchronous machine 
consists of an a-c and a d-c component. The a-c compo- 
nent in general can be resolved into a transient component 
having a relatively large time constant and a subtransient 
component having a relatively small time constant. The 
values of these constants are such that during the first 
one-tenth second the transient component changes very 
little, but the subtransient component disappears almost 
entirely. Because of this relation it is possible to plot the 
two a-c components on one set of curves as shown by the 
"a" curves of Fig. 53. The numbers of these curves refer 
to the combined external reactance (exclusive of loads) and 
machine subtransient reactance. A subtransient time con- 
stant of 0.05 and a transient open circuit time constant of 
5.0 were used in the preparation of these curves, but the 
effect of other time constants can be included by reading 
vertically from the intersection of the horizontal line cor- 
responding to the particular time constant and the inclined 
line corresponding to the particular time. The dotted lines 
show the transient component only of a-c current. 

(a) 

(b) 

(c) 
(d) 

(e) 

(f) 

(g) 

(h) 
(i) 

Transient characteristics of alternating-current generators 
of normal design determined from oscillograph tests. 
That the effect of capacitance and resistance is neglected, 
except in so far as decrements are concerned, which effects (d) 

are included by average decrement factors. 
That the contact resistance at short circuit is zero. 
That the alternating-current generators are carrying full 
load at 80 percent power factor previous to short circuit. 
That the short circuit is established at the point of voltage 
wave corresponding to the maximum possible instantane- 
ous current. 

With the above general qualifications the curves may be 
used to calculate three-phase, line-to-line or single-line-to- 
ground faults. The following symbols are used: 

Xr = percent positive-sequence impedance viewed from the 
point of fault, based on the total synchronous kva. 

X2= negative-sequence impedance viewed from the point of 
fault. That the effect of automatic generator voltage regulators 

is neglected. 
All reactance up to and including 15 percent is considered 
within the generator. For values of reactance greater than 
that the difference is considered external. 
All machine emfs are assumed to be and remain in phase. 
The load is assumed to be located at the machine terminals 
and the fault to occur on an unloaded feeder. 
The actual system subjected to fault may be represented 
by a single equivalent generator of the same total rating as 
the synchronous apparatus of the system and an equiv- 
alent external reactance. 

XO = zero-sequence impedance viewed from the point of fault. 
T, = time constant of direct-current component. 

Td” = short-circuit subtransient time constant. 
Th, = open-circuit transient time constant. 

For a three-phase fault use the curves of Fig. 53 (a) and 
(b) for which X=X1 and read the components of current 
on the ordinate scales designated 3-phase. The a-c and d-c 
components may be combined into the rms total current 
for maximum asymmetry by the formula, 

ha total =A&qj. 
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Fig. 53(c) may be used to perform this calculation by lay- 
ing off the components along the two axes and reading the 
rms total current on the circular scales. 

A line-to-line fault is read in a similar manner except 
the curves are used for which X =X1+X2 and the magni- 
tude of current is read on the ordinate scale headed L-L. 

For single-line-to-ground faults enter the curves with 
X=X1+Xz+XO and use the ordinate scale headed L-G. 

The curves of Fig. 53(b) are plotted against a basic time 
scale corresponding to T,=0.15 sec. If the d-c time con- 
stant is known to be different, read vertically from the 
intersection of the horizontal line corresponding to the 
desired time and the inclined line corresponding to the 
desired time constant. 

36. The Internal Voltage Method 
For critical relay and circuit-breaker applications where 

synchronous machines are dissimilar and unsymmetrically 
located with respect to the fault, a more accurate short- 
circuit analysis can be made by means of the Internal Volt- 
age Method. This method lends itself to the use of a net- 
work calculator and can be used to include the effect of a 
change in the excitation of the machines. Because of the 
limited application of this method of calculation the reader 
is referred to a series of articles by C. F. Wagner, entitled 
“Decrement of Short-Circuit Currents,” which appeared 
in the March, April, and May 1933, issues of the Electric 
Journal. 

37. Approximate Impedance Data for Fault Calcu- 
lations 

In fault calculations, impedance data applicable spe- 
cifically to the apparatus and circuits under consideration 
should be used whenever possible. Such data can usu- 
ally be obtained from the manufacturers for existing ap- 
paratus and can be calculated with the aid of tables referred 
to below for overhead lines and cables. The necessity for 
accurate data is particularly important for circuit elements 
which have a major influence on the fault magnitude. 

For estimating fault currents on proposed new circuits, 
and for approximate data on the less important elements 
of existing circuits, the following references and tables are 
offered as typical of present-day practice. 

Synchronous Generators, Motors, and Con- 
densers—Table 4 in Chap. 6 lists both average values and 
the probable range of the several impedances and time con- 
stants of 60-cycle three-phase synchronous machines. In 
most simplified fault calculations subtransient reactance is 
used to represent the positive-sequence impedance of syn- 
chronous machines, and its relation to the other imped- 
ances is assumed on the basis of typical designs, Exceptions 
to this assumption are noted in Sec. 34. The effect of ex- 
ternal impedance on the time constants is discussed in Sec. 
10 of Chap. 6. 

Induction Motors—The effect of induction motors on 
the short-circuit current is discussed in Chap. 6. 

Power and Distribution Transformers—Typical 
impedance values for distribution and power transformers 
are given in Table 1 of Chap. 5. The relation between the 
positive- and zero-sequence impedances for each of the 
principal types of transformers is also discussed in this 

chapter and a table of equivalent circuits is given in the 
appendix. 

Feeder Voltage Regulators—The impedance of sin- 
gle-phase induction regulators referred to the through kva 
of the circuit varies with regulator position from approxi- 
mately 0.7 percent at maximum buck or boost position to 
approximately 2.5 percent at points midway between the 
neutral and maximum positions. At the neutral position 
the impedance is approximately 1.5 percent. 

The impedance of polyphase induction regulators does 
not vary greatly with regulator position and lies between 
1.0 percent and 1.5 percent on the circuit kva base. 

For line voltages not exceeding the 15 kv insulation class 
level, single-core step regulators are used when the line 
current does not exceed 400 amperes. Two-core step regu- 
lators are used for higher current circuits to reduce the 
current handled by the tap changer to 400 amperes. 

Two-core four-winding construction is used where the 
line voltage exceeds the normal 15 kv insulation class level. 

The impedance of plus or minus 10 percent regulators in 
single-phase and balanced three-phase circuits is given in 
Table 13. 

TABLE 13 -IMPEDANCE OF feeder REGULATORS- PERCENT ON 
CIRCUIT KVA BASE-PLUS OR minus 10 PERCENT REGULATION 

Aerial Lines—The characteristics of aerial lines are 
given in Chap. 3. 

When the conductor size and spacing of an aerial line 
cannot be determined and a rough value of impedance is 
known to be satisfactory, the reactance of lines above 15 kv 
class can be taken as 0.8 ohms per mile without serious 
error. The resistance of such lines will usually be negligible 
from the standpoint of circuit breaker and relay applica- 
tion. For lines rated 15 kv and below conductor size and 
spacing vary greatly and typical figures should not be used. 
If the actual line data cannot be obtained (and an approxi- 
mate figure is known to be satisfactory) the conductor size 
and spacing may sometimes be estimated on the basis of 
thermal and regulation limits of the circuit. 

The zero-sequence reactance of aerial lines can be esti- 
mated from the positive-sequence reactance by the use of 
Table 14. This approximation is sufficiently accurate for 
most circuit breaker applications, but when greater ac- 
curacy is required refer to Chap. 3 and other references 
given in that chapter. 

Cables—The impedance of single- and three-conductor 
cables is given in Chap. 4. 

The effect of iron conduit in increasing the reactance and 
resistance of cables has been investigated by L. Breiger of 
the Consolidated Edison Co. with both laboratory and 
field tests.124 These tests show that if the cables are held 
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TABLE 14—APPROXIMATE RATIO OF X0 TO X1 FOR Transmission 
LINES AND CABLES 

in close triangular arrangement, the reactance is increased 
by only about 10 percent because of the iron conduit. In 
many cases, however, cables lie at random in the conduit 
and the reactance may be increased by as much as 50 per- 
cent. 

For circuit breaker applications, in the absence of spe- 
cific information, the reactance of iron conduit circuits 
may be taken at from 40 to 45 microhms per foot for one 
conductor per phase and 20 to 25 microhms per foot for 
two conductors per phase. For non-magnetic duct cor- 
responding figures are 35 to 40 microhms per foot for one 
conductor per phase and 18 to 22 microhms per foot for 
two conductors per phase. The increase in resistance 
caused by the iron conduit is not sufficient to justify con- 
sideration in circuit breaker applications. 

Fig. 54—Reactance of rectangular bar conductors. 

Bus Conductors—The reactance of most busbar ar- 
rangements for low or medium voltage circuits is of the 
order of 50 microhms per foot. Values for practical cir- 
cuits range from 30 to about 70 or 80 microhms. In low- 
voltage circuits bus reactance may be an appreciable part 
of the circuit impedance. For example 50 feet of bus at 50 
microhms per foot will cause a drop of 50 volts at 20 000 
amperes. 

Fig. 54126 gives the 60-cycle reactance per conductor per 
foot of two rectangular bars in a single phase circuit. 

The reactance per phase of a transposed three-phase 
bus may also be obtained from Fig. 54 by replacing s 
by an equivalent spacing equal to the cube root of the 
product of the three distances between phase conductors. 

S equlv. = iYSlS2S3. If the bus is not transposed, the reactance 

corresponding to the minimum spacing should be used 
for circuit breaker applications in order to obtain the 
maximum current in any pole. For other applications it 
may be desirable to use the equivalent spacing in order 
to determine the average reactance per phase. 

The reactance of bus runs composed of several closely 
spaced bars per phase may be determined approximately 
by considering each phase group as a solid conductor hav- 
ing the same overall dimensions. This approximation will 
give values of reactance accurate within about 5 percent if 
the distance s is more than twice the equivalent a. For the 
arrangement in Fig. 55 the error is 15 percent for s = 8 inch- 

Fig. 55—Reactance voltage drop in each three-phase bus caused 
by one ampere of balanced three-phase current. 

es and 6 percent for 30 inches. A more accurate method of 
calculation is given in Reference 126. 

The reactance of irregularly shaped conductors can be 
determined from Figs. 56 and 57 and similar data published 
by bus bar manufacturers, such as References 131 to 133. 
A rough approximation may be obtained by the method 
described in the preceding paragraph. 

Low-Voltage Air Circuit Breakers (600 Volts and 
Below)—The reactance of low-voltage air circuit breakers 
with series trip coils may be an appreciable part of the total 
circuit impedance when the full-load rating of the breaker 
is small compared with the remainder of the system. Care 
should be taken to make sure that trip coils are included on 
all three poles of a breaker before using the values in the 
accompanying table. If only two coils are used, one-third 
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Fig. 56—Reactance of square tubular hue bars. 

(a) Reactance of thin square tubes. 
(b) Increase caused by round corners. 
(c) Increase caused by thickness of tubes. 

of the single-coil impedance should be used in calculating 
the maximum pole current in a three-phase fault, and the 
impedance should be omitted entirely in calculating a sin- 
gle line-to-ground fault. 

Values of series trip coil impedances are given in Table 
15 for Westinghouse DA 50, DB 25, and DB 15 air circuit 

Fig. 57—Reactance of channel bus. 

breakers, which have interrupting ratings of 50 000, 
25 000, and 15 000 amperes respectively at 600 volts or 
below. 

The resistance per pole of AB-10 thermal breakers is 
given in Table 16. 

The reactance of the main current-carrying loop of an 
air circuit breaker can not readily be separated from the 
influence of the bus or cable to which it is connected. It 
may be calculated along with the bus or neglected. 

Current Transformers-The reactance of the smaller 
wound current transformers in a low-voltage circuit may 
be appreciable when fed from a relatively heavy supply 

TABLE 15—D-C RESISTANCE AND 60-CYCLE REACTANCE OF 
600 VOLT AIR CIRCUIT BREAKER SERIES TRIP COILS* 
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TABLE 16—RESISTANCE PER POLE OF AB-10 600-VOLT THERMAL 
CIRCUIT BREAKERS 

TABLE 17—Impedance of CURRENT TRANSFORMERS 

circuit. Approximate values for specific Westinghouse cur- 
rent transformers are given in Table 17. The limiting ef- 
fect of secondary burden has been neglected for the sake of 
simplicity. 
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CHAPTER 12 

POWER-LINE CARRIER APPLICATION 

Author: 
R. C. Cheek 

I. INTRODUCTION 

ARRIER 

C equipment has been used on the power 
systems of this country since the early 1920s. At 
first, carrier was used for voice communication only, 

but its applications subsequently expanded to include a 
wide variety of functions such as protective relaying, tele- 
metering, supervisory control, and others. Today, carrier 
is indispensable to the operation of most power systems. 
Power-line carrier offers rapid and dependable communica- 
tion for interoffice business and for load dispatching. Car- 
rier relaying permits high-speed clearing of all types of 
faults, with an attendant increase in stability limits and 
permissible line loading. Carrier provides economical 
channels for the telemetering of continuous load informa- 
tion to dispatchers for efficient system operation. Carrier 
channels are used for the remote supervision and control of 
many important substations and for automatic load con- 
trol of numerous large generating units. 

The application of carrier equipment for the transmis- 
sion of high-frequency signals over a 60-cycle power trans- 
mission system involves many problems that most com- 
munication engineers do not have to face. The configura- 
tion and layout of these systems is invariably dictated by 
60-cycle considerations, and short taps and spur lines that 
can play havoc with carrier-frequency transmission are 
included without regard to their effect upon such high fre- 
quencies. The power system communications engineer 
must nevertheless take the 60-cycle system as it exists and 
make the carrier equipment operate satisfactorily between 
the required points, drawing heavily upon his experience 
and ingenuity to stay within his usually limited budget. 

The process of applying carrier to power lines is still 
largely empirical, because the complexity of the usual 
power system makes the exact calculation of all the effects 
practically impossible. However, an appreciation of the 
fundamental principles involved and the use of the prac- 
tical data that have been gathered through the years 
usually permit the characteristics of a proposed carrier 
channel to be predicted with adequate accuracy. 

In this chapter, a review of the major applications of 
power-line carrier is followed by discussion of some of the 
fundamental considerations in the transmission of high- 
frequency energy over power systems. The remainder of 
the chapter provides data on the practical application of 
power-line carrier channels. 

1. Carrier Frequencies 

For many years the band of frequencies from 50 to 150 
kilocycles was considered the normal carrier band. How- 

ever, the greatly increased application of carrier equipment 
of the past decade has resulted in virtual saturation of this 
band on most interconnected power systems, and many 
new channels have been established at frequencies as high 
as 200 kc and as low as 30 kc. The practical limits to ex- 
tension of the frequency band will probably be established 
by excessive losses at the high-frequency end of the 
spectrum, and by the bulkiness and complexity of coupling 
and tuning equipment and the difficulty of obtaining suf- 
ficiently broad tuned circuits at the lower-frequency end. 

II. CARRIER APPLICATIONS 

2. Carrier Communication1J~3~8 

Power-line carrier communication systems differ in the 
method of calling, the power supply, or in the modulation 
system, but any given assembly can be classified as simplex 
or duplex, depending upon its operation. 

A simplex system is one in which transmission can pro- 
ceed from one station only at any given instant. In sim- 
plex communication all stations on a channel operate on a 
single frequency. Transmission and reception cannot take 
place simultaneously on the same frequency at one station, 
because the transmitter blocks the local receiver and may 
even damage it permanently unless the receiver is de-ener- 
gized during transmission periods. The simplex system 
therefore requires means for turning off the receiver and 
energizing the transmitter during transmission. 

Requiring only a single carrier frequency, simplex equip- 
ment lends itself readily to applications in extensive car- 
rier-communication systems involving more than two 
terminals. It is economical of space in the carrier-fre- 
quency spectrum because the same frequency is used at all 
transmitting points. Crowding of the spectrum is a serious 
problem on many power systems today, and this factor 
alone is often sufficient to justify its application. 

A duplex system is one in which transmission can take 
place simultaneously from both stations, as in ordinary 
telephone service. In the duplex system, the first of two 
frequencies is used for transmission at one station, 
the second for reception. At the other station, the first 
frequency is used for reception, the second for transmis- 
sion. 

Duplex operation normally is limited to two terminals 
per channel, unless communication is desired between a 
central office and several other stations not requiring 
intercommunication. Its major advantage, one that in the 
minds of some users outweighs any disadvantages, is its 
ability to provide two-way conversation without the 
switching operations required by the simplex system. 

401 
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3. The Single-Frequency Manual-Simplex System 
In the single-frequency manual-simplex system, shown 

diagrammatically in Fig. 1, “send-receive” switching oper- 
ations are performed by the speaker with a pushbutton on 
the telephone handset. Although provision can be made 
for complete operation over a two-wire extension, a control 
circuit separate from the speech circuits generally is re- 

unication assem- Fig. 1—Basic units of manual simplex comm 
bly with code-bell calling. 

quired. The need for d-c control circuits and the fact that 
a special telephone instrument with a “push-to-talk” but- 
ton is necessary preclude any simple method of extending a 
manual-simplex telephone channel through a conventional 
private-branch-exchange board. 

This system is the simplest of the carrier-communication 
systems in terms of the amount of equipment required and 
in ease of adjustment after installation. For dispatching 
and other applications where users are accustomed to 
handling push-to-talk handsets, it is an entirely adequate 
system. 

4. The Two-Frequency Duplex System 

The basic units of a two-frequency duplex assembly are 
shown in Fig. 2. A photograph of a typical complete 

Fig. 2—Basic units of two-frequency duplex communication 
assembly with code-bell calling. 

assembly is given in Fig. 3. Aside from the fact that the 
transmitter and receiver operate on different frequencies, 
the most important difference between this system and the 
manual simplex system is the addition of the audio hybrid 

Fig. 3—Typical two-frequency duplex assembly. Panel units, 
top to bottom, are transmitter, audio amplifier, blank test- 
meter unit, superheterodyne receiver, audio hybrid and 
signalling units, switch and fuse unit, high-voltage power 
supply, low-voltage power supply, and voltage-adjusting 

autotransformer unit. 

unit. It is this unit that makes it possible for the trans- 
mitter and the receiver to operate continuously during the 
conversation, without switching operations, with a con- 
ventional two-wire telephone extension. 

The purpose of the hybrid unit can best be understood 
by considering what would happen to a two-frequency 
duplex channel if an attempt were made to operate into 
two-wire telephone extensions at each end without hybrid 
units. With such a system, the audio output of the re- 
ceiver would be connected directly to the input terminals 
of the audio amplifier and would modulate the transmitter 
output. This signal would be received at the distant sta- 
tion, amplified by the audio amplifier, and transmitted 
back to the first station, where it would be amplified again 
and retransmitted. An oscillatory circuit would thus exist, 
and the outputs of the receivers at both stations would be 
an audio howl of a frequency equal to the natural fre- 
quency of the complete loop. This howl would make the 
circuit useless for communication purposes. 

The audio hybrid unit prevents this howl by reducing the 
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amount of receiver output that reaches the audio amplifier 
input terminals to a value insufficient for continuous oscil- 
lation. The unit contains a three-winding transformer 
connected between the telephone line and the transmitter 
and receiver terminals as shown in Fig. 4. The balancing 
network must be a group of resistors, capacitors, and in- 
ductors connected in a network whose impedance matches 

Fig. 4—Typical hybrid coil and connections. The components 
of the balancing network are chosen to match the input 
impedance of the telephone extension as nearly as possible 

over the voice-frequency band. 

closely the impedance of the telephone line and associated 
equipment, as viewed from the hybrid unit terminals, over 
the band of audio frequencies transmitted by the carrier 
equipment. Examination of Fig. 4 shows how a typical 
hybrid transformer is intended to accomplish its function 
of placing the signal from the receiver upon the telephone 
line without producing a corresponding signal voltage 
across the input terminals of the transmitter audio ampli- 
fier. The receiver output is fed into the hybrid transformer 
at the junction of two identical windings. These two wind- 
ings are in series with identical impedances, so that the 
receiver output current divides equally between the two. 
The ampere turns in the two windings balance or neutralize 
each other, leaving no ampere turns to be balanced by cur- 
rent in the third winding. The voltage across this third 
winding is therefore theoretically zero as far as the effect 
of signals from the receiver is concerned. 

For a signal from the telephone line, however, the cur- 
rents in the two identical windings are in essentially the 
same direction, some flowing through the receiver output 
transformer and the remainder flowing through the bal- 
ancing network. A corresponding voltage therefore ap- 
pears across the terminals of the third winding. 

It is essential that telephone extensions used with duplex 
assemblies be properly terminated and be free of discon- 
tinuities. Received signals transmitted along an extension 
and reflected from such discontinuities back toward the 
carrier set appear to the hybrid unit as normal signals to 
be transmitted and may make it impossible to achieve a 
satisfactory balance with any type of balancing network. 

The determination of the proper balancing network and 
the adjustment of audio levels after installation are usually 
the major problems in the application of two-frequency 
duplex equipment. 

5. The Multi-Station Duplex System 

The multi-station duplex system provides the advan- 
tages of duplex communication between any two of a num- 

Fig. 5—Basic units of multi-station two-frequency duplex 
communication assembly with code-bell calling. 

ber of stations on a channel The basic units are shown in 
Fig. 5. Two transmitters and two receivers are included in 
each assembly, but other units, such as power supplies and 
amplifiers, are not duplicated. 

The transmitter and receiver used at a given station de- 
pend upon the point of origin of the call. Designating the 
two frequencies as F1 and Fz, for example, all stations 
would normally receive on F1. A station originating a call, 
however, transmits on F1. The F1 transmitter is selected 
by the calling party by the simple act of picking up the 
telephone handset. The closing of the d-c circuit through 
the hook switch operates a relay, which causes the con- 
tactor unit to apply the output of the audio amplifier to 
the audio terminals of transmitter F1. Simultaneously the 
contactor unit energizes the transmitter and applies the 
output of receiver Fz to the audio hybrid unit. At the 
called station, the reception of the carrier signal from the 
calling station on receiver F1 operates a relay whose con- 
tacts open to prevent the transfer from transmitter F2 to 
transmitter F1 from being made by the contactor unit 
when the called party replies. Transmitter F1 and receiver 
Fz at the calling station and transmitter F2 and receiver F1 
at the called station remain energized throughout the con- 
versation. When the conversation is completed, the hang- 
ing up of the telephones at both stations returns conditions 
to normal, with all stations receiving on F1. 

6. The Single-Frequency, Automatic-Simplex 
System 

Single-frequency automatic simplex is the most versatile 
of all the power-line carrier-communication systems. The 
number of stations on a given channel is not limited to two, 
as is the case with the usual two-frequency duplex system; 
it permits a single conversation among several stations on 
the channel, and it permits operation with two-wire tele- 
phone extensions and through PBX boards without re- 
quiring balance of a hybrid unit. 

Modern automatic-simplex equipment eliminates ob- 
jections to “send-receive” switching because this function, 
accomplished automatically, is so rapid and quiet that the 
user often is unable to detect its occurrence. In up-to-date 
automatic-simplex equipment, the transfer is made so 
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Fig. 6—Basic units of automatic simplex assembly with code- 
bell calling. 

rapidly that after every ‘slight pause, or even between 
words, a party speaking can be interrupted. 

A typical assembly for automatic-simplex communica- 
tion is shown in the block diagram of Fig. 6. In addition 
to the units used in the two-frequency duplex assembly, 
automatic-simplex operation requires an electronic-trans- 
fer unit and a receiving audio-amplifier unit. The latter 
provides a convenient place to block receiver audio output 
without disabling the radio-frequency portion. 

The transmitting audio amplifier in the stand-by condi- 
tion is unblocked and ready to amplify voice signals from 
the telephone line. Reception of a carrier signal blocks the 
amplifier, so that once reception has started, no transmis- 
sion can occur until the equipment returns to the stand-by 
condition. On the other hand, if an outgoing voice signal 
reaches the amplifier from the telephone line with the 
stand-by condition in effect, it causes the entire receiver to 
be blocked so that no signal can be received until conditions 
return to stand-by. The switch from transmit to receive 
and vice versa requires that the equipment pass through 
the stand-by condition in each direction. 

The electronic-transfer unit is the key unit in the auto- 
matic-simplex assembly. It switches the equipment auto- 
matically from stand-by to transmit or receive as required. 
A typical automatic simplex assembly is shown in Fig. 7. 

7. Calling Systems 

A number of different systems of establishing a call over 
a carrier channel are in general use. The most important 
are the following: code-bell calling, voice calling, automatic 
bell calling, and dial selective calling. 

Code-bell calling is the system of calling often used on 
rural party lines in which all telephones on a given circuit 

Fig. 7—Typical automatic simplex communication assembly. 
Units top to bottom, at left, superheterodyne receiver, switch 
and fuse panel, and high-voltage power supply. At right, 
transmitter, audio amplifier, hybrid and signalling unit, 
electronic transfer unit, bias-controlled audio amplifier, and 

two low-voltage power supplies. 

ring, the desired party being indicated by a code made up 
of long and short rings. The calling party transmits the 
code by turning a hand generator or by applying a voltage 
to the line with a push-button on his telephone instrument. 
All telephones on the system ring in accordance with the 
transmitted code. 

In the voice calling system, the call is placed by simply 
speaking the desired party’s name into the telephone trans- 
mitter. Loudspeakers with individual amplifiers are pro- 
vided at all telephone extensions to call the desired party. 
The loudspeaker is disconnected when the telephone in- 
strument is picked up. Calling by voice is supplemented 
in some installations, especially those where ambient noise 
level is high, by a high-frequency audio tone, which is 
applied to the loudspeaker for a few seconds at the time 
the calling party picks up his telephone instrument. 

In the automatic bell culling system, the bells on the 
telephone instrument or instruments at the opposite ter- 
minal are rung automatically when the calling party picks 
up his handset. The ringing continues for a few seconds 
and then is cut off automatically. To repeat the ring the 
calling party must hang up the telephone instrument and 
remove it again, or close the hook switch manually and 
then release it. Because this system provides no means 
of indicating which telephone on an extension should be 
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answered, it is used only on point-to-point carrier systems 
where only one extension is used at each end of the channel. 
A carrier channel linking two PBX boards provides an 
ideal application for the automatic bell calling system. 

In dial selective calling, the desired number is dialed in 
the conventional dial-telephone manner. Each carrier set 
includes its own line-selector unit, which receives incoming 
dial pulses and applies ringing voltage to the wanted ex- 
tension. Each of these selector units is in itself a complete 
private automatic-telephone exchange. The automatic- 
simplex carrier system with selective calling provides 
nearly every operating feature found on modern dial-tele- 
phone systems, such as a busy signal, a revertive or ring- 
back signal, local intercommunication, executive right-of- 
way or preferential service, and a disconnect signal. 

8. Power Supply for Communication Assemblies 

Alternating current at 120 or 240 volts generally has 
been used to supply carrier-communication equipment. 
At locations remote from generating sources, automatically 
starting motor-generator sets or converters have been used 
to provide power for the carrier set during emergencies or 
upon loss of normal a-c supply. This practice still is fol- 
lowed on long-haul channels using relatively high-powered 
equipment. Modern developments, however, have pro- 
vided equipment capable of operating directly from 125- 
or 250-volt station batteries, making it possible to provide 
uninterrupted communication more economically, and 
without the maintenance problems associated with rotat- 
ing equipment and accompanying control devices. 

9. Carrier Relaying 

Carrier-relaying systems and their application have been 
discussed in Chap. 11. A typical system is shown in Fig. 20 
of that chapter. The application of the carrier equipment, 
as opposed to the application of the relays themselves, is 
basically the same as that for other carrier applications. 
The problems are greatly simplified, however, by the fact 
that relaying channels are always limited to the extent of 
a single line section and include line traps at each terminal. 
The relaying system normally requires use of the channel 
only during an actual fault, and the equipment is free for 
other applications for the remainder of the time. The sys- 
tem is always arranged so that the relays can interrupt 
any auxiliary functions in progress when a fault occurs. 

A form of voice communication often termed “emergency 
communication” is usually inherently available in carrier 
equipment provided for relaying. Such communication is 
limited to the line section being protected, and since it is 
a “push-to-talk” system it is not suited to use with lengthy 
extensions or PBX boards. A rudimentary calling system, 
using the carrier itself as a calling signal, is usually em- 
ployed. Because of these and other limitations, the com- 
munication function provided by carrier-relaying assem- 
blies should not be considered in the same category with 
that provided by assemblies designed specifically for 
communication purposes. 

10. Carrier Telemetering3 

Telemetering is the indicating or recording of a quantity 
at a location remote from that at which the quantity 

exists. The quantities most often telemetered on power 
systems are electrical quantities, usually kilowatts and 
kilovars; but hot-spot temperature, water level, tap- 
changer position, and many other quantities can be 
telemetered. 

Some telemetering systems are intended for operation 
over metallic conductors only. Among these are the 
torque-balance and the slide-wire systems. Others are 
adaptable for use either over metallic conductors or carrier 
channels. These latter systems are generally based upon 
the principle of converting the indication to be telemetered 
into pulses of a definite character, a variation in the tele- 
metered quantity being reflected as a variation in some 
characteristic of the transmitted pulse. 

In the impulse-rate system, the frequency or rate of the 
pulses varies in proportion to the magnitude of the tele- 
metered quantity. A reference or base rate of impulsing 
represents a magnitude of zero; impulse rates above the 
base rate represent positive increments in the quantity, 
and impulse rates below the base rate represent negative 
increments. 

In the impulse-duration system, the frequency of the 
pulses is constant. The duration of the pulse during a 
complete pulsing cycle is proportional to the magnitude 
of the telemetered quantity. 

The pulse telemetering systems are well suited to opera- 
tion over carrier channels. The fact that the intelligence 
transmitted takes the form of simple pulses makes it pos- 
sible to use in many applications a simple carrier assembly 
in which an unmodulated carrier is turned on and off by a 
pair of contacts controlled by the telemetering device. No 
special modulation schemes are necessary with these sys- 
tems, and the accuracy of the received information is 
independent of variations in the attenuation of the channel 
over which it is transmitted. 

11. Impulse-Duration vs. Impulse-Rate Systems 

Impulse-duration systems are adaptable to telemetering 
a much wider variety of quantities than is the impulse-rate 
system, which is generally suitable only for the telemeter- 
ing of electrical quantities, primarily kilowatts and kilo- 
vars. The Bristol Metameter system, for example, can be 
supplied with measuring elements for the telemetering of 
pressure, liquid level, and a number of other mechanical 
or hydraulic readings. The impulse-duration receiving 
instruments have the additional advantage that they 
can be easily adapted to retransmission of individual or 
totalized quantities. 

The impulse-rate system, however, has a number of 
advantages in those applications to which it is suited. A 
complete impulse-rate system, including a suitable record- 
ing instrument, generally costs less than a corresponding 
impulse-duration system. The accuracy of the impulse- 
rate system is not affected by reasonable variations in the 
duration of the “on” and “off” periods of the impulse, an 
important consideration in applications where the tele- 
metering signal must be received and re-transmitted at 
several points along its channel. Careful attention must 
be paid to the operating times of mechanical relays, and 
to the time-lag in audio-relay circuits, when impulse-dura- 
tion signals are passed along in this fashion. Also, large 
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variations in signal level due to changes in attenuation 
affect the accuracy of impulse-duration systems operating 
on audio tones to an extent depending upon the flatness 
of the receiver avc (automatic-volume-control) charac- 
teristic. 

12. Power-Line Carrier Telemetering Assemblies 

The channel requirements for impulse telemetering sys- 
tems are relatively simple; and because transmission alone 
or reception alone is usually required, the assemblies used 
for telemetering purposes are often correspondingly sim- 
ple. If a single set of impulses is to be transmitted from a 
given point,-the assembly often consists of a single fre- 
quency-shift carrier transmitter with a self-contained, a-c 
power supply. The carrier-frequency output of the trans- 
mitter is controlled directly by the impulse-forming de- 
vice, which shifts the output back and forth between the 
mark and space frequencies as its contacts close and open. 

At the receiving end of such a channel, a frequency-shift 
receiver is used to receive the carrier signal. The receiver 
operates a relay which in turn keys the impulse receiver. 

In applications where more than two or three quantities 
are to be telemetered from a single point simultaneously, 

I I 

it is common practice to use audio-tone transmitter units 
to modulate the carrier-frequency 
quency is used for each telemetered 

signal. One tone 
quantity, and the 

fre- 
car- 

rier wave is left on continuously. The telemetering as- 

Fig. 8—Typical tone telemetering assembly with carrier re- 
ceiver and eight tone receivers, and carrier transmitter with 
two tone transmitters. This assembly is capable of receiving 
eight simultaneous telemetered indications on one carrier 
frequency and transmitting two simultaneous indications on 

another. 

sembly of Fig. 8 is used to receive eight separate telemeter- 
ing tones on a single carrier frequency and transmit two 
other tones on another. 

13. Load-Frequency Control 

Load-frequency control is the control of the output of a 

generator or a group of generators on a system in such a 
way as to maintain the system frequency and to regulate 
the interchange of power with other systems in accordance 
with a predetermined plan. 

The frequency of a system or a group of interconnected 
systems is constant if the governor settings on all the prime 
movers cause the generators to produce exactly the amount 
of power required to supply the total load. If some of the 
load is suddenly lost, that part of the prime mover output 
initially supplying the dropped load is absorbed in accel- 
erating all the units on the system, and a rise in system 
frequency occurs. Under these conditions, the output of 
one or more of the prime movers on the system must be 
reduced to restore the frequency to normal, and then 
increased slightly to maintain normal frequency. 

In the operation of large interconnected systems or 
power pools, it is the practice for one large generating 
station to regulate its output on the basis of system fre- 
quency, reducing the governor settings of one or more 
prime movers if the system frequency is high and increas- 
ing the settings if the frequency is low, without regard to 
tie-line loads or total interchange of power with other 
systems. This type of operation is called flat frequency 
control. The other systems in the interconnected group 
regulate prime-mover outputs on the basis of the inter- 
change of power among systems. For these other systems, 
there are several possible types of operation, most of which 
are based on regulating to produce a pre-determined net 
tie-line loading when frequency is normal, but allowing the 
tie-line loading to depart from the pre-determined value 
when the frequency is off normal. 

The basic quantity used to govern the operation of auto- 
matic load controllers is the net power interchange of the 
system, which is combined with system frequency in most 
types of control. In the usual arrangement, net inter- 
change is obtained by totalizing individual interchange 
readings at the dispatching office and combining the result 
with frequency in an automatic load controller located at 
that point. The controller generates “raise” and “lower” 
impulses that must be transmitted to the regulating sta- 
tion. Power-line carrier is often used as a medium for 
transmitting these signals. 

14. Carrier Assemblies for Load-Frequency Control 

The channel requirements for load-frequency control are 
similar to those for telemetering two quantities, since two 
types of impulses must be transmitted. A common ar- 
rangement is the use of a single carrier transmitter modu- 
lated by two audio-frequency tones, one for “raise” im- 
pulses and one for “lower” impulses. At the receiving end 
of such a channel, a single carrier receiver operates into 
a corresponding pair of tone receivers. An alternate sys- 
tem is the use of two frequency-shift channels, one for 
“raise” and one for “lower” impulses. 

It is frequently desirable to arrange the system so that 
any one of several generating stations can be called on to 
act as the regulating station for the system. In this case 
the usual arrangement is for each such station to be 
equipped with an identical carrier-receiving assembly, 
tuned to the frequency of the load-control transmitter at 
the dispatching office. Any one of the stations can then 
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be placed on automatic control by the station operator, in 
accordance with the orders of the dispatcher. 

15. Carrier Supervisory Control7 

Supervisory control is a system of controlling and super- 
vising from a central point to operation of equipment at 
one or more remote locations. Control and supervision of 
several separate pieces of equipment are accomplished with 
relatively few conductors or channels. In the Visicode 
supervisory-control system, which is the system considered 
in the subsequent discussion, only a single pair of wires or 

Fig. 9—Typical Visicode supervisory control desk. 

a single carrier channel is required. A typical Visicode 
control desk is shown in Fig. 9. 

In the Visicode supervisory-control system, supervision 
and control of many individual units of equipment are 
obtained by selective relay systems. These automatically 
generate and receive impulses in coded groups to perform 
the functions of selecting the apparatus to be controlled, 
performing the desired operation, and indicating that an 
operation has taken place. The latter function is per- 
formed whether the operation is initiated through the 
supervisory system or not. 

16. Channel Requirements of Supervisory-Control 
Systems 

The rate of impulsing of supervisory equipment is from 
9 to 14 impulses per second, comparable to the speed of 
impulsing of a telephone dial. This rate of impulsing is 
considerably higher than the highest rate of any standard 
impulse telemetering system. The fastest such system in 
use has a maximum impulse rate of approximately 3.5 per 
second. In an impulse-rate telemetering system, it is nec- 
essary only that the channel preserve the rate of impulsing. 
The relative duration of the “on” and “off” periods is 
not important. 

In the supervisory-control system the duration of the 
“on” period is approximately twice that of the “off” pe- 
riod. This relation must be preserved in order to allow 
proper sequential relay operations, some of which occur 
during the “on” period and some of which occur during 
the “off” period of the impulse cycle. 

The high impulsing speed of the supervisory system and 
the requirement that the relative duration of the “on” and 
“off” periods be preserved make it undesirable to use more 
than one relaying point to retransmit mechanically super- 
visory impulses received from a distant point. 

There are two types of Visicode supervisory control, one 
in which all the equipment to be controlled is located at a 
single point, and one in which the equipment is in several 
groups at different locations. These two types are referred 
to as the single-station and multistation systems, respec- 
tively. 

A fundamental requirement of the multistation system 
is that a control or supervision function in progress be- 
tween the dispatching office and a controlled station not 
be interfered with by supervisory signals from other con- 
trolled stations. This requirement is met by assigning 
different group codes to each station and arranging each 
station so that reception of a group code not associated 
with it locks out the supervisory equipment at that station. 
Each station must be able to receive all signals transmitted 
from any other station. In this way synchronism of im- 
pulses and successful lockout are assured, because the 
impulsing of any station is governed by impulses sent 
simultaneously from other stations. 

When supervisory control is operated over a carrier 
channel provided for its exclusive use, impulsing of an 
otherwise unmodulated carrier signal normally is used. For 
this type of operation the transmitters and receivers at all 
locations operate on the same frequency, and all stations 
receive each other. Modifications of this arrangement are 
made in some cases to combine the supervisory system 
with other functions. In these cases supervisory control 
is usually operated over an audio-tone channel, a single 
tone receiver and transmitter being provided for super- 
visory in the carrier assembly at each location involved. 

17. Combined Functions on a Carrier Channe134.7 

Many of the functions of power-line carrier that have 
been described can be performed simultaneously over a 
single carrier channel, and usually several carrier channels 
on the same line can make joint use of coupling and tuning 
equipment. Such efficient use of carrier equipment often 
justifies an investment in the apparatus that might not 
be justifiable for a single function alone. 

Many functions that require the transmission of intelli- 
gence in the form of impulses, such as telemetering and 
load control, can be performed simultaneously over a single 
carrier frequency by modulating the carrier with audio- 
frequency tones. Each tone frequency is in effect a sepa- 
rate carrier channel itself, using the radio-frequency carrier 
channel as its “conductor”. At the receiving end of such a 
channel, separate tone receivers are operated from the out- 
put of the radio-frequency receiver, each individual tone 
receiver being tuned to receive one particular audio tone 
and reject the others. 

If continuous telemetering and simultaneous emergency 
communication are desired on a relaying channel, audio 
tones below 500 cycles can be used for several simultaneous 
telemetering functions, the audio frequencies above 500 
cycles being used for speech. A filter is used to eliminate 
the tone frequencies from the speech at the sending and 
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Fig. 10—A carrier assembly for simultaneous voice communi- 
cation (emergency type), reception of two telemetered indi- 
cations, and phase-comparison relaying. Top to bottom, 
carrier transmitter, two tone receivers, modulator, double- 
carrier receiver, phase-comparison relay control unit, switch 
and fuse panel, and high-pass filter for removing telemetering 

tones from speech. 

receiving ends. Speech intelligibility is not perceptibly 
affected by the elimination of the speech frequencies below 
500 cycles, because practically all the intelligibility is fur- 
nished by the frequencies above this figure. The carrier 
assembly shown in Fig. 10 is intended for relaying, emer- 
gency communication, and simultaneous reception of two 
telemetering tones. 

With supervisory-control equipment, any number of 
quantities can be telemetered one at a time. Each tele- 
metering function is made a point on the supervisory 
system, and the dispatcher selects the quantity he desires 
to read. Communication can be made a point on the 
supervisory system of single-station supervisory systems, 
and such supervisory systems can operate over relaying 
carrier channels. 

Single-station supervisory-control systems on point-to- 
point carrier channels can be used in almost any desired 
combination with relaying, telemetering, load control, or 
communication . Two-frequency carrier channels are re- 
quired for the combination of supervisory control with 

continuous functions, such as telemetering or load con- 
trol. 

In multistation supervisory-control systems, all stations 
must receive all signals. Continuous carrier functions can- 
not be combined with multistation supervisory control on 
single-frequency carrier channels, and certain combina- 
tions of multistation supervisory control with relaying and 
communication equipment are not practical. Among these 
is the combination of supervisory control with multistation 
automatic simplex communication, and any combination 
of supervisory control with relaying that involves the use 
of carrier transmitters outside a protected line section, 
operating on the same frequency as those within the line 
section. 

18. Modulation Systems 

Three different modulation systems are available for use 
in power-line carrier applications. These are the amplitude 
modulation, the frequency modulation, and the single- 
sideband systemsg~lO~ll. Of these, amplitude modulation is 
by far the most widely used. In amplitude modulation 
(a-m) the amplitude or intensity of the transmitted wave 
is varied in accordance with the waveform of the intelli- 
gence to be transmitted. A mathematical analysis of the 
frequency components of the resulting signal shows that 
they include the carrier wave itself, unchanged in magni- 
tude, frequency, or phase, plus so-called sideband com- 
ponents, two for each frequency contained in the modulat- 
ing wave. These sideband components appear at frequen- 
cies equal to the carrier frequency plus each modulating 
frequency (upper sideband components) and carrier fre- 
quency minus each modulating frequency (lower sideband 
components). It is the beating of these sideband compo- 
nents with the carrier in the detector of an a-m receiver 
that results in the reproduction of the original intelligence 
at the receiving point. 

The bandwidth occupied by an a-m signal is twice the 
frequency of the highest-frequency modulating signal, and 
the tuned circuits of an a-m receiver must be sufficiently 
broad to accept this bandwidth without appreciable atten- 
uation at the extreme frequencies. 

Since sideband components occur in pairs, one group 
above the carrier frequency and one below, it is evident 
that each sideband group contains all of the intelligence of 
the original signal. This indicates the possibility of halving 
the bandwidth required for transmission by suppressing 
one complete set of sideband components before trans- 
mitting the signal. Furthermore, since the carrier wave 
itself carries no intelligence and requires a large portion of 
the transmitted power, it is evident that an appreciable 
saving in power can be made by partially or completely 
eliminating the carrier wave at the transmitter, emphasiz- 
ing or regenerating it at a low power level in the receiver. 

This is done in the single-sideband system, in which one 
set of sideband components is suppressed and the carrier 
is partially or completely suppressed at a low level in the 
transmitter. If the original peak power used in the trans- 
mitter (as an a-m transmitter) is concentrated in the in- 
telligence-bearing components of a single sideband, and 
if the receiver used has only the necessary bandwidth (half 
the bandwidth required for a-m service), there is a gain in 
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signal-to-noise ratio of nine db in favor of single-sideband 
transmission. Thus, single-sideband transmission offers 
the equivalent of increasing the original carrier power 
eight times, and requires only half the bandwidth required 
by the a-m system. 

The frequency-modulation (f-m) system is also used in 
power-line carrier work. In this system the amplitude or 
intensity of the transmitted signal is constant and the 
frequency varies above and below a reference frequency 
in accordance with the intelligence being transmitted. 

The deviation ratio, defined as the ratio of the maximum 
departure of the frequency from the reference value to the 
maximum frequency contained in the modulating signal, 
is a measure of the gain in signal-to-noise ratio of an f-m 
system over an a-m system of the same power. The f-m 
system provides marked increases in signal-to-noise ratio 
as the deviation ratio is increased. However, the minimum 
bandwidth required by frequency modulation is the same 
as that for a-m transmission of the same intelligence, and 
if a deviation ratio large enough to give a worthwhile 
increase in signal-to-noise ratio is used, the a-m bandwidth 
must be exceeded. 

The frequency-shift system is a special form of frequency 
modulation that is used for telegraphic functions such as 
telemetering. In this system two closely-spaced frequen- 
cies are used. A continuous carrier wave of constant am- 
plitude is shifted back and forth between the two frequen- 
cies, one frequency denoting a “mark” and one a “space” 
in the transmission of the impulses. By using highly stable 
crystal oscillators for the transmitted frequencies, and cor- 
respondingly stable and highly selective circuits in the 
receivers, it is possible to place the mark and space fre- 
quencies within 0.06 per cent of each other in the carrier 
spectrum. Even with this spacing, the equivalent f-m 
deviation ratio with the slow-speed keying required by 
practical impulse-telemetering systems is extremely high, 
with the result that a properly-designed frequency-shift 
system can provide substantial gains in signal-to-noise 
ratio with a small transmitted bandwidth. 

III. PROPAGATION OF CARRIER ON 
TRANSMISSION LINES 

19. Propagation Between Two Phase Conductors 

Practically all textbooks on transmission give the clas- 
sical solution for steady-state voltage and current at any 
point along a two-wire line12*la. This solution is approxi- 
mately valid for carrier propagation between two phase 
conductors of a transposed three-phase power line, because 
transpositions tend to nullify the effect of the presence of 
the third conductor. The solution is based on the assump- 
tion that the line is composed of an infinite number of 
resistors and inductors in series, with an infinite number 
of capacitors and resistors shunting the line at equally- 
spaced points. This solution can be written as follows: 
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in which E, and I, are the sending end voltage and current, 
respectively. 
Er and I, are the receiving end voltage and cur- 

rent, respectively. 
2, is the characteristic impedance as defined in 

the next paragraph. 
c~+j@ is the propagation constant, to be defined 

later. 
I is the distance from the receiving end, in the 

units of length used to define cy+j/3. 

20. Characteristic Impedance 

Equations (la) and (lb) show that when a voltage is 
applied to the sending end of the line, the voltage at any 
point on the line actually consists of two voltages, one a 
voltage traveling from the sending end of the line toward 
the receiving end, the other traveling from the receiving 
end back to the sending end. The former will be designated 
as E+, the latter as E-. Each of these voltages is accom- 
panied by a corresponding current, I+ and I-, respectively. 
The ratio of either voltage to its corresponding current at 
any point in the line is a constant 2, which is independent 
of the line length but is a function of the series resistance, 
the series inductance, the shunt conductance, and the 
shunt capacitance of the line per unit of length. This 
constant is the characteristic impedance of the line and 
can be expressed as 

E+ E- 
I+=: --I- =z,= - 

II- 
R+jwL 
G+juC (2) 

where R = resistance in ohms per unit length. 
L = inductance in henrys per unit length. 
G = shunt conductance in mhos per unit length. 
C= shunt capacitance in farads per unit length. 

and o = 2nf where f is the frequency in cycles per second. 

In actual practice at high frequencies, such as those used 
in carrier transmission, the quantities joL and joC are so 
large by comparison with R and G that the latter can be 
neglected and the characteristic impedance expressed 
simply as 

z,= g 
II- 

(3) 

or by applying conventional formulas for L and C as 

20 
2, = 276 log107 

where D is the distance between conductors and d is their 
diameter in the same units. Ordinary high-voltage trans- 
mission lines show characteristic impedances of 600 to 900 
ohms between any pair of phase wires. Table 3 of Chap. 9 
gives line-to-neutral surge impedances of a number of 
typical lines. The single-phase surge impedances are twice 
the values shown in this table. 

21. Propagation Constant 

Further study of the solution for a two-wire line shows 
that the phase and magnitudes of the voltage and current 
traveling toward the receiving end change as they progress 
along the line. The forward voltage and current at any 
point can be expressed as 
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+ ta+ma E+=Ele (5a) 
I+ = If e(a+lB)AJ (5b) 

where El+ and II+ are the values at some intermediate 
point on the line at a distance AZ toward the receiving end. 
Likewise, the voltage and current traveling in the opposite 
direction, E- and I-, change as they progress along the 
line, for 

E--,E;E-(a+18)AZ 
(64 

I-=I-E-(a+IB)M 
(6b) 

The quantity a+@ is the propagation constant of the line, 
which can be expressed as 

a+jp=d~=d(R+joL)(G+jwC). (7) 

The real part of a+# is an exponent that expresses the 
reduction of the amplitudes of the forward and reverse 
voltages and currents as they appear at various points 
along their respective directions of travel. The imaginary 
part expresses the phase shift of the voltages and currents 
that results from the finite time required for the waves to 
travel from one point to another on the line. 

22. Standing Waves 

The forward and reverse voltages (and currents) aid and 
oppose each other at various points along the line, depend- 
ing upon their respective phase positions. The total volt- 
age and the total current therefore exhibit maxima and 
minima at equally spaced points separated by a distance 
that is a function of the frequency, giving rise to the 
phenomenon of standing waves. The magnitudes of the 
maxima and minima are a function of the amount of energy 
reflected from the receiving end of the line. 

Standing waves increase the losses in a line as compared 
with the losses obtained without reflection or standing 
waves. They also result in increased radiation of energy 
from the line and other usually undesirable effects. 

23. Attenuation 

The attenuation of a proposed channel is of prime im- 
portance in carrier application, because it determines the 
fraction of the transmitted energy available at the receiv- 
ing end to overcome noise and interfering voltages. 

If, as in practical open-wire lines at carrier frequencies, 
the shunt conductance G is negligible and R is small com- 
pared to joL, the real part of the propagation constant 
(Eq. 7) can be expressed as 

R 
cy = gnepers per unit of length 

0 

or 

4.34R 
at= Tdecibels per unit of length. 

C 

@b) 

The resistance R is the resistance of the conductors per 
unit of length at the frequency in question. Calculation of 
R is difficult for the usual transmission line using stranded 
conductors, because common skin effect formulas apply 
accurately only to round conductors. Formulas for 
stranded conductors have been developed, and these give 
good results for unweathered surfaces and straight parallel 
strands, but are subject to errors depending on the condi- 

tion of the conductor surface and the twisting of the 
strands in an actual line. 

Most of the literature on power-line-carrier transmission 
reports measured values of attenuation in excess of figures 
calculated from theoretical considerations. The differences 
in these cases appear too great to be accounted for by ex- 
pected errors in the determination of skin effect. For this 
reason, it is the usual practice in power-line-carrier applica- 
tion to use attenuation figures based on measurements on 
actual lines, rather than calculated figures. A table of 
approximate attenuation figures is given in a later section 
of this chapter. 

24. Line Input Impedance 

The reverse voltage and current expressed by the second 
terms of Eqs. (la) and (lb) result from reflection of the 
forward voltage and current at the receiving end of the line. 
Equation (1) shows that if the line is terminated at the 
receiving end in an impedance equal to its characteristic 

E, 
impedance, Z,, so that F = Z,, there is no reverse voltage or 

current; i.e., no reflection at the receiver terminal. Under 
these conditions the input impedance Zi at the sending end 
of the line is the surge impedance Z,, and the ratio of total 
voltage to total current everywhere along the line is equal 
to 2,. Also, if the line is sufficiently long, the second terms 
of Eqs. (la) and (lb) are at the sending end negligible in 
magnitude by comparison with the first terms, even 
though the line is not terminated in 2,. In this case also 
the input impedance is 2,. This latter condition is often 
approached in practical carrier applications on isolated 
untapped lines. Carrier transmitters and receivers do not 
ordinarily provide a termination equal to the surge im- 
pedance of a line, but most carrier channels are sufficiently 
long that the input impedance of an isolated line is for 
practical purposes the characteristic impedance. 

A special case that must be considered is that of short 
tap or spur lines that bridge a line over which carrier 
energy is to be transmitted. The input impedance of such 
a line may be extremely low under certain conditions and 
may constitute practically a short circuit across the carrier 
channel. 

Consider, for example, the case of a low-loss line, open- 
circuited at the receiving end, one quarter wavelength long 
at a certain frequency. Voltage of this frequency applied 
to the input terminals, upon arriving at the receiving end, 
is reflected toward the source unchanged in magnitude and 
polarity, and has travelled a total of one-half wavelength 
by the time it reaches the source. It is exactly 180 degrees 
out of phase with the voltage being impressed at that 
instant and practically neutralizes it. It is impossible, 
therefore, to establish an appreciable voltage across the 
input terminals of a low-loss quarter wavelength line, be- 
cause the reflected voltage always opposes any voltage that 
may be impressed. Such a line therefore appears as prac- 
tically a short circuit at the particular frequency at which 
it is a quarter wavelength long. 

The same phase relations apply for a line that is any odd 
multiple of a quarter wavelength long. The greater the 
number of quarter wavelengths, however, the greater the 
total attenuation of the voltage along the path from the 
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source to the open end and back again, so that less and less 
of the input voltage is neutralized and the line appears to 
have progressively greater input impedance at the min- 
imum points as its length is increased. 

On the other hand, if an open-circuited low-loss line is 
half wave-length long, current arriving at the receiving 
end is reflected with reversed polarity. Upon returning to 
the sending end a full cycle after having entered the line, 
this reversed current directly opposes the current entering 
the line and practically neutralizes it at all instants of time. 
Thus, it is impossible to establish an appreciable current at 
the input terminals of such a line regardless of the voltage 
applied. In other words, the input impedance of a half 
wave-length open-ended line is extremely high. The input 
impedance of a line that is a multiple of a half wave in 
length depends upon the attenuation of the current wave 
along the path from sending end to receiving end and back 
again. The longer the line the lower is this impedance. 

In the case of an open-ended line of a given length, as the 
frequency is varied over the normal carrier band from 50 to 
150 kc, the input impedance of the line oscillates between 
maxima and minima at frequencies for which the line is 
half wave and odd-quarter-wave resonant, respectively. 
At a given frequency, as the length of a practical line is 
increased, similar maxim .a and minima occur, but each 
succeeding maximum and minimum point is closer to the 
surge impedance of the line. This is illustrated in Fig. 11, 

Fig. 11—Envelope of the minimum and maximum input 
impedance Zi at 100 kc of a line with attenuation of 0.186 db 

per wavelength (0.1 db per mile). 

which shows the envelope of the input impedance of an 
open-ended line, having an attenuation 
at 100 kc, as the length is increased. 

of 0.1 db per mile 

In power systems a line actually terminated in an open 
circuit at carrier frequencies is rarely encountered. A much 
more common case is that of short spur or tap lines term- 
inated in power transformers, which at carrier frequencies 
usually appear as a shunt capacitance of several hundred 
to several thousand ohms. The effect of a capacitance 

Fig. 1 2—Input impedance Zi of a typical line 
capacitive reactance terminations. 

with various 

termination is to make the line equivalent to a somewhat 
longer line terminated in an open circuit. For example, 
Fig. 12 shows the input impedance of a line of 730 ohms 
characteristic impedance as a function of length for various 
capacitive reactance terminations. 

25. Propagation on Ground-Return Circuits 

The equations for the propagation of energy over a cir- 
cuit consisting of a single isolated conductor with ground 
return correspond exactly in form with Eqs. (la) and (lb) 
for a two-wire circuit. In ground-return carrier transmis- 
sion on power lines, however, the phenomena are com- 
plicated by the presence of the other conductors and the 
ground wires, because induced currents flow in these 
paths as a result of their coupling with the conductor to 
which the energy is initially applied. The equations for 
this case are much more complicated. 

Chevallier has given a symmetrical-component treat- 
ment of ground-return carrier transmission on three-phase 
lines’*. He resolves the applied line-to-ground voltage into 
positive-, negative-, and zero-sequence components and 
uses corresponding propagation constants and charac- 
teristic impedances with each. His results show that the 
presumably unused phase conductors actually play an im- 
portant role as return conductors in line-to-ground trans- 
mission. In practical cases, at a distance of 50 miles or so 
from the terminals on long lines without ground wires, the 
amount of carrier current that flows in the ground is 
negligible in comparison with that returning to the source 
via the two opposite conductors in parallel. 

The general equations derived by Chevallier include both 
the forward and reverse components of voltage and current 
for voltage applied in any manner to the line; i.e., phase- 
to-phase, phase-to-ground, or otherwise. Of greatest in- 
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terest is the case of line-to-ground coupling on long or 
properly terminated lines, in which reverse voltage and 
currents can be neglected. The equations are simplified 
in this case, and with carrier voltage Es applied between 
phase one and ground, as shown in Fig. 13, the voltages to 

Fig. 13—Configuration assumed in discussion of propagation 
on ground return circuits. The impedances 2, may be lumped 
impedances or may be a continuation of the transmission 

line. 

ground on phases 1, 2, and 3 at a distance 2 from the 
transmitting point are: 

E -5~ 
l-1+22’ 

-koz +&E,,r-“. 

E EB - AE-koz 

2-1+2z’ 
(9b) 

Es= Ez. 

and the corresponding currents are: 

I,=1 E, 22’ 

20 1+22’ e-““=+z( 1+227 
Eme-kz (10a) 

I 1 w.-...-e-koz Eo 
1 2’ 

2=zo 
- - 

1+22’ 2 
-Ele-k= 
1+22’ 

(lob) 

&=I2 uw 
In which 

k. = zero-sequence propagation constant (propagation 
constant for voltage applied to all three phases in 
parallel, with ground return). 

20 = zero-sequence characteristic impedance (character- 
istic impedance of all three phases in parallel, with 
ground return). 

k = Positive- or negative-sequence propagation con- 
stant (propagation constant for a three-phase car- 
rier frequency wave; i.e., square root of the product 
of line-to-neutral impedance and line-to-neutral 
admittance.) 

2 = Positive- or negative-sequence characteristic im- 
pedance, line to-neutral. - 

z, 2 zo+z2 
=-- 

20 z+z2 

Z2 = Load impedance (to neutral) on phases 2 and 3 at 
- coupling point. See Fig. 13. 

The first term in each of these equations is a zero-se- 
quence term. The attenuation of the zero-sequence terms 
is high on lines without ground wires, because of the high 
resistivity of the ground return path. These terms become 
negligible on long lines in comparison with the positive- 

and negative-sequence terms at a certain distance from the 
coupling point, and propagation takes place almost en- 
tirely between the coupled phase and the other two. The 
return current divides equally between the latter. 

It has been noted that the attenuation per unit of dis- 
tance is greater on short line-to-ground channels than on 
long line-to-ground channelsa. Equations (9) and (10) 
provide at least a partial explanation of these results. 

At the receiving point the current in the two uncoupled 
phases causes a loss of energy in the terminating imped- 
ances of these phases beyond the receiving point. This 
loss and the corresponding loss in the terminating imped- 
ances on the opposite side of the transmitting point account 
for the extra attenuation noticed in long line-to-ground 
channels as compared with phase-to-phase channels, 
according to Chevallier’s results. 

26. Characteristic Impedance of Ground-Return 
Circuits 

The characteristic impedance of a circuit consisting of a 
single conductor with ground return is 

where h is the height of the conductor above ground and r 
is its radius in the same units. Typical values for phase- 
to-ground carrier channels range from 400 to 600 ohms. 
The characteristic impedance of a transmission-line con- 
ductor with ground return is not greatly affected by the 
presence of the other conductors. 

IV. NOISE VOLTAGE ON TRANSMISSION 
LINES 

Since signal-to-noise ratio is the main criterion of the 
performance of a carrier transmission system, the noise 
level present at the receiving end of a carrier channel is 
equally as important to successful operation as the attenu- 
ation of the transmission path. The most important noise 
in a carrier system is that which originates in the power 
system itself; atmospheric noise is negligible, except that 
caused by nearby lightning strokes. The normal noise in a 
transmission system is the result of the presence of innum- 
erable small arcs in dirty or defective insulators, poor 
joints, and the like. This condition is aggravated by wet 
weather, and is sometimes accompanied by corona dis- 
charge during such periods, with the result that noise 
usually increases to several times its normal amount. Noise 
also varies with the time of day under good weather con- 
ditions. Superimposed upon this normal or steady noise 
is the noise caused by switch operations, faults, etc. 

27. Types of Noise18,21,22 

Noise from whatever cause can be classified under two 
general headings : random noise and impulse noise. Ran- 
dom noise has a continuous frequency spectrum, containing 
all frequencies in equal amounts. At the output of a receiver 
it produces a steady hissing or rushing sound. The rms 
amplitude of this type of noise at the output of a receiver is 
proportional to the square root of the bandwidth of the 
receiver; i.e., the noise power is proportional to the band- 
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width. The average and peak amplitudes are also pro- tremely limited, and no typical figures for “quiet” or 

portional to the square root of the bandwidth. “noisy” lines have been established. 

Impulse noise is of far greater importance in carrier sys- Figure 14 shows the results of one set of measurements 
terns. It is produced when discrete, well-separated pulses made during fair weather on a 132-kv line that can be 
exist at the input terminals of a receiver. If the pulses are classified only as “relatively noisy” for carrier. These 
irregular, the frequency spectrum is continuous and de- measurements were made with a Stoddart Type URM-6 
pen& only slightly upon frequency. If the impulses are 
uniform and regularly spaced, the spectrum contains 
discrete frequency components separated by a frequency 
corresponding to the repetition rate. Power-line noise is 
essentially a combination of these two types of impulses, 
since basic repetition rates of 60 and 120 cycles are dis- 
cernible along with random discrete pulses, all of irregular 
amplitude. 

28. Response of a Receiver to Impulse Noise18 

When a sharp impulse is applied to the input terminals of 
a receiver, the signal at the detector input is a damped 
oscillation having the natural resonant frequency of the 
preceding tuned circuits. The envelope of this oscillation, 
which represents the output of the receiver after detection, 
rises to a peak value at a certain time and then decays to 
zero. The greater the number of tuned circuits and the 
greater their Q, the more slowly the envelope of the oscil- 
lation rises to a maximum and the lower its peak value; 
i.e., the peak output is proportional to receiver bandwidth. 
However, the total area of the output signal envelope, and 
hence the average output, are independent of these factors. 
In practice, if the impulses are sharp and well separated, 
the rms output is independent of the shape of the impulses 
and is dependent only upon their areas, the gain of the 
receiver, and the square root of the receiver bandwidth. 
If the impulses are not well separated, so that in a receiver 
of a given bandwidth the resulting wave trains overlap, the 
response of the receiver simulates that for a combination of 
random noise and impulse noise. In some applications the 
peak output is of major importance, whereas in others the 
average or the rms output is the critical factor. 

Thus, in specifying the characteristics of noise on trans- 
mission lines, it is necessary to state not only the relative 
amounts of random and impulse noise in a given band- 
width, but also the peak values of the impulses (or their 
statistical distribution) and the duration and spacing of 
the individual impulses. In order to evaluate the effect of 
this noise upon a given receiving system, it is necessary to 
know the receiver bandwidth and gain and the particular 
application involved. The number of tuned circuits and 
their Q determine the receiver bandwidth at a given 
frequency. 

Fig. 14—Noise voltages as a function of frequency on a rela- 
tively noisy 132-kv line. The rise in the vicinity of 115 kc is 

probably accounted for by the presence of the line trap. 

noise meter. The curves show that the peak values of noise 
on this line are far in excess of the average values, indicat- 
ing that average-reading instruments do not give a true 
indication of the probable interfering effects of noise for all 
applications. A graphic record of quasi-peak values* over 
an extended time, including periods of rainy weather, gave 
the curves of Fig. 15, which indicate a relatively great 
increase in the noise under some conditions, with maxi- 
mum quasi-peak values exceeding 100,000 microvolts for 
approximately 3 percent of the time. 

29. Measurement of Carrier-Frequency Noise on 
Power Lines 

The accurate measurement of all the characteristics of 
carrier-frequency noise on transmission lines requires a 
considerable amount of equipment, including a noise meter 
of definite bandwidth, capable of measuring peak impulse 
amplitudes, and an oscilloscope to indicate the spacing and 
the duration of the impulses. In order to be significant, 
readings should be taken over a period of time sufficient 
to include both fair and rainy weather. As a result, actual 
test data of this type on carrier-frequency noise is ex- 

*Quasi-peak readings are based on a fast detector output circuit 
charging time and a slow discharging time, and hence are a function 
of the peak amplitudes as well as the spacing of the impulses. The 
times are chosen so that the quasi-peak readings are approximately 
proportional to the interfering properties of impulse noise in aural 
reception of a-m signals. 
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Fig. 15—Quasi-peak noise voltages at 160 kc taken over two 
extended periods on the same 132-kv line. Both periods 

included rainy as well as fair weather. 

Cathode-ray oscilloscope patterns of the output of the 
detector of the noise meter used are shown in Fig. 16. 
These indicate irregularity in the pulses, even with l/30- 
second exposures. The five-second exposure shows that 
although the basic system frequency is present in the am- 
plitudes, the pulses occur almost at random throughout 
the cycle. It must be remembered that these pulses have 
undergone a smoothing and rounding effect as a result of 
the action of the tuned circuits in the noise meter and that 
the actual pulses at the input of the meter were sharper 
and of shorter duration than those shown in the photo- 
graphs. 

V. COUPLING AND TUNING EQUIPMENT 
AND CIRCUITS 

In the early days of power-line carrier it was universal 
practice to couple the carrier equipment to the power line 
by a method known as antenna coupling. In this method 
the carrier equipment was connected to an isolated con- 
ductor, several spans long, on the same tower with the 
circuit to which coupling was to be effected. Eventually 
it was realized that the energy which found its way into 
the power line was transferred mainly through the capa- 
citance between the antenna and the line, and this led to 
the development of compact capacitor units for coupling 
purposes. Such coupling capacitors are safer, easier to in- 
stall, and are a more efficient coupling means than anten- 
nas. They also have the advantage that they can be used 
simultaneously in conjunction with potential devices to 
supply a voltage proportional to line voltage for the opera- 
tion of protective relays and indicating instruments. 

Fig. 16—Oscilloscope patterns of carrier noise at 85 kc with 
1/30 second and 5 second exposures. 

Fig. 17—Typical carrier coupling capacitor. This unit is rated 
at 115 kv and has a total capacitance of .00187 mfd. 
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30. Characteristics of Coupling Capacitors TABLE 1—CHARACTERISTICS of TYPICAL COUPLING CAPACITORS 

A typical carrier coupling capacitor is shown in Fig. 17. 
The capacitor element proper is contained in a cylindrical 
porcelain housing with cast metal ends. The capacitor 
elements consist of a large number of individual working 
sections in series. Each working section is made up of an 
assembly of special paper and foil, non-inductively wound 
and impregnated. 

Individual capacitor units are made up in several dif- 
ferent voltage ratings, and one or more such individual 
capacitor units can be used in a stack to make up the 
complete coupling capacitance. The stack is mounted on 
a metal base that contains a grounding switch, a protective 
gap, and a carrier drain coil. These are connected as shown 
in Fig. 18. The purpose of the drain coil is to ground the 

Fig. 18—Schematic of carrier coupling capacitor without 
potential device. 

(1) Coupling Capacitor 
(2) Multi-Unit Coupling Capacitor 
(3) Base Housing 
(9) Carrier Apparatus Grounding Switch 

(10) Carrier Apparatus Protective Gap 
(11) Carrier Drain Coil 

capacitor terminal opposite the line terminal at 60 cycles 
and at the same time offer a high impedance at the carrier 
frequency. The grounding switch is used to by-pass the 
drain coil, providing a means of directly grounding the 
capacitor during inspection and maintenance of the coup- 
ling and tuning equipment. The gap protects the drain 
coil from excessive surge voltages during normal operation. 

The capacitances of typical coupling capacitors of vari- 
ous standard voltage ratings are shown in Table 1, along 
with typical impulse and low-frequency test voltages. A 
typical power factor for coupling capacitors at carrier 
frequencies is 3 percent. 

A diagram of a coupling capacitor with a potential 
device included in the base housing is given in Fig. 19. 
The potential device is essentially a transformer connected 
across a portion of the capacitance of the lower or base 
unit, deriving therefrom a voltage proportional to line 
voltage in accordance with the potential dividing proper- 

ties of the capacitor string. A variable-reactance trans- 
former is provided for adjusting the phase angle of the 
derived voltage, and a voltage-adjusting transformer is 
provided for adjusting its magnitude. The potential device 
is connected to the capacitor through a carrier-frequency 
choke coil that isolates the device from the capacitor at 
carrier frequencies. 

Fig. 19—Schematic of carrier coupling capacitor with poten- 
tial device. A larger base than the one shown in Fig. 17 is 

used when the potential device is included. 

(1) Coupling Capacitor 
(2) Multi Unit Coupling Capacitor 
(3) Base Housing 
(4) Transformer Grounding Switch 
(5) Transformer Protective Gap 
(6) Variable Reactance Transformer 
(7) Voltage Adjusting Transformer 
(8) Power Factor Correction Capacitor 
(9) Carrier Apparatus Grounding Switch 

(10) Carrier Apparatus Protective Gap 
(11) Carrier Drain Coil 
(12) Carrier Choke Coil 
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Fig. 20—Typical 400-ampere carrier line trap. (Type P-400). 

31. Characteristics of Line Traps 
A line trap is a parallel resonant circuit tuned to offer a 

high impedance at a specific carrier frequency and inserted 
in series with one of the conductors of a transmission line. 
Line traps have negligible impedance at power frequencies 
and therefore do not affect normal power current. 

A previous discussion in this chapter pointed out the 
deleterious effect that short spur or tap lines may have 
when bridged across a carrier channel. Such lines can be 
isolated from the carrier system by the insertion of line 
traps in series with one or more conductors of the spur line 
at its junction with the main line. Loops that offer alter- 
nate paths to the carrier current can be broken up by use 
of line traps. A line trap is always used at each end of a 
line section to which carrier relaying is applied. Their 
major purpose in this application is to prevent a nearby 
fault on an adjacent line section from short-circuiting the 
carrier channel and interrupting the transmission of a 
blocking signal to the opposite end of the line. In general, 
line traps provide a means of raising signal levels by con- 
fining the major portion of the carrier energy to its in- 
tended path and by isolating sources of high attenuation 
from the carrier circuit. 

A typical carrier line trap is shown in Fig. 20. This unit 
is rated at 400 amperes at 60 cycles. The main coil is a 
heavy copper cable, capable of carrying the full power 

Fig. 21—Schematic of double-frequency line trap. 
(Type PDF-400). 

Fig. 22—Resonant impedance of typical 400- and 8OO-ampere 
line traps. The difference in impedance is due to the different 

inductances used in the two ratings. 

current of the conductor into which it is inserted. This 
coil is wound on a porcelain cylinder, which also serves as 
a housing for the adjustable capacitor unit used to tune 
the coil to resonance at the desired frequency. A lightning 
arrester is provided across the trap to protect the capacitor 
unit from damage due to surges. 

Manufacturers have standardized on 400 and 800 am- 
pere ratings for line traps, and single- and double-frequency 

Fig. 23—Resonance curves of typical single- and double- 
frequency line traps. 
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models are available in both ratings. A schematic diagram 
for a double-frequency trap is shown in Fig. 21. The ex- 
ternal appearance of a double-frequency trap is the same 
as that of a single-frequency trap of the same rating, be- 
cause the extra circuits used to obtain the double-resonance 
characteristic are contained inside the main coil, which is 
the same in both cases. 

The resonant impedances of typical 400- and 800-ampere 
line traps over the 50-150-kc band are given in Fig. 22. 
The difference in the two curves results from the difference 
in the inductances of the coils used in the two ratings. 
Figure 23 gives resonance curves for typical 400- and 800- 
ampere single-and double-frequency traps. 

When a line trap is used to isolate a low-impedance 
circuit, the losses are not reduced to zero but to a value 
that is a function of the characteristic impedance of the 
carrier channel and the impedance of the trap in the vi- 
cinity of resonance. Figures 24 and 25 are curves of the 
losses in typical single- and double-frequency traps re- 
spectively when a line-to-ground channel of 500 ohms 
characteristic impedance is grounded through them. 
Losses in practical applications are somewhat less, de- 
pending upon the actual impedance of the offending cir- 
cuit or device, and the losses shown by these curves should 
be taken as limiting values. 

A single line trap at the end of a line-to-ground coupled 
channel does not materially reduce interference to channels 
on the same or nearby frequencies on lines beyond the trap, 
because it does not interrupt the current in the two un- 

-6 104 
PERCENT OFRESONANT FREOENCY 

Fig. 24-Losses in typical 400- and SOO-ampere single-fre- 
quency line traps when a line-to-ground carrier channel of 
500 ohms characteristic impedance is short-circuited through 

them. 

Fig. 25—Losses in typical 400- and 8OO-ampere double-fre- 
quency line traps when a line-to-ground carrier channel of 
500 ohms characteristic impedance is short-circuited through 

them. 

coupled phases. Two line traps, one in each phase conductor 
of an interphase coupled channel, are more effective in this 
regard. Even in this case, however, there is usually suffi- 
cient unbalance in the system at carrier frequencies to cause 
appreciable current in the unused conductor, with resulting 
interference to channels beyond the trap location. The 
installation of a line trap in each of the three phases of a 
line is the only effective way of isolating a channel for the 
purpose of reducing interference, regardless of the method 
of coupling used. For this method to be successful, there 
must be no important sources of coupling between circuits 
on opposite sides of the line traps. This means that these 
lines must extend in opposite directions from the trap loca- 
tion and must not be paralleled by untrapped lines. The 
degree of interference reduction obtained then is a function 
of the resonant trap impedance, the characteristic imped- 
ance of the lines in question, and the amount of coupling 
that remains between the ends of the circuits on opposite 
sides of the line traps. 

32. Tuning Devices 

The load resistances presented by power-transmission 
lines at carrier frequencies range from 400 to 900 ohms, 
and the reactances of coupling capacitors, which are effec- 
tively in series with this load, are appreciable and must be 
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Fig. 26—Circuit diagram of single-frequency phase-to-ground 
line tuner. Switch S2, Gap SG3, and Drain Coil are omitted if 

included in coupling capacitor assembly. 

compensated for if maximum coupling efficiency and a 
resistive load condition for the carrier transmitter are to 
be obtained. This compensation can be provided by plac- 
ing in series with the capacitor an inductance that can be 
adjusted so that its reactance cancels the reactance of the 
coupling capacitance at the carrier frequency. The pri- 
mary purpose of a line tuning unit is to furnish an adjust- 
able inductance for this purpose. This inductance usually 
takes the form of a tapped main coil, which furnishes large 
steps in inductance, in series with a variometer that pro- 

Fig. 27—Typical single-frequency phase-to-ground tuner. 

Fig. 28—Schematic diagram of an interphase single-fre- 
quency line tuner. 

Fig. 29—A typical interphase line tuner. 

vides a continuous range between tap values. Line tuners 
also include an impedance-matching transformer for trans- 
forming the characteristic impedance of the line to a 
value that properly terminates the coaxial cable commonly 
used between the carrier assembly and the line. 

A schematic diagram of a typical single-frequency tuner, 
used to couple the carrier energy to a single phase con- 
ductor, is shown in Fig. 26. Figure 27 is a typical tuner 
of this type. Ground is used as the return circuit with this 
tuner. A protective gap is provided to prevent over- 
voltages from damaging the tuning inductances, The 
grounding switch is used to ground the lead from the 
coupling capacitor during inspection or adjustment of 
the tuner. 

A phase-to-phase tuning unit is shown in Figures 28 and 
29. In this unit two identical inductance coils and variom- 
eters are provided, one set for each capacitor. The 
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impedance-matching transformer is balanced to ground by 
means of a center tap on the line side. 

33. Multi-Frequency Tuning 
It is often necessary to provide for the coupling of more 

than one carrier frequency to a line at a given location. In 
such cases a worthwhile economy can be effected by the 
use of a multi-frequency tuning system, which permits a 
single coupling capacitor to be tuned to two separate 
carrier frequencies. 

A schematic diagram of a two-frequency tuner for line- 
to-ground coupling is given in Fig. 30. The equipment 
consists essentially of two single-frequency tuners, in series 

Fig. 30—Two-frequency line-to-ground tuning system 
separate coaxial leads for each frequency. 

with 

with each of which a parallel-resonant trap circuit has been 
added. Each trap circuit is tuned to the carrier frequency 
which is to be passed through the tuning inductance in 
the opposite branch. Thus, if a frequency 8’1 is to be 
passed through inductance L1, the trap circuit in series 
with the opposite branch is tuned to 8’1 to prevent the 
carrier energy from being lost in that branch. Likewise, 
the trap circuit in series with the first branch is tuned 
to the opposite frequency Fz to prevent loss of energy 
from source two. A photograph of a typical two-frequency 
tuner utilizing the system just described is shown in 
Fig. 31. 

the same coupling capacitor. Correspondingly, the branch 
that is to be tuned to the higher frequency requires more 
inductance than normal because the reactance of the asso- 
ciated trap circuit is capacitive. If the two frequencies are 
too close together, the additional reactances presented by 
the wave traps are so high that the overall series circuits 
cannot be tuned to resonance at the desired frequencies 
with ordinary tuning inductances. The separation required 
between the two frequencies depends upon the capacitance 
of the coupling capacitor and the inductance range avail- 
able in the tuning inductances, but in general, the higher 
frequency must be at least 25 percent greater than the 
lower for satisfactory tuning with tuning inductances of 
the usual range. When the frequencies are too close to 
permit tuning as above, it is sometimes possible to obtain 
series resonance at the lower frequency by adding a fixed 
capacitor in series with the trap circuit to neutralize some 
of the excess inductive reactance obtained. This is the 
purpose of the fixed capacitors Cl and Cs shown in Fig. 30. 
It must be kept in mind that losses in the trap circuits 
increase rapidly as the frequency separation is reduced, 
however, so that every effort should be made to locate the 
channels in the spectrum with sufficient separation to avoid 
this expedient. 

The trap circuits have appreciable reactance at fre- 
quencies off resonance, and for this reason the main series 

This system of multi-frequency tuning can be extended 

inductances cannot be finally tuned until the trap circuits 
theoretically to handle as many separate frequencies as 

have been individually adjusted to the proper frequencies. 
desired. For example, Fig. 32 illustrates a three-frequency 

At frequencies below resonance, a trap circuit has induc- 
system. In this case the trap circuits in each series leg are 

tive reactance that increases as the resonant frequency is 
tuned to the frequencies of the opposite two legs. From a 

approached. The branch that is to be tuned to the lower 
practical standpoint, however, it is generally inadvisable 

frequency, therefore, requires less inductance for overall 
and uneconomical to attempt to tune a single capacitor to 

series resonance than a single-frequency tuner used with 
more than two frequencies. The complexity of the tuner 
and the difficulty involved in tuning it successfully to three 

Fig. 31—A typical two-frequency line-to-ground tuning 
assembly of the type shown in Fig. 30. 
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t 

TO COUPLING 

CAPACITOR 

Fig. 32-Three-frequency tuning of a single coupling capac- 
itor. 

different frequencies nearly always outweighs any saving 
effected in equipment. 

Another tuning circuit, which is series resonant to two 
frequencies and requires only a single co-axial lead, is 
shown in Fig. 33. The procedure for adjusting this circuit 
is to short-circuit the LICl combination and adjust L to 
series resonance with C at the higher of the two frequencies. 
With the short circuit removed, and with L2 disconnected, 
L, and C1 are then tuned to series resonance at the same 
frequency. L1 and C, then effectively short circuit .I;2 at 
the upper frequency, and its inductance, regardless of its 
value, has no effect at this frequency. At any lower fre- 

1 C COUPLING 
CAPACITOR 

ct 

Fig. 33-A two-frequency tuning clyetem requiring only a 
single coaxial lead. 

quency, the L&l circuit shows a net capacitive reactance. 
This reactance is tuned in combination with L2 to parallel 
resonance at a frequency intermediate between the upper 
and lower frequencies desired. Below this parallel resonant 
frequency, therefore, the LIC& combination appears in- 
ductive, the magnitude of the inductive reactance depend- 
ing upon the intermediate frequency chosen. By varying 
this frequency by adjusting L2, the net inductive reactance 
of the LICILz combination in series with the main tuning 
inductance L can be made to tune the entire circuit to 
series resonance at the lower frequency. 

If the double-frequency tuning scheme described above 
is used for coupling two transmitters to a line at a single 
location, trap circuits must be used at the transmitter out- 
put circuits to avoid the loading of one transmitter by the 
output circuit of the other when both work into a single 
coaxial cable. 

34. Omission of Outdoor Tuning Equipment 
On many carrier channels the terminal equipment is 

capable of operating through much greater attenuation 
than that introduced by the line itself. In such cases some 
economy in installation can be effected and greater con- 
venience in making tuning adjustments can be provided 
by eliminating the usual outdoor tuning equipment and 
supplying equivalent units in the carrier assembly. In 
such cases the coaxial cable is usually connected directly 
to the coupling capacitor at the line terminal, as shown in 
Fig. 34. Some reduction in the resultant losses in the 
cable, due to the impedance mismatch at the junction of 
the cable and the capacitor, can generally be effected by 
using an impedance matching transformer at the coupling 
capacitor, as shown in Fig. 35. Such a transformer can 
make the terminating impedance equal in magnitude to the 

COAXIAL CABLE 

_ COUPLING 

. CAPACITOR 

DRAIN 

COIL 

Fig. 34-Omierrion of outdoor tuner 
former. 

IMPEDANCE 
MATCHING 

TRAN_SFORMER 1 

and matching trans- 

COUPLING 

CAPACITOR 

, 

DRAIN 

COIL 

Fig. 3!5-Omission of outdoor tuner, matching transformer 
used to match absolute value of line and coupling capacitor 

impedance to coaxial cable impedance. 
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surge impedance of the cable, but it cannot compensate for 
the capacitive component of the combined line and 
coupling capacitor impedance. 

The loss in a given length of coaxial cable in such instal- 
lations is dependent upon the frequency involved, the 
reactance of the coupling capacitor, and the surge imped- 
ance of the line, as well as upon the characteristics of the 
coaxial cable itself, The curves of Fig. 36 show the meas- 

Fig. 36—Measured attenuation at 100 kc of various lengths of 
coaxial cable operating directly into 900-ohm resistive load 
through coupling capacitances shown. No impedance match- 

ing transformer used (Fig. 34). 

ured db loss at 100 kc with various lengths of a typical 
coaxial cable, operating into a 900 ohm line through 
coupling capacitors of several different ratings. These 
curves apply for the case where no matching transformer is 
used at the coupling capacitor. For the case where a 
matching transformer is used, F. M. Rives has published 
similar data, giving the maximum length of coaxial cable 
permissible for given db losses at several different fre- 

TABLE 2 

quencies with various coupling capacitances. Table 2 is 
taken from Rives’ paper. 

The reactive and resistive components of the input im- 
pedance at the transmitter end of the coaxial cable vary 
radically with the frequency, the length of the cable, and 

the terminating impedance in either of these systems. A 
conventional line tuner is not, in all cases, adequate to 
compensate for the reactances that may be encountered, 
nor are the impedance-matching transformers usually in- 
cluded in such tuners always capable of transforming the 

Fig. 37—Input resistance and capacitance (R-jX,) at 100 kc 
of various lengths of coaxial cable operating directly into 
900-ohm resistive load through coupling capacitances shown. 

No impedance matching transformer used (Fig. 34). 

resistive component to the proper load resistance for the 
transmitter. Both the resistive and reactive components 
become very low as the length of the cable is increased up 
to a quarter wave. The input capacitance and resistance at 
100 kc of a coaxial cable terminated in various capacitances 
and a 900-ohm line are shown in Fig. 37. 

35. Carrier Coaxial Cable 
It was common practice in the past to locate the carrier 

transmitter and receiver relatively close to the coupling 
capacitor and tuner, and to connect the assembly directly 
to the tuning inductance without impedance transforma- 
tion at the tuner, as shown in Fig. 38. In such installations 

Fig. 38—Use of insulated aerial lead between carrier trans- 
mitter and outdoor tuner. 

the lead between the carrier assembly and the tuner oper- 
ates at line impedance level, and unless this lead is sup- 
ported aerially and is well insulated, losses resulting from 
shunt conductance to ground becomes excessive in lengths 
over 100 feet or so. 

Modern developments in solid-dielectric cables have re- 
sulted in practically complete abandonment of the practice 
of making the connection between the set and the tuner 
through a high-impedance lead. The losses in such cables, 
when they are properly terminated, is only about 0.5 db 
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per 1000 feet at carrier frequencies, and they can be run 
through conduit or buried directly in the ground without 
effect upon their performance. 

The specification for a typical coaxial cable used in 
power-line carrier work is as follows: 

The center conductor consists of a single-conductor 0.102-inch 
diameter (No. 10) soft-drawn, tinned copper wire. This con- 
ductor is covered with a continuous coating of 60 percent low- 
capacity rubber insulation making the outside diameter approx- 
imately 0.450 inch. Over this is a copper braid, equivalent in 
cross-section to the center conductor, made up of No. 30 tinned 
copper wire. Over this is a lead sheath 3/sr inch thick with x 
percent antimony. The outside diameter does not exceed 0.6 
inch. The high-frequency loss does not exceed 0.32 decibel at 
50 kilocycles, nor 0.60 decibel at 150 kilocycles. The surge im- 
pedance is approximately 60 ohms. 

The measured characteristics of coaxial cable manufac- 
tured to these specifications were found to be as follows: 

Surge impedance. . . . . . . . . .61.1 / -0”29’ ohms 
Propagation constant. . . . . .0.568 
Attenuation at 150 kc. . . . .0.429 db/lOOO feet 
Resistance. . . . . . . . . . . . . . .3.91 ohms/1000 feet 
Inductance. . . : . . . . . . . . . . . 110.1 mh/lOOO feet 
Shunt conductance.. . . . . . .519 micromhos/lOOO feet 
Shunt capacitance. . . . . . . .O.O.XG mfd/lOOO feet 

Similar coaxial cables with synthetic rubber or plastic 
jackets, instead of lead, are also widely used. The elec- 
trical characteristics are about the same. 

36. Methods of Coupling 
There are a number of different ways of utilizing one or 

more conductors of a three-phase power line as conductors 
for carrier-frequency currents. Some of these are illustrated 
in Fig. 39. The simplest of these, and by far the most pop- 
ular, is to use a single conductor of the power line as one 
leg of the carrier circuit, with ground as the return path 
(Fig. 39a). This system, commonly called “line-to- 
ground,” “phase-to-ground,” or “single-phase ground- 
return” coupling, requires less coupling equipment (cou- 
pling capacitors and tuners) than any of the other methods 
shown, and it is universally used for short-haul, point-to- 
point channels, such as for relaying. On lines not provided 
with ground wires, the attenuation of a circuit using this 
method of coupling is higher than an equivalent length of 
circuit using line-to-line coupling, particularly if ground 
characteristics are unfavorable. Line noise is also some- 
what greater. However, modern practice favors line-to- 
ground coupling for all except the longest and most im- 
portant carrier channels. 

The coupling system shown in Fig. 39b is variously 
termed “line-to-line,” “phase-to-phase,” or “interphase” 
coupling. This system was at one time used almost ex- 
clusively in preference to line-to-ground coupling for com- 
munication channels and most telemetering channels of 
any length, but in recent years has given way to some 
extent to line-to-ground coupling. At first glance this 
system appears to have the advantage that one of the con- 
ductors can be grounded at any point without interrupting 
the continuity of the carrier channel. However, in the 
line-to-ground system there is often sufficient electrostatic 

Fig. 39-Methods of line coupling. 

and electromagnetic coupling between an open or grounded 
conductor and the two unaffected conductors to transfer 
enough energy around such a discontinuity to maintain a 
usable communication signal, provided the conductor is 
not opened or grounded closer than several hundred feet 
from the carrier terminal, and also provided that the 
channel normally operates with sufficient margin to take 
care of the increased signal-to-noise ratio. The secondary 
of the impedance-matching transformer used in the inter- 
phase system is usually center-tapped and grounded, and 
if one of the conductors is grounded close to the terminal, 
the output transformer may be partially short-circuited, 
resulting in a reduction of signal strength, 

37. Inter-Circuit Coupling 
If a double-circuit transmission line exists between car- 

rier terminals, consideration can be given to several meth- 
ods of coupling that increase carrier-circuit reliability 
under abnormal system conditions. One of these is inter- 
circuit coupling, shown in Fig. 39c. With this type of 
coupling either circuit can be taken out of service and all 
three phases can be grounded at any point without inter- 
rupting the continuity of the carrier circuit. In inter- 
circuit coupling, connection is made to one phase of one 
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circuit and to a different phase of the other. When both 
lines are in service and are bussed at both ends, this type 
of coupling is equivalent to interphase coupling. Inter- 
circuit coupling can be used only on a double-circuit line 
that cannot be sectionalized between carrier terminals. 

38. Double-Circuit Ground-Return Coupling 

In double-circuit ground-return coupling, Fig. 39d, the 
carrier signal is coupled to the same phase of the two cir- 
cuits, and these operate in parallel under normal condi- 
tions with ground return. With this type of coupling either 
line can be taken out of service or sectionalized between 
terminals without interrupting the carrier channel. In 
fact, some installations use this type of coupling in which a 
portion of the intervening path between the terminals is a 
single-circuit line. It is generally possible with this type 
of coupling to ground one of the two circuits for main- 
tenance without interrupting carrier service, provided the 
ground is not applied directly at the coupling capacitor 
location. Even in the latter case, if there is sufficient mar- 
gin between the capability of the carrier sets and the 
normal attenuation of the circuit, it is often possible to 
keep the carrier channel in service. 

39. Bus Coupling 
Where it is desired to couple the carrier signal to several 

transmission lines simultaneously at a given location, bus 
coupling, Fig. 39e, is sometimes used. This system of 
coupling can be used either phase-to-ground or phase-to- 
phase. It is subject to several disadvantages, among them 
the fact that the opening of any circuit breaker on a given 
line between the two terminals, even at the terminals 
themselves, interrupts the carrier channel over that line. 
Also, if there are more than a few circuits connected to the 
bus, it may be impossible to locate a carrier frequency that 
can provide satisfactory operation under all system 
switching conditions, and the number of line traps re- 
quired to isolate offending lines may eliminate the apparent 
economic advantage of bus coupling. 

40. By-Passing of Carrier Signals 
Carrier by-pass assemblies are used to provide a path for 

carrier energy around transformers, switches, circuit 
breakers, or other discontinuities that may exist in a car- 
rier channel. By-pass assemblies consist essentially of one 
or more coupling capacitors and associated line tuning 
units. The capacitors are tuned to series resonance at the 
frequency or frequencies to be passed around the discon- 
tinuity. The following discussion specifically shows by- 
passing arrangements used with channels coupled line-to- 
ground, but it should be understood that similar arrange- 
ments utilizing twice the number of capacitors and tuning 
inductances can be applied on interphase channels. 

41. Short By-Passes 
The simplest type of by-pass assembly is that shown in 

Fig. 40, consisting of a single coupling capacitor and a 
single line tuner, both suspended in the line. This simple 
system is suitable only for by-passing transformers, regula- 
tors, and other such equipment that normally provides volt- 
age on both sides of the by-pass assembly when either side 

Fig. 40—Suspended by-pass arrangement. 

is energized. It should never be used to by-pass disconnect 
switches or circuit breakers, or to pass signals from a line of 
one voltage to a line of another voltage, except at trans- 
formation points, because the ungrounded coupling capac- 
itor can supply dangerous amounts of charging current 
from the energized side of an open switch or breaker to the 
apparently de-energized line. 

The simplest by-pass assembly suitable for 
application as a short by-pass is that shown in 

general 
Fig. 41. 

Fig. 41—Conventional short single-frequency by pass. One 
tuning inductance can be omitted in some cases. 

Two coupling capacitors and a single tuning assembly, 
consisting of two tuning inductances, are used. The con- 
nections between the inductances and the capacitors are 
made with insulated aerial leads. No coaxial cable is em- 
ployed. Since the leads between the capacitors and the 
tuning inductances operate at a high r-f potential, they 
must be extremely well insulated to prevent excessive 
losses due to shunt conductance. This system is not 
recommended for installations where the coupling capac- 
itors are separated by more than 100 feet. The tuning 
inductances should be located as nearly midway between 
the coupling capacitors as possible. 

For higher frequencies, or with lower-voltage lines where 
coupling capacitors of relatively higher capacitance are 
used, a single tuning inductance is often sufficient to tune 
both capacitors to resonance. 

42. Long By-Passes 
The most efficient of the commonly used by-pass arrange 

ments is that shown in Fig. 42, in which a tuning induc- 
tance and impedance-matching transformer are located at 
each coupling capacitor, and coaxial cable is used as the 
link between them. With this arrangement the distance 
between the coupling capacitors can be as much as several 
thousand feet, depending upon the losses in the coaxial 
cable at the frequency involved. 
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Fig. 42—Conventional long by-pars. 

This type of by-pass actually amounts to two ordinary 
line tuning arrangements connected to operate into each 
other. If a carrier assembly is to be coupled into the line at 
the by-pass point, as might be desired on a multi-station 
communication system, the coaxial cable from each tuner 
is brought into the carrier assembly and connected to the 
low-impedance transmitter output tap usually provided 
for operation into two such cables in parallel. This arrange- 
ment is shown in Fig. 43. 

This by-pass arrangement may be extended into a three- 
way system, as shown in Fig. 44, to pass signals from one 
line into two others. There is an inherent impedance mis- 
match in such a system at the junction of the three cables, 
as a result of the fact that each cable is terminated in one 
half its surge impedance. In addition to the 3-db loss in 
each direction due to the division of power between the 
two paths, there is a loss of about 0.5 db due to the 
mismatch at the junction. 

43. Multi-Frequency By-Passes 
All the multi-frequency tuning schemes shown in Figs. 30 

to 33 can be applied in by-pass assemblies, so that more 
than one frequency can be passed. The arrangement shown 
in Fig. 30 is the easiest to tune and is the one most com- 
monly used in such cases. 

Fig. 43—By-pass with carrier terminal. 

Fig. 44—Three-way by-pass. 

Consideration has been given to the use of band-pass 
by-pass circuits, such as that shown in Fig. 45. In this case 

the coupling capacitors form a portion of the series arms of 
a simple “T” section band-pass filter. Many other such 
arrangements are possible. 

Fig. 45—Band-pass by-pass system. 

VI. METHODS OF ESTIMATING CARRIER- 
CIRCUIT ATTENUATION 

44. The Decibel 
The decibel is a convenient unit for expressing the ratio 

between the power levels at two points in a communication 
system. This is because the actual ratios are often so large 
that their use is inconvenient on this account alone, and 
also because it is necessary to multiply the input and out- 
put power ratios for each individual component of the 
system to obtain the overall ratio. Losses and gains in 
decibels for individual components of a system can be 
added directly to give an overall loss or gain for the 
system. 

The decibel is defined as 10 times the common loga- 
rithm of the power ratio, the ratio always being expressed 
as the quotient of the larger power by the smaller power; 
i.e., 

P 
db = 10 loglo 2 if P1 >Pa 

2 

or 

db = 10 log10 g if P2 > PI. 
1 

WW 
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The ratio of two voltages or of two currents can be ex- 
pressed in decibels as follows, provided that the impedances 
of the circuits in which these voltages or currents exist are 
the same: 

El db = 20 log,,E 03) 
2 

I1 
db = 20 log,F. 

2 

Convenient decibel figures to remember are that a 2 to 1 
power ratio is 3 db, 3 to 1 is 4.8 db, and 10 to 1 is 10 db. 
From these figures the number of decibels corresponding to 
4-to-l, 5-to-l, 6-to-l, &to-l, and g-to-1 ratios and any 
decimal multiples of these ratios can be estimated quickly 
by simple mental addition. 

45. Decibel Rating of Carrier Assemblies 
It is common practice to rate carrier transmitter-receiver 

assemblies in terms of the maximum number of decibels of 
attenuation through which two similar assemblies can 
operate satisfactorily. Actually these ratings are based on 
the assumption of noise levels at the receiving location 
that can reasonably be expected on a normal power sys- 
tem, and the decibel rating has been assigned on the basis 
of providing a satisfactory but undefined signal-to-noise 
ratio. This practice in rating carrier equipment unduly 
penalizes it when applications on relatively quiet systems 
are contemplated, because most equipment is capable on 
quiet lines of operating through much more than its rated 
attenuation. As more is learned about the nature and the 
magnitude of carrier-frequency noise on power systems, it 
is reasonable to expect that more informative ratings based 
upon the transmitter power and the receiver sensitivity and 
the response of the latter to noises of a given character and 
magnitude will come into practice. 

46. Losses in a Carrier Circuit 

The most common sources of attenuation in a power-line 
carrier circuit are : 

1. 

2. 
3. 
4. 
5. 
6. 

7. 

8. 

Losses in coaxial cable between carrier assemblies 
and tuning units. 
Losses in tuning and coupling equipment. 
Losses in by-pass equipment. 
Losses in straightaway transmission lines. 
Losses due to discontinuities in transmission lines. 
Losses due to division of energy (a) in long branch 
circuits at transmitting points, and (b) in long 
branch circuits remote from transmitting points. 
Losses due to low impedance presented by untrapped 
spur lines. 
Losses due to simultaneous propagation over alter- 
nate paths. 

The total attenuation in decibels for an entire circuit is 
the sum of the decibel losses for each part of the circuit. A 
discussion of the attenuation that can be expected from 
each of the above sources follows. 

Losses in Coaxial Cable—In practice an attempt is 
usually made to match the characteristic impedance of the 
transmission line to the impedance of the coaxial cable 
used between the carrier assembly and the tuning unit. An 

TABLE 8—APPROXIMATE LOSSES IN COAXIAL Cable 

Frequency, kc I Loss, db per 1000 ft. 

20 0.2 
50 0.32 

100 0.5 
150 0.6 
300 I 0.9 

impedance matching transformer is provided for this pur- 
pose in the tuning unit. The losses in typical coaxial cable 
as a function of frequency when properly terminated are 
shown in Table 3. Typical losses in coaxial cable operating 
directly into a 900-ohm line without impedance matching 
or tuning are shown in Fig. 36. 

Losses in Tuning and Coupling Equipment-It 
is possible to calculate accurately the losses in a tuning and 
coupling circuit, provided that the Q’s of the tuning in- 
ductance and the coupling capacitor and the characteristic 
impedance of the line are known. However, it is usually 
permissible for estimating purposes to assume a loss of one 
db for a simple tuner-capacitor combination working into 
an open-wire line. 

Losses in tuning and coupling equipment working into a 
circuit of low characteristic impedance, such as a combina- 
tion of several lines in parallel, or a power cable, are great- 
er. An increase in coupling loss of one db can be assumed 
for each additional line at a transmitting point. In the 
case of power cables, an accurate calculation is desirable. 
The db attenuation of a single line tuner and coupling 
capacitor, applied to a power cable or other circuit of char- 
acteristic impedance Z,, is 

db = 10 loglo 
zT+Ro(1 +&c/&L) 

20 
(15) 

in which R, is the resistive component of the coupling 
capacitor impedance at the frequency considered, and Q0 
and QL are the Q’s of the capacitor and the tuning induc- 
tance, respectively. A Q of 50 to 80 is typical for tuning 
inductances in the 50-150-kc band. For estimating pur- 
poses, a Q of 30 can be used for coupling capacitors. 

The coupling loss for receiving is independent of the 
number of branch circuits at the coupling point, since in 
this case the carrier equipment is the terminating device 
for the coupling circuit. For estimating purposes, a re- 
ceiver coupling loss of 1.0 db can be used. 

The attenuation figures given above are based on single- 
frequency line-to-ground coupling and for estimating pur- 
poses can be doubled for interphase coupling. In the latter 
case, however, the characteristic impedance of the line is 
greater and the actual difference in attenuation is some- 
what less. 

The losses in two-frequency tuners are higher than those 
in simple single-frequency tuners. No accurate figures can 
be given, because the additional losses depend critically 
upon the Q’s of the inductances and the separation of the 
two frequencies involved. For a separation of 25 percent 
or more of the higher frequency, a loss of 2 db at each fre- 
quency can be used for estimating purposes on line-to- 
ground channels, or 4 db on interphase channels. 



Losses in By-Pass Equipment—The losses in by- ing purposes regardless of the frequency, the line voltage, 
passing equipment are at least twice those of coupling or the method of coupling. 
equipment at a carrier terminal because two sets of COU- Losses Due to Discontinuities in a Line—Any series 

pling capacitors and tuners are involved. An interphase or shunt impedance or physical condition at a given point 
by-pass involves four times as much coupling equipment as in a line that causes the impedance seen looking into the 
a line-to-ground terminal, and the losses in this case can line just ahead of the point in question to be different from 

be assumed to be about four times as great, or 4 db. Losses the characteristic impedance of the line up to that point 
in the coaxial between the two tuners must be added to constitutes a discontinuity in the line. Discontinuities 

these figures. give rise to reflections and standing waves that cause in- 
A factor that can increase the apparent loss in by-pass creased losses in the line up to the discontinuity. In addi- 

on a phase-to-ground circuit is that the carrier energy in a tion to these losses there may be losses in the device caus- 
phase-to-ground channel tends to use the idle phases of ing the discontinuity, with the net result that a discon- 
the line as a return path. Since only the phase to which the tinuity is a source of additional attenuation in a carrier 
carrier is directly coupled is normally by-passed, the open- channel. 
ing of a by-passed circuit breaker interrupts the return When a discontinuity as defined above exists close to a 
path offered by the other two phases, and a greater in- transmitting point, so that a large fraction of the reflected 
crease in attenuation than that indicated by the loss energy returns to the transmitter, the line does not present 
figures previously given may be experienced. This is par- its surge impedance as a load to the transmitter and may in 
ticularly true of phase-to-ground channels on lines not fact present an impedance that is highly reactive in nature. 
provided with ground wires. In such cases it is necessary to compensate for the reactive 

In circuit-breaker by-pass installations involving long portion of the line impedance by proper adjustment of the 
coaxial cable runs, it is occasionally found that the attenua- line tuner and to match the resulting resistive component 
tion of the overall circuit is greater when the breakers are of the load, which may be higher or lower than the char- 
closed than when they are open. This can be explained as acteristic impedance, by adjustment of the taps of the im- 
a case of attenuation due to simultaneous propagation pedance-matching transformer in the tuner. Although the 
over alternate paths, to be discussed presently. A remedy losses in the short section of line up to the discontinuity 
usually effective in this case is to reverse the phase of the are greater than if the line were properly terminated, the 
current traveling through the by-pass circuit by reversing increase is not serious except in extreme cases, and the only 
the connections to the impedance matching transformer in major loss, if any, is that in the device causing the dis- 
one of the tuners. continuity. 

Losses in Transmission Lines—The attenuation of a On the other hand, when a discontinuity exists at an 
straightaway transmission line at carrier frequencies is intermediate point in a channel, sufficiently far from the 
subject to many factors, such as the voltage of the line, transmitting point so that essentially the characteristic 
which affects its construction and its insulation level, the impedance of the line is presented to the transmitter, the 
type and the condition of the conductors and the insulat- loss in the line resulting from reflection at the discontinuity 
ors, the presence or absence of ground wires, the method of may be considerable. 
coupling used, weather conditions, and so forth. For this Thevenin’s theorem (see Chap. 10) suggests a general 
reason the attenuation figures given in Table 4 are neces- method of calculating the loss due to any discontinuity, 

either shunt or series, that exists in a carrier channel at a 

TABLE 4—PROXIMATE CARRIER ATTENUATION OF OVERHEAD 
POWER CIRCUITS 

sarily only approximately correct. The figures for phase- 
to-ground coupling are 1.25 times those given for inter- 
phase coupling. On short lines (up to 50 miles) the attenu- 
ation may be greater, and on long lines it may be less, but 
the factor of 1.25 represents a good average. The figure of 
0.1 db per mile is frequentlv used for nreliminarv estimat- 

Fig. 46-Derivation of equations for loss due to st~ks and 

I shunt discontinuities in a long line. 
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point sufficiently remote from the transmitter. If the line 
were open circuited just ahead of the discontinuity, the 
voltage that would exist at the open circuited terminals 
would be twice the voltage that would exist across the line 
if it were continuous; i.e., if there were no discontinuity. 
Furthermore, if the line were short circuited at the trans- 
mitting point, the impedance seen looking into the open- 
circuited terminals back toward the remote source would 
be the characteristic impedance of the line. The system up 
to the discontinuity can be represented therefore by a volt- 
age equal to twice the voltage that would exist with no dis- 
continuity, in series with a resistance equal to the char- 
acteristic impedance of the line. If the discontinuity is a 
series impedance, it is placed in series with the char- 
acteristic impedance of the line beyond the discontinuity. 
If it is a shunt discontinuity, it is placed across the char- 
acteristic impedance of the line, and the combination is 
applied to the terminals of the equivalent network. These 
connections are illustrated in Fig. 46. The resulting loss, 
which includes the loss due to reflection as well as that in 
the device causing the discontinuity, is then expressed for 
a series discontinuity as 

db = 20 loglo 
~(2Z,+Rd)2+&2 

220 
(16) 

and for a shunt discontinuity as 

db 
= 

2. log o~(&+2Rd)2+4Xd2 

1 

2qm l 

In both of these equations 

Rd= Resistive component of impedance of discon- 
tinuity 

and Xd= Reactive component of impedance of discon- 
tinuity. 

In the derivation of these equations it is assumed that the 
characteristic impedance of the line is the same on both 
sides of the discontinuity. 

Losses Due to Long Branch Circuits—When a 
carrier transmitter is coupled to a. power system at a point 
from which several long untrapped transmission lines radi- 
ate, the load impedance presented to the carrier equipment 
is the parallel of the characteristic impedances of the lines 
involved. The impedance matching transformer in the line 
tuner can usually be adjusted so that this impedance is 
transformed to load the transmitter properly, so that there 
is no reflection loss. However, the division of the energy 

TABLE 5—LOSSES DUE To LONG BRANCH CIRCUITS AT 
TRANSMITTING POINTS 

among the several circuits in effect constitutes an attenua- 
tion of energy along the desired path. If the characteristic 
impedances of all the lines involved are the same, the losses 
at a transmitting terminal in this case are as shown in 
Table 5. It should be noted that these losses are correct 
for a transmitting terminal only. If one or more long un- 

trapped lines radiate from an intermediate point in a car- 
rier channel, or from a receiving point, there is a loss due 
to reflection as well as a loss due to division of the energy 
among the circuits. Treatment of this case as a shunt 
discontinuity, by methods previously outlined, yields the 
results given in Table 6. 

TABLE 6—LOSSES DUE To LONG BRANCH CIRCUITS REMOTE 
FROM TRANSMITTING POINTS 

Losses Due to Short Untrapped Branch Lines— 
As contrasted with the long branch lines just considered, 
short untrapped spur lines (in general, lines less than 50 
miles in length) may present shunt impedances differing 
radically from the characteristic impedance of the line. If 
the terminating impedance and the length of a spur line 
are known accurately, it is feasible to calculate the im- 
pedance such a spur line presents at its input terminals at 
a given frequency. This impedance can then be considered 
as a shunt discontinuity and treated by the method previ- 
ously given. Fig. 12 shows the absolute value of the input 
impedance of a typical line (Z,= 730 ohms, attenuation 
0.186 db per wavelength) as a function of various capaci- 
tive reactance terminations. 

Data on the carrier frequency impedance of power trans- 
formers and other terminating devices are not generally 
available, however, and it is not usually possible to calcu- 
late the input impedance of a spur line. If after installa- 
tion of the equipment a carrier frequency cannot be chosen 
that will maximize the spur-line impedance, it may be 
necessary to install line traps to isolate the spur line from 
the carrier channel. In this case the effect of the spur line 
upon the attenuation is reduced to a low value, depending 
upon the characteristics of the line trap. 

Losses Due to Simultaneous Propagation Over 
Alternate Paths—A carrier channel that includes two 
alternate paths may suffer attenuation due to out-of-phase 
arrival at a common point of signals traveling over the two 
paths. The magnitude of this attenuation is highly vari- 
able, depending upon the nature of the two paths, their 
relative individual attenuations, and the frequency used. 
Limiting attenuation figures can be established, however, 
for certain cases in which one or both of the alternate 
paths are long (over 50 miles). 

If both paths are long, there is a loss of 0.5 db at the 
branch point due to reflection. The relative amplitudes 
and the phase of the two signals arriving at the junction of 
the paths determines the additional attenuation. Specific 
cases are as follows : 

Equal Amplitudes, In-Phase Arrival—Reflection losses 
of 0.5 db at junction aAd& branch point due to impedance 
mismatch. Total attenuation from branch point to junc- 
tion 1.0 db plus attenuation of one path. 

Equal Amplitudes, Out-of-Phase Arrival—Cancellation 
of voltage at junction, infinite attenuation. This is an 
unlikely condition because two long alternate paths having 
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exactly the same attenuation are rarely encountered. The 
attenuation may still be large in practical cases, however, 
as pointed out below. 

Unequal Amplitudes, In-Phase Arrival—Maximum loss 
at junction 3.5 db. Total maximum loss 3.5 db at branch 
point due to reflection and division of energy, plus 3.5 db 
maximum at junction, plus attenuation of shorter path. 
These maximum losses are based on complete attenuation 
of the signal in the longer path. 

Unequal Amplitudes, Out-of-Phase Arrival—Minimum 
loss at junction 3.5 db, increasing with decreasing differ- 

ence in attenuation of the two paths, as shown in Fig. 47. 
To these losses must be added 0.5 db loss at the branch 
point due to reflection and 3 db due to division of energy, 
plus the attenuation of the shorter path. 

If both paths are short and of unequal length, the atten- 
uation may be very great, particularly if one of the paths 
is a half wavelength longer than the other. 

In general, if the frequency cannot be adjusted after 
installation to avoid out-of-phase arrival at a junction, it 
may be necessary tc resort to the use of line traps to elim- 
inate alternate paths. A long alternate path, when trapped 
at one end only, reduces to the case of a single long branch 
circuit, for which the attenuation is 3.5 db. A short alter- 
nate path may require trapping at both ends for reduction 
of the attenuation to an acceptable value, because a trap 
installed at one end only may reduce the situation to that 
of a short untrapped spur line, for which the attenuation 
may still be excessive. 

47. Example of Calculation of the Total Attenua- 
tion of a Typical Carrier Circuit 

The typical system of Fig. 48 will be used to illustrate 
the application of the principles just discussed in estimat- 
ing the attenuation of a carrier channel. In this example 
a 100 kc line-to-ground-coupled carrier channel is to be 
established between Stations A and C, and the losses are 
to be estimated for transmission in each direction. 

At Station A there are three long circuits on the 138-kv 
bus in addition to the circuit over which carrier is to be 
transmitted. These cause a loss of 6 db because of division 
of the energy among the total of four circuits (Table 5). 
They also cause an additional coupling loss because the 
coupling circuit is working into a load impedance lower 
than normal line characteristic impedance. This additional 
coupling loss is estimated at 1 db for each additional 
circuit, or 3 db, plus the normal 1 db coupling loss. 

All line losses are estimated from Table 4. 
The branch circuit loss at Station B is 6 db, as given by 

Table 6, because this station is remote from the trans- 
mitting point. 

The by-pass loss at Station C is twice the loss of a ter- 
minal coupling circuit, or 2 db, plus 0.5 db loss for 1000 
feet of coaxial cable at 100 kc (Table 3). 

The loss in the trap on the short line out of Station C 
is approximately 0.5 db, as shown in Fig. 24 for a 400- 
ampere trap terminated in zero impedance. 

There is an alternate path between Station C and Sta- 
tion D which has approximately 7 db greater attenuation 
than the direct path. From Fig. 47 the maximum possible 
loss, which would occur with out-of-phase arrival of the 
signals at Station D, is estimated as 8.5 db. To this must 
be added a loss of 3 db due to division of energy between 
the alternate paths at Station C, plus a reflection loss of 
0.5 db at this point, a total attenuation of 12.0 db due to 
the presence of the alternate route. These figures do not 
include the 5.5 db attenuation of the direct path, which is 
added separately. 

The long line extending beyond Station D serves as a 
terminating impedance for the circuit. Most modern car- 
rier transmitter-receiver assemblies present an impedance 
of 5 to 10 times the load impedance into which they are 
intended to work, and as a result they do not serve to 
terminate a line in its characteristic impedance. If the line 
beyond Station D were not present, there would be a slight 
gain in voltage received at Station D because of the high 
terminating impedance. 

There is an estimated 1 db coupling loss for receiving at 
Station D, plus 0.25 db coaxial cable loss. The total atten- 
uation of the channel for transmission from Station A to 
Station D is the sum of all the losses discussed. These are 
summarized and added in Fig. 48, giving a total attenua- 
tion of 52.2 db for the channel. 

For transmission from Station D to Station A, there is 
a 4.8 db loss at Station D due to division of energy among 
the three lines on the bus, and an increase of 2 db in the 
coupling loss. The additional loss due to the alternate path 
in this case is 8.5 db at Station C. At Station A, one of the 
branch lines can be considered as a continuation of the 
main line. The other two branch lines cause 6 db attenua- 
tion, partly due to reflection and partly due to division of 
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I. CO-AXIAL CABLE LOSS AT STATION A 0.25 db 0.25 db 

2. COUPLING LOSS AT STATION A I .o I .o 

3. ADDITIONAL COUPLING LOSS CAUSED BY BRANCH CIRCUITS 3.0 

4. BRANCH CIRCUIT LOSS AT STATION A 6.0 6.0 

5.LOSS IN 50 MILE I38 KV LINE 5.7 5.7 

6. GoBRANCH CIRCUIT LOSS AT STATION B 6.0 6.0 

7. LOSS IN 75 MILE I38 KV LINE 8.5 8.5 

8. BY-PASS LOSS AT STATION C 2.0 2.0 

9. CO-AXIAL CABLE LOSS AT STATION C 0.5 0.5 

IO. LOSS IN TRAP ON SHORT LINE AT STATION C 0.5 0.5 

Il. LOSS DUE TO ALTERNATE PATH FROM STATION C TO 
STATION D (MAXIMUM) 12.0 8.5 

I2. LOSS IN 40 MILE 66 KV LINE 5.5 5.5 

I3. COUPLING LOSS AT STATION D 1.0 3.0 

14. BRANCH CIRCUIT LOSS AT STATION 0 4.0 

15. CO-AXIAL CABLE LOSS AT STATION D 0.25 0.25 
TOTAL ATTENUATION 52.2 db 52.5 db 

Fig. 48—Typical system assumed for example of calculation of losses, and summary of attenuation in each direction. 

energy. The coupling loss for receiving is estimated as 1 
db. All other losses in the channel are the same as for 
transmission from Station A to Station D. The total atten- 
uation of the channel for transmission from D to A is 
therefore 52.5 db. 

GENERAL CONSIDERATIONS IN APPLYING 
CARRIER SYSTEMS 

48. Trapped Channels vs. Broadcast Systems 
From the discussion just given of the sources of attenu- 

ation to carrier in a power system, it is evident that suc- 
cessful operation of a proposed carrier channel on a speci- 
fied frequency can be assured only if spur lines, short 

alternate paths, and other causes of high attenuation are 
eliminated from the channel by means of line traps. A 
clean, well-trapped channel delivers a reliable signal at the 
receiving point on any carrier frequency that may be 
available for use, regardless of system switching conditions. 

As a result of the crowding of the carrier frequency 
spectrum on most interconnected power systems in this 
country, it is seldom that any appreciable latitude is avail- 
able in the choice of a frequency for a new channel. Where 
a choice is available, however, it is sometimes possible to 
install carrier equipment on a system with little or no 
trapping and to experiment with different frequencies until 
one is found which permits successful transmission between 
the carrier terminals under all anticipated system switch- 
ing conditions. In this case the carrier energy is “broad- 
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cast” throughout the power system, and the signal deliv- 
ered to the intended receiving point is inherently weaker 
and less reliable than that delivered over a clean channel. 
Frequently it is impossible to find on a complicated system 
a frequency that permits successful operation of a “broad- 
cast” type of channel, In this case it is necessary to seek 
out the sources of high attenuation and to isolate them one 
by one until a workable channel is obtained on an available 
frequency. 

It is clear, therefore, that a trapped channel is preferable 
to a broadcast type of channel from the standpoint of 
reliability, ease of application, improved signal-to-noise 
ratio, and reduced interference to neighboring systems. 

49. Frequency Assignments and Separations 
One of the most important problems in the application 

of carrier equipment is the determination of the minimum 
frequency separation required between channels on the 
same system and the assignment of frequencies to new 
channels in a manner that permits maximum conservation 
of the available spectrum space. 

In general, it is advisable to assign the lower frequencies 
in the spectrum to long-haul communication and tele- 
metering channels, and to use the higher frequencies, which 
are attenuated more rapidly, for short channels. Relaying 
channels in particular are well suited to operation on the 
higher frequencies because they are always trapped at both 
ends and extend over only one line section. There are 
cases of successful application of relaying systems on iden- 
tical frequencies on well-separated line sections on the 
same power system. 

The frequency separation required between carrier chan- 
nels on a power system is a function of a number of factors, 
such as the selectivity of the receivers employed, the rela- 
tive strengths of desired signals and interfering signals at 
a receiving point, the type of modulation used, and the 
purposes for which the channels are applied. The last 
factor determines approximately the signal-to-interference 
ratio that can be tolerated. For these reasons no generally 
applicable figures for required separations can be given and 
each case must be considered individually. 

Other factors being equal, single sideband channels can 
be spaced closer together in the spectrum than channels 
using other types of modulation. This results primarily 
from the increased receiver selectivity permissible in the 
reception of single sideband signals. The narrow band- 
width occupied by single sideband channels is also an’ 
important factor in determining required frequency separa- 
tions between them and other types of channels, although 
the selectivity of the receivers used in the other channels 
is the limiting factor in determining the permissible re- 
duction of the separation in this case. 

The signal-to-interference ratio acceptable in a given 
type of service is to some extent a matter of opinion, and 
in addition it depends critically upon the adjustment of 
the equipment in most applications. Hence it is difficult to 
set down specific figures for various cases. Discussion of a 
few of the considerations involved, however, will aid in 
establishing acceptable figures for a given application, and 
Table 7 can be used as a guide. 

In telegraph-type channels, in which the operation or 

TABLE 7—RATIO BETWEEN MINIMUM SIGNAL RESPONSE 
AND MAXIMUM INTERFERENCE RESPONSE ON CARRIER 

RECEIVERS FOR VARIOUS APPLICATIONS 

non-operation of a receiving relay is the criterion of the 
effect of interference, it is necessary only to allow a reason- 
able margin of safety for relay drop-out in specifying the 
maximum interference level. A 2 to 1 ratio is a reasonable 
margin for telemetering purposes. If the telegraph receiver 
sensitivity is set so that the minimum expected value of 
the desired signal just causes saturation of the detector 
plate current, the maximum response of the receiver to an 
interfering signal should not exceed half the relay drop-out 
current. In the usual saturated-detector type receiver, 
this ratio is 12 to 15 db. 

Although the same type of equipment is used for relaying 
purposes and frequently for supervisory control, the con- 
sequences of an incorrect relay operation in these applica- 
tions are more serious and hence an additional factor of 
safety of 5 db has been allowed in Table 7 for these 
functions. 

In tone telegraph service, such as tone telemetering, the 
carrier signal is normally on continuously, and the receiver 
sensitivity setting is not so critical, provided that the re- 
ceiver operates on the flat portion of the avc (automatic 
volume control) characteristic over the entire range of 
variation in signal strength. The maximum signal-to- 
interference ratio that can be tolerated for a received car- 
rier modulated 100 percent by a single tone is the same as 
that for keyed carrier reception, or 15 db, because the 
saturation characteristics of tone receivers are similar to 
those of saturated-detector carrier receivers. Additional 
margin must be allowed for modulation by more than a 
single tone, however, because the permissible percentage 
of modulation by each tone is reduced as the number of 
tones is increased. This is equivalent to a reduction of 
signal strength at the input of the tone receivers, and their 
sensitivities must be increased accordingly. Hence a for- 
mula which provides an allowance for additional tones is 
given in Table 7. 

It is difficult to give actual figures for voice communica- 
tion circuits, because there are widely different opinions as 
to what constitutes a “usable” channel or a ``good” chan- 
nel. Although it is possible to convey intelligence over a 
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voice channel in which the signal-to-interference ratio is 
nearly unity, a ratio of 10 db is about the minimum that 
can be tolerated for any length of time. A 20-db ratio is 
considered good and a 30-db ratio excellent by most users. 
The nature of the interference also is a factor on communi- 
cation channels. For example, the psychological effect of 
speech interference of a given level is greater than that of 
interference of other types at the same level. 

In automatic simplex channels, there must be adequate 
margin between the response of the receiver to the desired 
signal and its response to the interfering signal when the 
desired signal is absent, to permit reliable operation of the 
transfer unit. In such systems the receiver sensitivity 
should be set so that desired signals just cause operation 
on the flat portion of the avc characteristic when allowance 
is made for maximum attenuation. A minimum of 10 db 
difference between response to interference and response 
to such signals should then be allowed. Because of residual 
avc action, this requires about 15-db attenuation of the 
interference in typical receivers. Hence, automatic simplex 
channels should not be expected to operate reliably with 
smaller signal-to-interference ratios than 15 db. 

The first step in the process of estimating required fre- 
quency separation is to calculate the relative strengths of 
the desired and undesired signals at the receiving point or 
points. This can be done by methods outlined in the sec- 
tions of this chapter devoted to estimating attenuation. 
The relative carrier powers of the signals at the receiver 
are the original transmitter carrier outputs reduced by the 
attenuation of the respective paths of the signals to the 
receiving point in question. This establishes a signal-to- 
interference ratio at the receiver input terminals. The 
difference between this ratio and the required signal-to- 
interference ratio must be made up by the selectivity of 
the receiver. The separation required for this purpose can 
be determined by reference to the selectivity curve of the 
receiver at the particular frequency in question. Consider- 
ation must be given to the bandwidth of the interfering 
signal. This depends upon the type of service for which it 
is employed and the modulation system used. For ex- 
ample, an interfering a-m voice communication signal 
occupies a bandwidth extending approximately 3 kilocycles 
on each side of the carrier frequency and requires corre- 
spondingly greater separation from the desired signal than 
a carrier signal which is keyed for telemetering purposes 
and occupies a band of only a few cycles on each side of the 
carrier frequency. If the interfering channel is a single 
sideband voice channel, its bandwidth extends three kilo- 
cycles below the carrier frequency if the lower sideband is 
used, or three kilocycles above it if the upper sideband is 
transmitted. The suppression of the unused sideband can 
be assumed to be a minimum of 20 db. 

The following is an example of the use of the principles 
discussed in determining required frequency separation for 
a typical case : 

On a 100-kc voice communication channel having 50-db at- 
tenuation under extreme conditions, transmitter carrier power 
is 25 watts, and a receiver having the selectivity curve of Fig. 
49 is used. A new a-m voice channel is to be added to the 
system. The transmitters in the new system will have a car- 
rier output of 2.5 watts and the minimum attenuation between 

any transmitter of the new channel and any receiver of the 
original channel is 10 db. What is the minimum frequency 
separation required to give a 20 db signal-to-interference ratio 
in the original channel? 

The signal to interference ratio at the input terminals 
of the receiver is minus 30 db (10 db difference in trans- 
mitter power and 40-db difference in attenuation). There- 
fore 50 db of interference rejection is required for a 20-db 
signal-to-interference ratio. According to Fig. 49, signals 

Fig. 49—Typical a-m receiver selectivity curve. 

at 108 kc and at 92 kc are attenuated by this amount when 
the receiver is tuned to 100 kc. Allowing 3 kilocycles for 
sideband components of the interfering signal, the mini- 
mum separation of the carrier frequency of the new channel 
from that of the original channel is 11 kc above it or 11 kc 
below it. These are safe figures for either duplex or auto- 
matic simplex channels, provided that in the latter case 
the receiver sensitivity is adjusted properly. By a similar 
process, the separation required to provide a 20-db signal- 
to-interference ratio in the new channel can be estimated. 
Either the figures so obtained or those previously calcu- 
lated, whichever are the larger, determine the separation 
required to maintain a minimum of 20-db signal-to-inter- 
ference ratio in both channels. 

50. Signal-to-Noise Ratio 
Minimum tolerable signal-to-noise ratios for various 

carrier applications parallel closely the values of minimum 
signal-to-interference ratios given in Table 7, provided that 
the proper characteristic of the noise (e.g. peak amplitude, 
average amplitude, etc.) is considered in establishing these 
ratios for each application. The receiver bandwidth also 
must be considered in most applications, because noise 
response is usually a function of bandwidth. 

In keyed-carrier telemetering applications, the average 
rectified noise output of the receiver is a measure of the 
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interfering properties of the noise. For impulsive inter- 
ference with pulses separated sufficiently to prevent over- 
lapping of the resulting wave trains, the average output is 
independent of the receiver bandwidth, and hence band- 
width does not enter into the picture in such applications. 
The area of the impulses is the major determining factor. 

The same comments apply to carrier relaying, although 
in this case trouble from noise is not likely to be encoun- 
tered. Because of the limited extent of carrier relaying 
channels, and the fact that they are always trapped at both 
ends, signal-to-average-noise ratios at receiving points are 
practically always far above the 20-db minimum. A pos- 
sible exception is the case of three-terminal lines in which 
one leg of the circuit is approximately an odd number of 
quarter wavelengths at the frequency used. 

For supervisory control by keyed carrier, the 20-db ratio 
given by Table 7 should be maintained between minimum 
signal and average noise. 

In tone telegraphic functions (e.g. telemetering) the nar- 
row bandwidth of the tone receivers reduces their response 
to random noise to negligible amounts. In addition to this 
factor, the wave trains resulting from impulsive noise with 
60- or 120-cycle pulse-frequency overlap to a considerable 
extent in tone receivers of the usual narrow bandwidth. 
Under these conditions the average rectified noise output 
is less than that obtained with broadly tuned circuits. The 
actual reduction is a function of the bandwidth of the tone 
receivers, which in turn is usually a function of the tone 
frequency itself. However, the formula given in Table 7 can 
be used as a guide to the maximum permissible signal-to- 
noise ratio, and the additional noise reduction due to over- 
lapping of the wave trains can be taken as a safety factor. 

In carrier communication applications, the type of sys- 
tem used determines which noise characteristic is most 
important. In automatic simplex systems, operation of 
the transfer unit occurs when the peak value of the noise 
equals the r-f sensitivity setting of the unit. Although 
momentary operation of the transfer unit on extremely 
high isolated peaks occurring not oftener than once or 
twice a minute should not be objectionable, the signal-to- 
peak-noise ratio for noise peaks occurring more frequently 
should not exceed the 15 db shown in Table 7. 

Quasi-peak noise levels are representative of the inter- 
fering effects of noise in duplex and manual simplex carrier 
communication channels. The figures of Table 7 can there- 
fore be used as the maximum permissible signal-to-quasi- 
peak noise ratios in these systems for various grades 
of service. 

Because it is not ordinarily possible to reduce apprecia- 
bly the noise level present at a given receiving point in a 
carrier system, the only practical way to improve signal- 
to-noise ratio is to raise the signal level at the receiving 
point. It is not usually feasible to raise signal levels by 
increasing the transmitted power, because appreciable 
gains in terms of decibels require inordinately large in- 
creases in power. For example, to raise the signal level 
from a lo-watt transmitter by 20 db requires an increase 
to 1000 watts, or 100 times the original power. A much 
more practical solution is to reduce the channel attenuation 
by judicious application of line traps to eliminate short 
taps or spur lines and alternate paths. 
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CHAPTER 13 

POWER-SYSTEM STABILITY 

BASIC ELEMENTS OF THEORY AND APPLICATION 

Original Authors: 
R. D. Evans and H. N. Muller, Jr.* 

T 
HIS chapter presents a general introduction to the 
power-system stability problem including definitions 
of basic terms, useful physical and analytical con- 

cepts, methods of calculation of steady-state and transient 
stability problems for simplified systems, and the exten- 
sions necessary for the application of these principles to 
practical systems. Short-cut methods for estimating per- 
missible transmission-line loading, and the transient sta- 
bility performance of common systems are presented. 
Means of improving system stability are discussed. Ex- 
amples of steady-state and transient stability calculations 
appear throughout the chapter. 

On commercial power systems, the larger machines are 
of the synchronous type; these include substantially all of 
the generators and condensers, and a considerable part of 
the motors. On such systems it is necessary to maintain 
synchronism between the synchronous machines under 
steady-load conditions. Also, in the event of transient 
disturbances it is necessary to maintain synchronism, 
otherwise a standard of service satisfactory to the user will 
not be obtained. These transient disturbances can be pro- 
duced by load changes, switching operations, and, particu- 
larly, faults and loss of excitation. Thus, maintenance of 
synchronism during steady-state conditions and regaining 
of synchronism or equilibrium after a disturbance are of 
prime importance to the electrical utilities. Electrical 
manufacturers are likewise concerned because stability 
considerations determine many special features of appara- 
tus and under many conditions importantly affect their 
cost and performance. The characteristics of virtually 
every element of the system have an effect on stability. It 
introduces important problems in the coordination of elec- 
trical apparatus and lines in order to provide, at lowest 
cost, a system capable of carrying the desired loads and of 
maintaining a satisfactory standard of service, both for 
steady-state conditions and at times of disturbances, 

The problem of system stability had its beginning when 
synchronous machines were first operated in parallel or in 
synchronism. It was early recognized that the amount of 
power that can be transferred from one synchronous 
machine to another is limited. This amount of load is 
known as the stability limit, and when it is exceeded, the 
machine acting as a generator “over speeds” and the 
machine acting as a motor “stalls.” 

As power systems developed, it was found with certain 

*H. N. Muller, Jr. was the original author of “System Stability- 
Examples of Calculation,” which has been included in Chapter 13 in 
this revision. 

Revised by : 
J. E. Barkle, Jr. and R. L. Tremaine 

machines, particularly with certain systems connected 
through high-reactance tie lines, that it was difficult to 
maintain synchronism under normal conditions and that 
the systems had to be separated in the event of faults or 
loss of excitation. Various emergency conditions occa- 
sionally made it necessary to operate machines and lines 
at the highest practicable load; under these conditions 
stability limits were found by experience. Subsequently, it 
became apparent that many of the interruptions to service 
were the result of disturbances that caused loss of syn- 
chronism between various machines and that, by modify- 
ing the system design, layout, or operation, it was possible 
to provide a better standard of service. 

The early analytical work on system stability was di- 
rected to the determination of the power limits of syn- 
chronous machines under two conditions: first, the pull-out 
of a synchronous motor or generator from an infinite bus; 
and second, the pull-out or stability limit for two identical 
machines, one acting as a generator and the other acting as 
a motor. However, the principal developments in system 
stability did not come about as an extension of synchro- 
nous-machine theory, but as the result of the study of long- 
distance transmission systems. 

The modern view of the stability problem dates from the 
1924 Winter Convention of the American Institute of 
Electrical Engineers when a group of paper called atten- 
tion to the importance of the problem and presented the 
results of the first laboratory test on miniature systems 
proportioned to simulate a power system having a long 
transmission line. Another important step was taken in 
1925 when the first field tests 4,5 on stability were made on 
the system of the Pacific Gas and Electric Company. 
Much additional practical information9 on the problem 
was obtained by transient recording apparatus, first in- 
stalled on the system of the Southern California Edison 
Company. Initially the studies of the problem were re- 
stricted principally to the determination of whether cer- 
tain layouts, proposed for the longer transmission projects, 
were actually capable of transmitting the desired amount 
of power under steady-state conditions. Subsequently, it 
was found that the more important phase of the problem 
was in the determination of system layouts and loads that 
would insure satisfactory operating characteristics at times 
of various transient disturbances arising from load changes, 
switching operations, and circuit faults with their subse- 
quent isolation. During the ten-year period from 1924 to 
1933, the theory of system stability was carefully investi- 

†AIEE Transactions, vol. 43, pp. 16-103, 1924. 
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gated. During this work there were proposed many new 
methods of improving the stability of systems as dis- 
cussed in the latter part of this chapter. Since that time 
considerable experience has been obtained with methods 
of analyzing stability and with new methods of improving 
stability, with the result that the subject is now considered 
to be on a basis that is satisfactory from the standpoint of 
theory and practice. 

The notation used throughout this chapter is as follows: 
E represents a vector quantity and may be expressed in 
terms of rectangular coordinates or in polar form. E rep- 
resents the magnitude or scalar value of vector E. Thus, 

E=E(cos O+j sin 0) =Eej@=E/O - 

I. BASIC CONCEPTS OF STABILITY 

1. Essential Factors in the Stability Problem 

* The essential factors in the stability problem are illus- 
trated in connection with the two-machine system shown 
schematically in Fig. 1. The various elements of the sys- 

Fig. l—Basic diagram for the two-machine stability problem. 

PM-Prime mover. 

&Synchronous generator. 
X-Reactance line. 
M-Synchronous motor. 
SL-Shaft load. 

tem, prime mover, synchronous generator, reactance line, 
synchronous motor, and the shaft load, are indicated. 
There are seven essential factors affecting stability. These 
are of two kinds, mechanical and electrical. The essential 
mechanical factors are : 

1. 
2. 
3. 
4. 

The 

1. 
2. 

Prime-mover input torque. 
Inertia of prime mover and generator. 
Inertia of motor and shaft load. 
Shaft-load output torque. 

essential electrical factors are: 

Internal voltage of synchronous generator. 
Reactance of the system including: 

a. Generator 
b. Line 
c. Motor. 

3. Internal voltage of synchronous motor. 

In the foregoing discussion, losses have been ignored and 
this is permissible since losses do not affect the phenomena 
except to introduce damping for which allowance can easily 
be made after the character of the system oscillations is 
understood. To introduce damping at the outset would 
obscure the character of the essential phenomena involved. 

Fig. 2—Elementary power-circle diagram for line reactance X, 
voltages E, and E,, system of Fig. 1. 

2. Power-Circle Diagrams and Power-Angle Dia- 
grams 

The performance characteristics of the simple two- 
machine power-transmission system, Fig. 1, are readily 
shown by power-circle diagrams and power-angle diagrams 
as given in Figs. 2 and 3 respectively. The diagrams are 
based on methods described in Chap. 9 and are reducible 
to the simple form shown because they depend, in the 
absence of loss, merely upon the four factors E,, E,, 8 and 
X. The equation relating power transfer in a three-phase 
system is as follows : 

p ‘gEmsin 0 =- 
X 

(1) 

Fig. 3—Elementary power-angle diagram, system of Fig. 1. 
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vhere : 

_P = three-phase power transferred in watts. 
_E, = internal voltage of generator (line-to-line volts). 
E m = internal voltage of motor (line-to-line volts). 
X = reactance between generator and motor internal 

voltages, ohms per phase. 
O= angle by which the internal voltage of generator 

leads the internal voltage of motor. 

When per-unit values of voltages and reactance are used 
in Eq. (l), the power transferred is obtained as a per-unit 
quantity referring to the kva base being used. Thus, the 
three-phase power flow in kilowatts would be the per-unit 
value multiplied by the kva base. 

3. Meaning of Stability Terms 

The terms “stability” and “maintenance of synchro- 
nism” are quite frequently used interchangeably. How- 
ever, a system consisting of a synchronous generator, a 
reactance line, and an induction motor may become un- 
stable but cannot lose synchronism. Nevertheless, system 
stability is, ordinarily, of importance only when it deals 
with the conditions of stable operation between synchro- 
nous machines. The problem is of importance, primarily 
from the standpoint of the maximum amount of power 
that can be transmitted without instability being incurred 
under steady-state conditions or as a result of circuit 
changes or faults. The terms “stability” and “power limit” 
are also frequently used interchangeably. However, a 
simple system consisting of a generator, a reactance line, 
and a resistance load has a definite power limit without 
having a stability limit. 

Stability can be formally defined as follows: 

Stability when used with reference to a power system, is 
that attribute of the system, or part of the system, which 
enables it to develop restoring forces between the elements 
thereof, equal to or greater than the disturbing forces so as 
to restore a state of equilibrium between the elements.* 

Stability applies to both steady-state and transient con- 
ditions on a power system. The distinction between them 
depends upon whether the stability applies to a condition 
that includes a transient disturbance. Certain automatic 
devices, such as voltage regulators, have a bearing on the 
stability conditions. If such devices are used this fact 
should be indicated as follows: steady-state stability with 
automatic devices. 

Stability limit for a system with synchronous machines 
can be considered the same as the power limit, and is 
defined as : 

A Stability Limit is the maximum power flow possible 
through some point in the system when the entire system or 
the part of the system to which the stability limit refers is op- 
erating with stability.* 

Criterion of Stability-There are several criteria for 
the determination of the conditions establishing stability 
that are needed in connection with the analysis of 
complicated systems. These criteria can be stated as 
follows: 

*American Standard Definitions of Electrical Terms, ASA-C42- 
1941. 

A power-transmission system operating under specified 
circuit and transmitted load conditions is said to be stable if, 
when displaced from these conditions by any small arbitrary 
forces, the system upon removal of these forces develops re- 
storing forces tending to return it to the original conditions. 

The arbitrary displacement can be made in several ways, 
the most convenient of which is a small arbitrary increase 
in the angular displacement. 

4. Application of the Criterion of Stability 

The application of the definition of stability and the 
criterion of stability will now be considered in connection 
with the system of Fig. 1. Examination of Figs. 2 and 3 
shows that solutions are obtained for the points corre- 
sponding to the power P’ at the angle 8’ and also to the 
power P” at the angle t9”. In the absence of loss, the 
amounts of sending and receiving power are equal and P’ 
and P” are equal. 

In applying the criterion of stability, the system is as- 
sumed to be subjected to a slight arbitrary reduction in 
angle between internal voltages from 8’ to 01’ in Fig. 3, 
and the power transferred from the generator to the motor 
is correspondingly reduced from P’ to PI’. The input and 
output torques, Fig. 1, remain constant and are equal to 
each other and to P in Fig. 3 since the system is assumed 
to have no loss. The prime-mover input power P is now 
greater than the electrical output power PI’, resulting in 
acceleration of the generator rotor which tends to increase 
the angle between the sending and receiving ends of the 
system. At the receiving end, the electrical input to the 
motor PI’ is now less than its mechanical output P and 
this difference in power decelerates the motor, which also 
tends to increase the angle between the sending and receiv- 
ing ends. Thus the arbitrary reduction of the angle be- 
tween the internal voltages of the generator and motor 
from 0’ to 81’ reduced the electrical power transferred 
through the system and resulted in the development of 
restoring forces tending to increase the angle between the 
internal voltages and return the system to the original 
angle 8’. Since losses have been omitted, the angle between 
the internal voltages would oscillate about the value O’, 
but in a practical system where losses are always present, 
this oscillation would be damped and the system would 
eventually return to the original angle. 

Next, assume that the system is subjected to a slight 
arbitrary movement increasing the angle from 8’ to 02’. 
Under this condition the output of the generator Pz’ is 
greater than its input, which corresponds to P. The dif- 
ference in input and output decelerates the generator and 
thus tends to reduce the angle between the sending and 
receiving ends. Similarly, since losses are neglected, the 
input to the motor is greater than its shaft load with the 
result that the motor accelerates and thus tends also to 
reduce the angle between the sending and receiving ends. 
The arbitrary displacement of the system, by a small 
amount from the solution at the angle 8’ in such a direction 
as to increase the angle, creates restoring forces to return 
the system to the original operating point. 

It has been shown that if the system operating at the 
angle 8’ is subjected to small disturbing forces, then regard- 
less of the direction of the small disturbing forces, when 
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these forces are removed the system develops restoring 
forces in such a direction as to return the system to the 
original angle between the internal voltages of the gener- 
ator and motor. Therefore, the mathematical solution 
corresponding to the power P’ and the angle 0’ constitutes 
a stable operating point, since any tendency for the system 
to drift away from the operating point 0’ developes ade- 
quate restoring forces. 

Critical Point in System Oscillation-Consider next 
the operation at the point defined by the angle 0” and the 
power P”. Assume the condition with the angle 0” in- 
creased to &“. Under this condition the output of the 
generator and input of the motor are decreased to Pz”, so 
that the output of the generator is less than its input, and 
the input of the motor is less than its output or shaft load. 
These circumstances produce forces that accelerate the 
generator and decelerate the motor, and increase further 
the angle by which the generator leads the motor. The 
changes in force are such as to augment the change in 
angle with the result that the system pulls out of step, that 
is, the system becomes unstable. Apply next this same 
criterion for the condition of a slight reduction in the angle 
below 0”. For &” the electrical output of the generator is 
greater than its mechanical input and the electrical input 
to the motor is greater than its mechanical output or shaft 
load. The change in the angle between internal voltages 
in the system slows down the generator and speeds up the 
motor. Both of these changes cause the system to reduce 
still further the angle between the internal voltages. Thus 
the solution corresponding to the angle 0” and the power 
P” is said to be an unstable solution since a slight depar- 
ture from that point sets up forces to augment the change 
in that same direction instead of restoring the condition to 
the original point of solution. However, in the case of 
movement back from the point corresponding to the angle 
V’, the system further reduces the angle and moves in the 
direction of the stable operating point at 8’. The system 
will develop forces causing it to move in the direction of 8’ 
for all angles between 0” and 8’. 

Thus the point corresponding to the angle 0” is the 
critical point in system oscillation for given internal volt- 
ages, reactance, and power-flow conditions. If the system 
has a stable solution at 0’, it can withstand system dis- 
turbance that causes it to oscillate on either side of this 
angle up to eff. If that angle is exceeded, the system will 
lose synchronism. If that angle is not reached, the system 
will oscillate about 8’ and because of losses it will come 
into equilibrium at that angle. 

5. Steady-State Stability Limit 
For the simple two-machine transmission system illus- 

trated in Fig. 1, the steady-state stability limit is given by 
the maximum power obtained from either the power-circle 
diagram or the power-angle diagram of Figs. 2 and 3. The 
steady-state stability limit of a system without loss occurs 
at the angle of 90 degrees between sending and receiving 
ends as shown by these diagrams or as readily obtained 
from Eq. (1). The steady-state limit for a three-phase 
system is given by == 

which gives the maximum power in watts when the volt- 
ages are expressed as Iine-to-Iine volts and the reactance 
as ohms per phase, or the maximum power in per unit 
when per-unit voltage and reactance are used. If the cri- 
terion of stability is applied, (1) for all load conditions 
with the power and angle less than those corresponding to 
the 90-degree limit, the system will be inherently stable; 
whereas (2) for all loads at angles greater than 90 degrees 
the system will be unstable. The 90-degree load point for 
a system without loss is the critical load or the maximum 
value of all steady-state operating points that are inher- 
ently stable. 

There is a single steady-state stability limit for specified 
circuit, impedance, and internal voltage conditions. It 
follows, therefore, that if the excitation of either or both 
machines is changed so as not to correspond to the internal 
voltages assumed, the stability limit will be correspond- 
ingly changed. Loss of field results, of course, in reducing 
the synchronizing power to zero. The machine that loses 
its excitation pulls out of synchronism with the other syn- 
chronous machines and operates as an induction machine. 
Whether the system is stable or unstable as a combination 
of synchronous and induction machines is determined in 
part by the characteristics of the induction machines. 

6. Transient-Stability Limit 

Transient stability refers to the amount of power that 
can be transmitted with stability when the system is sub- 
jected to an “aperiodic disturbance.” By aperiodic disturb- 
ance is meant one that does not come with regularity and 
only after intervals such that the system reaches a condi- 
tion of equilibrium between disturbances. The three prin- 
cipal types of transient disturbances that receive consider- 
ation in stability studies, in order of increasing importance, 
are : 

1. Load increases. 
2. Switching operations. 

3. Faults with subsequent circuit isolation. 

The basic power-angle diagrams give an adequate picture 
of the stability phenomena encountered in each of these 
disturbances. 

Load Increases can result in transient disturbances 
that are important from the stability standpoint if (1) the 
total load exceeds the steady-state stability limit for spe- 

Fig. 4—Power-angle diagram for analyzing load increases. 
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cific voltage and circuit reactance conditions, or (2) if the 
load increase sets up an oscillation that causes the system 
to swing beyond the critical point from which recovery 
would be impossible, as pointed out previously. Consider 
a system operating under the conditions shown in Fig. 4 
with the load P1 at the angle & and the prime-mover input 
and shaft output abruptly increased to Pz. Because of the 
inertia of the rotating machines, the internal voltages of 
the generator and motor do not immediately swing to 02, 
which would permit transfer of power Pz. Instead, the 
initial differences of power input and output are used in 
accelerating the generator and in decelerating the motor 
rotating elements. Both of these changes cause the rotors 
to depart from synchronous speed and to increase their 
angular differences. Thus when the system reaches 62, the 
generator is traveling above synchronous speed and the 
motor below synchronous speed. The difference in the 
stored energy cannot instantly be absorbed and as a result 
the system overshoots 02 and reaches some larger angle 
as &, such that the shaded area cde is equal to the area abc. 
Neglecting losses, these two areas can be taken as equa13. 
The oscillation will not exceed the angle e3, and because 
of losses in an actual system, equilibrium will ultimately be 
reached at 02. In the case illustrated in Fig. 4 the system 
oscillates to the angle e3, which is greater than 90 degrees 
but is stable because S3 is less than ti4, the critical angle for 
the load Pz. With a somewhat larger total load or with a 
greater increment of load, the maximum point reached in 
the oscillation would be greater than e3 shown in the dia- 
gram. With increasingly severe conditions, a point is 
reached where the critical angle is equaled and this repre- 
sents the transient limit for the load increase. The amount 
of load increase that a system can withstand depends upon 
the steady-state limit of the system and the initial operat- 
ing angle. Figure 5 shows the total permissible sudden 
increase in amount of power that can be absorbed with 
stability, expressed as a percentage of the steady-state 
stability limit of a system without loss and plotted as a 
function of the angle between internal voltages. 

Switching Operations-The transient-stability limits 

Fig. 5—Permissible load increase vs. initial-angle curve. 

for switching operations can be investigated in a similar 
manner using the equal-area criteria3 that have been ap- 
plied for the determination of the transient limit for load 
increases. In the case of switching operations there are, 
however, two power-angle diagrams that require consider- 
ation: (1) the power-angle diagram for the initial condition, 
(2) the power-angle diagram for the final condition, 
that is, the condition after the switching operation has 
taken place. Figure 6 (a) indicates a system with two lines 
initially in service; Fig. 6 (b) shows two power-angle dia- 
grams, Curve I applying to the initial circuit-condition 
and Curve II applying to final circuit-condition. The 
diagram shows the transmitted power P, the initial operat- 
ing condition at the angle & and the power PI, and the 
final operating condition at & and P2. The moment the 
switching operation takes place the electrical output is 
reduced from PI to P’. This change produces an increment 
power of magnitude (P-P’), which is available for ac- 
celerating the generator and decelerating the motor, both 
changes tending to increase the angle between the sending 
and receiving machines. Thus, the two machines depart 

Fig. 6—Power-angle diagram for analyzing transients due to 
switching operations. 

from synchronous speed, accelerating and decelerating 
forces increasing the angle from & to 02. At this point 
the generator rotor is traveling above synchronous speed 
and the motor rotor below synchronous speed with the 
result that both rotors tend to overshoot 82 and to reach 03, 
such that the area abc is equal to the area cde. At 03, the 
energy stored above and below synchronous speed has been 
absorbed and since the instantaneous power output of the 
generator and input of the motor are greater than the 
prime-mover input and shaft loads, respectively, restoring 
forces are developed that cause the system to oscillate 
about & and reach a condition of equilibrium because of 
losses in a practical system. 

The amount of power transferable without loss of syn- 
chronism depends upon (1) the steady-state stability limit 
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for the condition after the switching operation takes place 
and upon (2) the difference between initial and final steady- 
state operating angles. The stability limits for switching 
operations are lower for the larger amount of the final circuit 
reactance and for the greater percentage change in the 
circuit reactance. 

Faults and Subsequent Circuit Isolations-The 
third and most important type of transient disturbance 
arises from application of faults and the subsequent circuit 
changes required to isolate the fault. For such disturb- 
ances three or more circuit conditions require considera- 
tion: (1) the initial condition, immediately prior to the 
fault, (2) the condition during the fault, and (3) the condi- 
tion subsequent to the isolation of the fault. Additional 
conditions are required to cover the cases in which the fault 
is isolated in two or more steps, such as would be produced 
by the disconnection of a line section by sequential switch- 
ing. Additional steps would be required to take care of 
the case of a high-speed reclosing breaker, which first dis- 
connects a faulted line and suppresses the arc, and sub- 
sequently restores the line to the original circuit connec- 
tion. However, the procedure to be followed in the more 
complicated cases will become evident from consideration 
of the simpler case. 

Consider a transmission system similar to Fig. 6 (a) but 
with one line subjected to a fault at an intermediate point. 
The power-angle diagram for the case with the two lines 
in service is indicated in Fig. 7 by the Curve I, which 

Fig. 7—Power-angle diagram for analyzing transient disturb- 
ances due to faults with subsequent circuit isolation. See 

Fig. 6 (a). 

intercepts the line of transmitted power at the angle 61 and 
the power PI. Upon application of the fault the amount of 
power transferable from one end to the other is reduced. 
If the fault were a zero-impedance fault on all lines the 
power transmitted would be reduced to zero. However, if, 
as is usually the case, the fault is not a zero-impedance 
fault on all lines, some power can be transmitted from the 
sending to the receiving ends. This case is assumed in the 
diagram of Fig. 7 and is indicated by the Curve II passing 
through the points b and c. The power-angle diagram for 
the final condition with the faulted line switched out of 
service is shown by the Curve III that passes through the 
line of transmitted power at the angle e3 and the power Pa. 
Upon application of the fault, the power output of the 
generator and the power input to the motor are reduced 

from P to P’, the difference in power (P-P’) being ab- 
sorbed in accelerating the generator and decelerating the 
motor. For the severe type of fault shown, the system 
would pull out of step if the fault were not promptly 
cleared. Assume, however, that the fault is cleared by 
the time the system swings to &. At this point, transfer is 
made to the final circuit condition, Curve III. The power- 
angle diagram shows that the power output of the gener- 
ator exceeds the input, with the result that the generator 
rotor is decelerated and that the motor is accelerated. 
However, because of the energy stored in the machine 
rotors above and below synchronous speed the system 
continues to swing to some larger angle, such as &‘, so 
that the area defs is equal to the area abed. Thus, 63’ is the 
maximum point reached in the system oscillation using 
the same equal-area criteria discussed in connection with 
other types of transient disturbances. The system oscil- 
lates about the angle & and because of losses will ultimately 
come to equilibrium at that angle. 

If the severity of the fault is increased, as indicated by 
the reduction in amount of power that can be transmitted 
during the fault condition, or if the duration of the fault is 
increased as indicated by a larger &, or if the power-angle 
diagram for the final condition has a lower maximum, the 
largest angle during the system oscillation is increased 
beyond 63’ and under some conditions would reach the 
critical angle e4 for the transmitted power under the final 
circuit condition. When this condition is met the transient- 
stability limit for the condition is said to be reached. 

The nature of transient disturbances incident to faults 
can be examined further in connection with the use of 
quick-reclosing breakers as illustrated in Fig. 8. Two cases 
are considered, namely, a single-circuit case shown in (a) 
and a double-circuit case shown in (b). In both cases, the 
faulted line is de-energized to suppress the arc in the fault 
and reclosed after an interval for the purpose of insuring 
stability. These switching operations provide a succession 
of power-circuit conditions and a corresponding set of 
power-angle diagrams as can be seen by a detailed exam- 
ination of Fig. 8. The conditions necessary for maintaining 
stability are also stated in terms of the stored-energy 
relations as shown by corresponding areas on the power- 
angle diagram. 

No method has been given for the determination of the 
angles, & in Fig. 7, or & and e3 in Figs. 8 (a) and (b), 
which define the condition for which the fault is removed 
or the circuit switched. From a practical standpoint the 
circuit change is not made in accordance with the angular 
difference between the sending and receiving ends; instead 
it is made as a function of time measured from fault appli- 
cation, the duration being that required for the operation 
of protective relays and circuit breakers. This time can 
be calculated by a step-by-step process to determine the 
changes in accelerating force, the changes in velocity, and 
the changes in angles. Thus, the determination of the 
angle-time relations constitutes one of the important steps 
in transient-stability calculations and will receive consider- 
able attention in subsequent sections. 

For a power system with machines of assumed constant 
internal voltages, with circuits of assumed reactances, and 
with losses neglected, there is only one steady-state limit. 
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Fig. 8—Power-angle diagram for reclosure. 

(a)-Single-circuit case 
Curve I for normal circuit 
Curve II for fault condition (2L-G) 
For stability, areas (1 plus 2) s area 3 

(b)-Two-circuit case 
Curve I for two lines (normal) 
Curve II for one line (normal) 
Curve III for fault (2L-G) 

For stability, area 1 5 areas (2 plus 3) 

However, for the transient-stability calculations there are 
many conditions depending upon the character of the 
transient under consideration. For example, for load in- 
creases, the transient-stability limit depends upon the 
initial load and the increment of load. For the switching 
operation, the transient limit depends upon the stability 
limit for the final circuit condition and upon the initial 

Fig. 9—The mechanical model (set up for a system with two 
generators and an intermediate synchronous condenser). 

operating angle. The transient limit for the simplest con- 
dition involving a fault on a system with subsequent circuit 
isolation depends upon the initial operating angle, the 
severity of the fault and its duration, and the stability limit 
for the system after the fault is cleared. It becomes necessary, 
therefore, when giving a transient-stability limit of a system 
to define the conditions under which the limit applies. 

7. The Mechanical Analogy of a Power-Transmis- 
sion System 

The definitions of stability given in Sec. 3 and the sub- 
sequent discussions have been given in terms of equilib- 
rium of the power-transmission system. Equilibrium phe- 
nomena are ordinarily visualized in terms of a static system 
in mechanics. However, the discussion of the familiar 
static systems cannot directly be applied to the compli- 
cated electro-mechanical system employed in power trans- 
mission. Furthermore, the actual system involves dynamic 
rather than static equilibrium. To circumvent this diffi- 
culty a mechanical analogy, which has properties corre- 
sponding to the actual dynamic electro-mechanical system, 
has been devised. 

The most convenient means of visualizing the basic phe- 
nomena of a power-transmission system is the mechanical 
analogy developed by S. B. Griscom6 and shown in Figs. 9 
and 10. The mechanical analogy or mechanical model, as 
the device is more commonly called, consists essentially of 
two rotatable units mounted on a common shaft and pro- 
vided with lever arms, which are connected at their outer 
ends by a spring. One of these rotatable elements is desig- 
nated as the generator element and the other as the motor 
element. Each of these elements is provided with means 
for applying torque in such a way as to stretch the spring 
connecting the lever arms. 
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Pig. 10—The mechanical analogy for power-system stability. 

Mechanical Model Power-Transmission System 

1. Radial distance from pivot to 
any point on spring. 

2. Length of spring. - 
3. Tension of spring, propor- 

tional to its length. 
4. Torque of either arm =prod- 

uct of the length of the arm 
and component of spring ten- 
sion perpendicular to arm. 

6. Product of the length of the 
arm and component of spring 
tension along the radius at 
any point. 

6. Angle between any two points 
on the spring. 

Line voltage at corresponding 
point. 
Line reactance drop. 
Line current. 

Active power. 

Reactive power. 

Phase displacement of voltages 
at the corresponding points of 
the system. 

The correspondence between the various mechanical and 
electrical factors of the mechanical model and the power- 
transmission system is shown in connection with Fig. 10. 
The mechanical model is stationary for the normal syn- 
chronous frequency, and the power-flow relations are rep- 
resented by torques. Movement of the model corresponds 
to oscillations of the power system with respect to normal 
synchronous speed. Thus, the model shows only the 
changes in movement that are significant from the stand- 
point of stability. The mechanical model has a power limit 
occurring at an angle of 90 degrees between the lever arms 
of a two-machine system. The model is also proportioned 
so as to simulate transient conditions as well as steady-load 
conditions. The mechanical model can be extended by the 
addition of rotatable elements and additional springs so 
as to simulate complicated power systems. For example, 
a transmission system with an intermediate synchronous 
condenser can be represented by the aid of the third ele- 
ment of Fig. 9 with the addition of a spring from the lever 
arm of the third element to the appropriate point on 

the spring connection between the other two rotatable 
elements. 

The mechanical model has been used for the calculation 
of actual stability problems but the a-c network calculator 
method is more convenient. Thus, the mechanical model 
is now employed in its original function of providing the 
best qualitative method of visualizing the essential phe- 
nomena in the power-system stability problem. Sufficient 
information has been given to enable one mentally to set 
up the mechanical model for the corresponding system 
condition and to study its performance for various steady- 
state and transient conditions. While an actual model is 
of considerable assistance, the mechanical analogy is useful 
even though no model is available. It is suggested that 
the mechanical analogy should be considered in connection 
with the entire discussion of this chapter, particularly in 
connection with multi-machine problems, such as those 
involving an intermediate synchronous condenser, since 
it frequently happens that some particular point is more 
readily grasped from the consideration of the model than 
of the actual system. 

II. REPRESENTATION OF SYSTEM FOR 
STABILITY CALCULATIONS 

In discussing methods for calculating stability, it is 
convenient to consider first the case involving two syn- 
chronous machines, and, subsequently, those involving 
three or more machines. In the previous part the stability 
phenomena were discussed in terms of the two-machine 
system reduced to its elements with the electrical system 
represented by two internal voltages and one reactance 
between them. In practical systems, even for the two- 
machine case, it is necessary to consider other factors, 
such as: 

1. Representation of system-impedance elements. 
a. Series branches with resistance. 
b. Shunt branches. 

1. Shunt capacitance. 
2. Shunt loads. 
3. Faults. 

2. Initial operating conditions. 
3. Representation of machines including the effects of regu- 

lators and exciters. 

8. Representation of System-Impedance Elements 

A typical layout for a two-machine transmission system 
is shown in Fig. 11. This system is assumed to have series 
resistances, shunt capacitances, shunt loads, maintained 
voltages at sending and receiving buses, and to be sub- 
jected to an unbalanced fault at point F on line 2, which 
is subsequently disconnected to isolate the fault. 

In a practical system it is frequently necessary to con- 
sider the effect of resistance and of shunt capacitance, 
since these are always present in transmission lines. Since 
voltage is normally maintained on the sending and receiv- 
ing buses, it is convenient to obtain the equivalent con- 
stants for the intervening part of the system. This can be 
done by the use of the generalized equivalent 7r network 
or the general circuit constants for the transmission line as 
described in Chaps. 9 and 10. In either case, it is possible 
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Fig. 11—Typical two-machine stability problem. 

Notation: See Fig. 1; also the following: 
T,,--S tep-up transformer . 
Z’.,AStepdown transformer. 

T.L.#l, T.L.#2-Transmission lines. 
B,, &-Breakers. 
F-Fault. 
E., E,-Voltages at regulated buses. 
L-Shunt load. 

to derive power-circle diagrams and power-angle diagrams 
on the basis of the network intervening between buses, 
which have maintained voltages E,, and E,. When loss is 
taken into account there is a difference between the sending 
and receiving power, as can be seen from Fig. 14. For this 
reason, power-angle relations for the two ends are no longer 
identical as assumed in Sec. 3. The method of taking this 
fact into account will be discussed subsequently in Sec. 23, 
Step-by-Step Procedure. 

When loss or intermediate loads are present in a power 
transmission system, the maximum amounts of power at 
the sending and receiving ends occur at different angular 
displacements. If under steady-state conditions the prime- 
mover input corresponds to maximum input to the motor, 
two interesting phenomena occur if the shaft load is slightly 
increased. The motor slows down in any event, but the 
generator (1) may pull out of step with the motor and 
overspeed or (2) may stay in synchronism with the motor 
and slow down with it, depending upon the relative inertias 
of generator and motor. These phenomena, while of con- 
siderable theoretical interest*, are of little practical inter- 
est, except as indicative of margins, because the important 
load condition corresponds to the maximum delivered 
power and that is not dependent upon the relative inertia 
characteristics. 

9. Representation of Shunt Loads 

On a system that contains only two large synchronous 
machines requiring individual consideration, the various 
other loads may have different characteristics from the 
standpoint of changes in real and reactive components 
with change in voltage. It is usually permissible to assume 
for small synchronous motors and induction motors that 
the kilowatt load is independent of the voltage. Synchro- 
nous-converter load is assumed to vary in proportion to 
the square of the voltage. Lighting load is often assumed 
to vary as the square of the voltage, but it is more accurate 
to assume that the change is according to the 1.8 power 
of the voltage ratio32. The changes in reactive kva with 
voltage are widely different for these different typical 
loads, as shown in Fig. 12. 

From a practical standpoint, it is not feasible to consider 

*For further st ud of these phenomena see Reference 10 or 36. y 

Fig. 12—Reactive Kva-Voltage characteristics of typical loads. 

Curve Description Reactive Kva Base 

A 100-kva synchronous motor 60 kva 

80 percent power-factor 
B 100-kva synchronous motor 100 kva 

100 percent power-factor 

C 15-hp induction motor, 80 percent 5 kva 

load, 90 percent power-factor 
D lOOO-kw synchronous converter 1000 kva 

E Transformer magnetizing Value at 100 per- 

kva cent voltage 

a large number of small shunt loads; instead, it is permis- 
sible to use a single composite load curve. To determine 
such a load characteristic an effort should be made to 
obtain the segregation of the principal types of load carried 
by the system under the conditions for which the stability 
characteristics are to be investigated. Table 1 gives a 
typical segregation of peak loads. 

TABLE 1—SEGREGATION OF TYPICAL SHUNT LOADS 

Induction Motor.. . . . . . . . . . . . . . . . . . 60% 
Synchronous Motor. . . . . . . . . . . . . . . . 10% 

100% Power-Factor.. . . . . . . .5% 
80% Power-Factor. . . . . . . . . .5 ‘% 

Synchronous Converter.. . . . . . . . . . . . 5% 

Lighting and Heating. . . . . . . . . . . . . . 25% 

By combining the real and reactive components of loads 
from segregations similar to that of Table 1 and with 
reactive kva variations similar to those of Fig. 12, it is 
possible to arrive at a composite load characteristic curve, 
such as shown in Fig. 13, which includes 15 percent exciting 
kva. This figure shows the variations in both the real and 
reactive components of load with change in voltage using 
the real component at normal voltage as reference. The 
dotted curve of Fig. 13 shows the variation for a constant 
shunt-impedance load. Figure 13 also shows points on the 
power-voltage and reactive kva-voltage curves for 100 per- 
cent and 90 percent voltage obtained from tests on the 
Brooklyn Edison Company’s system†. These tests showed 
for a 10 percent reduction in voltage that the power was 
reduced to 87 percent and the reactive kva to 80.6 percent 
of the corresponding values at normal voltage. These are 

†System Load Swings, by Bauman, Manz, McCormack, and 
Seeley, AIEE Transactions, Vol. 60, 1941, p. 541, Disc., p. 735. 
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Fig. 13—Variation of composite load with voltage. 

-Composite load based on Fig. 12. 
--mm -Constant impedance. 

--- (Bauman, Mane, McCormack and Seeley.) Normal 
kilowatts equal 100 percent. 

to be compared with 81 percent, which would be obtained 
with a constant-impedance load of the corresponding power 
factor. The variations in load voltages usually are not 
great because they are maintained by local generators and 
synchronous condensers equipped with voltage regulators. 
This fact permits the relatively crude approximation of 
constant-impedance loads to give satisfactory results for 
the majority of cases. 

10. Representation of Faults 

In this discussion of stability, symmetrical systems only 
have received consideration. However, the majority of 
faults on power systems are not balanced three phase. As 
a consequence, the individual phase voltages are consider- 
ably unbalanced, and the voltage of neither the faulted 
nor unfaulted phase (or phases) is a measure of the voltage 
available for through power transmission. Instead, the 
positive-sequence voltage is the representative quantity. 

In Fig. 21 of Chap. 2, interconnections between the se- 
quence networks are given for various types of faults at 
a single location. When the sequence networks, as viewed 
from the point of fault, are thus interconnected to represent 
a particular type of fault, correct positive-sequence volt- 
ages and currents will exist at all points in the positive- 
sequence network (the original balanced network). Since 
only the positive-sequence quantities are to be used, all of 
the interconnected network except the positive-sequence 
network can be reduced to a single impedance*, which 
simplifies calculations. This impedance is, as the above 
discussion shows, a function of the negative- and zero- 
sequence impedances as measured from the point of fault, 
and varies with the type of fault. Thus, for a single line- 
to-ground fault this impedance is (&+&) connected from 
the point of fault to the neutral of the system; and for a 

double line-to-ground fault, it is , that is, 22 and 

*Appendix III of Reference 5 and Reference 27. 

2, in parallel, connected from the point of fault to the 
neutral. Thus the stability problem involving an un- 
balanced fault at a single location is reduced to one involv- 
ing an equivalent three-phase symmetrical system. The 
original balanced network gives the desired positive- 
sequence quantities at all points when this equivalent 
impedance is connected to it†t. 

The physical interpretation of this method of handling 
unbalanced faults is helpful†. The power and reactive kva 
consumed in the negative- and zero-sequence networks are 
generated in the machines as positive-sequence quantities 
and are transmitted through the system to the fault loca- 
tion. There these quantities are converted by the asym- 
metry of the fault to negative- and zero-sequence quanti- 
ties which are fed back into the system and consumed as 
RI2 and XI2 for negative- and zero-sequence except for 
the effect produced by negative-sequence torques in ma- 
chines. As pointed out in Chap. 6, the negative-sequence 
input to the rotor of a machine is consumed half in R21z2 
losses and half in negative-sequence torques. These 
torques tend to drive the machine in a direction opposite 
to that of its normal rotation. The accurate method of 
considering this effect is, of course, to modify appropriately 
the mechanical input to the machine. The negative- 
sequence resistance for typical machines is given in Table 
4 of Chap. 6. 

11. Determination of Initial Operating Conditions 

Frequently in stability studies only part of the initial 
operating conditions are defined or are known. Conse- 
quently, to determine the initial conditions, calculations 
and frequently additional assumptions are necessary. 
Usually the delivered power and maintained voltages at 
sending and receiving buses are known. In addition, the 
characteristics of the transmission line, step-up and step 
down transformers are known, although sometimes the kva 
capacity of the latter must be adjusted. For the deter- 
mination of the initial operating conditions the use of the 
power-circle diagram is frequently advantageous because 
the bus voltages are usually known or can be assumed 
since they are subjected to relatively narrow variations. 
A particular method of using the power-circle diagram to 
assist in the determination of the initial operating con- 
ditions will now be described in connection with the system 
outlined in Fig. 11. The operating conditions of that part 
of the transmission system, including step-up and step 
down transformers, between the sending and receiving 
buses whose voltages E, and E, are maintained, can con- 
veniently be shown by the power-circle diagram of Fig. 14. 
The center of the receiving circle for the transmission line 
with transformers is plotted at the point C, and of the 
sending-end circle at the point C,. The positions of the 

†This method is actually applicable to all types of unbalances, 
including open conductors and multiple faults at separate locations. 
For example, for the case of two conductors open, the equivalent 
impedance is the sum of the negative- and zero-sequence imped- 
ances as viewed from across the open, connected across the open of 
the positive-sequence network, i.e., an impedance between two 
points of the positive-sequence network. Referring to Chap. 2, Fig. 
21 (p), impedances (X, to Y,) plus (X0 to Yo) connected from X1 to Y1. 

†Page 324 of Reference 27. 
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Fig. 14—Diagram illustrating the use of power-circle diagrams 
to determine initial conditions of internal voltages and overall 

angles on a eyatem with maintained terminal voltages. 

radii of these circles for zero difference in phase position 
between sending and receiving voltages are shown as the 
reference position for the angle 8. For a typical operating 
condition the receiver load is represented by a point in the 
receiver circle at T and at the angle 8 with respect to the 
zero position of the radius vector. The corresponding 
sending-end power and reactive-kva quantities are shown 
at the point s also at the angle 8 with respect to the zero 
position of the radius vector for the sending-end circle. 

The output of the synchronous generator supplying the 
transmission line is completely defined by the real and 
reactive kva and terminal voltage. If the equivalent re- 
actance of the generator is known, the internal voltage can 
readily be computed from the terminal conditions in the 
usual manner. It is a simpler matter usually to plot parts 
of another circle diagram for the synchronous generator 
considering it as a reactance line for which the receiver 
conditions are completely defined. Ordinarily, the resist- 
ance loss is negligible in comparison with the reactive kva 
with the result that the center of the generator circle 
diagram is located on the Y-axis. The center of the re- 
ceiver circle for the generator is located at the point g, 
which is numerically equal to the generator short-circuit 

kva computed on the basis of the terminal voltage and 
equivalent machine reactance. The internal voltage in 
magnitude and phase position becomes immediately avail- 
able from the circle diagram, since the receiver conditions 
for the generator must equal the sending-end conditions 
for the line. The phase position is given by the angle 8, 
measured between the radius g-s and the line of centers 
g-o. Since terminal conditions at s must be satisfied, the 
magnitude of the internal voltage of the generator is given 
by the relation: 

E distance g to sE 

‘=distance g to o ’ 
(3) 

Similarly, the internal voltage of the synchronous motor 
can be obtained from its real and reactive-kva input and 
its terminal voltage. The center of the sending circle for 
the motor is located at the point m. The phase position of 
the internal voltage with respect to the terminal voltage 
is given by the angle 0,. The magnitude of the internal 
voltage of the motor is: 

E distance m to r E 
m= distance m to o r 

(4) 

The effect of shunt load, such as shown at the receiver 
bus in Fig. 11, can be taken into account in several ways. 
For example, the shunt load can be added to the trans- 
mission system and considered as a part of it. Another 
method is to subtract the shunt load from the receiver, 
which assumption would modify the input to the syn- 
chronous motor by the amount shown graphically by 
changing the load point from T to rl. The effect of this 
shunt load on the magnitude and phase position of the 
internal voltage of the motor can readily be computed 
for the load at r1 in a manner similar to that previously 
described for the load at r. 

The method of using the circle diagrams illustrated in 
Fig. 14 provides a convenient method of obtaining the 
internal voltages of machines both in magnitude and phase 
position. The total difference in angle between these volt- 
ages is, of course, equal to the sum of the machine and line 
angles, that is, the sum of 0,, 8 and 0,. This method of 
using the power-circle diagram is particularly applicable 
for those problems in which the voltages are maintained at 
sending or receiving buses or at other points in the system 
through the use of voltage compensators. 

12. Representation of Machines 

Previously, it has been indicated that a synchronous ma- 
chine can be represented in stability studies by an appro- 
priate reactance and a corresponding internal voltage. 
Two reactances are commonly used, viz.: 

1. An equivalent synchronous reactance for steady-state sta- 
bility. 

2. Transient reactance for transient stability. 

The internal voltages associated with these reactances are 
determined from the terminal voltage and the voltage drop 
due to the load currents flowing through the machine re- 
actance. 

In the case of steady-state stability, the value used for 
the equivalent synchronous reactance depends upon the 



444 Power-System Stability Basic Elements of Theory and Application Chapter 13 

method of calculation being used. This is discussed in de- 
tail in Sec. 14 where methods of steady-state stability cal- 
culation are described. 

In transient-stability studies, the internal voltage is the 
vector sum of the terminal voltage and the transient-re- 
actance voltage drop due to the load currents just prior to 
the disturbance. 

III. STEADY-STATE STABILITY 
CALCULATIONS 

In this part the general problem of steady-state stabil- 
ity calculation is discussed in detail and specific examples 
given to illustrate each method of calculation. Particular 
attention is given the problem of calculating the power 
limit of the synchronous generator connected to a system. 
The power limit in this case is commonly called the “pull- 
out power” or the “pull-out torque.” 

The pull-out power as discussed herein refers to a steady- 
state stability condition, which is initially of a transient 
character but must be endured long enough to bring it into 
the classification of steady-state stability. Tripping of a 
loaded generator, loss or reduction of the excitation of a 
generator, or the tripping of a tie line supplying power to 
the system illustrate that pull-out power or maximum 
power output of the generators involved is important. The 
pull-out power of a generator is calculated from the inher- 
ent characteristics of the generator, which are governed by 
such factors as air-gap length, demagnetizing effect of the 
stator on the rotor, degree of saturation, reactance, and 
short-circuit ratio. For modern machines if the short-cir- 
cuit ratio is specified, the other factors usually have a fairly 
definite range of values, so that short-circuit ratio is the 
best single index of inherent steady-state stability of a gen- 
erator. 

The power equations in the following sections are written 
in terms of single-phase quantities. Thus, when the voltages 
are written as line-to-neutral volts and the reactances as ohms 
per phase, the power obtained from the equations is single- 
phase power. It should, of course, be multiplied by three to 
obtain the three-phase power. If all line-to-neutral voltages 
are multiplied by 43 and expressed as line-to-line volts, the 
equations give three-phase power directly. The equations can 
be used without alteration when the work is done using 
per-unit values. 

13. Effect of Saliency on Steady-State Stability 

The steady-state performance of a system containing 
unsaturated salient-pole machines can be calculated by the 
two-reaction method discussed in Chap. 6, particularly in 
connection with Figs. 12, 14, and 15. These diagrams are 
similar to that of Fig. 15 of this chapter, except that the 
notation has been changed from machine form to circuit 
form. For this diagram the relations of voltage and cur- 
rent in terms of the machine angles were previously de- 
rived or may be written by inspection as follows: 

Ed=Et co9 O+xJ sin (0++) (5) 
0= 4% sin 8+x$ cos (0+$) 03) 
p E&-E, co9 0 

=xd sin (0+$) (7) 

Fig. 15— Vector diagram for salient-pole synchronous 
based on two-reaction method. 

Et-Terminal voltage (phase-to-neutral-rms). 
Ed-Excitation voltage due to flux in direct axis. 

I-Armature current (line-rms). 

@-Displacement angle. 
+-Power-factor angle. 

f= 
Et sin 8 

2, cos (e++) 

machine 

(8) 

where xd and x, are direct- and quadrature-axis synchro- 
nous reactances. Equation (5) is based on the relations in 
the quadrature axis for which excitation voltage Ed is pro- 
vided by flux in the direct axis. Equation (6) is based on 
the relation in the direct axis for which there is no excita- 
tion voltage, as is almost invariably the case. The cor- 
responding current equations are given by (7) and (8). 
The expression for three-phase power in terms of terminal 
and excitation voltages can be obtained by eliminating I 
and $ from Eqs. (5), (6), and (8) with the result 

which becomes 
-- 

p E”Edsin B+‘l”(xd-Xq)sin 20 =- (9) _ - 
xd 2xdxq 

when the voltages are expressed as line-to-line voltages. 
All voltages are line-to-line values in the remainder of this 
section. The power limit for a single salient-pole ma- 
chine connected to an infinite bus of maintained voltage 
Et can be obtained directly from Eq. (9). In a salient-pole 
machine the steady-state power limit is reached at an an- 
gle considerably less than 90 degrees. For the non-salient 
pole machine the quadrature-axis reactance x, is equal to 
the direct-axis reactance xd, which relation reduces the 
maximum power from Eq. (9) to the familiar form pre- 
viously derived for the transmission line and given in 

Eq. (2). 

p,“Zd 
xd 

With two identical salient-pole synchronous machines at 
equal excitation, one acting as a generator, and the other 
as a motor, the terminal voltages and currents are in 
phase causing the angle + to be zero. The power relation 
for this condition can be stated in terms of the terminal 
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voltage as given in Eq. (11) or in terms of the excitation 
voltage as given by Eq. (12). 

-2 

PE =-%d 

P= 
I?: sin 28 

( ) 

2 

x, c0s2 e+z sin2 8 

(11) 

(12) 

The maximum power that can be delivered by a system 
consisting of two identical salient-pole machines directly 
connected and operating at equal excitation is obtained 
from Eq. (13). 

E: 
p = sGF (6 xd, %> 03) 

for which the value of the function F (0, zd, x,) is plotted 
in Fig. 16. As a matter of interest the total angle between 
synchronous machine rotors, 20, at the point of pull-out is 

Fig. 16—Effect of saliency on power limit and total displace- 
ment angle for two identical machines operating at equal 
fixed excitation adjusted to maintain constant terminal volt- 

Saliency effect plotted as ratio of power limit for 
ratios xd/&, to values based on xd alone. 

various 

also plotted in this figure. It will be noted that for 
x, = xd, Eq. (13) is identical in form with that previously 
derived for the steady-state stability limit and that the 
maximum power occurs at an angle of 90 degrees between 
the two machines and with an internal voltage equal to 4% 
times the terminal voltage. By using the internal voltages 
and the total reactance the same power expression would 
be obtained as previously given in terms of terminal volt- 
age and the reactance of a single machine. Figure 16 is also 
useful as indicating the correction in the stability limit, 
which must be made because of the effect of saliency. 

Example 1. Two salient-pole machines directly connected, 
three-phase, 2200 volt, 210 kva, operated at 1150 volts to 
avoid effects of saturation, with reactances of xd=31.4 ohms, 
~=8.83 ohms. The stability limit as determined from the 

Fig. 17—Effect of machine reactance on power limits of trans- 
mission system with identical machines and fixed excitation. 
Curves plotted in terms of the reactance xd and x, of each 

machine and XL of one-half of line. 

terminal voltage and the direct-axis synchronous reactance 
only, using Eq. 13 with x,= xd, gives 42.3 kw. Using the cor- 
rection factor obtained from Fig. 16, the stability limit con- 
sidering the effect of saliency was calculated to be 52 kw. 
Actual tests made on these machines gave 52 kw. 

The effect of saliency on the power limit of a transmis- 
sion system is illustrated in Fig. 17. In this case the trans- 
mission system is assumed to consist of two identical ma- 
chines, one operating as a generator and the other as a 
motor, with equal fixed excitation adjusted to maintain 
100 percent terminal voltages as indicated in the insert of 
the figure. The power limits for such a system can con- 
veniently be expressed in terms of the limit of the line 
alone. In Fig. 17 the solid-line curve is plotted for non- 
salient pole machines, i.e., with x, =zd; the dotted-line 
curve is plotted for a salient-pole machine for the rela- 
tively large ratio of xd/xq equal to four. The effect of 
saliency is small even for a ratio of xd/xq as high as four. 
For ratios of xd/xq between one and four the values will lie 
relatively close to the solid-line curve as the curve for 
saliency correction given in Fig. 16 suggests. 

The foregoing discussion has presented sufficient for- 
mulas to permit the analysis of the difference in stability 
limits resulting from the saliency effect obtained by the 
two-reaction method in comparison with the results ob- 
tained by using the direct-axis reactance only. The re- 
actances of synchronous machines given in Table 4 of 
Chap. 6 show that the ratio of xd/xq varies from one to an 
upper limit of approximately four. Under practical oper- 
ating conditions this ratio is greatly reduced because of 
the effects of saturation. Furthermore, the power systems 
for which the steady-state stability limits are important 
almost invariably involve circuit elements that introduce 
impedance between the machines and which result in an 
important reduction in the effective ratio of the direct- and 
quadrature-axis reactances. 
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14. Effect of Saturation on Steady-State Stability 
The effect of saturation on the equivalent synchronous 

reactance and corresponding internal voltage of synchro- 
nous machines is generally much more important than that 
of saliency. These effects from the stability standpoint are 
determined from the terminal voltage, power and reactive 
kva output, and the excitation characteristics of the ma- 
chines as determined by test, or by recognized methods of 
calculating the regulation of synchronous machines as de- 
scribed in Chap. 6. 

There are several methods of including the effects of 
saturation in the determination of pull-out power of a gen- 
erator. The most accurate of these uses the voltage behind 
Potier reactance, E,, to adjust the saturation of the ma- 

Fig. 18—Vector diagrams for initial-load and gull-out condi- 
tions. 

(a)-Equivalent representation of generator and external system. 
(b)-Vector diagram of system with generator loaded with rated 

kilowatts, power factor and voltage. 
(c)-Vector diagram at pull out with B increased to 90 degrees and 

E X and E, equal to initial-load values in (b). 

chine at the pull-out point. This method of solution is de- 
scribed below along with some simplified methods of calcu- 
lation. The results obtained by using the various methods 
are compared over a range of conditions to illustrate those 
cases where the simplified methods can be used with ac- 
ceptable accuracy. 

Potier Voltage Method—This method is best under- 
stood if the analysis is considered on the basis of the two 
existing operating conditions: the initial operating condi- 
tion, and the pull-out operating condition. In Fig. 18 (a) 
is illustrated a generator G connected through its own re- 
actance x, to a terminal bus, which in turn is connected to 
an assumed infinite bus in the system through the equiva- 
lent external reactance z,. The reactance xe is the react- 
ance of the system between the generator terminals and 
the infinite bus reduced to a single equivalent reactance. 
The internal voltage of the generator is represented by 
E. mt- 

The vector diagram for the system during the initial op- 
erating conditions prior to pull out is given in Fig. 18 (b). 
It is necessary, of course, to express all vector quantities on 
a common base, and the most convenient method of doing 
so is to use the per-unit system with the generator rating as 
a base. This is equivalent to referring to all voltages in 
terms of the generator field excitation required to produce 
them. The generator rated voltage, current, and kva are 
used for the base in expressing the voltages, currents, and 
reactances, respectively, as per-unit quantities. On this 
basis, 1.0 per-unit power converted to kilowatts is equal to 
the generator kva rating. 

Referring to Fig. 18 (b), the following equations can be 
written. The infinite bus voltage E, is the generator ter- 
minal voltage minus the drop through the external react- 
ance, 

E,=Et-Ix, (14) 

The voltage behind Potier reactance E, is equal to the ter- 
minal voltage plus the Potier reactance drop, 

E,=Et+Ix, (15) 

The internal voltage Eint of the generator is equal to the 
terminal voltage plus the drop through the generator un- 
saturated synchronous reactance, 

E int=Et+IXd (16) 

The saturation curve of the generator is shown in Fig. 19 
plotted in per unit. Rated generator voltage is used as 1.0 
per-unit voltage, and the field current necessary to produce 
rated voltage on the air-gap line is 1.0 per-unit field cur- 
rent. The saturation 8 is the difference between the ex- 
citation required to produce J!?~ on the no-load saturation 
curve and the excitation required to produce zp on the air- 
gap line. The excitation voltage EX, which is equivalent to 
the total field current under the initial load condition, is 
the internal voltage plus the saturation, 

Ex=Ei,t+S (17) 

The power transferred from the generator to the infinite 
bus is 

p Eint~, sin 8 =- 
x,+x, 

(1% 
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where 

x, = zd, the generator unsaturated synchronous react- 
ance. 

0=Angle between E, and Eint. 

The generator power output is, of course, also found from 
the equation 

-- 
P=EJ cos + (19) 

Under the hypothesis of constant excitation in the tran- 
sition from the initial load condition to the pull-out condi- 
tion, the excitation voltage EX remains constant. The in- 
finite bus voltage E, is also assumed to remain constant, so 
that these two voltages and the reactances x,, x,, and xB and 
the angle 9 are the only quantities known at the time of 
pull out, and the internal voltage at pull out E’int must be 
determined. 

The vector diagram of the system at the time of maxi- 
mum power transfer is given in Fig. 18 (c). The excitation 
voltage Ex is used as the reference vector and is equal in 
magnitude to the value calculated for the initial load con- 
dition. The angle 8 is 90 degrees, so the infinite bus voltage 
E, lags E, by that angle. Expressions for the remainder 
of the vector diagram are 

-1 E int=E~-S’ cm 

I’(xd+xe) = &nt -E, (21) 

I, E’int -Er 
= 

xd-be 
cm 

Et’ = E,+ I’x, (23) 

E,’ = Er+I’(xe+xp) (3 

A method of successive approximations must be used to 
determine the value of B’ which leads to the correct solu- 
tion of the vector diagram. First, a value is assumed for g’ 
and Eqs. (20), (21), (22), and (24) are used to calculate 
E,‘. The actual value of s’ is found from the saturation 
curve at a voltage equal to I&,’ and is compared with the 
assumed value. The assumed value is then adjusted until 
the actual value found by repeating the calculation of E,’ 
is equal to the assumed value. Usually, two approximrlr 
tions yield a sufficiently accurate answer. When the cor- 
rect values of 8’ and E’ int are found, the pull-out power 
can be calculated by 

P 
E’intEr 

nlax=- 
xd+xa 

(25) 

or 

P max =Et’I’ cos +’ (26) 

The application of the Potier voltage method is illus- 
trated with an example in which G in Fig. 18 (a) is a 
60 OOO-kw, 70 588-kva, 13 800-volts, 0.85-power factor, 
hydrogen-cooled turbine generator. The saturation curve 
of the generator is shown in Fig. 19. The equivalent sys- 
tem reactance x, is 0.25 per unit on the generator rating of 
70 588 kva. During the initial load conditions, the gen- 
erator is assumed to be carrying 60 000 kw at 0.85 lagging 
power factor with its terminal voltage Et maintained at 
rated value. The initial load data can be written as fol- 
lows, using the generator rating as a base: 

Et = 13 800 volts= l.O+jO.O= 1.0 /O” per unit. 
kw output = 60 000 kw = 0.85 per unit. 
kva output = 70 588 kva = 1.0 per unit. 
1=0.85-jO.527=1.0 /-31.8’-per unit. 
C#J=31.8”. 
x,=0.25 per unit. 

The required generator 
from the saturation curve: 

constants can be determined 

I fai 1.30 
xd=--= 

I 
-= 1.30 per unit 

fg 1.00 

where 

I f,i=Field current required to produce rated arma- 
ture current with a three-phase short circuit at 
the generator terminals. 

Ifg = Field current required to produce rated voltage 
on the air-gap line. 

The Potier reactance x, is determined from the Potier volt- 
age triangle as shown in Fig. 19 and is 

x,=0.11 per unit. 

Referring to the vector diagram in Fig. 18 (b) and using 
Eqs. (14), (15), and (16), 
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E,= (l.O+jO.O) - (0.85 -jO.527) (j0.25) 
=0.8682+0.2125=0.894 /-13.77' 

y=13.77O 
E,= (l.O+jO.O)+(O.85-jO.527)(jO.11) 

=1.058+jO.O935=1.062 /5.06" 
E ~~+,=(1.0+j0.0)+(0~85--j0~527)(j1.30) 

=1.685+j1.105=2.015 /33.25" 
8---y=33.25" 

8=33.25"+13.77"=47.02" 

From the saturation curve at a voltage equal to Ep= 
1.062 per unit, the saturation g is 0.254 per unit, and from 

Eq. (17) 

i!% = 2.015+0.254 = 2.269 

The above results can be used in Eq. (18) as a check to de- 
termine the accuracy of the calculations thus far: 

p = (2.015) (0.894) sin 47 oao 

1.30+0.25 ’ 
-0.8504 per unit. 

The vector diagram for the pull-out condition is shown 
in Fig. 18 (c), and using E, as a reference, the following 
quantities are known: 

E, = 2.269 /O” = 2.269+jO.O 
E,=0.894 ~90"=0.0-j0.894 
e=90° 

Examination of the vector diagram reveals that &,’ can be 
estimated by drawing the line AT, assuming 8’ equal to 
zero, i.e., Elint - 
from 

-& The location of point C can be found 

AC =x$ (Ax) 
0 

The vector ?X? is equal to E,', the voltage behind Potier 
reactance, and can be used to determine a value for the 
first approximation of 8’. Following this procedure, 8’ is 
assumed to be 0.10 per unit. From Eqs. (ZO), (21), (22) 
and (24), 

E'i,t = (2.269+jO.O)-0.10 
=2.169+jO.O=2.169 /oo 

1'(xd+i&)=2.169+jO.894=2.347 /22.4' 
I, = 2.169+jO.894 

j1.3O+jO.25 
=0.577-+1.400= 1.514 /-67.6” 

E,‘=(O.O-jO.894)+ (0.577+1.4OO)(jO.36) 
=0.504--jO.686=0.852 j-53.73" 

From the saturation curve at &,’ =0.852 per unit, 8’ = 
0.057 per unit which shows that the first approximation 
was too high. A lower value, therefore, should be assumed 
for the second approximation, but observe that decreasing 
the value of 8’ slightly increases the value of E*‘. Thus, 
8’ is assumed as 0.06 per unit for the second approxima- 
tion. 

Efint=2.209+j0.0=2.20 /o" 
~'(~d+&t)=2.209+jO.894=2.385 

I'=O.577-jl.425=1.538 
/22.0" 

Ep’= 0.513~jO.686=0.857 
/-68.0' 
(-53.2" 

s’ (from saturation curve) =0.06 
E,‘=(O.O+j0.894)+ (0.577~j1.425) (j0.25) 

~0.356~jO.750=0.830 /-64.6" 

The pull-out power for the assumed conditions is found 
from Eq. (25) 

P 
(2.209) (0.894) 

mu= 
1.30+0.25 

= 1.274 per unit 

or from Eq. (26) where 

~'=68.0°-64.60=3.400 
P ,,=(0.830)(1.538) cos 3.40"=1.274 per unit 

The pull-out power in kilowatts is 

P ,,=(1.274)(70 588)=89 930 kw. 

Many different initial operating conditions might be 
used to represent the system in a practical calculation. In 
the above example, where the generator terminal voltage 
was assumed as 1.0 and the kw load as 0.85, the margin ob- 
tained between the operating condition and the pull-out 
condition was 1.274 -0.85 or 0.424 per unit which is equiv- 
alent to 29 930 kw. The generator kw load, therefore, could 
be increased approximately 50 percent before the machine 
would pull out of step with the system. There may be 
other considerations such as turbine capability or generator 
heating that limit the load to some value below the maxi- 
mum permissible power from the stability standpoint. If 
other initial operating conditions are assumed, the excita- 
tion voltage is, of course, changed, and the pull-out power 
differs from that obtained in the above example. 

Synchronous Reactance Method-In this simpli- 
fied method of steady-state stability calculation, the gen- 
erator is represented by a reactance equal to the unsatu- 
rated synchronous reactance, xd, and an internal voltage 
equal to the voltage behind unsaturated synchronous re- 
actance, as determined by the initial load conditions. This 
voltage, Ed, is the same as Eint determined in Eq. (16). It 
is evident, therefore, that this method of calculation does 
not take into account the increase in Eint caused by the re- 
duced saturation when the pull-out point is reached, and 
the maximum power so obtained is less than that given by 
the Potier voltage method. The maximum power equa- 
tion becomes -- 

- Ed& Y 
ma’=Zd+2. 

where Ed = Et+Ixd 

calculated for the condition prior to pull out. 
From the calculations in the example above, 

&t= Ed=2.015 per unit 
E, =0.894 per unit 

P 
(2.0155 (0.894) 

mu=- 
1.30+0.25 

= 1.162 per unit. 

Short-Circuit Ratio Method-The short-circuit ratio 
(SCR) of a generator can be obtained from the saturation 
curve 

where 

I tnl = Field current required to produce rated voltage 
on the no-load saturation curve. 
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I fsi =Field current required to produce rated arma- 
ture current with a three-phase short circuit at 
the generator terminals. 

In this method of calculation, the generator reactance 2, is 
represented by the reciprocal of the generator short-circuit 
ratio, 

The quantity $& is roughly equivalent to the generator 

unsaturated synchronous reactance, differing only in the 
fact that it takes into account a certain amount of satura- 
tion. The saturation included is that existing at rated 
voltage on the no-load saturation curve, and if this value 
of saturation is designated Sni, it can be shown that 

Fig. 20—Comparison of four methods of calculating pull-out 
power. 

xB = 0 per unit 
Initial load equal to 60 000 kw or 0.85 per unit at various power 
factors with terminal voltage Et equal to 13 800 volts or 1.0 

per unit. 

In this method, therefore, a certain amount of correction 
for saturation at pullout is obtained, but it is a constant 
approximation, whereas the true saturation is variable 
depending on the operating conditions. 

Internal voltage is calculated for the initial operating 
conditions from 

E 

and the magnitude of the internal voltage at the pull-out 
point is assumed equal to the value so calculated. The 
maximum power equation is 

P 
EintEr 

max= , 
&+xe 

Applying this method to the example, the short-circuit 
ratio is found from the saturation curve and Eq. (27), 

SCR 1.16 0 892 
=1.30= * 

x,= 1.121 per unit 
E ~~~~(l.O+jO~O)+(O~85-j0~527)(j1*121) 

= 1.591 +jo.953 = 1.854 /30.9O 

P 
(1.854) (0.894) 

max = 
1.121+0.25 

= 1.209 per unit. 

Fig. 21—Comparison of four methods of calculating pull-out 
power. 

x, = 0.25 per unit 
Initial load equal to 60 000 kw or 0.85 per unit at various power 
factors with terminal voltage Et equal to 13 800 volts or 1.0 

per unit. 

I 



Fig. 22—Comparison of four methods of calculating pull-out power. Each curve is calculated for an initial-load condition of 
various kilowatts at the indicated power factor with the terminal voltage equal to 1.0 per unit. 
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Air-Gap Voltage Method—The use of the air-gap line 
voltage to represent the internal voltage of a generator in a 
steady-state stability study is based on the fact that there 
is usually little saturation existing at the time of pull out. 
The air-gap line voltage which is used is that voltage read 
on the air-gap line at a value of excitation equal to that re- 
quired for the initial load condition. When expressed in 
per unit, this voltage is equal to the excitation voltage E. 
obtained in Eq. (17). The unsaturated synchronous react- 
ance xd is used to represent the generator reactance Zg. 
Thus, if there is any saturation in the machine at pull out, 
this method uses a voltage which is too high by the amount 
of the saturation to represent the internal voltage. The 
maximum power equation for this method is 

P 
Z7,.J7. 

m= = 
xd+x~ 

where 

~imt =~= = Voltage read on air-gap line at the field 
excitation required to produce the ter- 
minal voltage under conditions of load. 

In the example above, ~x was found to be 2.269 per unit, 
and the maximum power is 

P 
(2.269)(0.894) 

m= = = 1.309 per unit. 
1.30+0.25 

Comparison of Methods-Results obtained by cal- 
culating the pull-out power for a given kilowatt load at 
various power factors using the four methods are com- 
pared in Figs. 20 and 21. The 60000-kw generator de- 
scribed in the example above was used in making the calcu- 
lations. In all cases, the generator was assumed to be car- 
rying 60000 kilowatts at the specified power factor and 
with the terminal voltage maintained at rated value during 
the initial load condition. In the transition to the pull-out 
point, the infinite-bus voltage was assumed constant at the 
value calculated for the initial load condition. Figure 20 
shows the results with the external reactance x.= O, and in 
Fig. 21, z,= 0.25 per unit. 

In all cases, the air-gap voltage method gives the highest 
value of pull-out power. This is to be expected since this 
method assumes no saturation at pull out and uses a volt- 
age higher than actual to represent the generator internal 
voltage. The synchronous-reactance method, on the other 
hand, assumes that the saturation at pull out is equal to the 
saturation existing under the initial load condition and, 
consequently, represents the generator internal voltage by 
a voltage lower than the true value. The synchronous- 
reactance method, therefore, gives the lowest results in all 
cases. The actual value of pull-out power must be between 
the values obtained by these two methods, since one meth- 
od considers no saturation while the other considers a high 
value of saturation. 

The Potier-voltage method and the short-circuit ratio 
method give results within the limits set by the air-gap 
voltage and synchronous-reactance methods. Based on 
modern synchronous machine theory, the results of the 
Potier-voltage method are more accurate, because the sat- 
uration at pull out is adjusted to the proper value. The 
short-circuit ratio method gives results that compare 

closely with the Potier-voltage method over the range of 
conditions studied. 

A summary of a large number of calculations of pull-out 
power for the sample machine is given in Fig. 22. To ob- 
tain the data in each curve the generator power factor and 
terminal voltage were held constant for the initial load con- 
dition, while the generator load in kilowatts was varied. 
Study of these curves shows close agreement between the 
four calculating methods over the range of conditions in- 
cluded. Of particular interest is the fact that the result 
obtained by the short-circuit ratio method exceeded that 
obtained by the air-gap voltage method at low leading 
power factor and reduced load. 

Extension of the Potier-Voltage Method—The Po- 
tier-voltage method as described above may appear to be a 
long and tedious procedure when a large number of condi- 
tions are being studied. The equations can, however, be 
modified for certain specific conditions and the calculations 
are then greatly simplified. 

Frequently, it is desired to know the magnitude of field 
current or excitation voltage that must be maintained to 
prevent a generator from pulling out of synchronism. It 
has been shown that the pull-out power is a direct function 
of the excitation voltage less the saturation. A generator 
will pull out of synchronism when carrying a given kilo- 
watt load if the excitation voltage is reduced below a cer- 
tain minimum value. A curve of pull-out power as a func- 
tion of excitation voltage is easily derived by the Potier- 
voltage method. 

The first step in the procedure is to assume a value of 
pull-out power, Prn,x, and determine the magnitude of in- 
ternal voltage required to deliver that power by solving 
Eq. (25) for ~’i.~: 

(28) 

Referring to the vector diagram in Fig. 18 (c), two equa- 
tions can be written: 

‘~~r+~~’(xd+x.) = Dint +~o 
Ep’ = –jEr+jI’(xe+xp) 

(29) 

(30) 

Solving for I’ in Eq. (29) and substituting in Eq. (30), 

Letting 

K= 
Xp+xe (31) 
xd+x~ 

Ep’= ~E’2i*~ K2+E~(K– 1)2 (32) 

In terms of the pull-out power, Eq. (32) converts to 

4 E,’= ‘*(zp+xe)’+E:(K– 1)’, 
r 

(33) 

Using Eq. (28), therefore, the internal voltage is deter- 
mined, and ED’, the voltage behind Potier reactance, is de- 
termined by using either Eq. (32) or Eq. (33). The satura- 
tion ~’ is_then read from the saturation curve at a voltage 
equal to Ep’ and added to the internal voltage to obtain the 
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excitation voltage as in Eq. (17). As pointed out previous- 
ly, it is desirable that all calculations be done using per- 
unit values. When this is done, the excitation voltage ob- 
tained is in reality the per-unit field current required by the 
machine. The actual value of field voltage required can be 
obtained by multiplying the field current by the field re- 
sistance properly adjusted to take into account tempera- 
ture effects. 

As an example, this procedure can be applied to the 
60000-kw generator used above, and the field current de- 
termined for a maximum power of 1.25 per unit with the 
infinite bus voltage E. equal to 1.0 per unit and the ex- 
ternal reactance equal to 0.25 per unit. From Eq. (28), 

jij;nt = g (1.30+0.25) = 1.937 per unit. 
. 

~ 0.11+0.25=0 2323 

= 1.30+0.25 “ ● 

From Eq. (32) 

~p’ = ~(1.937)’(0.2323)2+ (1.0)2(0.2323– 1.0)2 
=0.890 per unit. 

From the saturation curve, E’ is 0.074 per unit, and the re- 
quired excitation voltage or field current is 1.937+0.074 = 
2.011 per unit. One per unit field current on this generator 
is 332 amperes, so that the field current required would be 
668 amperes, and the field voltage would be this current 
multiplied by the field resistance. 

The results of a number of calculations of this type on 
the sample machine are plotted in Fig. 23 for three values 
of external reactance, to illustrate the manner in which the 
data can be presented. Because these curves give the value 
of field current for pull out, it is obvious that the generator 

Fig. 23—Variation of pull-out power as generator field current 
is changed; calculated by Potier-voltage method with infinite 

bus voltage E,= 1.0 per unit. 

Fig. 24—Estimating curve for determining the pull-out power 
of an AIEE-ASME standardized turbine generator as a func- 

tion of kva load and power factor. 

1.0 per unit kva load= generator rated kva. 
1.0 per unit Pull-out Power = generator rated kva. 
1.0 per unit field current = field current required for rated voltage 

on air-gap line. 

Find the point corresponding to the initial kva load on the 
upper ordinate and trace horizontally to the proper power 
factor line. Drop vertically to read field current on the 
abscissa and to intersect with proper external-reactance 
curve. Pull-out power is read on the lower ordinate. For 0.85 
p.u. initial kva load at 1.0 pf., the pull-out power is 1.05 per 
unit and the field current is 1.72 per unit as found by follow- 
ing the dotted arrows. See text regarding accuracy of curves. 

should be operated so as to maintain the field current high 
enough above the value indicated for the load being carried 
to provide sufficient pull-out margin. Methods of control- 
ling the minimum excitation under voltage-regulator con- 
trol and assuring sufficient field current for all kilowatt 
loads are discussed in Chap. 7. 

Estimating Curves—The ASME-AIEE standardized 
designs of turbine generators are described in Chap. 6. 
These generators are designed for a rated power factor of 
0.85 and a nominal short-circuit ratio of 0.80. The curve 
in Fig. 24 has been prepared for the purpose of quick-esti- 
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mating the pull-out power for these machines. The pro- 
cedure for using the curve is explained in the caption. 

In using the curves of Fig. 24, the conditions for which 
they are plotted should be considered. The upper curves 
of kva vs. field current for various power factors are plotted 
for 100 percent generator terminal voltage. The lower 
curves of pull-out power vs. field current for various ex- 
ternal reactance are plotted for 100 percent voltage on 
the infinite bus. The infinite-bus voltage and generator 
terminal voltage are equal only when the external reac- 
tance. is zero. Therefore, the curves give correct results 
when the generator is connected directly to the infinite 
bus with no external reactance and with the terminal 
voltage at rated value. 

For values of external reactance other than zero, the 
generator terminal voltage is more or less than 100 percent, 
depending on the power factor of the load current. The 
upper curves do not give the correct value of field current 
for these conditions, but the results are of acceptable ac- 
curacy for small variations in generator terminal voltage. 
The pull-out power obtained for conditions with external 
reactance, however, should be considered as approxi- 
mations. 

The curve is also closely applicable for quick-estimating 
the pull-out power of turbine generators in general, espe- 
cially those having normal characteristics. If the per-unit 
field current is determined for the load being carried, the 
lower set of curves of pull-out power vs. per-unit field cur- 
rent can be used to determine the pull-out power with in- 
creased accuracy for non-standardized generators. 

IV. TRANSIENT-STABILITY CALCULATIONS– 
TWO-MACHINE SYSTEMS 

In this part, system components entering into transient- 
stability calculations and the step-by-step method of mak- 
ing transient-stability calculations are discussed. 

15. Effect of Saliency on Transient Stability 

The transient performance of a system containing sali- 
ent-pole machines can be calculated by the two-reaction 
method discussed in Chap. 6. A vector diagram for the 
two-reaction method expressed in circuit notation is shown 
in Fig. 25. This is the most commonly used diagram since 
in stability studies salient-pole machines are usually en- 
countered and for these the quadrature-synchronous and 
the quadrature-transient reactance are equal, i.e., z~ = x~’. 
The power output can be expressed in terms of the ter- 
minal voltage, current, the angle 0’, and ~d’, which cor- 
responds to the actual flux in the direct axis. The expres- 
sions are identical with those given in Eqs. (5) to (13) in- 
clusive, with the exception that transient reactance xd’ 
must be substituted for synchronous reactance ~d and that 
Ed’ must be substituted for ~~. 

The range of transient-reactance values is given in Table 
4 of Chap. 6. In salient-pole machines the quadrature-axis 
transient reactance is considerably higher than the direct- 
axis transient reactance. 

For commercial salient-pole machines the ratio of x~’ to 
xd’ is usually greater than 2.0. For turbine generators the 
quadrature-axis transient reactance is for solid rotors about 

Fig. 25—Vector diagram of salient-pole generator for tran- 
sient stability. 

E, 1—Terminal voltage and armature current (phase-to-neutral). 

Ein~—Internal voltage, the voltage back of direct-axis transient 
reac&n@ Zd’. 

&’-voltage due to flux in the direct axis. 

6-Displacement angle between rotor position and terminal 
voltage. 

#-Displacement angle between internal voltage and terminal 
voltage. 

the same as the direct-axis transient reactance, but for lam- 
inated rotors it varies from approximately 50 percent 
greater than the direct-axis transient reactance to a value 
approaching the quadrature-axis synchronous reactance. 
To generalize on the quadrature-axis transient reactance 
of turbine generators is impractical because of the complex 
character of the magnetic circuits in such machines. 

The power-angle curve, used in transient-stability stu- 
dies of systems with salient-pole machines, consists of a 
fundamental component and a second-harmonic com- 
ponent. From Eq. (9) when modified for transient condi- 
tions, since x~’ is greater than xd’, the maximum power is 
seen to occur for angles greater than 90 degrees. This con- 
dition is to be contrasted with that shown for steady-state 
conditions using synchronous reactance. The difference, 
of course, follows because the sign of the second-harmonic 
term is dependent upon the difference between the direct- 
and quadrature-reactances as Eq. (9) shows. 

In stability studies it is rather difficult to carry out ana- 
lytical calculations using the two-reaction method* on sys- 
tems with more than two machines. As a practical matter, 
it is sufficiently accurate to use a method based on the 
round-rotor theory in which the machine is represented by 
the direct-axis transient reactance and an internal voltage 
equal to the terminal voltage plus transient-reactance drop 
for the condition immediately preceding the transient. 
This transient-reactance drop and the corresponding in- 
ternal voltage .Ei.~ are shown in Fig. 25. Under ordinary 
conditions, there will not be any large difference in the 
magnitude of the internal voltage Ei~~ and the voltage Ed’ 
due to flux in the direct axis. Consequently, the funda- 

*See Sec. 37 of this chapter for a discussion of such a method. 
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Fig. 26-Effect of saliency on transient stability for system 
shown in insert with both lines in service. 

A—Power-angle diagram based on initial load of 0.833 per unit- 
two-reaction theory. 

B—Power-angle diagram based on same initial load—round-rotor 
theory using same direct-axis transient reactance and cor- 
responding internal voltage. 

mental component of the power-angle curve is substan- 
tially the same in magnitude whether the round-rotor 
method or the two-reaction method is used. 

Consider a simple transmission system*, such as shown 
in the insert of Fig. 26. Power-angle diagrams for this sys- 
tem have been calculated by the round-rotor and the two- 
reaction methods using the same values for xd’ in the ma- 
chine and for the reactance of the remainder of the sys- 
tem. These power-angle diagrams for initial machine- 
conditions corresponding to a steady transmitted load of 
0.833 per unit are shown in Fig. 26. In this case there is a 
difference of one percent in the power limit, the larger be- 
ing obtained by the two-reaction method. The areas in the 
power-angle diagram for the initial output of 0.833 per unit 
are somewhat greater for the two-reaction method than for 
the round-rotor method. Furthermore, with the two-reac- 
tion method an appreciably greater percentage of this area 
occurs at a greater angle than with the round-rotor meth- 
od. The power-angle curves show that the round-rot or 
method gives a conservative stability limit for the usual 
transient conditions. This is illustrated by Fig. 27 which 
is based on the system of Fig. 26 subjected to a double line- 
to-ground fault at the sending end. In this figure two 
curves are given for the stability limit plotted as a function 

*This is identical with the system used in the single-machine 
problem, Sec. 24. 

Fig. 27—Effect of saliency on permissible switching time— 
simultaneous clearing of line-section with double line-to- 

ground fault at sending end of system shown in Fig. 26. 

A—Two-reaction theory. 
B—Round-rotor theory. 

of the duration of fault using both the round-rotor and two- 
reaction methods. These curves show that there is little 
difference in the stability limit or the permissible switching 
time, but the values are somewhat greater when calculated 
by the two-reaction method. If salient-pole machines were 
used at both ends of the system, the effect of saliency would 
be of greater importance. However, for the majority of 
problems the round-rotor method is satisfactory because it 
gives a conservative stability limit and is preferable be- 
cause the calculations are much simpler. 

16. Effect of Saturation on Transient Stability 

Machine saturation affects transient stability by reduc- 
ing the magnitude of transient reactance. As brought out 
in Chap. 6, the unsaturated transient reactance is rarely 
useful. The two commonly available and useful values of 
transient reactance are (1) the “rated-current value” ob- 
tained by short-circuiting a machine at the appropriate 
reduced excitation, and (2) the ̀ `rated-voltage value” ob- 
tained by short circuiting the machine from no load but 
with excitation corresponding to rated voltage. The dif- 
ference in these reactance results from saturation arising 
from the difference in excitat ion, the higher value being for 
the lower excitation. The rated-voltage value is the one 
commonly used for short-circuit calculations and, there- 
fore, is generally available. Actually the variation in the 
value of transient reactance caused by saturation is not 
large and it is preferable in stability studies to use a con- 
servative, that is, the higher value. It is possible to include 
the effect of saturation in the estimate of the transient re- 
actance corresponding to the particular excitation and of 
armature current as discussed in Chap. 6. Practically, 
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however, there is little difference for the range of currents 
commonly encountered. For this reason “it is usually suffi- 
ciently accurate to use the ‘hated-current value.” 

17. Dynamic Stability with Automatic Devices 

When synchronous machines are operated with voltage 
regulators, the stability limits of the system are impor- 
tantly changed from the values which obtain for hand 
control. This phenomenon has been designated ‘{dynamic 
stability with automatic devices. ” Dynamic stability on 
power systems is made possible by the action of voltage 
regulators that are capable of increasing or decreasing flux 
within a machine at a faster rate than that caused by the 
system in falling out of step. When the inherent stability 
limit is exceeded, both the mechanical system and the elec- 
trical system are maintained in a continuous state of oscil- 
lation through the development of restoring forces equal to 
or greater than the disturbing forces. 

This conception of dynamic stability was first recognized 
by E. B. Shand, but at the time it was not thought to lie 
within the range encountered with commercial equipment. 
Subsequently, Evans and Wagner* demonstrated by ana- 
lytical methods and by miniature-system tests that sub- 
stantial improvement in stability limits could be obtained 
by making use of this phenomenon. Their tests, reported 
in 1926, showed that the stability limits of a transmission 
system with a 200-mile transmission line could be increased 
25 percent by this method. Later Doherty7 and Nickle 
made tests for the special and rather academic condition 
of two machines directly connected, which showed that 
the limits could be increased about 300 percent by the 
same means. These two tests are actually quite compara- 
ble when the effects of line reactance are considered. 

Dynamic stability with automatic devices can be con- 
sidered as a problem in transient stability, making use of 
the machine air-gap flux and a reactance intermediate 
between the familiar synchronous and transient react- 
ance. With ideal excitation systems, that is, with volt- 
age regulators without time lag, with high frequency 
of operation, and with unlimited exciter range and re- 
sponse, the stability limit would be determined by the 
transient reactance. From a practical standpoint the ex- 
citer response is not sufficiently fast to approach closely 
the ideal condition. More important, however, is the in- 
ability of the regulator to approximate the ideal charac- 
teristics because of the time delay and the finite steps of 
regulator action, and delay in the anti-hunting feature. 
This provides a definite limit to the increase in the stabil- 
ity limit resulting from regulator action. Nevertheless, for 
the system consisting of two machines, as described in 
Ex. 1 of Sec. 13, operating at equal excitation and con- 
stant terminal voltage under the control of a voltage regu- 
lator, the stability limit was raised with automatic devices 
from 52 to 183 kilowatts. The importance of the increase 
in stability limits due to the operation of automatic de- 
vices is, of course, greatly reduced when appreciable react- 
ance is introduced between the sending and receiving sys- 
tems. For example, Fig. 28 shows the effect of introducing 
line reactance between the two machines just described. 
For a discussion of operation in the zone of dynamic sta- 
*Reference 5; test results reported in closing discussion. 

Fig. 28—Comparison of stability limit with automatic voltage 
regulator and limit with fixed excitation or hand control. 

Shows gain due to “Dynamic Stability.” 

bility,s reference should also be made to the second part 
of Sec. 47 under Excitation Systems. 

18. Hunting of Synchronous Machines 

The hunting of synchronous machines can arise from 
phenomena closely related to system stability. In the 
early stages of power-system development it was difficult 
to differentiate between hunting and instability. The 
term “hunting” is now commonly restricted to two phe- 
nomena, which may be designated as 

(1) Hunting from spontaneous action, and 
(2) Hunting from pulsating torques. 

The first of these phenomena was observed in connection 
with the operation of synchronous converters when sup- 
plied over ``shoe-string lines. '' It was found that the 
hunting could be overcome (1) by limiting the resistance 
drop of these lines to a certain percent of the total react- 
ance drop, or (2) by the use of suitable damper windings. 
Spontaneous hunting is still encountered occasionally, 
principally in connection with high-resistance lines or in 
connection with series capacitors as a result of which the 
resistance sometimes becomes relatively large through the 
neutralization of inductive reactance. The phenomenon 
of spontaneous hunting is now well understood, and the 
conditions under which it can occur can now be expressed 
in mathematical form. 19 

The hunting that results from pulsating torques is a 
phenomenon which today is of much less importance than 
it was when reciprocating types of prime movers were 
used. These pulsations have been minimized by the use 
of greater inertia and the use of damper windings. The 
development of the continuous-torque prime movers of 
the turbine type for both steam and hydro-electric instal- 
lations substantially eliminated the problem in connection 
with these prime movers. At present the problem is occa- 
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sionally encountered in connection with Diesel-engine 
prime movers or with certain types of pulsating loads. 
The phenomenon may be analyzed by methods outlined 
in this chapter for a study of transient stability by using 
the known pulsating-torque characteristic of the prime 
mover or of the load, and the electro-mechanical equations 
or the electric-circuit equivalents. 

Natural Frequency of Synchronous Machines*— 
The natural frequency of undamped electro-mechanical 
oscillation for a synchronous machine connected to an 
infinite bus and shaft-connected to reciprocating machin- 
ery is given by 

d 35200 PJ 
j.= ~ — WR2 (34) 

where 

jn = Natural frequency in cycles per minute. 
n = Speed of machine in revolutions per minute. 

P,= Synchronizing power as defined below. 
$= Frequency of circuit in cycles per second. 

WR2 = Moment of inertia of synchronous machine and 
shaft-connected prime mover or load, in lbs-ft2. 

The synchronizing power is the power at synchronous 
speed corresponding to the torque developed at the air gap 
between the armature and field. The synchronizing co- 
efficient P, is determined by dividing the shaft power in 
kw by the corresponding angular displacement of the rotor 
in electrical radians. P,, therefore, is expressed in kw per 
electrical radian. The displacement angle of the rotor for 
a given current and power factor is 

~= tan-l Ixq Cos + 

ll~+~x~ sin@ 
where 

~= Rotor displacement angle in electrical radians. 
I= Per-unit armature current. 

Et= Per-unit armature terminal voltage. 
@= Power-factor angle. 

x~ = Per-unit quadrature-axis s synchronous reactance. 

The value of P, determined by this method is quite gen- 
erally applicable for predicting operation at full load, 
particularly where the amplitude and frequency of the 
power pulsations are low. The value of P, at no load with 
the field excitation corresponding to normal open-circuit 
voltage may be taken as normal rated kva divided by x~. 
The variation of P, from no load to full load is approx- 
imately linear when the terminal voltage and power factor 
are held constant. 

19. Governors 

At present, prime movers for waterwheel and turbine 
generators are under the control of governors that re- 
spond to variation in speed or frequency. Some prime 
movers are operated on a mechanically-limited valve 
opening or “block” and an adjustment of the governor for 
that particular unit to regulate for a frequency somewhat 
above the system so that the unit operates to give the 
maximum prime-mover input corresponding to the de- 

*American Standard for Rotating Electrical Machinery, ASA, 
C-50, 1943, page 28. 

sired block. A governor under such a setting is, of course, 
operative to limit overspeed, the control becoming effec- 
tive at a frequency slightly above the normal frequency. 
Governors are relatively slow in action with respect to 
the time elements which are important from the stand- 
point of power-system oscillations. For this reason gov- 
ernors are usually not important from the standpoint of 
transient stability. In the case of hydro-electric plants, 
because of the large amount of energy stored in the water 
column it is impracticable for the governor to limit rap- 
idly the prime-mover input, although by-passing action 
can be effected more rapidly. Proposals for faster action 
have been made, but by-passing arrangements as built 
are too slow to be beneficial from the standpoint of sta- 
bility. In the case of steam turbines, there is somewhat 
greater possibility of control. However, in many plants 
the amount of energy stored in the steam in the piping 
and various high- and low-pressure units, limits the bene- 
fits that might be obtained. 

Governors, however, have an important effect on 
steady-state stability as a result of their control of the 
division of increments of load among the various gener- 
ating units. It is necessary, therefore, to give consider- 
ation to the actual distribution of the incremental load 
when the stability limit is being approached. Further- 
more, where loads and generating equipment are distrib- 
uted throughout a network, a large difference of phase is 
sometimes introduced between the principal generating 
stations on the system. Under such conditions a system 
fault can sometimes produce a severe oscillation and re- 
sult in instability. Such a condition can be avoided by 
contro138 of the phase angle between the machines so as 
to limit the initial angle between principal generating 
stations to a safe value for the initial condition, that is, 
prior to the fault. 

Governors may introduce a disturbing factor and tend 
to produce hunting and even loss of synchronism. This 
condition produced by governor action is identical with 
the other forms of pulsating disturbances applied to a 
system and discussed in Sec. 18, Hunting of Synchronous 
Machines. The adjustment of the governor is an impor- 
tant factor in preventing any tendency toward hunting 
action. The time lag of the governor and its natural pe- 
riod of movement, if closely related to that natural period 
of the system, can contribute to hunting action. 

If a machine pulls out of step with the remainder of 
the system, the governor is called into action by the over- 
spending of the machine. The slipping of poles produces 
a pulsating disturbance of low frequencyls, which thef 
governor can or cannot follow, depending upon its adjust- 
ment. For this reason radically different results can be 
obtained when two generally similar generators pull out 
of step. There is, therefore, some advantage in adjust- 
ing governors so as to minimize the resulting disturbance 
to the system in the event of the machine losing syn- 
chronism. 

20. Calculation of System Oscillations 

The electro-mechanical oscillations produced by a tran- 
sient disturbance on a two-machine system are very com- 
plicated. The formal mathematical solution of these os- 
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collations is not possible as even the simplest cases involve 
elliptical integrals. The solution, however, can be ob- 
tained to any desired degree of accuracy by step-by-step 
approximate methods discussed subsequently in Sec. 23. 
The relations of the principal variables can readily be 
visualized by curves that give the acceleration, velocity, 
and displacement as a function of time. For this purpose 
it is convenient to think of an oscillation for which the 
change in power and angle are linear as shown in Fig. 
29 (a). The time variation of acceleration, velocity, and 

Fig. 29—Graphical solution of system oscillation 

displacement are given in Fig. 29 (b) to (d). For the 
case chosen the quantities plotted are simple sine and 
cosine curves. Simple relations exist between these curves 
that can be derived from the basic laws of motion. Thus 
the change in velocity is proportional to the square root 
of the integral of the acceleration-angle curve, and the 
displacement is a function of the integral of the velocity 
curve.* 

For the practical cases the simple trigonometric rela- 
tions do not hold because the power-angle relation is not 
linear. However, curves similar to those of Fig. 29 (b), 
(c), and (d) can still be plotted, and they will help to give 
a picture of the variations in these quantities. 

*These relations provide the basis for a graphical method proposed 
by Skilling and Yamakawa ” for obtaining velocity-angle and time- 
angle curves. This method has certain advantages in comparison 
with a step-by-step method from the standpoint of formal mathe- 
matical presentation. It can readily be used to provide a check on 
the suitability of interval used in step-by-step analysis, since velocity 
is proportional to the square root of the integral of the acceleration- 
angle curve. The method is not applicable to a system with more 
than two machines and for this reason has not been presented in 
detail. 

21. Use of Angle-Time or Swing Curves 
Angle-time or swing curves maybe calculated by means 

of the step-by-step procedure discussed in Sec. 23. These 
curves show the angular position of the rotor(s) plotted 
against time measured from the inception of a fault. Fig- 
ure 36 is an example of an angle-time curve. 

If a two-machine system is subjected to a switching 
transient as shown in Fig. 6, it is possible to deter- 
mine by the ‘{equal-area method” previously discussed, 
whether the system is stable. This answer, it will be 
noted, would be obtained without a knowledge of the 
time variation of the various electro-mechanical quan- 
tities. Similarly, if a two-machine system is subjected to 
a transient disturbance involving a fault with subsequent 
clearing, as illustrated in Fig. 7, it is also possible to 
determine whether the system is stable. In this case 
the duration of the various fault conditions must be ex- 
pressed in terms of the angular swing. From a practical 
standpoint such information is not generally available be- 
cause faults are cleared as a function of time measured 
from the application of the fault. Determination of this 
time requires solution of the electro-mechanical oscilla- 
tion. Examination of the angle-time curves for a par- 
ticular system subjected to a specified disturbance not 
only establishes whether the system is stable, but if 
stable it provides some basis for estimating the margin 
of stability as well. The angle-time or “swing curves” also 
provide a basis for estimating the magnitude of the 
voltage, current, power, and other quantities throughout 
the disturbance, which information is frequently of great 
value in circuit-breaker and relay applications. 

The determination of angle-time curves is carried out 
by approximating methods either analytically or with the 
aid of the a-c network calculator. The essential parts. 
of these methods are the same, since calculations in both 
cases are carried out by step-by-step methods. In this 
method small intervals are taken so that the accelerating 
forces can be assumed constant within the interval. On 
this basis it is a simple problem in mechanics to deter- 
mine for each step the change in position of the rotor of 
each machine as a result of the accelerating or decelerat- 
ing forces, the inertia of the machine, and the duration 
of the interval. 

22. Inertia Constants and Acceleration 

By means of the methods previously described, it is 
possible to reduce the electrical input or output of each 
machine to a simple power-angle curve or a simple trigo- 
nometric expression with the angle between internal emf’s 
as the variable. The accelerating power depends upon the 
initial operating condition and upon the difference between 
input and output, including the effect of losses. Thus, for 
a generator the accelerating power, which is the variable 
AP, is 

AP=Pi_(PO+L) (35) 

where Pi k the mechanical input, P. k the electrical out- 
put, and L is the total loss. In the case of a synchronous 
motor the equation is similar in meaning, but the numerical 
sign of the accelerating forces is negative when the input 
is less than the output plus the losses. Losses are, however, 
often neglected. 
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The inertia of synchronous machines varies through a 
wide range depending principally upon the capacity and 
speed and upon whether additional inertia has been in- 
tentionally added. Fortunately, however, the constants 
vary through a relatively narrow range if they are ex- 
pressed in terms of the stored energy per kva of capacity. 
The relation between the stored energy constant*, H, and 
WR2 is given by the following equation: 

~ kw-sec = ~ ~31 (WR2) (rpm)2X 10-6 

= kva “ kva 
(36) 

where WW is the moment of inertia in pounds-feet 
squared, and rpm is the speed in revolutions per minute. 
The inertia constants vary through a range of from less 
than one to about ten kilowatt-seconds per kva, depending 
upon the type of apparatus and the speed. Since control 
of the inertia is one of the possible methods of improving 
the stability of the system, the subject of inertia constants 
is discussed at some-length under the first part of Sec. 47 
dealing with measures for improving system stability. 
Reference should also be made to Chap. 6, Part XIII, for 
further information on inertia constants which can be used 
in preliminary work or in the absence of specific information 
applying to the machine under consideration. 

Frequently it is convenient when neglecting loss to re- 
place a system of two machines, each with finite inertia, by 
another system consisting of one machine with an equiva- 
lent inertia and a second machine with infinite inertia. 
By this means the problem is reduced to that of a single- 
machine system. If the stored energies of the machines 
are (H.kvaJ and (Hbkvab), then the equivalent inertia 
constant for one of them, H.~t,) is given by 

-. H. 
Heq(a) = - 

H.kva. 
1+ 

HbkVfib 

(37) 

In this method the acceleration, velocity, and phase rela- 
tion of the selected machine are obtained in relation to the 
other machine as reference. When losses, intermediate 
loads, or more than two machines are involved, it is neces- 
sary to use the more general method whereby the absolute 
acceleration, velocity, and phase relation for each machine 
are separately determined as discussed in the following 
section. 

With the inertia constant, H, and the accelerating or 
decelerating power, AP, it is possible to compute the ac- 
celeration by means of the following important formula: 

= (lo) 
a! 

(H) (kva) 
(38) 

where a is the acceleration or deceleration in electrical 
degrees per second per second, j is the system frequency 
in cycles per second, AP is the kilowatts available for ac- 
celeration (or deceleration), H is the inertia constant in 
kilowatt-seconds per kva as obtained from Eq. (36). 

23. Step-by-Step Procedure 

The step-by-step procedure2’6’12aG can be carried out in 

*The formulas for acceleration and inertia constants are based on 
the forms presented in the “First Report of Power System Stabil- 
ity,” Reference 33. 

Fig. 30—Step-by-step solution—details of method for approx- 
imating acceleration, velocity, and angle changes. 

NOTE: For computing velocity at the end of an interval, it is 
necessary to add a correction term to include change in 
velocity from the middle to the end of the interval as shown 
by V. for the third interval. 

many ways, depending upon the particular set of assump- 
tions used to minimize the error resulting from the approx- 
imation. The following procedure is the one we have found 
to be the most suitable for transient-stability studies using 
the a-c network calculator, In studying the step-by-step 
method, it is suggested that consideration be given first 
to its application to a single-machine system, that is, a 
two-machine system for which one machine is of infinite 
inertia. Reference should be made to Fig. 30, which shows 
for a particular machine the variation of acceleration, ve- 
locity, and angle of rotor with respect to the other machine 
which is assumed to be of infinite inertia. The method 
upon which this figure is based can readily be modified to 
apply to the general case of two machines of finite inertia 
by making allowance for the changes in the positions of the 
rotor of the other machine. The calculations are arranged 
in tabular form as shown in Table 2. Two similar tabula- 
tions are required for a two-machine system, one for each 
machine. The calculation for a particular machine is tied 
in with that for the other machine by means of Column 11 
of the tabulation, which is obtained from Column 10 of the 
tabulation for the other machine. If one of the machines 
is assumed to be of infinite inertia, the Problem reduces to 
that of a single-machine system, and only one tabulation is 
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TABLE 2—SUGGESTED FORM FOR STEP-BY-STEP ANGLE-TIME CALCULATIONS 
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required, as AO’, the angular change f or the other machine, 
can be taken as zero. 

In Fig. 30 three intervals in the step-by-step method are 
shown, and a circuit change is assumed to take place at the 
end of the third interval. The velocities COl, a2, and 03 are 
assumed to remain constant through the corresponding 
three intervals. The acceleration on the other hand is 
assumed to remain constant from the middle of one inter- 
val to the middle of the subsequent interval. By this means 
acceleration is chosen to be alternately greater and less 
than the actual value as shown by the plotted curve. Such 
an arrangement is used to minimize the cumulative error. 

The initial acceleration aO+ is computed from the power 
flow corresponding to the phase position at the beginning 
of the transient disturbance which takes place at t = O. 
This acceleration is then used for half of the first time 
interval At to determine the velocity WI which is assumed 
throughout the interval. The angular change A& for the 
particular machine is then computed from the average 
velocity during the interval. Similar calculations are then 
made for the other machine to determine its angular change 
AOI’ during the same interval. The final angle, the angle 
61, at the end of the first interval, is the sum of the initial 
angle 00 and the angular displacements A(I1 and AO1’ for 
the two machines. 

The calculations for the second interval are made in a 
similar manner. The acceleration al is computed with the 
aid of the angle 01 obtained at the end of the first interval. 
Next the increment in velocity is obtained by assuming 

the acceleration m through the interval At. This velocity 
is then used to compute the change in angle taking place 
through the second interval, which is equal to the velocity 
Q times the increment of time At. 

This process is repeated for each step throughout any 
period for which the circuit is not changed or for which the 
same time interval is used. If there is a change of either 
condition, it is necessary to compute a velocity correction 
term since, as pointed out previously, velocities are com- 
puted for the middle of the interval while acceleration and 
angular displacement are computed for the end of the 
interval. For the case illustrated in Fig. 30 the circuit is 
assumed to be changed at the end of the third interval. 
Consequently, it is necessary to add a correction term K 
to the velocity Q3 to obtain the velocity at the end of the 
third interval as shown in the figure. 

The fourth and subsequent intervals can be computed 
as for the first and subsequent intervals. To distinguish 
between the acceleration rates corresponding to the be- 
ginning of an interval or the end of the preceding interval, 
the practice has been followed of using plus and minus 
signs respectively. This procedure has been applied to the 
case under consideration using the terms aO and CZO+ at 
zero time. In this case the acceleration au is zero since 
it is assumed that the system is in equilibrium prior to the 
application of the transient at the time t = O, and the ac- 
celeration ~ applies upon the application of the transient. 
The term a% gives acceleration at the end of the third 
interval prior to the circuit change, and the term a3+ gives 
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the acceleration subsequent to the circuit change. Ordi- 
narily the plus and minus signs should be omitted, and in 
that case the term is understood to give the acceleration 
at the end of the interval indicated by the subscript. 

The time interval to be used in the step-by-step analysis 
is a matter of judgment and convenience. In the ordinary 
stability problem the interval should not be longer than 
0.1 second, which is a convenient interval since it gives the 
time in an even number of cycles. For some applications 
it is desirable to shorten the interval to 0.05 second, which 
corresponds to three cycles. The time interval can be 
changed from point to point throughout the transient dis- 
turbance. For example, during one part of a disturbance 
involving some circuit changes there can be little relative 
change in angular position, and relatively large intervals 
can be permitted. Conversely, other transient conditions 
can introduce large changes in angle during an interval. 
As a practical matter, the length of the interval should 
always be decreased if the change results in an angular 
swing of 20 degrees to 30 degrees in a single interval. The 
velocity-angle curve for two-machine systems can be 
plotted and compared with the results of calculation by 
the method of Skilling and Yamakawa.39 

The labor of making a step-by-step calculation will 
be reduced greatly by arranging the work in tabular form. 
For this reason Table 2 has been introduced. This table 
is based on the procedure found desirable in a-c network 
calculator studies and can be supplemented by additional 
columns if this is desirable to facilitate the calculation of 
the output power which in the table is assumed to have 
been obtained from the a-c network calculator readings or 
from calculated power-angle curves. The calculations have 
been arranged so that velocity and acceleration curves 
can be plotted readily; this has been found desirable in 
a sufficient number of cases as to justify the additional 
columns required. 

Further details of the step-by-step procedure can be 
obtained from a study of the numerical examples. 

V. EXAMPLES OF TRANSIENT-STABILITY 
PROBLEMS 

In the previous sections, the concepts of calculating 
power-system stability are discussed in some detail. To 
illustrate the various salient features of stability calcula- 
tions, and to make clear the exact procedure in a specific 
problem, two examples will be calculated in detail. All of 
the individual steps in the calculation are given, so that 
one inexperienced in this work can follow the problem 
readily. To facilitate understanding of the various factors 
involved in transient-stability calculations, references are 
given to the sections where the theory involved is dis- 
cussed, and a considerable portion of the theory is re- 
viewed. In addition to a thorough knowledge of the fore- 
going sections of this chapter, an understanding of machine 
characteristics, Chap. 6, is necessary in solving the 
problems. 

The first example is a single-machine problem. This was 
chosen because it is the simplest case met in practice, and 
because in its solution the elements of a stability problem 

can be illustrated with the least possibility of confusion. 
The single-machine problem is also useful when there are 
no intermediate loads, and losses can be neglected, since a 
two-machine problem can then be reduced to a single- 
machine problem, (Sec. 22). In the single-machine prob- 
lem all resistances and line capacitances are neglected to 
simplify the calculations. 

The two-machine example has been selected so that the 
sending end is the same for both problems. Both sending 
and receiving systems have finite inertia, and resistances 
are considered. This problem is important because it is 
the type most frequently calculated manually. Also, in 
using the general two-machine problem, all fundamental 
considerations affecting system stability in multi-machine 
systems can be illustrated. 

‘ ( 

Fig. 31—Single-machine system assumed for study. 

24. Description of Single-Machine System 

The single-machine system selected for study, shown 
schematically in Fig. 31, has the following characteristics: 

Transmission Lines: 

Two circuits in parallel, 50 miles long, 10 foot flat spacing= 
12.6 foot equivalent-delta spacing. Conductors are 250000 
circular roils, copper. Distance between line centers is 40 
feet and the conductors are transposed. There are no 
ground wires. 50000 kw at 100 percent power factor is de- 
livered to the infinite receiver system. Normal voltage 66 kv. 

Sending end: 

Two 30000-kva, three-phase, 60-cycle, waterwheel gener- 
ators, 
Unsaturated synchronous reactance ~d = 63.8 percent 
Rated-current transient reactance Zd’ = 25.4 percent 

(Chap. 6, Part XIII) 
Negative-sequence reactance X2= 28.9 percent 

Inertia constant (kw-sec/kva) H=3 - 
Normal regulators and excitation system. 

Transformers: 

One 60000-kva, three-phase, W-cycle bank connected 
shown in Fig. 31 at each end of the transmission lines. 
Reactance =8 percent. Exciting current is neglected. 

Receiving end: 

Low-voltage side of receiver transformers connected to 
infinite inertia system. Receiver low-voltage bus fixed 
95 percent of normal voltage. 

25. Circuit Constants 

as 

an 
at 

This problem is calculated using the per-unit system. 
The values given in the illustrations are all in per unit. The 
base selected is the kva of the sending end, or 60000 kva. 
Using the formulas in Chap. 10, Sec. 4 to 7, 
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60000 
Normal Current ~n = – 

A/3(66) 
=525 amperes. 

1 

Normal Voltage ~. 
66 

} 
= ~g = 38.1 kv line-to-neutral. (39) 

38.1 X 10s 
Normal Impedance ~.= 5V = 72.6 ohms. 

J 

These values apply to the 66-kv portion of the system. 
If the above normal values are desired at any other point 
in the system, the transformer turns ratio should be used 
to determine the normal voltage at that point. 

The first step in the calculation is to determine the 
impedances of the different elements of the system in per 
unit. These values are then put in the network and it is 
reduced to its simplest form. 

The percent reactance of the generators on 60000 kva 
is twice the values given, but since the two machines are 
in parallel, the reactance in the networks is halved so the 
above values can be used. 

Using the methods of Chap. 3, Xl and X2 of each line 
equal 39.7 ohms. X. equals 138.2 ohms for one line, and 
108.2 ohms for the two lines in parallel. The line reactance 
in per unit on 60000 kva at 66 kv are: 

Single Line: 
Positive- and negative-sequence reactance xl, X2=0.547 
Zero-sequence reactance x,= 1.90 

Two lines in parallel: 
Positive- and negative-sequence reactance X,, X,= 0.274 
Zero-sequence reactance Xo = 1.49 

A definite voltage is usually maintained at certain car- 
dinal points in a system, and in this case the receiver low- 
voltage bus is maintained at 0.95 per-unit voltage. The 
sending-end generator terminal voltage is desired, so it is 
convenient to combine the portion of the network between 
the two buses into a single reactance. It is: 

X.= 0.434 per unit (40) 
=31.5 ohms. 

The load delivered at the receiver low-voltage bus is 
50000 kw (0.833 per unit) at unity power factor. The 
current in the network is: 

~=0.833 
—= 0.877 per unit 
0.95 

(41) 

=460 amperes. 

With this current flowing, the terminal voltage of the 
sending-end generator is: 

E~=0.95+0.877(j0 .434) 
=0.95 +j0.381 (42) 
= 1.023 d220 per unit 
=39.8 ej22” kv line-to-neutral 

With the above quantities determined, all necessary 
information is available to compute the sending- and 
receiving-end power-circle diagrams. This is often done 
in practical problems in order to determine the initial 
operating conditions, but in the problem this information 
is given, so circle diagrams are not necessary. 

26. Transient Stability Calculation 
The most critical type of transient disturbance that 

receives consideration in stability studies is that arising 
from the application of a fault and the subsequent switch- 
ing necessary to isolate the fault. In this problem a zero- 
impedance double line-to-ground fault is assumed to take 
place at the sending end of one of the transmission lines 
as shown in Fig. 31. Both ends of the faulted line are 
opened simultaneously to clear the fault. The problem is 
to determine the maximum permissible time between the 
inception of the fault and the opening of the circuit 
breakers for which stability can be maintained. The time 
thus determined is not the breaker operating time that 
would normally be used but the maximum operating time 
which could be allowed and still maintain stability. The 
ability of a system to withstand a double line-to-ground 
fault is often, but not invariably, taken as the criterion of 
system stability. 

The first step is to calculate and plot power-angle dia- 
grams (See Chap. 10; Chap. 13, Sec. 2) for three circuit 
conditions: (1) the initial condition immediately prior to 
inception of the fault, (2) the condition during the fault, 
and (3) the condition after the fault is isolated. Since in 
this case the receiver has infinite inertia, its angular posi- 
tion remains fixed and it is necessary only to calculate 
power-angle diagrams for the sending end. The equation 
relating sending-end power to the known circuit quantities 
(See Chap. 9) reduces to the following in this problem 
because losses have been neglected: 

EL3ZLR 
P~= – x Cos (90°+0) (43) 

in which O is the angle between the internal voltages ~~–~ 
and E@–R. Since the power-angle diagrams are to be de- 
termined for transient conditions, the voltage behind tran- 
sient reactance Eh_s must be used, and the value of X 
must be determined using generator transient reactance 
z;. The generator internal voltage, or voltage behind 
transient reactance is the vector sum of the terminal volt- 
age of the machine and the voltage necessary to force the 
load current through the transient reactance. 

E&S= O.95+j0.381 +0.877 (j0.254) 
= 1 .12d32”20 per unit (44) 

Because of the times involved in transient disturbances, 
the internal voltage of the machine is generally considered 
constant (Sec. 30, and Chap. 6, Sec. 21), so this value of 
ELs is used for the entire calculation. 

Fig. 32—Single-machine system. Network before the fault 
occurs. 
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Before the Fazdt—Thenetworkto be used in calculating 
the sending-end power before the fault is shown in Fig. 32. 
All necessary constants are known, so that, 

~~= (1.12)(0.95) — 
() 688 Cos (90+0) 

= – 1.55 cos (90+0) per unit (45) 

During the Double Line-to-Ground Fault—The first 
step in determining the power-angle diagram during the 
fault is to reduce the negative- and zero-sequence networks 
to single equivalent reactance to be applied at the point 
of fault, (Sec. 10). The constants to be used in the nega- 
tive- and zero-sequence networks are known, so these net- 
works can be drawn readily. They are shown in Fig. 33 (a) 

Fig. 33—Single-machine system. Networks for use during the 
double line-to-ground fault. 

(a)— Negative-sequence network. 
(b)— Zero-sequence network. 
(c) — Network during the fault 
(d) — Network (c) reduced. 

and (b), and to the right of each is the single equivalent 
reactance to which each network reduces. Since the fault 
is double line-to-ground, these two equivalent reactance 
must be paralleled (Chap. 2, Fig. 21) and connected at the 
point of fault. This is illustrated in Fig. 33 (c) which finally 
reduces to the network of Fig. 33 (d) by a simple star-delta 
conversion. With all losses neglected, the sending-end 
power is determined by Eq. (43). The shunt branches of 
Fig. 33 (d) need not be considered, as they only affect 
reactive power transfer. If maintained internal voltage 
had not been assumed and it was required to consider the 
demagnetizing effect of shunt loads, the shunt branches 

would be considered. As the generator internal voltage or 
voltage back of transient reactance is assumed to remain 
constant, the same voltages calculated for the condition 
before the fault apply, and 

pi= (1.12)(0.95) Os ~90+0) 

2.88 

= –0.370 cos (90+0) per unit. (46) 

After the Fault—When the faulted line section is iso- 
lated from the system, the network to be used for calcu- 

Fig. 34—Single-machine system. Network after the fault is 
isolated. 

lating P~w is that shown in Fig. 34. Using the constants 
given, the sending-end power equation becomes: 

~~= (1.12)(0.95) — 0957 Cos (90+0 
. 

- – 1.11 cos (90+0) per unit. (47) 

Power-Angle Diagrams and Limiting Angles— 
Equations (45), (46), and (47) are plotted in Fig. 35 as a 
function of 0, giving the power-angle diagrams of the 
single-machine system for the condition assumed. In- 
spection of the diagram or solving Eq. (45) for 0 with 
P~ = 0.833 per unit shows that before the fault occurs the 
system is operating at an angle of 32.3 degrees. The maxi- 
mum angle (critical angle of Sec. 4 and 6) to which the 
machine can swing, after the fault is isolated , without 10SS 
of stability is 131.6 degrees. This angle can be read from 
Fig. 35 or calculated by determining the value of O between 

Fig. 35—Power-angle diagrams for .single-machtie system. 
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The second part of the tabulation assumes that the fault 
is isolated in 0.15 seconds, since in this time O has increased 
to 57.2 degrees which matches closely the 57 degrees chosen 
as the maximum switching angle to maintain stability in 
Fig. 35. The terms –O. 15 and +0.15 seconds in column 1 
indicate the increments of time before and after the break- 
ers open. Note the changes in columns 6, 7, and 9 for the 
–O. 15 second time. The calculation indicates that sta- 
bility is maintained, since O reaches a maximum value less 
than the critical angle of 131.6 degrees. The calculation 
is carried far enough to show that O begins to return to the 
new operating point. 

The angle-time or swing curves resulting from the step- 
by-step calculation are plotted in Fig. 36. Curves A and B 
are the graphic plot of the calculations carried out in Table 
3. They show more clearly that stability will be lost 
quickly if the fault is not isolated and that stability is 
just maintained if the total fault clearing time is not 
greater than 0.15 seconds. Curves C and D have also been 
calculated by the step-by-step method, and show that 
stability is lost for fault clearing times slightly longer 
than 0.15 seconds. 

27. Assumptions Made in Solving Two-Machine 
Problems 

The two-machine problem given below is an example 
of the manner in which this problem can be solved by 

90° and 180° that will satisfy Eq. (47) with P,’= 0.833 
per unit. This is the maximum value that @ can reach 
without the system becoming unstable. If the angle O ex- 
ceeds 131.6°, then the mechanical input to the sending-end 
generator exceeds its electrical output (see Fig. 35), and 
the generator pulls out of synchronism. By the equal-area 
method described in Sec. 6, an angle of approximately 57 
degrees is selected as the maximum angle at which the 
fault can be isolated if stability is to be maintained. 

Angle-Time or Swing Curves—To determine the 
time of fault isolation corresponding to 57 degrees, O is 
determined as a function of time by a step-by-step method. 
The method is described in detail in Sec. 23, and a con- 
venient means of calculating is to use the tabular form 
illustrated by Table 2. Such a calculation is carried out in 
Table 3, using this form. The first part of Table 3 assumes 
that the fault is not isolated, and the rapid increase in O 
indicates how fast the system becomes unstable under 
these conditions. Note that the low inertia constant 
(H= 3 kw-sec/kva) of the generators permits them to 
change angular position rapidly, so that relatively small 
time intervals, 0.05 seconds, are chosen for the calculation. 

As previously explained, the velocity is assumed con- 
stant over each period, but the acceleration is assumed 
constant from the middle of one period to the middle of 
the next. This is done to minimize cumulative errors. 
Column 6 shows how this is done. 

TABLE 3—STEP-BY-STEP CALCULATION OF ANGLE-T~ CURVES FOR SINGLE-MACHINE SYSTEM 
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Fig. 36—Angle-time curves for single-machine system. 

A—Fault not cleared. 
B—Fault isolated in 0.15 sec. 
C—Fault isolated in 0.16 sec. 
D—Fault isolated in 0.17 sec. 

calculation. A number of simplifying assumptions are 
made, most of which are conservative. 

The common assumptions are listed, together with refer- 
ences from which their effect can be determined. 

1. 
2. 
3. 

4. 

5. 

6. 

7. 

Impedance of the load is constant (Sec. 9). 
Effect of saliency is generally neglected (Sec. 15). 
Negative-sequence loss varies as 7; for all machines (Chap. 
6, Part XIII). This assumption is inherent in the method 
of symmetrical components (Sec. 10). 
Rated-current transient reactance is normally used (Chap. 
6, Part XIII), 
The losses in generators are sometimes neglected. This is 
permissible when the output of the machine during the 
fault is large compared with its losses. Typical generator 
resistances are given in Chap. 6. The loss due to the uni- 
directional component of short-circuit current is discussed 
in Chap. 6. 
The internal voltage or voltage behind transient reactance 
is assumed to remain constant during a transient disturb- 
ance (Chap. 6, Sec. 22). 
The effect of negative-sequence torque is generally neg- 
lected (Sec. 10). 

.- 

Almost all of the above assumptions are conservative, 
and the net effect is conservative, More accurate calcula- 
tions can be made by referring to the references given, but 
this is not usually done because more margin than is ob- 
tained by these assumptions is necessary for safe operation 
of a system from the standpoint of transient stability. 

Generally, the first step in the calculation of a two- 
machine problem is to draw the sending-end and receiving- 
end circle diagrams, which would be used to determine the 
operating conditions of a system at the time of a fault 
(Chap. 10, Sec. 21). In this problem this information is 
given. 

28. Description of Two-Machine System 

The two-machine system assumed for study is illustrated 
in Fig. 37. The sending end is the same as in the single- 

machine problem. Transformer resistance is included, but 
generator resistances are not. Including resistance, the 
transformer impedance becomes 1 +3’8 percent. The line 
data in ohms using the methods of Chap. 3 are: 

Single line: 

Positive- and negative-sequence 
impedance Zl, Zz= 12.9+j39.7 

Zero-sequence impedance ZO= 27.2+j138.2 

Two lines in parallel: 

Positive- and negative-sequence 
impedance Zl, Zz= 6.43 +j19.9 

Zero-sequence impedance ZO= 20.7 +j108.2 

The receiving-end data are: 

Generators: 

Two 62 500-kva, three-phase, 60-cycle turbine generators 
Unsaturated synchronous reactance ~d = 125 percent 
Rated-current transient reactance xdf = 15.6 percent 
Negative-sequence reactance X2= 9.8 percent 
Inertia constant (kw-sec/kva) H=5 

Shunt load: 

115000 kw at 85 percent power factor located at receiving- 
end low-tension bus. Load is represented by a constant 
impedance. 

Fig. 37—Two-machine system assumed for study. 

29. Circuit Constants 

The two-machine problem is also calculated using the 
per-unit system. The kva base is optional, so for simplicity 
60000-kva base is again used. 

The circuit constants in per unit on 60000 kva are: 

Transmission lines: 

Single line: 
Positive- and negative- 

sequence impedance Z,, Za=0.177 +jO.543 
Zero-sequence impedance ZO=O.373 +jl.90 

Two lines in parallel: 
Positive- and negative- 

sequence impedance Zl, Z,= 0.0883 +j0.274 
Zero-sequence impedance ZO= 0.284 +jl.49 

Receiving End: 
Each Generator: 

Conventional synchronous 
reactance xd= 1.20 

Rated-current transient reactance ~/=0.15 
Negative-sequence reactance x,= 0.094 
Inertia constant (kw-sec/kva) H=5 

Shunt load: 
The shunt load is 1.92 per unit at 0.85 lagging power 
factor, or 1.92+jl.19 per unit. 
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Since the machines are in parallel, the above values must 
be divided by two before insertion in the sequence networks. 

The capacitance of the two 50-mile transmission lines is 
neglected in this problem. This is justified on the basis of 
calculations that show the line capacitive reactance to be 
nearly equal in magnitude to the transformer magnetizing 
reactance, and the latter has also been neglected. Con- 
sideration of line capacitive reactance and transformer 
magnetizing reactance would add in no way to the prob- 
lem’s effectiveness in illustrating a typical stability calcula- 
tion, nor would it add to the generality of the networks in- 
volved, since the load introduces a shunt branch. If it is 
necessary to include these effects, Chap. 3 gives line con- 
stants, which may be converted to general circuit (ABCD) 
constants by Table 9, Chap. 10 or by Chap. 9, Sec. 6. The 
equivalent m form is given in Chap. 9, Sec. 6. The appendix 
gives equivalent circuits for transformers, which can be 
introduced into the circuit. 

As in the single-machine problem, voltage is considered 
to be maintained at the receiving low-tension bus. The 
receiving-end maintained bus voltage is 36.2 kv line-to- 
neutral (95 percent of normal). With voltage maintained 
at this point, it is again convenient to combine the net- 
work between the low-voltage buses into a single set of cir- 
cuit constants. These quantities are tabulated in the first 
four columns of Table 4 in terms of the familiar ABCD 
constants (See Chap. 10), which are used in this problem 
to facilitate the handling of the network involving shunt 
branches. The ABCD constants for one line plus the trans- 
formers, and for two lines in parallel plus the transformers, 
can be written immediately without further calculation by 
using the quantities given above and Network Number 1 
of the tabulated formulas for ABCD constants given in 
Chap. 10. These two sets of constants are listed in Table 4, 
Cols. (1) and (2). Since the load also forms part of the net- 
work between the points of maintained voltage, it will be 
combined with the constants of Cols. (1) and (2) to give 
those listed in Cols. (3) and (4), respectively. This is ac- 
complished by using Network Number 10, Table 9, 
Chap. 10. 

The load at the receiver low-tension bus is 1.92 per unit 
at 85 percent power factor, or 1.92+jl. 19 per unit. Part 
of the total kva is supplied by the sending-end generators 
and part by the receiving-end units. For this problem, it is 
assumed that the sending-end station is delivering 50000 
kw (0.833 per unit) at unity power factor to the load. This 
dictates that the receiving-end station is delivering 1.08+ 
jl. 19 per unit to the load, or 1.08 per unit real power at 
67.4 percent power factor. With 0.833 per unit real power 
coming to the load through the network, the current drawn 
through the network is 

~ 0.833 
= — =0.877 per unit at 100 percent power factor 

s 0.95 
(48) 

Note that this expression is identical to Eq. (41). With the 
above current flowing, the sending-end low tension bus 
voltage is 

Es= 0.95+0.877 (0.108 +j0.434) 
= 1.045+j0.381 per unit 
= 1.11 6 ~200 per unit (49) 
= 42.5 c i200 kv line-to-neutral. 

The current flowing to the load from the receiving-end 
machines, when they are delivering 1.08 +jl. 19 per unit 
power (1.605 per unit power at 67.4 percent power factor) is 

1.605 
zR=~= 1.69 per unit at 67.4 percent power factor. 

. 
1~= 1.14–jl.25 per unit (50) 

=599 –j658 amperes. 

30. Transient-Stability Calculation 

In the single-machine problem the most severe type of 
transient disturbance was considered, namely, the applica- 
tion of a fault and its subsequent isolation. The same dis- 
turbance is considered in the present problem, and the 
same zero-impedance double line-to-ground fault located 
at the sending end of one transmission line is used. This is 
shown in Fig. 37. The circuit breakers are assumed to 
open simultaneously to isolate the faulted line, and again 
maximum permissible time between fault inception and 
breaker clearing to maintain stability is to be determined. 
Here again it becomes apparent that prompt switching is 
imperative if the assumed load is to be carried. 

Before plotting power-angle diagrams for the sending 
and receiving ends for the three circuit conditions, (1) be- 
fore, (2) during, and (3) after the fault, it is necessary to 
calculate the generator internal voltages using the known 
terminal voltages, Es and 11~ and the generator rated- 
current transient reactance (~d’). The sending-end inter- 
nal voltage is: 

E&= 1.045 +j0.381 +0.877 (jO.254) 
= 1.045+j0.604 per unit 
= 1.21 d300 per unit (51) 
= 46.2 ~iso” kv line-to-neutral. 

The receiving-en~ voltage behind transient reactance, 
remembering that l?~ is 0.95 per unit volts, is 

Ei-~=0.95+(1.14 –jl.25)(j0.075) 
= 1.044+j0.0855 per unit (52) 
= 1.048 d470 per unit 
I= 40 d 4“70 kv line-to-neutral. 

Before the Fault—The network for use in calculating 
the sending- and receiving-end power is shown in Fig. 38. 
Since the equivalent circuits of the generators consist of a 
series impedance, their ABCD constants can be written 
down without calculation. These are listed in Col. (5) and 
(6) of Table 4. Now using Network Number 16 from the 
tabulation of ABCD-constants formulas of Chap. 10, the 
ABCD constants for the entire system can be determined. 
The results are given in Table 4, Col. (7). To illustrate the 

Fig. 38—Two-machine system. Network before the fault 
occurs. 
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method, the B constant is calculated below. Subscript 1 
denotes the receiving-end generator; 2 denotes two parallel 
lines with transformers and load; and 3 the sending-end 
generators. 

B= A,(BIA2+DJ?2) +B3(Z?IC2+DID2) 

=(1 +jo) [(o+jo.075) (1.799 +jo.774) + (1 +j@(o.lo9 
+jo.434)] + (O+jO.254) [(O+jO.075) (2.11 –jl.31) 
+(l+jo)(l+jo)] 

=0.011 +jO.847 =0.847 cj8g2”. 

The real parts of equations 85 and 86, Chap. 9 can be 
expressed in the form: 

(53) 
—2D 

ps= Esz COS (~–ii) 
ERE, 

–~ Cos (p+e) 

. 
ERE* 

and P~ = –E: # Cos (&a)+~ Cos (p–e). (54) 

Where Ps and P~ are the sending- and receiving-end 
power, Es and ER are their respective internal voltages 
from equations (51) and (52), and a, ~, and 6 are the vector 
angles of the A, 1?, and D constants, respectively. Positive 
direction of power flow is out of the sending-end generators 
and into the receiving-end generators. 

Ps and ~R for the condition before the fault can now 
be calculated. 

Ps=(l.21)2~ COS (89.2°–8.20) 

(1.21)(1.048) — 
0.847 

COS (89.2°+6) 

=0.300— 1.50 cos (89.2°+0) per unit. (55) 

PR=– (1.048)2a 
0.847 

COS (89.2°–31.5) 

+(1.21 )(1.Q48) Cos ~89.20_o) 

0.847 

= –1.73+1.50 cos (89.2°–0) per unit. (56) 

During the Fault—As in the single-machine system, 
the negative- and zero-sequence networks must be deter- 
mined, reduced to single impedances, and applied at the 
point of fault. Both of these networks can be readily 
constructed as all of the circuit constants are given in 
Sec. 29. The negative- and zero-sequence networks are 
shown in Fig. 39 (a) and (b), and at the right of each the 
single equivalent impedance that represents the network 
is shown. Because the assumed fault is double line-to- 
ground, the two single impedances representing the nega- 
tive- and zero-sequence networks must be paralleled before 
they are applied to the point of fault (Chap. 2, Fig. 21). 
The complete network for use during the fault is shown in 
Fig. 39 (c), which includes this resulting shunt impedance. 

It is now necessary to reduce the network of Fig. 39 (c) 
to one set of circuit constants before the power equations 
can be solved. To do this involves a rather general usage 
of ABCD constants and the necessary steps will be in- 
dividually traced. The first step is to obtain the network of 
Fig. 39 (d), which is readily accomplished. The sum of the 
sending-end generator and transformer impedances form 
the left-hand branch, the receiving-end generator imped- 
ance alone forms the right-hand branch, and the shunt 

Fig. 39—Two-machine system. Networks for use during the 
double line-to-ground fault. 

(a) —Negative-sequence network. 
(b) —Zero-sequence network. 
(c)—Complete network during the fault. 
(d) —First reduction of complete network. 
(e) —Second reduction of complete network. 
(f) —Final reduced network during the fault. 

branches consist of the impedances representing the load 
and the fault, both of which are taken directly from Fig. 
39 (c). The center unit is found by paralleling the two 
transmission lines and adding the receiving-end trans- 
former impedance. The latter renders one series imped- 
ance for which the ABCD constants can be written without 
calculation. The network of Fig. 39 (d) is thus complete, 
and the next step is to simplify this network to that shown 
in Fig. 39 (e). This step combines the two shunt branches 
into the general circuit constants and can be performed 
by using Network Number 12 of the table of formulas for 
ABCD constants given in Chap. 10. Before using Network 
Number 12, the two shunt branches must be converted 
to admittances by taking the reciprocal of the known 
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TABLE4—-CIRCUIT CONSTANTS FOR TWO-MACHINE SYSTEM 

impedances. The fault and load branches expressed as 
admittances are, respectively: 

Ys= 
1 

0.00706+jO.O542 
= 2.36-j18.14 per unit (57) 

and 

YR= 
1 

0.34O+jO.211 
=2.11-j1.31 per unit. (58) 

Fig. 40—Two-machine system. Network after the fault is 
isolated. 

PSI’= (1.21)1g2 cos (86.8”-8.2”) 

Now the network of Fig. 39 (e) is complete, and it re- 
mains only to combine the two series impedances with the 
central set of circuit constants, and Fig. 39 (f), the final 
reduction, is determined. This simplification is performed 
by using Network Number 16 from the table in Chap. 10 
referred to above. The sample calculation of the B con- 
stant, for the network used before the fault, will illustrate 
the method. Col. (8) of Table 4 gives the final circuit 
constants for use during the fault. Using these circuit 
constants and the previously calculated internal voltages, 
which we assume to remain constant, all quantities are 
available for calculation of Ps’ and PR’, the sending- and 
receiving-end power during the fault., Substituting in 
Eqs. (53) and (54), 

Ps’= (1.21)2;+ cos (89.3”- 1.9”) 

_ (l-21) (1-o48) cos (86 S”+(j) 

1.162 

-0.276-1.09 cos (86.8”+8) per unit., (61) 

PR 
II = - (l.048)2s2 cos (86.8” - 33.5”) 

. 

+(1’21)(1-048) cos (‘36 ‘30-e) 

1.162 

= -1.726+1.092 cos (86.8”-8) per unit. (62) 

(1.21)(1.048) - 
3.79 

cos (89.3”+e) 

x0.1753-0.335 cos (89.3”+8) per unit. (59) 

PR’ = -(1.048)2g cos (89.3"-27.0") 

+ (1.21) (1.048) cos (89 30 _ fj) 

3.79 
= -1.797+0.335 cos (89.3”-8) per unit. (60) 

After the Fault—The network for use in calculating 
sending- and receiving-end power after the double line- 
to-ground fault has been isolated, is shown in Fig. 40. 
Except for the fact that one transmission line only is in 
service, the network is identical to that which applied 
before the fault occurred. Exactly the same procedure 
is followed in arriving at the final set of circuit constants, 
and these constants are listed in Col. (9) of Table 4. 
The power equations after the fault become: 

Fig. 41—Sending-end power-angle diagrams for two-machine 
problem. 
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Power-Angle Diagrams-Eqs. (55), (59), and (61) are 
plotted in Fig. 41 as a function of 8, giving the sending- 
end power-angle diagrams for the conditions assumed. The 
receiving-end diagrams are plotted in a similar manner 
from Eqs. (56), (60), and (62). These are shown in Fig. 42. 
The solution of the receiving-end power equations to obtain 
Fig. 42 renders negative values, because positive direction 
of power flow was chosen as being into the receiving-end 
generators. In Fig. 42 the per-unit power scale is plotted 
as positive, because this is believed to be less confusing 
than negative values. This is permissible if the change in 
sign is recognized when performing the step-by-step solu- 
tion for angle-time curves. 

Note that in Fig. 41 the sending-end input is indicated 
by the horizontal line as 0.917 per-unit. This figure is the 
sum of the 0.833 per-unit power delivered to the load plus 
the line and transformer losses. Since line capacitance is 
neglected (Sec. 29) the total volt-ampere consumption in 
the system is, 

I22 = (0.877)2(0.109+j0.434) 
= 0.0838+jO.334 per unit 
= 5OOO+j20 200 kva. 

The in-phase portion, or loss, is 0.0838 per unit, so that the 
total sending-end power is 0.833+0.0838 =0.917 per unit. 
The receiving-end power-angle diagrams of Fig. 42 show 
the receiving-end input to be 1.083 per unit, which is the 
same figure as the power delivered to the load from the 
receiving bus, since there are no losses present in that end 
of the network. 

The initial operating angle is 8=25.3 degrees as indi- 
cated in Figs. 41 and 42. This is the angular difference in 

Fig. 42—Receiving-end power-angle diagrams for two-ma- 
chine problem. 

electrical degrees between the rotors, or internal voltages, 
of the sending- and receiving-end machines before the 
fault occurs. This figure of 25.3 degrees can be readily 
checked by taking the difference in angle of the internal 
voltages expressed in Eqs. (51) and (52). This serves 

as a quick check on the calculation of the power-angle 
diagrams for the condition before the fault. 

In the single-machine problem it was possible to estimate 
the maximum angle of fault clearing by simply balancing 
positive and negative areas on the power-angle diagram 
(See Sec. 26). This was possible because the movement of 
only one machine rotor had to be followed. In the present 
case, this equal-area method can not be applied because 
stability or instability is determined by the relative angular 
position of two machines. The maximum rotor-displace- 
ment angle before fault isolation is not determined from 
the power-angle diagrams, but will be found as a part of 
the calculation of angle-time curves. 

Angle-Timeor Swing Curves-The angle-time curves, 
which relate time to angular displacement, are most 
conveniently determined by the step-by-step integration 
method described in Sec. 23. The calculation is similar 
to that carried out for the single-machine system except 
that the angular swing of both sending and receiving 
machines must be traced during each time interval. 

The best description of the actual procedure is had by 
referring to Table 5 in which the angle-time or swing 
curves are calculated. The form used is identical, for each 
machine, to that of Table 3, so that altogether it is similar 
to two single-machine system calculations. The calcula- 
tions for one time interval must be made for both machines 
before proceeding to the next interval. This is true because 
the one quantity relating the angular position of the two 
machines, 0, is found by taking the difference in angle of 
the two machines at the end of each interval, and in order 
to find the electrical output for each machine in the suc- 
ceeding interval, this value of 8 is applied to each set of 
power-angle diagrams or calculated from the corresponding 
sending- and receiving-end power equations. To make this 
clear, refer to the first time interval in Table 5. The initial 
position of each rotor, with respect to the receiving-end 
low-tension bus voltage, is given in Cols. (2) and (12). The 
initial value of 8 is the difference between the rotor angles, 
Col. (2) minus Col. (12), or 25.3 degrees as previously 
determined. Using this value of 0, the electrical output 
from each machine is determined, and the calculation pro- 
ceeds to find the angle of each rotor at the end of the first 
interval. These figures are tabulated in Cols. (11) and (21), 
and subtracting (21) from (11) gives the new 0, Col. (23), 
to be used in the next time interval. This new 8 is then 
used in the power-angle diagrams, or the corresponding 
sending- and receiving-end power equations, to obtain the 
electrical output from each machine in the second interval. 
The computation is now carried on to find 0 at the end of 
the second interval, etc. 

The first part of Table 5 assumes that the fault is not 
isolated, and illustrates by the continued increase of 8 that 
the system becomes unstable under this condition. Time 
intervals of 0.05 second are used because of the relatively 
rapid swing of the sending-end machines. A comparison of 
Cols. (11) and (21) points out that the receiver machines 
swing much slower than the sending-end machines. This 
is caused by the relatively larger inertia constant and kva 
rating of the receiver generators, resulting in a much 
smaller acceleration [Col. (15) compared to (5)]. The 
second part of Table 5 assumes that the fault is isolated in 
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Fig. 43—Angle-time curves for each machine. Two-machine 
system. 

A-Fault not cleared. 
B-Fault isolated in 0.20 sec. 
C-Fault isolated in 0.17 sec. 
D-Fault isolated in 0.15 sec. 

0.15 seconds. Col. (23) shows that 0 reaches a maximum 
of 98.7 degrees and then starts to return toward a new 
stable operating point. Figures 41 and 42 indicate that 
the new operating point is at an angle 0=39 degrees. 

The results of the calculations performed in Table 5 are 
given in Figs. 43 and 44. The swing of each rotor with 
respect to the fixed reference is shown in Fig. 43. Curves 

Fig. 44—Angle-time curves for two-machine system showing 
difference in rotor angle between sending and receiving ma- 

chines. 

A-Fault not cleared. 
B-Fault isolated in 0.20 sec. 
C-Fault isolated in 0.17 sec. 
D-Fault isolated in 0.15 sec. 

A and D of Fig. 43 represent a plot of the figures in Cols. 
(11) and (21) of Table 5. Curves B and C of Fig. 43 
represent similar step-by-step calculations for longer times 
of fault isolation. By following the trend of the sending- 
and receiving-end angle-time curves for a given fault-clear- 
ing time, the loss or maintenance of stability can be seen. 
If the phase angle difference of the two machines continues 
to increase after fault isolation, instability results, but if 
the two machines tend to move back together during this 
time, the system is stable. It is possible for instability to 
occur on the second overswing, which is an exception to 
the above statement. This phenomenon is relatively rare 
but should be remembered in multi-machine problems, 
particularly where one or two machines are swinging very 
fast with respect to the other sources involved. Figure 43 
indicates that for fault clearing times of 0.15 and 0.17 
seconds stability is maintained, and for 0.20 seconds 
instability results. 

In the two-machine system a more convenient way of 
plotting swing curves is that shown in Fig. 44, in which the 
difference in angular displacement, 8, is used rather than 
the individual position of each machine. Referring to Fig. 
44, it is plain that the system is stable for fault isolation 
times of 0.15 and 0.17 seconds, and that stability is quickly 
lost if the fault duration is 0.20 seconds. Curves A and D 
of Fig. 44 are plotted from Col. (23) in Table 5. 

VI. SHORT-CUT METHODS OF CALCULATION 
-TWO-MACHINE SYSTEM 

Perhaps the most usual reason for making a stability cal- 
culation on this type of system is to determine how fast 
relays and circuit breakers must be made to operate if sta- 
bility is to be maintained after a fault occurs. R. D. Evans 
and W. A. Lewis presented a group of curves,16 calcu- 
lated for a two-machine system having the usual circuit 
elements, which permit the quick estimation of permis- 
sible fault durations for various types of faults. 

31. Assumed System 

For a complete and accurate calculation on a particular 
system it is necessary to consider all the various factors 
discussed in Part V. For determining approximate relay 
and circuit-breaker time, results of sufficient accuracy can 
be obtained, except under extreme or unusual conditions. 
The assumed system upon which the calculation of the 
general curves is based, is shown in Fig. 45, and the 

Fig. 45—System conditions assumed for study: 

Symmetrical system, high tension bus at each end; line capacitance 
and 12R losses neglected; transformer neutrals solidly grounded; 
quick response excitation (constant internal voltage); no damper 
windings; frequency =60 cycles; load = 100 percent at instant of 
fault inception; faults located at most severe point on high-tension 
lines; average short-circuit losses. 
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simplifying assumptions made for the study are included 
at the bottom of the figure. 

The results of the stability calculations are given in the 
four groups of curves, Figs. 46-49. These curves give 
directly the results for a system with the smallest inertia 
which may be expected, corresponding to water-wheel 
generators at both ends of the system. In the more usual 
case, the receiver machine will have a larger inertia con- 
stant, and correction terms to be applied to the results 
obtained from the curves, to adjust for this departure 
from assumed conditions, will be given. 

32. Application of Data 

The procedure for using the curves is as follows : 
(1) First, it is necessary to determine the reactance be- 

tween the internal voltages of the sending- and receiving- 
end machines. This reactance should be expressed in per- 
cent, based upon the total capacity of the generating units 
in operation at the time the fault occurs. If the exact 

Fig. 46—Maximum permissible duration of fault to maintain 
stability: 

SINGLE LINE-TO-GROUND FAULT 

machine constants are not known, an average value can 
be assumed from the synchronous-machine constants given 
in Table 4 of Chap. 6. If other than full load is assumed, 
the reactance thus determined must be multiplied by the 
ratio of assumed load to full load. 

(2) Using the value of reactance just determined, the 
initial angle can be found from Fig. 50. 

(3) By reference to Fig. 45, the section of line that must 
be removed from service to clear the fault is known, so 
that the ratio II of reactance after the fault is isolated to 
the initial reactance can be determined. 

(4) Using the sine of the initial angle determined in (2) 
and the ratio II, determined in (3), the time in cycles should 

Fig. 47—Maximum permissible duration of fault to maintain 
stability: 

LINE-TO-LINE FAULT 

be read from the curve (Figs. 46-49) for the type of fault 
being studied. 

(5) The inertia constants for the sending- and receiving- 
end machines should be determined. If the total mechan- 
ical inertia of the machines at one end is known, the inertia 
constant for that end of the system can be determined by 
using Eq. (37) appearing in Sec. 22. In case the inertia is 
not definitely known, an average value can be obtained by 

Fig. 48—Maximum permissible duration of fault to maintain 
stability: 

DOUBLE LINE-TO-GROUND FAULT 
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Fig. 49—Maximum permissible duration of fault to maintain 
stability: 

THREE-PHASE FAULT 

reference to Table 8. When the inertia constants, H, in kw- 
seconds per kva, for both ends of the system are known, 
the inertia correction factor by which the values of time 
should be multiplied can be found by reference to Table 6, 
or to the following equations from which Table 6 has 
been prepared. 

H& 

= H,+Hr (W 

kl= Inertia correction factor = 
4. 

s. (64) 

In these equations H, and H, are the inertia constants of 
the sending- and receiving-end machines, in kw-seconds 
per kva, respectively. 

(6) If the frequency is other than 60 cycles, the result 
should be multiplied by the square root of the ratio of the 
new frequency to 60 cycles. 

(7) If the load at the time the fault occurs is not equal 
to the kva rating of the generators, the result should be 
divided by the square root of the ratio of the actual kw 
load to the generator rating in kva. 

Example: In order to illustrate the use of the short- 
cut method just described, the single-machine problem 
calculated in Part V of this chapter will be solved and the 
resulting maximum circuit-breaker clearing time will be 
compared to that obtained by the complete calculation. 
The assumed system is defined in Sec. 24, and the 50 OOO- 
kw load assumed there will still apply. 

The total generator capacity is 60 000 kva and the 
transient reactance on this base, of the two machines in 
parallel, is 25.4 percent. 

The assumed transformers each have eight percent re- 
actance on a 60 OOO-kva base. 

Each transmission line was calculated to have a positive- 
sequence reactance of 39.7 ohms, which can be converted 
to percent on this same base by conventional methods. 
Each line represents 54.7 percent on 60 000 kva, and the 
two lines in parallel equal 27.4 percent. 

The receiver has no reactance since it was assumed to 
be an infinite inertia system of large capacity. 

The total reactance between generator internal voltage 
and the infinite receiver is then: 

Generators 
Transformer 
Two lines in parallel 
Transformer 

25.4 percent 
8.0 percent 

27.4 percent 
8.0 percent 

Total 68.8 percent on 
60 000 kva. 

The assumed load is 50 000 kw, so the ratio of actual 
load to generator rated kva is 50 000 divided by 60 000, 

or 0.833. Hence, at the present load, the reactance is, 

68.8 X0.833 = 57.4 percent. 

From Fig. 50, the initial operating angle is approxi- 
mately 32 degrees, the sine of which is 0.53. Note that 

Fig. 50—Initial operating angle as a function of reactance. 

the figure of 32 degrees checks closely the initial operating 
angle determined in the detailed calculation. 

When one line is switched out to isolate the fault, which 
was assumed to be double line-to-ground, the reactance 
increases to, 

(68.8+27.4)0.833 =80.1 percent. 

Hence, 
l 80.1 
1=57=1.4 

. 

From Fig. 48, which applies for a double line-to-ground 
fault, corresponding to sine of initial angle -0.53 and II= 
1.4, it is seen that 1= 5.8 cycles, approximately. 

From Table 6, corresponding to H, = 3 and Hr= 00, 
ICI = 1.41. 

Since the initial load is 0.833 times the generator kva 
rating, the corrected maximum time to fault isolation is, 

1.41 

t=5’8X~0.833 
== 8.94 or approximately 9 cycles. 
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Table 6— INERTIA CORRECTION FACTOR, kl. 

(Computed from Eqs. (63) and (64)) 

This figure matches the one obtained by detailed calcula- 
tion to within the limits of accuracy of reading the curves, 
and shows that the quick-estimating curves when carefully 
applied give results that are dependable, as long as the 
actual system being considered is similar in circuit elements 
to the assumed system of Fig. 45. 

Limitations in Using Curves—The greater the num- 
ber of arbitrary assumptions and the larger the departures 
from the assumed conditions, the greater the resulting er- 
ror. However, for systems of average characteristics the 
results are satisfactory. For example, if the actual system 
has no voltage regulators, the permissible fault duration is 
materially reduced. This is particularly true for cases 
where long fault duration is permitted. Also, if there is no 
high-tension bus in the actual case, more synchronizing 
power can be transmitted while the fault is on the system, 
but a greater increase in reactance occurs when the faulted 
line and transformers are removed as a unit from the sys- 
tem, so that the two effects are in the direction to com- 
pensate. 

Where large steam generators are closely connected to 
the receiving end of the system, the effective initial angle is 
not determined solely by the transfer reactance from the 
sending-end generators, but is usually reduced consider- 
ably by the receiving-end generators. This can be taken in- 
to account approximately by reducing the reactance of the 
receiver machines. Where the power supplied by the re- 
ceiving-end generators is greater than about three times 
that of the sending-end machines, it is safe to neglect the 
receiver reactance, and measure the total reactance to the 
receiver low-tension bus. 

In the foregoing all breakers necessary to isolate the fault 
were assumed to open simultaneously. In practice, when 
the fault is near one breaker, a basis of discrimination for 
tripping the breaker does not exist until the first breaker 
has opened; hence the two breakers operate sequentially. 
In such cases the fault duration is increased to twice the 
time of a circuit-breaker opening. Where the distance from 
the fault location to each bus is short, this will require a 
breaker-opening time of half the permissible fault duration. 
If, however, the line reactance between busing points is 
high, the severity of the fault is greatly reduced and a 
longer total duration is permissible, up to probably 50 per- 

cent longer than the figure obtained from the curves. The 
corresponding time for each breaker will thus increase to 
about two-thirds of the curve values. Consideration of the 
reactances involved will indicate a reasonable correction to 
be used in an individual case. 

VII. METHODS OF STABILITY CALCULA- 
TION-MULTI-MACHINE SYSTEMS 

33. Simplification of Networks with Multi- 
Machine Systems 

The method of solving multi-machine stability prob- 
lems follows closely the procedure just described for the 
general case for two-machine systems, and the same 
steady-state and step-by-step transient procedures should 
be used. The first step in the solution of multi-machine 
problems is to set up the equivalent network for lines, 
loads, and other shunt branches and for machines as pre- 
viously described for the general two-machine system. 
Such networks involve a series impedance between each 
internal emf and the remainder of the system. Such a 
network does not lend itself to analytical calculations 
and should be replaced by mesh-connected systems with 
a single-impedance branch connecting each pair of inter- 
nal emf’s. For example, Fig. 51 shows a typical network 
for a three-machine system, characterized (1) by a hydro- 
electric source with voltage E1, and (2) by two receiver 
machines which have voltages E2 and E3, which are con- 
nected together and to the hydro-electric machine by 
transmission lines represented by equivalent 7r method. 

Fig. 51—Method of reducing networks to the form conven- 
ient for stability studies. 
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Such a network should be transformed by the methods 
previously discussed in Chap. 2 to the form shown in 
Fig. 51 (b). This network involves only (1) shunt branches 
connected directly across the internal voltage ordinarily 
assumed constant and (2) mesh-connected branches con- 
nected directly between pairs of internal emf’s. The 
power equations for such a system are readily written for 
each line in terms of the source emf’s, in magnitude and 
phase position, and the series impedance of that line. 
Thus, it is readily possible to determine the electrical 
output or input for each machine if the phase position and 
magnitude of the various internal emf’s are available. 

Analytical methods of calculation can be applied to 
systems involving more than three machines by using the 
same procedure just described in connection with the 
three-machine system of converting the network to the 
simplest mesh-connected system. Such a procedure has 
been used for the solution of four-machine systems.lO 
However, the complication increases rapidly with the 
number of machines, and it is not practical to carry out 
calculations for systems with more than three or at the 
most more than four machines. 

34. Steady-State Solution for Multi-Machine 
Systems 

The determination of the steady-state stability limit 
for a multi-machine system is a problem of considerable 

complexity.10~38 This results from the many conditions 
to be considered and the laboriousness of the calcula- 
tions. Additional complication is introduced if, as is 
usually the case, automatic voltage regulators are used. 
Fortunately, however, the problem when considered from 
the practical viewpoint is greatly simplified because it 
becomes one of determining whether a particular system 
is stable for an assumed load below the actual stability 
limit. Under these conditions, many of the complicating 
factors arc eliminated. It is often necessary to provide a 
considerable margin between the steady-state power limit 
with fixed excitation and the assumed operating condi- 
tions. A further factor is the action of automatic voltage 
regulators in increasing limits due to phenomenon of 
dynamic stability. For these reasons little effort is di- 
rected toward the determination of the actual stability 
limits of multi-machine systems. Instead, the problem 
takes the form of showing that the system is stable for a 
particular set of assumed conditions. Usually the impor- 
tant limit is the transient stability limit. 

The practical method of solving stability problems of 
central-station systems is by means of the a-c network 
calculator.ls Analytical methods become exceedingly la- 
borious for cases involving more than three or four ma- 
chines. The average central-station utility problem usually 
involves more than this number of machines and solution 
is more easily done by a-c network calculator. 

Fig. 52— Various system elements and the calculating-board elements used to represent them. 
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into the power system values. Various power-system ele- 
ments and the corresponding calculator circuits are illus- 
trated in Fig. 52, and a general view of the calculator is 
shown in Fig. 53. 

The number and types of circuits provided in the West- 
inghouse a-c network calculator at East Pittsburgh are 
listed in Table 7. 

The power supply for the calculator consists of a 440- 
cycle, 220-volt motor-generator set, which has its voltage 
controlled by an electronic voltage regulator and an elec- 
tronic exciter to provide quick response and accurate 
regulation. The generator of this set supplies three-phase 
power to the calculator generator units, which are actually 
regulators especially designed to convert the three-phase 
power input to a single-phase power output having adjust- 
able magnitude and phase angle. 

Two independent sets of master instruments, circuit 
selector and metering controls are provided, each set be- 
ing mounted on a separate metering and control desk. 
Direct readings of either scalar or vector values of cur- 
rents and voltages, and magnitudes of watts, vars, and 
phase angles can be obtained. The two metering desks 
provide for conducting two simultaneous studies of sepa- 
rate systems with independent control of each system. 
Any calculator unit can be instantly connected to the 
metering equipment by a remote-control circuit selector 
which enables metering of system quantities at any point 
in the system. 

The determination of the electrical conditions on the 
a-c network calculator gives practical solutions for the 

Fig. 53—The a-c network calculator at East Pittsburgh. 

35. The A-C Network Calculator 

The general design of the a-c network calculator is 
such that all of the essential elements of a modern power 
system can be reproduced in a miniature replica. The 
various parts are reproduced accurately in suitable propor- 
tion to the system values, and observations and measure- 
ments on the replica network correspond to what would 
obtain under like conditions on the power system. Suit- 
able multipliers or conversion factors readily translate the 
calculator readings of voltage, current, watts, and vars 

TABLE 7— NETWORK CALCULATOR CIRCUIT ELEMENTS 
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many design and operating problems of electrical systems. 
The most common problems may be classified as: 

a. voltage-regulation studies for determining bus voltages, 
load-control studies and current-distribution studies, either 
as a system-design or an operating problem and for normal 
or emergency conditions, 

b. short-circuit studies for circuit-breaker and protective-relay 
application, and 

c. steady-state and transient-stability studies for determining 
the power limit of transmission systems. 

36. Transient-Stability Solutions on the A-C 
Network Calculator 

For stability purposes the problems need be considered 
merely as the solution of a set of simultaneous equations 
under successive steady-state conditions. The transient- 
stability solution, by the step-by-step procedure, is ob- 
tained by a succession of appropriately-adjusted steady- 
state conditions. 

The system is reduced to a common base and is nor- 
mally set up on the calculator on the basis of the positive- 
sequence network, using transient reactance in series with 
the generator voltage. Where large synchronous con- 
densers are involved and the inertia of these condensers 
must be considered, they are represented by a voltage 
behind the condenser transient reactance. 

The system is set up for the conditions prior to the dis- 
turbance, and the generator internal voltage, power, and 
angle are read at the point behind the generator reactance. 
The power so obtained is assumed to be the mechanical 
input to the generator and is maintained constant through- 
out the study, assuming that during the short time being 
considered, the governor cannot change. The internal 
voltage is also maintained constant throughout the study. 
The internal angle initially read is the normal angle, and 
the departure from this angle is calculated from the 
generator power output and machine dynamic charac- 
teristics. 

The fault is then applied at the desired point in the sys- 
tem by connecting that point to the neutral bus in accord- 
ance with the type of fault as described in Sec. 10. The 
internal angles and voltages of the generators are adjusted 
to the values measured before the fault was applied, and 
the power distribution read. The difference between the 
power before the fault and the power after the fault is the 
accelerating or decelerating power available for changing 
the angular position of the machine rotor. From the rela- 
tions between the machine inertia, the change in power, and 
the time interval, the change in angular position of each 
machine rotor is calculated, and the generator internal 
angles shifted to these new values. The procedure is re- 
peated for the next time interval, and so on throughout 
successive intervals until the system is proven either stable 
or unstable for the conditions being studied. 

The a-c network calculator provides a means not only 
for solving stability problems but also for obtaining the 
time variation of all the related electrical and mechanical 
quantities useful for circuit-breaker and relay application 
and for other similar purposes. The network calculator is 
also a device for simplifying networks and reducing them 
to a simpler form for more detailed study. By these meth- 

ods, exceedingly complicated systems can be set up on the 
calculator and a practical solution obtained. 

37. Two-Reaction Method Using A-C Network 
Calculator 

The a-c network calculator also provides a means for 
carrying out in a practical manner calculations of com- 
plicated systems using the two-reaction method*. For 
this purpose each machine should be laid out so as to 
have two sources of voltage electrically at right angles to 
each other. The vector diagram for a salient-pole gen- 
erator under transient conditions is shown in Fig. 25. One 
of these sources would represent the voltage Ed', the mag- 
nitude and phase position of which are associated with 
the excitation and with the rotor position. At right angles 
to this vector is the voltage E,', which represents the react- 
ance drop due to flux in the quadrature axis. The value 
of this voltage is assumed to vary instantly† so as to 
provide the proper quadrature-reactance drop. For each 
point in the stability analysis the voltage in the quadrature 
axis is adjusted until the vector diagram is satisfied for 
the particular terminal condition. 

An alternative method requiring only one source of 
voltage for each machine is outlined in Chap. 6. This 
method uses the quadrature-axis reactance to relate rotor 
position, direct- and quadrature-axis voltages, and the 
terminal quantities. The method is, therefore, based on 
the adjustment of the network-calculator settings to al- 
low for the variation in the direct- and quadrature-axis 
voltages whose transient values are separately calculated. 

Both methods involve a cut-and-try proposition and 
are somewhat tedious. The principal merit of such a 
method is that it provides a basis for estimating the dif- 
ference in results with the two-reaction method and the 
conventional round-rotor method which is generally 
found adequate. 

VIII. SHORT-CUT METHODS OF 
CALCULATION-METROPOLITAN SYSTEM 

The discussion in Part VI describes a useful short cut in 
calculating transient stability on transmission systems. 
Similarly, a general study has been made and general 
curves presented for the quick estimation of transient- 
stability limits on metropolitan-type systems.*3 In this 
discussion a metropolitan-type system is considered to be 
one in which the principal power sources are steam gener- 
ating stations, located relatively close to their load centers, 
with distribution provided by a multiplicity of moderate- 
voltage circuits. The power supply to most metropolitan 
districts is of this character; there are, of course, notable 
exceptions. 

Although most systems of this type are inherently sta- 
ble as compared to systems coupled with long transmission 
lines, nevertheless transient stability analyses are fre- 
quently desirable. For example, other aspects of system 

*This method was first used for analytical calculations by C. F. 
Wagner and R. D. Evan9; it was adapted for use with the a-c network 
calculator by Dr. W. A. Lewis. 

tThe basis for the rapid variation of quadrature-axis flux was 
shown experimentally in Reference 5. 
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operation, such as placing of new generation, reduction of 
short-circuit kva, and flexibility of operation may suggest 
layouts differing from those at present in use, and it is de- 
sirable to be able to evaluate whether the desired changes 
will increase or decrease the transient limits, and whether 
the resulting value is satisfactory. 

38. General Stability Curves 

Metropolitan systems, as defined above, are similar in 
major characteristics making generalized studies practical. 
They are usually similar in the following features: 

1. With equal percent loadings the internal voltages of 
all generators are essentially in phase. 

2. With a multiplicity of circuits, the reactance of the 
connecting lines holding a generator or group of generators 
in step with the system does not change appreciably when 
a fault is cleared. 

3. With turbo-generators and short lines involved, the 
generator characteristics are no longer affected by the 
speed of prime mover, line charging-current requirements, 
etc., and they tend to become fairly uniform in their es- 
sential points, such as reactances, inertia, and short-circuit 
ratio. 

These similarities make it possible to calculate transient 
stability solutions for a number of hypothetical systems 
and give the results in curve form, using the remaining 
variables as indices. The curves are then applied to specific 
layouts by determining these quantities for the specific 
case. 

Space is not justified to include the derivation of the 
general curves, but the complete procedure is described in 
the paper in which these curves were originally presented, 
“Generalized Stability Solution for Metropolitan-Type Sys- 
tems” by Griscom, Lewis, and Ellis.23 In developing the 
curves some minor influences had to be eliminated from 
consideration with some sacrifice in accuracy of results. 
Such influences include resistance in the lines and the fault, 
variations in generator loading, and the effect of voltage 
regulators. The errors introduced by neglecting these in- 
fluences, and possible means for compensating for them, 
will be discussed in a later section. 

The general stability curves for metropolitan-type sys- 
tems are shown in Fig. 54. These curves assume that the 
generators have a short-circuit ratio of 1.0. In the paper 
originally presenting these curves, a similar set was in- 
cluded using a generator short-circuit ratio of 0.8, but the 
resulting differences are so small that both groups of curves 
are not included here. Part (a) of Fig. 54 consists of a fam- 
ily of curves covering the range of overall reactance X, 
plotted in terms of short-circuit current, Ire, from the 
faulted generator and the permissible fault duration, t. Part 
(b) is similar except that the power dropped by the faulted 
generator is used instead of Ire, Part (c), as will be ex- 
plained later, provides a means of correction for resistance 
in the fault, and for other than rated initial load. Part (a) 
applies directly to faults at the generator terminals. For 
faults occurring at other locations, a close approximation is 
secured by dividing I FG by a factor read from Part (c) be- 
fore entering Part (a). This location factor, designated as 
rFG, is a function of the ratio of Ire to IF, the total fault 

Fig. 54—General stability curves for metropolitan-type sys- 
terns. 

current. 
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Fig. 55—Typical metropolitan-type system selected 
onsrate application of curves. 

to dem- 

39. Application of Curves 

An example is chosen to illustrate the application of this 
short-cut method for metropolitan systems. The typical 
system is shown schematically in Fig. 55, with reactances 
as indicated. A three-phase fault at point M will be con- 
sidered. This fault isolates generator A from the remainder 
of the system during the fault, and this unit is then the one 
most likely to pull out of step first. Generator A therefore 
becomes the “faulted generator,” and all other machines 
including those in the same group become the “remaining 
generators.” With a fault at M, the network of Fig. 55 
reduces to that of Fig. 56. The actual reduction can be 
accomplished analytically or, more easily, by using a d-c 
network calculator (since resistances are not included). 
If the network calculator is used, the actual reduction to 
the form shown in Fig. 56 need not be completed, as the 

Fig. 56 —Network of Fig. 55 reduced toequivalent for fault at M. 

necessary indices can be obtained from the current read- 
ings taken to perform the reduction. From Fig. 56, the 
total reactance X between the faulted generator and the 
remaining generators is 27+15=42 percent (always on 
the rated-kva base of the faulted generator). To deter- 
mine the total fault current IF, the branches on each side 
of the fault are paralleled: 

(27x 15) 

42 
= 9.65 percent, 

and the total fault current is l/0.0965= 10.4 times the 

rating of generator A. The fault current supplied by the 
faulted generator is: 

15 
&?a=- 42X 10.4 = 3.7 times rated current. 

The ratio of I&IF gives rFo =0.357, so that now the 
indices necessary to use the curves of Fig. 54 are: 

Overall reactance X = 42 percent 
Current from faulted generator -3.7 X rating 
Ratio IFo/IF=rFo -0.357. 

Using this value of TFG and interpolating for a reactance 
of 42 percent, Fig. 54 (c) gives a location factor of 0.7. The 
adjusted value of I ro is then 3.7 divided by 0.7 = 5.3, and 
the permissible fault duration can now be read from Fig. 
54 (a) (by extrapolation) and is found to be 0.39 seconds. 

If the fault occurs at point N of Fig. 55, outside of the 
feeder reactor, the circuit reduces to that shown in Fig. 57. 
The overall reactance does not change, but a high-react- 
ance shunt branch is introduced to represent the reactor. 
It will be found for this case that rFo remains the same 
because it depends only on the reactance branches adja- 
cent to the generators. The total fault current is greatly 
reduced owing to the presence of the 30-percent reactance 

Fig. 57—Network of Fig. 55 reduced toequivalent for fault at N. 

in series with the fault point, and becomes 2.52 times rated 
current of machine A. In this case IFo calculates to be 0.9 
times rated current, and when adjusted for location be- 
comes O.9/0.7 = 1.29. When these indices are referred to 
Fig. 54 (a), it is evident that the point is beyond the range 
of the curves, and the permissible fault duration exceeds 
two seconds. 

If the fault were at point 0 of Fig. 55, it would affect all 
four of the generators in station A more equally. Hence, 
there is a possibility that this entire group may lose syn- 
chronism with the remainder of the system. In this case, 
the group should be considered as the faulted generator, 
and all indices should be expressed in terms of the rating of 
the group as a base. This solution can be compared with 
that for generator A considered as the faulted unit, and 
the shorter of the two figures for permissible fault duration 
should be taken as the result. 

Now, suppose that the three-phase fault occurs on the 
leads of generator A, as designated by P in Fig. 55. In this 
case generator A must be disconnected from the system to 
isolate the fault, and this must be accomplished before 
machines B, C, and D lose synchronism with the remainder 
of the system. Generator A is isolated from the system by 
the fault while the fault persists, and is isolated by the 
breaker when the fault is cleared, hence B, C, and D only 
are considered as the faulted generators, and generator A 
is eliminated from the calculation. By reduction of the 
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P 

Fig. 58—Network of Fig. 55 reduced to equivalent for fault at P. 

network of Fig. 55 for a fault at P, the simplified equiva- 
lent shown in Fig. 58 is obtained, the reactances now being 
expressed in percent on the combined kva rating of ma- 
chines B, C, and D. From this point the calculations are 
identical to the previous examples, and the maximum fault 
duration is determined to be 0.53 seconds. 

Unbalanced Faults—In the foregoing paragraphs 
three-phase faults have been assumed to demonstrate the 
application of the general curves. If unbalanced faults are 
to be considered, the method of symmetrical components 
can be used by adding a series impedance at the point of 
fault, which impedance is a function of the negative- and 
zero-sequence networks. This procedure is illustrated in 
Sets. 26 and 30 of this chapter and discussed in Sec. 10. 

40. Correction Factors 

As stated above, certain factors influencing stability 
were not considered in the preparation of the general 
curves. These simplifying assumptions all tend to make 
the permissible fault duration shorter, or to make the tran- 
sient-stability solution more critical. The curves of Fig. 54 
can thus be used directly for most work without applying 
correction factors since the error will consistently be on the 
safe side. It is appreciated, however, that the effect of 
some of these neglected considerations may be of interest 
in specific cases, so approximate corrections are presented, 
which while they are not rigorously correct, should be 
accurate enough for most practical work. 

Eflect of Resistance—The usual resistances present in 
power circuits have a minor effect on stability, except for 
the resistance in the fault circuit. Because of the very large 
currents in the fault circuit, a small resistance will result in 
a large power loss, which in a measure compensates for the 
drop in load on the faulted generator and lessens the tend- 
ency to pull out of step. Parts (a) and (b) of Fig. 54 are 
plotted for faults at the generator terminals. Applying the 
location factor from Fig. 54 (c) converts a fault at any 
other location to its equivalent fault at the generator ter- 
minals. For each point in Part (a) there is a corresponding 
point in Part (b), from which may be found the amount of 
power which would have to be dropped by the faulted gen- 
erator for the equivalent fault at its terminals. If the 
amount of power dropped is reduced by resistance in the 
lines or fault, the effect would be substantially the same 
regardless of fault location. Hence the result may be found 
by reducing the equivalent amount of power dropped by 
the amount of resistance losses taken by the faulted gener- 
ator, and reading the corrected fault duration from Fig. 
54 (b). For example, with the fault at point M of Fig. 55, a 
clearing time of 0.39 seconds was indicated by Fig. 54 (a). 
The same clearing time must be indicated by Fig. 54 (b), 
hence, for X = 42 percent and t=0.39, it is found that 100 

percent power would have to be dropped by the machine 
if the fault were at its terminals. The curves show this 
power dropped as percent of the generator kilowatt rating, 
which is assumed 85 percent of the kva rating. If machine 
A and its transformer have a resistance of 1.5 percent, then 
with 3.7 times rated current flowing, the 12R loss in the ma- 
chine and transformer is (3.7)2X 1.5 =20.5 percent of the 
generator kva rating, or 20.5 divided by 0.85 = 24 percent 
of its kilowatt rating. So, instead of 100 percent load 
dropped, the equivalent load dropped is 100 minus 24, or 76 
percent. The permissible fault duration, considering the 
effect of resistance, is then determined from Fig. 54 (b) for 
X= 42 and power = 76 to be 0.6 seconds. 

If resistance in the fault itself is to be considered, the 
power loss in the fault must be divided between the faulted 
generator and the remaining generators. An approximate 
method of doing this is to multiply the total loss in the 
fault by TFG, and add this figure to the loss in the generator 
branch of the circuit. For example, for the fault at M as- 
sume 0.25 percent resistance in addition to that of the 
generator and transformer. With 10.4 times normal cur- 
rent, (1O.4)2XO.25 or 27 percent of generator kva is created 
in the fault. This is equal to 27 divided by 0.85 or 31.8 
percent of generator kilowatt rating. Then multiplying by 
TFG, 31.8x0.357 = 11.3 percent power in the fault taken by 
the faulted generator. As determined above, the power 
dropped is 100 percent when X= 42 percent and t=0.39 
seconds (from Fig. 54 (b)). When 24 percent resulting 
from generator and transformer resistance and 11.3 per- 
cent resulting from fault resistance are subtracted, 64.7 
percent remains as the equivalent power dropped. From 
Fig. 54 (b) this amount of power dropped is seen to give a 
permissible fault duration of 2.0 seconds. 

Initial Generator Loud—The general curves assume 
that all generators are loaded to 100 percent of their kilo- 
watt rating. For other than rated load, first find the per- 
centage of kilowatts dropped, corresponding to X and t for 
rated initial load, then multiply this by the ratio of initial 
load to full load, and read the corrected permissible fault 
duration from Fig. 54 (b), for the curve corresponding to 
X. For example, with X = 42 percent, t = 0.39 seconds, 100 
percent kilowatts is dropped, and if the initial load had 
been 75 percent instead of 100 percent, the fault duration 
can be read as t=0.61 seconds for kilowatts dropped= 
100X 0.75=75 percent and X=42 percent. 

Voltage Regulators—Regulators with a moderate 
rate of response give a certain amount of improvement in 
stability over the amount shown by the curves of Fig. 54. 
The exact magnitude of this increase is difficult to deter- 
mine, but a reasonable idea of the improvement can be 
easily obtained by multiplying the value of 13 by 0.85 
before entering the curves of Fig. 54 (a). This gives a rela- 
tively good estimate over most of the range of the curves. 

IX. ESTIMATING PERMISSIBLE 
TRANSMISSION LINE LOADING 

41. Surge-Impedance Loading 

When a resistance equal to the surge impedance of a 
resistanceless transmission line is connected across the re- 
ceiving end of the line, a surge introduced into the sending 
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end is absorbed completely without reflection. Thus a 
sinusoidal voltage introduced into the sending end travels 
along the line and is completely absorbed. The voltage at 
the receiving end varies sinusoidally with time, has the 
same magnitude as the voltage at the sending end, and is 
displaced by an angle equivalent to the time required for 
the wave to move from one end of the line to the other. 

The load delivered over the line to the resistance is 
called “surge-impedance loading.” Based on an average 
value of surge impedance of 400 ohms, 

SIL = 2.5(kv)2 (65) 
where 

SIL = surge-impedance loading in kw 
kv = line-to-line kilovolts of transmission line 
2.5= a constant derived from the average surge im- 

pedance as shown in Chap. 9. 

Thus, surge-impedance loading is a constant for lines of a 
particular operating voltage and can be used as a basis for 
comparison of lines operating at different voltages. The 
following analysis derives a simple method of determining 
the permissible loading of a straight-away transmission 
line based on a transient-stability criterion and expressed 
in terms of surge-impedance loading and the line length in 
miles. 

42. Criterion of Stability 

A rigorous determination of the power limit of a system 
is dependent upon many detailed considerations such as 
circuit-breaker clearing time, type and location of faults, 
type and speed of the excitation system, bussing arrange- 
ments, line-sectionalizing, station spacing, generator short- 
circuit ratio, generator inertia constant, etc. Even when 
extensive work is done along these lines, it is still necessary 
to apply judgment factors to calculated results. In esti- 
mating the permissible loading of long, high-voltage, 
straight-away transmission lines, a single overall criterion 
can be used rather than attempting a detailed design of the 

Fig. 59—Hypothetical power-angle diagrams showing switch- 
ing times for maintaining stability with no margin during 

three-phase and single line-to-ground faults. 

Curve l-Power-angle diagram, faulty line switched. 
Curve 2-Power-angle diagram, during single line-to-ground 
CUlW3 O-Power-angle diagram, system normal. 

fault. 

system. This criterion is that the operating load, after 
switching of the faulty line, be 80 percent of the crest of 
the transient power-angle relation. 

A justification for this particular value of 80 percent is 
given in Fig. 59. Curve 1 is a hypothetical power-angle 
diagram, based on generator transient reactance, having a 
crest of 100 percent after switching of the faulty line sec- 
tion. The horizontal line PO represents the prime-mover 
input, presumed constant at 80 percent of the crest value 
and equal to the generator rating. 

First, assume a three-phase short circuit at the generator 
high-voltage bus. The generator output will decrease from 
80 percent to zero and remain there until the fault is re- 
lieved, after which it follows Curve 1. If the angle of swing 
is adjusted so that the area bounded by abed is equal to the 
area bounded by aejjg, the system will have transient sta- 
bility for a three-phase fault on the high-tension bus, for 
the time required to increase the angle from c to b, with no 

margin. The time to increase the angle from c to b can be 
obtained if the inertia constants of the generators are 
known. If these are waterwheel generators, H may be 
about three. The acceleration for dropping full-power 
output is 

18Oj (180) (60) ~=-------= 
H 3 

= 3600 elec. deg./sec.4 

The angle traversed in time t is 

e= fcYr 

The angular difference, b-c, in Fig. 59 is about 10 degrees, 
hence the required fault-clearing time 

- 

t = 

Various details have been omitted for clarity in the fore- 
going. The power does not drop to zero because of ma- 
chine losses. Curve 1 is not traced because of some decre- 
ment. Point d is not the correct starting point, but rather 
the intersection with PO of the unswitched transient power- 
angle diagram, Curve 0. Also, other values of inertia 
constant give different required fault-clearing times. 

The approximate conclusions are that a three-phase 
fault on the generator high-voltage bus would result in 
instability for 8-cycle and 5-cycle circuit breakers, For 
3-cycle circuit breakers, the clearing time under ideal con- 
ditions would be 0.067 second. However, a fault as severe 
as a three-phase fault is too rigorous a criterion. 

A similar analysis is approximated for a single phase-to- 
ground fault on the generator high-voltage bus. On the 
basis of zo=zl =x2, the power-angle dial- Iam during the 
fault will have a crest value of about 2/3 of Curve 1. This 
is shown as Curve 2. Equating area daghi to area gjj gives 
an angular change of about 32 degrees, and an approxi- 
mate required clearing time of 0.275 second. This time can 
be obtained readily with 8-cycle breakers and carrier-cur- 
rent relaying and allows considerable margin. 

From the preceding demonstration, it is considered quite 
logical to operate a system at a loading equal to 80 percent 
of the crest of the transient power-angle diagram. It is of 
interest to note that if the loading were to be increased to 
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85 percent of the maximum power, the area above the new 
PO line is markedly reduced; while dropping below 80 per- 
cent increases the area rapidly. While 80 percent may not 
be the best operating point, it is a very reasonable value. 

In deriving the curves in Fig. 59, the generator power 
output was expressed by 

P=lOO sin 8 

where 8 is the angle between sending and receiving volt- 
ages. For an actual system, the expression for generator 
power is 

P = K1E,2 + &E,E, sin (8 - S) . 

If PO, the maximum operating load, is taken as 80 percent 
of the crest of the transient power-angle diagram, the area 
dejjga of Fig. 59, available to withstand transient dis- 
turbances is reasonably constant over a wide range of sys- 
tem layouts. Essentially, the above analysis was based on 
K1E,2 being small compared with K2E,E,. In terms of 
ABCD constants, K1 is the real component of D/B while 
K2 is the scalar value of l/B. Unless the resistances of the 
circuits are quite high, or the lines quite long (beyond one- 
quarter wavelength or approximately 775 miles), KJS,2 
remains small compared to K&J&, and close comparisons 
between systems can be made with the criterion. 

The proposed criterion is based on holding the gener- 
ating station in step with the receiving system during 
transient disturbances, and presumes that the receiving 
system inertia is infinite compared with the generating 
system. This is substantially true for most systems in 
operation today. In particular, in order for the criterion to 
apply at all, it is necessary that pull out, should it occur, 
be due primarily to overspeed of the generating station 
rather than underspeed of the receiving system. 

43. Terminal Equipment Impedance 

The transient reactance of the generators and the leak- 
age reactance of the step-up and step-down transformers 
must be added to the line impedance to obtain the tran- 
sient power-angle characteristic of the system. The react- 
ance of the terminal equipment can vary through rather 
wide limits. The generator transient reactance may be as 
low as 15 percent for turbine generators and as high as 40 
percent for slow-speed waterwheel generators. The ma- 
jority of straight-away transmission systems are in con- 
junction with waterwheel generators, and generators of 
lower than normal reactance are used to be able to operate 
the lines at higher power levels. On this basis, 25 percent 
represents a fair approximation of the generator transient 
reactance. 

A similar condition applies to the transformers in that 
the normal transformer reactance varies with voltage rat- 
ing. At 138 kv, and to a lesser extent at 230 kv, the react- 
antes of normally designed transformers are about ideal 
considering the opposing requirements to limit short- 
circuit currents and to obtain maximum stability. At 
higher voltages, however, it is advantageous to use trans- 
formers of reactance lower than normal. A fair average 
value of transformer leakage reactance is eight percent for 
transformers at both ends of the line. 

The amount of reactance used to represent the receiving 

system may vary considerably. For systems in which the 
transmission system supplies most of the energy used, the 
receiving-system impedance may represent a large per- 
centage of the total. Where the transmission system mere- 
ly augments the generating capacity already existing, and 
in particular where multiple terminals are used, each feed- 
ing into existing large systems, the receiver-system imped- 
ance may not be much greater than the reactance of the 
step-down transformer. In this analysis, the receiving- 
system impedance is taken as the receiver transformer 
reactance only for two reasons: first, it results in greater 
line loadings, reflecting possible future improvements in 
technique, and second, the stability criterion being used is 
probably on the conservative side. 

44. Permissible-Loading Curve 

With the foregoing values of reactances set, namely 25- 
percent generator transient reactance, and 8-percent trans- 
former reactance, permissible line loadings as a function of 
distance may be obtained. The procedure is to assign a 
line loading, such that, when terminal equipment imped- 
ance is added, PO is 80 percent of the crest of the power- 
angle diagram. The line impedances depend upon the 
operating voltages, whereas the equipment impedances 
depend upon the kva ratings. 

The first step is to obtain the power-circle diagrams of a 
transmission line of a given length and voltage including 
transformers of appropriate size. The expected loading is 
approximated or assumed, P, and QII are available 
from the circle diagrams, and E,, the internal voltage be- 
hind generator transient reactance, can be calculated. 
The generator reactance can then be added to the trans- 
former and line constants, and the equations of the pow- 
er-angle diagram determined, and hence the crest value 
of the generator output. If 80 percent of this crest does 
not equal the loading originally assumed, the work must 
be repeated, revising the generator and transformer kva 
ratings in accordance with the deviation noted. 

When the analyses are carried through, a power-angle 
diagram will have been obtained for each line length studied 
and for each voltage rating studied, such that PO is 80 per- 
cent of the crest of the diagram. If the loadings of the lines 
are expressed in per unit of the “natural” or surge-imped- 
ance loading, there is little variation in characteristics of 
lines over a wide range of operating voltages. A curve of 
delivered power expressed in terms of per-unit surge-im- 
pedance loading and plotted as a function of transmission- 
line length in miles is shown in Fig. 60. The curve is closely 
applicable in determining transmission-line loadings based 
on transient stability for operating voltages between 69 
and 500 kv. 

As an example, the curve indicates that a 450-mile trans- 
mission line can deliver an amount of power equal to 0.69 
times the surge-impedance loading. If the operating volt- 
age were 345 kv, the line could deliver (0.69)(2.5)(345)2= 
205 000 kw. At 230 kv, the capability of the line would be 
91000 kw. In each case, the delivered power is the value 
of PO obtained in the analyses above less the line loss, and 
is the deliverable power for rating purposes. 

Before it can be considered operable, a system must be 
stable under steady-state as well as transient conditions. 
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Fig. 60—Permissible loading of straight-away transmission 
liner as a function of line length in miles for voltages from 

69 kv to 500 kv. 69 kv to 500 kv. 

The curve of Fig. 60 is based on a criterion of transient 
stability, and it shows the permissible loading when the 
criterion is met. These results were examined for steady- 
state stability and found to be within steady-state limits 
with satisfactory margin. Therefore, the loadings for vari- 
ous line lengths may be considered acceptable under 
steady-state and transient criteria. 

The curve of Fig. 60 is based on a criterion of transient 
stability, and it shows the permissible loading when the 
criterion is met. These results were examined for steady- 
state stability and found to be within steady-state limits 
with satisfactory margin. Therefore, the loadings for vari- 
ous line lengths may be considered acceptable under 
steady-state and transient criteria. 

The effect of various specific factors in the stability 

X. METHODS OF IMPROVING SYSTEM 

STABILITYS 

The effect of various specific factors in the stability 
problem will be considered from the standpoint of im- 
proving system stability. For convenience these factors 
will be considered under the principal headings of “Power- 
System Layout,” “ Power-System Operation,” and “Char- 
acteristics of Apparatus.” These sections are followed by 
a discussion of “Other Methods of Increasing the Practical 
Operating Power Limits.” 

problem will be considered from the standpoint of im- 
proving system stability. For convenience these factors 
will be considered under the principal headings of “Power- 
System Layout,” “ Power-System Operation,” and “Char- 
acteristics of Apparatus.” These sections are followed by 
a discussion of “Other Methods of Increasing the Practical 
Operating Power Limits.” 

45. Power-System Layout 45. Power-System Layout 

Power-system layouts should usually be analyzed from 
the stability point of view for the three circuit conditions 
associated with the transient, viz., before, during, and 

to stability for all three circuit conditions while other fea- 
tures are beneficial for one condition and detrimental for 

out must be weighed individually in connection with each 
circuit condition. 

Power-system layouts should usually be analyzed from 
the stability point of view for the three circuit conditions 
associated with the transient, viz., before, during, and 
after the trhnsient. Some features of layout are beneficial 
to stability for all three circuit conditions while other fea- 
tures are beneficial for one condition and detrimental for 
another; hence, the many features of power-system lay- 
out must be weighed individually in connection with each 
circuit condition. 

creasing the stability limit of a system is to reduce the 
Series Reactance-The most obvious method of in- 

creasing the stability limit of a system is to reduce the 

$Psrt X is based largely upon the “First Report of Power System 
Stability,” A.I.E.E. Subcommittee on Interconnection and Stability 
FactOll~, R. D. Evans, Chairman, A.I.E.E. !!‘ransactions, pp. 261-282, 
Feb. 1937. It includes some changes and additions due to progress 
in the art. For the practices summarized in this report Bee App., 
Table 3. 
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Factors, R. D. Evans, Chairman, A J.E.E. TTunSuCtiOnS, pp. 261-282, 
Feb. 1937. It includes some changes and additions due to progress 
in the art. For the practices summarized in this report Bee App., 
Table 3. 

transfer reactance or “through reactance” between syn- 
chronous machines, as this directly increases the synchro- 
nizing power that can be interchanged between them. 
The reactance of a transmission line can be decreased by 
reducing the conductor spacing. Usually, however, the 
spacing is controlled by other features, such as lightning 
protection, and minimum clearance to prevent an arc 
from one phase involving another phase. Another meth- 
od of reducing line reactance is to increase the conductor 
diameter by using material of low conductivity or by 
hollow cores. Usually, however, the characteristics of 
the conductors are fixed by economic conditions quite 
apart from stability. The use of bundle conductors 
(Chap. 3, Sec. 10) is an effective means of reducing se- 
ries reactance. 

The transformer reactance should be kept as low as 
practical. While some reduction from normal reactance, 
as shown in Chap. 5, is permissible, economic considera- 
tions usually prevent much departure from the lowest 
value obtainable without increasing the cost. 

The series capacitor provides another means for de- 
creasing the “series” reactance of transmission systems. 
However, at times of system faults the current through 
the capacitor raises the voltage across it to several times 
normal. To protect against such overvoltages, two pro- 
cedures are available : (1) relatively expensive capacitors 
capable of withstanding the abnormal voltage can be 
used, (2) the capacitors can be designed for the maximum 
voltages produced under normal circuit conditions and 
provided with a device for short-circuiting it during the 
excess-current condition. When series capacitors are 
used with short-circuiting means, they are ineffective 
during the fault condition. However, when high-speed 
circuit breakers are used, the fault condition is promptly 
relieved and the advantage of low series reactance is ob- 
tained for the subsequent part of the oscillation. The ap- 
plication of series capacitors is discussed in Chap. 8. 

Transmission-circuit reactance drops are commonly 
reduced by adding parallel lines or increasing the circuit 
voltage. Comparisons at times are made between several 
low-voltage circuits and a few high-voltage circuits. Ob- 
viously, the fewer the number of circuits the greater is 
the reduction in the power limit of the layout when one 
circuit is switched out. 

Bussing Arrangements—The method of paralleling 
lines or apparatus, or the bussing arrangements, can have 
an important bearing on system stability. High-voltage 
busses at the ends of transmission lines or at intermediate 
points result in smaller change in the transfer reactance 
at the time of the isolation of a faulted transmission-line 
section than for the case with low-voltage busses, since 
the latter involves the loss not only of the line but also of 
the associated transformers. During the faulted condition 
the shock to the system is greater with the high-voltage 
bus than with the low-voltage bus. It is impossible to 
generalize on the relative merits of high- and low-voltage 
bus arrangements because the result in any particular case 
is dependent upon the relative reactance proportions of 
the system, the type and duration of the fault, and the 
character of system grounding. The results of calculations 
on a particular system with alternative bus arrangements 
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Fig. 61—Effect of bussing arrangement on stability limits; 
double line-to-ground fault at sending end. 

A-Low voltage bussing. 
B-High voltage bussing. 

System reactance shown in percent; inertia constant H-kilowatt- 
seconds/kilovolt-ampere. 

are illustrated in Fig. 61. For faults of short duration the 
change in the transfer reactance of the system after the 
fault is cleared is more important than the shock to the 
system during the fault, and, therefore, the high-voltage 
bus arrangement gives higher stability limits; for faults 

Fig. 62—Effect of number of switching stations on stability 
limit. 

A-Single line-to-ground fault. 
B-Double line-to-ground fault. 

- - - -One intermediate station. 
-Two intermediate stations. 

- --Bus fault cleared with no loss of line. 

of longer duration, the shock to the system is more im- 
portant and the converse is true regarding layout. By 
using reactors between the high-voltage busses, it is possible 
to obtain characteristics intermediate between those for 
high- and low-voltage bussing, approaching either to any 
degree desired. The results of the study in a particular 
case of the effect of varying the number of intermediate 
switching stations on a long transmission line is shown 
in Fig. 62. 

Another method of bussing is incorporated in the scheme 
known as “synchronizing at the load”” as applied to 
metropolitan-type power systems. By metropolitan sys- 
tem is meant the type of system that exists in large cities 
and is characterized by large turbine-generating units 
located close together with short transmission distances. 
With this scheme there are no direct ties between syn- 
chronous-machine busses but only indirect ties through a 
multiplicity of connections at secondary or utilization 
voltages. With this layout secondary faults do not have 
a severe effect upon the system and can be “burned clear.” 
Faults on a particular generator bus require disconnection 
of that unit, but the remaining units accelerate or decel- 
erate together. Of course, the shock to the connected load 
is decreased as the speed of circuit breakers and relays 
is increased. 

While “synchronizing at the load” was developed for 
supplying power to metropolitan areas, the underlying 
general principle has been applied in connection with 
certain long-distance transmission projects, notably for 
the Conowingo-Philadelphia24 and Hoover-Chino lines. 
The modification of the scheme for this application is 
characterized by the bussing of the system only on the 
lower-voltage side at the receiving end. On such a system 
transmission-line faults result in disconnection of an 
entire unit consisting of a generator, sending transformer, 
transmission line and receiving transformers. Since the 
plan of operation contemplates the disconnection of a unit 
for every fault on the transmission line or its associated 
apparatus, each circuit can be operated relatively close 
to its steady-state power limit. Faults on the lower- 
voltage bus at the receiving end or on the connecting 
lines will probably be controlling in determining the 
transient power limits. These connections are similar to 
those employed on early systems where transmission lines 
from separate hydroelectric plants were paralleled only 
at the receiver. 

The same general principles of system connection have 
also been employed in circuits with two-winding gener- 
ators and four-winding transformers. 13*17 These schemes 
improve stability by limiting the severity of short circuit 
and by distributing the stress among the remaining units. 
An important advantage of the double-winding gen- 
erator arises from the fact that in the event of a fault 
on one winding the remaining winding can carry ioad 
and thus minimize the disturbance to the system that 
would result from the disconnection of the faulted ma- 
chine and the readjustment of load on the remaining units. 

Another method of bussing is the “loose-linked” sys- 
tem,14 which consists of several power areas normally op- 
erated in parallel, being loosely connected for purposes of 
synchronizing and interchange of power. The plan of 
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operation is such that in any power area the largest 
generator or the interlinking ties can be lost without 
leaving in any area a load greater than the ability to 
carry it. In the event of a serious disturbance within a 
power area, that area including its load and sources of 
power is isolated from other power areas by opening of 
the ties at appropriate points. 

Grounding—In America it is common practice on 
high-voltage systems to ground the neutral solidly and 
on moderate-voltage systems to ground the neutral sol- 
idly or through a resistance. For some types of high- 
voltage systems there has been recently an increased 
tendency to provide transformers with sufficient insu- 
lation in the neutral to permit grounding through a mod- 
erate impedance. The ground-fault neutralizer scheme 
in which the system is grounded through reactors tuned 
with the system capacitance to ground at fundamental 
frequency, has not been generally accepted, although it is 
being used successfully in an increasing number of loca- 
tions. These schemes also have arc-suppression charac- 
teristics as discussed in Sec. 49. The introduction of 
neutral impedances, by limiting the severity of the fault, 
increases the stability limits. Two effects may be pres- 
ent: if the impedance is a pure reactance, the current is 
limited and the synchronizing power is increased thereby; 
if the impedance is a resistance, power is absorbed in it 

DURATION OF FAULT IN CYCLES ON A 60-CYCLE SYSTEM 

Fig. 63—Effect of grounding method upon system stability. 

Curve 2, Percent 2, Percent 

A-Single line-to-ground. . . . . . . . 13 +jlO 
B-Double line-to-ground. . . . . . . 13 +jlO 
C-Double line-to-ground. . . . . . 13 0 
D-Double line-to-ground. . . . . . 0 0 

Upper set of curves for fault on high-voltage bus at sending end. 
Lower set of curves for fault on high-voltage bus at receiving end. 

and the generator output increases and its acceleration 
is correspondingly retarded. The effects of these factors 
are illustrated in Fig. 63, which shows the stability limit 
as a function of the duration of the fault and the connec- 
tion of the neutral impedance for single and double line- 
to-ground faults on the high-voltage line at both the 
sending and receiving ends of a typical system. These 
curves show that neutral impedances, preferably resistance 
at the sending end and reactance at the receiving end,* 
help maintain stability. The importance of the method 
of grounding in relation to power-system stability has 
been minimized by the development of high-speed breakers 
and relays and the trend in the direction of basing system 
design upon the more severe types of faults. In general, 
however, factors such as lightning protection and relay- 
ing, and cost affected by insulation and interconnection 
with other systems, rather than stability, determine par- 
ticular methods of grounding to be employed. For further 
discussion, refer to Chap. 19. 

46. Power-System Operation 

Power-system operation is often as great a factor to 
insure system stability as proper system design. The al- 
location of generator capacity in relation to the system- 
load and circuit conditions is of considerable importance, 
particularly under abnormal circuit conditions. The sta- 
bility problem can be accentuated by interconnection and 
is complicated by the related problems that arise when 
frequency control is applied or when the location of gen- 
erating capacity is determined by maximum-economy con- 
siderations rather than system-load requirements. 

Most power systems are designed for adequate sta- 
bility under steady-state conditions. There are, however, 
many systems where a stability problem is encountered 
as a result of a fault, and for economic reasons it is not 
always possible to eliminate this condition. Observance 
of certain basic operating principles will prevent exceed- 
ing the steady-state limits and insure prompt recovery 
following a fault. 

Adequate spinning-reserve capacity either in the form 
of spare generators or reliable interconnections, must be 
available in each load area to insure a steady-state limit 
in excess of the power and reactive kva requirements in 
event of loss of a generating unit or loss of excitation. 

The method of supplying excitation to a system has 
an important effect on stability. The choice of the bus 
voltages to be maintained or compensated for load and 
circuit changes, can be of great importance. Voltage regu- 
lators tend to improve stability conditions by automatic- 
ally changing the excitation in accordance with loads. 
They are capable of sustaining system voltages within 
safe limits even in the event of the loss of excitation on 
one of the units. They also tend to keep the field strength 
of individual units within reasonable limits thereby pre- 
venting the cascading of trouble following the initial dis- 
turbance. Other characteristics of excitation systems and 
their control in relation to stability are discussed in Sec. 47. 

The increasing use of automatic devices, such as re- 
frigerators, water heaters, water pumps, etc., which are 

*This particular arrangement is used on the 15-Mile Falls Devel- 
opment.30n” 
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not locked out following an outage, results in extremely 
high power demands when service is restored. A recent 
outage resulted in a peak following restoration of service 
which was approximately 45 percent more than the load 
interrupted. Provision must be made for excess gen- 
erator capacity for a short period when service is resumed, 
or the service must be restored slowly to limit the tem- 
porary load until its diversity becomes normal. The spin- 
ning-reserve capacity for best results should be distrib- 
uted in the several load areas so that its availability is 
not restricted by tie-line limitations. 

The use of automatic load control on interconnecting 
tie lines has increased the practical load limits of these 
lines by preventing the usual drift in the tie-line load, 
thereby holding the scheduled load well below the tie-line 
limits. These devices are of no value for transient con- 
ditions. 

Coordination of stability studies and operating in- 
structions for abnormal conditions is a matter of con- 
siderable importance for insuring the maintenance of sta- 
bility or avoidance of service interruption. 

When synchronism is lost on a system having syn- 
chronous condensers, a state of equilibrium is sometimes 
reached under which the system will neither accelerate 
nor retard until conditions are changed by switching 
operations, or by removal of synchronous condensers. 
The removal of synchronous condensers, either manually 
or by underspeed relays, relieves the system of super- 
posed low-frequency currents caused by condenser exci- 
tation, and permits a more rapid restoration of service. 

47. Characteristics of Apparatus 

Synchronous Machines-The characteristics of syn- 
chronous machines that are important from the stand- 
point of stability are substantially the same in the syn- 
chronous generator, motor, or condenser. In general, the 
characteristics of generators are of much more impor- 
tance because they constitute the largest percentage of 
the total connected synchronous capacity and because 
they have such an important bearing on the overall sys- 
tem angles. The following discussion will be given in 
terms of synchronous generators with the understanding 
that for synchronous condensers and motors the general 
features are the same but generally of relatively less im- 
portance. 

The best criterion of generator performance under con- 
ditions in which system stability is determined chiefly 
by the transient characteristics is its transient reactance 
or more definitely, the direct-axis component commonly 
designated as xd’, as discussed in Secs. 15 and 16. The 
effects of decreasing the transient reactance of generators 

upon increasing the stability limits for a particular study 
are shown in the curve of Fig. 64. The normal value of 
the constants of various types of synchronous machines 
are shown in Table 4 of Chap. 6. The effect of decreasing 
the transient reactance upon the cost of a machine is 
indicated in a general way by the curves of Fig. 65. In a 
considerable number of installations, beginning with Cono- 
wingo2* and including Hoover Dam,3l it has been found 
desirable to employ generators of less than normal tran- 
sient reactance. 

Fig. 64—Effect of generator reactance upon stability. 

A-Single line-to-ground fault. 
B-Double line-to-ground fault. 

Solid curves for generator transient reactance zd’=30 percent; 
broken curves for ~d’=21 percent. 

Fault at load end; 2 lines, 280 miles, 3 sections; transformer 
zt = 10 percent; 4-70 000-kva generators. 

For most present-day systems, steady-state stability 
limits are unimportant. With increased application of faster 
breakers and relays and the logical attempt to increase 
the load carried on these circuits,-the steady-state stability 
limitations will become increasingly important. A useful 
criterion of machine performance with reference to steady- 
state stability is the machine short-circuit ratio. The 
short-circuit ratio is a direct measure of the relative pull- 
out torques for generators with the same per-unit excita- 
tion. However, for the same current and power factor on 
machines of different short-circuit ratios, the relative short- 
circuit ratios do not give a direct measure of the relative 
pull-out torques, because the excitations are not equal. 
In general, the higher the short-circuit ratio, the higher is 
the pull-out torque. It is the one constant of the generator 
that comes closest to being a direct index of pull-out 
torque. 

Short-circuit ratio is also of value as an approximate 
measure of the size of machine. Its use for this purpose 
depends upon the fact that to a considerable extent any 
reduction of reactance in a machine below its normal 
value is obtained by derating a larger machine and modi- 

Fig. 65 -Approximate cost of decreasing the transient 
ante of salient-pole synchronous generators. 

react- 
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Fig. 66-Effect of generator inertia upon system stability. 

A-Single line-to-ground fault. 
B-Double line-to-ground fault,. 
-Minimum WR2 (31 X 10” lbs-ft?). 

---- 50 percent additional WE. 
-- -100 percent additional WR2. 

fying the current-carrying parts to meet the reduced 
values. 

The inertia of a synchronous generator or motor is also 
a factor in the stability problem since it affects the nat- 
ural period of system oscillation, or the time required to 
reach a point beyond which recovery would be impossible. 
Figure 66 shows the results of calculations for various val- 
ues of generator inertia upon the stability limits for a par- 
ticular system. The range of inertia constants for various 
types of synchronous machines is shown in Table 8, and 
more specific data based on speed and kva are given in 
Chap. 6, Part XIII. The cost of adding inertia to large 
vertical waterwheel generators increases about one-fifth 
as fast as the inertia. In a few cases, including Hoover 
Dam, where calculations have indicated that a particular 
system would operate relatively close to the stability 
limits, generators of higher than normal inertia have been 
installed. 

TABLE 8—TYPICAL INERTIA CONSTANTS OF 
SYNCHRONOUS MACHINES* 

The severity of unsymmetrical system faults is affected 
by the negative-sequence impedance of the connected 
machines. Amortisseurs or damper windings affect both 
the real and reactive components of this impedance. 
Machines without damper windings possess the highest 
negative-sequence reactance, but machines with high- 
resistance damper windings possess the highest negative- 
sequence resistance. The curves of Fig. 67 show the com- 
bined effect of the damper material upon the stability 
limit of a typical system for line-to-line and double line-t* 
ground faults on the high-voltage bus at the generator 
end. The improvement with high-resistance dampers is 
quite appreciable for long fault duration, but for the dura- 
tion that can be obtained at present with high-speed 

breakers, the improvement is very much less. In the event 
of system oscillations low-resistance copper damper wind- 
ings produce the greatest damping of the mechanical 
movement. However, this effect is unimportant during 
and following a system fault except in the rather rare case 
in which the system is so constituted that pullout takes 
place as a result of compound oscillations following a dis- 
turbance. To obtain the partial advantage of the high 
loss associated with high-resistance dampers at times of 

Fig. 67—Effect of damper-winding material upon stability 
limits. 

System Same as Fig. 63-C. 

A-High resistance. B-No dampers. C-Copper. 
Upper curves for line-to-line fault. 
Lower curves for double line-to-ground fault,. 

unbalanced faults and the damping of oscillations asso- 
ciated with low-resistance dampers, the generators of one 
installation, i.e., 15-mile Falls,l9**0 were supplied with a 
special type of damper winding which consists of a double- 
cage arrangement in which the outer row of bars is made of 
high-resistance material and the inner row of bars is made 
of a low-resistance material imbedded in the iron. For the 
double frequency associated with negative-sequence, the 
copper bars possess a high reactance and, therefore, force 

most of the current through the high-resistance bars. For 
the low frequency associated with the system oscillations, 
the current varies inversely with the resistance of the 
damper bars and allows most of the current to flow through 
the copper winding. The benefit from high-resistance 
damper windings is decreased as the fault duration is de- 
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creased by the use of faster breakers and relays. Damper 
windings also have characteristics which tend to suppress 
spontaneous hunting and to reduce system overvoltages 
and recovery rates arising from short circuits; in these 
respects, low-resistance copper dampers are somewhat 
more effective than high-resistance dampers. 

With the increase in size of generator units, the greater 
concentration of power on a single bus has increased the 
duty on circuit breakers and the area affected by a fault, 
on or near the bus. These effects can be minimized by the 
use of the two-winding generator13r17 in which the two 
armature windings are connected only through their 
mutual coupling which can be controlled by suitable de- 
sign. Generators of this character lend themselves to in- 
corporation as units in the system layout known as 
“synchronizing at, the load” or its variations as described 
previously. 

Excitation Systems-Control of the excitation system 
on synchronous machines provides a means for improving 
stability limits for transient conditions and also for steady- 
state conditions. Excitation systems that are effective 
from the standpoint of stability are commonly termed 
quick-response excitation systems, the principal features 
of which are: 

1. Exciter of quick response, i.e., of high rate of build-up 
and of high “ceiling” voltage. 

2. A reliable source of power to the exciter. 
3. Quick-responding regulator. 

Exciter response is the rate of build-up or build-down 
of the main-exciter voltage when a change in this voltage 
is demanded by the action of the voltage regulator. The 
response of the exciter was formerly expressed in “volts 
per second” corresponding to the average value effective 
through an interval of one-half second beginning at, rated- 
load field voltage. This rate is standardized as the nu- 
merical value obtained, called the response ratio, by di- 
viding the average value of volts per second in the same 
time interval by the rated-load field voltage. The method 
of determining exciter response is illustrated and formal 
definitions are given in Chap. 7. Exciter response ratio 
of 0.5 on the per unit, basis just described is now standard; 
faster response up to 2.0 is regularly available at a small 
additional cost, and still faster response can be provided. 

The characteristics which an excitation system must 
have to obtain the benefits of quick response include a 
high-ceiling voltage as well as a high rate of build-up. 
The ceiling voltage of an exciter varies through quite a 
wide range depending upon the particular design. The 
actual value in a particular case is adjusted so as to give 
the desired response through the half-second interval. 
Usually the ceiling voltage will be considerably more than 
50 percent above the normal exciter voltage for the 
maximum rated load. 

Fig. 68—Typical voltage regulator for control of the quick- 
response excitation system for a large waterwheel generator. 
Type BJ indirect-acting exciter-rheostatic voltage regulator. 

(a) Main control element in projection-type case with glass cover. 
(b) Cubicle-type assembly of regulator-contactor panel and 

plate-type motor-operated main-exciter field rheostat. 
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Fig. 69—Elementary schematic diagram of Type BJ regulator illustrated in Fig. 68. 

The exciters, regulators, and other voltage-control equip- 
ment required for quick-response excitation are built in 
various forms, which are discussed in detail in Chap. 7. 
The most common system in recent years has been that 
using a separately-excited main exciter and an exciter- 
rheostatic regulator such as the BJ type illustrated in 
Fig. 68 and shown schematically in Fig. 69. The main 
exciter is of liberal design having specially designed field 
circuits to reduce the time constants to a minimum. 
Excitation for the separately-excited field is under control 
of the voltage regulator and is supplied by a flat-com- 
pounded, self-excited d-c generator, called the pilot exciter. 

The exciter-rheostatic regulator has two sets of con- 
tacts : 

1. Normal-response contacts that operate for normal 
load changes causing small voltage changes, and which 
control the motor M driving rheostat RRH to increase or 
decrease the exciter field current. 

2. Quick-response contacts which control the high- 
speed contactors QR and QL, and which operate for sud- 
den, large changes in system voltage and excitation re- 
quirements. The normal-response contacts are sensitive 
to a change in a-c voltage of g of one percent. These 
contacts control the main-exciter motor-operated field 
rheostat. Modern regulating equipment is designed to 
initiate excitation corrective action within a period of 3 
cycles on a 60-cycle basis. This action is controlled by the 
quick-response contacts, which in combination with the 
high-speed contactor start to change the exciter-field cur- 
rent within 3 cycles after the generator voltage has de- 
parted from normal by an amount equal to approximately 
three times the sensitivity setting of the quick-response 
contacts. 

Quick-response excitation systems tend to improve sta- 
bility limits of power systems in three ways: 

1. Maintaining or increasing machine flux against demag- 
netizing action of fault currents. 

2. Supplying deficiency in system excitation due to loss of 
other sources of excitation. 

3. Increasing steady-state stability limits by facilitating ac- 
tion in the region of dynamic stability. 

The effect of quick-response on the magnitude of the 

internal voltages of a waterwheel generator connected to 
a typical system subjected to faults is illustrated in Fig. 70. 
The internal voltages are calculated by the method out- 
lined in Chap. 6 for two conditions, which give per-unit 
demagnetizing currents of about 1.5 and 1.0 for line-to- 
line and line-to-ground faults, respectively. These curves 
are based on constant phase displacement between the 
machine and the receiver. The correction for this factor 
would slightly reduce the voltages and alter the shapes for 
all curves without changing the relative effects. Quick- 
response exciters do not make very important gains in 
main-machine flux for line faults of the short durations 
possible with high-speed circuit breakers and relays. HOW- 
ever, the flux conditions within the machine will continue 
below normal throughout the “first swing,” even though 
the fault has been removed, particularly if a line section 
has been removed from the circuit for isolating the fault. 
This circumstance increases the scope of beneficial action 
possible by a quick-response excitation system. If the 
line faults are not cleared in the normal high-speed man- 
ner, a very substantial improvement in the stability limits 
is accomplished. With exciter-response ratios greater than 
0.5 per unit, it is possible not only to overcome the demag- 
netizing action of the fault currents, but actually to in- 
crease the main-machine flux in the time normally required 
for the system to reach the critical point in its oscillation. 

Quick-response excitation provided one of the earliest 
methods used for improving the transient-stability limits 
of systems. Its importance in this respect has, however, 
been minimized by the developments of high-speed circuit 
breakers and relays which limit the duration of fault 
currents and their demagnetizing effects. 

Another feature of quick-response excitation systems 
is the ability to increase the excitation to meet the re- 
quirements of a system arising from the loss of other 
sources of excitation, as from the disconnection of a gen- 
erator or condenser. This feature cannot, of course, be 
supplied by high-speed circuit breakers. In order to be 
effective in this respect, a quick-response excitation sys- 
tem must have a relatively high ratio of ceiling to normal- 
operating voltage and the regulating equipment must be 
such as to permit operation under these conditions for 
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Fig. 70—The effect of different speeds of exciter response on 
the internal voltage of a waterwheel generator with damper 
windings. System shown in the insert is subjected to line-to- 
line and line-to-ground faults at sending end. The ratios of 
ceiling to normal exciter voltage are 2.2, 1.6 and 1.6 for per- 

unit exciter responses of 2.0, 1.0 and 0.5, respectively. 

the length of time necessary for some readjustment of the 
system. Ordinarily the speed of exciter response is of 
secondary importance in comparison with the exciter 
range. However, quick-response excitation systems nor- 
mally possess the essential exciter range and whatever 
advantage that resides in the quicker response. 

Quick-response excitation systems also provide means 
for increasing the steady-state stability limits by facili- 
tating operation in the zone of dynamic stability as dis- 
cussed in Sec. 17. In a few cases it appears probable that 
some beneficial action from regulators in the region of 
dynamic stability is required to explain the absence of 
pullouts. In general, however, since the steady-state limits 
are higher than the transient limits, the favorable charac- 
teristics of a voltage regulator to increase the steady- 
state limits has been without real significance. There is 
also the question as to the desirability of having the opera- 

tion of a station at its rated load being dependent upon the 
functioning of a regulator. Consequently, the choice of 
regulator has been determined from its performance under 
transient conditions and its maintenance under ordinary 
operation. 

High-Speed Circuit Breakers and Relays-The 
duration of a fault condition has a very important effect 
on the stability of a system. The fault condition reduces 
synchronizing power, (1) directly by altering the equiva- 
lent-circuit constants and (2) indirectly by reducing the 
effective machine voltages through the demagnetizing 
action of fault currents. The stability limits as affected 
by the speed of breaker and relay operation vary through 
a wide range from (1) the limits corresponding to sus- 
tained faults to (2) a mere switching operation assuming 
extremely fast fault isolation. High-speed circuit break- 
ers and relays are capable of covering most of this range 
and thus constitute a very important measure for in- 
creasing the stability limits, particularly for transmission 
systems.ls 

The relation between the speed of fault isolation and the 
transient-stability limits for a typical transmission system 
is indicated in Fig. 71, which also gives the impedance 
constants of the various system elements. The system is 
assumed to be subjected to a fault on one line near the 
high-voltage bus at the sending end and to be cleared by 
the opening of the two breakers simultaneously. The 
curves assume waterwheel-type generators, and receiving- 
end machines of relatively high inertia. The calculations 
were made for the four different types of faults shown on 
the curves, which are plotted in terms of the time required 
for the isolation of the fault and the ratio of the power that 
can be transmitted to the power limit corresponding to the 

Fig. 71—Effect of duration of fault on power limits for differ- 
ent kinds of faults. 

A-Single line-to-ground fault. C-Double line-to-ground fault. 
B-Line-to-line fault. D-Three-phase fault. 

System reactance shown in percent. 
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switching out of one section of the transmission line. The 
dotted lines show the loads which can be carried with sus- 
tained short circuits of the various types assuming quick- 
response excitation systems capable of preventing demag- 
netization of the machines. 

The curves in Fig. 71 apply to a system subjected to a 
fault at the sending end. The relative stability conditions 
for the fault at sending and receiving ends of a somewhat 
different system were given in Fig. 63 which has been dis- 
cussed previously in connection with the use of neutral 
impedances. A moderate value of neutral resistance at the 
sending end can make a fault at that end on a grounded- 
neutral system relatively less severe than a fault at the re- 
ceiver. However, the gains in stability due to the use of 
high-speed circuit breakers are of the same order for faults 
at the sending or receiving ends of the transmission system. 

On metropolitan-type systems the permissible time for 
isolating the fault will be relatively longer than for trans- 
mission systems since the latter are usually operated 
closer to the stability limits. Thus in the metropolitan 
systems it is possible to introduce reactance in the system 
in such a way as to limit the duty on circuit breakers. 
This problem can COnVenienbly be studied by the short- 
cut method discussed in detail in Part VIII. 

The curves used in this method indicate that by taking 
advantage of the faster speeds made possible by the recent 
developments of circuit breakers, increased amounts of re- 
actance can be introduced in the system either to reduce 
the duty on circuit breakers or to increase the continuity of 
power supply or reliability of the service to the customer. 

The speed of circuit breakers and relays in relation to 
power-system stability can conveniently be analyzed under 
three headings as follows : 

1. Conventional or slow-speed breakers and relays for fault 
isolation. 

2. High-speed breakers and relays capable of isolating fault 
in time to improve stability limit. 

3. High-speed breakers and relays with reclosure in time to 
improve stability limit. 

The curves of Fig. 71 show that conventional slow-speed 
circuit breakers and relays of the type commonly in use 
prior to 1929 were so slow from the stability point of view 
that the limits corresponded to sustained faults. The power 
limit for the three-phase fault is almost negligible with the 
conventional slow-speed breakers formerly in use. The 
benefits which arise from the use of high-speed circuit 
breakers and relays in maintaining stability depend upon 
isolating the fault in an interval of time which is short in 
respect to the period of system oscillation. The preceding 
discussion has been based on the isolation of the fault in a 
single step. For sequential operation the time permissible 
for each breaker will be less than that shown but need not 
be reduced to half value. This is, of course, due to the fact 
that the stability conditions are generally much improved 
upon the operation of the first circuit breaker. 

The need for high-speed circuit breakers has brought 
about the development and general use of circuit breakers 
with shorter operating times. At present, standard breakers 
115 kv and above have an operating time of 5 cycles, ex- 
cept 230-kv standard breakers, which have an operating 
time of 3 cycles. Three-cycle breakers cost about five 

percent more than the standard five-cycle breakers for the 
same rating. The standard operating time for 69 kv and 
below is 8 cycles. It is interesting to note that at the time 
this book was originally published (1942) 8-cycle breakers 
were standard up to 230 kv. 

For composite systems with long-transmission lines from 
a source of power and for interconnecting lines between 
various parts of the receiver, system studies will frequently 
show the desirability of using high-speed circuit breakers 
and relays in order to increase the stability limits. In a 
number of such cases it will be important to extend the 
application of the high-speed breakers to interconnecting 
lines of the receiver system. Otherwise, the stability limits 
are determined not by faults on the main transmission line 
but by faults on the receiving system, even though it is 
operating at lower voltage with transformers between it 
and the transmission line. 

This development in the speed of circuit breakers has 
brought about important changes in the relaying of trans- 
mission lines. With fast circuit breakers it is no longer 
feasible to contemplate relay-operating times of one- 
quarter second to three seconds or the use of time intervals 
as the basis of discrimination. This has led to the use of 
distance or current-balance types of relays which are 
capable of simultaneous action for the middle section of a 
transmission line with high-speed sequential tripping for 
the end sections. 

In cases where the transmission system is operated rela- 
tively close to the stability limits there is considerable 
advantage in providing simultaneous breaker operation. 
In general, such relay operation can be obtained by funda- 
mental-frequency relays operating in conjunction with a 
signal transmitted by pilot wires or carrier current between 
the ends of the line section. This has brought about an 
important development in the application of high-speed 
relaying with superposed carrier-frequency. The relaying 
quantity to be transmitted by carrier frequency was se- 
lected initially as some electrical indication, such as direc- 
tion of the power flow, but more recently as the position of 
various fundamental-frequency relays which indicate the 
existence of a fault on the system within predetermined 
zones. The carrier-current and pilot-wire relay systems 
also provide opportunity for including relay measures for 
the prevention of undesired breaker operation in the event 
that the system does pull out of step. Reference should 
be made to Chap. 11 for further information on circuit- 
breaker and relay applications. 

Reclosing Circuit Breaker—Reclosing circuit break- 
ers provide a means for carrying one step further the 
advantages possible from high-speed fault clearing. For 
lower-voltage systems and feeder circuits, automatic re- 
closing breakers make it possible to maintain the stability 
of a system with induction-motor load. Disconnection of 
the source is required for the suppression of the arc in the 
fault, but the total time required for disconnection and for 
reclosure should be made sufficiently short as to prevent 
pullout of induction motors. Where synchronous machines 
can maintain the arc, it is necessary to isolate the affected 
line and to reconnect it in a period of time that is relatively 
short with respect to the period of system oscillation if 
stability is to be maintained.26*M Hence, if automatic re- 
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closing breakers are considered for maintaining the sta- 
bility on a transmission system, it becomes a practical 
necessity to use carrier-current or pilot-wire relaying. 
The existence of multiple or repetitive lightning discharges 
may constitute an important factor in limiting the appli- 
cation of reclosing breakers for maintaining stability. 

The selection of the operating speed required of high- 
speed reclosing breakers is dependent upon a compromise 
between two conflicting factors. One of these is the maxi- 
mum permissible time between the inception of the fault 
and the final reclosure as determined by the power-system 
load and synchronizing-power conditions. The other is the 
de-ionization time, the minimum time that must be allowed 
in order to be reasonably sure that the arc will not reignite 
and thus create a second fault. condition. In many cases 
where high-speed reclosing is desired, there is sufficient 
time to permit successful application. 

The de-ionization time depends upon the circuit volt- 
age, the conductor spacing, the fault current, and weather 
conditions. Furthermore, the reestablishment of the arc 
after an interval is a matter of probability and perhaps 
twenty tests may be required to establish a single point 
on a 95-percent probability curve for a single combination 
of circuit voltage, fault current, conductor spacing, and 
weather conditions. For these conditions the available 
test data on de-ionization time, although covering several 
hundred individual tests, is not considered to cover the 
field adequately for the purpose of establishing limits. 
From the available information26 the estimated de-ioni- 
zation time for successful reclosure is given in Table 9. 

TABLE 9 — MINIMUM DE-IONIZATION TIME FOR RECLOSING 
BREAKERS 

From the standpoint of maintaining stability, the max- 
imum permissible total time from the inception of the 
fault to the final reclosure varies over a wide range, de- 
pending upon the system, location and severity of the fault, 
and the type of circuit breaker, that is, whether three-phase 
as discussed in this paragraph or single-phase as discussed 
in the next. The permissible reclosure time can be cal- 
culated with satisfactory accuracy by methods previously 
discussed in this chapter, or by reference to the curves26 
of Fig. 72. These curves apply to two systems of rela- 
tively high inertia connected through a tie line of rela- 
tively high reactance. In order to use these curves it is 
necessary to determine, first, the synchronizing-power 

limit as determined by the quantity 3: where E is the 

nominal system voltage line-to-neutral and X is the 
transfer reactance per phase. The load to be transferred 

TIME IN SECONDS 

Fig. 72—Permissible time for breaker tripping and reclosure 
without causing loss of synchronism with gang operated 

breakers. 

over the tie line is then expressed as a percentage of the 
maximum synchronizing power over the tie line and used 
as the ordinate of the curve of Fig. 72. If the capacity 
and inertia constants of the two systems are kva,, kvab, 
and H,, Hb, then the equivalent inertia constant HeclC8) 
can be determined from Eq. (37), Sec. 22. The inertia 
factor to be used in the curves of Fig. 72 is obtained from 

Inertia Factor = 
Hqdvaa 

TL 
kw 

CW 

where ?%k, is the tie-line load in kw. Reclosing breakers 
have been used to improve the stability conditions on a 
number of 132-kv systems, notably of the American Gas 
and Electric CompanyH and of the West Penn Power 
Company. The important advantage of reclosing break- 
ers arises from the fact that their use can frequently con- 
vert an unstable tie line to one which can be considered 
as a firm-power source and thus justify a reduction in the 
connected generating capacity. 

Single-Pole Reclosing Breakers—During World War 
II it became necessary due to increasing demand for power 
to use single-circuit tie lines between systems to transfer 
firm blocks of power. Single-pole reclosing breakers have 
been used successfully in this application. Ground-fault 
neutralizers are useful in this application, but provide 
improvement only in the case of single line-to-ground 
faults, whereas single-pole reclosing breakers improve the 
stability limits of a single tie line for all types of faults, ex- 
cept three-phase. In this case the operation is that of a 
gang-operated reclosing breaker. 

The advantage of single-pole operation lies in the fact 
that power can be transferred over the unfaulted phase(s) 
during the period when the breakers are open to clear the 
fault. Since most line interruptions do not permanently 
ground a phase conductor, successful reclosure is obtained 
in the majority of cases and thus restores the system to its 
original condition without at any time reducing the power 
limits to as low a value as would be the case if all three 
conductors were disconnected. 
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If single-pole reclosing is to be used, the transformer 
banks at both ends of the tie line should be grounded sol- 
idly or through low values of impedance in order that 
power may be transferred during the breaker operating 
period. 

A comparison of three-pole and single-pole reclosure 
has been made for the system shown in the insert of Fig. 
73. The result of stability calculations for the two types 
of reclosure are plotted in Fig. 73 in terms of the per- 

PERMlSSl8LE RECLOSING TIME-CYCLES 

Fig. 73-Comparison of three-pole and single-pole reclosing 
breakers from standpoint of permissible transmitted power 
and reclosing time for clearing one line-to-ground fault and 

maintaining stability for the system shown in the insert. 

A-Three-pole reclosing breaker, 4-cycle opening time. 
B-Single-pole reclosing breaker, 4 to lo-cycle opening time. 
C-Stability limit for system, one phase switched open-system 

same as insert except for theoretical condition of zero-sequence 
impedance equal zero-lo-cycle opening time. 

D-Stability limit for system, one phase switched open-system 
same as insert but grounded at fault end only. 

missible transmitted loads and reclosure times. The curves 
show the advantages of single-pole reclosure which can be 
used (1) to transmit greater power, (2) to provide greater 
deionizing time, (3) to permit the use of slower-speed 
breakers for fault, clearing or reclosure, or a combination 
of these three. The power-transferring ability of a system 
for a sustained one-phase open condition varies with the 
zero-sequence impedance of the circuit between the limits 
of (1) infinite impedance which obtains with the un- 
grounded system, and (2) zero impedance, a theoretical 
condition which is rarely approached even for solidly- 
grounded systems. The practical case for grounded systems 
lies between these two extremes. 

The single-pole reclosing breaker is somewhat more 
expensive than the three-pole breaker because of the three 
separate mechanisms and the more complicated relay 
system required. , 

48. Double Line-to-Ground Fault on Single Tie 
Line 

The transient-stability performance of a single tie line 
between two systems can be calculated using the step-by- 
step procedure discussed previously. The only difference 
between this calculation and the previous examples lies in 
the fact that the sequence networks must be set up so that 
the power transferred during the period the breakers are 
open can be determined. 

In calculating a transient-stability problem involving 
single-pole reclosing, it, is convenient to divide the sequence 
of operations into four steps as follows: 

1. Condition before the fault. 
2. Condition during the fault. 

3. Condition with faulted phase(s) open. 
4. Condition after fault (line re-energized). 

In setting up the sequence networks for condition 3 it is 
generally sufficiently accurate to use connections n to r 
inclusive of Fig. 21, Chap. 2, which assumes equal shunt 
capacitance on all phases. A more accurate calculation can 
be made using the method presented in Fig. 22, Chap. 2. 
Reference 41 gives the sequence-network connections. 

Figure 74 presents the results of investigations of over 
100 practical solutions. 42 These curves apply only to double 
line-to-ground faults and can be used to estimate breaker 
requirements under proposed operating conditions and 
also to estimate the transient performance of existing lines. 

In the study upon which these curves are based, the 
sending and receiving systems were assumed to be made up 
of BOO-rpm, 80-percent power-factor machines operating 
at full load with necessary excitation. Typical system 
constants were used. The shunt loads were assumed to be 
%-percent power factor. In each case the line regulation 
was adjusted to ten percent. In certain cases this required 
synchronous condensers at the receiving end to furnish 
the necessary reactive kva in excess of the capacity of the 
receiver generators. The inertia of the condensers is not 
included in the swing calculations because it is usually 
found to be negligible. 

Conventional a-c network calculator studies were carried 
through for each principle system chosen until the maxi- 
mum length of line was determined for which transient 
stability would be maintained keeping all system elements 
constant except the line length. These curves give only the 
minimum reclosing equipment that can be safely applied. 
Allowance should be made for system growth. 

These curves give transient-stability solutions using 
different types of reclosing equipment. Double line-to- 
ground faults were used in each case. 

To determine the maximum power which could be safely 
transferred over a tie line, plot the ratio, PS/PR, on the 
proper “ (miles/kv2) PR” curve for the reclosing equipment 
under consideration. The ordinate of the plotted point is 
the maximum power which could be safely transferred in 
per unit, based on receiving-end generation. These curves 
are not intended as a solution of all problems concerning 
high-speed reclosing, but are presented merely as a guide. 
These general curves are calculated to apply specifically 
to tie lines between systems on which steam turbines 
predominate. Detailed calculations should be made where 
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marginal or unstable conditions are indicated by these 
curves. 

49. Other Methods of Increasing the Practical 
Operating Power Limits 

Flashover-Prevention and Arc-Suppression-A dif- 
ferent approach to the problem of improving the practical 
operating power limit of a system is obtained by the use 
of flashover-prevention and arc-suppression measures. It 
is obvious, of course, that a system rarely subjected to 
faults can be operated relatively close to the stability 
limits. Consequently, under some conditions it is more 
advantageous to spend money for minimizing the likeli- 
hood of faults than for increasing the capacity of the sys- 
tem to withstand the system disturbances resulting from 
faults. 

The principal cause of flashover on high-voltage lines 
is lightning. Much has been accomplished during the past 
fifteen years to minimize flashovers resulting not only 
from induced strokes but particularly from direct strokes.* 
Increased transmission-line spacing and increased insu- 
lation in the form of insulator strings and wood have 
generally been adopted. On the higher-voltage lines the 
use of ground wires is of great value when suitably located 
with respect to the conductors to be protected. Special 
efforts have been made to reduce the tower-footing resist- 
ance to a relatively low value in order to prevent a flash- 
over of the insulator string as a result of the building up of 
high potential due to the flow of lightning current through 
the tower to ground. 

The use of the ground wires reduces the zero-sequence 
impedance of the system and thus increases the severity 
of the shock resulting from a single or double line-to-ground 
fault. With the development of high-speed circuit breakers 
and relays these faults can be cleared promptly; conse- 
quently, the use of ground wires results in a gain from the 
stability point of view by reducing the number of flash- 
overs which overbalances any disadvantage from the 
standpoint of the shock to the system in case the fault 
occurs. 

The fault-suppression measures have as their object the 
interruption of the power-arc following a flashover without 
the necessity for isolating the affected circuit. The use of 
fused arcing rings or special tube-type protectors in parallel 
with the insulators permits flashover to take place through 
a path that insures the subsequent interruption of the 
power arc. Lightning arresters distributed along the line 
will accomplish this same general objective. See also 
Chap. 17. 

Arc-suppression devices of the ground-fault neutral- 
izer or Petersen-coil type have received consideration for 
minimizing circuit outages in connection with multiple- 
circuit systems of the type in common use and have been 
used in the single-circuit Hoover-Chino transmission line 

*Reference should be made to Chaps. 16 and, particularly, 17. 

system, In America, however, little use is made of this type 
of arc-suppression device as dependence is placed on circuit 
breakers and relays for automatically isolating a faulty 
section of line. Circuit-breaker schemes have the merit of 
suppressing all types of faults that occur on systems re- 
gardless of whether they are of the single line-to-ground or 
more severe types. In addition they permit grounding the 
system so that the tendency for a single-phase fault to 
develop into a multi-phase fault is minimized. See also 
Chap. 19. 

High-Voltage D-C, and Low-Frequency A-C 
Transmission-Low-frequency a-c systems have been pro- 
posed frequently for increasing the practical operating 
stability limits of long-distance transmission systems. 
More recently d-c transmission has been proposed as 
a means for avoiding the stability limits since such a sys- 
tem inherently provides a non-synchronous tie. In Amer- 
ica, 60-cycle a-c is very generally established for utiliza- 
tion. Consequently, the proposals to use low-frequency 
a-c and high-voltage d-c transmission schemes have in- 
cluded conversion means at the receiving end. In general, 
the use of the low-frequency a-c system involves no new 
problem in apparatus or application so that its use is not 
hindered on this account, although static apparatus might 
find application in the field of frequency conversion. In the 
case of d-c transmission, however, the conversion from a-c 
generation to the d-c high voltage required for the trans- 
mission line involves rectifiers for which there is no com- 
parable operating experience; in the case of the inverters 
at the receiving end still less work has been done. Con- 
siderable interest has been displayed in d-c transmission, 
but it is still generally considered impractical especially in 
this country. During the recent war the Germans consid- 
ered d-c transmission particularly as a means of getting 
power from Scandinavian peninsula to Germany. D-c 
transmission can show economic gains over high-voltage 
a-c transmission only where large blocks of power are to 
be transferreda for extremely long distances. Even then 
d-c transmission may not be economical if it is desired to 
tap off intermediate loads because of the high cost of the 
terminal equipment. Much work remains to be done before 
d-c transmission can seriously compete with a-c trans- 
mission. 

At the present time the limitations in 60-cycle systems, 
from the standpoint of system stability, are not of suffi- 
cient importance as to justify the adoption of either low- 
frequency a-c or high-voltage d-c transmissionB*“. The 
possible field for d-c transmission depends largely on the 
practical necessity for transmitting power to considerably 
greater distances than those used heretofore, on the use- 
fulness of its operating characteristics aside from stability, 
and on the future development of conversion apparatus. 
In this connection it should be noted that the series ca- 
pacitor offers tremendous improvement in a-c transmission 
at normal frequencies. 
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STABILITY REFERENCES IN THE ENGLISH LANGUAGE 

The “First Report of Power System Stability,” item 33, includes 

a list of 180 articles, which are arranged in chronological order and 
bear symbols indicating their character. 

1. Experimental Analysis of Stability and Power Limitations, by 
R. D. Evans and R. C. Bergvall, A.I.E.E. Transactions, 1924, 
pp. 39-58. Disc., pp. 71-103. 

2. Power System Transients, by V. Bush and R. D. Booth, 
A.I.E.E. Transactions, Feb. 1925, pp. 80-97. Disc., pp. 97-103. 

3. Transmission Stability, Analytical Discussion of Some Factors 
Entering into the Problem, by C. L. Fortescue, A.I.E.E. Trans- 
actions, Sept. 1925, pp. 984-994. Disc., pp. 994-1003. 

4. Practical Aspects of System Stability, by Roy Wilkins, A.I.E.E. 
Transactions, 1926, pp. 41-50. Disc., pp. 80-94. 

5. Further Studies of Transmission System Stability, by R. D. 
Evans and C. F. Wagner, A.I.E.E. Transactions, 1926, pp. 
51-80. Disc., pp. 80-94. 

6. A Mechanical Analogy of the Problem of Transmission Stabil- 
ity, by S. B. Griscom, The Electric Journal, May 1926, pp. 
230-235. 

7. Excitation Systems: Their Influence on Short Circuits and 
Maximum Power, by R. E. Doherty, A.I.E.E. Transactions, 
July 1928, pp. 944-956. Disc., pp. 969-979. 

8. System Stability with Quick-Response Excitation and Voltage 
Regulators, by J. H. Ashbaugh and H. C. Nycum, The Electric 

Journal, Oct. 1928, pp. 504-509. 
9. Transients Due to Short Circuits-A Study of Tests Made on 

the Southern California Edison 220-Kv System, by R. J. C. 
Wood, L. F. Hunt, and S. B. Griscom, A.I.E.E. Transactions, 

Jan. 1928, pp. 68-86. Disc., pp. 86-89. 
10. Static Stability Limits and the Intermediate Condenser Station; 

by C. F. Wagner and R. D. Evans, A.I.E.E. Transactions, 1928, 
pp. 94-121. Disc., pp. 121-123. 

11. Synchronized at the Load-A Symposium on New York City 
60-Cycle Power System Connection, by A. H. Kehoe, S. B. 
Griscom, H. R. Searing, and G. R. Milne, A.I.E.E. Transactions; 
Oct. 1929, pp. 1079-1100. Disc., pp. 1100-1107. 

12. Progress in the Study of System Stability, by I. H. Summers and 
J. B. McClure, A.I.E.E. Transactions, 1930, pp. 132-158. Disc.; 
pp. 159-161. 

13. Double Windings for Turbine Alternators, by P. L. Alger; 
E. H. Freiburghouse, and D. D. Chase, A.I.E.E. Transactionsi 
Jan. 1930, pp. 226-238. Disc., pp. 238-244. 

14. Fundamental Plan of Power Supply of the Detroit Edison 
Company, by S. M. Dean, A.I.E.E. Transactions, 1930, pp. 
597-604. Disc., pp. 612-620. 

15. Operating Characteristics of Turbine Governors, by T. E. Pur- 
cell and A. P. Hayward, A.I.E.E. Transactions, April 1930, pp. 
715-719. Disc., pp. 719-722. 

16. Selecting Breaker Speeds for Stable Operation, by R. D. Evans 
and W. A. Lewis, Electrical World, Feb. 15, 1930, pp. 336-340. 

17. Double-Winding Generators, by R. E. Powers and L. A. Kil- 
gore, The Electric Journal, Feb. 1930, pp. 107-l11. 

18. An Alternating-Current Calculating Board, by H. A. Travers 
and W. W. Parker, The Electric Journal, May 1930, pp. 266-270. 

19. Effect of Armature Resistance Upon Hunting of Synchronous 
Machines, by C. F. Wagner, A.I.E.E. Transactions, July 1930, 
pp. 1011-1024. Disc., pp. 1024-1026. 

20. Generator Stability Features -Fifteen Mile Falls Developmenti 
by R. Coe and H. R. Stewart, The Electric Journal, March 1931 
pp. 139-143. 

21. Stability Precautions on a 220-Kv System, by H. H. Spencer, 
Electrical World, Aug. 15, 1931, pp. 276-280. 

22. Proposed Definitions of Terms Used in Power System Studies- 

Report of Subject Committee on Definitions, by H. K. Sels, 
A.I.E.E. paper 32M-2, Abstract Electrical Engineering, 1932, 

p. 106. 
23. Generalized Stability Solution for Metropolitan-Type Systemf% 

by S. B. Griscom, W. A. Lewis, and W. R. Ellis, A.Z.E.E. Trans- 

actions, June 1932, pp. 363-372. Disc., pp. 373-374. 
24. Stability Experiences with Conowingo Hydro-Electric Plant, 

by R. A. Hentz and J. W. Jones, A .I .E.E. Transactions, June 
1932, pp. 375-384. Disc., p. 384. 

25. Adjusted Synchronous Reactance and Its Relation to Stability; 
by H. B. Dwight, General Electric Rewiew, Dec. 1932, pp. 609-614. 

26. Keeping the Line in Service by Rapid Reclosure, by S. B. Gris- 
corn and J. J. Torok, The Electric Journal, May 1933, p. 201. 

27. Symmetrical Components, by C. F. Wagner and R. D. Evans (a 
book), McGraw-Hill Book Company, New York, 1933. 

28. Quick-Response Excitation, by W. A. Lewis, The Electric Jour- 
nal, Aug. 1934, pp. 308312. 

29. Constant Current D-C Transmission, by C. H. Willis, B. D. 
Bedford, and F. R. Elder, A.I.E.E. Transactions, Jan. 1935, pp. 

102-108. Disc., Mar. 1935, pp. 327-329, and Apr. 1935, pp. 
447-449. Aug. 1935, pp. 882-883. 

30. Steady-State Solution of Saturated Circuits, by Sterling Beck- 
with, A.I.E.E. Trasactions, July 1935, pp. 728-734. 

31. Engineering Features of the Boulder Dam-Los Angeles Line, by 
E. F. Scattergood, A.I.E.E. Transactions, May 1935, pp. 494- 
512. Disc., 1936, pp. 200-204 and 208. 

32. The Scientific Basis of Illuminating Engineering, by Parry Moon 
(a book), McGraw-Hill Book Company, New York, 1936. 

33. First Report of Power System Stability: Report of Subcom- 
mittee on Interconnection and Stability Factors, by R. D. 
Evans, Chairman, A.I.E.E. Transactions, 1937, pp. 261-282. 
Disc., May, pp. 632-634 and Sept., p. 1204. 

34. Ultra High-Speed Reclosing of High-Voltage Transmission 
Lines, by Philip Sporn and D. C. Prince, A.I.E.E. Transactions, 
1937, pp. 81-90 and 100. Disc., p. 1036. 

35. Unsymmetrical Short Circuits on Waterwheel Generators Under 
Capacitive Loading, by C. F. Wagner, A.I.E.E. Transactions, 
1937, pp. 1385-1395. Disc., 1938, p. 406. 

36. Electric Power Circuits-Theory and Operation--System Stabil- 

ity, by 0. G. C. Dahl (a book), vol. 2, McGraw-Hill Book Com- 
pany, New York, 1938. 

37. D-C Transmission Evolving Slowly, by D. M. Jones, C. H. 
Willis, M. M. Morrack, and B. D. Bedford, Electrical World, 
Feb. 25, 1939, pp. 41-42. 

38. Phase-Angle Control of System Interconnection, by R. E. 
Pierce and G. W. Hamilton, A.I.E.E. Transactions, 1939, pp. 
83-91. Disc., p. 92. 

39. A Graphical Solution of Transient Stability, by H. H. Skilling 
and M. H. Yamakawa, Electrical Engineering, Nov. 1940, pp. 
462-465. 

40. Brown Boveri Review, Issue on D.C. Transmission, Vol. XXX11, 
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CHAPTER 14 

POWER SYSTEM VOLTAGES AND CURRENTS DURING 
ABNORMAL CONDITIONS 

Original Author: 
R. L. Witzke 

F 
OR many years it was common practice to base the 
requirements of system apparatus on normal load 
conditions and on three-phase short circuits. More 

or less empirical multiplying factors were sometimes used 
to predict the probable ground-fault currents from the 
three-phase fault currents. However, this procedure is 
unsatisfactory because the relations between three-phase 
and ground-fault currents vary greatly between systems. 
In some systems the current for a single line-to-ground 
fault is less than normal load current, whereas, in other 
systems, or at other locations in the same systems, the 
current for a single line-to-ground fault is larger than the 
three-phase fault current. The analysis of power systems 
by symmetrical components1 (see Chap. 2) has made pos- 
sible the accurate calculation of fault currents and voltages 
for unsymmetrical faults directly from system constants. 

Under many conditions the voltages present on a power 
system may be higher than those calculated for steady- 
state conditions. These higher voltages are usually of a 
transient nature and exist during the transition from one 
steady-state condition to another. Transient voltages can 
be produced by simple circuit changes such as the opening 
of a circuit breaker or the grounding of a conductor, or 
they can be produced by an intermittent arc in a circuit 
breaker or in a fault. Usually the higher voltages are 
associated with intermittent arcs rather than with simple 
circuit changes without arcing. Most transient voltages 
are not of large magnitude but may still be important 
because of their effect on the performance of circuit- 
interrupting equipment and protective devices. An appre- 
ciable number of these transient voltages are of sufficient 
magnitude to cause insulation breakdown. 

The various factors that determine the magnitudes of 
currents and voltages in power systems during abnormal 
conditions will be discussed in this chapter. 

I. STEADY-STATE VOLTAGES AND CURRENTS 
DURING FAULT CONDITIONS 

1. Assumptions 

Voltages and currents produced under fault conditions 
are a function of the type of fault and the ratios of the 
sequence impedances. The effect of these factors on the 
voltages and currents produced can be shown by sets of 
curves as will be done here. The four types of faults il- 
lustrated in Fig. 1 will be considered, It is assumed that 
the network is symmetrical to the point of fault, F, and 
can be reduced to series impedances, &, Z2, and Z0 for 

Revised by: 
R. L. Witzke 

Fig. l—Types of faults on three-phase systems. 

the positive-, negative-, and zero-sequence networks, re- 
spectively. In the present analysis the fault resistance is 
represented by R and is not included in 20. Z0 includes all 
zero-sequence resistance to the point of fault but does not 
include the fault resistance. It is further assumed that all 
the generated emfs can be reduced to a single positive- 
sequence emf, E,. 

2. Formulas 

In Tables 1 and 2 are given the formulas* for calculating 
the line currents and line-to-ground voltages for the faults 
illustrated in Fig. 1. These formulas are complicated to 
such an extent that it is difficult to visualize readily the 
currents and voltages that can be produced under fault 
conditions for ranges of system constants. For this reason 
the currents and voltages have been calculated for various 

*Formulas taken from pages 224 and 226 of reference 1. 
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ratios of system constants and the results are presented as 
a series of curves. 

3. Range of Sequence Impedances Considered 

The principal impedances that usually apply to tran- 
sient conditions are the positive-sequence impedance 21, 
the negative-sequence impedance Zz, and the zero-sequence 
impedance &, each consisting of a resistance and a react- 
ance component. In general, the positive-sequence resist- 
ance R1 and the negative-sequence resistance Rz are small 
in comparison to the positive- and negative-sequence re- 
actances. Consequently, the effect of these two resistances 
on the magnitude of the voltages and currents during fault 
conditions is small. For this reason and because of compli- 
cations introduced by considering positive- and negative- 
sequence resistances, these factors will be neglected. Zero- 
sequence resistance Ro and zero-sequence reactance X0 can 
vary through wide ranges depending on the type of system 
grounding used, hence the curves are arranged to cover a 
wide range of zero-sequence resistance and zero-sequence 
reactance. 

The positive-sequence reactance that applies to tran- 
sient conditions may be either the sub-transient or the 
transient reactance depending on whether or not the initial 
high decrement component of the current is to be consid- 
ered or neglected. The ratio of X2 to X1 for commercial 
machines usually lies between 0.5 and 1.5, although with 
special machines it is possible to exceed this range. The 
higher ratios of X2 to X1 are in machines without dampers 
whereas the lower ratios are in machines with dampers 
or their equivalent. In general calculations it is usually 
permissible to assume a ratio of X,/X, of unity especially 
if an appreciable percentage of the negative-sequence re- 
actance to the point of fault is in static apparatus or trans- 
mission lines. The general curves are limited to ratios 

4. Fault Current and Voltage Curves 
Curves prepared in accordance with the preceding dis- 

cussion are plotted in Figs. 2 to 6 inclusive. In these figures 
the fault current is plotted as a ratio of the three-phase 
short-circuit, and the line-to-ground and line-to-line volt- 
ages are plotted as a ratio to their respective normal values. 

In Figs. 2, 3, and 4 all resistances are equal to zero. 
Figs. 2 and 3 show the ranges of line currents and line-to- 

Fig. 2—Curves of fault currents vs. system reactances for 
single and double line-to-ground faults. Each curve is labeled 
to indicate the type of fault and the ratio of X2/X1. All cur- 
rents are expressed as a ratio to the three-phase short-circuit 
current. For these curves, all resistances are assumed equal 

to zero’. 

ground voltages respectively for single and double line-to- 
ground faults for ratios of X0/X1 from zero to six. The 
ranges of fault current and fault voltages for ratios of 
X2/X1 between 0.5 and 1.5 are shown in Fig. 4. 

of X2 to X1 within the range of 0.5 to 1.5; the formulas 
in Tables 1 and 2 can be used for ratios outside of this 

The ranges of fault current for ratios of 2 between zero 
1 

range. and six are given in Fig. 5. In this figure the ratio X2/X1 

TABLE1—FAULT CURRENTS 
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covers the range of 0.5 to 1.5 and the ratio X,/X, covers 
the range of zero to five. As pointed out previously, fault 

X,/X, cover the same ranges as in Fig. 5. In the prepara- 
tion of these curves fault resistance has been neglected. 
All voltages are measured to true ground at the point 
of fault. 

In special cases, for example in the application of light- 
ning arresters, it is necessary to consider the effect of fault 
resistance on the voltages produced during single line-to- 

Fig. 3—Curves of fault voltages vs. system reactances for 
single and double line-to-ground faults. Each curve is labeled 
to indicate the type of fault and the ratio of X2/X1. The volt- 
ages are from line-to-ground and are expressed as a ratio to 
the normal line-to-neutral voltages. For these curves, all re- 

sistances are assumed equal to zero’. Fig. 4—Curves of fault voltages and currents vs. system react- 
antes for line-to-line faults. Line-to-ground and line-to-line 
voltages are expressed as ratios to their respective normal 
values. Current is expressed as a ratio to the three-phase 
short-circuit current. All resistances are assumed equal 

to zero. 

resistance has been neglected in these curves; Ro is the 
zero-sequence resistance to the point of fault F and does 
not include R, RL, or R, (see Fig. 1). It is, however, pos- 
sible to include the effect of R and R, in Fig. 1 by including 
them in Ro. 

The ranges of fault voltages for ratios of &,/Xl between 
zero and six are shown in Fig. 6. The ratios X0/X1 and 

ground faults. The curves in Figs. 7 and 8 include this 
factor. The curves in Fig. 7 give the highest voltages from 
line to true ground for a fault through a fault resistance &. 

TABLE 2—FAULT VOLTAGES 
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Fig. 5—Curves of fault currents vs. system impedances. The legend with each group of curves indicates the type of fault, the 
current plotted, and the ratio X*/Xl. The individual curves in each group are for various values of the ratio of X0/X1. All 
currents are expressed as a ratio to the three-phase short-circuit current. RO is the zero-sequence resistance to the point of 

fault and does not include any fault resistance; the fault resistance is assumed equal to zero’. 
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Fig. 6—Curves of fault voltages vs. system impedances. The legend with each group of curves indicates the type of fault, 
the voltage plotted, and the ratio of X2/X1. The individual curves in each group are for the various values of the ratio of X0 
/XI. Line-to-ground and line-to-line voltages are expressed as ratios to their respective normal values. RO is the zero-se- 
quence resistance to the point of fault and does not include any fault resistance; the fault resistance is assumed equal 

to zero’. 
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Fig. 7—Curves of line-to-ground voltages vs. system impedances for a single-line-to-ground fault through a fault resistance Rr 
RO is the zero-sequence resistance to the point of fault and does not include R, or Rf. X2/X1 is assumed equal to 1.0. 

These curves cover a range of I&/Xl of zero to 6 and a 
range of &/XI of from 0.5 to 1.5. 230 is the zero-sequence 
resistance to the point of fault and does not include Rr. 

The curves in Fig. 8 show the voltages across an arrester 
for a fault to the arrester neutral. As in Fig. 7, Ro is the 
zero-sequence resistance to the point of fault and does not 
include R,. 

Reference should also be made to Figs. 28 and 29 of 
Chap. 18, particularly in lightning arrester application 

Fig. 8—Curves of the maximum voltages across a lightning 
arrester for a fault to the lightning arrester neutral point. 
R. is the zero-sequence resistance to the point of fault and 
does not include R,, the resistance of the arrester ground. 
The fault resistance is assumed equal to zero and X1/X2 is 

assumed equal to 1.0. 

problems. These figures give the maximum line-to-ground 
voltages during single- or double-line-to-ground faults on 
ungrounded and grounded-neutral systems. 

Fig. 9—A-c network calculator. 

II. TRANSIENT VOLTAGES 

A transient voltage of some magnitude is present on a 
power system each time a circuit change is made. This 
circuit change may be a normal switching operation such 
as the opening of a circuit breaker, or it may be a fault 
condition such as the grounding of a line conductor. The 
existence of transient voltages on power systems as a result 
of circuit changes caused by switching operations or faults 
was recognized at an early date2. The phenomena, how- 
ever, were not thoroughly investigated at the time because 
suitable measuring and recording devices were not avail- 
able and because the immediate difficulties were largely 
overcome by the adoption of the practice of grounding 
power systems. The invention by J. F. Peters3 of the 
“klydonograph” made possible the collection of a mass of 
field data on transient voltages. However, the time and 
expense involved in making extensive field studies limited 
the scope of these investigations. Furthermore many in- 
vestigators were concentrating their efforts on lightning, a 
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much more important problem at that time. The intro- 
duction of the protector tube for the protection of trans- 
mission lines, however, showed the need for a better under- 
standing of power system transients because its perform- 
ance is greatly affected by them. The first attempts to 
calculate transient voltages were made by conventional 
methods using differential equations. The limitations of 
conventional mathematical methods were soon apparent, 
however, because of the tremendous amount of time re- 
quired. The introduction of the A-C Network Calculator 
Method of Studying Power System Transients4 gave a 
practical tool for studying the behavior of power systems 
under transient conditions and made possible general in- 
vestigations of power-system transients. The later de- 
velopment of the Anacom, or analog computer,6 further 
increased the possible scope of power system investiga- 
tions. It is the purpose of the following sections to describe 
these computing devices, and to present the results of 
general studies made with them. 

5. The A-C Network Calculator Method of Study- 
ing Transient Voltages 

To study transients on power systems by the A-C Net- 
work Calculator Method, the system in question is set up 
in miniature on the A-C Network Calculator. In Fig. 10 is 
shown the equivalent circuit for a relatively simple system 
consisting of a generator, a transformer, and a transmission 
line. The generator is represented by a low-impedance 
three-phase supply with additional impedance in series to 
give the miniature system the same impedance as the im- 
pedance of the actual system. The zero-sequence imped- 
ance of the source is represented by a grounding trans- 
former of low impedance grounded through reactance or 

Fig. 10—Schematic diagram illustrating method of system 
representation used on the a-c network calculator. 

FRD-Fault representation device 
VMD-Voltage measuring device 

resistance depending upon the type of grounding used. In 
the equivalent circuit in Fig. 10 the transmission line is 
represented by an equivalent 7r section. This type of line 
representation is used in some studies but often it is neces- 
sary to employ more complicated networks. The choice 
of the network to use for representing a section of line 

depends upon several factors, such as line length, supply 
impedance, etc. 

After the miniature system has been set up as shown in 
Fig. 10, the equipment shown diagrammatically in Fig. 11 
is used for performing switching operations or for applying 
faults. Each of the synchronous switches shown at the 

Fig. ll—Schematic diagram showing equipment used in a-c 
network calculator method of studying transients. 

M-Synchronous motor 
G-Gear 
FRD-Fault representation device 
C-Synchronous switches 
AR-Arc resistance representation 
CR-Ground resistance representation 
VM D-Vol tage measuring device 
CRO-Cathode-ray oscilloscope 
L-Lens system 
PFH-Polar film holder 

bottom of Fig. 11 consists essentially of a conducting and 
an insulating segment on a drum and two movable brushes, 
one for controlling the closing and the other the opening of 
the switch. Each brush is located on a gear that can be 
rotated by a worm, making the brush adjustable through 
360 degrees. 

For representing faults on power systems the switches 
are connected between line and ground or between lines 
depending upon the type of fault being studied. Where 
circuit breaker operations are to be simulated the switches 
are inserted in series with the line. The switching opera- 
tions are repeated once per revolution of the drum and, as 
the drums are rotated by a synchronous motor, the switch- 
ing operations always take place in synchronism with the 
system voltage. The transient voltage produced by the 
switching operation is therefore repeated once per revolu- 
tion of the drum. All transient voltages are measured by a 
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cathode-ray oscilloscope connected to the miniature net- 
work. By repeating the transient a number of times per 
second, the equivalent of a steady-state voltage is produced 
on the screen of the cathode ray oscilloscope. This makes 
it possible to study a transient that lasts for a fraction of 
a cycle without taking oscillograms. The effect of initiating 

Fig. 12—Switching and recording equipment 
network calculator. 

used with a-c 

the transient at different points on the normal dynamic 
voltage wave can be studied by simply changing the posi- 
tions of the brushes on the synchronous switch. The time 
interval between successive transients is so chosen as to 
bring the system back to normal between switching 
operations. 

6. The Analog Computer 

The analog for many systems (electrical, mechanical, 
thermal, etc.) requires low-loss inductance coils, amplifiers, 
multipliers, and other special circuit elements. The analog 
computer,6 or Anacom, was developed primarily for the 
solution of these systems. Its characteristics, however, 
make it ideally suited to the solution of all power-system 
transient problems formerly studied on the a-c network 
calculator. The Westinghouse Electric Corporation now 
makes all electric transient studies on the Anacom, reserv- 
ing the a-c network calculator for power system problems 
such as voltage regulation, load flow, stability, etc. 

In most cases the procedure for setting up a problem and 
obtaining a solution is the same with the Anacom as with 

Fig. 13—General view of the large-scale, 
electric analog computer. 

general-purpose 

Fig. ll—Close-up view of the Anacom control desk and 
synchronous switch. 

the a-c network calculator. , An analog is formed by con- 
netting circuit elements, R, L, and C, into a circuit that has 
the same differential equation as the system under con- 
sideration. Synchronous switches are usually used to re- 
peat the desired transient solution a number of times per 
second, which permits visual and photographic measure- 
ments on a cathode-ray oscilloscope. In power system 
studies the switches normally represent circuit breaker 
operation or faults. 

Fig. 15—Details of an Anacom inductance-resistance drawer. 

The computer elements include inductance coils having 
a & of 100 or higher over the frequency range from 100 to 
1000 cycles; precision capacitors and resistors; special 
transformers having minimum exciting current, leakage 
impedance, and distributed capacitance ; amplifiers, and 
multipliers. Special analogs have been developed to repre- 
sent lightning arresters, corona, and other non-linear char- 
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acteristics. The use of the synchronous switches in com- 
bination with R, L, and C circuit elements, amplifiers and 
multipliers permit the formation of special forcing func- 
tions such as lightning surges, air-gap torques in turbine 
generators during short circuits, etc. The measuring equip- 
ment includes cathode ray oscilloscopes with suitable 
photographic means, harmonic analyzers, wire and tape 
recorders, and all types of conventional ammeters, volt- 
meters and wattmeters. 

The Anacom is arranged with d-c, 440-cycle, and 60- 
cycle power supplies to solve problems normally assigned 
to the a-c and d-c network calculators; however it is nor- 
mally used in the transient field. It is suited to the solution 
of many problems of concern to power company engineers, 
including recovery voltage, switching-surge and arcing- 
ground investigations, surge-protection applications, tur- 
bine generator short-circuit torques, analysis of generator 
voltage regulating systems and motor-starting problems. 
It can be used in solving many equipment design problems 
such as surge-voltage distribution in transformers and ro- 
tating machines, dielectric field mapping, and heat-flow. 
Its possible application in the fields of applied mechanics, 
hydraulics, thermodynamics and servomechanisms is 
almost unlimited. 

7. Recovery Voltage 

Theory-One transient phenomenon studied by the 
A-C Network Calculator Method is system recovery volt- 
age, which is important because of its effect upon the oper- 
ation of circuit interrupting and protective devices, such 
as circuit-breakers, protector tubes, etc. The simple circuit 
in Fig. 16 can be used for defining system recovery volt- 

Fig. 16—Simple system for illustrating recovery voltage for a 
fault (F). 

-Voltage across fault - 
&-Fault current 

ages. In this circuit a condenser C is used to represent a 
transmission line, and a voltage and an impedance, the 
source. Applying a short-circuit across the condenser in 
this circuit is equivalent to applying a line-to-ground fault 
on a single-phase power system. During the time the con- 
denser is short-circuited, a fault current it will flow. If the 
resistance in the source is small in comparison to the react- 
ance, this fault current will lag the generated voltage ep by 
approximately 90 degrees. . If the short-circuit is removed 
at the instant the fault current passes through zero, the 
voltage across the condenser will not immediately return to 
normal but will reach normal only after a series of oscilla- 

tions. No voltage can appear across the condenser until it 
is charged up and the charging rate is fixed by the source 
inductance and the capacitance. When the short-circuit is 
removed, the condenser voltage will be accelerated toward 
normal but will overshoot because of the circuit inductance. 
If no losses were present in the circuit the transient voltage 
across the condenser would reach a crest equal to twice 
normal crest voltage. In a practical circuit with some loss, 
the oscillation will not quite reach twice normal; it will 
eventually be damped out, leaving only the normal- 
frequency voltage across the condenser. 

This transient voltage across the condenser, following 
the removal of the fault, is commonly referred to as the 
system recovery voltage as it defines the manner in which 
the system voltage “recovers” following the removal of the 
fault. Changing the source reactance in the circuit in Fig. 
16 is equivalent to changing the amount of generation con- 

nected in a power system, and changing the value of capaci- 
tance is equivalent to varying the length of line connected. 
The natural frequency of the oscillation in the circuit in 
Fig. 16 depends upon both the inductance and the capaci- 
tance and varies inversely as the square root of the product 
of these two quantities. The recovery voltage of a power 
system therefore depends upon the connected generator 
capacity and the length of line. 

The De-ion Protector Tube—As previously stated, 
recovery voltage is important because of its effect on the 
performance of circuit interrupting and protective devices. 
This can be shown by a detailed study of the operation of a 
De-ion protector tube. A typical installation of protector 
tubes is shown in Fig. 17. In this case the protector tube is 
mounted vertically just below the line conductors. The 
lower electrode of the tube is connected to ground and the 
upper electrode is connected to an arcing horn used to 
maintain a constant external gap between the upper elec- 

Fig. 17—Typical installation of De-ion protector tubes. 

trode and the line conductor. The cross-section of a pro- 
tector tube in Fig. 18 shows the two electrodes and the 
internal gap. In operation, lightning striking the line 
breaks down the series gap instead of flashing over the 
insulator string because the tube has the lower breakdown 
voltage. After breakdown of the gap, power-follow current 
volatilizes a small layer of the fiber wall and the gas given 
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off mixes in the arc to help de-ionize the space between the 
electrodes. A pressure is built up in the tube and the hot 
gases are discharged through the lower electrode, which is 
hollow. If the de-ionizing action is sufficiently strong and 
if the voltage does not build up too rapidly across the 
tube, the arc will go out at a current zero and will not be 
re-established. 

While the tube is discharging, it is a good conductor and 
after the arc has been extinguished it is a good insulator. 

Fig. 19—Comparison of system recovery voltage and insula- 
tion recovery curves. 

A—Insulation Recovery Curve for Tube A 
B—--Insulation Recovery Curve for Tube B 

lie above the system recovery voltage curve, otherwise the 
arc will be re-established in the tube. Protector tube B 
would not operate satisfactorily on a system having re- 
covery voltage characteristics similar to the recovery volt- 
age in Fig. 19. A tube similar to tube A would have to 
be used. 

The recovery voltage for the simple circuit in Fig. 16 is 
made up of a single-frequency oscillation. In a practical 
power system, the recovery voltage does not usually consist 
of a single-frequency oscillation but is usually made up of 
two or more high-frequency components. In Fig. 20 is 

shown the recovery voltage following a single line-to- 
ground fault on a 138-kv, three-phase system having a 
symmetrical three-phase short-circuit current of 1000 am- 
peres and 90 miles of overhead transmission line. The 
recovery voltage in this case consists of two high-frequency 
components and is typical of the shape of the recovery 

Fig. 18—Cross-section of a typical De-ion protector tube. 

This change from a good conductor to a good insulator does 
not take place instantaneously because time is required to 
discharge the hot gases from the tube. It is therefore im- 
portant that the voltage across the tube does not build 
up more rapidly than the change in the protector tube 
dielectric strength. This is where recovery voltage enters 
the picture because recovery voltage determines the rate 
of build-up of the voltage across the tube. 

In Fig. 19 the recovery voltage for the circuit in Fig. 16 
is replotted to a larger scale. Curves A and B in this figure 
are typical of the shape of insulation recovery curves for 
two different protector tubes. It is of utmost importance 
that the protector tube insulation recovery curves always 

voltage on many three-phase power systems. 

Fig. 20—Recovery voltage curve for a typical power system. 
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General Recovery Voltage Study—A broad per- 
spective of the recovery-voltage problem can be obtained 
from the study of a representative set of systems. For this 
purpose three-phase, 60-cycle systems with transmission 
lines of three voltage classes, namely, 34,5, 69, and 138-kv 
were selected. Since the recovery voltage of a system is 
materially affected by the length of connected line, the 
lengths were selected to represent the shortest that would 
be encountered at that particular voltage for the large 
majority of systems. These selections were as follows: 22.5 
miles for 34.5 kv, 45 miles for 69 kv, and 90 miles for 138 
kv. Although it was recognized that more than one circuit 
would be required to transmit the maximum amount of 
power a single-circuit line was used because this gives the 
more severe recovery-voltage conditions. 

The general features of these systems are shown sche- 
matically in Fig. 21. For each voltage class three different 

1 

Fig. 21—Schematic diagram of system selected for study. 

Group I. Solidly grounded at both ends. Used for curves of Fig. 
22. 

Group II. Reactance grounded at sending end; ungrounded at re- 
ceiving end. Used for curves of Fig. 23. 

conditions were assumed, each having cliff erent amounts of 
generating capacity and load. Table 3 gives the symmet- 
rical three-phase short-circuit current that would be en- 
countered for a “bolted fault” at the sending end. Systems 
capable of supplying the higher short-circuit currents have 
in general larger connected loads. Table 3 gives the ratio 
of short circuit kilovolt-amperes to load kilovolt-amperes 

Table 3— CHARACTERISTICS OF SYSTEMS SELECTED FOR STUDY 

that was used in this study. Both no-load and loaded 
conditions were considered. An 80 percent power factor 
load was divided equally between the generator bus and 
the receiver bus as shown in Fig. 21. 

The generating and transformer capacities were propor- 
tioned to the load for the particular system and short- 
circuit current, and typical constants were assumed for all 
of the system elements. Transmission lines without ground 
wires were chosen. The additional complication to take 
care of the cases with ground wires is not warranted be- 

cause the problems are similar and also the recovery 
voltages are less severe when ground wires are used. 

In making the general analysis the factors varied were: 
method of grounding, load, type of fault, fault resistance, 
arc resistance, and location of fault. The studies can con- 
veniently be divided into two groups with respect to the 
method of grounding, namely: group I with system solidly 
grounded both at sending- and receiving-end transformers, 
and group II with the system grounded through a react- 
ance at the sending end only. The solidly grounded sys- 
tems, of group I, were studied for both single line-to- 
ground and double line-to-ground faults and for fault or 
tower-footing resistance of O, 25, and 100 ohms, and with 
and without resistance for arc representation. The effect 
of load was investigated by comparing the results of the 
above tests with results of a few tests made without load 
and without fault or arc resistance. The second set of tests 
for the reactance-grounded system, group II, was made 
with the addition of a neutral reactor of such magnitude 
as to make the zero-sequence reactance at the sending end 
equal to 8.5 or 34 times the zero-sequence reactance of the 
supply transformer. 

Results of General Study—In an investigation of 
this type it is not practical to consider the application of 
the fault at several points of the system. A preliminary 
study was, therefore, made to determine the effect of mov- 
ing the fault along the line. Considering the shape of 
insulation-recovery voltage curves for specific pieces of 
apparatus, it was concluded that the recovery-voltage con- 
ditions were about as severe for faults at the sending end 
as at any location along the line. Therefore, the fault at 
the sending end was considered to be representative and 
was used in the general studies. 

Based on the selected systems, a series of studies was 
made on the a-c network calculator to determine the effect 
of the different factors entering into the recovery-voltage 
problem. These studies may be divided into two groups; 
group I for systems with solidly-grounded neutral, and 
group II for the reactance-grounded systems, described in 
connection with Fig. 21. The results of these studies are 
presented in Figs. 22 and 23 respectively. The manner in 
which these data are plotted can more readily be understood 
by referring to Fig. 20. The recovery voltage curve in this 
illustration has two predominate crests. If the insulation 
recovery curve for a protector tube lies above these crests, 
the tube will perform satisfactorily. In the general applica- 
tion of protector tubes it is not necessary to have the 
complete recovery-voltage curve if the data corresponding 
to these predominate crests are available. Therefore, in 
summarizing the results of the general study only the data 
pertaining to these predominate crests were plotted in 
Figs. 22 and 23. 

Referring to Fig. 22, it will be seen that for each voltage 
class studied the time to the first crest and to the maximum 
overshoot, as well as the magnitude of the first crest and 
the maximum overshoot are presented for the single line- 
to-ground and double line-to-ground fault cases. For these 
curves the abscissa is the current magnitude for a sym- 
metrical three-phase short-circuit at the sending end. The 
results for a system under load are plotted for each current 
condition, with and without the arc representation device 
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for O-, 25-, and 100-ohms tower-footing resistance. For 
comparison, one study with no load and with zero arc and 
tower-footing resistance is plotted. The arc representation 
device makes use of Rectox resistors to simulate the arc 
characteristics of a protector tube. The Rectox resistor 
was adjusted to give approximately 20 percent of line-to- 
neutral voltage at the peak of the symmetrical short-circuit 
current wave. 

Fig. 23 presents the results of similar studies made on 
the same systems except with reactance grounding. The 
system arrangement with respect to grounding is shown 
in Fig. 21. 

Application of Data—Although the recovery-voltage 
data presented are useful in a number of applications, the 
particular application of the protector tube will be taken 
as an illustration. The case of a 34.5 kv solidly-grounded 
system with 22.5 miles of transmission line with a sym- 
metrical three-phase short-circuit current of 4,000 amperes 
at the sending end has been selected. No-load and zero-arc 
and tower-footing resistance give the highest recovery volt- 
age for both single-line-to-ground and double-line-to- 
ground faults as shown in Fig. 22. The data for these two 
cases have been plotted in Fig. 24. The insulation recovery 
curves for two protector tubes are also included in this 
figure. Curve 7’1 extends below the system recovery volt- 
age curve for the case of a single-line-to-ground fault but 
is always above the corresponding curve for the case of a 
double-line-to-ground fault. As both types of faults must 
be considered in the application of protector tubes, a tube 

Fig. 24-Comparison of system recovery voltage and dielec- 
tric recovery curves for De-ion protector tubes. Recovery 

voltage data re-plotted from Fig. 22. 

having characteristics similar to curve Z’z should be used 
for this system. 

Using the data in Figs. 22 and 23 it is possible to predict 
the performance of any protector tube on any of the typical 
systems studied in this general investigation. A more de- 
tailed discussion of the application of these data is in- 
cluded in Chap. 17. 

8. Distribution-System Recovery Voltage Char- 
acteristics 

The data in Sec. 7 are not generally applicable to the 
lower-voltage circuits because of the differences in source 
reactance, circuit arrangements, line lengths, conductor 
spacings, etc. For this reason, a study7 was made on the 
analog computer to obtain fundamental data on the re- 

Fig. 25—Distribution system selected for study on Anacom. 

covery voltage characteristics of circuits in the 2400-to 
13 800-volt range. The general study was limited to the 
case of a four-wire, multi-grounded system supplied from a 
delta-star power transformer, connected to an infinite bus 
on the primary side and solidly grounded on the secondary 
side. 

Geometric-mean distances of 2.66 feet between phase 
conductors, and 4.1 feet between the phase and the neutral 
conductors were assumed. These spacings give reactance 
that are an average of the values obtained over the range 
of spacings normally used between 2400 and 13800 volts. 
The small variations introduced by changes in spacing are 
not considered significant in the general problem. A con- 
ductor height of 30 feet and a ground resistivity of 100 
meter ohms were used in all studies. The phase- and 
neutral-conductor sizes were assumed to be the same, and 
were varied between 4/0 and No. 6 copper. The line 
constants for these two extreme conductor sizes are 
included in Table 4. 

TABLE 4— CONSTANTS OF TYPICAL DISTRIBUTION CIRCUITS 

Fault location was found to have a significant effect so 
faults were applied on the sending-end bus and at the ~, 
%, and 1.0 points, the latter being the open end of the line. 

The studies were made by applying single- and double- 
Iine-to-ground faults at four locations, and recording the 
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times to 90-percent voltage, and the times and magnitudes were then reduced to a one-mile basis by dividing by the 
associated with the maximum recovery-voltage transient. line length in miles; then plotted as a function of the 
These data are illustrated in Fig. 26 for the case of a single- X/M ratio (ratio of source ohms to line length in miles). 
line-to-ground fault on an eight-mile system. Time is ex- These data are summarized in Fig. 27 for single- and 
pressed in microseconds and voltage in percent of normal double-line-to-ground faults, and 4/0 and No. 6 copper 
line-to-ground crest voltage. It is evident that fault loca- conductors. The times, for a given X/M ratio, do not 
tion has considerable influence on the pertinent data. With vary greatly with the type of fault or the conductor size, 

Fig. 26—Method of recording and interpreting data illus- 
trated for one line-to-ground fault on eight-mile, four-wire 

system. 

a two-ohm source, the time to 90-percent voltage is a 
minimum for a sending-end fault, whereas a receiving-end 
fault dictates this time with an eight-ohm source. Maxi- 
mum voltages are obtained for faults away from the send- 
ing-end bus. However, many cases were noted where the 
maximum voltage did occur for sending-end faults, es- 
pecially where small line conductors were represented. This 
illustrates the complexity of the problem, and the need 
for considerable data before formulating conclusions. 

As it would be impractical to summarize, in the form of 
useful curves, all of the data obtained, a simple uniform 
method of interpretation was adopted. As a protective 
device must function at any location on a circuit, it is 
necessary to know only the most severe circuit conditions, 
regardless of fault location. With this in mind, a straight 
line was drawn to connect the points giving the minimum 
times to 90-percent and maximum recovery voltage. This 
line then defines the voltage -recovery characteristics of the 
particular system. In certain cases, such as the eight-ohm 
system in Fig. 26, the defining straight line was extended 
through one maximum voltage point to a horizontal line 
that intercepts the highest voltage recorded. This results 
in a simple method of plotting data without being ultra- 
conservative. In the case illustrated, the maximum re- 
covery voltage would be recorded as 170 percent at 140 
microseconds. 

The times to 90 percent and to maximum recovery volt- 
age were obtained by plots similar to Fig. 26. These times 

even though consideration was given to various fault 
locations. For this reason, it was decided that practical 
answers could be obtained by drawing a single curve under 
each set of data. The differences between the actual times 
and those defined by the lower-limit curves were not 
considered important in view of the complexity of the over- 
all problem, and the complicated circuits encountered in 
practice. The actual times for any given line length can be 
obtained by multiplying the values in Fig. 27 by the line 
length in miles. 

The maximum voltages measured are plotted in Fig. 28 
as a function of the X/M ratio. Values are included for 
four conductor sizes, which allows an evaluation of this 

Fig. 27— -Times to 90 percent and maximum recovery voltage 
referred to a one-mile line basis. Tn.9/M, T,/M—times to 90 
percent and maximum voltage divided by line length in miles. 

X-60-cycle source reactance in ohms 
I-T,/M neglecting line inductance 

II-To.g/M neglecting line inductance 
III-To.g/M neglecting line reflections 

variable on the voltages obtained. Conductor size has the 
most influence on the maximum voltages when the X/M 
ratio is small. With 4/0 conductors the voltages do not 
vary appreciably with the X/M ratio, and can be repre- 
sented by a straight horizontal line equal to 175 percent 
for single-line-to-ground faults and 205 percent for double- 
line-to-ground faults. If protective devices are to be 
applied independent of conductor size, these maximum 
values should be considered as a basis for standardization. 
The voltages are expressed in percent of normal line-to- 
ground crest voltage and apply to systems in the 2400- to 
13 800-volt range. 
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Fig. 28—Maximum recovery voltages as a function of X/M 
ratio. 

X-Source reactance in ohms 
M-Line length in miles 

General Circuit Arrangements-The data in Figs. 
27 and 28 are obtained for a source and a single line, which 
would be an exceptional condition in practice. It is there- 
fore necessary to have available a definite procedure for 
estimating the voltage-recovery characteristics of the more 
practical systems, consisting of a multiplicity of trunk 
feeders and laterals. Guided by the results of analog 
computer studies of a few special cases, theoretical equa- 
tions have been derived for estimating the voltage-recovery 
characteristics of practical systems, and are included in 
this section. 

Studies7 were made of a system with 16 miles of line 
connected as (1) one 16 mile line, (2) two eight-mile lines 
in parallel, and (3) one four-mile line in parallel with one 
12-mile line. The following conclusions were drawn from 
the data obtained: 

1. The time to go-percent voltage is a minimum with a 
single line. 

2. The time to maximum recovery voltage is a minimum 
with more than one line in parallel. 

Because of conclusion 2, calculations were made for 
the case of an infinite number of lines in parallel, by 
neglecting all line inductance and representing the lines 
by lumped capacitances. These data, for a single-line-to- 
ground fault on a two-ohm, 16-mile system are given in 
Table 5. The maximum voltages vary between 168 and 

TABLE 5—CALCULATED RECOVERY-VOLTAGE DATA FOR A SOLIDLY- 
GROUNDED SYSTEM CONSISTING OF A TWO-OHM SOURCE AND 

16-MILES OF LINE 

183 percent, and compare favorably with the 175 percent 
obtained in the general study for single-line-to-ground 
faults. The times to maximum voltage range between 90 
and 103 microseconds, the shorter time being obtained 
with the smaller conductor on a three-wire system. The 
time to go-percent voltage is also a minimum for this same 
system. 

Whenever line inductance can be neglected, the signifi- 
cant recovery voltage times vary as dXM, where X is the 
60-cycle source reactance and M is the total miles of 
connected line, assumed to be equal on the three-phases. 
Curve I, Fig. 27, is the calculated curve for times to 
maximum voltage for a single-line-to-ground fault on a 
No. 6-conductor, three-wire system. This straight-line 
curve approaches the analog computer data for X/M 
ratios above 1.0, even though the computer data were ob- 
tained for a single line, and the calculated curve applies for 
an infinite number of lines in parallel. This shows that 
line inductance has little effect on the times to maximum 
voltage for large X/M ratios. The significant time to 
maximum voltage for the case of a 4-mile line and a 12- 
mile line in parallel is plotted in Fig. 27. This point falls 
closer to Curve I than to the single-line curve. As most 
systems have a multiplicity of circuits, it is suggested that 
curve I be used for estimating times to maximum voltage, 
regardless of circuit arrangement. Curve II, Fig. 27, 
represents the times to go-percent voltage for the case of 
an infinite number of parallel circuits. The times to 90- 
percent and maximum voltage, for the limiting case of an 
infinite number of feeders in parallel, can be estimated as 
follows: 

(1) To.9 = 7.7 y/m microseconds. 
(2) T, = 15.9 ~/XI! microseconds. 

Note: X is the 60-cycle source reactance!in ohms, 
and M is the connected overhead line in miles 
per phase, including trunk feeders and laterals. 
The constan ts in the equations were derived 
from the calculated times in Table 5 for a No. 
6 conductor, three-wire system. 

The computer data in Fig. 27 fall close to Curve II for 
X/M ratios larger than approximately g. Below this 
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ratio, the times for a single line are not a function of line 
length, but only of source reactance. The minimum times 
were obtained for single-line-to-ground faults on the send- 
ing-end bus, and the recovery voltage reached the 90- 
percent values before reflections returned from the open 
end of the line. These times therefore vary directly with 
the 60-cycle source reactance, and follow Curve III. 

With several long feeders in parallel, and a low source 
reactance, the times to 90-percent voltage are independent 
of line length, and vary directly with source reactance and 
with the number of feeders connected to the source bus. 
These cases can be represented in Fig. 27 by additional 
curves in parallel with Curve III, and with the times for a 
given X/M ratio increased directly with the number of 
parallel feeders. The times to go-percent voltage for these 
long-line cases, where line reflections can be neglected, can 
be estimated from the following relation: 

(3) To.s= 13.8 NX, where X is the 60-cycle source re- 
actance in ohms and N is the number of long feed- 
ers in parallel. The constant in the equation 
is the calculated time to go-percent voltage for 
a system consisting of a one-ohm source and a 
single No. 6 copper overhead circuit. 

In any particular case being studied, the time to 90- 
percent voltage should be calculated by Eqs. (1) and (3), 
and the minimum time thus obtained should be used. 
This procedure will give conservative results for systems 
normally encountered in practice. 

9. Switching Surges and Arcing Grounds 
The transient voltages discussed in the previous sec- 

tion were based on the opening of a circuit without re- 
striking. Under some conditions restriking of the arc can 
occur, resulting in transient voltages of higher magnitude 
than produced with no restriking. Circuit changes that 
produce the highest transient voltages involve arc paths. 
The arc path may be in the fault or it may be in a circuit- 
interrupting device such as a circuit breaker. If the in- 
termittent arcing takes place in a fault to ground, the 
phenomenon is called an arcing ground. However, if the 
arcing occurs in a circuit-interrupting device the voltages 
produced are called switching surges. 

The mechanism by which intermittent arcs produce 
high transient voltages can best be explained by using 
simple circuits that are basically equivalent to actual power 
systems. Also it is convenient to represent the intermit- 
tent arc by a switch, the opening and closing of which is 
equivalent to the extinction and restriking of the arc, 
respectively. Using simple circuits, the mechanism of 
producing transient voltages will be explained for both 
arcing grounds and switching surges. 

Arcing Grounds-Theory-The circuit in Fig. 29 
illustrates the phenomenon during an arcing ground on 
a system. The windings of a three-phase generator are 
represented by simple T networks. The generator is as- 
sumed to be grounded through a neutral reactor, the re- 
actance of which is large in comparison with the gen- 
erator winding reactance. It is further assumed that an 
arcing fault occurs at the terminals of the generator. If, 
for the purpose of discussion, the unfaulted phases are 

Fig. 29—Arcing fault at the terminals of a three-phase 
erator grounded through a neutral reactor. 

X,-Reactance of generator winding 
C-Capacitance of generator winding to ground 

X,-Neutral reactor 
I-Fault current 

e,--Fault voltage 
es---Internal voltage of generator 

neglected, the circuit in Fig. 29 (a) can be reduced to the 
simple circuit in Fig. 29 (b). 

In the assumed circuit the fault current will lag the 
generated voltage by 90 electrical degrees as loss has 
been neglected. If the arc in the fault is extinguished at 
the instant the fault current passes through zero, as 
shown in Fig. 29 (c), the voltage across the fault will not 
immediately return to normal but will oscillate around 
normal. It will reach a crest of twice normal voltage, 1/2 
cycle of the high frequency oscillation after the arc is 
extinguished. This oscillation is the same as the simple 
oscillation discussed in connection with Fig. 16. During 
the fault, approximately full generated voltage appears 
across the neutral reactor as it has been assumed that the 
reactance of the neutral reactor is large in comparison to 
the machine reactance. Therefore at the instant the arc 
is extinguished in the fault, the voltage across the reactor 
is approximately equal to the crest value of the gener- 
ated voltage. After the arc is extinguished the steady- 
state voltage across the neutral reactor is zero. The re- 
actor voltage will therefore oscillate from a plus 100 per- 
cent voltage to a negative 100 percent voltage following 
arc extinction. 

Now, if the voltage across the arc rises faster than the 
dielectric strength of the arc space recovers, the arc will 
restrike. This restriking of the arc can occur at any 
point on the wave of high frequency voltage across the 
arc. Suppose the arc restrikes when the voltage across 
the dielectric reaches its maximum value of twice normal. 
After the restrike occurs the fault voltage will drop to 
zero as shown in Fig. 29 (c). After the arc restrikes the 
steady-state voltage across the neutral reactor will be 
approximately equal to the crest value of the generated 
voltage. The reactor voltage will therefore start at a 
negative 100 percent voltage at the instant the arc is 
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reestablished and will oscillate around normal voltage, 
reaching a crest of three times normal. 

In the above analysis it was shown that the voltage 
across the neutral reactor can reach three times normal 
line-to-ground voltage even when the arc is reestablished 
only once. This process can be repeated several times re- 
sulting in still higher voltages. In this analysis it was as- 
sumed that arcs were extinguished at zero points of the 
high-frequency current wave (except for the first extinc- 
tion) and arcs were established at the crest of voltage 
waves. Other theories2** of arcing are based upon fun- 
damental frequency arc extinction and restriking. 

Switching Surges-Theory-The transient voltages 
produced during the de-energizing of an unfaulted line 
section are shown in Fig. 30 for a single-phase system in 
which the line is represented by a condenser. The suc- 
cessive steps of building up the capacitor voltage are 
shown in Fig. 30 (b). Normal capacitor voltage has been 
added as a dotted curve. The capacitor voltage is nor- 
mal and at point A the switch is opened and a charge is 
left on the capacitor. The switch voltage is now the 
algebraic sum of the generated voltage and the voltage 
resulting from the charge on the capacitor. It will reach 
a maximum of twice normal generated voltage at one- 
half cycle of fundamental frequency after the switch is 
opened. At point B the capacitor voltage has a value of 
+l in per unit values, whereas the normal capacitor 
voltage, with the switch closed, is - 1. If the switch is 

Fig. 30—De-energizing an unfaulted line section. 

Note: Switch opened at A, C, E 
Switch closed at B, D 

closed at this time the capacitor voltage will tend to 
reach a value of - 1 but because of the circuit inductance 
or inertia the voltage will overshoot and, without damp- 
ing, will reach -3. If now the switch is opened, the 
capacitor will have a charge corresponding to a voltage 
of -3. If the switch is again reclosed one-half cycle after 

opening, the capacitor voltage will tend to reach a value 
of + 1 but will overshoot to +5. Thus the voltage builds 
up according to the series, 1, 3, 5, 7, . . . and will have no 
limit if damping is neglected. In this analysis it has been 
assumed that the inductance is small and that the nat- 
ural frequency of the circuit is high in comparison to the 
fundamental frequency. 

Fig. 31—De-energizing a line section subjected to a single 
line-to-ground fault. 

A third important case is de-energizing a line section 
subjected to a single line-to-ground fault. Consider a 
solid single line-to-ground fault on phase C of the three- 
phase system in Fig, 31. Assume the fault is cleared by 
the opening of the circuit breaker with arcing in pole A. 
First, if XN is large in comparison to the reactance of the 
generator, full line-to-line voltage will appear between 
phase A and ground, independent of whether pole A of 
the breaker is closed or open. For simplicity the three- 
phase system can be reduced to the circuit in Fig. 31 (b) 
in which the breaker is represented by a switch. Normal 
line-to-line voltage has been inserted back of XN. The 
only difference between this circuit and the one in Fig. 
30 is in the voltage back of the circuit reactance; the 
voltage in Fig. 30 (a) is normal line-to-neutral voltage 
and the voltage in 31 (b) is normal line-to-line voltage. 
The transient voltages produced in the circuit in Fig. 31 
(b) will therefore be equal to d3 times the voltages pro- 
duced in Fig. 30 (b). The voltage across the capacitor will 
then increase according to the series 1/3 (1, 3, 5, 7---). 

Characteristics of Arc Path—In Fig. 32 is shown 
the voltage across the switch for the transient conditions 
in Fig. 30. The switch voltage is found by subtracting 
the condenser voltage from normal generated voltage. 
The first arc reestablishment occurs at A at twice normal 
voltage. This requires that the dielectric strength of the 
arc path recovers along some curve such as I, that is, 
along a curve above the curve of recovery voltage until 
at point A where they intersect. While the arc path is 
conducting, the dielectric strength of the switch is prac- 
tically zero. When the arc is again extinguished, the 
dielectric strength curve again starts from zero but re- 
covers much more rapidly and intersects the curve of 
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Fig. 32—Dielectric recovery characteristics assumed in Fig. 30. 

recovery voltage at the point B causing a second re- 
strike. If the dielectric strength of the arc path recovered 
along some curve III the arc would not reestablish at B. 
These curves show the requirement for the dielectric 
strength of the arc path to obtain high overvoltages. If 
curve I were not as high as shown, the restrike would 
have occurred at a lower voltage, and the capacitor volt- 
age would not have been as large as shown in Fig. 30 
(b). If the dielectric strength had built up at a more 
rapid rate, no restrike would have taken place. Thus, the 
dielectric strength must build up at a higher rate after 
any extinction than it did after the preceding extinction 
to develop cumulatively higher voltages. This phenom- 
enon is unlikely to take place in open air between sta- 
tionary contacts because such an arc path is unlikely to 
develop the required dielectric recovery strength. In 
confined arcs, where the pressure may increase after each 
conduction period, this phenomenon may take place. 
Separation of breaker contacts has a tendency to cause 
higher dielectric strength recovery rates after each con- 
ducting period because of the increasingly larger contact 
separation. These requirements of the arc path probably 
provide an explanation for the difficulties experienced in 
attempts to produce high voltages by arcing in air over 
insulator strings. The conditions for producing high 
voltages by intermittent arcing are somewhat more fav- 
orable for apparatus failure under oil than for flashover 
of an insulator string. Perhaps apparatus failure under 
oil causes line flashover instead of a line flashover causing 
apparatus failure. 

General Study-The foregoing discussion has been 
based on simple circuits for the purpose of illustrating 
the essential elements of the theories of intermittent arc- 
ing. All actual systems are relatively quite complicated 
and cannot be reduced to the simple circuits used. Be- 
cause of this complexity, the maximum voltages with 
intermittent, arcing are not quite in accord with the nre- 

ceding theories. More specifically, the maximum volt- 
ages are obtained for simple circuits with the arcs recur- 
ring at either the high-frequency voltage crest or at the 
fundamental-frequency voltage crest. With complicated 
circuits higher voltages may be obtained if the arc is es- 
tablished before or after these points. This is because the 
oscillating circuits have several natural frequencies. The 
determination of the exact manner of restriking is diffi- 
cult to define analytically. Because of this fact and be- 
cause of the importance of damping it is impractical to 

Fig. 33—Schematic diagram of system selected for study. 

study arcing grounds and switching transients by the 
usual mathematical methods. It is more convenient to 
represent actual systems in miniature on the a-c network 
calculator and perform the switching operations with the 
special switches described previously. 

To study the magnitude and other characteristics of 
transient voltages produced by switching operations and 
faults with intermittent arcing, a typical transmission 
system (Fig. 33) was selected for a study8 on the a-c 
network calculator. Since these transient voltages are 
greatly influenced by the method of grounding, the neu- 
tral impedances of the system were varied through a wide 
range of resistances and reactances, between the limits 
of the solidly grounded system and the ungrounded sys- 
tem. 

The system consists of a hydroelectric generating sta- 
tion, the output of which is transmitted 100 miles over 
230-kv lines to a load, which is also supplied by local 
steam generators. The sending and receiving-end trans- 
formers are star-connected on the 230-kv side to permit 
grounding, as discussed subsequently. The reactance 
characteristics of the different parts of the system are 
shown in Fig. 33 and the wire sizes and configuration of 

Fig. 34—Configuration of transmisslon line. 

the transmission lines are shown in Fig. 34. The trans- 
mission lines are separated so there is no mutual effect 
between them. Also, the generators at both ends of the 
line are assumed to be in phase and to have the same in- 
ternal voltane. 
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The general method of setting up the network calcu- 
lator makes use of equivalent three-phase networks for 
each circuit element such as machines, transformers, and 
transmission lines. The character of these equivalent cir- 
cuits is obvious and requires no comment except for the 
transmission lines, and these are represented by the cir- 
cuit shown schematically in Fig. 35. 

Fig. 3%Equivalent network used for representing each 230 
kv transmission line of Fig. 33. 

The highest voltages for a particular condition are 
sought throughout the investigation. In the arcing 
ground the fault is applied at the crest of the normal line- 
to-ground voltage and is then removed at the first current 
zero. The point of restriking is adjusted to give the max- 
imum voltage for the number of restrikes considered. The 
fault is always removed at the first current zero following 
each arc recurrence. In the case of switching operations 
the circuit is initially opened at a fundamental current 
zero. The point of restriking is adjusted so as to give 
the maximum voltage for a given number of restrikes. 
The subsequent circuit openings are always assumed to 
take place at the first current zero following the arc 
reestablishment. 

The highest voltages at the point of circuit change are 
always recorded. For example, for arcing-grounds the 
voltages are measured at the receiver end. On the other 
hand, in the case of de-energizing an unfaulted or faulted 
line, the voltages are measured at the sending end where 
the switching is done. When arcing grounds are con- 
sidered on the system, several phase voltages as well as 
the neutral voltage are recorded. In the case of switching 
operations the voltages are recorded on the phase being 
switched, both on the line and supply sides as well as 
across the switch that is opening the circuit. 

The voltages recorded are those occurring within 1% 
cycles of the first interruption considered. In some cases, 
either because of system loss or because of the relation 
of the natural frequency to the fundamental frequency, 
higher voltages may be experienced with one or no re- 
strikes than with two or one restrikes, respectively. In 
some cases, particularly in the ground-fault neutralizer 
case, the voltages after the l1/2cycle period may con- 
tinue to increase to a much higher steady-state voltage. 
With a ground-fault neutralizer quite high voltages are 
obtained if the circuit is in tune at fundamental fre- 
quency and a residual voltage is produced as by some un- 
balance. For example, the opening of one phase of a sys- 
tem subjected to a three-phase or a line-to-line fault on the 
phase being opened will produce a steady-state voltage 
of many times normal, 

In this investigation of transient overvoltages pro- 
duced by switching operations and faults, four principal 
cases have been selected for study as follows : 

1. Arcing-ground conditions on one phase to ground. 
2. De-energizing an unfaulted line, one pole unit open- 

ing and two remaining closed. 
3. De-energizing an unfaulted phase with a ground 

fault on one of the other phases, one pole opening and 
the other two remaining closed. 

4. De-energizing an unfaulted phase with a ground 
fault on the two other phases, one pole opening and the 
other two remaining closed. 

In general, arcing-ground conditions are for a fault on 
one phase. De-energizing a line section is considered 
more important than energizing because for the latter 
the intermittent arcing is limited in duration by the clos- 
ing of the switch. In the case of opening the faulted 
lines it is assumed that the unfaulted phase opens before 
the pole units of the faulted phase or phases. Such an 
assumption is based on the ability of the switch to re- 
cover dielectric strength at a high rate. This assumption 
tends to give higher magnitudes of transient voltage. If 
the pole unit in the sound phase tends to open after the 
fault is cleared, then the voltages will be similar to those 
produced when an unfaulted line is de-energized. The 
voltages will range between these limits as the time of 
relative opening is varied. The conditions selected for 
study illustrate possible circuit-breaker operations on an 
actual system. 

In this study the transient voltages are obtained for 
the conditions corresponding to both one and two re- 
strikes. This number of restrikes may be taken as the 
equivalent of a larger number with the earlier restrikes 
taking place so quickly that they do not contribute much 
to the voltage magnitude. 

One of the variable factors considered is the method of 
system grounding that includes both resistances and re- 
actances between the limits of a solidly grounded system 
and an ungrounded system. When the system is solidly 
grounded, the transformer at the sending end is solidly 
grounded when one line is in operation, and the trans- 
formers are solidly grounded at both ends when two lines 
are in operation. In the case of impedance grounding a 
reactor or resistor of varying ohmic value is considered 
in the neutral-to-ground circuit at the sending end when 
one line is in operation, and a reactor or resistor of equal 
magnitude is considered in the circuit in the sending and 
receiving ends when two lines are in operation. The 
ohmic values plotted on the figures to be discussed later 
are the actual ohms considered in the ground connection 
at one point. For example, 50 ohms on a system with one 
ground point is the resistance or reactance considered in 
the sending end ground. When two lines are considered 
in operation, 50 ohms corresponds to the ohms in the 
sending-end neutral connection and a like value in the 
receiving-end neutral connection. 

Results of General Study—The results of the a-c 
network calculator study are presented in graphical form 
in Figs. 36 to 39 inclusive. They give the transient volt- 
ages expressed in percent of the normal line-to-ground 
voltage crest and are plotted as a function of the react- 
ance or resistance in the neutral connection. The solid- 
line curves are for reactance grounding and the dotted- 
line curves are for resistance grounding. The neutral 
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reactance corresponding to a ground-fault neutralizer is 
indicated. In each of these figures the data is plotted for 
one and two lines and one and two restrikes. 

As shown in Fig. 36 transient voltages can be avoided 
by the use of the solidly-grounded system or the system 
grounded through a ground-fault neutralizer, both of 

Solid curve: Reactance grounding 
Dotted curve : Resistance grounding 
Note: Letters on curves refer to lettered points on inset circuit. 
Ground-fault neutralizer reactance: 875 ohms 

which have been employed for many years to avoid the 
abnormal voltages encountered on ungrounded systems. 
The voltages corresponding to resistance grounding are 
fairly uniform and relatively low for the range of resist- 
ance studied. However, for neutral resistances approach- 
ing infinity, the transient voltages will approach those 
of the ungrounded system. The study shows that there 
is a value of reactance intermediate between the solidly 
grounded system and the system grounded through a 
ground-fault neutralizer almost as high as for the un- 
grounded system. 

The transient voltages resulting from the de-energizing 
of an unfaulted line are shown in Fig. 37. The lowest 
transient voltages, with the exception of those across the 
neutral impedances, are obtained for a system grounded 
through a ground-fault neutralizer. In all cases the neu- 
tral-point voltage increases as the neutral impedance in- 
creases. For the range of practical neutral impedances, 
there is no appreciable difference between the voltages 
obtained for the case of one and of two lines. However, 

for a free-neutral system the voltages are appreciably 
lower for the larger lengths of connected line. 

The transient voltages for the condition of de-energiz- 
ing a line section with a fault on a phase other than that 
which is being switched are shown in Fig. 38. The volt- 
ages in all cases of reactance grounding increase as the 
neutral reactance increases. The voltages between neu- 
tral point and ground also increase for resistance ground- 
ing as the magnitude of the resistance is increased. The 
voltages with a ground-fault neutralizer are definitely 
higher than for any of the lower values of reactance 
grounding. This is to be contrasted with the dip in the 
voltage curves of Figs. 36 and 37. In Fig. 38 the volt- 
ages with two restrikes increase as compared to the case 
with one restrike. As would be expected, the longer the 
connected line, the lower the magnitude of the transient 
voltages. 

Figure 39 shows the results of a study similar to that 
of Fig. 38 except that a double instead of a single line- 
to-ground fault is applied to the line section being de- 
energized. In general, the comments are the same as for 

Fig. 37—Effect of grounding impedance on transient voltaqea 
caused by de-energizing an unfaulted line 

See subcaption of Fig. 36. 

the case of Fig. 38. For reactance grounding the tran- 
sient voltages increase rapidly for a relatively small addi- 
tion of neutral reactance, so that for low neutral react- 
antes’ the transient voltages closely approach those of the 
free-neutral system. 

The results obtained in the a-c network calculator stu- 
dies are based on a definite number of restrikes which 
are spaced at such intervals as to give the maximum volt- 
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age for this number of restrikes. Thus, in the average 
case, since the restrikes may not occur at the optimum 
point, the voltages will be of lower magnitude giving a 
probability curve for the voltage. Of course, only a mi- 
nority of the cases of system faults and switching produce 
abnormal voltages. 

The a-c network calculator studies have also been 
based on the assumption that transient voltages of in- 
creasing magnitude can be impressed on the system with- 
out altering the characteristics of the system. Actually, 
the transient voltages will be limited by other factors 
that become of increasing importance as the transient 
voltage increases. On some systems corona will limit the 
magnitude of transient voltage by introducing losses in 
the oscillating circuits. Under some conditions excess 

Fig. 38—Effect of grounding impedance on transient voltages 
caused by de-energizing line with single line-to-ground fault 

See subcaption of Fig. 36. 

voltages will produce increases in exciting current par- 
ticularly at the lower frequencies, but usually this factor 
is unimportant. Transient voltages can also be limited 
by the operation of lightning arresters or protective gaps 
adjusted to operate below the flashover level of line or ap- 
paratus insulation. These devices may limit the magni- 

Fig. 39—Effect of grounding impedance on transient voltages 
caused by de-energizing line with double line-to-ground fault 

See subcaption of Fig. 36 

tude of transient voltages on a particular system. Fi- 
nally, the transient voltage is limited by the flashover 
characteristics of line and apparatus insulation. Oper- 
ating experience confirms the results of this study in that 
some switching operations do result in flashover of line or 
neutral-point insulation. 

Many klydonograph investigations have been reported 
in the literature, and frequently overvoltages resulting 
from switching operations are segregated from those due 
to lightning. Extensive investigations were reported by 
Cox, McAuley, and Huggins,g Gross and Cox, 10 Lewis and 
Foust,ll and by some European investigators. The Joint 
Subcommittee on Development and Research of the Edi- 
son Electric Institute and Bell Telephone System, has 
also carried on investigations and has made an excellent 
summary 12 of the more important published data. 

The principal results of the switching-surge studies us- 
ing the klydonograph have been summarized in Fig. 40. 
Curves A and B, obtained from the original investiga- 
tion by Cox, McAuley, and Huggins, give the voltages 
caused by energizing or de-energizing operations and the 
voltages resulting from faults with subsequent switching, 
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respectively. Curve C gives a summary derived from the 
work of Lewis and Foust. In order to give a more suit- 
able scale for plotting the results of the surge studies all 
the surges of a magnitude less than twice normal have 
been disregarded. The Lewis and Foust paper, however, 

A-Switching surges-Cox, McAuley, and Huggins 
B-Surges from faults-Cox, McAuley, and Huggins 
C-Switching surges-Lewis and Foust 
A and B-Eighteen systems-1925 to 1926 
C-Fourteen systems-1926 to 1930 

shows that of all the reported surges above normal volt- 
age, 45 percent were above twice normal. Fig. 40 shows 
that the limiting value of the surges is about six times 
normal crest voltage, 5 percent exceed five times normal, 
and 20 percent exceed four times normal. These results 
show that there is an upper limit to the voltage recorded, 
indicating the possibility of some limiting factor. Fig. 41 
shows the ratio of flashover voltage to the normal crest 
voltage, for transmission lines of different voltages. The 
shape of the curve of Fig. 40 compared with the data given 
in Fig. 41 indicates that the magnitude of switching 

Fig. 41—60-cycle flashover voltage ratios for IO-inch suspen- 
sion insulators. 

surges recorded could be limited by line flashover. While 
it is undoubtedly true that a considerable portion of 
these switching operations occur with relatively little 
energy in the oscillation and at relatively high frequency, 
it is also true that as systems expand- the natural fre- 
quency of systems for switching operations decreases 

and the amount of energy in these oscillations increases. 
Thus, these factors tend to increase the importance of 
switching surges. 

The maximum voltages of Figs. 36 to 39 correspond 
closely with the limiting voltage of six times normal indi- 
cated in Fig. 40. The shape of the curves of Fig. 40 
should probably not be accepted too freely as these are 
no doubt influenced by the flashover of lines or apparatus, 
or the operation of lightning arresters. 

10. Effect of Generator Grounding on Transient 
Voltages 

The results of the general study of transient overvolt- 
ages produced by switching and faults in the preceding 
section were based on the assumption that there was no 
appreciable arc drop and that the arc was always extin- 
guished at a current zero, either fundamental or high- 
frequency. In some cases, especially in low-voltage cir- 
cuits, additional characteristics of an arc must be con- 
sidered because of their influence on transient voltages. 

Arc Characteristics—Prior to the actual interruption 
of the arc in a circuit breaker there is a voltage drop be- 
tween the breaker terminals. The magnitude of this drop 
varies for different types of breakers, being lower for the 
higher voltage circuit breakers when expressed in percent 
of system voltage. This drop is of two parts, first an arc 
drop that is fairly uniform in magnitude and lasts during 
the entire arcing period, and second, a drop that is a 
function of the efficiency of arc interruption and the cur- 
rent being handled. Fig. 43 shows a fairly uniform break- 
er voltage until the arc is ruptured at which time the 
voltage increases quite rapidly to a negative crest of ap- 
proximately normal line-to-ground crest voltage. This 
negative crest voltage is commonly referred to as the 
breaker “extinction voltage.” An analysis made of os- 
cillograms of many breaker operations indicates that for 
a circuit breaker opening 12 000 and 13 200-volt circuits 
this “extinction voltage” may be as large as 125 percent 
of the normal line-to-ground crest voltage but is usually 
much lower. This extinction voltage is produced by ex- 
tinction of the arc before a normal current zero, that is, 
before the current in the arc would normally pass 
through zero. 

In general, the same characteristics as mentioned 
above are found in all arcs under oil or in confined spaces, 
such as arcs caused by flashover of apparatus under oil, 
in cables, etc. Arcs between stationary contacts in air 
will usually have entirely different characteristics because 
DO large de-ionizing agent is present. 

Effect of Extinction Voltage on Transient Volt- 
ages—The system in Fig. 42 will be used in presenting the 
theory involved in the production of transient voltages 
by switching or arcing grounds. In this circuit the gen- 
erator windings are represented by simple T networks and 
additional capacitance is added at the machine terminals 
to represent the capacitance of connected feeders. The 
positive, negative, and zero-sequence reactances of the 
generator and feeders are assumed to be equal. The 
generator is grounded through a neutral reactor, and a 
single line-to-ground fault is assumed on a feeder outside 
of a breaker. The effect of the unfaulted phases on the 
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transient voltages can be neglected, reducing the circuit 
to the one shown in Fig. 42 (b). 

Consider the case of a single line-to-ground fault oc- 
curring on a feeder and the fault removed by operation 
of the breaker. The fault is assumed to last long enough 
to allow damping out of all initiating transients and the 

Fig. 42—Generator grounded through neutral reactor. 

(a) Simple three-phase system 
(b) Simplified single-phase system 

Xp—Generator subtransient reactance 
&—Generator winding capacitance to ground 
&T—Capacitance of bus, cables, etc. 
OCB—Oil circuit breaker 
F—Fault 
X—Neutral reactor 

arc in the breaker is ruptured far enough ahead of a nor- 
mal current zero to give an extinction voltage equal to 
normal line-to-ground crest voltage. The generated volt- 
age and fault current are shown in Fig. 43 for this con- 
dition. A small arc drop in phase with the current ap- 
pears across the breaker terminals during the entire arc- 
ing period. 

If the neutral reactance is large in comparison to the 
machine reactance, practically all of the generated volt- 
age will appear as a drop across the neutral reactor while 
the fault is present. The reactor voltage will then be ap- 
proximately equal to the generated voltage until the 
breaker terminal voltage starts to increase as a result of 
the de-ionizing action of the breaker. As the neutral re- 
actor was assumed to be large in comparison to the ma- 
chine reactance, the reactor voltage is approximately 
equal to the difference between the generated voltage and 
the breaker voltage. It therefore reaches a crest of twice 
normal at A’. If the arc is ruptured* at A, normal gener- 
ated voltage is removed from the reactor as with no 
fault on the system no voltage appears across the neutral 
reactor. The reactor voltage therefore oscillates around 

*In this analysis the arc is assumed to be ruptured at the instant 
of crest negative voltage between breaker terminals. It is realized 
that the arc may be ruptured before this time. 

zero; and without damping it would reach a negative 
crest of twice normal. With damping it reaches a nega- 
tive crest somewhat less as shown in Fig. 43. 

With the breaker open and with the fault on the sys- 
tem, the normal steady-state voltage across the breaker 
is approximately equal to the generated voltage. When 
the arc is ruptured at A the breaker voltage will start at 
a negative crest of 100 percent and oscillate around the 
generated voltage. It will reach a positive crest of three 
times normal with no damping or some less with damping. 

The maximum reactor voltage is equal to the breaker 
extinction voltage plus the generated voltage at the time 
this extinction voltage appears across the breaker ter- 
minals. In the case of a reactance grounded generator 
the arc is ruptured at near crest generated voltage so 
the reactor voltage is equal to the extinction voltage plus 
normal crest generated voltage. The breaker voltage ap- 
proaches a crest equal to twice the generated voltage plus 
the extinction voltage. 

Fig. 43—Transient voltages with no restriking. 

(a) Breaker voltage. (a) Breaker voltage. 
(b) Reactor voltage (b) Reactor voltage 

e,—Normal line-to-ground voltage 
E,,t-Extinction voltage E,,t-Extinction voltage 
i-Fault current i-Fault current 

As shown in Fig. 43, the breaker voltage may build up 
fairly high. If at any time this voltage exceeds the di- 
electric strength of the arc space between the breaker 
contacts, the arc will restrike. In Fig. 44 the restriking 
is assumed to occur at the instant the breaker voltage 
reaches its maximum value at C. Assuming that 100 
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percent extinction voltage appeared across the breaker 
terminals at the instant of arc rupture and further as- 
suming no damping, this maximum breaker voltage will 
be three times normal. When the breaker voltage is at 
C the reactor voltage will be at a negative 200 percent 
voltage. When the arc is reestablished the breaker volt- 
age will decrease to a very small arc drop as shown in Fig. 
44. After the restrike occurs the steady state voltage 
across the reactor is approximately equal to the normal 
generated voltage. The reactor voltage will therefore 
start at C’ and oscillate around normal generated voltage. 
It will overshoot to a crest voltage of four times normal 
if losses are neglected. 

With one restrike and without damping the reactor 
voltage will reach three times normal crest generated 
voltage plus the breaker extinction voltage. With addi- 
tional restrikes the voltage can increase further if the 
restrikes occur at the right time. It is of course rather 

Fig. 44—Transient voltages produced with restriking. 

improbable that more than one or two restrikes will occur 
at just the right time to give these high overvoltages. 

Parallel Resistance and Reactance--Since fairly 
high voltages can be produced when a neutral reactor 
is used and since these voltages are greatly reduced when 
a neutral resistor is used, the question naturally arises 
as to whether it would be possible to compromise and use 
a combination of both. With resistance and reactance in 
parallel the phenomenon will follow closely one of the 
cases above depending upon which predominates. Re- 
sistance in parallel with a reactor will usually prevent 
cumulative building up of the reactor voltage on succes- 
sive restrikes but a low parallel resistance is necessary in 
order to prevent the breaker extinction voltage from ap- 
pearing across the neutral reactor. As shown in Fig. 43 
the reactor voltage is the sum of the generated voltage 
and the extinction voltage. Because the resistance re- 
quired to keep most of the extinction voltage from ap- 
pearing across the neutral reactor is small, it is usually 
preferable to omit the reactor entirely and use resistance 
grounding. 

Resistance Grounding—If the neutral reactor is re- Analog Computer Studies—In the theoretical dis- 
placed with a resistor having the same impedance, the cussion given above the neutral reactance was assumed to 
power factor of the fault circuit will be approximately be much larger than the machine reactance. To show 
unity. The breaker and resistor voltages for this condi- the effect of variations in transient voltages with neutral 
tion are shown in Fig. 45. Normal current zero will co- reactance, studies were made on the analog computer. 
incide with normal voltage zero. As the arc drop is still The circuit employed was similar to the one in Fig. 42(a) 
in phase with the current, the breaker extinction voltage 
and normal generated voltage are on the same side of the 

excepting that the oil circuit breaker was omitted, and 
an arcing fault was applied between phase A and ground 

axis. As the resulting breaker voltage oscillation after 
the arc is ruptured at A depends upon the generated 
voltage, the oscillations will be quite small. No voltage 
appears across the resistor at the time the arc is ruptured 
because no current is flowing at that time. The oscilla- 
tion in the resistor voltage will be small and will be 

Fig. 45—Transient voltages produced with resistance ground- 
/ ing. 

(a) Breaker voltage 
(b) Voltage acrossneutral resistor 

/ 
damped out rapidly because of the high loss present in 
the system. 
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TABLE 6— VOLTAGES PRODUCED WITH REACTANCE 
GROUNDING 

at the generator terminals. The following constants were 
used : 

X, = 1.28 ohms at 60 cycles. 
C, = 0.35 microfarad. 
Cb = 0.20 microfarad. 

The fault was applied at the instant the 60-cycle voltage 
between phase A and ground was equal to its crest value, 
and removed at the first current zero, either 60-cycle or 
high frequency. The fault was reapplied at crest recovery 
voltage across the fault and then removed at the first 
current zero following the restrike, or fault re-application. 
In the case of two restrikes the latter procedure was re- 
peated, Table 6 is a summary of the results obtained with 
one and two restrikes for X,/X, ratios between one and 
100. In this table X1 is equal to X, in Fig. 42, and X0 is 
equal to X, plus 3X,, the positive- and zero-sequence 
machine reactances being equal in the equivalent circuit 
employed. The faulted phase, maximum unfaulted phase 
and neutral reactor voltages are included in the summary. 

In making these studies it was noted that the magnitude 
of the transient voltages was influenced to a large extent 
by the presence or absence of high-frequency current zeros 
following the fault application or a restrike. With an 
X0/x1 ratio of eight, there was no high-frequency current 
zero, even following a restrike, and the circuit-opening 
operation was delayed until the go-cycle current went 
through zero. As considerable time was available for dis- 
sipation of transient energy between circuit-closing and 
circuit-opening operations, the transient voltages did not 
exceed 260 percent with two restrikes. Increasing the 
X0/x1 ratio to ten gave a high-frequency current zero 
following the first restrike, permitting a circuit-opening 
operation without waiting for a 60-cycle current zero. In 

this case the maximum voltage was recorded as 430 per- 
cent. These results show that it would be desirable to 
limit the X0/X1 ratio to some value less than ten, in order 
to rule out the possibility of obtaining the excessive tran- 
sient voltages associated with the larger X,/X, ratios. 
More fundamentally an X0/X1 ratio should be selected 
that does not produce a high-frequency current zero fol- 
lowing a restrike. If this condition is met, the voltages is 
not appreciably higher with two restrikes than with one, 
and no cumulative build-up of voltages is possible with 
successive restrikes. 

The results in Table 6 were obtained by removing the 
fault at a current zero, that is, without forcing current zero. 
If the fault is in a confined space, such as under oil or in 
apparatus or cable insulation, the deionizing agents present 
may produce a rapid increase in arc drop, with the result 
that the fault is interrupted prior to a normal current zero. 
This forcing of a current zero increases the transient volt- 
ages as was discussed in connection with Figs. 43 and 44. 
It also increases the magnitude of the high-frequency cur- 
rent following a restrike, which decreases the X0/X1 ratio 
required to produce a high-frequency current zero follow- 
ing a restrike. This makes it difficult to select a suitable 
maximum X0/X1 ratio for application purposes because 
the ratio is influenced by the magnitude of the arc-extinc- 
tion voltage assumed. As discussed above under arc 
characteristics, circuit breakers opening 12000 and 13200 
volt circuits may infrequently have extinction voltages 
somewhat larger than normal line-to-ground crest voltage. 
Similar data are not available for fault arcs because this 
information is extremely difficult to obtain primarily be- 
cause of the probability nature of the phenomenon. 

To obtain some idea of the influence of arc-extinction 
voltage on the transient voltages produced by an arcing 
ground on a reactance grounded system, a special study 
was made on the computer using the same circuit and con- 
stants as above. A line-to-ground fault was applied at the 
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instant the 60-cycle voltage between phase A and ground 
was equal to its crest value, and removed approximately 
one-half cycle later. The circuit was opened slightly ahead 
of a normal 60-cycle current zero to give 100-percent ex- 
tinction voltage. The fault was re-applied at crest re- 
covery voltage across the fault. It was noted that no high- 
frequency current zero occurred following the restrike, 
with an X,/X1 ratio of four, but that such a zero was 
present with a ratio of six. The transient voltages did not 
exceed 260 percent with the ratio of four. 

This analysis shows that the maximum transent volt- 
ages with reactance grounding are influenced by the X0/X1 
ratio and by arc-extinction voltage. If the transient volt- 
ages are to be limited to 250 or 260 percent of normal line- 
to-ground crest voltage, the X/X1 ratio should be limited 
to eight or four depending upon whether zero or 100- 
percent extinction voltage is assumed. In generator cir- 
cuits, where faults can occur in confined spaces, it is sug- 
gested that the X0/X1 ratio be limited to three. This limit 
permits the application of N-percent lightning arresters, 
and allows for arc-extinction voltages somewhat larger 
than normal line-to-ground crest voltage. 

Studies were made for the case of a generator grounded 
through a resistor of 98 percent power factor. The circuit 
and constants were the same as used in the studies of re- 
actance grounding. The results for two restrikes are sum- 
marized in Fig. 46. for Z &/X1 ratios between 3 and 90. 
Although the data are based on two restrikes, there is no 
appreciable difference between the results with one and 

Fig. 47—Trnsient voltages with high-resistance grounding. 

two restrikes. The fault to ground was always removed as 
the 60-cycle current went through zero because there were 
no high-frequency current zeros over the entire range of 
Z&/X1 ratios considered. The transient voltages do not 
exceed 235 percent of normal line-to-ground crest voltage 
for any ratio considered. 

Computer studies were also made with the same system 
grounded through the primary winding of a distribution 
transformer, having a resistor across the secondary wind- 
ing as shown in Fig. 29 of Chap. 19. The transient voltages 
for this case are summarized in Fig. 47. The results are 
plotted as a function of the kilowatts loss in the resistor 

Fig. 48—Influence of reactance on transient voltages obtained 
with high-resistance grounding. 

during a single-line-to-ground fault and the three-phase 
charging kva of the system during normal operation. 
Ratios of resistor loss to charging kva of one and larger will 
limit the transient voltages to approximately 260 percent 
of normal line-to-ground crest voltage. 

The data in Fig. 47 are based on a resistor having unity 
power factor and a transformer having zero reactance. 
Practical resistors and transformers introduce reactance 
in the zero-sequence circuit. To show the effect of this 
reactance, studies were made for X0/& ratios of zero to 
two. The resistor loss-to-charging kva ratio was made 
equal to unity in this study. The results in Fig. 48 show 
that practical values of reactance have little influence on 
the transient voltages obtained. 
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I. SIMPLE WAVES 

TRANSMISSION line can be regarded as made up 

A of elements. If resistance is neglected, each element 
consists of a shunt capacitance and a series induct- 

ance as shown in Fig. 1. If a voltage is applied to one end 
of such a line, the first capacitor becomes charged imme- 
diately to the instantaneous applied voltage. However, 

Fig. l-Transmission line broken up into small elements. 

because of the first series inductor, the second capacitor 
does not respond immediately but is delayed. Similarly, 
the third capacitor is delayed still more by the presence of 
the second inductor. Thus the farther removed from the 
end of the line the greater the delay. If the applied voltage 
is in the form of a surge, starting from zero and returning 
again to zero, it can be seen that the voltages on the inter- 
mediate condensers rise to some maximum value and 
return again to zero. The disturbance of the applied surge 
is thus propagated along the line in the form of a wave. 

1. Mechanical Analogy 

It can be shown with mathematical rigor that for a 
system of the kind just postulated (without series or shunt 
resistances and zero ground resistivity) the wave will be 
propagated along the line with undistorted or undimin- 

Fig. 2—Photograph of mechanical wave analogy. 
Fig. 3—Illustrating wave form of the traveling wave in a 

mechanical analogue for successive intervals of time. 

623 
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ished amplitude. The same phenomenon can be demon- 
strated by means of a number of analogies. One which is 
particularly adapted to the present problem has been 
developed by Wagner’ and is illustrated in Fig. 2. It con- 
sists of a number of aluminum arms mounted side by side. 
These arms are balanced about their center of rotation and 
their axes of rotation are in the same straight line. The 
only connection between adjacent arms is a flat spring, 
which offers a restraining torque when one arm is displaced 
with respect to the next. The mass of the arm corresponds 
to the inductance of the line and the spring to the capac- 
itance. Fig. 3 illustrates what happens in this device 
when a disturbance is applied at one end. The wave moves 
along the line with essentially undiminished amplitude and 
unchanged wave form. 

2. Current Wave, Surge Impedance and Surge Ad- 
mittance 

Knowing that the voltage surge moves along the line 
and imparts charge to the capacitors at any particular 
point only for the duration of the wave at that location, one 
can see that currents must flow in the connecting induct- 
ances, but only for the interval during which the surge 
exists at that point. That is, a wave of current should 
accompany the wave of voltage. It can be shown mathe- 
matically that the current wave will have exactly the same 
wave form as the voltage and at any instant will be pro- 
portional to the voltage. The constant of proportionality 
is known as the surge impedance and is usually designated 

by the symbol 2. It is equal to 
L 

J 
c where L is the in- 

ductance in henries per unit length of line and C is the 
capacity in farads per unit length of line. The dimensions 
of 2 are those of a resistance and its value is expressible in 
ohms. Thus there exists the relation 

e=iZ=i L 
c 

where e = instantaneous voltage 
i = instantaneous current. 

The reciprocal of surge impedance is called the surge 
admittance and is usually designated by the symbol Y. 
Thus 

In Fig. 4 is depicted the general properties of traveling 
waves just enunciated. Note that the positive sense of 
potential is taken with respect to ground as zero and that 
the positive sense of current flow in the conductor is the 
same as the direction of propagation of the wave. 

3. Line Constants 
The inductance of a single conductor parallel to the 

earth, assuming an earth of zero resistivity, is 

2h 
L = (2) (lo*) log, 7 in henries per cm. 

= (7.410)(10-“) loglo $ in henries per mile (4) 

and its capacitance 

c= 
lo-” 

2h 
in farads per cm. 

18 log, 7 

(3.882) (IO+) 
2h 

in farads per miIe. (6) 
m30 7 

where h = height of conductor above ground 
r= radius of conductor in same units. 

The foregoing expression for inductance assumes that 
there is no flux within the conductor. This is the case for 
surges of short duration, because the current flows in a 
thin layer next to the surface-the phenomenon of “skin 
effect.” For this reason ferrous conductors can be treated 
as non-ferrous conductors in considering traveling waves. 

Making the same assumptions for cables (that all the 
current flows next to the return conductor) the inductance is 

L = (7.410) (10-9 log10 ?Z 
Tl 

in henries per mile. (7) 

and the capacitance is 

c = (3’882)(10-8)7c in farads per mile . 

log10 ; 

(8) 

where rl = radius of conductor 
r2 = inner radius of sheath 
k = permittivity 

4. Evaluation of Surge Impedance 
The surge impedance of a single aerial wire with ground 

return is 

2h 
(7.410) (10-4) log10 7 

(3.882) ( 1O-8) 

2h 
= 138 log10 7 ohms 

r 

The curve of Fig. 5 will assist in the ready evaluation of 
this expression. In the absence of more definite informa- 
tion a surge impedance of 500 ohms is usually assumed. 

For cables 
DIRECTION OF PROPAGATION 138 

Z = TE log,, z ohms (10) 
Fig. 4—Depicting a voltage wave and its associated current 

wave together with the positive sense assumed. A good average value for this quantity is 50 ohms. 
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6. Mathematical Expression of Voltage and Cur- 
rent Wave 

Mathematically a traveling wave can be designated as 
follows: 

e =f(x - ut) 03) 

where x is the distance measured along the line and v is 
the velocity of propagation. With t fixed, plotting e as a 
function of z gives the voltage distribution along the line 
at that instant. With x fixed e gives the variation of the 
voltage with time at that point. 

Similarly, the current wave is 

(14) 

7. Waves in Reverse Direction 
The same relations as mentioned above apply to a wave 

traveling in the opposite direction when the positive sense 
of current is taken the same as the direction of propaga- 
tion. This means that the positive sense of current would 
be the reverse of the wave moving in the opposite direction. 
For analytical work it is convenient that the positive sense 
of both currents be the same. By arbitrarily reversing the -. 

Fig. 5—Surge impedance of an aerial conductor. sign of one of the currents and making the corresponding 

5. Velocity of Propagation 
The velocity of propagation of any electromagnetic 

disturbance in air is the same as that of light, namely 
2998X lOlo cm. per sec. The only difference for trans- 
mission lines is that the conductor provides a guide. In 
terms of the constants of the line, this velocity is equal to 

1 
- To verify the velocity relation, substitute (3) and 
diiz’ 
(5) into this expression giving 

II 2h 
18 log r 

= 3 X lOlo cm per sec. 

A convenient though approximate figure of 1000 ft per 
microsecond (a more exact value being 984 ft per micro- 
second) is generally used in connection with line calcu- 
lations. 

Applying relation (11) to cables there results that 

(3) (IO’O) veIocity=$L=T cm per sec. 02) 
This likewise is a special case of a more general phenom- 
enon, that the velocity of propagation of any disturbance 
in a medium of permittivity k varies inversely as the 
square root of the permittivity. Since the permittivity of 
materials used in cables varies from about 2.5 to 4.0, the 
velocity of propagation of surges in cables is about one- 
third to one-half that of light. Similarly a disturbance in 
a counterpoise buried in earth having a permittivity of 

1000 
say 6 propagates within the earth at a velocity of T 

46 Or 
408 ft. per microsecond. 

Fig. 6—Forward and backward voltage waves with their asso- 
ciated current waves and also the sum of the two. 

changes in the equations, this difficulty may be avoided. 
Fig. 6 gives the conventions adopted for both types of 
waves together with the equations relating the voltages 
and currents. The waves moving from left to right are 
designated by the subscript f suggestive of forward moving 
and the wave from right to left by the subscript r sug- 
gestive of a wave moving in the reverse direction or a 
reflected wave. 

8. Principle of Superposition 
When two waves of this character meet, they do not 

influence each other but seem to pass through each other. 
An illustration of this phenomenon is shown in Fig. 7 in 
which two oppositely moving waves meet in the me- 
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II. POINTS OF DISCONTINUITY 

When a simple voltage and current wave (et and ;f) 
moves along a line and meets a point of discontinuity 
reflections take place. If a resistor is connected across the 
end of a line, the reflections from this point are relatively 
simple to calculate but if the resistor is replaced by an 
inductor or capacitor the solution becomes more compli- 
cated. Some of the more usual cases will be analyzed in 
detail. 

Fig. 7—Illustrating superposition of two waves upon each 
other. 

(a) Two positive waves. (b) One positive and one negative wave. 

chanical analogy described previously. Upon meeting, 
the instantaneous amplitudes of the two waves add to- 
gether but, after passing through each other, remain un- 
disturbed in magnitude and wave shape. Thus traveling 
waves may be said to follow the laws of superposition. 
Each component can be analyzed separately. The right 
hand column of Fig. 6 shows how the two voltage and 
current waves add at a particular instant. 

9. Relations for Simple Reflections from the End 
of the Line 

In Fig. 8 let ef and if be the instantaneous voltage and 
current of the forward wave at the point of discontinuity. 
These are usually the known quantities. Further, let e, 
and i, be the instantaneous voltage and current of the re- 
flected wave at the point of discontinuity, and e and i the 
instantaneous voltage and current at the point of dis- 
continuity. Thus 

e=ef+e, (15) 

i=ir+i, (16) 

et e, =--- 
z z (17) 

From (17) 
Zi=ef-e, (18) 

Adding (15) and (18) 

e+Zi= 2ef (19) 

This equation supplies a relation connecting e and i with 
the instantaneous value of the oncoming wave. The 
shunting network must supply another equation to pro- 
vide the solution. 

VOLTAGE AND CURRENT 
IFOR OPEN-CIRCUITED LINE I 

Fig. 8—Reflection of waves from open-circuited and from 
short-circuited end of line. 
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After e and i have been determined, e, can be obtained 11. Junction of Dissimilar Lines 
by subtracting (18) from (15) giving Fig. 9 (a) illustrates the case in which f&e section to 

er=$(e-2%) (20) the left of a represents a line whose surge impedance is 2 

An alternate form is obtained by inserting e from (19) 
and the section to the right one whose surge impedance 

into (ZO), giving 
is 2’. Since the volt-ampere characteristics of a line are 

e,=ef-Zi (204 
the same as those of a resistance, the reflections resulting 
when a wave approaches the junction point from the left 

10. Line Terminated by a Resistance - Open and are the same as though the line to the right of a were re- 

Short-Circuited Line placed by a resistance equal to Z’, as shown in Fig. 9 (b). 

When the line is terminated by a resistance R, then 

e=Ri (21) 

e=2R 
R+Zef 

And from (20) 
R-Z -- e- R+zef 

(23) 

(a) Open-Circuited Line. If R = 00, the condition 
Fig. 9—Equivalent circuit of line terminating at (a) and con- 

which corresponds to an open-circuited line, then 
tinued by a line of different surge impedance. 

e,=ef (25) The instantaneous voltage, e, and the reflected wave at 

Thus, the reflected wave is equal to the oncoming voltage 
the junction point can be computed by Eqs. (23) and 

wave. Also 
(24), respectively 

. The voltage, e, thus gives the wave 

e=2ef (26) 
shape of the wave propagated out along the line to the 
right of a. 

a relation which proves the well-known doubling up of a 
voltage wave as it strikes the end of an open-circuited 12. Junction of Several Lines 
line. Equating e, and ef to their Zi equivalents from Fig. When a surge travels along line A of Fig. 10 and strikes 
6 there is obtained the junction point of two or more other lines that are . . 

2,= -zf (27) separated a sufficient distance that mutual coupling be- 

a relation that must be maintained since the currents at tween them is negligible, the reflections and transmitted 

the end of an open line must be zero, that is, i = i,+if =O. voltages can be calculated by replacing the lines to the 

The variations of the principle quantities at different in- right of the junction points by a shunt resistance as in 

stants are illustrated in Fig. 8. Fig. 9 in which the resistance is equal to the parallel surge 

(b) Short-Circuited Line. For the short-circuited con- impedance of all the lines to the right of a. Equal voltage 

dition R of Eq. (24) is zero, for which waves are then propagated along lines B, C and D. 

e,= -ef 

The reflected wave is the negative of the oncoming wave 
at any instant and the sum of the waves, e, is equal to 
zero. On the other hand, inserting the Zi equivalents of e, 
and et in (28), there results that 

. . 
Zr=Zf (29) 

which shows that the total current doubles at the end of 
the line. As shown in Fig. 8, the relations are the same Fig. 10—Junction of several lines. 

as for the open-circuited line except that the voltages and 
currents are interchanged. 13. Single Line Terminated by an Inductance 

(c) R = 2. For this case as can be seen from (24), e, is 
equal to zero and there is no reflected wave. Since the line 

The schematic diagram for this case is shown in Fig. 11. 

has the same characteristic as that of a resistance it is 
From the terminating network there results that 

evident that electrically there is no discontinuity. The di 

wave merely disappears as the end of the line is reached. 
e=Ldt (30) 

(d) Other C uses. For other cases the reflected wave Combining this with Eq. (19) 
will be positive or negative depending 
to which R is greater or less than 2. 

upon the extent di 
2ef=Zi+Lz 
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It will be observed that the solution of this equation is the 
same as the case for which the voltage 2et is applied to a 
resistance and inductance circuit in which the resistance 

Fig. 11—Line terminated by an inductance. 

is 2 and the inductance is L. The current depends upon 
the character of the applied voltage. 

If ef is a square-topped wave of magnitude E, i ap- 
2E 

proaches a magnitude of z along an exponential curve 

L 
whose time contant is -. The expression for this curve is 

z 

iz2E 
-gt 

y l-r (32) 

From (30) 
Zt 

e=2EevZ (33) 

From (20), the reflected wave is 

e.=E[ -1+2;“] (34) 

From (19) 
e=2ef-Zi (35) 

which permits the determination of e since both ef and 
i are now known. The reflected voltage wave can be de- 

Fig. 12—Voltages and currents at the end of the line shown 
in Fig. 11 in response to a square-top wave having a maximum 

value of E. 

Fig. 13—Reflected wave and total voltage waves at successive 
instants upon a line terminated by an inductance in response 

to a square topped wave having a maximum value of E. 

Fig. 12 shows graphs of these curves and Fig. 13 successive 
positions of the oncoming and reflected wave. It will be 
observed that the circuit acts like an open-circuited line 
initially but finally takes on the characteristics of a short- 
circuited line. The voltage starts at a value twice that of 
the oncoming wave and finally reaches zero. The reflected 
wave starts at + E and gradually approaches -E. 

If instead of a square-topped wave the oncoming wave 
ef of Eq. (31) is of a generalized form, such as shown in 
Fig. 14, the current response can be determined by the 
follow-up method described in Part VI, Sec. 20 of 
Chap. 6. Equation (31) characterizes the phenomenon 
as one in which the instantaneous value of i tends to ap- 
proach, along an exponential curve whose time constant 

L 
is 2, a value determined by the voltage at that instant 

divided by the surge impedance. Fig. 14 illustrates the 
eranhical construction. 

Fig. 14—Graphical method of analyzing line terminated by 
an inductance. 



Chapter 15 Wave Propagation on Transmission Lines 529 

termined through the use of Eq. (20a). All of these quan- 
tities are shown in Fig. 14. Fig. 15 illustrates the relative 
positions along the line of these waves at different instants. 

14. Single Line Terminated by a Capacitor 

Fig. 16 shows the schematic diagram for this case from 
which it may be seen that 

Fig. 15—Relative positions of waves of Fig. 14 along line at 
different instants. 

Fig. 16—Line terminated by a capacitor. 

Fig. 17—Voltages and currents at the end of the line shown 
in Fig. 16 in response to a square-top wave having a maximum 

value of E. 

1 e=- 
c I 

i dt 

Substituting this expression for e into (19) there results 
that 

If=Zi+$ 
/ 

i dt 

This is the well known equation representing the charging 
of a capacitor through a resistance upon the application 
of a voltage 2 et. 

If ef is a square-topped wave of magnitude E, i is equal 
to 

;-SE -A -- 
zd (36) 

(37) 

From (20a) 

(38) 

These quantities are plotted as a function of time in 

Fig. 18—Reflected and total voltage waves upon a line termi- 
nated by a capacitor in response to a square-topped wave 

having a maximum value (E). 

Fig. 17. Fig. 18 shows the position of the reflected wave 
and the total voltage at different instants of time. 

15. Special Case 
A special case will be considered for which the voltage 

across the terminal equipment is a non-linear function of 
the current through it, such as for a lightning arrester. 
In Fig. 19 let the heavy full line represent the volt-ampere 
characteristic of the arrester and the dotted straight line 
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Zi, the surge impedance of the line times the current 
through the arrester. From (19) 

ef = +(e+Zi) (39) 

This quantity is plotted also in Fig. 19. Since et is the 
magnitude of the oncoming wave at any instant, then i 

Fig. 19—Special case where voltage across terminal equip- 
ment is a known function of current through it. 

and, consequently, e is known for any value of et and can 
be plotted as a function of time. Similarly, from (20), e, 
can also be plotted against i and is known in terms of 
e and et. 

16. Network Connected in Shunt Across a Con- 
tinuous Line 

The schematic diagram for this case is shown in Fig. 
20. Let a wave travel from the left and approach the 
network. As the network is reached a reflection will occur 

Fig. 20—Network connected in shunt across a continuous line. 

and a voltage e is built up across the network. A wave, 
et is transmitted along the line to the right equal at any 
instant at the junction point to the voltage e. From the 
voltage conditions at the junction point 

ef+e,=e (40) 

and from the current relations 

ifs-i r=i+it 

or 
et ;-;=i+E 

,i+e z 
011 ef-e,=Zi+e (41) 

Adding (40) and (41) 
2ef =Zi+2e (42) 

The shunting network will provide another equation con- 
necting e and i which in combination with Eq. (42) per- 
mits of the determination of e and i. Subtracting (40) 
and (41) 

2. 
e,= -0 

2 
(43) 

Note that the line to the right can be replaced by a re- 
sistor 2 in shunt across the network at the junction point 
as shown by the dotted line. 

As an illustration of this case let the network be a 
resistor R. Then 

e=Ri 

and substituting in (42) 

2ef=Zi+2Ri 

Ol! 
. 2 

‘=Z+2Ref 

and 
YLb 

e = Z+2Ref 
(45) 

The transmitted wave is also equal to (45) and the re- 
flected wave is from (43) 

z 
er= -Z+2Ref (46) 

III. LATTICE NETWORKS 

When the circuit consists of a number of shunt im- 
pedances distributed along the line as in Fig. 21 (a), the 
solution is expedited and simplified by means of the lattice 
network by Bewley. While the system can be applied 
generally, it will be discussed principally with regard to 
shunt resistors. 

17. Voltage Lattice Network 
If in Fig. 21(a) a traveling wave ef moves from the left 

to right toward a then upon reaching a, a transmitted 
wave and a reflected wave is produced. These waves 
can be expressed as follows 

et = transmitted wave = a,ef (47) 

e, = reflected wave = ,&et (4% 

where cyB is the transmission coefficient which from (45) 
is equal to 

2% 

Z+2Ra 
(49) 

and & is the reflection coefficient which from (46) is equal 
to 

z 

-z+2R. 
(5oj 

So long as the line surge impedances are equal on both 
sides of the resistor then the transmitted and reflected 
waves are independent of the direction from which the 
wave propagates. If on the other hand the line is un- 
symmetrical with respect to the resistor this statement is 
untrue. Thus, if the line surge impedance to the left of 
the resistor is 2 and to the right Z’, then for a wave mov- 
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ing from the left hand side at the point 
coefficient is 

2RZ’ 

a”=RZ+RZf+Z.Z’ 

and the reflection coefficient is 

Pa= 
RZ’-RZ-ZZ’ 

RZ+RZ’+ZZ’ 

For a wave moving from the right to 
mission coefficient, ?a, is 

2RZ 

a the transmission 

(514 

@lb) 

the left the trans- 

(514 

Fig. 21—Lattice network. 

(a) Equivalent circuit of line with several shunt impedances at dis- 
tributed points. (b) Lattice network for voltages on above circuit. 
(c) Addition of components from lattice network to give actual volt- 
age at a given point. 

and the reflection coefficient, a,, is 

RZ- RZ’--2’2 

‘,= RZ’+RZ+Z’Z 
(514 

W-hen the transmitted wave from a reaches b, another 
reflection and partial transmission occurs. The reflected 
wave from b is partially transmitted and reflected from a. 
This continues indefinitely throughout the network until 
the components have been reduced to zero. By means of 
the system2 shown in Fig. 21 (b) account can be kept of 
each component not only in magnitude but in time. The 
horizontal distance represents length along the line and 
the vertical distance time. The inclined lines are so sloped 
that the vertical distance represents the time required for 
the original wave or a reflected component to reach the 
point designated. Let zero time be the instant at which 
the traveling wave ef leaves 0. At time tl this wave has 
reached a. The reflected wave from this point is &ef which 
is sloped the opposite direction and is thus indicative of 
motion in the reverse direction. The transmitted wave 
from a, CY, ef reaches b at time t2 when a reflection @b (Y~ ef 
occurs and the wave Cxyb cya ef is transmitted beyond this 
point. This latter wave reaches c at the time t3. Each 
wave whether it be transmitted or reflected has its own 
transmitted and reflected components. Where two waves 
coincide as at b for time tS where waves from a and c arrive 
at the same time, the reflected and transmitted waves 
from this point are added, as has been done for the wave 
between b and a between t5 and ta. 

To determine the actual voltage at any point such as 
X it is necessary to add the different components with 
their proper time relations as is shown in Fig. 21 (c). The 
method is much simpler than this description might con- 
vey as numerical values simplify very greatly the appear- 
ance of the steps. In most cases the resistors are equal and 
equally spaced. If the voltage at any of the resistors is 
desired, the components of voltage on either one side or the 
other should be added not the components on both sides. 

18. Current Lattice Network 
So far consideration has been given only to the voltage 

waves in lattice networks. The currents can be obtained 
from the voltage components by merely dividing those 
that move from left to right by the proper line surge im- 
pedance 2 and those that move from right to left by the 
corresponding -2. The sign is determined simply by the 
direction of downward slope of the lines in Fig. 21 (b). 
However, instead of using the voltage waves as a basis for 
the lattice network, the current waves can be used with 
equal facility. A similar set of equations employing trans- 
mission and reflection coefficients relates the transmitted 
and reflected waves to the oncoming wave approaching the 
discontinuity. 

For waves, 1$, moving from left to right 

it = transmitted current wave = aaif 

i, = reflected current wave = -,&if 

For waves, If, moving from right to left 

zt = raif 

. 
zr = - 6,if 

(52) 

(53) 

(54) 

(55) 
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For these equations the transmission and reflection co- 
efficients are identical to those used for the voltages in 
the voltage lattice network for either the simple condition 
of uniform line surge impedance 2 (see equations 49 and 
50) or for the more general case of different surge impe- 
dances on each side of the point of discontinuity (see equa- 
tions 51 (a) to 51 (d)). The negative signs in equations (53) 
and (55) for the reflected waves are due to difference in 
polarity relations between the current waves and their cor- 
responding voltage waves for surges propagating in the 
two directions. 

In accordance with Kirchoff’s law, the current flowing 
in any of the shunt resistors is equal to the algebraic sum 
of the current waves moving into and out of the point. 
Where the line surge impedance 2 is the same on both 
sides of the resistor, the resistor current can be given in 
terms only of the summation of the incoming waves from 
both left and right by the following equation 

In summing the different components they must be 
with the proper time displacement between them. 

2R . 
‘(resistor) =Zm c ” 56(a) 

added 

IV. MUTUALLY COUPLED CIRCUITS 

19. Voltages and Currents for Two Parallel Con- 
ductors 

Just as the steady-state voltage and current relations 
between two coupled electromagnetically or two electro- 
statically coupled circuits can be expressed in terms of 
two simple linear equations so also can the relations be- 
tween voltages and currents associated with traveling 
waves in two parallel conductors be similarly expressed. 

f%l = -21x1- z12&2 (59) 

en = - Zd,l - Z2h2 ON 

Alternate Form 
if1 = Yllefl+ Y12ef2 (61) f1= - Yum - Y12er2 (63) 
if2 = Y&n -I- Y&f2 (62) Q = - YUGI - Yaeti (64) 

in which 

Fig. 22—Analytic representation of voltage and current waves 
on mutually-coupled circuits. 

These relations for a pair of forward moving waves is 
given by Eqs. (57) and (58) of Fig. 22. The voltages are 
measured with respect to ground as zero potential and 
the positive sense of current flow is taken as from left to 
right. The corresponding relations for a reverse moving 
pair is given by Eqs. (59) and (60). The coefficients in 
these equations are called self and mutual surge imped- 
ances. 

The converse relations for currents in terms of voltages 
are given by equations (61) to (64) in which the coefficients 
are called the self and mutual surge admittances. Equa- 
tions (65) to (67) give the admittances in terms of the 
surge impedances. 

For cases in which these components only are involved 
the total voltages and currents in the two conductors are 
given by Eqs. (68) to (80). 

Where more than two conductors are involved these 
equations may be generalized quite readily by the addition 
of other terms. Thus, for three conductors Eqs. (57) and 
(58) would be extended by the addition of a third term 
involving the current in the third conductor with a co- 
efficient equal to the mutual surge impedance. In addition 
a third equation would be introduced for ef3. Similar addi- 
tions would be incorporated throughout the system of 
equations. 

20. Self and Mutual Surge Impedances 

For most traveling waves the current flows near the 
surface of the conductor which permits neglecting the 
flux inside. In addition the earth can in nearly all cases 
be regarded as having perfect conductivity. For these 
assumptions the self and mutual impedances in terms of 
the nomenclature illustrated in Fig. 23 are 

2h 
Zll = 138 loglo ; ohms 

&4 = & = 138 loglo ; ohms 032) 

Fig. 23—Two parallel conductors with their images. 



Chapter 15 Wave Propagation on Transmission Lines 533 

21. Several Conductors in Parallel It can be seen that the only effect of the presence of the 

There are certain practical cases where surges are in- grounded conductor is to reduce the effective surge im- 

troduced simultaneously on several conductors in parallel pedance of the ungrounded conductor. 
and sufficient symmetry exists that it can be assumed that 
the voltage and currents are equal on each of them. For 

23. Reflected and Transmitted Waves When One 

these assumptions an equivalent surge impedance can be 
Conductor Is of Finite Length and Open Cir- 

determined which enables the treatment of the conductors 
cuited 

as a single equivalent conductor. This case is illustrated in Fig. 25. Let it be assumed that 

For two conductors if the voltage, e, of the single the forward moving waves en and ef2 are known and it is 
equivalent conductor is taken as the mean of el and e2 and desired to determine their associated currents, the voltages 

by assumption il and i2 are equal to i where i is the total 

current, then from equations (57) and (58) 

e= 

Therefore, the equivalent surge impedance is 

z,= ~(&1+2z2+~22) 

Upon substituting (81) and (82) this becomes 

z,= 

(84) 

from which it can be seen that the two conductors can be 
replaced by a single conductor whose radius is qrlr2a2 
and height above ground is ysym. For most cases 
the height can be taken as the arithmetic mean of the 
two conductors and when they have equal radii 

Z,= 138 log,, y (85) 
Fig. 25—Reflected and transmitted waves when one conductor 

is of finite length and open circuited. 

22. Wave on One Conductor with the Other 
Grounded 

and currents that will be reflected backward when the 
point corresponding to the end of the one line is reached, 

In order to clarify some of the physical concepts in- and the voltage and current transmitted beyond this point 
volved several specific cases will be considered. The first on conductor number 1. These quantities constitute the 
of these is shown in Fig. 24, in which a voltage wave is eight unknowns ifl, if2, e,l, er2, &I, ir2, et1 and itl. The 

eight equations required for their solutions are Eqs. (57) 
to (60) of Fig. 22 and the four following which apply at the 
point of discontinuity: 

efl+e,l= et1 No 

et1 = Z&I (8% 
ift+Gl= itr 

if2+ir2 = 0 

(90) 
(91) 

if1 and if2 can be determined from Eqs. (57) and (58) and 
then from Eq. (91) ir2 is known. By the combination of 

Fig. 24—Voltage and current relations for voltage applied to 
one conductor with other conductor grounded. 

Eqs. (88), (89), and (90) 

efl+e,l= &(h+L) 

applied to conductor number 1 and conductor number 2 
is grounded. Substituting the condition into Eq. (58) 

Substituting in this equation the values of en and e,l 

that ef2 is always zero, then 
as given by Eqs. (57) and (59) there results 

if2 = 
212 . 

036) 
&if2 - 2Zllirl -Z&r2 = 0 

- Zfl which gives the equation for i,l when the value of i,~ 
Substituting this value into (57) given by Eq. (91) is substituted 

z2 . 
efl = &bfl- Ffl= 

&Z22 -z:, 

z if1 
22 22 

(9% 
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Substituting the values of i,l and i,z given by Eqs. 
(91) and (92) into Eq. (59) 

212 . erl = -211 __ ( 2f2- &2( -if2) 

erl=O (93) 

Thus there is no reflected voltage wave on conductor 
number 1 and the voltage en is transmitted undistorted 
past the point of discontinuity. 

Making similar substitutions in Eq. (60) 

212 
er2= 442 --if2 -z22( -if2) 

( > 211 

Z22&- Zl’, . 
er2= 

211 fa 

From Eqs. (62), (66), and (67) 

(94) 

if23 - 
212 

efl+ 

211 

&lZ22 - z’2 zlpz22 - Z,:efa 

and substituting this value of if2 into Eq. (94) 

212 
G2 = -Elefl+ef2 (95) 

The total voltage at the end of conductor number 2 is 

h2 
e2 =ef2+G2= ---efl+2ef2 

211 
(96) 

24. Reflected and Transmitted Waves When Con- 
ductor of Finite Length Is Grounded 

For this case, which is illustrated in Fig. 26, the four 
additional equations to be used with Eqs. (57) to (60) 
are the following: 

en+&1 = et1 (97) 

et1 = &it1 (98) 

in+h=itl (99) 

f?f2+er2=Ot er2= -ef2 (100) 

These eight equations can be solved for the eight un- 
knowns with the results given in Fig. 26. The relations 

for the currents can be determined from the voltages by 
the equations given in Fig. 22. 

25. Conditions at the Beginning of a Parallel 
This case is illustrated in Fig. 27, and the point of dis- 

continuity A will be discussed first. As in all the cases 
just considered, the original waves are regarded as ap- 

Fig. 27—Conditions at the beginning of a parallel. 

proaching the point of discontinuity from the left-hand 
side. The reverse or backward moving waves of current 
and voltage to the right of A must therefore be equal to 
zero. Since no current can flow to the left of A, then the 
transmitted current wave in conductor number 2 must at 
all times be equal to zero. The only current present to 
the right of A is the transmitted current wave in conduc- 
tor number 1. The presence of conductor number 2 can- 
not affect either the current or voltage in conductor 
number 1. Similarly, when considering the discontinuity 
at B, it follows that since the approaching current wave in 
conductor number 2 is zero then following the same 
reasoning as for A, the current in the conductor to the 
right of B must be zero and conductor number 2 can have 
no effect upon conductor number 1. 

The transmitted and reflected waves in conductor 
number 1 can be calculated by neglecting the presence of 
conductor number 2. 

26. Coupling Factor 
In any case such as Fig, 27 in which the current in one 

conductor, such as number 2, is zero, the voltages are 
from Eqs. (57) and (58) 

et1 = &lit1 

et2 = &2itl 

Thus for this condition the voltage induced on con- 
ductor number 2 is related to that on conductor number 1 

by the term 2. This is commonly called the coupling 

factor and will ie denoted by the symbol 
” 

Fig. 26—Reflected and transmitted waves when conductor of 
finite length is grounded. 

K12 = A$ (102) 
11 
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The coupling factor can be written in terms of the phys- 
ical constants of the conductors shown in Fig. 23, by the 
use of Eqs. (81) and (82) 

b 
log - 

K 
a 

12=- 
2hr 

(103) 

log -yy 

As will be shown subsequently, the coupling factor is 
of importance in calculating the voltages induced in con- 
ductors parallel to those struck directly by lightning. 
Values of the coupling factor between phase wire and 
ground wire for lines with one ground wire are given in 
the curves of Fig. 28 for a practical range of transmission 
line construction. For estimating purposes a value of 
0.25 can be used. In Fig. 28 the coupling factor is plotted 
as a function of the spacing (a) between the ground wire 
and conductor for various ground wire heights (h). As 
shown by Eq. (103) it is also a function of the dimension 
(b) of Fig. 23 which is defined not only by (h) and (a) 
but by the angular position of the conductor relative 
to the ground wire and the vertical. However this angu- 
lar position has little effect and the curves of Fig. 28 give 
the coupling factor to within about three percent for 
practical conductor positions. In addition the curves ap- 
ply to a fixed ground wire diameter of $ inch. The prac- 
tical range of ground wire sizes is from i to g inches and 
for this range the use of 3 inch gives a maximum error of 
only five percent. 

Coupling Factor Between Conductor and Two 
Ground Wires. If lightning strikes one conductor of 
a double ground wire system at midspan without flash- 
over, coupling factors between the ground wire system 
and phase conductors can be computed on the basis of 
involvement of one ground wire only as no current will 
flow in the other ground wire. This condition applies 
until the disturbance on the ground wire propagates to 
a point in the system such as a tower at which metallic 
connection is made between the two ground wires. If 
on the other hand the lightning strikes a tower top, then 

Fig. 28—Coupling factors between conductor and one ground 
wire l/z inch in diameter. 

Fig. 29—Configuration for two ground wires and a conductor. 

both ground wires are immediately involved. For cases 
in which both ground wires are involved the voltages 
and currents because of the usual symmetrical arrange- 
ment will be equal on the two ground wires. In Fig. 29 
let the quantities referring to the ground wires be desig- 
nated by the subscripts 1 and 2 and those on the con- 
ductor by the subscript a. The voltage induced on the 
conductor is given by 

I- ,“\ 

where 
-2 

il = i2 = - 
2 

therefore, the equivalent mutual impedance is 

z 
zla+z2a 

meq=- 
2 

which from Eqs. (81) and (82) is 

z 
l/M2 

meQ = 138 loglo m 
ha2 

The two ground wires can be replaced by a single equiv- 
alent ground wire whose spacings are shown in Fig. 29. 
The coupling factor can then be written, by combining 
Eqs. (85) and (104), as 

The two ground wires can be replaced by a single equiv- 
alent ground wire whose spacings are shown in Fig. 29. 
The coupling factor can then be written, by combining 
Eqs. (85) and (104), as 

loge log!3 
&a2 a, K= =- (105) (105) 
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Fig. 30—Coupling factors for two ground wires of 1/2-inch 
diameter. 

Fig. 30 gives values of this factor for practical ranges of 
ground wire and conductor configurations for ground 
wires of 3 inch diameter. Calculations indicate that for 
practical configurations these curves are accurate to within 
about five percent regardless of the position of the con- 

ductor with respect to the ground wires. Ground wire 
diameter has little effect upon coupling factor for values 
between 4 and Q inches. 

V. ATTENUATION AND DISTORTION 

Aside from the effects of reflections at transition points, 
traveling waves are both attenuated and distorted as they 
propagate along a line. This is caused primarily by losses 
in the energy of the wave due to resistance, leakage, di- 
electric and corona loss. For sufficiently high voltages 
corona is the most important factor and due to it waves 
are attenuated within a few miles to a safe voltage. 

The nature of the distortion produced is shown in the 
oscillograms of Fig. 31 which are typical of the results 
obtained by several studies made with artificial surges on 
transmission lines a-1o. Examination of these oscillograms 
shows that both the front and tail of the wave are sloped 
off by propagation. 

Any of the possible types of losses will produce this ef- 
fect. Above corona voltage, however, effects become much 
more pronounced. 

27. Effect of Series Resistance 

For the special case of the so-called “distortionless line” 

R G=o --- 
LC (106) 

where R is the series resistance and G the shunt conduc- 
tance per unit length of line. For such a line, surges are 
attenuated without distortion. The attenuation in a dis- 

--% tance 2 is equal to t , which expresses the fraction to 
which the wave is reduced. The unit of z is dependent 
solely upon the unit used in expressing R. 

In actual transmission lines the shunt conductance is 
so low as to be negligible and the condition expressed 
by Eq. (106) is not satisfied. Thus in actual lines a surge 
is not only attenuated but also distorted. If, however, 
the distortion is neglected and the attenuation is derived 
on the basis of energy loss alone 12, a factor equal to 

cWn is obtained. Assuming a 0000 copper conductor of 
surge impedance 500 ohms and d-c resistance of 0.302 
ohms per mile, the surge must travel 2300 miles to attenu- 
ate to one-half value. Of course, the resistance of the 
conductor under surge conditions, due to crowding of the 
current toward the surface, is much greater than that of 
the d-c value. To form some idea as to the order of mag- 
nitude of this effect, the resistance of the conductor at a 
frequency of 1 000 000 cycles can be calculated. At this 
frequency the resistance is 18 times the d-c value and 
assuming a resistance to surges of this magnitude it is 
found that the surge must travel 130 miles to attenuate 
to one-half value. In general it may be concluded that the 
attenuation due to resistance is negligible as compared to 
other factors, such as corona. 

A more accurate indication of the resistance of a con- 
ductor under surge conditions is provided by Miller13 If a 
square-front wave is applied to a conductor, all of the cur- 
rent initially crowds toward the periphery. The current 
density then “soaks” into the interior with a diffusion 
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Fig. 32—Transient current distribution in solid rod. 

“velocity,” h, given by 

r 
h= -f?- in cm. per sec. % (107) 

4rp 

where p = Specific resistivity. 
P = Magnetic permeability. 

For copper h is 11.6 cm per sec.%; for aluminum 14.5; and 
for steel, if P is assumed to be 1000, his 1.9 cm per sec.%. 

For a solid round conductor, it is convenient to express 
the results in terms of a numeric given by the relation 

() i= ; ‘t (108) 

where t is time in seconds and b is the radius of the con- 
ductor in cm. 

The current distribution within the conductor is shown 
in Fig. 32. With increasing time the current first crowds 
toward the periphery at zero time and then penetrates the 

Fig. 31 —Oscillograms of artificial surges showing attenuation Fig. 33—Ratios of effective resistance to d-c resistance for a 
and distortion. solid round conductor. 
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interior until at long times it is uniformly distributed over 
the cross section. 

I,et K define the ratio of the instantaneous resistance to 
the d-c resistance, and K.v the average of K up to the time 
t. Values of these quantities are given in Fig. 33. As a 
numerical example of the use of Fig. 33, suppose a constant 
current suddenly is applied to a solid copper rod + inch 

2.54 
in diameter, for which b is then —— =0.635 cm. The 

2)(2 

values oft, K and K.. f or various times is given by Table 1. 

TABLE l—VALUES OF ~ K, AND K.. FOR DIFFERENT TIMES 

28. Empirical Data on Attenuation 

Studies made by several investigators with klydono- 
graphs have yielded data on the attenuation of the crest 
magnitude of voltage waves due to lightning14-18. An 
empirical formula has been developed by Foust and 
Menger’8 to fit such data. This formula, which assumes 
that the loss in the wave is proportional to the third 
power of the voltage, is shown in Fig. 34. Its absolute 
value depends upon the arbitrary constant K. In Fig. 34 
are plotted curves from this formula which represent the 
envelope of all available field data and a curve which rep- 
resents a common mean. Other empirical formulae have 
also been developed2,20 which correspond (with the proper 
choice of the arbitrary constants) fairly closely to the 

Fig. 34—Foust and Menger formula for determination of 
attenuation of crest magnitudes of voltage waves. 

Foust and Menger formula in the high voltage range. For- 
mulae of this type do not take into account the various 
important factors controlling attenuation and serve only 
to indicate its order of magnitude. Since the effect of dis- 
tortion is not considered, the curves of Fig. 34 can be used 
for estimating purposes to determine the attenuation of 
the crest in a given distance for a surge of a given initial 
crest voltage by using the point on the curve corresponding 
to the initial voltage as a reference point. For example, 
examination of the mean curve of Fig. 34 indicates that a 
2000 kv surge will be attenuated to 750 kv in 6 miles and 
a 1000 kv surge to 750 kv in 2.5 miles. 

Since at the higher voltages corona is the most important 
factor, the effects of wave shape, polarity, and line con- 
struction on attenuation can be explained on the basis of 
their effect upon corona. Thus surges on large conductors 
should be attenuated more slowly than on small conduc- 
tors. Likewise positive surges should be attenuated more 
rapidly than negative ones since corona loss is greater for 
positive waves. 

The effect of some of the more important factors are 
shown by the curves of Fig. 35 obtained from studies with 
artificial surges. The curves give the effect of polarity 
and wave shape showing that short surges are attenuated 
more rapidly than long ones. Surges of the same voltage 
propagating on more than one conductor are shown to be 
attenuated less than a surge on only one conductor. 

Ground wires appear to have slight effect on attenua- 
tion. Brune and Eatong found that at high voltages 
ground wires increased the attenuation slightly but at 
lower voltages decreased it. This appeared to be true for 
both polarities. McEachron, Hemstreet, and Rudgec, 
however, found that positive surges were not affected by 
the presence of a ground wire while negative surges were 
attenuated less. 

In using the data of Fig. 34, the evidence indicates that 
the information from sharp chopped waves lay closer to 
the dotted curves and that information from slower waves 
lay closer to the dashed curve. 

29. Corona 

Attempts have been made to obtain analytical expres- 
sions for the effect of corona on distortion20,22. The best 
picture of the mechanism of corona power loss at the 
present time seems to be the following as given by Skilling 
and Dykes22: “There is a critical electric gradient for air 
that cannot be exceeded. Any attempt to increase it 
results in profuse ionization of the air, and the charges 
liberated by ionization take up such positions in space 
that the gradient does not exceed this value. 

“Shortly after its formation space charge becomes rela- 
tively immobile, probably due to the formation of rela- 
tively heavy ions whose mobility is almost negligible 
compared to electrons. 

“The supply of space charge to the region about a con- 
ductor increases as long as the voltage increases and 
energy must be supplied for their formation from the 
conductor. 

“After the crest of a voltage wave is reached and begins 
to decrease, the space charge remains practically constant 
in magnitude and position. During this time there is little 
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Fig. 35—Effect of the more important factors on attenuation. 

(a) Effect of polarity and wavelength. (b) Effect of propagation on more than one conductor. (c) Effect of polarity and propagation 
on more than one conductor. 

loss in energy from the conductor, what there is being due 
to diffusion of ions in the electric field at a slow rate. ” 

Skilling and Dykes22 have developed an analytical 
method of determining the distortion which is produced 
by conversion of a portion of the energy of the wave into 
corona loss as the voltage rises to crest value. This de- 
creases the net stored energy of the wave. Line loss is 
neglected after the voltage crest is reached. Distortion 
of the tail is not considered, and it is assumed that the 
crest of the wave is moved along the original tail. Exam- 
ination of oscillograms showing corona distortion such as 
those of Fig. 31 indicate that this is a good assumption. 
The equation which they use for the energy per unit length 
of the wave is the following 

Energy = ~e2 (109) 

which neglects distortion and the formation of space 
charge. The quadratic formula for corona loss per unit 
length is used in the form 

Loss = ~(e –eO)2 (110) 

where e. is the critical corona voltage and K and n are 
empirical constants which will be discussed later. This 
type of expression for power frequency corona loss was 
developed by Peek. 

With analytical expressions for the initial surge voltage 
as given by the following 

e =jo(t) (111) 

or t= Fe(e) (112) 

The equations which they developed for the correspond- 
ing quantities after the wave has propagated a distance 
x are 

( K(e –eO) +nC’e 
e=j’o t– x 

nCve ) 

() 

K e–eo Z 
t=~O(e)+~v — z+- 

e v 

(113) 

(114) 

where 
t= time in seconds 
e = voltage in volts 

e.= corona starting voltage in volts (crest) 
v = velocity of propagation of the wave in feet per 

second. 
=9.84x108 

C= capacitance of line in farads per foot 
x = distance of travel in feet 

K= the constant of Eq. (110) which relates crest 
voltage in volts to energy loss in joules per foot 
per half cycle, and which may be found from 
Peek’s quadratic law or otherwise. It is equal to 
Peek’s constant (which is expressed in kilowatts 
per kilovolt per mile) multiplied by 
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() K e–e~ 
the value —— — x. In this manner the front of the 

nCv e 
distorted wave can be plotted. The crest of the wave is 
determined by plotting the distorted wave on the same 
figure with the initial wave, starting both at the same 
point. The crest is the point of intersection of the distorted 
front with the tail of the initial wave. 

A comparison of calculations of distortion using this 
formula with oscillograms of actual cases is shown in Fig. 
31 where the solid curve expresses waves calculated by 
Skilling and Dykes. As seen by these curves the calcu- 
lated results conform closely to the oscillograms above 
the critical voltage except at the crest of the wave. 

In order to obtain abetter idea of the effect of corona 
in sloping off the front of voltages high enough to be of 
importance from an insulation standpoint calculations 
were made of the distortion of waves of different fronts 
and magnitudes after traveling different distances. These 
are shown in Fig. 36. 

VI. 60-CYCLE STEADY-STATE PERFORMANCE 

Misunderstanding sometimes occurs in the application 

Fig. 36—Effect of corona in sloping the front of negative- 
voltage waves of different fronts and magnitudes. 

( 
103 

) 
= 1.895X 10-7 . For high voltage 

5280 X 10° 
transmission lines K is of the order of 4X 10–12. 

Skilling and Dykes describe the constant n as follows: 
“The factor n is a more or less constant factor which is 
needed to account for three differences between the corona 
of traveling waves and corona at power frequency. These 
are (1) the effect of mobility of charge (2) the fact that 
when voltage is alternating there is a space charge left 
over from one-half cycle to the next, and (3) the difference 
between positive and negative corona.” 

They found that good results could be obtained if 
n =2+ for positive waves and n = 4 for negative waves. 

Eq. (114) is more convenient for an actual calculation. 
This equation shows that at a distance x for every value 
of e on the front of the original wave there is a new value 
of t. If there were no distortion this would be the original 

value Fe(e) from Eq. (112) plus ~ the term which repre- 

sents the time for the wave to travel the distance Z. The 

() 

term - K e—e~ 
z describes the distortion of the wave 

nCv e 
produced by corona. It is not necessary to know the ana- 
lytical expression for the initial wave. The wave can be 
plotted graphicaHy and successive values of voltage se- 
lected on the front of the wave with their corresponding 
times. To obtain the time it takes the voltage to rise from 
zero to this same value after the wave has traveled the 
distance z it is merely necessary to add to the initial time 

of wave theory to the steady-state 60-cycle operation of 
transmission lines. This occurs particularly with regard to 
the no-load condition. The question is frequently asked, 
“Since it is known that the waves travel with the speed of 
light, should there not be a phase-angle displacement be- 
tween the two ends of the line equivalent to the time 
required for the wave to travel the length of the line?” 
Actually, of course, at no load the phase displacement is 
very low and if the resistance is equal to zero the phase 
angle is also zero. This difficulty is resolved when the re- 
flections are taken into consideration. To clarify this 
situation, consideration will be given to some simple 60- 
cycle conditions as applied to a resistanceless line. 

As was shown in Section 10 of this chapter, if a resist- 
ance, equal to the surge impedance, is connected in shunt 
across the receiving end of a resistanceless line and a surge 
is impressed upon the line, no reflections occur at the re- 
ceiving end. Under these same line conditions, if a 60-cycle 
voltage is impressed across the sending end, waves of volt- 
age propagate along the line and no reflections occur. Since 
waves travel with the speed of light, 186000 miles per 
second, then a full wave or 360 degrees phase displacement 

186000 
occurs on a 

60 
or 3100-mile line. The phase dis- 

300 
placement for a 300-mile line is ~ 360 or 34.8 degrees 

and the voltages at the two ends are equal in magnitude. 

The amount of power absorbed in the resistor ~, on a 

three-phase basis, where E is the line-to-line voltage) can 
be transmitted an indefinitely long distance with constant 
voltage all along the line. At this load the capacitive 
charging kva just equals the inductive reactive kva of the 
inductance. This particular load is called the `‘surge im- 
pedance load. ” If the resistance, which might be char- 
acterized as a “dead” load is replaced by synchronous 
equipment, other factors enter which limit the amount of 
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Fig. 37—Steady-state analysis by means of wave theory of an 
open-circuited resistanceless line 300 miles in length. 

power that can be transmitted. For detailed consideration 
of these factors see the chapter on System Stability. 

Now returning to the open circuit, let the voltage whose 
vector (or phasor) value is indicated by E,l of Fig. 37 be 
impressed across the sending end of a 300-mile line. At a 
time later represented by the time required for the wave 
to traverse the line (34.8 deg.) the wave, E,l, reaches the 
end of the line and is reflected with equal magnitude and 
phase position, .Er2. This wave reaches the sending end 
with a magnitude and phase position given by E~2. This 
voltage is reflected with opposite polarity as given by E,3. 
Now impress upon the line an additional voltage given by 
13,A which is equal to E2. The purpose of this additional 
voltage is to annul the effect of E*3 in so far as the line is 
concerned. Both E,3 and E~4 propagate along the line but 
since they are equal and opposite they cancel each other. 
All reflections are now provided for adequately. At the 
sending end are the voltages E,l, E~2, E*3 and EB4 which 
add up to EHft.t.lJ in (c). At the receiving end are the 
voltages E,l and E,2. Thus the voltage at the receiving 
end is in phase with that at the sending end and is greater 
by the reciprocal of the cosine of 34.8 degrees or 1.218. 
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CHAPTER 16 

LIGHTNING PHENOMENA* 
Original Authors: 

C. F. Wagner and G. D. McCann 

I. GENERAL CHARACTERISTICS 

T HE physical manifestations of lightning have been 
with us from the remotest times, but only compara- 
tively recently have the phenomena become even 

partly understood. Franklin in his electrical experiments 
between 1740 and 1750 succeeded in identifying lightning 
as the static electricity of his time. Beyond this fact little 
was learned until within the past 35 years. The real in- 
centive to obtain additional knowledge lay in the necessity 
of the electrical industry to protect against its effects. As 
longer transmission lines were built the need for reduction 
in outages due to lightning became more acute. This placed 
more stringent requirements upon lightning arresters and 
other protective devices. Largely through the co-operation 
of the utilities and manufacturers and through the use of 
special instruments such as the klydonograph, cathode-ray 
oscillograph, surge-crest ammeter, Boys camera, and ful- 
chronograph, information of a very valuable character has 
been obtained regarding stroke mechanism and the voltages 
and currents associated with lightning. 

1. Charge Formation 

In spite of the great interest in the manner in which 
charges arise in thunderclouds, the question is still contro- 
versial. Some half-dozen theories have been advanced, 
but those of C. T. R. Wilson and of G. C. Simpson or 
modifications of them have received most consideration. 
Both theories postulate ascending currents of air and 
relative motion of rain drops of different sizes. 

Wilson’s theory’ depends for its explanations upon the 
presence of large numbers of ions in the atmosphere. Many 
of these ions, both positive and negative, attach themselves 
to minute particles of dust and extremely small drops of 
water, called Aitken nuclei, to form large ions as contrasted 
with unattached or small ions. Over land the number of 
small ions of each sign ranges from about 300 to 1000 per 
cubic centimeter, and the large ions from 1000 to 80 000 
per cubic centimeter. The small ions do not play an im- 
portant part in Wilson’s theory. The mobility of an ion is 
the steady velocity that can be attained under a voltage 
gradient of one volt per centimeter. The large ions have 
very low mobility ranging from 0.0003 to 0.0005 centimeter 
per second. Under a gradient of 10 000 volts per centimeter 
this would correspond to a velocity of only 3 centimeters 
per second. 

Macky2, in a study of the behavior of water drops when 
exposed to electric fields, found that a droplet of radius p 
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centimeters becomes elongated until at a critical field de- 
termined by the relation Fz/p=3875 it becomes unstable. 
A luminous glow is formed at each end and the energy 
absorbed thereby results in evaporation of a portion of the 
water forming the droplet. This sets a limit to the size of 
drops in a thunderstorm. Thus, no drops greater than 0.15 
centimeter in radius can persist in fields of 10 000 volts per 
centimeter. Air pressure has no influence upon the field at 
which this occurs. Macky suggests that in general the 
fields within thunderstorms will rise to a value of the order 
of 10000 volts per centimeter before discharge occurs. 

Wilson’s theory premises the existence of the normal 
field which occurs during fair weather. This is generally 
directed downward, the direction which convention has 
adopted as positive. In magnitude it is of the order of 
one volt per centimeter at the surface of the earth and 
gradually decreases with altitude until at 30 000 feet it is 
only about 0.02 volt per centimeter. A relatively large 
drop of water (of say one millimeter radius) in such a field 
will become polarized by induction, the upper side acquir- 
ing a negative charge and the lower side a positive charge 
(see Fig. 1). The velocity of fall under the influence of 
gravity of such a charge will be 590 centimeters per second, 
which is large with respect to the velocity of the slowly 
moving ions even under the maximum field strength of 
10 000 volts per centimeter. At the under surface of the 
drop a selective action with regard to the slowly moving 
ions occurs. The negative ions tend to be attracted and 
the positive ions repelled. No such selection occurs at the 

Fig. l—Capture of negative ions by large falling drops. 

*The material in sections I and II of this chapter is essentially the same as that presented in a series of articles by the original authors that appeared in August, Sep- 
tember, and October, 1941 issues of Electrical Engineering. The material in section III is revised to include the results of field studies through 1949. 
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upper surface. As a result of this action, the drop accu- 
mulates negative charge. With the loss of the negatively 
charged ions the remaining large ions are predominantly 
positive. The smaller drops descend with a lower velocity 
and thus their velocity becomes more nearly equal to that 
of the velocity of the large ions under the influence of the 
electric field. It becomes possible then for the small drops 
of water to pick up positive charge by impact with the 
positive ions. 

Thus, the original charges which were distributed at 
random and produce an essentially neutral space charge, 
become separated. The large drops carry the negative 
charges to the lower portions of the cloud and the small 
drops retain the positive charge in the upper portion. 
According to Wilson’s theory the lower portion of the 
cloud is negatively charged and the upper portion, posi- 
tively. This mechanism of discharge has been verified 
experimentally in the laboratory by Gott3 who actually 
obtained charge separation by this process. 

The theory of G. C. Simpson4 also has been substan- 
tiated in part by laboratory experiments. It has been 
shown that a water drop of radius greater than 2.5 milli- 
meters becomes flattened or unstable when it falls through 
still or ascending air. A large number of smaller drops are 
formed. The terminal or steady-state velocity of drops 0.25 
centimeter in diameter is eight meters per second, which 
thus constitutes the limiting relative velocity of rain drops. 
NO drops will fall to earth in an ascending current of air 
exceeding eight meters per second. It has also been shown 
that when water drops break up, the resulting droplets 
become positively charged and the air negatively. 

The meteorological conditions within a cloud according 
to Simpson are shown in Fig. 2. The unbroken lines rep- 

Fig. 2—Meteorological conditions within thunderclouds, 
according to Simpson. 

resent lines of flow of the air, their distance apart being 
inversely proportional to the wind velocity. The air enters 
the storm from the right and passes under the forward end 
of the cloud where it takes an upward direction. Within 
the cross-hatched oval marked 8 the vertical component 
of the wind is more than eight meters per second; and 
outside less. For the reason just stated no water can fall 
through this area. The dotted lines show the general path 
of the larger drops as they fall to earth. The balloon-like 
surface of which the oval 8 forms the bottom represents 
a boundary within which the upward velocity is still very 
high. 0nly the larger drops are able to descend within 
the volume so formed and none are able to penetrate the 

Fig. 3-Electrical conditions within thunderclouds’. 

oval 8. The drops that do fall within this volume will be 
broken and the parts blown upward. The small drops that 
have been blown upward will recombine and fall back 
again, and so the process will be continued. 

The distribution of electrical charge that will result from 
the conditions represented in Fig. 2 is shown diagrammatic- 
ally in Fig. 3. The mechanism by which charge separation 
occurs is explained clearly by Simpson as follows: 

“In the region where the vertical velocity exceeds eight meters 
a second there can be no accumulation of electricity. Above this 
region where the breaking and recombining of water drops take 
place (the region marked B in Fig. 3) here, every time a drop 
breaks, the water of which the drop is composed receives a 
positive charge. The corresponding negative charge is given to 
the air and is absorbed immediately by the cloud particles, which 
are carried away with the full velocity of the air current (neglect- 
ing the effect of the electrical field in resisting separation). The 
positively charged water, however, does not so easily pass out of 
the region B, for the small drops rapidly recombine and fall back 
again, only to be broken once more and to receive an additional 
positive charge. In this way the accumulated water in B be- 
comes highly charged with positive electricity, and this is in- 
dicated by the plus signs in the diagram. The air with its nega- 
tive charge passes out of B into the main cloud, so that the latter 
receives a negative charge. In what follows, the region B will be 
described as the region of separation, for here the negative 
electricity is separated from the positive electricity. The density 
of the negative charge obviously will be greatest just outside the 
region of separation, and this is indicated in Fig. 3 by the more 
numerous negative signs entered in the region around A.” 

In contrasting the two theories, it may be observed that 
Wilson’s theory leads to the conclusion that the lower 
portion of a cloud is negatively charged and the upper 
portion positively. Simpson’s theory as given above, on 
the other hand, leads to the converse-that an intense 
positive charge resides in the head of the cloud and that 
negative charge is distributed throughout the rest of the 
cloud. Wilson’s experimental observations of field changes 
next to the ground indicated that a charge of positive 
electric moment, that is, a charge distribution equivalent 
to a positive charge above a negative charge, is destroyed 
in the process of most lightning discharges. In addition 
the results of magnetic-link investigations on electrical 
systems, as discussed hereinafter, indicate that approx- 
imately 90 percent of all strokes lower negative charge 
to the transmission system. 

The direct contradiction between these two theories led 
Simpson and Scrase6 to investigate the charge distribution 
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in a more direct manner. Free balloons equipped with 
clock-operated apparatus to measure electric gradient, 
atmospheric pressure, and relative humidity were released 
during storms. It was found that in general the main body 
of a thundercloud is negatively charged and the upper part 
positively charged. A concentration of positive charge 
appears to exist frequently in the base of the cloud. Ac- 
cording to Simpson and Scrase the cloud structure of the 
type shown in Fig. 4 offers a satisfactory explanation of 

Fig. 4—Hypothetical case of a cloud with a positive charge in 
the upper part, a negative charge in the lower part and a 

small region of strong positive charge near the base5. 

practically all the soundings obtained in their investiga- 
tions. The positive charge at the top of the cloud gives 
rise to the positive field encountered at the ground as the 
storm approaches and as it recedes. The negative charge 
contained in the lower half produces a negative field every- 
where under the cloud except where the local concentra- 
tions of positive electricity produce positive fields. Further 
verification of this fact is offered by data obtained by 
Simpson and Scrase by recording ground gradients during 
the passage of storm clouds. From the records of 20 storms 
it was found that the average length of time for which 
the potential gradient was appreciably disturbed from its 
fine-weather value was 75 minutes. By centering each 
record about the midpoint of the total period and dividing 
the record into five-minute intervals, the curve in Fig. 8 
shows the percentage of frequency of positive potential 
gradient. The parts of the curve above the line corres- 
ponding to 50 percent represent a preponderance of posi- 
tive gradient and those below a preponderance of negative 
gradient. It shows that the approach and recession of a 
storm usually are accompanied by positive gradients while 
the center of the cloud produces a negative gradient. This 
is what would occur if the lower portion of the cloud carried 
negative charge and the upper portion positive charge. 

As between the Simpson and Wilson theories, the induc- 
tion theory of Wilson seems to offer an adequate explan- 
ation of negative charge in the lower regions of the cloud 
and the concentration of positive electricity higher up in 
the cloud. It does not explain the positive charge found 
at the base of the clouds. However, quoting from Simpson 
and Scrase : 

“Our observations have shown quite conclusively that the 
boundary between the positive electricity in the upper part of 
the cloud and the negative electricity in the lower is in every 
case in a region of the cloud where the temperature is well below 
the freezing point and generally below-10 degrees centigrade. 
In this part of the cloud raindrops cannot exist. The cloud par- 
ticles may be supercooled water, but on coalescing they would 
immediately freeze. The precipitation in the upper part of a 
cloud is in the form of crystals, either needles or plates, which 
tend to lie horizontally and to fall slowly in a series of nearly 
horizontal motions, first in one direction and then in another. 
These crystals cannot play the role of the raindrops in Wilson’s 
theory, for in the first place they are nearly perfect nonconductors 
and so do not become electrically polarized, and, even if they do 
conduct, their shape and orientation is not favorable to the 
formation of induced charges, and finally their rate of fall 
relatively to the air is very slow. It is clear, therefore, that 
Wilson’s influence theory cannot explain the separation of the 
charges found in the upper part of the thunder-clouds. 

“It is well known that during blizzards in polar regions which 
are accompanied by large masses of blown snow, very strong 
electrical fields are set up near the earth’s surface. These fields, 
with very few exceptions, are positive in direction; that is to say, 
in the same direction as the field in the upper part of a thunder- 
cloud. Simpson, in his discussion of the observations made in the 
Antarctic (Simpson 1919), suggested that the impact of ice 
crystals results in the ice becoming negatively charged and the 
air positively charged. The general settling of the negatively 
charged ice crystals relatively to the positively charged air would 
then result in a separation of electricity with the positive charge 
above the negative. This explanation, however, has not yet been 
confirmed by satisfactory laboratory experiments. Whatever the 
physical explanation may be, there seems little doubt that the 
upper separation of charge in a thunderstorm is in some way 
connected with the presence of ice crystals. 

“There appear therefore to be two different physical processes 
taking place in a thunderstorm to produce the electrical effects: 
One is confined to the upper parts of the cloud where the tem- 
perature is below the freezing point, and the second occurs in the 
lower part of the cloud where the temperature is above the 
freezing point. There is reason to believe that the former is 
associated with the presence of ice crystals and the latter with 
raindrops, probably in the way described by Simpson in his 
breaking-drop theory.” 

Fig. 5 represents Simpson’s revised diagram to illustrate 
the meteorological and electrical conditions in a thunder- 
cloud. This differs from his early conception illustrated in 
Fig. 3, in that a positive charge resides in the upper portion 

of the cloud above a region of separation from the negative 
charge, in which the temperature is between - 10 and -20 

Fig. 5—Meteorological and electrical conditions within a 
thundercloud, according to Simpson’s revised theory. 
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degrees centigrade. More recent investigations of Simpson 
and Robinson6 further corroborate these concepts of the 
three distinct regions of charge distribution. They also 
more firmly establish that the separation of the positive 
charge in the upper region from the negative charge in the 
main body of the cloud takes place at temperatures below 
freezing, while the positive-charge center found at the base 
of the cloud is separated at a temperature above freezing. 

W. J. Humphreys’ offers a modification of Simpson’s 
breaking-drop theory. He retains the experimentally veri- 
fied fact that when a neutral drop is broken up by a jet 
of air, the spray particles are negatively charged and the 
larger remaining particles positively charged. It has been 
observed, principally by aviators, that the mean level at 
which the maximum vertical velocity of air occurs is well 
above the halfway point between the base and top of the 
thundercloud. This velocity is commonly so great that 
raindrops cannot fall through the air at its level. There- 
fore, the greatest concentration of raindrops occurs at this 
point and the seat of the most active electric separation 
must be at a still higher level-the level at which drops 
can just maintain their position against the ascending air. 
The negative electricity presumably is first carried to or 
near to, the top of the cloud and from there pulled down 
along, or near to, the cloud wall by the descending air 
that commonly flows down the sides, incident to cooling 
caused by evaporation. According to this explanation, a 
net positive charge will occur above the midlevel of the 
cloud and the negative charge will be distributed more 
generally throughout the cloud body. This theory does 
not accept the subzero temperature region of separation 
between the negative and positive charges as put forward 
by Simpson. 

E. J. Minser,8 however, largely from observations of 
aviators, retains the conception of a region of subzero 
temperature as an essential factor in the explanation of 
the charge generation within a cloud. He has found that 
cloud masses of high electric charge exist not only in the 
cumulo-nimbus cloud but also in the cumulus cloud of the 
shower type. His explanation is based on a combination 
of the Wilson and Simpson theories plus the ice-crystal 
theory of precipitation suggested by Bergeron. 

The processes occurring within cloud formations are so 
complicated that it is quite possible that all the foregoing 
phenomena-the electrification resulting from breaking 
drops, the selective attraction by polarized drops, and 
interactions between wind and ice crystals at subzero 
temperatures-are involved. 

2. Rate of Charge Accumulation 

The rate at which the charge accumulates is relatively 
slow as evidenced by the measurements of ground gradients 
by Wilson9 and others.lO Fig. 6 is a typical record obtained 
by Wilson which shows both the magnitude and manner 
of variation of this quantity. The division between the 
solid black and shaded areas indicates the magnitude of 
the gradient according to the scale at the left-hand side. 
Sudden discontinuities such as that at A represent the 
destruction of a portion of the gradient as the result of a 
lightning stroke. The single dark line at a and the double 
dark line at a indicate the time of the beginning and end, 

respectively, of thunder arising from the stroke at A. 
From this record Wilson calculated that this particular 
stroke was 7.1 kilometers distant from the observation 
station. Points B, b, and p are similarly associated. Im- 
mediately after the occurrence of a stroke the regenerative 
processes within the cloud begin to re-establish the field at 
the rate indicated by the rate of change of the gradient. 

Fig. 6—Measurement by Wilson of ground gradient during a 
thunderstorm. 

It can be seen that in general the curve is exponential in 
character and requires many seconds before the charging 
process attains a substantially constant value. The prom- 
inence at 14 hours 12 minutes 30 seconds was produced by 
the measuring device to establish the zero line and is not 
a record of change in gradient caused by a stroke. 

3. Cloud Heights 

A search of the literature reveals very little definite data 
regarding the height at which the stroke can be said to 
originate. Simpson and Scrase6 from a limited number of 
observations in England estimate charge centers as occur- 
ring as low as 1500 feet and as high as 30 000 feet. Of 
course, the origin of the stroke may not coincide with the 
charge center but may lie between the charge center and 
the base. E. J. Minser, chief meteorologist of Transcon- 
tinental and Western Air, Inc., has observed that the alti- 
tude of the base of low-level thunderclouds frequently lies 
between 500 and 1000 feet. He further states that his studies 
show that the majority of lightning discharges have oc- 
curred in the cumulus clouds of the shower type and that 
strokes to ground occur most frequently from clouds hav- 
ing the lower altitudes. Data in possession of the United 
States Weather Bureau indicate cumulonimbus clouds as 
having a mean ceiling of 5500 feet with some of them as 
low as 600 to 700 feet. Thunderstorms for which the ceiling 
is practically zero are also reported at times. Instances in 
which the storm clouds actually envelop mountains rising 
from a plain are quite common. 

4. Charge and Field Distribution 

Fig. 7, taken from Simpson and Scrase’s paper, shows 
also that the fields and consequently the charge densities 
are quite variable. The thickness of the vertical columns 
is a measure of the potential gradient, the shaded portion 
indicating a positive field and the unshaded portion a 
negative field. The maximum gradient that could be re- 
corded in the balloon experiments of Simpson and Scrase6 
and Simpson and Robinson6 was about 100 volts per cen- 
timeter. It was found that a gradient in excess of this 
amount very rarely was recorded in any of the balloon 
ascents, and it was concluded that the field in the thunder- 
cloud is of the order of 100 volts per centimeter except 
in relatively small regions of very great electrical activity 
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Fig. ‘/-Electric gradient by Simpson and Scrase5 with free 
balloons. 

where the lightning discharges originate. They found no 
evidence of large horizontal sheets of positive and negative 
charge with electric fields approaching the breakdown 
strength of the air. 

As shown in Fig. 7, Simpson and Scrase found that the 
field between cloud and ground was more or less inde- 
pendent of height and of the order of 50 to 100 volts per 
centimeter. Thus the gradient in the region between cloud 
and ground is about 1 000 000 volts per thousand feet so 
that for a 10 000 foot cloud the potential at the cloud base 
would be of the order of 10 000 000 volts. Taking into 
consideration the more intense fields near regions of high 
charge distribution, it is likely that cloud potentials are of 
the order of 20 000 000 volts. 

5. Mechanism of Stroke 

The electrical charge concentrations within a cloud, of 
course, must be limited to the bounds of the cloud proper 
and in most cases are much smaller. In relation to these 
dimensions the earth can be regarded as infinite in extent. 
It follows then, from consideration of a flux plot, such as 
that of Fig. 4, that before the discharge the electrical gra- 
dient within the cloud must be very much greater than at 
the earth where the gradient never exceeds about 100 volts 
per centimeter. Thus, the discharge tends to be initiated 

Fig.8—Average frequency of occurrence of positive potential 
gradient at the ground during passage of a thunderclouds. 

at the cloud rather than at the ground. As mentioned 
previously, the tests of Macky show that in a region occu- 
pied by water droplets of the size expected in clouds the 
critical breakdown voltage is 10 000 volts per centimeter, 
a magnitude contrasted with 30 000 volts per centimeter 
in air without water droplets. This phenomenon likewise 
tends to initiate the discharge from the cloud. In addition, 

the lower pressure at the higher altitudes, even if there 
be no water droplets, decreases the breakdown gradient. 
On the other hand, tests indicate that discharges from 
positive terminals appear to require lower gradients than 
discharges from negative terminals, and since most dis- 
charges are from negative cloud sources, this property 
would tend to encourage the initiation of discharges from 
the ground. 

What are the facts? The results of a large number of 
photographic records by Schonlandl* indicate that all of 
the discharges he has observed were initiated from the 
cloud end rather than from the ground. McEachron” has 
shown that for the discharge of lightning to a very tall 
building the initial streamer usually proceeds upward from 
the building. In a later discussion12 he states: “Thus far, 
I have no evidence that upward leader strokes occur to 
transmission lines of the usual height.” The evidence, 
therefore, suggests that for the type of discharge with 
which these articles are largely concerned, namely, those 
to low structures, the initial discharge can be assumed to 
start from the cloud. 

Present knowledge of the mechanism of stroke propaga- 
tion is largely the result of the work of Schonland and his 

Fig. 9—Boys-camera photograph of lightning taken by 
Schonland13-17 
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associates in South Africa. 13-17 Most of their data were 
obtained photographically by means of a Boys camera. 
The essential feature of the Boys camera is that it contains 
two lenses mounted diametrically to the axis about which 
the lens system rotates with respect to the film. The com- 
bination of the motion of the lenses and the propagation 
of the stroke produces two distorted pictures of the stroke 
from which, by superposing, one can deduce the direction 
and velocity of propagation of the stroke from the displace- 
ment between corresponding points on the two images. 
The speed of revolution of Schonland’s Boys camera was 
3000 rpm which permitted a resolution of the photograph 
of 0.3 microsecond. Fig. 9(a) shows a pair of these pictures 
mounted together. 

A lightning discharge which usually appears to the eye 
as a single flash is in reality generally made up of a number 
of separate strokes that travel down the same path. The 
interval between these components varies between 0.0005 
and 0.5 second. Each separate stroke starts as a downward 
leader from the cloud. When the downward leader strikes 
the ground it is followed by an intense return streamer 
which consists in a point of intense luminescence traveling 
from the ground to the cloud. The rather interesting 
properties of these phases of the flash are to be discussed 
subsequently in some detail. Fig. 9(b) is typical of the 
pictures obtained by Schonland. It shows a number of 
repetitive strokes. A slower camera of this general type 
permits the determination of the order in which the 
discharges occurred. 

Fig. 10—Boys-camera photograph by Schonland13-l7 showing 
the “stepped leader.” 

Initial Leaders—The leader of the first component 
stroke of a flash is preceded by a “pilot streamer” which 
represents propagation of the discharge into virgin air hav- 
ing very low ionization. Current 16 associated with the 
pilot streamer are small, the majority being of the order 
of only a few amperes. The luminosity is likewise very 
low-so low that it does not register on the photographic 
plate of a Boys camera. Its existence is deduced by infer- 
ence and by an analysis of the mechanism of the discharge. 
In the following discussion velocities are given in terms of 
that of light (approximately 1000 feet per microsecond) 
as it is the same as that of waves on transmission lines, 
and, therefore, provides a very convenient bench mark 
when the phenomenon is applied to considerations of the 
effect upon systems. The most frequent velocity of prop- 
agation of the pilot streamer is about l/20 of one percent 
of that of light. 

Schonland by means of the Boys camera. The arrows 
indicate the direction of time, and the stepped leaders 
are shown to the right of the subsequent brilliant return 
stroke. As the leader seeks its way to earth, branches 
radiate from the main stem forming tentacle-like fingers 
spreading earthward. This stage of the process is shown 
in Fig. 11(a). A portion of the charge in the center from 
which the stroke originated is lowered and distributed over 
this entire system of temporary conductors. This process 
continues until one of the leaders strikes the earth. Short 
streamers have been observed to reach upward from the 
earth to meet the downward-moving leader just before it 
reaches the earth, but, in general, if such exist they must 
be short. Regarding this point, Schonland in a letter to 
the authors says: 

AS the pilot streamer proceeds, it is accompanied by 
points of luminescence which travel in jumps giving rise 
to the term “stepped leader.” The velocity of these steps 
exceeds one-sixth of that of light and the distance traveled 
in one step is about 50 meters. The path of each step is 
essentially straight but each fresh step, in general, takes a 
different direction. The change in direction at each junc- 
tion thus gives rise to the tortuous path characteristic of 
lightning. The electrostatic lines of force from the stroke 
to ground should form essentially smooth curves-another 
fact which suggests that the zigzag path must be attribut- 
able to some variable condition at the head of the dis- 
charge, this condition being either variations in the head 
itself or variations in space ionization. Fig. 10 shows a 
photograph of several such stepped leaders obtained by 

“It must be remembered that the country in which we work 
consists of rolling hills and valleys, so that the base of the dis- 
charge is often obscured; there must, however, be a large num- 
ber of cases in which the full length of the discharge was recorded 
by the cameras and we have seen no evidence of any extensive 
leader discharge from ground. Such leaders as do occur are com- 
paratively short, for otherwise we should have detected them.” 

Return Stroke—As the leader strikes the ground an 
extremely bright return streamer propagates upward from 
the earth to the cloud following the same path as the main 
channel of the downward leader. The charge distributed 
along the leaders thus is discharged progressively to ground 
giving rise to the very large currents usually associated 
with lightning discharges-currents varying between 1000 
and 200 000 amperes. The rate of propagation, about 10 
per cent of that of light, is determined by the rate at which 
the head of the lightning channel can become sufficiently 
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(a) Charge centers in cloud; pilot 
streamer and stepped leader prop- 
agate earthward; outward 
branching of streamers to earth. 
Lowering of charge into space 
beneath cloud 

(b) Process of (a) almost com- 
pleted; pilot streamer about to 
strike earth 

(c) Heavy return streamer; dis- (d) First charge center com- 
charge to earth of negatively pletely discharged; development 
charged space beneath cloud of streamers between charge cen- 

ters within cloud 

Fig. 12-Mechanism of discharge of component stroke, 
according to Schonland18. 

Fig. 12 represents the story of a complete discharge of a 
component stroke according to Schonland,l* in which the 
upper figure shows the progress of the stepped leaders and 
the lower figure the return streamer. Note that the time 
scale has different units. 

From the instant of initiation of the leader streamer to 
ground similar leaders progress into the cloud, tapping 
more and more charge. After the completion of the initial 

high-current discharge, a smaller current continues to flow 
for some time, the magnitude and duration being dependent 
upon the propagation of the streamers within the cloud 
body. This point is illustrated very weli by the current 
recordlg shown in Fig. 13 obtained at the Cathedral of 

(e) Discharge between two 
charge centers; dart leader prop- 
agates to ground along original 
channel; dart leader about to 

strike earth; negative charge 
lowered and distributed along 
stroke channel 

(f) Heavy return streamer dis- 
charge to earth of negatively 
charged space beneath cloud 

Fig. l—Diagram showing charge distribution at various 
stages of lightning discharge. 

conducting to accommodate these large currents. The 
charge that had been lowered from the cloud to the 
antenna-like system of streamers by this means is further 
lowered to ground. The former of these processes is rela- 
tively slow, requiring a time of the order of 10 000 micro- 
seconds, whereas the latter is relatively fast, requiring only 
about 50 to 100 microseconds. Since the same charge is 
involved in both stages, the difference in time explains the 
large difference in currents involved in the two stages. 

Fig. 13—Current record of direct stroke to Cathedral of 
Learning of the University of Pittsburgh, June 10, 1939; 

negative polarity; four coulombs. 

Learning of the University of Pittsburgh. A high-current 
component, which rises very quickly to 20 000 amperes, 
decreases to 1000 amperes in 200 microseconds. From 1000 
amperes the decay is much slower: the current dropping 
to less than 100 amperes in 10 000 microseconds. 

Multiple Strokes—With the development of a high- 
conducting arc path between the charge center and ground, 
the potential of the charge center is lowered considerably. 
This process may develop higher potential differences be- 
tween this charge center and another charge center within 
the cloud, resulting in the continued progress of streamers 
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into the cloud and the formation and attraction of stream- 
ers from the other charge center. Upon the meeting of two 
such approaching streamers, a relatively low-conducting 
path to ground for the new charge center is formed. The 
resulting discharge traverses the same path blazed by the 
first stroke. The leader streamer of this stroke differs from 
that of the first stroke in that the stepped phenomenon is 
usually not discernible in Boys camera photographs, there 
is no branching, and the velocity of propagation is much 
larger, being of the order of three percent of that of light. 
Because of these characteristics this leader is known as a 
“dart” leader. Upon reaching the earth, a return streamer 
travels back to the cloud just as for the first stroke. This 
mechanism is illustrated in Fig. 11. The stroke current 
at the ground is also similar in character to that of the 
first stroke, rising rapidly from zero to a maximum, filling 
slowly for several hundred microseconds and then more 
slowly for a much longer time. Schonland’s results indicate 
that in the majority of cases the crest magnitude of the 
first stroke is the greatest, probably because the branching 
of the antennae system of streamers permits of a lowering 
of a larger charge before it is released to earth. This is not 
always the case, as the second or subsequent strokes are 
sometimes the greatest. 

As the charge in the second charge center is dissipated 
by being carried to ground, the streamer in the cloud might 
tap a third center and the same process be repeated. In 
general, approximately half the flashes are of this multiple 
character. Flashes having as many as 40 component strokes 
have been observed by Larsen.20 A conception of the 
relative time involved in these processes is given by 
Fig. 14. 

In general, the rates of propagation of the discharges 
discussed vary in inverse manner to the amount of previous 
ionization of the path. Thus, the initial pilot streamer 
progressing into virgin air with very little ionization was 

the slowest, being about l/20 of one percent of that of 
light. The stepped leaders that followed in the path blazed 
by the pilot streamer have a velocity of the order of 3 
percent of that of light. The return streamer is also quite 
rapid as it follows the intense ionization of the initial 
streamer and has a velocity about 10 percent of that of 
light. Because of the interval elapsing between component 
strokes and the resultant deionization, the velocity of 
propagation of the dart leaders is about one per cent of 
that of light. The velocity of propagation of the pilot 
streamer into virgin air appears to be associated’” with the 
critical drift velocity of an electron under the influence of 
the breakdown voltage gradient of air. 

Hot and Cold Lightning—It has been known for a 
long time that the explosive and incendiary effects of dif- 
ferent strokes vary widely. One stroke might blow a tree 
apart and still have little burning tendency while another 
might have little bursting effect and still result in a fire. 
This difference was recognized as early as 23 A.D. by Pliny 
the Elder who wrote in his “Natural History”: 

“Of thunderbolts themselves several variations are reported. 
Those that come with a dry flash do not cause fire but an ex- 
plosion. The smoky ones do not burn but blacken. There is a 
third sort called ‘bright thunderbolts’ of an extremely remark- 
able nature; this kind draws casks dry without damaging their 
lids and without leaving any other trace and melts gold and 
copper and silver in their bags without singeing the seal. Marcia, 
a lady of high station in Rome, was struck by lightning while 
pregnant and though the child was killed, she, herself, survived 
without being otherwise injured. Among the portents in connec- 
tion with Catiline, a town councillor of Pompei named Marcus 
Herrenius was struck by lightning on a fine day.” 

Returning from antiquity, fire-tower lookouts have ob- 
served similar distinguishing characteristics in strokes that 
do and do not cause fires. Along more scientific lines the 
persistence of the luminosity of the main channel of a 

Fig. 14—Diagram showing lightning mechanism and ground current. 

AlI velocities expressed in percent of the speed of light, which is 984 feet per microsecond on approximately 1000 feet per microsecond. 
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lightning stroke was recognized by Schonland and Collens’3 
in 1934. 

Walter21 in 1935 discussed a photograph taken by Doctor 
H. H. Hoffert in 1889 which was obtained by turning the 
camera to and fro by hand about a vertical axis, the period 
of rotation being about three-quarters of a second. Streaks 
of light appeared between component strokes on the 
negative and in explaining their presence he says: 

“Now, as I demonstrated some years ago, they are by no 
means due to an afterglow of the lightning channel produced by 
thermal or phosphorescent causes, but they are always asso- 

ciated with a real after-discharge in the channel, that is, with 
an electric current following the main discharge along the same 
track.” 

According to his explanation, the duration of these points 
of luminescence must have been at least 0.1 second. 

Stekolnikov and Valeev22 in 1936 measured voltages in- 
duced on a horizontal antenna by indirect lightning strokes. 
Results they obtained with a rotating klydonograph indi- 
cated that the duration of the current was between the 
limits of 2600 and 10 000 microseconds. 

McEachron and McMorris23 also in 1936, refer to an 
unpublished photograph by one of them which shows a 
duration of luminescence of 0.23 second. This stroke how- 
ever is described as being to a tall steel-frame building and 
such a stroke has different characteristics from strokes to 
open ground and transmission lines. 

Continuing the work of Schonland and his associates, 
Malan and Collens15 report data on the luminescence in 
the following statement: 

“The most frequent value of the duration as measured on the 
photographs appears to be of the order of 1000 microseconds, 
ranging in extreme cases from a few hundred microseconds to 
half a second.” 

Bellaschi,24 by comparing laboratory discharges of differ- 
ent magnitudes and durations, showed that long-duration 
currents were essential to ignite excelsior, form fulgurites, 
or produce significant melting of metal. Further evidence 
of the existence of lightning currents of long duration was 
observed by Bergvall and Beck25 in the form of markings 
left by discharges upon lightning rods and arrester gaps. 
These markings were correlated in the laboratory with 
markings produced by impulses of known wave shape, from 
which the existence of long-duration waves was demon- 
strated. Fig. 15 shows the degree of melting of several 
one-half-inch copper rods tapered for a distance of one 

Fig. 15—Fusion data on strokes to the Cathedral 
University of Pittsburgh. 

of Learning, 

inch, which were placed by the authors in the path of 
actual lightning currents. A fulchronograph record for one 
of these is shown in Fig. 13. 

6. Ground Gradients 

As stated previously, the fine-weather electrostatic gra- 
dient at the surface of the earth is positive and averages 
about one volt per centimeter. As a charged cloud passes 
over a particular spot this gradient at first rises because 
the positive charge in the upper portion of the cloud be- 
comes effective first. As the cloud continues to approach, 
the gradient then decreases and finally becomes negative 
as the negative charge in the lower portion becomes effec- 
tive. The magnitudes of field gradients directly beneath 
thunder clouds are from about 50 to 100 volts per centi- 
meter before a discharge occurs. 

As discharges occur, the nature of the electric field be- 
comes more complicated. Appleton and Chapman26 have 
obtained cathode-ray oscillograms of the change in gradient 
due to strokes at various distances and correlated them 
with the characteristic portions of the stroke mechanism. 
Schonland, Hodges, and Collens17 have co-ordinated Boys 
camera photographs with similar cathode-ray oscillograms 
of the change in gradient due to strokes at distances of 
several miles. These records were found to be of the two 
principal types illustrated in Fig. 16, 65 percent being of 
the type shown on the left and 35 percent of the type shown 

Fig. 16—Relation between stroke mechanism and ground gradients for the two types of discharges observed by Schonland. 
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on the right. In this figure the upper portions show the 
gradients and the lower portions the photographic records. 
As may be seen from this figure, the electric field can be 
resolved into three characteristic portions labeled a, b, and 
c. As shown by the photographic record, the “a” portion 
is associated with the downward leaders, the “b” portion is 
associated with the return streamer in the period it prop- 
agates from ground to cloud, and the “c” portion with the 
lower-magnitude current flowing down the channel after 
the return streamer reaches the cloud. 

For the more predominant type of discharge illustrated 
on the left in Fig. 16, the pilot streamer moves from cloud 
to ground at a more or less uniform speed and the field 
increases as the pilot streamer propagates, having super- 
imposed oscillations produced by the stepped leaders. The 
increase in gradient is produced by the lowering of charge 
from the charge center in the cloud to the region between 
cloud and ground. In the second type illustrated at the 
right, the pilot streamer moves at a uniform velocity of 
the same order of magnitude as for the first case over the 
first part of its path. However, at a certain point in the 
path its velocity decreases, and the step length and bright- 
ness of the stepped leaders becomes much smaller. Owing 
to the time constant of the amplifier used for measuring 
the field, the recording spot falls to zero during this phase 
of the leader process because of the slow change of field 
strength. 

The “b” portion represents a much more rapid rate of 
change of field because of the rapid lowering of the charge 
from the antenna-like system between cloud and ground 
to the ground by the return streamer. Since rapid changes 
of current also are present, they produce part of the electric 
field. As the nature of the field is a function of the distance 
from the stroke, these records should not be taken as 
typical of the gradients very close to strokes. 

7. Strokes to Tall Buildings 

McEachronll has made investigations of lightning to the 
Empire State Building in New York City. Equipment 
installed in the tower can measure the current of strokes 
to the mooring mast, and cameras located in near-by 
buildings can photograph the stroke simultaneously, thus 
permitting co-ordination of the records. Because of the 
high altitude of this building, it acts much as a large needle 
extending up from a plane. The gradients developed at the 
tower become so large that most of the discharges develop 
from the tower mast and propagate upward. These dis- 
charges usually begin with small currents and may or may 
not develop into distinct discharges of high current value. 
Of 47 strokes photographed, 34 indicated continuous cur- 
rent flow until the end of the stroke and 4 consisted of two 
succeeding continuous discharges in the same path, while 
7 others began as continuing strokes followed by distinct 
discharges. Development of extensive leaders from the 
ground end appears to be characteristic of strokes to tall 
buildings exclusively. Caution must be exercised in apply- 
ing data obtained from tall structures to lower structures 
such as transmission lines, for certainly the pilot leader 
and stepped leader of the first component differ from those 
for strokes to essentially flat ground. In addition, the 
mechanism of discharge from tall objects may be such 

as to draw strokes from clouds at a smaller voltage than 
lower objects. 

II. INSTRUMENTS FOR THE MEASUREMENT 
OF LIGHTNING SURGES 

Of primary importance in the lightning protection of 
transmission lines is a knowledge of the magnitude, dura- 
tion, and wave shape of the voltage and current surges 
appearing on utility systems. The characteristics of the 
stroke itself determine the resulting surges which occur on 
the electrical systems. Thus it becomes desirable to have 
instruments capable of measuring not only the system volt- 
ages and currents, but also the properties of the stroke. 

One difficulty encountered in the development of such 
instruments is the wide recording range both in magnitude 
and time that must be covered. Currents vary from a few 
amperes to 200 000 amperes. Portions of the wave change 
so rapidly that time intervals of the order of a microsecond 
need to be measured, while at the same time the duration 
of the complete stroke may be longer than one second, or 
1 000 000 microseconds. 

The element of chance is also introduced in that the 
point at which lightning may strike is unpredictable. The 
probability of a given point being struck is enhanced by 
height HO that in some cases instruments are installed on 
tall objects. However, the available evidence indicates 
that discharges to such objects differ in important aspects 
from those to low objects. In order to obtain data that 
are truly characteristic of strokes to transmission lines and 
other electrical equipment, the observer is faced with the 
prospect of placing a large number of instruments in the 
field with the hope that some will obtain for him the desired 
information. Economic considerations thus place a very 
serious limitation upon the instruments, since to be prac- 
ticable for use in large numbers their unit cost must be small. 

Since voltage rather than current is the immediate cause 
of system outages it is natural that field measurements 
were first made of voltages produced on lines by lightning. 
Thus voltage-measuring instruments were developed first. 

8. Spark Gaps 

The first attempts were made with a relatively crude 
device consisting of parallel gaps with different spacings. 
To prevent the first gap to break down from short-circuit- 
ing the others and to prevent a system outage, a relatively 
high resistance was placed in series with each gap. The 
maximum gap broken down, which was indicated by mark- 
ings on a thin piece of paper, was a measure of the voltage. 
Peck27 used sphere gaps and needle gaps in parallel to 
obtain a measure of the wave shape. A comparison of the 
length of gap sparked over for the two types of electrodes 
gave some indication of wave shape. 

9. The Klydonograph 

The first successful field instrument developed for surge- 
voltage measurements was the klydonograph, invented by 
J. F. Peters 28 in 1924. In 1777, Doctor G. C. Lichtenberg 
discovered that figures can be produced in sulphur dust by 
the electrostatic field of a charged electrode placed near by. 
Others found that Lichtenberg figures could also be pro- 
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duced on photographic plate. These figures are functions 
of the magnitude, polarity, and wave shape of the im- 
pressed voltage. The klydonograph (Fig. 17) employs these 
characteristics for the measurement of surge voltages. 

* * 

Fig. 17—Klydonograph. 
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of the magnitude, polarity, and wave shape of the im- 
pressed voltage. The klydonograph (Fig. 17) employs these 
characteristics for the measurement of surge voltages. 

The klydonograph consists of a rounded electrode bear- 
ing upon the emulsion side of a photographic film or plate 
resting on the smooth surface of an insulating plate backed 
by a plate electrode. In Fig. 18 are shown typical klydono- 
grams obtained for different. types of voltages. The mini- 
mum critical voltage necessary to produce a figure is about 
2.0 kv and the maximum voltage that can be recorded is 
about 18 kv, since at higher voltages spark-over occurs 
and fogs the film. 
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grams obtained for different. types of voltages. The mini- 
mum critical voltage necessary to produce a figure is about 
2.0 kv and the maximum voltage that can be recorded is 
about 18 kv, since at higher voltages spark-over occurs 
and fogs the film. 

For unipolarity there are characteristic differences be- 
tween the figures for positive and negative voltages. How- 
ever, for either polarity the radius of the figure, if it is 
symmetrical, or the greatest distance from the center of the 
figure to its outside edge, if it is unsymmetrical, is a function 
only of the applied voltage. Oscillatory waves produce 
superimposed figures for each part of the wave, enabling 
a distinction to be made between unidirectional and 
oscillatory voltages. 
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superimposed figures for each part of the wave, enabling 
a distinction to be made between unidirectional and 
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The klydonograph has been built with multiple elements 
for simultaneously recording several voltages on a trans- 
mission line. It has been developed also with a slowly 
moving roll film co-ordinated with a recording clock to 
enable more than one surge to be recorded together with 
its time of occurrence. In addition rapidly moving film 
has been used for measuring power-frequency voltages and 
lightning surges. A better interpretation of the character 
of the surge can be obtained from positive figures since for 
the same voltage they are more than twice the size of the 
negative figure, and the nature of the figure varies more 
with wave shape. Thus negative surges of less than twice 
normal line voltage cannot be recorded as they are obliter- 
ated by the positive part of the power-frequency record. 
TO overcome this disadvantage, Foust3° developed an in- 
strument having two elements in parallel, one connected 
in the opposite polarity to the other so that a positive 
figure is always obtained. In applying the klydonograph 
to the measurement of voltages on transmission lines a 
capacitance potential divider is generally used. 

The klydonograph has been built with multiple elements 
for simultaneously recording several voltages on a trans- 
mission line. It has been developed also with a slowly 
moving roll film co-ordinated with a recording clock to 
enable more than one surge to be recorded together with 
its time of occurrence. In addition rapidly moving film 
has been used for measuring power-frequency voltages and 
lightning surges. A better interpretation of the character 
of the surge can be obtained from positive figures since for 
the same voltage they are more than twice the size of the 
negative figure, and the nature of the figure varies more 
with wave shape. Thus negative surges of less than twice 
normal line voltage cannot be recorded as they are obliter- 
ated by the positive part of the power-frequency record. 
TO overcome this disadvantage, Foust3° developed an in- 
strument having two elements in parallel, one connected 
in the opposite polarity to the other so that a positive 
figure is always obtained. In applying the klydonograph 
to the measurement of voltages on transmission lines a 
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Fig. 18—Typical klydonograms. 
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The klydonograph has been employed in conjunction 
with a resistance shunt for the measurement of surge cur- 
rents and has also been used to measure the maximum rate 
of rise of current in transmission-line conductors2g and 
tower legs31 by connecting it across a resistance in series 
with a loop of wire inductively coupled with the main 
current circuit. 

The klydonograph is a relatively simple and inexpensive 
device, which permits its use in large numbers. It has been 
valuable in providing statistical data on the magnitude, 
polarity, and frequency of voltage surges on transmission 
lines. However, its accuracy in measuring magnitude is 
only of the order of 25 or 50 percent and certain inter- 
pretations regarding wave shape that have been made with 
it are questionable. 

10. The Cathode-Ray Oscillograph 

A cathode beam consisting of a stream of electrons 
emitted from a “cold” cathode and accelerated in an electric 
field in an evacuated tube was first produced by F. Braun 
in 1897. Wiechect developed the concentrating coil for 
beam focusing and the principle of magnetic and electro- 
static deflection. In 1913 Zenneck employed the principle 
of the cathode-ray beam to record electrical phenomena. 
He photographed traces of the beam impinging on a fluo- 
rescent screen and deflected by a surge of a few milliseconds 
duration. This method of recording, however, was not 
suitable for surges as fast as those produced by lightning. 
Dufour32 developed the first cathode-ray oscillograph cap- 
able of recording such transients. He increased the record- 
ing speed by permitting the beam to impinge directly upon 
photographic film placed inside the evacuated tube. An 
oscillograph of this type was first used to study the be- 
havior of artificial lightning surges on a transmission line 
in the United States by the Westinghouse Electric Corpor- 
ation in 1926, on a five-mile line furnished by the Duquesne 
Light Company. 

Unless the beam is prevented from striking the film until 
the occurrence of the phenomenon which it is desired to 
record, fogging of the film results. Norinder 33 overcame 
this difficulty by means of a special relay, which normally 
prevented the beam from striking the film but which upon 
the occurrence of a surge bent the beam around the block- 
ing target. The Westinghouse company34 employing this 
relay developed an oscillograph suitable for both field and 
laboratory work. 

Two other schemes have been used to initiate a Dufour 
type of oscillograph and make it suitable for lightning 
studies. The General Electric Company35 developed an 
oscillograph in which the voltage supply to the cathode 
was an impulse, from a small surge generator, initiated 
through a triple gap by the surge to be recorded. George36 
developed a hot-cathode grid-controlled high-vacuum tube. 

Oscillographs of the foregoing type employ cathode volt- 
ages of about 30 to 40 kv. Having power supplies of such 
high voltage and being of the pumped type to enable 
removal of film, they are relatively expensive and delicate 
in operation and require the constant attendance of an 
operator. These considerations greatly limit their use in 
the field, especially in numbers sufficient to obtain data of 
a statistical nature. 

The Radio Corporation of America has developed a 
sealed-off cathode-ray oscillograph tube that permits suf- 
ficient recording speed by means of external photography 
of the fluorescent screen. Sufficient writing speeds by this 
method were made possible by its great beam intensity 
and the development of more sensitive photographic films 
and faster lenses. A laboratory oscillograph utilizing this 
tube has been described by Kuehni and Ramo.37 Being 
sealed off, this tube lends itself readily to field work, for 
automatic operation. Wagner and McCann38 with the co- 
operation of Ackermann developed a circuit and auxiliary 
device for use with this tube that permits its placement in 
the field without the constant attendance of an operator. 
It is portable and operates from a 110-volt a-c circuit. The 
tube is of the hot-cathode type and requires a potential of 
15 000 volts to accelerate the electron beam which im- 
pinges upon a Willamite screen. The image thus produced 
is photographed. An auxiliary grid within the tube pre- 
vents the formation of an electron beam under normal 
conditions; hence fogging of the film is prevented. On the 
occurrence of a surge the beam is automatically initiated 
by the control grid and records the phenomenon. 

To measure the voltages on transmission lines a ca- 
pacitance divider is generally used, and for surge currents 
a resistance shunt, the voltage across the resistance being 
applied to the oscillograph plates. To cover a wider cur- 
rent range a nonlinear shunt can be used. 

11. Paper Gaps 

A thin piece of paper between two electrodes connected 
in the lead carrying the surge current has been used to 
obtain an indication of the magnitude of surge cur- 
rents.3g* 40* 41 T es s t with surge-generator discharges and 
60-cycle currents indicate that the area of the hole pro- 
duced in the paper is proportional to crest magnitude of 
current and is independent of wave shape. The effect of a 
multiple stroke, however, is questionable. 

12. Fusible Wires 

By calibrating different-sized wires connected in series 
and noting the largest one that fuses,42 it is possible to ob- 
tain an approximate indication of the time integral of the 
square of the current. One of the first to employ this 
principle was Professor E. C. Starr of Oregon State Uni- 
versity, who used it to measure strokes to masts at light- 
ning stations which he established on mountain peaks. 

13. Magnetic Surge-Crest Ammeter 

The magnetic surge-crest ammeter developed by Foust 
and Kuehni43 provided a simple and inexpensive instru- 
ment capable of measuring the crest magnitude and po- 
larity of surge currents. This instrument consists of a 
small bundle of laminated permanent-magnet steel pieces. 
It is placed in an unmagnetized condition in the vicinity of 
a conductor whose current it is desired to measure. The 
remanent magnetism produced in the steel is a function of 
the magnitude of the current producing it for unidirec- 
tional surges. A special instrument measures the remanent 
magnetism and is calibrated directly in terms of the orig- 
inal magnetizing current. The polarity of the surge is 
indicated by the direction of magnetization. This instru- 



554 Lightning Phenomena Chapter 16 

Fig. 19—Surge-crest ammeter links. 

(a) Link. (a) Link. 

(b) Link in position on transmission-line tower. (b) Link in position on transmission-line tower. 

ment has been used extensively both in the United States 
and abroad to measure currents in direct strokes; in trans- 
mission-line tower legs, ground wires, and phase con- 
ductors, in counterpoise conductors and in ground leads of 
arresters. 

The magnetic links are usually placed in brackets as The magnetic links are usually placed in brackets as 
shown in Fig. 19 (b), fastened to the conductor so that shown in Fig. 19 (b), fastened to the conductor so that 
their axes coincide with the normal direction of the mag- their axes coincide with the normal direction of the mag- 
netic lines of force. Several links placed at different dis- netic lines of force. Several links placed at different dis- 
tances from the conductor commonly are used to cover tances from the conductor commonly are used to cover 
a wider range of currents and also to distinguish between a wider range of currents and also to distinguish between 
unipolarity and oscillatory surges. unipolarity and oscillatory surges. These instruments These instruments 
being cheap and simple, thousands of them have been used being cheap and simple, thousands of them have been used 
throughout the United States and have provided valuable throughout the United States and have provided valuable 
information relating to lightning currents. information relating to lightning currents. 

14. Crater-Lamp Oscillograph 14. Crater-Lamp Oscillograph 

A magnetic oscillograph cannot record faithfully fre- A magnetic oscillograph cannot record faithfully fre- 
quencies much above 10 000 cycles per second and cannot quencies much above 10 000 cycles per second and cannot 
record the wave shape or crest magnitude of the initial record the wave shape or crest magnitude of the initial 
high-current components of lightning surges. However, it high-current components of lightning surges. However, it 
should be able to record the relatively long low-current should be able to record the relatively long low-current 
component and give some information on the total dura- component and give some information on the total dura- 
tion and number of components of strokes. Ordinary tion and number of components of strokes. Ordinary 
methods of automatic operation by mechanical relays methods of automatic operation by mechanical relays 
require about one-half cycle to initiate. However, the require about one-half cycle to initiate. However, the 
crater-lamp oscillograph44 overcomes this difficulty. crater-lamp oscillograph44 overcomes this difficulty. It uses It uses 

a light source consisting of a neon treater lamp, which can 
be initiated by the transient in about 20 microseconds. 

15. Fulchronograph 

The cathode-ray oscillograph is the best instrument 
available from the standpoint of determining wave shape 
of transients, such as lightning surges. Its cost and com- 
plexity, however, limit its use in the field. Because of the 
variable character of lightning, it is important to obtain 
sufficient data to determine the statistical nature of its 
properties. The klydonograph and surge-crest ammeter 
have provided data of this type on the magnitude and 
polarity of surge voltages and currents. The number of 
components, wave shape, and duration of surges are of 
even more importance, however, and it was with the view 
of gathering data on these properties of surges that the 
Westinghouse Electric Corporation38 developed a number 
of new recording instruments, The most important of 
these is the fulchronograph,* a device capable of measuring 
the wave shape and duration of the tail of current surges, 
but cheap enough, and simple enough in its operation to be 
used in large quantities in the field. 

The essential part of the fulchronograph is a slotted 
aluminum rotating wheel. In a “high-speed” fulchrono- 
graph, Fig. 20(a), the wheel turns at 3450 rpm, and in the 
“slow-speed,” at approximately 60 rpm. In the rim of 
each are 408 laminations of permanent-magnet steel nine 
mils thick, projecting from each side. The laminations 
pass between narrow coils, Fig. 20(b), through which flows 

the current to be measured. As a particular set of lamina- 
tions spans the gap between the coils, they are subjected 
to a radial magnetizing force proportional to the current at 
that instant. By measuring the retentivity or residual flux 
in the laminations it is possible to reconstruct a graph of 
the current as a function of time. The device functions in 
a manner similar to the surge-crest ammeter except that 
time has been introduced by the rotation of the wheel. 

By placing a high-speed and a low-speed fulchronograph 
together in series and running them continuously, greater 
wave detail and a longer period of time can be covered 
than by the use of either one separately. The high-speed 
unit in one revolution divides 17 000 microseconds into 
43-microsecond intervals, the low-speed unit in one revolu- 
tion divides one second into l/400 second intervals. Mul- 
tiple-stroke discharges rarely last longer than one second, 
or have time intervals between strokes of more than 0.5 
second. These facts make it possible with the data pro- 
vided by the two wheels to resolve a surge into its multiple 
components and to obtain the wave shape and magnitude 
of each. 

16. Magnetic Surge-Front Recorder 

The principal disadvantage of the fulchronograph is its 
inability to measure the high rates of rise of the front of 
the waves. Devices for measuring the maximum rate of 
rise have been available for some time. As mentioned 
previously, the klydonograph can be used to indicate the 
maximum rate of rise on the front of lightning-current 
surges. Probably of greater importance than the maxi- 

*This name was obtained as a combination of the Latin word fulmen, meaning 
lightning, and the Greek word chronos, meaning time, and graphein meaning to 
write. 
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Fig. 2—Fulchronograph. 

(a) High-speed fulchronograph showing wheel. 
(b) Diagram of fulchronograph showing relation between one 

set of laminations and the coils on one side of the wheel. 
The other side of the wheel is the same, except that the mag- 
netic circuit is partially completed through iron. 

mum rate of rise is the average rate of rise, such as can 
be defined by a straight line drawn through the two points 
which are 10 percent and 90 percent of crest value. 

The magnetic surge-front recorder which, with a sche- 
matic diagram, is shown in Fig. 21 is a device for record- 
ing this property of lightning currents. It consists of three 
circuits containing resistance and inductance having dif- 
ferent time constants. They are connected across an in- 
ductance carrying the main surge current or a loop in- 
ductively coupled with the circuit carrying the main surge 
current. Magnetic links placed within the field of the 

inductors of these three circuits serve to record their 
maximum currents ima=. The introduction of an appre- 
ciable time constant Z’, into these circuits prevents the 
currents in them from responding to instantaneous changes 
in the main current, thus substantially eliminating the 
effect of high-frequency oscillations in the front of the 
wave. If the resistors were not present, the current in 
the auxiliary coils at all times would be proportional to the 
rate of change of the main surge current and the maxi- 
mum current in them would be proportional to the maxi- 
mum rate of rise of current on the front of the main 
surge. 

When inductance is added to the auxiliary circuits, the 
maximum current in any one of them is proportional to 
the average rate of rise of the main surge current over a 
definite range. Three of these circuits are adequate to 
cover the desired range of time to reach crest. 

17. Magnetic Surge Integrator 

The magnetic surge integrator is a relatively simple and 
inexpensive device for recording the total charge or the 
integral of the current in a lightning surge. It consists 
essentially, as shown by the schematic diagram of Fig. 
22 (a), of a noninductive shunt that carries the main surge 
current, and across which an inductor is connected. 
Neglecting the resistance of the inductor, its current at 
any instant is equal to the time integral of the main surge 
current, and, if the surge is nonoscillatory, the final max- 
imum value of this current is the total integral of the main 
surge current. To cover a wide range, three magnetic links 
are placed at different points within the magnetic field 
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Fig. 22—Magnetic surge integrator. 

(a) Schematic diagram. 
(b) Response curve. 

produced by the coil. The magnetic field that magnetizes 
the links is a function of the coil current. Thus from a 
measurement of the remanent magnetism in the links a 
record of the total charge in the surge is obtained. The 
effect of the resistance of the coil is to limit the time for 
which the response is an accurate measure of the integral 
of surge current. If two coils having different time con- 
stants are used it is possible, in addition to measuring the 
charge, to form some idea of the wave shape. The two 
time constants are adjusted so that one coil can measure 
accurately up to 10 000 microseconds (Fig. 22 (b)) and the 
other up to 300 microseconds. This type of integrator 
forms with the magnetic surge-front recorder and surge- 
crest ammeter, a good, inexpensive combination, espe- 
cially where power is not available. 

“1 

Fig. 23—Photographic surge-current recorder. 

(a) Surge-current recorder with cover removed. 

(b) Typical record. 
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18. Photographic Surge-Current Recorder 
The photographic surge-current recorders5 is an instru- 

ment which has been developed to record the multiple 
character of strokes and the continuing currents of very 
low magnitude (below the 50-ampere sensitivity limit of 
the fulchronograph). The instrument is shown in Fig. 23 
with a typical record. It employs the principle of photo- 
graphing the luminosity produced by flow of the surge cur- 
rent across a short gap. The film image is produced through 
a special aperture and set of barriers so constructed that 
the light from the gap spreads in a non-uniform manner 
over the film perpendicular to its direction of motion. The 
barriers confine the image to a narrow wedge in the 
direction of film motion to enable high resolving power with 
time. The width and density of the image provide a meas- 
ure of current magnitude. As current is increased, the film 
density is saturated at increasing distances from the cen- 
ter axis (See Fig. 23). However, at a point just beyond this 
region, the film density can be measured, which together 
with distance from the axis determines the current mag- 
nitude. Current can be measured to an accuracy of about 
two to one, but over the very great range of 0.1 to 150 000 
amperes. The resolving power with time for the instru- 
ment is 600 microseconds. The film rotates one revolution 
per second; thus, time intervals between separate com- 
ponents can be measured for strokes having total dura- 
tions up to one second. 

III. FIELD STUDIES 

From the standpoint of the lightning performance of 
electrical systems the frequency of occurrence, as well as 
the magnitude and wave shape of the voltages and cur 
rents produced on systems, is important. 

19. Frequency of Thunderstorms 

Isokeraunic charts have been published showing the 
frequency of occurrence of thunderstorms throughout the 
United States. The total number of storm days (days on 
which thunder could be heard) to be expected each year 
in different parts of the country is shown in Fig. 24. The 
average number of storm days recorded each month over a 
40-year period is given in Fig. 25. The data for these 
charts for storms in the United States were obtained for a 
period from 1904 to 1943 by the United States Weather 
Bureau.g2 The storm days in Canada (Fig. 24) are based 
on isokeraunic charts published by W. H. Alexander.45 

Examination of the yearly chart shows an average 
number of about 40 storm days per year for all of the 
United States east of the Rocky Mountains. There are 
two pronounced centers of activity, the greatest in Florida, 
with more than 90 storm days, the other in New Mexico 
with a maximum of about GO. The number of storms in 
the Pacific Coast area is considerably lower, averaging 
from 3 to 10. 

The month of least storms in the United States is De- 
cember, with the center of thunderstorm activity over 
Louisiana and with some activity in the Gulf and South 
Atlantic states. For each succeeding month the storm 
activity increases throughout the country, spreading rap- 
idly in the southeastern states and reaching a peak for 
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Fig. 24—Annual isokeraunic map showing the number of thunderstorm days per year. 

most of the country in July, when the number of storms 
per month for all but the Pacific Coast area has reached 
an average of about 9 storm days with a maximum of 
about 20 in South Florida and 18 in New Mexico. By 
August the number of storm days has started to decrease 
and in September it is rapidly decreasing. In the Pacific 
Coast region the activity is more nearly constant, but has 
a slight peak in July. 

Although these charts do not give an indication of the 
intensity, duration, extent, or number of storms occurring, 
they constitute the best data available. Also, a comparison 
of the data obtained by several investigations on the sea- 
sonal variation of the number of lightning disturbances 
produced on power systems in a given region with the 
number of storm days indicates fairly close agreement. 
That is, the relative number of system disturbances re- 
corded per month varies with the months in practically 
the same manner as the number of storm days per month. 
An example of this is shown in Fig. 26 for data on distri- 
bution-arrester discharge currents.46 However, the number 
of such disturbances varies widely from year to year and 
for systems in different regions, even though the isokeraunic 
levels of the regions are nearly the same. There are several 
reasons for this. The number of surges reaching arresters, 

Fig. 26—Comparison between variance of disturbances 
on systems (solid curve) and monthly isokeraunic levels; 

McEachron and McMorris46. 

transformers, and the like, of course, should depend to a 
great extent upon their density of installation and on the 
degree of shielding of the lines. 

There are also other important reasons. Roth local topo- 
graphical and meteorological conditions appear to cause 
large localized variations in storm densities. In mountain- 
ous regions thunderstorms are generally of the heat or 
mountain type. Their formation depends on local meteor- 
ological and topographical conditions. Thunderstorms of 
the cold-front and warm-front types depend for their for- 
mation on the interaction of adjacent cold and warm air 
masses, which frequently cover hundreds of square miles. 
Their formation thus does not depend wholly on local 
topographical conditions. However, storms of this type, 
which are common to the East and Middle West, appear 
to follow more or less defined paths that do depend upon 
topographical conditions. Storms of this type sometimes 
follow rivers and valleys. 

For such reasons the number of lightning disturbances 
on any one system depends upon its location relative to 
local topographical conditions and prevailing storm paths. 
Thus, it, is rather difficult to establish from data obtained 
on a limited number of systems mean figures for the num 
ber of electrical disturbances to be expected. The best 
available method seems to be to base such data on the 
isokeraunic levels and to give as many data as possible 
on the range of variance that these localized conditions 
might introduce. The isokeraunic level of 30 storms per 
year is commonly used for this basis. When considering 
data regarding the number of strokes to transmission lines 
or the number of surges produced on transmission lines, 
one is interested in the number per unit length per unit 
time. The common basis used here is the number per 
hundred miles of transmission line per year. However, for 
considering the lightning performance of such equipment 
as arresters and transformers, the number of disturbances 
should be based upon the number occurring per unit of 
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apparatus per unit time. In this discussion, surges in 
arresters or transformers are based on the number per 
single-phase unit per year. 

20. Surge-Voltage Measurements on Transmission 
Lines with the Klydonograph 

The first important field studies of surge voltages on 
transmission lines were begun in 19214’ with 26 three- 
terminal klydonographs installed on 27 systems varying 
in voltage from 66j to 220 kv. Subsequently, other studies 
were begun in the United States.48-52 Investigations also 
have been made in South Africa and Japan.63 At the time 
these studies were started it was thought that induced volt- 
ages resulting from strokes in the vicinity of a transmission 
line were the primary cause of system flashover. 

In Figs. 27 to 30 are shown percentage distribution 
curves of the magnitude of lightning surges obtained from 
these studies. These curves give data on voltages that 
might be expected at a given-point on a line caused by 
surges originating at different points along the line. The 
voltage is, of course, a function of the insulation level and 
the wave shape of the surge. The maximum voltage that 
has been recorded was 5 000 000 volts and was obtained by 

Fig. 27—Klydonograph records of voltages produced by light- 
ning47-52 on transmission lines of various voltage ratings, both 

with and without ground wires. 

Curves A apply to total lightning surges on lines without ground wires. 
Curves B apply to surges not producing outages on lines without 

ground wires. 
Curves C apply to total lightning surges on lines with ground wires. 

Pittman and TorokW with a cathode-ray oscillograph from 
a direct stroke to a conductor of a 110-kv wood-pole line 
without ground wires. Examination of Figs. 27(a)-(d) 
shows that the voltage decreases with the voltage rating 
of the line. This probably results primarily from the re- 
duction of insulation strength with reduction of operating 
voltage. The klydonograph studies indicated that most 
surges on lines were unidirectional and of positive polarity 

The data in Sec. 27 relating to the currents in lightning 
strokes indicate that about 90 percent of all strokes to 
ground lower negative charge to earth. Such negative 
strokes produce negative voltages on a transmission line 
if they strike the line directly but induce positive surges 
if they strike in the vicinity of the line. In spite of the 
predominance of the recorded positive voltages, it does 
not follow that the surges produced on the line at the 

Fig. 28—Klydonograph records of voltages produced by light- 
ning on a particular 120-kv 148-mile line4’ before and after 
installation of a ground wire. Ordinates in (b) and (c) give 
numbers at a three-phase station. Curves A, B, and C are 

defined in Fig. 27. 

characteristics of the surges probably affect the conclusions. 
Most of the available data on polarity were obtained with 
the normal-type klydonograph having but one element for 
each voltage measurement. For positive polarity the lower 
range of sensitivity is slightly above the normal crest line- 
to-ground operating voltage. But for negative polarity 
the lower range of sensitivity is two or three times this 
magnitude. Thus negative surges of low magnitude were 
not recorded. Most direct strokes to lines without ground 
wires produce flashover resulting in chopped and some- 
times oscillatory waves. Short-tail waves are attenuated 
much more rapidly than long-tail waves. Available data 
indicate that negative waves of this type are attenuated 
to voltages below the recording range of the klydonograph 
in 4 or 5 miles. Positive surges of longer duration, however, 
may propagate 15 or 20 miles before decreasing below the 
recording range of the klydonograph. Therefore the dis- 
tance from which positive surges can originate and still 
be recorded is three or four times as great as for negative 
surges. Consequently the num 
corded should be proportional. 

ber of positive surges re- 

Point of origin are predominantly Positive. The recording 
characteristics of the klydonograph and the attenuation 

Fig. 29—Amplitude and frequency of surge voltages measured 
by Rokkaku on the Inawashiro lines in Japans3. 
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Fig. 30—Lightning surge voltages recorded by Halperin and McEachronS7 on 4-kv overhead 
circuits of the Commonwealth Edison Company. 

Another factor that may color the results drawn from 
data of this type is that sometimes switching surges resulting 
from the lightning disturbance were recorded instead of the 
actual lightning surge voltage. However, all switching sur- 
ges that were known to be such are excluded from the data. 

the instruments and the variance of this with polarity, 
it is likely that the data below the first peaks for both 
polarities are questionable. 

21. Frequency of Occurrence of Lightning Surge 

Fig. 30 shows curves of voltages obtained on both rural 
and urban 4-kv circuits of the Commonwealth Edison 
Company.57 These curves indicate that voltages over about 
200 kv seldom occur on urban circuits which are much 

Voltages 

The number of lightning surges recorded at any one 
three-phase klydonograph station per year in the studies 
conducted in the eastern part of the United States varied 
from 15 to about 100 for lines rated from 33 to 220 kv. 
These lines were situated in regions having annual iso- 
keraunic levels from 25 to 40. The instrument stations 
were located at the ends of lines, and since surges originat- 
ing at distances in excess of 20 miles are attenuated below 
the recording range of the klydonograph the foregoing data 
result in estimates of from 75 to 500 surges per 100 miles of 
line per year. As shown in Sec. 28 by studies with magnetic 
links,55 the number of direct strokes to be expected to 
lines in this class in regions of this isokeraunic level is from 
50 to 250 per 100 miles of line per year, with an average 
of about 100. Thus the klydonograph data indicate that 
approximately half of the significant surges are produced 
by direct strokes. Since those strokes that induce voltages 
are about equal to those that strike the line, and since 
the line attracts strokes only from within a narrow band 
adjacent to it, then those indirect strokes that produce 
surges must strike the ground close to the line. This has 
been verified5 by a stroke observed to have struck ground 
200 feet from a transmission line of the Public Service 
Company of New Jersey and 1600 feet from a lightning- 
recording station on the line. No surge voltage was recorded 
in this case, although klydonographs and a cathode-ray 
oscillograph were in operation at the time to record voltages 
on the phase wires. 

In general, induced voltages, since they seldom exceed 
500 kv, rarely produce outages on GG-kv or higher-voltage 
lines. As the operating voltage of the line decreases the 
insulation also decreases and induced voltages may produce 
outages. 

In Fig. 29 are shown data obtained in Japan3 on a Fig. 31—Typical lightning surges recorded with cathode-ray 
154-kv line. Because of the lower limit of sensitivity of oscillographs58. 
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better shielded than the rural circuits where the upper 
limit of voltages appears to be about 500 kv. Curves also 
are plotted in this figure showing the probability of surge 
voltages of different magnitudes reaching transformers. 

22. Surge-Voltage Measurements on Transmission 
Lines with the Cathode-Ray Oscillograph 

Studies with the cathode-ray oscillograph of voltages 
produced on transmission lines were begun in 1928. The 

Fig. 32—Cathode-ray oecillogram of highest voltage recorded 
on a transmission line;M100-kv wood-pole line of Arkansas 

Power and Light Company; no ground wire. 

relatively few oscillograph stations that could be estab- 
lished did not permit of obtaining many records. In addi- 
tion, interpretation of the records was difficult because 
of the influence of such unknown factors as propagation, 
distortion, and reflection. However, some valuable quali- 
tative and quantitative information has been obtained 
from these studies. Some of the more important oscillo- 
grams are shown in Figs. 31 to 37. 

In Fig. 31 are seven oscillograms obtained in the West- 
inghouse studies. 68 All were obtained on steel-pole lines, 
most of which had ground wires, and the surges originated 
at appreciable distances from the recording equipment. 
They indicate fronts of from two to seven microseconds 
and rates of voltage rise as high as 270 kv per microsecond. 
For comparison, an approximate standard 1% x40 test 
wave is also plotted. The surges of larger magnitude have 
tails conforming closely to that of the standard wave. 

The surge of highest voltage recorded on a transmission 
line is shown in Fig. 32. It occurred on a 110-kv wood-pole 
line without ground wires of the Arkansas Power and Light 

Fig. 34—Group of cathode-ray oscillograms of line voltage 
taken on the Wallen paupack line. 

(a) First cathode-ray oscillogram of a lightning surge on a trans- 
mission line. The oscillations were caused by flashover on an 
adjacent phase. 

(b) Dead-end protective gaps flashed over on all three phases, 
causing a sharp change in voltage from 1260 kv negative to 310 
kv positive in one microsecond. Flashover took place on front 

of wave. 
(c) Record obtained while line was not energized. Voltage was 

still rising at the end of 36 microseconds and was then sud- 
denly reduced to zero. Subsequent examination of the line 
indicated a flashover 23 miles away, which appeared to cor- 
relate with this oscillogram. 

(d) The slightly oscillatory nature of this oscillogram is typical of 
a large group of waves. A cloud-to-ground stroke, at least ten 
miles distant from the laboratory and some distance from the 
line, was seen at the instant this record was obtained. 

Company.” The oscillograph was located about four miles 
from the point where the line was struck, and flashover 
occurred. This voltage wave has a maximum rate of rise 
of 4000 kv per microsecond. 

In Fig. 33 is shown the only oscillogram obtained from 
a direct stroke close enough to the recording equipment 
that the wave shape before flashover occurred is not dis- 
torted by propagation. This oscillogram was obtained by 
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Bell and Price59 on a section of a 220-kv steel-tower line 
without ground wires of the Pennsylvania Power and Light 
Company. Flashover occurred 125 feet from the oscillo- 
graph on the phase to which it was connected, an outer 
conductor of a horizontal single-circuit configuration. The 
insulation level of the line is about 1300 kv and the voltage 
reached 2800 kv before flashover took place. The interval 
between the time when the voltage was high enough to 
operate the oscillograph and flashover occurred was about 
six microseconds. 

The front of this surge is interesting. The voltage rose 
relatively gradually for more than three microseconds to 
about 500 kv. It then increased much more rapidly to 
the flashover voltage in about two microseconds, with an 
average rate of rise in this interval of about 1300 kv per 
microsecond. The relatively slow portion of the front is 
probably voltage produced before contact of the stroke 
to the phase wire by the advancing stroke leader. Upon 
contact of the stroke the voltage rose rapidly until flash- 
over took place. The nature of the front of the voltage 
wave produced on phase wires is probably influenced by 
ground wires. For lines with ground wires the initial slow 
component of the front will not be so marked. 

In Fig. 34 is shown a group of oscillograms obtained by 
the General Electric Company.6o Fig. 34(a) is of interest 
because it is the first cathode-ray oscillogram obtained of 

Fig. 35 —Group of cathode-ray oscillo grams of lightning volt- 
age on transmission lines obtained by George and Eaton622. 

a natural-lightning transient. Figs. 34(b)-(cl) are typical 
of the three groups into which the 16 oscillograms <~sc~eed- 
ing 300 kv recorded by Smcloff and Price61 may be classified. 
Figure 34(b) is typical of records in which flashover occurs 
close to the recording equipment; Fig. 34(d) of voltages 
too low to cause flashover, but which are distorted by both 
propagation and negative reflections. The reversal of volt- 
age is caused by such reflections, and the sloping off of the 
front results from propagation and reflections. 

Fig. 35 shows a group of oscillograms published by 
George and Eaton.62 They all are of relatively low volt- 

Fig. 36-Cathode-ray oscillogram of voltage due to natural 
lightning showing effect of propagation and reflections58. 

age and of surges originating quite a distance from the 
oscillograph station. 

An interesting oscillogram which shows the effect of 
reflections is given in Fig. 36. This record58 is of the 
voltage on a phase wire induced by a stroke to another 
phase wire and three miles from the oscillograph station. 
The wave front increased at a rate of 143 kv per micro- 
second to a magnitude considerably beyond the oscillo- 
graph range. At approximately 12 microseconds flashover 
occurred to the adjacent conductor reducing the voltage 
on the conductor to which the oscillograph was connected. 
The recorded voltage rose to 1000 kv after which it decayed 
to GO0 kv in 55 microseconds. At this time the negative 

Fig. 37—Cathode-ray oscillogram of voltage due to natural 
lightning which shows the prolongation of the disturbance as 

a result of successive reflections5g. 

reflected wave arrived from the far end of the line, a dis- 
tance of eight miles from the oscillograph, where it had 
flashed over a noninductive resistance, thereby modifying 
the original tail of the wave as shown. This illustrates the 
typical effect of reflection on the tail of the wave. 

These cathode-ray oscillograph studies led to the conclu- 
sion that the original voltage produced by the lightning 
stroke does not persist longer than 200 microseconds, but 
that successive reflections from different parts of the sys- 
tem may spread the disturbance out to as much as several 
tthousandl microseconds. Fig. 37 shows oscillograms illus- 
trating this effect obtained by Bell and Price.5g The long- 
duration low-current components of lightning surges, later 
fount1 to be present, were not recorded. However, they are 
not important from the standpoint of voltage insulation. 

23. Current Measurements 
While the voltage on a transmission line is fundamental 

in determining whether an insulator string, gap, or arrester 
flashes over, it is difficult to determine what the voltages 
would be on the line if the insulation did not fail. However, 
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currents are not influenced to as great an extent by flash- 
overs. In addition, currents are important in their bearing 
on the mechanical stresses and thermal effects set up in 
protective devices and other equipment. For this reason 
most of the investigations during the past 17 years have 
been devoted to the determination of the current char- 
acteristics of lightning strokes. These investigations can 
be given three classifications: 

(a) Strokes to Open Ground and Tall Buildings. 
These comprised the following investigations: 

1. Schonland, Malan, Hodges, and Collens13-17 in South 
Africa who studied the mechanism of lightning with the Boys 
camera and by measurement with the cathode-ray oscillograph 
of the electric field produced by strokes. 

2. Stekolnikov and Valeev22 in Russia who measured, with 
the cathode-ray oscillograph and high-speed rotating klydono- 
graph, currents in strokes to captive balloons flown to altitudes 
between 500 and 800 meters and voltages induced in a short 
horizontal antenna by strokes to ground. 

3. McEachron”~63 who measured currents in strokes to the 
Empire State Building in New York, N. Y., with the cathode- 
ray and crater-lamp oscillographs and the surge-crest ammeter. 

4. Norinder64 in Sweden who measured with the cathode-ray 
oscillograph the magnetic fields produced by lightning-strokes. 

5. Wagner, McCann and Beck65,85 who measured with the 
fulchronograph, magnetic surge-front recorder, surge-crest am- 
meter, and magnetic surge integrator, the currents in tall objects 
of different heights. 

17. Collins3g who used paper-gap recorders to measure dis- 
charge currents in arresters on a 24-kv system. 

18. Wagner, McCann, Bowen, and Beck65,86*90 who measured 
the discharge currents in arresters by means of the fulchrono- 
graph, magnetic surge-front recorder, magnetic-surge integrator, 
and surge-crest ammeter. 

19. Gross, McCann, and Beck83 who measured discharge cur- 
rents in arresters by means of the cathode-ray oscillograph, 
fulchronograph, magnetic surge-front recorder, and surge-crest 
ammeter. 

24. Multiple Character of Strokes 
In Figs. 38 to 40 are plotted curves giving statistical data 

on the number of components, the time intervals between 
them and the total duration of strokes. These curves 

(b) Strokes to Transmission Lines. These include the fol- 
lowing investigations made with the surge-crest ammeter: 

6. Lewis and Foust66 who measured surge currents in trans- 
mission-line towers, ground wires, counterpoises, and tower 
masts. 

7, Waldorf and Hansson55ps7 who measured surge currents in 
tower legs. 

8. Be1167l68 who measured currents in tower legs and cross 
braces and in counterpoises. 

9. Grunewalc16g in Germany who measured current in towers. 
10. Rokkaku and Katoh53v70 in Japan who measured currents 

in tower legs and ground wires. 
11. Andrews and McCann** who measured surge currents on 

wood-pole lines. 

In addition to the foregoing are the following investigations 
made with other instruments: 

12, McEachron71 who measured with the crater-lamp oscillo- 
graph currents discharged by protector tubes on transmission 
lines. 

13. Berger72 in Switzerland who, besides measuring trans- 
mission-line tower-leg currents with the surge-crest ammeter, 
recorded their maximum rate of rise with klydonographs induc- 
tively coupled with the tower legs. 

Fig. 38-- Percentage distribu tion curves of the 
components in light ning strokes. 

(c) Arrester Discharge Currents. The following investi- 
gations were made with surge-crest ammeters: 

14. McEachron and McMorris46 who measured discharge cur- 
rents in distribution arresters on l20- to 20 000-volt systems. 

15. Gross and McMorris73 who measured discharge currents 
in station-type arresters on 11- to 132-kv systems. 

16. Grunewald74 in Germany who measured arrester currents 
on systems from 6 to 100 kv. 

In addition to the foregoing are the following investigations 
made with other instruments: 

represent data on strokes of three general types: (1) strokes 
to power systems as given by the protector-tube and ar- 
rester data; (2) strokes to open country as given by the 
photographic. records and the data on induced voltages; 
(3) strokes to tall objects. With regard to number of com- 
ponents and total duration, there is a fair check between 
the curves of each type, but there are important differences 
between the types. More components and longer durations 
are recorded for strokes to tall objects. This is probably 
because tall projections from the earth affect stroke mech- 

number of 
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Fig. 39—Percentage distribution curves of time intervals be- 
tween the beginnings of successive components of multiple 

lightning strokes. 

anism and cause strokes to them to differ in character 
from those to ground or to lower objects. Tall objects 
should influence a greater region of the thundercloud and 
thus tap more charge centers, causing strokes to have more 
components and longer durations. Of practical importance 
is the indication that the records to power systems have 
fewer components and shorter durations. This results 
probably from the diminution of the surge current by the 
following causes: (1) All of the direct-stroke current is not 
likely to pass through a protective device because more 
than one may operate, thus dividing the current, or flash- 
overs may occur on the lines thereby limiting the discharge 
current; (2) the protective device may be operated by 
attenuated surges from strokes to the system at remote 
points; (3) the protective device may be discharged by 
induced surges. Thus some of the smaller components of 
current may have been reduced to such an extent that they 
are below the recording range of the instruments, or have 
voltages associated with them below the operating voltage 
of the protective device. Arresters and other terminal 
equipment are therefore exposed to less severe duty than 
is indicated by the results from direct strokes or strokes to 
open country. Only about a third of power-system surges 
are multiple and the maximum number of components 

Fig. 10—Percentage distribution of total duration of lightning 
strokes. 

recorded is 10. From one-half to two-thirds of the strokes 
to open country are multiple and as many as 40 components 
have been photographed.20 

Fig. 39 indicates time intervals as high as 0.5 second 
between components. In Fig. 39(b) the basis of 100 percent 
was taken at a time interval of 0.01 second as the resolving 
power of some of the measuring instruments did not extend 
below this time. Only about a sixth of the intervals are 
less than one-half cycle of 60-cycle frequency. 

25. Crest Magnitude of Currents 
Extensive studies have been made both in the United 

States and abroad with surge-crest ammeter links on trans- 
mission lines and in ground leads of lightning arresters. 
Most of the measurements on transmission lines have been 
of currents in the legs of towers, although they have also 
been made of currents in ground wires, phase wires, 
counterpoise wires, and masts mounted on top of towers. 

Transmission- Line- Tower Currents—The curves of 
Fig. 41, showing the magnitude of currents in transmission- 

Fig. 11—Percentage distribution curves of tower currents for 
strokes to transmission lines. 

line towers, were compiled only from the currents in the 
tower thought to be close to the terminating point of the 
stroke or the tower carrying the most current. The char- 
acter of the curves is influenced by the minimum current 
that could be measured due to the sensitivity limit of the 
links and the minimum different investigators thought it 
advisable to include in their data. These minimum values 
affect both the point regarded as 100 percent on the 
ordinate and also the shape of the curve. The minimum 
tower currents included in the data of Hansson and Wal- 
dorf8’ were about 2400 amperes for Be1l8 and Grunewald6g 
about 5000 amperes, and for Andrews and McCanns8 about 
600 amperes. The curves of Lewis and Foust66 comprise 
some of the data of Waldorf and Bell plus data obtained on 
other lines in the United States. However, 5000 amperes 
was the minimum considered by them. 
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Before drawing any conclusions from these curves it is 
well to consider their probable accuracy. The majority of 
the magnetic-link measurements of steel-tower currents 
were made on only one leg of the tower, the total current 
being assumed to be this measurement multiplied by the 
number of tower legs. Records obtained with links on all 
tower legs indicate that frequently currents are not equally 
distributed. Data obtained by Waldorf, shown in Fig. 42 

Fig. 42—Deviation from equal division of lightning current in 
tower legs, as obtained by Waldorf5 from 209 records. 

indicate the mean deviation of an individual tower leg from 
the mean of the four supporting legs. This deviation ap- 
pears to decrease as the sum of the four tower-leg currents 
increases, being about ten percent above 40 000 amperes. 
Factors that might cause such discrepancies are dissym- 
metry in the counterpoise or other type of grounding or 
in the tower itself. These -factors might even result in 
differences in wave shape of the component currents. In 
addition, there are the possible errors of the recording 
equipment, particularly at low currents. It is probable, 
however, that some of these effects are minimized by the 
quantity of data making up the statistical averaging of 
several hundred records. 

Data obtained by Be1l7 who also measured the currents 
in the tower cross braces show that appreciable current 
flows in them. His results indicate that a correction factor 
varying from 1.64 to 2.75, with a mean of about 2, should 
be applied to the tower-leg current readings for his records. 
Lewis and Foust66 say that from 30 to 100 percent of the 
main leg currents flowed in the cross braces. 

Fig. 43—Relation between total tower lightning current and 
sum of main tower-leg currents in transmission-line steel 

towers. 

Rokkaku70 and Schahfer and Knutz76 made studies in 
which they measured the main leg currents and the differ- 
ence between the ground-wire currents on each side of 
the tower. Assuming this difference to be the total tower 
current gives an indication of the discrepancy between 
the total tower current and the sum of the leg currents. 
Their results are summarized in Fig. 43, which indicates 
that this correction factor should increase with the magni- 
tude of the tower current. The curves of Fig. 41, so far 
as the authors are aware, do not take this correction factor 
into consideration and are plotted simply as the sum of 
the four tower-leg currents. 

Direct-Stroke Currents—Fig. 44 gives percent dis- 
tribution curves for direct strokes as a function of the 

Fig. 44—Percentage distribution curves of 
currents. 

lightning-stroke 

crest magnitude. Curves 1 to 3, which are for strokes to 
transmission lines, were obtained by adding the tower-leg 
currents in all the towers thought to be involved in the 
stroke. Errors introduced by this procedure are the follow- 
ing: First, the sum of the tower-leg currents may be less 
than the total tower current; second, the effects of more 
than one stroke might be involved in summing the currents 
of different towers; and, third, because of distortion as the 
result of reflection from other towers, the sum of the crest 
currents at the towers will not equal the stroke current. 
The first item tends to indicate a low value of stroke 
current, and the second and third a high value. Rokkaku 
in comparing the results of stroke measurements obtained 
by summing the ground-wire currents on both sides of the 
terminating point of the stroke with the results obtained 
by summing the tower currents found that the two agree 
where the correction factor of Fig. 43 is included. Their 
Curve 4 of Fig. 44 takes this factor into consideration. 
However, Lewis and Foust in data presented in Fig. 45 
showed substantial agreement between stroke currents and 
sum of tower currents without including the correction 
factor of Fig. 43. The effect of this factor may be reflected 
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Fig. 45—Lewis and FoustH stroke-current curve compared 
with currents from lightning-rod measurements (circles) and 

overhead ground-wire measurements (triangles). 

in the comparison between Curves 1 and 4 of Fig. 44, in 
that Rokkaku’s is greater than Lewis and Foust’s. 

Fig. 44 also contains data relating to strokes to tall 
objects, that of McEachron being to the 1250-foot Empire 
State Building in NewYork, N. Y. The curve of McCann 
represents data to objects of varying heights all of which 
are considerably lower. Neither of these curves involves 
the errors discussed previously as the total stroke current 
passed through a single conductor. A comparison of Mc- 
Eachron’s curve data with those of strokes to transmission 
lines indicates a much greater proportion of currents of 
low magnitude. This may be caused partly by the higher 
sensitivity of McEachron’s instruments but more likely by 
the difference in mechanism of strokes to tall objects and 
the influence of tall projections from the earth in producing 
premature initiation of discharges. 

Curve 8 of Fig. 44 was calculated by Norinder from a 
knowledge of the magnetic field disturbance produced by 
a stroke to open ground. An evaluation of the accuracy 
of this curve is difficult because it involves an assumption 
as to the stroke mechanism, distance to stroke, and direc- 
tion and length of stroke path. 

Fig. 46—Percentage distribution curves of crest magnitude of 

The direct-stroke curve of Fig. 46 gives the percent 
distribution of the crest magnitude of the individual com- 
ponents of direct strokes to objects varying in height from 
300 to 585 feet. A comparison of this curve with Curve 7 
of Fig. 44 shows a larger proportion of small currents for 
the former. This is because only the maximum components 
of the multiple strokes were included in Curve 7 of Fig. 44. 
The curves of Fig. 46 are probably more representative of 
conditions for judging arrester performance. 

Crest currents as high as 220 000 amperes are indicated 
for strokes to lines. However, since these were obtained by 

Fig. 47—Percentage distribution curves of discharge currents 
individual components of surge currents. in lightning arresters. 
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adding currents in several towers they may be high. The 
highest current definitely known to have occurred some- 
what exceeds 160 000 amperes, recorded at the Westing- 
house recording station on the 585-foot smokestack of the 
Anaconda Copper Mining Company in Anaconda, Mont. 

Arrester Currents-Crest magnitudes of arrester dis- 
charge currents, summarized in Fig. 47, are considerably 
smaller than those occurring on transmission lines. Those 
in station arresters, in general, are smaller than those 
occurring in distribution arresters. The maximum crest 
current measured in station arresters is 15 000 amperes and 
in distribution arresters approximately 30 000 to 40 000 
amperes. The latter figure has been estimated since the 
maximum range of the recording instruments was 25 000 
amperes. Other data pertinent to the magnitude of arrester 
discharge currents are discussed later. 

26. Charge 
Wilson9 has estimated that the average charge lowered 

by a discharge to open ground is from 10 to 50 coulombs. 
Fig. 48 gives data on charge for strokes to the Empire 

Fig. 48—Frequency of occurrence of stroke charge as meas- 
ured by McEachron, 63 based largely on low-speed oscillo- 

graphic data. 

State Building by McEachron, which indicate values in 
excess of 160 coulombs. In the investigations of Wagner, 
McCann, and Beck65charges in direct strokes to tall objects 
of lower height ranged from 4 to 60 coulombs. Probably 
on the average the charge lowered increases with the height 
of the object. Charges exceeding one coulomb were found 
to be rare for arrester service. 

27. Polarity 

Direct strokes of a given polarity produce surges of the 
same polarity, but induced surges are of opposite polarity. 
Schonland, Hodges, and Collins17 state that all their electric 
field measurements indicated negative-polarity strokes; 
that is, they lowered negative charge to ground. All 58 
strokes recorded to the Empire State Building were initially 
negative; only 3 of the 27 recorded with the crater-lamp 
oscillograph reversed their polarity. Of the 12 direct strokes 
recorded by Wagner, McCann, and Beck65 all were initiated 
by negative discharges. Only two had subsequent positive 
components. 

Lewis and Foust state that, percent of their records 

of strokes to transmission lines were of positive polarity, 
while Waldorf55 found 18 percent and Grunewald,“g 14 per- 
cent. Waldorf’s figure may be higher than the others be- 
cause his data comprised lower currents. If this is true, a 
higher percentage of the lower-magnitude currents should 
be positive. This is borne out in the curves of Fig. 49 

Fig. 49—Percentage distribution curves of positive surges as a 
function of current magnitude. 

plotted from Waldorf’s and Grunewald’s data showing the 
percentage of total positive currents as a function of mag- 
nitude. At the minimum of 1000 amperes Waldorf’s data 
show that about 35 percent of the records are positive, and 
Grunewald’s, with a minimum of 5000 amperes, show 
about 24 percent. 

Possibly currents as great as 5000 or 10 000 amperes can 
be produced in towers by induced strokes, and they may 
be the cause of the higher percentage of positive records 
in the lower current range. 

The studies of McEachron and McMorris show that 63 
percent of all their records of currents in distribution ar- 
resters are negative and 37 percent positive, while Gross 
and McMorris found that for the station arresters 88 per- 
cent were negative and 12 percent positive. The curves 
of Fig. 49 plotted from these data show that for station 
arresters, the polarity is independent of current magnitude 
while for distribution arresters the number of positive 
discharges decreases with increase in current magni- 
tude. 

It is interesting to compare these results with the voltage 
measurements made on 4-kv distribution circuits by Hal- 
perin and McEachron, the results of which are shown in 
Fig. 30. If these voltages had appeared across 4-kv arresters 
with an impulse breakdown voltage of about 40 kv, the 
voltage curves for urban circuits indicate that 22 percent 
of the arrestor discharge currents would have been positive, 
and the curves for rural circuits indicate a figure of about 
35 percent. If these voltages had appeared on a 20-kv 
circuit with arresters having an impulse breakdown voltage 
of about 75 kv, no positive discharge currents would have 
been produced by the urban circuits and 27 percent would 
have been produced by the rural circuits. The increase in 
positive discharge currents recorded in distribution arrest- 
ers probably is due to induced surges. Quite likely they are 
greater on the lower-voltage circuits,6K and greater the 
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TABLE 1 -DATA ON STROKES TO LINES OF THE PENNSYLVANIA TABLE Z-OUTAGES DUE TO LIGHTNING FOR LINES WITHOUT 
WATER AND POWER COMPANY~$~~ GROUND WIRES 

113 to the conventional standard isokeraumc level of 30 
results in 97, or about 100 strokes per 100 miles per year. 

Additional information is provided by available light- 
ning outage records of lines without ground wires. Data 
of this nature are summarized in Table 2. The lines listed 
in this table are in regions with annual isokeraunic levels 
ranging from about 30 to 55, and the data give outages 
varying from 15 to 87 per 100 line-miles per year, with an 
average weighted according to length of from 30 to 35. 

All strokes to lines do not produce flashover, and all 
flashovers do not produce outages. Data published by 
Be1167 indicate a ratio of 1.5 between the number of strokes 
producing flashover and those producing outage on the 
portion of the 220-kv Wallenpaupack-Siegfried line of the 
Pennsylvania Power and Light Company that does not 
have ground wires. Information supplied by I. W. Gross 
on the 132-kv lines of the American Gas and Electric 
Company (which have ground wires) indicates a ratio of 
1.27. This ratio probably varies with the system, being 
higher the longer the flashover path and the lower the fault 
current. An estimate of the number of strokes producing 
flashover on a given line without ground wires can be 
obtained from, say, Curve 3 of Fig. 44, together with a 
knowledge of the surge impedance of the lint and its in- 
sulation level. The voltage produced by a stroke to a phase 
conductor should be equal to the product, of one-half the 
stroke current and the surge impedance of the conductor. 
Estimates of the probable mean ratio between outages and 

more exposed the lines, thus permitting higher magnitudes 
of induced surges. 

28. Number of Strokes to Transmission Lines 
Of particular importance in evaluating lightning per- 

formance of a transmission line is knowledge of the prob- 
able number of strokes to it. Hansson and Waldorf55s87 
present valuable data on this subject from surge-crest am- 
meter studies on lines of the Pennsylvania Water and 
Power Company with voltage ratings ranging from 66 to 
220 kv, as magnetic links were placed on every tower. 
These data for the first five years are summarized in Table 1 
and show a maximum variance in the number of strokes 
per 100 miles of line per year of from 59 to 232. The max- 
imum variance for any line over the eight-year period 
studieds7was from 48 to 232 and the variance of the aver- 
age for each line over the eight-year period was from 95 to 
135 strokes per 100 miles per year. The weighted average 
of the data according to length of line and years considered 
is 113. These lines are located in a region with annual iso- 
keraunic levels from 35 to 40. Converting the figure of 
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Fig. 50—Probable variation of strokes to line as a function of Fig. 52 shows curves compiled from the data of Gross 
height.‘6 and McMorris73 and McEachron and McMorristi on the 

strokes to lines without ground wires for the lines listed in 
Table 2 indicate a mean value for strokes to lines of about 
60 per 100 line-miles per year. This is, of course, only an 
estimate, and probably the figure of 100 based on Waldorf’s 
data should be used in a region of isokeraunic level of 30. 

Lightning-performance studies of lines made in the lab- 
oratory with models by Wagner, McCann, and MacLane76 
indicate that the number of strokes to the line is a function 
of tower height as shown in Fig. 50. However, no such 
trend is shown in Waldorf’s data. This is probably because 

Fig. 51—Probability curves of crest currents in lightning 
strokes to transmission lines. 

Fig. 53—Distribution of duty on station arrestera; data from 
Cross and McMorris73 on 85 three-phase bank8 for four-year 

*Based on 100 strokes to line per 100 miles of line per year. period. 

other factors such as line locations cause a greater variance. 
Thus the average value of 100 should apply to all practical 
values of tower height. 

It is then possible to plot Waldorf’s percentage distri- 
bution curve in Fig. 44 as a probability curve giving the 
number of strokes of a given magnitude to be expected. 
This is shown in Fig. 51 with the corresponding curve of 
Lewis and Foust which is Curve 1 of Fig. 44. The prob- 
ability curve used by Harder and Claytong for estimating 
line performance is also given in Fig. 51. This curve is 
essentially based on the data published by Waldorf55 except 
that it has been modified slightly in the high-current re- 
gion. The data of this figure are on a line basis and not a 
circu t basis; the number of strokes to a line is independent 
of the number of circuits comprising it. 

29. Number of Surges Discharged by Lightning Ar- 
resters 

Fig. 52- -Curves showing number of surges of given magni- 
tudes that arresters discharge per year. 
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Fig. 54—Duty on individual arresters from data obtained by 
McCann and Beck.88 

expected number of surges of a given magnitude to be 
discharged per single-phase arrester per year. The curves 
indicate an average of 0.8 surge exceeding 300 amperes for 
station arresters, but only 0.4 for all distribution arresters. 
Rural distribution arresters experience more than urban 
arresters, because of the greater density and better shielding 
of urban arresters. Rural distribution arresters, although 
having fewer surges than station arresters, are required to 
discharge higher currents. 

Figs. 53 and 54 show the distribution of duty among 
individual arresters. Fig. 53, drawn from the data reported 
by Gross and McMorris, shows that for a group of station 
arresters 32 percent discharged no surges in four years, 
only 25 percent discharged two, and the maximum number 
discharged was 3.84 per single-phase arrester per year. The 

Fig. 55—Effect of line construction on number and magnitude 
of station-arrester discharge currents; Gross and McMorris.73 

curve of Fig. 54 indicates more discharges. This may not 
be typical of duty on an average group of arresters, as the 
locations were chosen because experience indicated that 
they were subject to severe lightning conditions. 

The effect of line insulation on arrester duty is shown in 
Fig. 55. Wood-pole lines with no ground wires, as would 
be expected, produce more severe duty. 

30. Wave Shape of Lightning Currents 
An inherent difficulty in measuring the total current in 

direct strokes is the necessity of obtaining a point at which 
the current is totalized. This has led to collecting the 
current in a single mast. If, however, these masts are on 
low objects such as transmission towers, the chance of a 
particular point being struck is small. On the other hand, 
if tall objects such as buildings and smoke stacks are uti- 
lized, more records for a single installation can be obtained 
but it is always uncertain how much such strokes differ 
from those to lower objects, as dealt with in the power- 
transmission problem. It is known, for example, that the 
initial streamers, the direction of propagation, and other 
vital characteristics differ in the measured discharges at 
the Empire State Building from those elsewhere. In spite 
of these uncertainties, most direct-stroke data have been 
obtained on tall objects. 

Stekolnikov and Valeev22 in Russia in 1936 obtained the 
first oscillograms of the current in direct strokes. These 
studies were made with a balloon attached to a metal cable 
and flown at altitudes between 500 and 800 meters during a 
thunderstorm. Resistance shunts were connected directly 
in the cable circuit for a cathode-ray oscillograph and a 
high-speed rotating klydonograph. In addition, a short 
horizontal antenna about 20 meters above the ground was 
used with a cathode-ray oscillograph and a rotating kly- 
donograph. During the lightning season only two storms 
occurred near the lightning station, but six strokes to the 
vertical antenna were recorded, five in one storm. The 
cathode-ray oscillogram of one of these is shown in Fig. 56, 

Fig. 56—Cathode-ray oscillogram of current in lightning 
stroke to captive balloon.** 

and data on the five strokes that could be analyzed are 
given in Table 3. These records indicate fronts of from 1% 
to 10 microseconds and rates of rise of from 1.8 to 9 kilo- 
amperes per microsecond. The maximum duration as 
recorded by the oscillograph was not over 50 microseconds, 
but the instrument was not very sensitive. Some of the 
rotating klydonograph records of the individual compo- 
nents of the induced surges on the horizontal antenna, 
however, indicate durations from 2600 to 10 000 micro- 
seconds. 
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Several cathode-ray oscillograms obtained by McEach- 
ron” show the wave shape of the initial high-current por- 
tion of successive components of multiple strokes. Oscillo- 
grams for two of these strokes are shown in Fig. 57. The 
first (a) is of a single stroke having a crest current of about 
15 000 amperes, a front of about 4 microseconds, and a 
time to half value of about 75 microseconds. The second 
two oscillograms (b, c) are of two components of a multiple 
stroke. Each has crest values of about 20 000 amperes, 
fronts of about 10 microseconds, and times to half value 
of about 70 microseconds. 

McEachron concludes that the current between com- 
ponents of a stroke is continuous, although in many cases 

it may be only a few amperes. An example of a crater-lamp 
oscillogram showing the presence of such currents between 
successive peaks is given in Fig. 58. This oscillogram is 
also interesting in that it confirms an essential difference 
between the types of discharge to high and low objects. 

Fig. 57—Cathode-ray oscillograms of the currents in two 
strokes to the Empire State Building.” 

Fig. 58—Crater-lamp oscillogram of stroke to the Empire 
State Building by McEachron, 77 showing successive peaks and 

continuing current. 

Fig. 59—Fulchronograms of currents in direct strokes.% 
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Fig. 60—Fulchronograms of lightning-arrester discharge 
, 

currents.ss 
, 

:: 

The vast majority of the discharges to the Empire State 
Building were initiated by upward streamers from the 
building, and until this streamer tapped a concentration 
of charge in the cloud the record indicated a low magnitude 

Fig. 61—Record of arrester discharge currents obtained at the 
33 kv Stone Creek Substation of the Ohio Power Company.*a 

of current as shown in Fig. 58 for the first few tenths 
of a second. 

(a) Cathode-ray oscillogram of current in the common ground. 

Wagner, McCann, and Beckj6 have presented data ob- 
(b) Replot of cathode-ray oscillogram in linear coordinates. 

tained with the fulchronograph on subjects varying be- 
(c) Fulchronograms of current in the individual arrester phase 

legs. 
tween 300 and 600 feet in height. Of twelve records ob- 
tained only one shows evidence that the discharge was maximum measured lightning current for which the meas- 
initiated by an upward streamer. This record was obtained ured current flowed through a single conductor. Record 
at the Cathedral of Learning of the University of No. 34 has the largest number of components of the ful- 
Pittsburgh, Pa., and is No. 21 shown in Fig. 59. This figure chronograms obtained in this investigation, and shows, 
also shows fulchronograms of direct strokes of the more furthermore, that the maximum component does not al- 
conventional type. The Anaconda No. 29 represents the ways occur near the beginning of the stroke A similar 
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phenomenon was observed with photographic studies.6s 
Several fulchronograms of current discharged by arresters 
are shown in Fig. 60. A cathode-ray oscillogram of the 
neutral current and fulchronograms of phase currents for 
a lightning discharge of a three-phase arrester bank are 
shown in Fig. 61. 

31. Wave Shape of Initial High-Current Portion of 
Surge 

Time to Half Value-Fulchronograms8s *88 giving the 
current wave shape and duration have been obtained of 
46 direct strokes having 118 components, and of station 
arrester discharges having 223 components, and of dis- 
tribution arrester discharges having 83 components. Ex- 
cluding four low-magnitude components of strokes that 
were initiated by upward streamers, the times to half value 
of the direct-stroke records of the initial high-current por- 
tions varied from approximately 15 to 90 microseconds, 
with 50 percent of the components having a time to half 
value of 43 microseconds. The times to half value of the 
station arrester surges varied from 10 to 120 microseconds, 
with 50 percent of the surges having a time to half value 
of 27 microseconds. The times to half value of the dis- 
tribution arrester surges varied from 10 to 350 micro- 
seconds. The character of the tail of the high-current 
components is the same in both direct-strokes and dis- 
tribution-arrester discharge records. The times to half 
value for arresters in stations are shorter than for distri- 
bution arresters or direct strokes. These data are sum- 
marized in Fig. 62. 

Fig. 63—Duration of current peaks measured to half-value, as 
a function of frequency of occurrence;e3 based on 11 strokes 

measured with cathode-ray oscillograph. 

Fig. 64—Time to first crest of current peaks, as a function of 
frequency of occurrence; based on cathode-ray oscillograms 

of 13 strokes. 

Fig. 62—Percentage distribution curves of duration of in- 
dividual components of lightning-surge currents. 

Similar data obtained by McEachron63 by means of the 
cathode-ray oscillograph are summarized in Fig. 63. 

Wave Fronts-The results of Stekolnikov and Valeev 
on direct strokes as summarized in Table 3 indicate wave 
fronts of from 1.5 to 10 microseconds. Fig. 64 summarizes 
data obtained on the Empire State Building.63 

Table 4 gives the results of measurements made with the 
magnetic surge-front recorder on direct-stroke currents, 
arrester discharge currents, and a transmission-line tower Fig. 65—Percentage distribution curves of rate of current rise 
current.6s These data indicate a lower limit of 0.5 and an 

573 

on fronts of lightning surges. 
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TABLE 4— OBTAINED WITH MAGNETIC SURGE-FRONT 
RECORDERS BY WAGNER, MCCANN, AND Beck 

upper limit of 20 microseconds. The lower limit, however, 
is quite doubtful because the presence of multiple strokes 
impaired the indication. The highest average rate of cur- 
rent rise measured in a direct stroke in these studies is 
7600 amperes per microsecond for a stroke with a crest of 
19 000 amperes. However, the transmission line tower 
current, which had a crest of 50 400 amperes, indicated an 
average rate of rise of 43 600 amperes per microsecond. 
The highest average rate of rise measured in an arrester 
discharge was 3200 amperes per microsecond for a surge 
with a crest current of 5100 amperes. 

Fig. 65 gives percentage distribution curves on the rate 
of rise occurring on the front of the wave. Berger’s meas- 
urements are of currents in transmission-line towers. The 
highest rate of rise that he recorded was between 30 000 
and 40 000 amperes per microsecond. However, the crest 
currents associated with the records did not exceed 40 000 

Fig. 66—Percentage distribu tion curves of duration of 
vidual components of lightning-surge currents. 

amperes. Norinder’s values are questionable, as they were 
estimated from measurements made of the magnetic fields 
produced by lightning strokes. McEachron’s data repre- 
sent the effective rate of rise of strokes measured with the 
cathode-ray oscillograph. McCann measured with the 
cathode-ray oscillograph and magnetic surge-front recorder 
the effective rate of rise of direct strokes to tall objects. 

32. Characteristics of the Long-Duration Tails 
The records obtained on the long-duration portion of 

direct strokes indicate that their character varies over wide 
limits. Aside from the strokes of continuing character 
recorded to tall objects,65.71 the fulchronogramsE5 of direct 
strokes indicate component durations of between 50 and 
300 000 microseconds. The curves of Fig. 66 show the 
measurable duration of individual components of direct 
strokes as measured with the fulchronograph and also the 
photographic-recorder. The fulchronograph and photo- 
graphic-recorder have recording sensitivities of 50 amperes 
and 0.2 ampere, respectively. It is of interest that for any 
percentage occurrence value on this figure, the duration as 
recorded by the fulchronograph is only a small fraction of 
that shown by the photographic-recorder curve. This 
shows that on the average the duration of current above 
50 amperes in a component is only a small fraction of its 
total duration. 

It is shown in Fig. 66 that arrester-current records have 
considerably less evidence of long-duration tails. Of the 
268 discharge records obtained from arresters in stations, 
only 8 percent of the surges lasted longer than 300 micro- 
seconds. Of the 97 discharge records obtained from dis- 
tribution arresters, 54 percent of the surges had durations 
exceeding 300 microseconds. The 137 records obtained by 
photographic-recorder on arresters in stations show that 
50 percent of the surges lasted longer than 3000 micro- 
seconds. As shown by Bergvall and Beck25 power trans- 
formers on grounded-neutral systems should be able to 
absorb the long-tail portion of the wave to an appreciable 
degree, if a sufficiently low impedance path to ground is 
provided. Distribution transformers should perform this 
function to a lesser degree. Thus, under these conditions, 
the arresters and transformers tend to protect each other. 
The arrester takes the high-current portion of the surge, 
which is injurious to the transformer; and the transformer 
the long-duration portion, which is injurious to the arrester. 
This is verified by the fact 65 that the 14 long-duration 
records were obtained on systems in which the protective 
value of the transformer ground connection is absent, 
although only about 30 percent of the arrester records 
were obtained on this type of circuit. 

Further evidence of the influence of the system ground 
on surge duration is found in the field experience that has 
been gained in the past with a new type distribution 
arrester.65 Of 27 000 arrester years of operation on four- 
wire systems in which the neutrals of the source trans- 
formers are grounded with the neutral brought out to the 
distribution transformers being protected, no failures have 
occurred. For systems with the source grounded but with 
the neutral not brought out and the primary of the pro- 
tected transformer not grounded, the record shows 7 fail- 
ures caused by lightning out of 8500 arrester years, or 
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0.082 percent. On delta systems 11 lightning failures have 
occurred in 4500 arrester years, giving a performance of 
0.24 percent. This result can be explained only by the 
presence of long-duration surges. 

A further significant fact is that 16 of the 18 failures 
occurred on four systems having only 1078 arrester years’ 
experience. These systems, in addition to being either 
delta- or wye-connected with the protected transformer 
ungrounded, were in regions of very high soil resistivity. 
This indicates that strokes in regions of high soil resistivity 
may have longer-duration components than those in 
regions of low soil resistivity. 

33. Conclusion 
As a result of the investigations described, certain char- 

acteristics of lightning may be said to be quite definitely 
known. Among these are: 

1. Mechanism of the discharge. 
2. Polarity. 
3. General wave shape. 
4. Number of components in the discharge. 
5. Time intervals between components of discharges. 
6. Total stroke durations. 
7. Crest magnitude of stroke current at ground, of tower 

currents, and of currents discharged by lightning arresters. 

On the other hand, many questions are still only par- 
tially answered. Thus, 

1. Thunderstorms appear to follow more or less definite paths 
as influenced by local terrain, which produces great localized 
variations in storm and lightning-stroke density. The only in- 
formation available as to the density of strokes is that distributed 
by the Weather Bureau, which pertains only to the number of 
storm days, and is based upon aural indications. The Bureau 
data do not take these local conditions and line locations with 
regard to them into consideration. 

2. Of the half-dozen proposed theories of charge formation, 
none explains completely all the factors involved. 

3. The length of the stroke channel, that is, the height of the 
charge centers above earth, and the distribution of charge and 
current in the channels are still insufficiently known. 

4. Earth resistivity and geological structure appear to in- 
fluence the duration and possibly the crest magnitude of stroke 
discharges, but insufficient information is available to determine 
the extent. 

5. Tall objects unquestionably affect the initial streamers 
and it is likely that the subsequent discharge is also affected. 

6. The extent to which current at the ground flows between the 
individual components is still somewhat questionable. 

7. The initial rates of rise of stroke currents and voltages 
encountered on systems are still worthy subjects of research. 

8. More direct evidence is required to determine whether some 
of the recorded tower currents are due to induced effects. 

It is apparent, therefore, that although considerable 
progress has been made in lightning research, many ques- 
tions still remain for further investigation. 
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CHAPTER 17 

LINE DESIGN BASED UPON DIRECT STROKES 
Original Author: 

A. C. Monteith 

T HE insulation requirements of transmission lines are 
determined by lightning and switching transients 
and not by the normal frequency voltage. For lines 

up to the highest voltages now in use, lightning disturb- 
ances resulting from direct strokes are usually a principal 
factor. The direct-stroke theory attributes the severe 
lightning disturbances on any transmission line to direct 
contact of the discharge with the line. Lines built in 
accord with this theory are shown in Fig. 1. Prior to the 
acceptance of the direct-stroke theory designers did not 
attempt to protect lines for direct strokes. They thought 
it highly improbable that lines would be struck directly, 
and, with the limited knowledge available, believed it 
practically impossible to cope with direct strokes. Lines 
were designed on the basis of induced strokes, which as- 
sumed that the charged cloud (covering the vicinity of 
the line) with its accompanying gradient of voltage to 
ground, bound a charge on the line. The discharge of the 
cloud to a location other than the line itself released this 
bound charge, which was then free to travel along the 
line. Tests have shown that actual gradients appearing 
on the line during near-by discharges are too low to ac- 
count for the damage frequently done. 

Revised by: 
E. L. Harder and J. M. Clayton 

Fig. 2—Proof of the direct stroke theory-in this case the 
lightning struck close to the line and 1600 feet from a record- 

ing station yet no abnormal voltages were recorded. 

An instance of lightning (Fig. 2) that struck earth with- 
in 1600 feet of a field measuring station and within 250 
feet of a 220-kv line, without establishing any above- 
normal voltage on the line itself, did much to start the 
investigators actively to consider direct strokes as the 
actual menace. 

Consideration was given to the effect of direct stokes 
and methods of combating them as early as 1929.’ The 
early exponent of the theory was Dr. C. L. Fortescue. 
In 1930 Dr. Fortescue was sufficiently satisfied with the 
theory to publish an article2 “Direct Strokes, Not In- 
duced Surges Chief Cause of High-Voltage Line Flash- 
over,” and in 1931 Fortescue and Conwell gave a com- 
plete discussion on the application of the direct-stroke 
theory to actual line design. 

678 
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The direct stroke theory is now completely accepted for 
high-voltage lines (See App. Tables 1 and 2). Much evi- 
dence is being collected on the low-voltage rural lines to 
indicate that even here it is the direct stroke for which 
protection must be provided. More evidence must be 
secured for medium- and low-voltage lines to evaluate 
properly the possible effects of induced strokes. However, 
if the protection is based on the direct-stroke viewpoint, 
then induced strokes sink to insignificance on lines of any 
voltage. 

Protection against direct strokes requires a shield to 
prevent lightning from striking the electrical conductors, 
together with adequate drainage facilities and adequate 
insulation structures so that the discharge can drain to 
ground without affecting the conductors. As an alterna- 
tive the line can be built without shielding but rather 
auxiliary discharge paths provided so that any discharge 
tending to interfere with the flow of normal-frequency 
current will be interrupted. The shielding method does 
not allow an arc path to form from the line conductor to 
ground, thereby giving inherent protection in the design 
itself. Ground wires is one form of this type of protec- 
tion. The non-shielding method or protection by auxil- 
iary devices does allow an arc to form between the ground 
structure and conductors but means are provided to 
quench it without line interruption. De-ion protector 
tubes are a form of the latter type of protection. 

This discussion is confined to the electrical character- 
istics of transmission-line design, and does not deal with 
the mechanical characteristics, which are adequately 
covered elsewhere.* The discussion of the general factors 
to be considered in designing the two types of lightning- 
proof lines is intended only to give a general idea of how 
these factors affect the line performance. The results 
should not be taken as rigorous but rather should be used 
for considering preliminary designs on a comparative 
basis. The chief value of the general curves lies in the 
facility provided for considering alternative designs on a 
comparative basis; however, a check of the curves against 
a large amount of actual line experience does indicate 
good agreement. 

I. LINE DESIGN-INHERENT PROTECTION 

1. Design Factors 

The design of a transmission line against lightning for 
a desired performance, is practically independent of oper- 
ating voltage. The main consideration is how to obtain 
a protection level for the desired performance. 

The basic principles underlying the design of a line 
based on the direct-stroke theory are: 

(1) Ground wires with sufficient mechanical strength 
must be located to shield the line conductors ade- 
quately from direct strokes. 

(2) Adequate clearance from the line conductor to the 
tower or to ground must be maintained so that the 
full effectiveness of the insulating structure can be 
obtained. (Sleet might influence this selection.6) 

(3) Adequate clearances from ground wires to con- 
ductors must be maintained, especially at the 
midspan, to prevent flashover to the conductors 

up to the protective voltage level used for the line 
design. 

(4) Last, but equally as important, tower-footing re- 
sistances as low as are economically justified must 
be secured. 

Fig. 3—Ground wire arrangements on 230-kv line. 

The above points can be better visualized from Fig. 3 
which shows a sketch of the ground wire arrangement for 
a single-circuit. The ground wires are shown placed high 
above the line conductors and are well out on the towers. 
With this type of construction the ground wires are not 
placed directly over the conductors. This eliminates the 
possibility of contact in case of dancing conductors with 
sleet loading and also reduces the tower-top cost. Expe- 
rience with lines and also tests6 have shown that when 
the protective angle (the angle formed by a line through 
the ground wire and the outer phase wire and the vertical) 
does not exceed 30 degrees, good shielding of the line con- 
ductors is obtained, and the probability of side stroke to 
the conductor is slight. Data taken from many lines 
show that as this angle increases, the probability of flash 
to the conductor increases. This factor will be discussed 
in greater detail later. 

Where the ground wires are directly connected to the 
supporting structures, such as to the tower top in the 
case of steel lines, or to the pole top with ground wires 
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down the poles in case of wood-pole construction, the 
correct location of ground wires placed high above the 
phase wires is a compromise with the effective utility of 
the insulating structure. However, unless ground wires 
are placed to intercept the strokes their purpose is de- 
feated. Thus the first requisite is to correctly place the 
ground wires well above the conductors to prevent side 
flashes to the conductors. Structures on which the ground 
wires are not directly connected to the steel pole have 
been considered. For example, wood has been used to 
insulate the ground wires from the steel supporting struc- 
ture, the ground connection to the ground wires being 
taken entirely free of the supporting structure. Also the 
erection of poles entirely separate from the conductor 
supporting structures and elevated high enough to shield 
the conductors have also been proposed. Since the design 
factors for arrangements of this sort are different they 
will be considered later. This discussion is confined en- 
tirely to lines having the ground wires directly connected 
to the supporting structure. 

The second and third factors, the maintenance of ade- 
quate clearance from conductors to towers and from 
ground wires to conductors are naturally of importance 
in obtaining a balanced design and are discussed at length 
later. 

The degree to which the fourth requirement-low foot- 
ing resistance-can be met depends on local soil condi- 
tions. The method used to reduce the equivalent footing 
resistance and the degree to which this is carried is surely 
a matter of economics as the problem is one of balancing 
the cost of lowering the resistance against the cost of in- 
creased insulation and tower structure to secure the de- 
sired performance. Experience indicates that some means 
of reducing the footing resistance to an equivalent of ten 
ohms, as measured with the ground wires removed, is 
more economical than adding insulation. The resistivities 
of the principle earth materials, listed in Table 1, vary 

TABLE 1—EARTH RESISTIVITY 

over a considerable range so that the selection of the 
method of securing low tower footing resistance, will de- 
pend on local soil conditions. A more complete discussion 
of the use of ground rods and counterpoise will be given 
later. 

Considerable work has been done on establishing meth- 
ods’ for predetermining the design requirements of lines 
to provide a desired immunity against lightning tripouts. 
The curves of Fig. 4 present an estimating method8 which 
is based on the stroke current probability curve. This 
curve is essentially based on the data published by Wal- 

current region to allow for strokes up to 200 000 amperes, 
which are known to occur from other field data. These 
data have been obtained through field research on a large 
number of lines. This estimating method treats the light- 
ning stroke as a constant fixed current; that is, the current 
magnitude is assumed to be independent of the stroke 
terminating impedance. 

The curves have been calculated on the basis that the 
stroke is intercepted by a shield wire. The lightning 
current is then expected to take the path along the shield 

TABLE 2—SUMMARY OF ANACOM STUDY 

dorfg except that it has been modified slightly in the high 



Chapter 17 Line Design Based Upon Direct Strokes 

Tower Flashovers 

581 

Figure I-Continued on Next Page 



682 Line Design Based Upon Direct Strokes Chapter 17 

Tower Flashovers 

Fig. 4-Curves for estimating line insulation and performance based 
equivalent, and an isokeraunic level of 

lo-inch, 53/4-inch spaced 
storm days per year. 

suspension insulator 

The numerals on curves (a) to (h) indicate tower footing resistance, (i) and (j) length of span. 

wire, down the tower or towers, and through the tower- 
footing resistance to ground. As the current follows this 
path to ground, a transient voltage appears across the 
line insulation. Neglecting normal-frequency voltage, the 
magnitude of this voltage depends chiefly on the stroke 
current magnitude and wave shape, tower-footing resist- 
ance, tower inductance, span length, and coupling factor. 
Assuming the voltage across the insulation has been de- 
termined for a particular set of parameters, the insulation 
requirements can be determined from the characteristic 
curves of Fig. 5. 

The curves of Fig. 4 are based on tower-top and mid- 
span potentials, which were determined from a study on 
the Anacom. lo A typical line was set up on the Anacom 
and using a typical current wave, stroke currents were 
applied at tower-top and midspan and the corresponding 

potentials measured. A 2x40 microsecond current wave 
was used throughout the study as representative of light- 
ning strokes to transmission lines. Tower-top and midspan 
potentials were determined for the range of span lengths 
and footing resistances covered by the curves of Fig. 4. 
Some typical voltage solutions are shown in Fig. 6 and 
the complete results of the study are summarized in 
Table 2. Using these solutions and taking coupling into 
account the insulation requirement for any particular 
value of stroke current to tower can be determined from 
the following relationship. 

Insulation strength = stroke current X tower-top voltage 
per ampere of stroke current X (one - 
coupling). 

For this insulation strength the required number of insu- 
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Fig. 5—Characteristics of insulators and gaps, all values are based on 11/2x40 
atmospheric conditions. 

positive waves and corrected to standard 

lators was determined from the characteristic curves of 
Fig. 5. Note that the time lag curve to use is determined 
from the Anacom solutions. For example, the 3.2-micro- 
second time-lag curve is used in determining the tower 
insulation requirements for a line with 1600-foot spans 
and 100 ohms tower-footing resistance, Fig. 6(d). This is 
the time at which the tower-top potential is reduced ap- 
preciably by reflected waves from adjacent towers. 

Midspan insulation requirements for strokes to midspan 
were determined from the results of the Anacom study in 
a similar manner. The Anacom study and basis of the 
parameters used in the study are described in detail in 
reference 8. 

Thus, using the method outlined above, the tower and 
midspan insulation requirements were determined for 
various span lengths and tower-footing resistances and 
plotted as the permissible stroke current curves of Fig. 4. 
The probability of flashover can be determined by com- 
bining these curves with the stroke current probability 
curve. The magnitude of the stroke current is recognized 
as a matter of probability. Thus, the probability of flash- 
over for a given case is simply the probability of stroke 
current in excess of that required to cause flashover. The 
stroke current probability curve is given in Fig. 7. The 

combination of the permissible stroke current curves of 
Fig. 4 and the probability curve of Fig. 7 results in the 
general probability curves of Fig. 4. 

The probability curves give line performance on the 
basis that all strokes are to tower, or all to midspan, re- 
spectively. Thus, line performance is determined by aver- 
aging the two outage probabilities obtained from the 
tower and midspan curves, respectively. For a co-ordi- 
nated line, having equal outage probabilities at tower and 
at midspan, either curve gives the total outages per 100 
miles of line per year. 

The result of reducing the tower-footing resistance is 
shown in Fig. 4. For example, a line designed for 10 insu- 
lators with 400-foot span and 100-ohm footing resistance, 
would have a protection level of 28 000 amperes stroke- 
current maximum. Further, the same line with 20-ohm 
footing resistance would have a protection level of 80 000 
amperes and with 5 ohms, a level of 126 000 amperes 
maximum. Thus, lowering the footing resistance increases 
the utility of a given string of insulators. The protection 
level can further be increased by the addition of insulators 
with corresponding increase in clearances. A line designed 
with two insulators and a footing resistance of 10 ohms 
would have a protection level of approximately 28 000 
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Fig. B-Typical current wave and tower-top and midepan 
potentials from Anacom study. 

(a) 2X40 microsecond current wave; 
(b) 400-foot span, 50 ohm tower footing resistance; 
(c) lOOO-foot span, 10 ohm tower footing resistance; 
(d) 1600-foot span, 100 ohm tower footing resistance 

amperes while 7 and 11 insulators would have protection 
levels of 80 000 and 122 000 amperes maximum, respec- 
tively, according to Fig. 4(b). These curves for different 
span lengths provide a method of making estimates for 
different numbers of insulators and different footing re- 
sistances, facilitating the selection of the most economical 
design of a transmission line to meet the service require- 
ments. 

The second factor-adequate clearance from conductor 
to the tower can readily be obtained by providing an air- 
gap distance equivalent to the number of insulators. Al- 
though flashover curves of gaps and insulators have been 
published they are given in Fig. 5 for convenience in arriv- 
ing at equivalents between insulators and gaps in air. 
This air distance plus the distance allowed for the swing 

of the conductor by the wind will then determine the 
clearance from the conductor to the tower for the con- 
ductor in the normal position. The spacing between 
conductors can be determined by the method given above, 
the proper allowance being made for the supporting struc- 
tures. The only insulation requirement from an operating 
point of view is that the 60-cycle flashover of the insula- 
tion or clearances must be of the order of four times the 
operating voltage to neutral. If this requirement is sat- 
isfied the probability of outage from switching surges 
will be negligible and then the lightning consideration will 
prevail. Table 3 shows the number of insulators neces- 
sary to satisfy this requirement for various operating 
voltages. 

TABLE 3 - MINIMUM SUSPENSION INSULATORS TO PREVENT 
OUTAGES FROM SWITCHING SURGES 

The third requirement, midspan clearance, requires 
more consideration. On modern lines midspan clearances 
normally required for icing and shielding considerations 
and for mechanical reasons provide a high level of protec- 
tion. For example, the midspan clearances required to 
provide the relatively high protection level of 100 000 
amperes for 400-, 600-, 800- and 1000-foot spans are 9.7, 
13.8, 19.8, and 26 feet, respectively, according to Fig. 4(i). 
These clearances closely approximate the average values 
usually encountered on modern lines. 

In general, midspan protection levels are higher than 
tower protection levels, and in some cases midspan pro- 
tection levels are extremely high with the results that 
midspan flashovers become negligible. In the previous 
example of a line designed with 400-foot span, 10 insu- 
lators, and with loo-, 20-, and &ohm footing resistances, 
the minimum midspan clearances should be at least 2.3, 
7.0 and 12.5 feet, respectively, to be insulated for the 
same stroke current at midspan as at tower. However, a 
line with 400-foot spans normally has a midspan clear- 
ance of approximately 10 feet irrespective of footing re- 
sistance. This clearance provides a protection level of 
102 000 amperes; a comparable protection level at tower 
requires 12-ohm footing resistance. For higher values of 
footing resistance, it is desirable to maintain the high 
midspan protection level since this results in better line 
performance. In some cases it may be desirable to raise 
the midspan protection level. This can be accomplished 
by increasing the midspan clearance by allowing the 
ground wires to sag less than the conductors. 
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Fig. 7—Lightning stroke current probability curve. Strokes 
per 100 miles of line per year based on isokeraunic level of 30. 

2. Design for Given performance 

This discussion has been based entirely on securing 
estimates for a given protection level. The question arises 
as to the level that should be secured for a given standard 
of service. The probability of flashover for a given pro- 
tection level can be determined from the stroke current 
probability curve of Fig. 7, which is based on an isoker- 
aunic level of 30 storm days per year. 

For example, a transmission line with a protection 
level for 100 000 amperes stroke current maximum has 
an expected probability factor of 0.7 outage per 100 miles 
per year for an isokeraunic level of 30, and twice that, or 
1.4 for an isokeraunic level of 60. Also a transmission 

Fig. 8—Annual isokeraunic map of the United States 
storm days per year. 
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line designed for a protection level of 20 000 amperes 
stroke current maximum has a probability of 30 outages 
per 100 miles per year for an isokeraunic level of 30. In 
other words, the probability of having outages on a line 
decreases as the protection level increases, because the 
probability of experiencing strokes in excess of the higher 
level is not so great. 

Adding insulators or reducing tower-footing resistances 
result in an increased protection level. There is an eco- 
nomic limit to which this increase in protection level can 
be carried. Little is gained in performance of the line by 
raising the protection level beyond a certain limit. For 
example, on a line designed with 8 insulators and 50, 20, 
or 5 ohms footing resistance the expected probability of 
outage is 15.6, 4.1, and 0.8 outages per 100 miles per year, 
respectively. With 12 insulators the expected performance 
is 7.8 1.0, and 0.2 outages per 100 miles per year. These 
values assume equal protection levels at tower and mid- 
span. Therefore, for the higher footing resistances con- 
siderably better performance can be expected from in- 
creased insulation, up to a certain limit. However, Sor 
the lower footing resistance not much is gained from in- 
creased insulation. If 5 ohms can be obtained, little re- 
turn can be expected from any increase over 11 insulators, 
but for 20 ohms the desirable number of insulators is in- 
creased to 17 to obtain the same outage probability. 

The probability curves of Figs. 4 and 7 are based on an 
isokeraunic level of 30 storm days per year. An isokeraunic 
map1’*12 for the United States is shown in Fig. 8. The 
probability of outage is assumed to vary directly with 
the number of storm days so that if an area has 45 storm 
days per year from the map, the outage probability 
should be multiplied by 1.5. 

showing 

The curves of Fig. 4 for estimating outages due to 
strokes to tower are based on coupling factors correspond- 
ing to a ground wire 100 feet above the ground plane 
and a 30-foot separation between ground wire and con- 
ductor. For other values of ground wire height and sepa- 

ration, the number of insulators 
should be corrected to allow for the 
corresponding change in coupling 
factor; the correction factors are 
given in Fig. 9. The equivalent 
number of insulators to use with the 
curves of Fig. 4 is obtained by 
multiplying the actual number of 
insulators by the correction factor 
corresponding to the actual ground 
wire height and spacing. The spac- 
ing between ground wire and con- 
ductor refers to the distance to the 
conductor with the greatest tran- 
sient voltage across its insulator 
string. This is the conductor most 
distant from the ground wire, since 
the coupling between this conductor 
and ground wire is less than the 
coupling for the closer conductors. 

On some lines the midspan pro- 

number of thunder- tection level may be more than 
twice the tower protection level with 
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Fig. 9—Correction factors for ground wire height and ground 
wire-to-conductor spacing at tower. 

the result that strokes to midspan may cause flashover at 
tower rather than at midspan. If the permissible stroke 
current to midspan is more than twice the permissible 
stroke current to tower, the outage probability is the aver- 
age of that corresponding to the permissible stroke current 
to tower and that corresponding to twice this stroke cur- 
rent. If the permissible stroke current curves of Fig. 4 in- 
dicate the midspan protection level is more than twice the 
tower protection level, the outage probability should be 
determined from the curve of Fig. 10. 

On wood-pole lines where the insulating medium may 
be a combination of porcelain, wood, and air, the insula- 
tion strength of the flashover path must be determined 
and converted to an equivalent number of standard insu- 
lators. The insulation strengths of standard insulators 
and air can be determined from Fig. 5, and the insulation 

Fig. 10—Curve for determining the outage probability if the 
midspan protection level is more than twice the tower pro- 

tection level. 

strength of wood in series with the insulator string can be 
determined from Fig. 11. l3 For estimating purposes the 
flashover voltages of the different insulating media can 
be added and the equivalent number of insulators for the 
total flashover voltage can be determined from Fig. 5. In 
making these calculations all flashover voltages should be 
based on the two microsecond time lag curves. 

The general curves are based on all flashovers causing 
power follow and consequently outages; however, all 

Fig. 11—Impulse insulation added to suspension-insulator 
strings by wood crossarms. 

flashovers do not result in outages depending on the line 
insulation characteristics and other factors. The ratio of 
outage to flashover is discussed in section III. 

3. Application of Curves 

The use of the curves of Fig. 4 in estimating line per- 
formance is illustrated by a few examples. 
Example 1. A proposed 138 kv line is to have not more 
than 2 outages per 100 miles per year based on an iso- 
keraunic level of 30. Shielding the line is recognized as 
desirable. Soil conditions are such that the footing re- 
sistance is 100 ohms. Tests show that four 30-foot ground 
rods reduce the resistance to 50 ohms; that a partial 
counterpoise reduces this to 20 ohms equivalent, and that 
an adequate counterpoise reduces it to 10 ohms equivalent. 
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The first question is span length. The topography of 
the country, conductor size, etc., must be considered. 
However, assume that all factors have been considered 
and 1000-foot spans have been selected and that ground 
wires and conductors will be sagged to permit a midspan 
separation of 24 feet. The outage probability for this 
midspan separation is 1.0, Fig. 4(i). Therefore, the outage 

TABLE 4—-MINIMUM CLEARANCE FROM CONDUCTOR TO TOWER 

Tower Footing 
Resistance Ohms 

100 
50 
20 

Number of 
Insulators 

27 
18 
10 

Clearance 
Inches 

155 
105 
59 

The equivalent insulation of the wood and porcelain 
based on the two microsecond time-lag curves can be 
determined from Figs. 5 and 11. The flashover voltages 
for six insulators and six feet of wood are 800 kv and 700 
kv, respectively. From Fig. 5 the sum of these values, 
1500 kv, is equivalent to 12 standard insulators. 

The increased coupling due to spacing and ground wire 
height can be taken into account by the correction factors 
of Fig. 9; a correction factor of 1.1 corresponds to a 12 
foot separation and ground wire height of 50 feet. Correct- 
ing for coupling the equivalent insulation becomes 
1.1 X 12 = 13.2 insulators. 

From Figs, 4(c) and 4(i) the outage probabilities corr+ 
sponding to 13.2 insulators, 50 ohms pole-grounding re- 
sistance, and 14 foot midspan separation are 5.0 and 0.7 

10 I 7 I 43 per 100 ‘miles per year for-strokes to tower and midspan, 
respectively. The average of these, (5.0+0.7)/2 = 2.85, 

probability for strokes to tower must be 3.0 so that the is the outage probability for the line assuming all flash- 
average of the tower and midspan outages will be 2.0. overs result in sustained power follow and trip-out. Since 
For three outages per 100 miles per year and 100-ohms part of the insulating medium is wood, approximately 
footing resistance, 27 insulators are required, Fig. 4(e). 50 percent of the flashovers will result in outages. Thus 
The number of insulators becomes 18 for 50 ohms, 10 for the outage probability is 0.50X2.85 = 1.42 per 100 miles 
20 ohms, and 7 for 10 ohms footing resistance. The mini- per year. 
mum conductor-to-tower clearance, balanced against the 
insulator flashover, is given in Table 4. These dimensions 
allow a layout of the towers; and the added cost of towers, 
insulators, etc., can be balanced against the cost of re- 
ducing the footing resistance. 
Example 2. Determine the outage probability of a 69-kv 
steel-tower line, shielded by overhead ground wire, lo- 
cated in an area where the isokeraunic level is 50, which 
has eight 5x-inch spaced suspension insulators per string. 
The average span is 600 feet with a midspan separation 
of 16 feet. The average tower-footing resistance is 50 
ohms. 

II. PERFORMANCE OF TYPICAL LINES 

The general curves of Fig. 4 express line performance in 
terms of four main parameters; namely, footing resistance, 
line insulation, midspan clearance, and span length. Tower 
footing resistance and line insulation requirements are 
usually determined by the standard of service that is 
required of the line. Midspan clearance and span length 
affect line performance but are determined largely by 
other factors. Midspan clearances normally required for 
mechanical reasons provide adequate protection against 

From the probability curves, Fig. 4(c), the outage midspan flashovers. - The length of span is determined 
probability for strokes to tower corresponding to eight primarily by the conductor size and tower construction. 
insulators and 50 ohms tower-footing resistance is 13.7 The selection of towers and conductors depends primarily 
per 100 miles per year and the permissible stroke current on the voltage class of the line; thus, average values of 
is 35 000 amperes. From Fig. 4(i) the outage probability midspan clearance and span length are representative of a 
for strokes to midspan corresponding to the given span large percentage of the lines in a particular voltage class. 
length and separation is 0.5 per 100 miles per year, and Using average values for these parameters, line perform- 
the permissible stroke current is 110 000 amperes. Since ante of a typical line in a particular voltage class can be 
the permissible stroke current to midspan is more than expressed in terms of two parameters-footing resistance 
twice the permissible stroke current to tower, strokes to and line insulation. On this basis the curves of Figs. 12 
midspan can cause flashovers and consequently outages and 13 present a method for estimating the performance 
at the tower. For this case the outage probability is de- of typical lines of voltage classes ranging from 34.5 to 
termined from Fig. 10. The outage probability for a 287.5 kv. Three curves are given for each voltage class 
permissible stroke current to tower of 35 000 amperes is which cover the range of insulators normally encountered, 
8.5 per 100 miles per year for an isokeraunic level of 30. the center curve being based on the number of insulators 
The corresponding outage probability for an isokeraunic most common for the voltage class. 
level of 50 is 50/30X8.5 = 14.2 per 100 miles per year. The curves are calculated on the basis that probability 
Example 3. Determine the outage probability based on of flashover is independent of the normal frequency volt- 
an isokeraunic level of 30 of a 69kv wood-pole line having age. Therefore, the application of the curves is not re- 
six standard insulators and an average pole-grounding stricted to the indicated voltage class. For example, a 
resistance of 50 ohms. The average span is 600 feet with 69-kv line may be under consideration with span length 
a 14-foot midspan separation. The line insulation con- and midspan separation which are approximately equal 
sists of six feet of wood in the electrical circuit in addition to the values on which the 115-kv estimating curves are 
to the six insulators. The spacing between ground wire based. In this case the 115-kv curves are used in esti- 
and conductors is 12 feet at the poles and the ground wire mating performance of a 69-kv line, provided the desired 
is 50 feet above the ground plane. line insulation level is also covered by the curves. 
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Fig. 12—Typical configurations of wood-pole lines and curves for estimating line performance based on standard insulators 
and an isokeraunic level of 30 storm days per year. 
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Fig. 13—Continued on Next Page. 
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Fig. 13—Typical configurations of steel-tower lines and curves for estimating line performance based on standard insulators 
and an isokeraunic level of 30 storm days per year. 
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The average values of span lengths and midspan sepa- 
rations used in calculating the curves are shown in Figs. 
12 and 13. In general, small variations in these factors 
do not affect the number of flashovers appreciably. For 
example, a 115-kv line with eight insulators, 800-foot 
spans, l&foot midspan separation, and 10 ohms tower- 
footing resistance has a flashover probability of 1.2 per 
100 miles per year. As the span length is increased to 
1000 feet or decreased to 600 feet, the corresponding flash- 
over probability becomes 1.35 or 1.1 per 100 miles per 
year. Assuming the midspan separation is increased to 
22 feet or decreased to 14 feet the corresponding flash- 
over probability becomes 1.0 or 1.65 per 100 miles per 
year. Thus, small variations in the midspan clearance 
and span length do not affect the outage probability appre- 
ciably. If the span length and midspan separation of a 
particular line under consideration are appreciably dif- 
ferent from the values on which the curves are based, the 
line performance should be determined from the curves 
of Fig. 4. 

The curves of Figs. 12 and 13 give the number of light- 
ning flashovers rather than the number of line outages; 
all flashovers do not result in line outages. The ratio of 
outage to flashover which is discussed in section III de- 
pends on the line and line insulation characteristics of the 
particular line being considered. 

4. Performance of Wood-Pole Lines 

The curves of Fig. 12 for estimating the performance 
of wood-pole lines are based on the typical conductor and 
ground wire configurations shown in the same figure; 
these configurations are averages of several lines. In 
calculating the number of flashovers at poles, the path of 

TABLE 5—GENERAL DATA ON WOOD-POLE LINES 

minimum impulse insulation is assumed to be the porce- 
lain plus the wood in the electrical circuit. The length 
of wood in the electrical circuit is assumed to be half the 
distance between phase conductors, the distance between 
conductors being shown in Fig. 12. The ground wire 
down-lead is assumed to be fastened directly to the pole. 
In some cases the line insulation is increased by mounting 
the down-lead away from the pole so that an air gap is 
included in the flashover path in addition to the porcelain 
and wood. General data on wood-pole lines are summar- 
ized in Table 5. 

5. Performance of Steel-Tower Lines 

Curves for estimating the performance of typical steel- 
tower lines are presented in Fig. 13; typical conductor and 
ground wire configurations for single-circuit and double- 
circuit lines are included in this figure. General data on 
steel-tower lines are summarized in Table 6. Spans for 

TABLE 6—GENERAL DATA ON STEEL-TOWER Line4s 

single-circuit lines are generally about 100 feet longer than 
double-circuit lines in the same voltage class. Other fac- 
tors remaining equal, the outage probability is slightly 
greater for the line with longer spans. However, coupling 
factors are usually less on double-circuit lines due to the 
greater separation between ground wires and conductors, 
and this increases the outage probability slightly, other 
factors remaining equal. Thus, the performance of single- 
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circuit and double-circuit lines can be expressed without 
appreciable error in a single set of estimating curves. 

The curves for estimating flashovers on 287.5-kv lines 
are not based on the actual number of insulators used on 
the only existing line of this voltage class. The curves are 
based on a range of insulator values so that line perform- 
ance can be determined for various insulation levels. Also, 

the curves covering the upper insulation levels can be 
used for estimating line performance of higher voltage 
lines that may be constructed in the future. 

III. DETAILED DISCUSSION OF FACTORS 

6. Ground Wires 

The selection of the size, arrangement, and mechanical 
strength of ground wires is of paramount importance in 
the design of a line. Some of the earlier troubles with 
ground wires (sometimes called “static” wires) have been 
traced to mechanical difficulties or incorrect selection of 
the material. Sleet sometimes causes ground wires to 
come in contact with the conductors, producing line out- 
age. This is minimized as ground wires with characteris- 
tics practically the same as the conductors are used. The 
proper location and tension is discussed at length in a 
published paper.6 

When a ground wire is selected with the above thoughts 
in mind the size is more or less fixed. A small increase of 
diameter affects the protection slightly but the increased 
cost does not warrant carrying this very far. Usually 
more improvement is obtained by spending this same 
money to improve other factors. The material should be 
non-corrosive. Practically all wire manufacturers now 
have available a suitable high-strength, non-corrosive wire. 
Calculations indicate a small improvement in coupling by 
increasing the ground wire size. A reduction of tower- 
footing resistance gives the same effect in the final design 
and is much cheaper. It is therefore seen that the selec- 
tion of the ground wires should be based on mechanical 
rather than electrical considerations. 

The experience with properly selected and arranged 
ground wires has been satisfactory, some lines now being 
practically lightning-proof. 

7. Protective Angle 

The necessary protective angle between a line through 
the vertical of the tower and a line through the ground 
wire and outermost line conductor has been a much dis- 
cussed subject. Experience with various lines indicated 
that 20 degrees was giving entire satisfaction but how 
much higher this angle could be made was open to ques- 
tion. Some lines with 45 degrees were giving poor re- 
sults. 

Laboratory tests,6 coordinated with field results on 
existing lines indicate that a good average for this angle 
is 30 degrees. In arriving at this conclusion models were 
erected in the laboratory and by using different scales 
with different locations of ground wire and electrode sim- 
ulating the cloud it was concluded that 45 degrees for this 
angle should be satisfactory when the line was on the level. 
However, it is found that when the tower is erected on a 
hillside the angle should be decreased by the angle of the 

slope of the hill. A study of actual lines14 shows this to 
be the case. 

Tests and experience show that 30 degrees is a good 
average; however, the shielding angle can be worked out 
in detail with the curves of Fig. 14. These curves show 

Fig. 14-Ground wire and conductor configurations 
percent exposure of conductors. 

for 0.1 

ground wire and conductor configurations that permit 
O.l-percent exposure of the conductors. The general 
curves of Fig. 4 assume that all strokes are intercepted 
by the shield wire. If the phase conductors are not com- 
pletely shielded, the outage probability is determined by 
adding directly the estimated number of strokes termi- 
nating on the conductors to the outage probability given 
by the curves. 

8. Coupling 

The entire ground wire or tower-top voltage does not 
appear across the line insulation since a voltage of the 
same polarity as the ground wire voltage is induced on 
the conductors. The ratio of this induced voltage on the 
conductor to the ground wire voltage is the coupling fac- 
tor. Thus, the voltage across the line insulation is the 
ground wire voltages times (one-coupling factor), neglect- 
ing normal frequency voltage. 

The electromagnetic and electrostatic coupling factors 
are equal unless the effective radius of the ground wire is 
increased by corona, then the electrostatic coupling in- 
creases and the electromagnetic coupling is believed to be 
unaffected. The coupling factor with corona considered 
is calculated by the equation, coupling 

--\/electrostatic coupling Xelectromagnetic coupling. 
Coupling is calculated by the equation, 

c log b/a =- 
2h 

loI3 y- 
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where 

C = coupling factor. 
a = distance from conductor to ground wire. 
b =distance from conductor to image* of ground wire. 
h = height of ground wire above ground. 
r = radius of ground wire. 

The electromagnetic coupling factor is calculated using 
the actual radius of the ground wire, and the electrostatic 
coupling factor is calculated by the same equation using 
the effective radius l5 of the ground wire due to corona. 

9. Lightning Flashover and Power Follow 

All lightning flashovers do not result in sustained power 
follow. The percentage of flashovers that result in power 
follow depends principally upon the type and length of the 
insulation path, the magnitude of the power follow cur- 
rent, and the magnitude and duration of the lightning 
flashover current. Performance records on various types 
of lines have yielded some data l6 on the ratio of sustained 
power follow to flashover. 

For the higher voltage, steel-tower lines where the prin- 
cipal flashover path is in air or over porcelain, about 85 
percent of all lightning flashovers result in sustained 
power follow if the line length is less than 100 miles. The 
ratio is reduced to about 0.50 for such lines over 200 miles 
in length. For wood-pole lines where part of the flashover 
path is over wood, the ratio of power follow to flashover 
ranges from 0.35 to 0.50. For l3- and 33-kv wood-pole 
lines Ekvall17 shows the sustained power follow to be a 
function of the length of flashover path over wood divided 
by the normal frequency voltage. 

If the characteristics of the line and line insulation re- 
sult in a considerable reduction of the ratio of power fol- 
low to flashover, this should be considered in estimating 
the outage probability. To determine the outage proba- 
bility taking this factor into account, multiply the ratio 
of power follow to flashover by the outage probability 
from the general curves. If the ratio is near unity, it can 
be neglected and the general curves will indicate a slightly 
pessimistic outage probability. 

10. Tower-Footing Resistance 

Tower-footing resistance is usually expressed as the 
measured 60-cycle value; however, line performance de- 
pends on the impulse value of the footing resistance. The 
value of the impulse resistance depends on a number of 
factors such as soil resistivity, critical breakdown gradient 
of the soil, magnitude of the surge current, and length 
and type of driven grounds or counterpoises. If long or 
continuous counterpoises are used because the soil re- 
sistivity is high, the initial impulse resistance is the surge 
impedance of the counterpoise, which is usually greater 
than the 60-cycle resistance. Counterpoises are discussed 
in the following section. 

the order of 10 ohms or less, the impulse resistance is only 
slightly less than the 60-cycle value; however, for high 
ground resistances the impulse resistance is considerably 
less than the 60-cycle value. Thus, in estimating line 
performance footing resistances of ten ohms or less can 
be taken as the impulse value; however, if the footing 
resistance is high, the impulse resistance should be de- 
termined and used in the general curves of Fig. 4. Values 
of impulse resistance can be worked out in detail with 
references 18 and 19. 

11. Lowering Tower-Footing Impedance (Rods and 
Counterpoise) 

In soils of low or medium resistivity, adequate ground- 
ing can usually be obtained by driven ground rods. For 
these grounds the impulse resistance is usually less than 
the 60-cycle value. The ratio of impulse to 60-cycle re- 

*The image of a wire is the same distance 
that the wire is above the ground surface. 

below the ground surface 

The discussion on the design factors indicates the de- 
sirability of reducing the tower-footing impedance as 
much as economically possible. The steel tower naturally 
has a large surface in contact with the soil, particularly 
that type of tower with the grillage type footing or earth 
anchor. The methods of calculating the tower-footing 
resistance and the effect of surface have been worked out.20 
This work shows the effectiveness of contact of the tower 
and counterpoise with the soil. If the tower inherent 
construction does not naturally give a resistance to ground 
low enough for an economical design the grounds can be 
improvedby driving rods in and around the tower footing 
either during or following erection of the line. A practical 
example of this is shown in Table 7. 

sistance depends on the characteristics of the driven 
grounds, which are determined largely by soil resistivity 
and the critical gradient at which the soil breaks down. A 
number of laboratory tests la, I9 have been made on driven 
grounds to determine the impulse characteristics under 
various conditions. The impulse resistances of various 
grounds for impulse currents ranging up to 12 000 am- 
peres are shown in Fig. 15. For grounding resistances in 

Fig. G---Variation of impulse resistance with impulse cur- 
rent for various values of 60-cycle resistance. 
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TABLE 7—Tower GROUND RESISTANCES, OHMS 

Chemical treatment of ground has been considered, but 
this has not been a satisfactory method for actual line 
design, it being used more for substation grounds. The 
curves of Fig. 16 show that the size of ground rod does not 
influence the resistance materially whereas the length is 
most influential. For this reason it is better either to use 
small but long rods or many small rods. The curves of 
Fig. 16 provide a method of estimating the number of 
rods necessary to reduce the tower-footing resistance to a 

Fig. 17—Ratio of resistance of ground rods in parallel to that 
of isolated rods. 

A-two rods, B-three rods, C-four rods. 
Ground rods are N inch diameter, 10 feet deep; 3 rods on equi- 

lateral triangle, 4 rods on square. 
Taken from H. B. Dwight paper “Calculation of Resistance to 

Ground.” 

counterpoise should be used and advantage taken of it. 
This should not, however, be allowed to dictate, as leak- 
age resistance and initial surge impedance are more im- 
portant factors in selecting a successful counterpoise. 

A wire or counterpoise buried has an initial surge im- 
pedance depending somewhat on soil conditions but this 

Fig. 16—Resistance to earth of driven rods for three different 
diameters and a specific resistance p = 1000 foot ohms. 

Curves taken from H. B. Dwight “Calculation of Resistances to 
Ground,” A.I.E.E. Transactions, December, 1936. 

.,&(lol+) where L = length in cm. and a = radius of rod h cm. 

specific magnitude provided the resistivity of the soil is 
known. These are based on resistivity of 1000 foot ohms. 
For other resistivities the curve can be varied directly in 
proportion to the changed resistivity. The curves of Fig. 17 
show the effect of increased number of rods for different . 
spacings. 

The counterpoise is a practical means of reducing the 
resistance by increased area of earth in contact with the 
grounding system. This is nothing more than a conduc- 
tor buried in the ground, it being run parallel to or at 
some angle to the line conductors themselves. The paral- 
lel counterpoise as compared to one at right angles gives 
a little more coupling with the line conductor. This in- 
crease in itself is so small that it need not be considered 
in the calculation but rather taken as an additional factor 
of safety. At the most this could be ten percent but usu- 
ally it is less than five percent. If possible a parallel 

Fig. 18—Effect of number of wires on the counterpoise 
impedance. 
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is about 150 to 200 ohms. As the surge current travels 
along the counterpoise this initial surge impedance is re- 
duced to the leakage resistance in a time depending upon 
the length of the counterpoise and the speed of propaga- 
tion of the surge. In general, the surge travels at approxi- 
mately one-third the speed of light so that a 1000-foot 
counterpoise has an initial surge impedance of approxi- 
mately 150 ohms and at the end of six microseconds an 
effective resistance equal to the leakage resistance. Like- 
wise, a 250-foot counterpoise has an initial surge im- 
pedance of 150 ohms but reduces to the leakage resistance 
in 1.5 microseconds. This indicates the desirability y of 
using many short counterpoises instead of one long coun- 
terpoise as the leakage resistance is dependent largely 
upon surface area so that this is the same whether one 
1000-foot counterpoise or four 250-foot counterpoises are 
used. On the other hand, the counterpoise of four 250- 
foot sections has an initial surge impedance of 37.5 ohms 
and reaches the final leakage resistance in 1.5 microseconds 
as compared to 150 ohms and 6 microseconds for the 
1000-foot counterpoise. The one important point in 
applying this rule is to be sure that the leakage resistance 
of the counterpoise is lower than the initial surge imped- 
ance, otherwise positive reflections result and the tower 
footing is raised rather than lowered. The curves of 
Fig. 1821 illustrate the above discussion. Some of the 

Fig. 19—Arrangements of counterpoises. 

arrangements of counterpoises that have been used in 
actual tower construction are shown in Fig. 19. 

The steps necessary to apply counterpoises properly are 
given in the E.E.I. report F6 by Merril DeMerit.20 This 
takes into account all surface factors. A close estimate 
can be obtained by driving say an eight-foot rod and from 
the proper resistance curves arrive at an average specific 
resistance for the soil. Reference to counterpoise curves 
for this specific resistance shows the leakage resistance of 
counterpoise of different lengths or reference to the resist- 
ance curves for driven rods gives the effectiveness of rods 
in reducing the ground resistance. Mr. DeMerit’s curves 
indicate 10 ohms tower-footing resistance for a specific re- 
sistance of 1000 ohms and proportionately higher for 
higher earth resistances. Thus knowing the resistance of 
the elements of the circuit a prediction of the results can 
be made. 

For example, assume by driving an eight-foot ground 
rod the specific resistance at a tower location is calculated 
to be 2500 ohms. The expected resistance of the tower is 
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Fig. 20—Resistance to earth of 3/8-inch single counterpoise for 
two depths (P= 1000 foot ohms). 

Calculated from H. B. Dwight paper “Calculation of Resistance 
to Ground.” 

R= 
( 

& log.: +loge4$–2+&& 
) 

where 

2L = length in centimeters, S = distance wire to image in centi- 
meters, and 

a = radius of wire in centimeters. 

25 ohms. Driving four 32.0 foot long 3/4 inch diameter 
rods on the corners of a 30-foot square would give a re- 
sistance of 25 ohms (Figs. 16 and 17). The resultant re- 
sistance of this combination is 12.5 ohms. Or with 200 
feet of wire buried 3 feet deep the resistance is also 12X 
ohms (Fig. 20). Omitting the time factor for going from 
the initial to the final or steady-state impedance of the 
counterpoise is not serious where the counterpoise is short 

Fig. 21—Resistance to earth of two parallel 3/8-inch counter- 
poises plotted for two separations at a depth of 2 feet (p= 1000 

foot ohms). 

Calculated from H. B. Dwight “Calculation of Resistance to 
Ground.” 
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as the average rate of rise of potential in the stroke is 
such that the effect of this time element is negligible. 

The question arises as to the proper depth to bury the 
wire. As shown in Fig. 20 the depth does not materially 
affect the resistance of the counterpoise. It is necessary 
to bury only deep enough to prevent theft. 

Where it is necessary to bury more than one counter- 
poise in each direction from a tower and when the width 
of right-of-way dictates parallel counterpoise there is the 
question of the proper distance between the wires. The 
curves of Fig. 21 indicate that the 150-foot spacing lowers 
the resistance a small amount below that of the 10-foot 
spacing. Therefore the spacing should be as large as pos- 
sible. Usually it is possible to space the counterpoise 
wires at least as far apart as the two outside conductors. 
In general it is possible to space them 40 feet apart, which 
gives approximately the results of the 150-foot curve. 

The fact that depth is not a great factor in securing low 

Fig. 22—Resistance to earth of 3/8-inch four-point star counter- 
poise plotted for two depths (p = 1000 foot ohms). 

Calculated from H. B. Dwight “Calculation of Resistance to 
Ground.” 

R =& log,; 2L+log.~+2.912-l.071~+0.645~) 

Where L =length of arm in centimeters. 

i3 = distance wire to image in centimeters. 

a =radius of wire in centimeters. 

leakage resistance for the counterpoise is again illustrated 
in the curves of Fig. 22, calculated for a four-point star 
counterpoise. 

12. Clearances 
Air clearances must be large enough to have as great 

an impulse breakdown as that over the insulation itself. 
That is, in calculating the protection or probability of 
outage of a line it is essential to use the lowest figure of 
impulse-breakdown strength whether it be over the insu- 
lator string or whether it be from the conductor to ground 
point. An easy method of checking this for air clearances 
as compared to that of the standard insulator unit is shown 
in Fig. 5. 

13. Arcing Rings 
Arcing rings or arcing horns were once quite popular. 

It was reasoned that if properly designed the 60-cycle arc 
would be kept clear from the porcelain, and also there was 

some belief that the impulse characteristics of the insulator 
string were improved. The use of high-speed clearing of 
faults and improved porcelain have practically eliminated 
the first reason. It is now found that any device that tends 
to prevent cascading of the arc over the insulator reduces 
the impulse strength of the insulator. 

14. Size and Spacing of Insulators 
The standard porcelain insulator is one having a shell 

10 inches in diameter and a spacing of 5% inches from 
center to center. It is not difficult to increase this spacing 
between discs, and consideration has been given to 
changing the diameter of the porcelain. The impulse char- 
acteristics of three different diameters with three different 
spacings are presented in Fig. 23.22 They show, for instance, 
that 16 insulators, 4x-inch spacing have a somewhat lower 
impulse strength than 16 insulators with 61/2 inch spacing. 
The cost of a power line is, however, determined more by 
the steel than by the number of insulators in the string. 
The 16,6 inch spaced units require more steel and great- 
er spacings to maintain proper clearances than the shorter 
spaced units. Or, in other words, for a given length of 
insulator string fixed by tower construction the closer 
spaced units will give a higher overall impulse strength. 
Likewise, as the diameter of the insulator is increased the 
impulse strength is slightly increased. Increasing the 
diameter and shortening the spacing naturally increases 
the cost of a given string length. The correct selection 
therefore is a compromise between cost and performance. 
The lo-inch 5x-spaced units is a satisfactory compromise. 

The flashover characteristic curves of Fig. 23 for standard 
insulators do not agree with the standard insulator curves 
of Fig. 5. The curves of Fig. 5 are the accepted curves for 
determining flashover characteristics of standard insulators 
since they are based on more recent laboratory tests made 
since the standardization of laboratory techniques. The 
curves of Fig. 23 should be used only for comparing the 
impulse flashover characteristics of insulators of various 
diameters and spacings. 

15. Wood Construction 

Many forms of wood construction are available. One 
consists of a steel tower, wood crossarms and suspension 
insulators. The wood insulation plus the insulators in- 
creases the overall impulse strength. The design factors 
are the same as above except the advantage of wood insu- 
lation can be utilized up to the point of the next weakest 
path, which is probably from the conductor to the steel 
tower with conductor swing. In order to arrive at the 
design constants it is necessary only to determine the 
weakest point in the design, convert this into equivalent 

insulators and apply the curves directly. 
The data are equally applicable to all wood construction. 

For example assume a 115-kv H-frame line with the 
dimensions shown in Fig. 24. As in the case of the steel 
design the ground wires must be placed to form an angle 
of 30 degrees or less on the level. If the line is to be on a 
hillside the slope of the hill must be subtracted from the 
30 degrees. The use of a second crossarm to support the 
ground wires as shown in Fig. 24 (a) may save in cost, as it 

allows the use of shorter poles in securing the protective 



Fig. 23-Time-lag flashover characteristics of suspension insulators of various sizes ani spacings. All values are baaed on 
11/2X40 positive waves and humidity corrected to 6.5 grain. 
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angle. This will act also as a brace and may reduce the 
necessity for elaborate X-braces below the conductors. 
Many combinations are given in the article by Mr. 
Nancy.= This fixes the height of ground wire. Seven 
insulators +7 feet of wood is equivalent to 695+700 kv 
or a total of 1395 kv where a good average value of wood 
is taken as 100 kv per foot for the long times to flashover. 
For detailed and close designs reference should be made to 
the published data4*13*24. The value 23 is 7 feet minus 
2 feet or 5 feet in air, which has a minimum impulse level 
of 950 kv when the insulator string is at an angle of 30 
degrees. The total impulse strength for 7 feet of air is 1310 
kv for the insulator in the vertical position. The line 
strength is therefore 950 kv with high wind or 1310 kv 
with no wind and not the strength developed by the wood- 
arm plus the insulators shown above to be 1395 kv. The 
figures, 950 kv and 1310 kv, are the equivalent of 10 in- 
sulators or 14% insulators respectively. All the design 
features can now be determined. For example, assume the 
line is designed for the full swing of the insulator or an 
equivalent of ten insulators. The clearance from the con- 
ductor to ground wire must exceed five feet. Satisfying the 
protective angle assures this clearance. In the example 
discussed above the midspan clearance is 14 feet, under 
normal conditions. Referring to Figs. 4(c and i) and 
assuming that 10 ohm tower-footing resistance is possible, 

Fig. 24—Design of H-frame type of wood pole line based on 
direct stroke theory. 

(a) Alternate plan using two crossarms permitting use of shorter 

poles to secure 30 degree angle. 

Fig. 25--Design of single pole structures based on direct 
stroke theory. 

the line should be good for 110 000 and 100 000 amperes 
stroke current to tower and midspan, respectively with a 
probability of outage of 0.6 per 100 miles per year for a 
30-storm level. If the construction of Fig. 24 (a) is used 
it might be necessary to use differential sagging, i.e., allow 
the ground wire to sag less than the phase wires to obtain 
adequate clearance at the midspan. Where sleet is a prob- 
lem, this construction might not be permissible. In this 
manner a design of wood-pole line can be developed from 
the same curves. The procedure in arriving at dimensions 
for other wood-pole constructions is the same as outlined 
for the H-frame line. 

In considering wood design the splitting of the wood is 
quite serious. The ground wire and down lead protect the 
pole but quite often the crossarms are shattered by the 
stroke. The double crossarm, one on either side of the 
pole, eliminates possible dropping of the line but does not 
remove the shattering problem. Well-seasoned wood ap- 
parently is not as susceptible to shattering as green wood. 
This is true for poles as well as crossarms. 

The manner of grounding a wood-pole line depends on 
soil conditions and may range from a butt wrap on the 
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pole, to the driving of ground rods, or to some form of 
counterpoise as for a steel line. Wood poles must be guyed 
at corners or angle points. Care must be exercised in the 
location of these as on improperly designed lines an undue 
proportion of outages will be concentrated at these points. 
If it is not possible to locate the guy to give adequate 
clearance, then wood strain insulation in the guy should be 
considered with horns used around this wood to eliminate 
splintering. 

The ground wire is effective for lines with operating volt- 
ages above 34.5 kv where low ground resistances are se- 
cured. The clearances commensurate with the construc- 
tion for voltages lower than 34.5 kv are such that the use of 
ground wires are questionable. Here reclosing breakers, 
deion protector tubes and other forms of protection are 
more practical. 

In this type of construction, sometimes called the diverter 
scheme, because up to the point of insulation flashover no 
current flows through the tower, the only stress on the 
insulators is the induced potential up to the point of flash- 
over of the wood pole. Although the construction is very 
effective it does not lend itself to economical line design. 

Another scheme used in connection with substations and 
suggested for lines, is to erect separate steel masts tall 
enough to shield the phase wires from the stroke. This is 
practical only for shielding existing substations or very 
special line cases. It is effective where high ground resist- 
ance is encountered. Usually low ground resistance can be 
obtained, which allows the direct connection of the ground 
wires to the steel supporting structures. In this scheme 
no surge current passes through the tower and therefore 
there is no tendency to flash over an insulator string. 

16. Other Forms of Construction 

A short section of line was built with wood separating 
IV. PROTECTION BY AUXILIARY DEVICES 

the steel structure from the ground wire. Here the-ground: 
ing was accomplished by separate guy wires as in Fig. 26. 

The second method of protection, making use of auxil- 
iary devices or non-shielding has been extensively used in 
improving the performance of lines against lightning. Here 

* the path of the discharge is controlled and some device 
used to extinguish the power follow arc. 

: Several devices have been used, such as lightning ar- 
resters, fuse arcing links, and protector tubes. The light- 
ning arrester is too expensive for general application and 

Fig. 26--Wallenpaupack-Siegfried 220-kv line with ground 
wires designing based on diverter principle. 

Fig. 27-Protector tubes on steel tower, 66-kv line of the Inter- 
state Power Company and cross section of a typical tube. 
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Fig. 28--Elements of recovery voltage. 

&-generated voltage, I,---generated current. 

ER-protector tube voltage. 

&i--natural frequency voltage. 

has not been extensively used. The maintenance of the 
fuses on the arcing rings made their application limited. 
The most popular device at present is the protector tube. 
This device is simple both in construction and in opera- 
tion. Basically it consists of a fiber tube with an electrode 
in each end and is applied so that the impulse breakdown 
through it is lower than that of the insulation to be pro- 
tected. On a transmission tower one tube is often mounted 
below each conductor so that the upper electrode is con- 
nected to an arc-shaped horn located the proper distance 
below the conductor, thus forming a series gap with the 
conductor. The lower electrode is solidly grounded. When 
a surge appears on the conductor, the series gap is spanned 
and an arc is formed in the tube between the electrodes. 
The heat of the arc vaporizes some of the fiber of the tube 
walls, the resulting neutral gas being expelled violently into 
the arc stream sufficiently deionizing it to prevent the arc 
restriking after the first zero point of the 60-cycle power 
current. Since the protector tube is the most practical 
auxiliary device available at present, to improve the per- 
formance of lines against lightning, this discussion is con- 
fined to it. 

17. Theory of Tube Operation26 
Since the protector tubes are to prevent flashover of line 

insulation their discharge voltage must be lower than the 
flashover voltage of that insulation. They must also be 
capable of interrupting the generated follow current. Op- 
eration of protector tubes can be more readily understood 
by first considering the phenomena involved in current 
interruption. After the surge currents are discharged to 
ground, the normal frequency or generated current may 

follow; so for satisfactory operation, the protector tube 
must recover its insulation strength after generated-cur- 
rent zero faster than the system voltage rises. This can 
best be explained by considering the recovery voltage on a 
simple circuit. 

The circuit shown in Fig. 28 possesses the basic elements 
required to illustrate the transient recovery voltage, fol- 
lowing interruption of fault current. This circuit contains 
lumped constants of L, R, and C in such proportion that it 
will have a natural frequency of oscillation. When a fault 
is placed at F and later removed at a normal-current zero, 
an oscillating voltage appears across the condenser. It is 
composed of the normal-frequency voltage and a voltage 
whose frequency corresponds to the circuit’s natural fre- 
quency. The simplest method of developing the oscillating 
voltage is to consider the generated voltage and oscillating 
voltage separately. At the instant the fault is removed, the 
voltage across the fault must be zero. This condition of 
zero voltage is satisfied if it is assumed that there is a nat- 
ural frequency voltage that appears instantly equal and 
opposite in magnitude to that of the generated voltage. 
The sum of these two voltages ER is therefore the recovery 
voltage of the circuit. The time to crest of the oscillation is 
approximately proportional to 42X. Therefore if either 
L or C is increased, the time to the recovery voltage crest 
of the natural-frequency oscillation increases. This con- 
ception is important as the L of the source and C of the 
line differ for different line conditions. Theoretically, the 
natural-frequency voltage starts equal to the generated 
voltage at the instant the fault is removed assuming no 
losses, and oscillates about this voltage as an axis. How- 
ever, losses produce damping and this natural-frequency 
component decays at a rate depending upon the losses in 
the circuit. 

When a protector tube discharges lightning and power 
current follows through the tube, it must have the prop- 

Fig. 29—Elements of protector tube operation. 

A-recovery voltage of complex system. 

B, C, D-protector tube insulation recovery curves. 
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erties of changing from a good conductor to a good insu- 
lator for satisfactory operation. In any interrupting device 
it takes time to establish the insulating characteristics, 
which are commonly called the insulation recovery char- 
acteristics of the device. The interruption therefore starts 
a race between the insulation recovery strength of the 
device and the voltage recovery on the system. Curve A of 
Fig. 29 is the recovery voltage for a more complicated sys- 
tem. Instead of having simple oscillations as in Fig. 28 the 
recovery voltage is now a more complicated function of 
time as the result of a succession of traveling waves on the 
line. 

Curves B, C, and D of Fig. 29 are hypothetical insula- 
tion-recovery curves for a protective device. If the pro- 
tective device has the characteristics shown in Curve B 
and the system recovery characteristics are as shown in 
Curve A, then the interruption will be satisfactory, as the 
insulation recovery of the device is faster than the voltage 
recovery on the system. On the other hand, if the pro- 
tective-device insulation recovery strength is as shown in 
Curve C or Curve D, then the system recovery voltage over- 
takes the insulation recovery strength at second or first 
crest, respectively, restriking will take place, and if this 
occurs at more than two consecutive current zeros, the 
operation is in general not considered satisfactory. It is 
therefore possible to predetermine the operation of tubes on 
a system by comparing the insulation recovery strength of 
the tube and the system recovery voltage. 

The protector-tube insulation recovery curves and the 
voltage recovery curves will differ for each current. For 
a given short-circuit current the protector-tube insulation 
recovery curves also are lower with increased bore. Thus, 
if the protector tube, when new, starts with a character- 
istic such as shown in Curve B, Fig. 30, as it erodes the bore 
will increase and the curve will drop until at Curve C it 
will fail to give satisfactory interrupting characteristics. 

Fig. 30—Effect of erosion on protector tube operation. 

A-recovery voltage of complex system. 

B, C-protector tube insulation recovery. 

For this reason the rate of erosion must be considered in 
protector-tube design. Likewise, the same tube will have 
different insulation recovery curves for different current 
magnitudes. Curve A, Fig. 31, may be insulation recovery 

Fig. 31-Effect of current on recovery voltage of protector tube. 

A-characteristic curve for maximum current-1500 amperes. 

B-characteristic curve for minimum current-500 amperes. 

C-characteristic curve for 1000 amperes. 

strength for maximum current, and the insulation recovery 
strength for minimum current might be of the order of 
Curve B, of this figure. 

It is important that the system recovery voltage curves 
be compared with the insulation recovery strengths of the 
protective device to see that operation will be correct. The 
following discussion will therefore deal with system char- 
acteristics and protector-tube characteristics showing how 
this has been done to arrive at a standard line of protector 
tubes. 

18. Protector-Tube Characteristics 
The requirement that the breakdown voltage of a tube 

must be lower than that of the line insulation naturally 
limits the length of air between the inner electrodes as 
well as limits the length of gap external to the tube, as the 
sum of these two gaps determines the breakdown voltage 
of the device. The external series gap is provided for the 
purpose of withstanding normal impressed voltage to avoid 
possible corona or leakage currents across the protector 
tube itself under normal operating conditions. The im- 
pulse breakdown voltage level of protector tubes is best 
shown in the form of volt-time curves. The characteristics 
of a large number of different voltage ratings for the posi- 
tive 1% x40 wave are given in Fig. 32. The volt-time 
characteristic of the protector tube is flatter than practic- 
ally all forms of insulators. Thus it can be applied by 
simply comparing the critical voltage of the tube with the 
critical voltage of the insulators to be protected. 

To simplify the application of protector tube, Table 8 
not only shows the discharge level of protector tubes, but 
also includes the minimum string metal-to-metal arcing 
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that lightning flashover will be confined within the pro- 
tector tube itself. 

Fig. 32—Volt-time curves of De-ion protector tubes (Positive 
11/z x 40 microsecond wave). 

distance that the tube is expected to protect. These figures 
include a factor of ten percent between the actual discharge 
voltage of the protector tube and the impulse flashover 
voltage corresponding to the dry arcing distance. Suffi- 
cient clearance should be provided between the protector 
tube and the structure to which it is attached to be sure 

TABLE 8 

(‘)Actual Values will vary somewhat, depending on the design and 

mounting of the tube. 

(2)These are recommended minimum series gaps. Under no con- 

ditions of operation should the series gap be less than 80% of the 

recommended minimum. 

The ability of a protector tube to operate properly is a 
function of the insulation recovery characteristics of the 
protector tube for a fixed short-circuit current. This in- 
sulation recovery characteristic varies with the magnitude 
of short-circuit current through the protector tube. These 
properties are illustrated in Fig. 31. Likewise, the insula- 
tion recovery for a given current is dependent upon the 
bore. As the bore of the tube increases in diameter the 
clearing characteristics of the tube undergo a change, the 
effect being to lower the insulation recovery characteristics 
of the tube with increased diameter. Likewise, the opera- 
tion of the protector tube volatilizes fiber from the tube 
wall with the result that the bore increases with each 
operation. This characteristic necessitates the selection of 
a bore such that after a given number of operations the 
insulation recovery strength of the tube is still high enough 
to permit satisfactory performance. These characteristics 
are illustrated in Fig. 33. 

Actual measurements of the bores of protector tubes 
after years of service show plainly that erosion of the bore 
by repeated operation does not seriously affect tube life. 
On one line of one thousand tubes with ratings of 600 to 
2000 amperes none were found26 after five years of service 
to have reached the end of their useful life. A similar 
study2’ on tubes rated at 1000 to 4000 amperes on a 132-kv 
system showed a total of 63 operations in four years but 
measurements of the erosion of the tubes indicated that the 
bore was still within the manufacturing tolerance used at 
the time of assembly of the device. The rate of erosion 
might be considerably increased if used for the protection 
of disconnecting switches or the like where the tube pro- 
vides the only path for a long length of line. 

Fig. 33—Effect of erosion on minimum current required for 
interruption. 

Time to recovery voltage crest 160 percent normal line to neutral 

A-200 microseconds. 

B-500 microseconds. 

C-1000 microseconds. 

D-2000 microseconds. 



Chapter 17 Line Design Based Upon Direct Strokes 603 

In generaI, the protector tube can withstand lightning 
stroke currents of 50 000 to 100 000 amperes on the basis 
of a current wave that rises to crest in 10 microseconds and 
decays to half value in 20 microseconds. Experience to 
date with a large number of tubes shows that the probabil- 
ity of failure from lightning is small, allowing the conclu- 
sion that the impulse discharge capabilities of protector 
tubes are sufficient to withstand all but the most severe 
direct strokes. 

Experience with modern finishes indicates that the tube 
has good weathering characteristics. The exact perform- 
ance will depend on local atmospheric conditions. Period- 
ically applying a good paint to the protector tubes in- 
creases their weather resistance as well as improves the 
electrical characteristics of the exterior. 

The operation of the protector tube results in the ex- 
pelling of ionized gases that must be properly directed to 
avoid flashover from live conductors to ground. Experi- 
ence with the application of a large number of protector 
tubes indicate that this is not a serious requirement, and 
can readily be satisfied with the available mechanical set- 
tings, and arrangements of tubes. When arranging the 
mounting of the protector tube, care must be taken to 
direct the discharged ionized gases so as to avoid flashover 
to another phase or to ground. The length of visible flame 
path as a function of the power current and voltage is 
shown in Fig. 34. Obviously, the circuit voltage and the 
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Fig. 34—Visible flame path as a function of power current and 
voltage. 

A-1500 amperes. 

B-2000 amperes. 

C-5000-6000 amperes. 

protector-tube dimensions should be considered when 
establishing the safe strike distance from the gas envelope 
to the object of different potential. Recoil forces must be 
considered when designing the mounting hardware. It is of 
importance that the mounting hardware be designed to 
facilitate ease of installation. 

The normal rating of the protector tube is based on a 
solidly grounded neutral system and any deviation from 
this should be taken into account in the application of the 

device. Likewise, since current is an important factor in 
the correct operation of this device, the maximum and 
minimum current must be calculated for the range of 
system operating conditions. Such calculations should be 
made for the single, double, and three line-to-ground fault 
currents and naturally the corresponding recovery volt- 
ages must be evaluated. A number of factors will deter- 
mine the magnitude of the currents and the associated 
recovery voltages. For example, the method of grounding 
the neutrals (solid grounding, resistance or reactance 
grounding, or any combination of these), maximum and 
minimum connected capacity (variation in operating con- 
ditions), length of connected circuit or lines in miles, rela- 
tive locat ion of short-circuit current sources, line configura- 
tion and presence of overhead ground wires, tower-footing 
resistance, and protector-tube location. The method of 
making short-circuit calculations will be found in reference 
28. The method of determining recovery-voltage char- 
acteristics of systems has also been defined in the printed 
matter2Yt 3of 3*. For this reason these methods will not be 
reviewed at this time. 

19. Selection of Tube Rating 
In order to facilitate the selection of tubes, Table 9 has 

been prepared. This table shows that if all factors are 
checked for a given application, the selection of the proper 
protector tube is not complicated. The table is prepared 
on the basis of a solidly-grounded neutral system which has 
all sources of short-circuit current solidly grounded. This 
is representative of the type of system found particularly 
at the higher operating voltages. The effect of tower- 
footing resistance is to reduce the current and to reduce the 
magnitude of recovery voltages across the tube. This 
resistance reduces the recovery voltage because of the 
improvement of the power-factor in the circuit, which 
means that at current zero or time of interruption, the 
instantaneous fundamental frequency voltage is of lower 
magnitude than for a pure reactive circuit. However, there 
is a lower limit to which the current can be reduced and 
still havt: successful operation. 

For practical purposes the effect of system neutral re- 
sistance is similar to the effect of tower-footing resistance 
discussed above. In cases where both neutral grounding 
resistance and tower footing resistance are encountered, 
they should be considered as being in series. Thus the 
same limits apply as pointed out for solidly grounded sys- 
tems with tower-footing resistance alone. If the sum of 
those resistances is such that a single protector tube does 
not have the current range to interrupt both the phase 
currents not limited by resistance and the single line-to- 
ground currents limited by resistance, then the use of four 
protector tubes can be considered where three protector 
tubes of a high current rating are connected in star, and 
the star point connected to ground through a protector 
tube of lower current rating. 

When the system neutral (or neutrals) is grounded 
through reactance, standard protector tubes for solidly 
grounded service can be applied under conditions such 
that the zero-sequence reactance X0 viewed from the 
protector tube locations is not more than three times as 
great as the positive-sequence reactance X1. When the 
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ratio of X0 to X1 is greater than this, special consideration 
must be given to the protector tube. However, in many 
cases the protector tube for the next higher voltage rating 
will be applicable. When the protector tubes are used on 
a system using a tuned reactance or using a ground-fault 
neutralizer, the line-to-ground currents should not have 
to be cleared by the tube. Thus protector tubes built for 

line-to-ground voltage can be applied on the basis of the 
line-to-line fault currents only. 

Protector tubes applied on an isolated-neutral system 
must be given special consideration, as the single line-to- 
ground current (charging current) will usually be below 
the minimum current rating for the suggested standard 
tube. In connection with the application of protector 
tubes to isolated-neutral systems consideration should be 
given to the four-tube scheme as such a scheme should ease 
the problem of interrupting charging current. 

To facilitate the selection from a recovery-voltage view- 
point the reactance of the various ratings, in combination 
with a given length of line was set down. Column 2, Table 

9, gives the lower limit of line that should be considered 
without! making a detailed calculation. Actually however 
the recovery-voltage characteristics given in the last six 
columns should be taken as the limits for the standard 
protector tube and the recovery voltage for a given applica- 
tion should be less severe than herewith listed. The four 

TABLE 9 —RECOVERY VOLTAGE CHARACTERISTICS FOR WHICH 
TUBES ARE DESIGNED 

(1) Miles listed are the minimum circuit miles of overhead line con- 

nected or equivalent where the line has a single source of short 

circuit current at one end. Cable should be reduced to the equiva- 

lent miles of overhead line as indicated in Fig. 35. 

(2) When two sources of short circuit current are available, the 

miles of line in Column 2 should be increased by a factor K, deter- 
mined from Fig. 36. If less miles of line between sources are available 

than required by the USC of Fig. 36 but more than shown in Column 2, 

then a detailed calculation is necessary for the application. 

Fig. 35--Overhead line equivalent of cable. 

(3) Guide for application when minimum current is limited by 
resistance. 

The minimum current rating which is assigned to standard pro- 

tector tubes is based on the short circuit current through the tube 

being limited predominantly by inductive reactance. The protector 

tubes will actually interrupt currents as low as 85 per cent of their 

minimum nameplate rating for circuits 69 kv and above or 70 per 

cent of their minimum current rating for circuits 46 kv and below, 

where circuit resistance (tube grounding resistance) is included, 

provided the calculated minimum current neglecting all resistance 

is equal to or greater than the tube’s minimum nameplate rating. 

For paper insulated cable assumed dielectric constant 3.8 (For 

varnished cambric or rubber insulation multiply by 1.35). 

Overhead line equivalent based on positive sequence capacity, 

susceptance of 6.0 micromhos per mile. 

having the next higher voltage rating, this higher voltage protector 

tube will interrupt lower than the listed minimum current. 

To determine the minimum current which the protector tube will 

interrupt when used on a circuit below its voltage rating, multiply 

the normal minimum current rating of the protector tube by the 

ratio of the lower operating voltage on which the device is to be 

used to the normal voltage rating of the protector tube. This lower 

(4) Standard Tubes Operating at Reduced Voltage. 

Where the minimum line-to-ground current of the circuit is below 
the minimum current rating assigned to standard tubes, and the value of current 
insulation of the circuit is high enough to permit the use of a tube only and applied 

can be considered as being limited 

in the same way standard tubes are 

by reactance 

applied. 
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Fig. 36—“K” factor for line with two sources. 

Fig. 37—Protection methods for some typical lines. 

notes on the bottom of Table 9 give some rules for applica- 
tions for other than standard condition. 

20. Correct Operation 

Protector tubes are designed to withstand one operation 
for tubes rated at 5000 and 6000 amperes, two operations 

Fig. 38—Types of protection for wishbone constructed lines. 

for tubes rated at 3000 amperes, and three operations for 
tubes rated at 1500 amperes, at maximum rated current 
with fully offset current wave after which the protector 
tube will be required to clear two operations at minimum 
rated current and with the associated recovery voltage. 
The tube performance is based on interruption of the cur- 
rent actually obtained during the one test at maximum 
rated current in less than l/60 second and the minimum 
rated current in less than l/40 second. 

The maximum symmetrical nameplate rating in Table 9 
is based on the maximum crest current that the tube will 
stand divided by a factor of not less than 2.5 to take into 
account the effect of asymmetry. The minimum sym- 
metrical rms current rating is based on the minimum crest 
current divided by 1.41 to convert to rms amperes. 

Service experience shows that systems using protector 
tubes should not have relay settings less than two cycles. 
Where relays have a shorter operating time, it will be 
necessary to introduce a delay to prevent unnecessary 
circuit outages. The best possible protection is secured 
when all insulation structures on the line are protected. 
When some are not protected, the degree of lightning pro- 
tection will be decreased, the degree of protection depend- 
ing on span length, insulation strength, ground resistance 
and tube breakdown. 
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Fig. 39—Design of single- and double-circuit pole tops. 

In applying tubes it is necessary simply to observe the 
limits as far as 60-cycle currents are concerned and see 
that the breakdown of the tube is lower than the insulator 
to be protected. Clearances, of course, should be adequate 
to assume that the surge will flow through the tube rather 
than over the insulator structure. A large number of 
arrangements have been used. 

21. The Conductor-A Ground Wire 
On many miles of line now in operation improved per- 

formance would be desirable. The construction of Fig. 37 
(d) has been used extensively and the outages will be high. 
In some cases a ground wire is used on the spare space on 
the upper crossarm, Fig. 37 (a), but even with low ground 
resistance there is an even chance that lightning will strike 

the upper conductor instead of the ground wire. The sim- 
plest method of correcting this difficulty, if a ground wire 
is present, is to install a protector tube on the insulator on 
the upper crossarm, Fig. 37 (a). The lower arm is now 
shielded and fair performance will be obtained depending 
on the length of crossarm and value of ground resistance. 

If no ground wire is present the cheapest and most ef- 
fective method of reconstruction would be to remove the 
upper crossarm, install an insulator on the top of the pole 
with a protector tube as shown in Fig. 37 (b). Again, an 
extension to the pole can be considered as in Fig. 37 (c) 
but usually this is difficult and expensive. Suggestions for 
reconstructing a line built of the wishbone type of con- 
struction are given in Fig. 38. 

In building a new low-voltage line where low ground re- 
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4. 

Fig. (IO-Curves showing required location of protector tubes. 

A -single-circuit pole line. B-double-circuit pole line. 

sistances are expected the construction of Fig. 37 (b) will 
no doubt be the most economical. If high resistances are 
present it will be necessary to use three tubes per pole. 
The spacing of the tubes will be dependent on span length 
and ground resistance. A large amount of line has been 
built in accordance with the construction of Fig. 37 (b). 
The details of construction and the factors used by Public 
Service of New Jersey were covered in a paper “Lightning 
Protection of Wood Pole Lines 40-22” by Sels and Goth- 
berg presented at the A.I.E.E. Midwinter Convention, 
1940. Figs. 39 and 40 show the data presented and are 
given here as they represent practice with which there has 
been experience. Although the curves are applicable for 
the 26-kv circuits they can be used to approximate the de- 
sign proportions for lines up to 66-kv as the only difference 
would be in the pin-type insulation used. As the curves 
show, the lower the ground resistance, the more effective 
the scheme. The curves in Fig. 4 can also be used for esti- 
mating the possible performance on the basis that the 

upper wire is a ground wire. Fig. 41 illustrates 
of methods of mounting protector tubes. 
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CHAPTER 18 

INSULATION COORDINATION 
Original Authors: Revised by : 

A. C. Monteith and H. R. Vaughan A. A. Johnson 

I NSULATION coordination is the correlation of the in- 
sulation of electrical equipment and circuits with the 
characteristics of protective devices such that the in- 

sulation is protected from excessive overvoltages. Thus in 
a substation the insulation of transformers, circuit break- 
ers, bus supports, etc. should have insulation strength in 
excess of the voltage levels that can be provided by pro- 
tective equipment such as lightning arresters and gaps. 
The determination of the economic relationship between 
the impulse strength of equipment insulation and pro- 
tective voltage level provided by protective devices has 
received and continues to receive a great amount of study. 

The basic concept of insulation coordination is illustrated 
in Fig. 1. Curve A is the demonstrated impulse strength 
of the insulation on a piece of electrical equipment which 
in operation is exposed to the hazards of lightning surges. 
Curve B is a protective level afforded by a valve type 
lightning arrester. Thus any insulation having a withstand 
voltage strength in excess of the insulation strength of 

MICROSECONDS 

Fig. l-Protection of insulation with characteristic of “A” by 
protective device with characteristic of “B.” 

Curve A is protected by the protective device of Curve B. 
To protect insulation from excessive voltages the pro- 
tective device must have a lower breakdown voltage. 

The insulation of electrical equipment in a station or 
substation is subject from time to time to momentary over- 
voltages that may be caused by system faults, switching 
surges or lightning surges. Except for special cases, over- 
voltages caused by system faults or switching do not cause 
damage to equipment insulation although they may be 
detrimental to protective devices. Overvoltages caused by 
lightning are of sufficient magnitude to flashover or break- 
down equipment insulation and are therefore the most 
troublesome and of greatest concern to the manufacturers 
and operators of electrical equipment. Great strides have 

been made during the past 20 years in improving the de- 
sign of power systems and equipment with the result that 
failure of major electrical equipment insulation is rare. 

The problem of providing insulation properly coordi- 
nated with protective devices involves not only guarding 
the equipment insulation, but also the protection of the 
devices themselves. To prevent damage to an arrester or a 
protector tube, each should be applied on a system in such 
a way that it will discharge t.he excessive voltage safely to 
ground after which it will cease to carry current to ground. 
Thus the arrester or tube must protect the equipment 
insulation and be capable of restoring itself as an insulator 
against whatever system voltages might exist across it to 
ground. The voltage to ground is determined for a system 
of given voltage largely by the method used for system 
grounding, the maximum voltage to ground usually being 
during the existence of a phase-to-ground fault. Rod gaps 
do not seal off after being flashed over and therefore the 
circuit must be disconnected from the system to clear gap 
breakdowns. 

I. HISTORY 

Coordination of insulation was not given serious con- 
sideration until after the first World War, mainly because 
of lack of information on the nature of lightning surges and 
the surge strength of apparatus insulation. Since concrete 
data were lacking on the actual surge strength of insulation 
or the discharge characteristics of protective equipment, 
early attempts at coordination were rule-of-thumb methods 
based on experience and individual ideas. The result was 
that some parts of the station were over-insulated while 
others were under-insulated. Also, the gradual increasing 
of line insulation in an attempt to prevent line flashovers 
subjected the station equipment to more severe surges; 
and in many cases line flashovers were eliminated at the ex- 
pense of apparatus failures. Growth of power systems, de- 
mands for improved power service, and more economical 
system operation focused more and more attention on the 
problems of surge voltages, adequate insulation, and its 
protection. 

Thus during the period from about 1918 to 1930 con- 
siderable work was done by individual investigators and 
laboratories in collecting data on natural lightning and in 
developing insulation testing methods and technique. 
Although progress was seemingly slow, it resulted in a fair 
knowledge of the nature of lightning surges and the estab- 
lishment of universal surge producing and measuring de- 
vices. Very little correlation between laboratories was 
attempted during that period. 

In 1930, the NEMA-NELA Joint Committee on Insu- 
610 
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lation Coordination was formed to consider laboratory 
testing technique and data, to determine the insulation 
levels in common use, to establish the insulation strength 
of all classes of equipment, and to establish insulation 
levels for various voltage classifications. After ten years 
of study and collection of data this schedule was fairly well 
completed. Numerous articles in trade magazines show 
the results. In a report dated January 19411, the com- 
mittee, now known as the Joint AIEE-EEI-NEMA Com- 
mittee on Insulation Coordination, rounded out the pro- 
gram by specifying basic impulse insulation levels for the 
different voltage classifications. 

Test specifications for apparatus are prepared on the 
basis of demonstrating that the insulation strength of the 
equipment will be equal to or greater than the selected 
basic level and the protective equipment for the station 
should be chosen to give the insulation meeting these 
levels as good protection as economically justified. 

II. BASIC INSULATION LEVELS 

Several methods of providing coordination between in- 
sulation levels in the station and on the line leading into 
the station 2*3 have been offered. The best method is to 
establish a definite common level for all the insulation in 
the station and bring all insulation to or above this level. 
This limits the problem to three fundamental requirements, 
namely, the selection of a suitable insulation level, the 
assurance that the breakdown or flashover strength of all 
insulation in the station will equal or exceed the selected 
level, and the application of protective devices that will 
give the apparatus as good protection as can be justified 
economically. 

Data collected from utility systems during the early 
work on insulation coordination provided existing insula- 
tion levels. The data collected (60-cycle wet flashover 
characteristics measured in terms of equivalent gap spac- 
ing) fell within well defined limits. The upper limit cor- 
responded to about ten times E, at the upper end of the 
curve and to about six times E, at the lower end of the 
curve, E, being the system voltage-to-neutral. The lower 
limit lay on a curve about four times E, for systems 46 kv 
and below and about three times E, for systems 69 kv and 
above. These data together with impulse characteristics 
of insulation obtained in the field and laboratory provided a 
basis for establishing insulation levels. Impulse test lev- 
els, in terms of inches of gap, were therefore, selected that 
represented a medium between the upper and lower limits 
defined above and that fell within the scope of available 
protective devices. As laboratory technique improved so 
that different laboratories were in close agreement on test 
results, the test levels were expressed in kilovolts corre- 
sponding to the test gaps, based on a ly2X40 microsecond 
positive wave, which is illustrated in Fig. 5(a). The basic 
levels were expressed on a 50-50 flashover basis, that is, 
values in kv crest corresponding to gap spacings giving 
50 percent flashover and 50 percent full wave when sub- 
jected to 1%X40 positive impulse. Recognizing that it 
was not practical to subject most types of apparatus to 
a series of flashover tests to demonstrate their insulation 
levels, a minus tolerance of five percent was allowed in 

the definition of basic levels to permit a practical test 

TABLE 1 -BASIC IMPULSE INSULATION LEVELS 

Column 1 
~- 

Reference 
Class 

Kv 

1.2 30* 45t 
2.5 45* W 
50 60* w 
8.7 75* 95t 

15 95* 11ot 

23 150 

34.6 200 

46 250 

69 350 

92 450 

115 550 

138 650 

161 750 

196 
230 
287 
345 

Column 2 

Standard Basic Reduced 

Impulse Level Insulation Levels 

Kv In Use-Kv 

900 
1050 
1300 
1550 

Column 3 

. . . 

. . . 

. . . . 
, . . . 

. .” 

. .” 

. .” 

. . . . 

. .*. 

&I 
550 
650 

iii 
. . . 

*For distribution class equipment. 
tFor power class equipment. 

demonstration of acceptability of equipment. Finally, 
in January, 19411, the Joint AIEE-EEI-NEMA Com- 
mittee adopted basic insulation levels (Table 1) in terms 
of withstand voltages according to the following definition: 

“Basic impulse insulation levels are reference levels expressed 

in impulse crest voltage with a standard wave not longer than 
1 x X 40 microsecond wave. Apparatus insulation as demon- 
strated by suitable tests shall be equal to or greater than the 
basic insulation level.” 

This requires that apparatus conforming to these levels 
shall have a withstand test value not less than the kv 
magnitude given in the second column of Table 1. It was 
also understood that apparatus conforming to these re- 
quirements should be capable of withstanding the specified 
voltage whether the impulse is positive or negative in 
polarity. Atmospheric conditions at time of test should 
be taken into consideration. 

The values in Table 1, column 2 were selected initially 
as the standard basic impulse insulation levels (BILs) to 
be applied regardless of -how the system was grounded. 
Systems ungrounded or grounded so as to allow full dis- 
placement of the neutral during line-to-ground faults re- 
quire lightning arresters based on the full line-to-line volt- 
age of the system. If the system is grounded solidly or so 
as to limit the line-to-ground voltage during ground faults 
(X,/X, 5 3) the so called 80-percent arrester can and has 
been used. Thus in some of the voltage classes of 115 kv 
and above a number of systems have used, with solid 
grounding, equipment having insulation with BILs one 
class lower, as shown in Table 1, column 3. 

On some solidly-grounded systems where the ratio Xo/Xt 
is equal to about one or less, the one class lower BIL has 
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been used with 75 percent arresters with satisfactory expe 
rience. As a result of this experience, better overall under- 
standing of the problem, and the economy of reducing 
BIL in the higher voltage classes, particularly on trans- 
formers, the Joint AIEE-EEI-NEMA Committee on In- 
sulation Coordination is studying the possibility of re- 
ducing the BIL figures (for X0/X1 5 1.0) to lower values 
than those shown in Table 1, column 3. Another reason 
for giving serious consideration to reducing the BIL for 
solidly-grounded systems is that there are many old trans- 
formers in service with insulation levels below that given 
in Table 1, column 3 which have given twenty or more 
years of service without failure. Thus, since the first group 
of BILs was adopted in 1941, the manner in which the 
system is grounded has been brought into the picture with 
the result that lower BIL equipment can be protected, 
thereby enabling systems to be built to do the same job 
at less cost. 

1. Selection of Basic Impulse Insulation Level 
The basic impulse insulation level should be selected 

which can be protected with a suitable lightning protective 
device. The best protection is provided by modern type 
lightning arresters. The spread or margin between the 
BIL and t)he protective device, allowing for manufacturing 
tolerances, is an economic consideration that must balance 
the chances of insulation failure against the cost of greater 
insulation strength. When using lightning arresters the 
economic factor may be one of greater risk to the arrester 
than to the equipment insulation. The arrester can be 
applied so that it will protect the insulation but may under 
certain extreme conditions, usually unlikely, be subjected 
to sustained rms overvoltages against which it cannot re- 
cover. Practice has been to apply arresters so that they 
have an rms voltage rating of at least five percent above 
the maximum possible rms line-to-neutral voltage under 
any normal or expected fault condition. The BIL of the 
equipment insulation must therefore be higher than the 
maximum expected surge voltage across the selected 
arrester. 

To illustrate one method for selecting the BIL of a trans- 
former to be operated on a 13%kv system, assume the 
transformer is of large capacity and wye connected on the 
13%kv side. The transformer is solidly grounded and the 
impedance ratios at the transformer terminals are such 
that X0/X1 = 2.0; &/XI = 1.0, RI/X1 = 0.1, R1 = Rz and 
Xl =X2. For these conditions the maximum voltage to 
ground at the transformer terminals during any type of 
system fault for any fault resistance is 74 percent of nor- 
mal phase-to-phase voltage as obtained from Fig. ‘29 (b). 
Allowing five percent for system overvoltage, the arrester 
rms voltage rating should be (1.05) (74) or 77.7 percent 
which is (77.7)(138) or 107.2 kv. Thus an arrester of 
109 kv, which is the closest standard rating, would be re- 
quired. Curve A in Fig. 2 is the characteristic of a 109-kv 
station valve-type arrester for an assumed 10x20 micro- 
second wave of 5000 amperes and a plus tolerance of 15 
percent on the average impulse sparkover and a plus tol- 
erance of 10 percent above the average drop across the 
arrester. Assuming a 15 percent margin plus 35 kv between 
the 400 kv and the required BIL of the transformer insu- 

Fig. 2 

TIME-MICROSECONDS 

-Coordination of transformer insulation with arrester 
characteristic. 

Curve A-lO%kv station-type SV arrester-maximum voltage 
for 5000-ampere 10 x 20 current wave. 

Curve B-Transformer insulation withstand characteristic. 

lation gives 495 kv. Since this value is under the standard 
of 550 kv, this value can be applied as shown on Curve B 
of Fig. 2. Based on the recommended application values 
for voltage drop across the 109-kv arrester for a 5000- 
ampere surge 388 kv instead of 400 kv can be used, which 
gives additional margin of protection in 95 percent of 
the cases. 

Direct lightning strokes in general have a high rate of 
voltage rise (1000 to 10 000 kv per microsecond) and high 
current values (5000 to 200 000 amperes). Such strokes 
may occur at any point on exposed structures whether 
they are lines or stations. The severity of the surges on 
station insulation and protective devices largely depends 
on whether or not adequate shield wires are placed above 
the structures to intercept the lightning and conduct it to 
ground. Without overhead ground wires at stations, direct 
strokes may damage protective devices, thus leaving equip- 
ment insulation without adequate protection. Surges that 
originats as direct strokes on the line and propagate into 
a station are by far the most common, but are generally 
easily by-passed to ground by the lightning-protective de- 
vice. Overhead ground wires above open-wire circuits re- 
duce the number of strokes that reach the phase conduc- 
tors as discussed in Chapter 17. 

The nature of lightning strokes and the propagation of 
surges are explained in detail in Chaps. 15 and 16. The 
characteristics of traveling surges at the station depend 
upon the nature of the direct stroke as it originates on 
the phase conductors, the distance between origin and 
station, the insulation and electrical characteristics of the 
line, and the capacitance of the equipment in the station. 
The surge is attenuated as it travels by corona loss and 
skin effect, and is distorted by reflection at the station. 
The capacitance of the station equipment charged through 
the inductance of the line from the point where the surge 
originates to the station has the effect of sloping off the 
front of the surge wave. 

The magnitude of the surge voltage that can be im- 
pressed on electrical equipment is not determined by the 
system operating voltage so there is some argument against 
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associating impulse levels directly with operating voltages. 
However, low-voltage lines are not as highly insulated as 
higher voltage lines so that lightning surges coming into 
the station would normally be much less than in a higher 
voltage station because the high-voltage surges will flash 
over the line insulation and not reach the station. Also, 
the lower operating voltage permits the use of protective 
devices with lower discharge characteristics. The insula- 
tion necessary for high operating voltages inherently 
provides high impulse strength. The impulse levels shown 
in Table 1, therefore, can be obtained with the correspond- 
ing operating voltage class without exceeding reasonable 
design proportions. 

III. SURGE TESTING 
The determination of the impulse strength of the various 

insulations is generally done by an adaptation of the surge 
generator devised by Dr. Emil Marx in Germany. It con- 
sists essentially of a group of condensers, spark gaps, and 
resistors so connected that the condensers are charged in 
parallel from a relatively low-voltage source and dis- 
charged in series to give a high voltage across the test 
piece. 

The only oscillograph available until quite recently for 
measuring waves of as short duration as lightning surges 
was the cathode-ray oscillograph devised by Dufour. This 
oscillograph was improved by Norinder through the addi- 
tion of a simple cathode-ray beam control, and today this 
oscillograph is widely used in this country and others. In 

the Norinder device, the wave shape is recorded on the 
film in its entirety. 

A typical diagram of impulse-testing equipment is shown 
in Fig. 3. The capacitors, usually rated 100 kv each, 
making up the surge generator are charged in parallel 
through resistors. When the charge on each condenser 
reaches the predetermined breakdown voltage of the sphere 
gaps separating the condensers, the sphere gaps flash over 
thereby connecting all the condensers in series. One ter- 
minal of the capacitor bank is normally grounded. The 
other terminal must be insulated from ground to with- 
stand the full magnitude of the discharge voltage. A volt- 
age impulse of either positive or negative polarity can be 
obtained by connecting the charging circuit to give the 
desired polarity. The potential divider shown supplies a 
reduced voltage to the oscillograph proportional to the 
test voltage. 

The shape of the impulse wave applied to the test speci- 
men is determined by the constants (resistance, induct- 
ance, and capacitance) of the discharge circuit, some of 
which are inherent in the capacitors and leads and some 
of which are added externally. A typical laboratory in- 
stallation of impulse-testing equipment is shown in Fig. 4. 

2. Wave Shape 

It became evident in the early stages of surge testing 
that it would be necessary to standardize on test wave 
forms in order to establish insulation levels on a common 
basis. The accepted designation of defining the impulse 

h Test 
) Specimen 

$e;Teyta f ic PO/en tial 

Nainl Control 
Panel and 
hducrlion 
Regulalon 

' ' L-*'- 
wsn duuons , . I,,,* 

Synchronizing 
Tf ans former 

Cahfe Ray 
Oscilloqfaph 

Fig. a--Typical diagram of impulse teeting equipment. 
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frequency 
OsciUatof 
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4--Typical impulse laboratory. Sharon Works 
inghouse Electric Corpora don. 

West- 

wave shape is to give the time in microseconds for the 
impulse to reach crest followed by the time in microseconds 
for the wave to reach half magnitude. Fig. 5 (a)4. 

For practical reasons a virtual zero time point is estab- 
lished at O1 and determined by a line drawn through the 
0.3E and 0.9E points in the wave front. For example, 
a 13 X40 microsecond wave would have an Olzl value of 
13 microseconds and an 01z4 value of 40 microseconds. In 
transformer testing where the time to crest is not easily 
determined, it is taken as two times the interval between 
the 0.3E and 0.9E points on the wave front, that is 2~~x3. 

The 1 X5 and 1 X 10 microsecond waves, and other wave 
shapes, have been used occasionally in testing insulation. 

CRITICAL FLASHOVER 

CRITICAL WITHSTAND 

RATED WITHSTANO 

(a) 

However, the 1+X40 microsecond wave, either positive 
or negative, has now been accepted as standard because 
it simulates the more severe full wave lightning surges and 
because it can be obtained readily with the surge genera- 
tor. ‘The effect of lightning surges of shorter duration can 
be simulated with this wave by chopping at short times. 

3. Volt-Time Curve 

The breakdown voltage of insulation or the flashover 
voltage of a gap, particularly the latter, will vary with 
the length of time voltage is applied. The so-called volt- 
time curve is a graph of crest flashover voltages plotted 
against time to flashover for a series of impulse applica- 
tions of a given wave shape. The construction of the 
volt-time curve and the terminology associated with im- 
pulse testing are shown in Fig. 5 (b)4. The critical or 
minimum flashover voltage is t>he crest voltage of the’wave 
that will just cause flashover on the tail of the wave, that 
is, it will cause flashover for 50 percent of the applications, 
and for the other 50 percent of the applications there will 
be a full wave (no flashover). 

The figure also shows the relation of the critical with- 
stand voltage. To obtain the magnitude of the voltage, 
the applied voltage is reduced to just below the disruptive 
discharge of the test specimen. The rated withstand volt- 
age is the crest value of the impulse wave that the appa- 
ratus will stand without disruptive discharge. 

4. Effect of Atmospheric Conditions 

The flashover characteristics of insulation in air varies 
with atmospheric conditions. In general, flashover volt- 
ages vary inversely with temperature, directly with bar+ 
metric pressure, and directly with absolute humidity. Test 
data obtained under various actual weather conditions are 
usually corrected to the American standard conditions 
which are: 

Temperature, 77°F. 
Barometric pressure, 29.92 inches of mercury 
Humidity, 0.6085 inches of mercury 

FRONT FLASHOVER WAVE FRONT 

VOLTAGE 

FLASHOVER 

RANGE 

CREST FLASHOVER 

--z-v 

WAVE TAIL FLASHOVER 
n 

CRITICAL FLASHOVER 
PLTAQE RANGE 50% OF APPLICATIONS 

TIME 

OF CREST TIME OF CRITICAL 

FLASHOVER 

TIME RANGE TIME RANGE 
WAVE FRONT I.-- 
FLASHOVER 

-TIME RANGE WAVE TAIL FLASHOVER --y-NO IMPULSE- 
FLASHOVER 

TIME IN MICROSECONDS 

(b) 
Fig. 5-Wave shape. 

(a) An impulse testing wave illustrating methods of designating significant characteristics of the wave. (b) 
illustrating the terminology and definitions associated with impulse voltage testing. 

Series of impulse waves 
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ROD OAPS B 
susP.lNs. I) c 0 I I6 

PIN INS. A 0 L 
14 

*PP. INS B 0 t 

B c 0 I9 

NINES OF NfRcuRI-VAPOR PRESSUM 

Fig. 6-Humidity correction factors for flashover voltages of 
gaps, insulators and bushings, based on data from several 

laboratories. 

Temperature and barometric pressure are usually com- 
bined into a single factor known as relative air density 
according to the following relation which is unity for 
standard atmospheric conditions: 

Relative Air Density = 
17.95 XBar. Pressure (inches) 

460+Temp. “F. 

The chart shown in Fig. 64 has been accepted, based 
on an accumulation of test data, as giving correction fac- 
tors for humidity conditions. The measured test voltage 
is then corrected by dividing by the relative air density 
defined above and multiplying by the humidity factor 
obtained from these curves. 

TABLE Z-TENTATIVE AIEE STANDARD ON INSULATION TESTS 
FOR INDOORAIRSWITCHES,INSULATORUNITSAND Bus SUPPORTS 

Withstand Voltage-Kv 

Voltage 
Rating 

2.5 15 
50 19 
7.5 26 

15 L* 36 

15 H 50 
23 60 
34.5 80 

Low Freq. Impulse 
1 Min. 1.5~40 Full Wave 

Dry (Pas. or Neg. Dry) 

45 
60 
75 
95 

110 
150 
200 

0 
SPACING-INCHES 

(a) 
SPACING-INCHES 

(b) 

Fig. 7-Impulse flashover characteristics of standard rod gaps. 
Long spacings for 11/z x 40 wave at 77”F., 30-inch barometric 

and 0.6085-inch vapor pressure. 

(a) Positive waves. 
(b) Negative waves. 

The AIEE-EEI-NEMA Subcommittee on Correlation 
of Laboratory Data have published a paper giving a sum- 
mary of recommended standard definitions and methods 
applying to high-voltage testing4. These recommendations 
are now generally followed by the industry. 

5. Flashover Characteristics of Rod Gaps and In- 
sulators 

Because of laboratory differences in test results on ap- 
paratus insulation in the early days of impulse testing, the 
rod gap was selected as a yard stick of insulation strength. 
Because different types of gaps gave different results, a 

SPACING-INCHES 

2 4 6 8 IO 12 
CDAIYINC-IN~HFC 

(0) (b) 

Fig. %--Impulse flashover characteristic8 of standard rod gaps. 
Short spacings for 11/2 x 40 wave at 77”F., 30-inch barometric 

and 0.6085-inch vapor pressure. 

*The 15 L rating is intended to match other apparatus on which the 36-95 test 
level is specified. 

(a) Positive waves. 
(b) Negative waves. 
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(d) (e) (f) 

Fig. 13-Impulse flashover characteristics of particular types of apparatus insulators on positive and negative 1% x 40 waves 
at standard air conditions. 

(a) 7.5 kv class. (c) 23 kv class. (e) 46 kv class. 

(b) 15 kv class. (cl) 34.5 kv class. (f) 69 kv class. 

so t,hat information on its flashover characteristics is 
useful. 

Suspension and apparatus insulators play an important 
part in the coordination of station equipment, not only in 
establishing the insulation level but also in determining 
the magnitude of surges entering the station. Suspension 
insulators are generally made up of at least three ten- 
inch units in a string, spaced 52 inches apart. Apparatus 
insulators can be either the pedestal type or the so-called 
post type. 

A complete r&urn6 of impulse and GO-cycle flashover 
characteristics of rod gaps and insulators was published 
by P. H. McAuley6. For convenience some of these data 
are reproduced in Figs. 7 to 17. Figure 9 is of particular 
interest in that it shows the effect of mounting and at- 
mospheric conditions on the flashover characteristics of 
rod gaps. 

The voltage distribution across strings of standard sus- 

900 

t- 800 
2 
E 700 
I 

? 
6 

600 

5 500 

Y 1 t POSITIVF 

4oo0 

( 
I 

2 4 6 0 IO I2 I4 I6 I8 20 22 

MICROSECONDS TO FLASHOVER 

Fig. 14-Im pu se 1 flashover characteristics for 88 kv class, 
3-unit column for positive and negative lr/$, x 40 waves at 

standard air conditions. 

pension insulators of various lengths is given in Fig. 18. 
The data for 10 to 18 insulators were obtained by labora- 
tory tests by Sorensen25’26. 

Table ‘2 gives data from a Tentative AIEE standard 
on the GO-cycle and impulse withstand characteristic for 
indoor air switches, insulator units and bus supports. 
Table 3 gives similar data for corresponding outdoor in- 
sulation. 

(0) 

2 3 4 5 6 7 
UNITS 

W 

Fig. 15-Impulse flashover characteristics of two to seven 
units, apparatus insulators, for 11/2 x’ 40 waves at standard 

air conditions. 

(a) Positive waves. 
(b) Negative waves. 
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Fig. 16-Impulse flashover characteristics of particular sizes of pin type insulators for positive and negative 1*/2 x 40 waves at 
standard air conditions. 

Since the voltage-time curves for various types of insu- of the insulators shown do not meet the required impulse 
lators are not available from the standards, the curves in withstand voltage. 
Figs. 13, 14, 15, 16, and 17 are given even though some 

6. Impulse Characteristics of Transformer Insu- 
lation 

Because a power transformer is usually the most expen- 
sive equipment in a station and because its failure may 
mean a lengthy and costly outage, it is investigated most 
critically from an insulation standpoint. 

The impulse level of a transformer can be determined 
by the breakdown voltage of the major internal insulation 
(insulation to ground), the breakdown voltage of the minor 
insulation (insulation between turns and windings), and 
the flashover voltage of the bushings, or a combination 
of these. The impulse characteristic of the internal insu-. 
lation in a transformer differs from flashover in air in two 
main respects. First of all, the impulse ratio (the ratio 
of minimum breakdown on impulse to breakdown on 60- 

> 2001 0 2 4 6 8 IO I2 I4 I6 
t i i ,i i I 

‘0 2 4 6 8 I( 

MICROSECONDS TO FLASHOVER 

Fig. 17-Impulse flashover characteristics of line-post insula- 
tors for positive and negative 11/z x 40 waves at standard air 

conditions. 
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INSULATOR NUMBER 

Fig. l&--Power-frequency voltage across each unit in an insu- 
lator string starting with insulator No. 1 on the grounded end 
of the string. Insulator No. 5 in a string of 10 has 7 percent 
of the total string voltage. (Without grading rings except 

where noted.) 

cycle peak) is higher, being from 2.1 to 2.2 for trans- 
former insulation, whereas, it is 1.5 or less for rod gaps, 
insulators, bushings, etc. Secondly, the impulse break- 
down of transformer insulation does not vary as much 
with time as seen from a typical volt-time curve, shown 
in Fig. 19’. After three microseconds the breakdown volt- 
age is substantially constant. 

The insulation stress between turns or between coils 
in a transformer is dependent largely upon the steepness 
of the surge wave front. It may be further aggravated by 
oscillations within the transformer or by a “piling up” of 
the surge voltage in a small portion of the winding. (See 
Fig. 207.) Modern transformers are designed, however, so 

180 

170 

160 

MICROSECONDS 

Fig. 19-Volt-time curve of typical major insulation in trans- 

formers. 

2 

PERCENT WINDING 

Fig. 20-Effect of wave front on initial voltage distribution in 
some types of transformer windings. 

that the minor insulation meets all the requirements of 
applied impulse tests. To demonstrate this, modern trans- 
formers usually must be capable of passing a chopped wave 
test of a higher voltage crest than the full wave test. This 
chopped wave is produced by Aashover of a gap or bushing 
in parallel with the transformer insulation. The standard 
impulse tests for transformers, regulators, and reactors for 
the different voltage classifications as standardized by the 
American Standards Association C 57 are as follows: 

Standard impulse tests consist of two applications 
of a chopped wave followed by one application of a 
full wave. Either positive or negative waves may be 
used. 

(a) Chopped-Wave Test 
(1) For this best, the applied voltage wave shall 

have a crest voltage and time to flashover in 
accordance with Table 4. 

(2) The chopped wave shall be obtained by flash- 
over of a suitable air gap. 

I 
l’\E i i i i 1 ‘. 

t i i i i i ~ 
Fig. 21-Typical volt-time curve of transformer winding and 
bushing (heavy solid line represents the overall volt-time 
curve of transformer, to be used when protecting against 

lightning surges). 
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TABLE ~-STANDARD IMPULSE TESTS FOR TRANSFORMERS, REGU- TABLE ~-STANDARD WITHSTAND TEST VOLTAGES FOR APPARATUS 

LATORS, AND REACTORS BUSHINGS 

r l- - 
I Impulse Test 

1.5~40 Micro- 
second Full Wave 
Crest Kv (2, 4) 

Impulse Tests Low Frequency Test 
RMS Kv (2) 

- 

( 
E 

-- 

Xl-Type Transformers over 
500 Kva - Oil-Type Reg- 
ulating Transformers - 
Oil-Type Current Limit- 
ing Reactors-Step and 
Induction Voltage Regu- 
lators Over 250 Kva Sin- 
gle-Phase and Over 750 
Kva Three-Phase 

Insula- 
tion 

Classifi- 
cat ion 

(1) 
KV 

Gl-Type Transformers 500 

Kva or Less-Oil-Type In- 
strument Transformers- 
Oil-Type Constant-Cur- 
rent Transformers-Step 
and Induction Voltage 
Regulators 250 Kva or 
Less Single-Phase and 750 
Kva or Less Three-Phase 

-- 

In- 
loor 

(7) 
3ush- 
ings 

- 

Outdoor 
Bushings 

- 

( 

I 

- 

Outdoor Bushings 

Large Small 

Apparatus Apparatus 

(5) (6) 

- 

Min 0 Set 

Dry Wet 

- 

3 1 Min 

Dry 

- 

1 

- 

0 Set 
Wet 

In- 
loor 

(7) 
3ush 
ings 

Mil 

Y3) 

Dry 

)arge jmall 

(5) 6) 
AP- AP- 
jara- para- 

tus tus 

ii ifi 

27 24 

35 30 

50 45 

10 6 
15 13 

21 20 
27 24 

35 30 

ifi 
24 
30 

50 (8 

60 

75 
95 

110 

30 . 
45 45 

60 60 

75 75 

95 10(S) 

70 60 70 60 60 150 150 

95 80 95 80 80 200 200 

120 100 120 100 . . 250 250 

175 145 175 145 . . 350 350 

150 92 225 190 225 190 
200 115 280 230 280 230 
250 138 335 275 335 275 
350 161 385 315 385 315 

450 450 

550 550 
650 650 

750 750 

196 465 385 465 385 

230 545 445 545 445 

287 5 680 555 680 555 

345 810 665 810 665 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

900 
1050 
1300 
1550 

900 
1050 
1300 
1550 

Insula- 
tion 

Class- 
Kv 

- 

Chopped Wave 

- 

-- 

KV 

Crest 

-- 

1.2 
2.5 
50 
8 66 

15 

36 1.0 30 54 1.5 

54 1 25 45 69 1.5 

69 1.5 60 88 1.6 

88 16 75 110 18 
110 1.8 95 130 20 

25.0 175 
34.5 230 
46.0 290 
69.0 400 

92 520 
115 630 
138 750 
161 865 

196 1035 
230 1210 
287 1500 
345 1785 

I-- 
- 

- 

- 

Full 
Wave 
-- 

Kv 
Crest 

Full 

Wave 
Chopped Wave 

- 

- - 

- 

1 

- - 

Min 
Time 

to Flash- 
over in 

Micro- 
seconds 

3.0 
30 
3.0 
3.0 

3.0 
3.0 
30 
3.0 

3.0 
30 
3.0 
3.0 

Min 
Time 

;o Flash- 
over in 
Micro- 
seconds 

30 
30 
30 
3.0 

30 
30 
3.0 
30 

30 
30 
30 
3.0 

Kv 
Crest 

1.2 
25 
5.0 
8.7 

15 

150 
200 
. . . 
. . . 

. . . 

. . . 

. . . . 

. . . 

. . . 
:.. 
. . . 
. . . 

Kv 
Crest 

150 175 
200 230 
250 290 

350 400 

450 520 
550 630 
650 750 
750 865 

900 1035 
1050 1210 
1300 1500 
1550 1785 

45 
60 
75 
95 

110 

23 
34.5 
46 
69 

450 
550 
650 
750 

(1) Bushings of a given insulation classification are in general recommended for ap- 
naratus having a rating UD to and including the insulation classification of the 
bushing and may be used for apparatus of a higher voltage rating when ade- 
quate for the particular application. 

(2) All values are withstand test values without negative tolerance. 
(3) Wet test values are not assigned to indoor bushings. 
(4) Either positive or negative waves may be used-whichever gives the lower value. 
(5) Bushings for use in large apparatus are those intended for use in transformers 

rated above 500 kva, outdoor circuit breakers, and other apparatus of corre- . . 

900 
1050 
1300 
1550 

sponcimg Importance. 
(6) Bushings for use in small apparatus are those intended for use in transformers 

rated 500 kva and less and other apparatus of corresponding importance. 
(7) Bushings for use in indoor apparatus are those- intend$d lor use in indoor type (b) Full-Wave Test 

For this test, the applied voltage wave shall 
have a crest value in accordance with Table 4. 

(c) Excitation During Impulse 
During the impulse test if the transformer is 
excited at normal voltage and frequency, the 
impulse shall be timed within 30 electrical de- 
grees of the crest of the normal frequency volt- 
age of opposite polarity. 

The test values for the different voltage classifications are 
shown in Table 4. 

Since the bushing represents a vital portion of the trans- 
former insulation, its impulse flashover must be carefully 
considered in establishing the transformer insulation lev- 
els. The standard withstand voltage tests for apparatus 
bushings as given in ASA C 76 Standard 1943 are listed 
in Table 5. 

circuit breakers, instrument transformers, and other indoor apparatus except 
dry-type instrument transformers, air-cooled transformers, air-cooled regula- 
tors, and bushings used primarily for mechanical protection of insulated cable 

(8) kt%ngs for small indoor apparatus may be supplied to withstand a low fre- 
quency test of 38 kv and an impulse test of 95 kv. 

The volt-time characteristics of the bushings on a trans- 
former differ from the volt-time characteristics of the 
transformer internal insulation. In general, the bushing 
will have a higher flashover at short time lags than the 
transformer internal insulation. At long time lags its flash- 
over may be slightly more or slightly less than the winding 
breakdown. The impulse strength of the winding is essen- 
tially the same for positive or negative waves; whereas 
the bushing critical flashover may be higher for one polar- 
ity than for the other. The manufacturer takes the overall 
impulse characteristics of a transformer into account when 



Chapter 18 Insulatio: n Coordination 621 

rod gap, the protector tube, and the conventional valve- 
type lightning arrester. 

Rod Gap-Although the rod gap has the advantage of 
being extremely simple and rugged, it has two important 
disadvant,ages from a protective standpoint. First, it does 
not fulfill one of the requirements of a true protective 
device in that it \vill not valve off power voltage after it 
has once been fl;tshetl o\-cr by a surge. The circuit must 
be deenergizeti tc I clear the flashover arc each time the 
gap operat tbs. Sec*ond, its breakdown voltage rises more 
at short time lags than most insulation, Tvhich means that 
a rclativelyr short gap is required to provide protection 
against, surges leaving steep wave fronts. It ~vould thus 
have a low flashover at long t imo lags that would result 
in numerous flasl~ovt~rs \vit h consequent outages resulting 
from minor lightning surges or severe s\vitching surges. 
The rod gap is, t l~crcforc, gtnerally used only for back-up 
protection or on circuits \vhcrc the outages with short 
gaps can 1~1 tJolcratecl or compcnsatcd for by high-speed 
reclosing of the clrcllit energizing breaker. 

Modifications of t)hc rod gap, such as the fused gap and 
control gap, havrb been used occasionally. The fuse gap 
is simply a rod g:~p \vith a fuse in series with it to inter- 
rupt the powc~~ I’ollow current caused by the flashover. 

Fig. 22--Power transformer undergoing impulse test. Surge 
generator is in building in background. 

It, therefore, h:~,s the same surge protective characteristic 

giving its withstand voltage characteristic. A transformer 
undergoing an impulse test is illustrated in Fig. 22. 

7. Impulse Characteristics of Other Station Appa- 
ratus 

In addition to power transformers, the outdoor station 
generally Las instrument transformers, circuit breakers, 
disconnect switches, and bus insulators exposed to light- 
ning surges. Some stations lvill also inclrlde reactors and 
regulating equipment. All of this equipment now meets 
the l)asic iml)ulse insulation levels listed in Table 1. 

The standard lvithstand impulse tests for instrument 
transformers, regulators, and reactors are shown in Table 
3, rcferretl to above for transformers. The withstand 
impulse tests for outdoor circuit breakers, disconnect 
switches, anal bus insulators are the same as those listed 
in ‘1’al)le 5 for outdoor bushings. 

IV. CHARACTERISTICS OF PROTECTIVE 
DEVICES 

The purpose of a protective device is to limit the surge 
voltage that, rnay be applied to the apparatus it protects 
anal by-pass the srirgc to ground. It must, \vithstand con- 
tinuously t hch rated pan-cr voltage for Tvhich it is designed. 
The rat io of the maximum surge voltage it \\.ill permit on 
discllarge to the maximum crest po\ver voltage it will 
wit,hst and follon-ing discharge, called the protective ratio, 
is, thr’rcfore, a mcnsure of its protective ability. Of great 
importanc*tt also is its ability to discharge severe surge 
currents, citlrer of high magnitude or long duration, with- 
out injury. 

~34.5 KV- 

23KV - I 
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loo\- 1 : I 13.8 KV - 
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There are three general types of lightning-protective Fig. 23-Impulse characteristics of transmission type pro- 
devices, each ha\,ing its field of application; namely, the tector tubes for qrounded-neutral circuits. 
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TABLE ~--INDUSTRY PERFORMANCE CHARACTERISTICS OF 
DISTRIBUTION EXPULSION-TYPE LIGHTNING ARRESTERS 

Front of Wave 

Rated Impulse Sparkover Average Critical 

Voltage of 
Impulse Sparkover 

Arrester Rate of Rise* KV** 
1 5x40 Microsec. 

Kv Kv per 
Wave 

-- - --~ 
Microsec. hIin hvg Max 

-~ 
3 25 23 33 45 

6 50 32 50 70 

9 75 48 71 97 

12 100 63 84 94 

15 125 77 / 191 114 

*lOO kv per microsecond per 12 kv of :trrwtc~r rating. 
**Impulse of polarity giving hi&r sparhover voltage. 

Kv** 

- 

29 
41 
53 
61 
70 

as the plain rod gap and, although it prevents a circuit 
outage upon flashover, it requires the replacement and 
maintenance of fuses. Also, to be effective it requires 
proper coordination between the fuse blowing time and 
adjacent relay timing. 

The control gapg, consisting of a double gap arrange- 
ment to approach a sphere gap characteristic, has a some- 
what better volt-time characteristic than the rod gap. It 
can be used with or without fuses, and although it is ap- 
plicable for back-up or secondary protection, it is usually 
considered in the same class as the rod gaps, as far as 
major protection is concerned. 

Protector Tube-The transmission type protector tube 
has a volt-time characttlristic, Fig. 23, somewhat better 
than the rod gap and has the ability to interrupt power 
voltage after flashover. It is, therefore, used extensively 
to prevent flashover of transmission line insulators, dis- 

CONNECTOR FOR 

LINE CONDUCTOR 

WATER-TIGHT JOINT 

WET PROCESS __I - 

PORCELAIN HOUSING 

SOLDER-SEALED ----- 

(METAL TO PORCELAIN) 

WET PROCESS PORCE- 
LAIN TUBE 

SERIES GAPS 

MAKING UP 

GAP ELEMENT 

POROUS BLOCKS evfl’* 

MAKING UP 

VALVE ELEMENT 

GROUND TERMINAL /” 
FOUNDATION BASE 

CONNECTION (IN BACK 

NOT VISIBLE ) 

Fig. W---Sectional view of station-type lightning arrester. 

Fig. 25-l 

(4 

(b) 

cc> 

W 

Typical oscillograms of current discharge 
lightning arresters. 

tests in 

Standard 10x20 microsecond current surge applied to 12 
kv station type arwster. 
Arrester voltage during discharge of current surge shown 
in (a). 
Current and voltage of 3 kv station type arrester discharg- 
ing a 5X 10 microsecond current surge having a crest in 
excess of 100 000 amperes. 
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TABLE ~-PERFORMANCE CHARACTERISTICS OF VALVE-TYPE LIGHTNING ARRESTERS 

Arrester 
Type and 

Rated 
Voltage-Kv 

Front of Wave Impulse Sparkover 

- 

- 
Discharge Voltage-Kv on 10 x 20 hlicrosccond Current Wave** 

- 

Rate of Rise* 

Kv per P sec. 

Kv** 5,000 Amperes 10,000 Ampcrcs 20,000 Amperes 

Avg. Max. t Avg. Max. t Avg. Max. t Avg. Max. t 

Distribution 
3 
6 
9 

12 
15 

25 18 23 23 14 17 17 

50 34 45 45 26 34 34 

75 48 62 62 39 51 51 

100 61 77 77 49 62 62 

125 73 91 91 61 77 77 

16 20 20 18 23 23 

30 38 38 34 44 44 

44 57 57 51 66 66 

55 69 69 62 78 78 

69 87 87 79 99 99 

Lins 
20 
25 
30 
37 
40 

167 75 90 85 83 96 91 

208 93 111 105 101 116 111 
250 110 132 125 121 139 133 
308 136 163 154 149 172 164 
333 147 176 167 161 185 177 

92 106 102 101 116 111 
111 128 122 121 139 133 
135 155 149 149 172 164 
164 189 181 181 208 199 
177 204 195 196 225 216 

50 417 183 220 208 202 232 225 
60 500 220 264 250 242 278 267 
73 608 267 320 302 297 342 328 

222 255 245 243 280 268 

271 312 300 298 344 328 

328 378 361 360 414 396 

Station 
3 
6 
9 

12 
15 

25 13 15 15 10 11 11 
50 23 26 26 20 22 22 
75 35 39 39 30 33 32 

100 43 50 48 40 44 43 
125 53 61 59 50 55 54 

11 13 12 12 14 13 

22 25 23 24 27 26 

33 37 35 35 39 38 
44 48 47 47 52 51 

54 60 58 59 65 63 

20 167 72 83 80 67 74 72 72 80 77 78 86 84 
25 208 89 102 98 83 92 89 90 99 96 100 110 107 
30 250 106 122 117 100 110 107 108 119 115 118 130 126 
37 308 131 151 144 124 137 133 132 146 141 145 160 155 
40 333 136 157 150 134 148 143 144 159 154 153 169 164 

50 417 178 205 196 167 184 179 179 197 191 191 211 205 
60 500 214 246 236 200 220 214 217 239 231 234 258 250 
73 608 261 300 288 245 270 262 262 288 279 283 313 303 
97 808 345 397 380 323 356 3‘25 349 384 372 377 415 403 

109 908 388 446 427 363 400 388 394 434 420 424 467 453 

121 1008 430 495 474 403 444 430 438 482 467 470 517 502 
145 1208 515 592 566 487 536 520 523 575 558 564 622 602 
169 1408 602 693 663 566 624 605 610 672 650 658 725 702 
196 1633 691 796 760 647 713 691 698 768 744 755 832 803 
242 2017 860 988 945 806 887 860 872 960 931 940 1035 1004 

*lOO kv per microsecond per 12 kv of arrester rating. 
**Impulse of polarity giving higher sparkover voltage. 

t9.57, of the arrrsters manufartured \\ill have charartcaristirs not exceeding the 
value in this column. For distribution arresters use the maximum values. 

connect switches, and bus insulators. It is also used on 
transmission-line towers adjacent to a station to reduce 
the magnitude of surges coming in on the line and t,hus 
relieve the duty on the station arresters. The tube is not 
at the present time considered adequate protection for 
transformer insulation, except for distribution type ratings 
15 kv and below. Its application on circuits above 15 kv 
requires certain limitations in system short-circuit currents 
and recovery voltage rates. 

The protector-tube principle is used extensively for ex- 
pulsion type arresters in the distribution classifications 

15 kv and below. Industry performance characteristics 
of distribution expulsion-type lightning arresters are given 
in Table 6. 

Valve-Type Arresters-The conventional valve- 
type lightning arrester, a typical example of which is shown 
in Fig. 24, provides the highest degree of protection of all 
protective devices. Its essentially flat volt-time charac- 
teristic makes it ideally suited for the protection of trans- 
former insulation in the higher voltage classes where the 
margin between operating voltage and surge strength is 
relatively low. If properly applied, its discharge voltage 
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TABLE ~-INSULATION TESTS FOR LIGHTNING ARRESTERS 
(Withstand Test Voltages) 

Insu- 
lation 
Classi- 

fica- 
tion 

Kv 

2.5 3 21 20 60 

5 6 27 24 75 

8.7 9 35 30 95 

15 15 50 45 110 

23 25 70 60 150 

34.5 37 95 80 200 

46 50 120 100 250 

69 73 175 145 350 
92 97 225 190 450 

115 121 280 230 550 

138 145 335 275 650 

161 169 385 315 750 

196 196 465 385 900 

230 242 545 445 1050 

Ar- 
sestei 

volt- 

age 
Rat- 
ing 
Kv 

(1) 

- 

E Station-type Arresters- 
/ 
1 Line and Distribution- All ratings 

Line and Distribution- 
type Arresters rated 

20 Kv and above 

type Arresters rated 
below 20 Kv 

60-Cycle 
rest Voltage 
Rms Kv (2) 

1 Min 

Dry 

10 Set 
Wet 

Impulse 
Test 

1.5x40 /La 
Full Wave 
Crest Kv 

(2, 3) 
1 Min 

Dry 

15 
21 
27 

35 

60-Cycle 
rest Voltage 

Rms Kv (2) 

LO Set 
Wet 

13 
20 
24 

30 

. . 

. . 

. . 

. . 

. * 

. . 

. . 

. . 

. . 

Impulse 
Test 

1.5x40 j&3 
Full Wave 
Crest Kv 

(2, 3) 

45 
60 
75 
95 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

. . 

(1) Where application is to be made of an arrester having a lower voltage rating 
than the rated voltage of the circuit on which it is to be used such as on grounded 
neutral circuits, the insulation test shall be that specified for the insulation 
class one step lower than the rated circuit voltage. 

2) All values are withstand test voltages without negative tolerance. 
3) Either positive or negative polarity waves may be used-whichever gives the 

lower value. 

remains below the breakdown strength of the transformer 
insulation, even at short time lags. Experience with actual 
lightning discharges and laboratory tests have demon- 
strated the ability of the modern lightning arrester to 
discharge surges commensurate with direct strokes of 
lightning. 

Lightning arresters for a-c power circuits are rated ac- 
cording to the maximum line-to-ground circuit voltage 
they will withstand. There are three classes available; 
namely, the station type with voltage ratings ranging from 
3 to 242 kv, the line type, for 20 to 73 kv, and distribu- 
tion type, 3 to 15 kv. The characteristics of these arresters 
are given in Table 7. 

Station-type arresters, as distinguished by their heavier 
construction, better protective characteristics, and higher 
discharge-current capacity are used for the protection of 
substation and power transformers. Line-type arresters 
are used for the protection of distribution transformers, 
small power transformers, and sometimes small substa- 
tions. Distribution type arresters are intended primarily 
for pole mounting in distribution circuits for the protec- 
tion of distribution transformers up to and including the 
15.0-kv classification. 

Modern station-type arresters are designed to discharge 
not less than 100 000 amperes; line and distribution types 
not less than 65 000 amperes, each with a 5X 10 micro- 

second test wave. In addition, they are given an insula- 
tion test in accordance with Table 8, which is from ASA 
C 62 Standard dated April 1944. 

The valve-type lightning arrester is usually made up 
of two elements, a gap element capable of withstanding 
power voltage and a valve element capable of suppressing 
the current following the discharge of the surge. The 
breakdown of the gap, which is affected somewhat by 
the rate of voltage rise, determines the initial discharge 
voltage of the arrester. The voltage drop across the valve 
element, which depends upon the rate of rise and magni- 
tude of surge current discharged determines the arrester 
voltage during discharge. 

Typical oscillograms of arrester current discharge tests 
are shown in Fig. 25. 

The protective ratio of a modern lightning arrester is 
substantially constant through its range of voltage ratings 
which means that the gap break-down voltage and the 
maximum surge discharge voltage for a given surge con- 
dition are approximately proportional to the voltage rating 
of the arrester. The curves of Fig. 26 show how the gap 
breakdown varies with rate of voltage rise, and the curves 
of Fig. 27 show how the discharge voltage varies with the 
magnitude and rate of rise of surge current for typical 
line type and station type arresters. From these curves, 
expressing the gap breakdown and discharge voltage, each 
in terms of kv per kv of arrester rating, it is possible to 
determine readily the protective characteristics of any 
rating arrester for an expected surge condition. 

0~“““““““““‘~ 0 I 2 3 4 5 

MICROSECONDS 

W. 26-Average impulse gap breakdown of station- and line- 
type arresters. 

(a) Represents rate of rise of 5 kv per microsecond per kv of 
arrester rating. 

(b) Represents rate of rise of 10 kv per microsecond per kv of 
arrester rating. 

(c) Represents rate of rise of 20 kv per microsecond per kv of 
arrester rating. 
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W 

22 

I 

SURGE CURRENT IN AMPERES 

W 

Fig. 27-Average discharge voltage characteristics of typical 
lightning arresters. (Numbers on curves represent rate of 

rise of current in amperes per microsecond.) 

(a) Line type. (b) Station type. 

For example, suppose it is desired to determine the gap 
breakdown voltage and maximum discharge voltage of a 
73 kv, station-type arrester for a surge wave front rising 
at a rate of 500 kv per microsecond, and a discharge cur- 
rent of 2000 amperes with a maximum rate of rise of 2500 
amperes per microsecond. A voltage rise of 500 kv per 
microsecond with a 73 kv arrester, represents a voltage rise 

of :;=6.85 k v per microsecond per kv of arrester rating. 

From Fig. 26, the gap breakdown voltage would be 
3.6 X 73 = 263 kv, at 0.5 microseconds. The maximum dis- 
charge voltage from Fig. 27 (b) would be 3.2X73 = 234 kv. 

V. APPLICATION OF PROTECTIVE DEVICES 

8. Selection of Arrester Rating 
A valve type lightning arrester begins to discharge at 

a definite value of overvoltage in accordance with the 
curve of Fig. 26, and valves off at a lower voltage, corre- 
sponding to the maximum permissible voltage rating of 
the arrester. If the power voltage is above the valve-off 
voltage, the arrester may continue to discharge power 
current until it is destroyed. 

Although modern lightning arresters will discharge with- 

ICURVE xp/x, 
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Fig. 28-Maximum line-to-ground voltage at fault location 
for isolated-neutral systems during fault. 

Values shown are maximum values for single line-to-ground fault. 
For double line-to-ground fault the voltages are less for ratios of 

Xo/XI between - co and -2. 
X0 = zero-sequence capacitive reactance and 
X1 = positive-sequence subtransient reactance. 

out injury any lightning surge except the most severe 
direct strokes originating close to the arrester, it is not 
practical or economical to design them to discharge power 
current for any appreciable time. A lightning discharge 
may reach thousands of amperes, but the time is short, 
being measured in microseconds, so that the energy that 
is absorbed by the arrester is small compared to the energy 
that would have to be absorbed with a few amperes power 
flow for even a few cycles. The first consideration in 
applying an arrester should, therefore, be the maximum 
line-to-ground dynamic voltage to which the arrester may 
be subjected for any condition of system operation or 
fault. 

High operating voltage may exist on the far end of long, 
high voltage, unloaded transmission lines because of charg- 
ing current flowing through the line reactance. It can 
also be caused by the sudden loss of load on water-wheel 
generators. It is sometimes possible to rearrange the 
switching scheme to eliminate or at least minimize the 
possibility of overvoltages from these sources. These fac- 
tors, however, must be taken into account in the appli- 
cation of lightning arresters. 

The maximum rms line-to-ground voltage during a sys- 
tem fault can be calculated by the methods of Chap 14, 
taking into account the constants of the system, the type 
of fault, and the fault resistance. The selection of the 
arrester rating should, where possible, be based on such 
calculation. Where the fault voltages are not determined 
more accurately by calculation, Fig. 2812 and Fig. 2912, 
can be used as guides in selecting the arrester rating. 

The curves of Fig. 28 show the maximum line-to-ground 
voltage during fault for isolated-neutral systems as a func- 
tion of the ratio of zero-sequence capacitive reactance, 
X0, to positive-sequence inductive reactance, X1. In Fig. 
29, applying to grounded neutral systems, the ratio of 
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(a) Voltage conditions neglecting positive- and negative- 
sequence resistance-R1 = Rz = 0. 
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(b) Voltage conditions for RI = Rz =O.l X1. 

X04 

(c) Voltage conditions for R1=Rt=0.2 X1. 

Fig. 29-Maximum line-to-ground voltage at fault location 
for grounded-neutral system under any fault condition. 

N&e: Numbers on curves indicate maximum line-to-ground fault 
voltage of any phase for any type of fault in percent of unfaulted 
line-to-line voltage for area bounded by curve and axes. When using 
the curves all impedance values must be on the same kva base or in 
ohms on same voltage base. For all curves 

R. = zero-sequence resistance, 
X, = zero-sequence inductive reactance, 
X, =positive-sequence subtransient reactance; 
X2 = negative-sequence reactance, 

x1=x2. 

The effect of fault resistance was taken into account. The fault re- 
sistance which gives the maximum voltage to ground on any phase 
was the value used. The discontinuity of the curves is caused mainly 
by the effect of fault resistance. 

zero-sequence resistance, R. to X1, is plotted against 
X,/X,, for several different values of maximum line-to- 
ground fault voltages, ranging from 65 to 100 percent of 
line voltage and for three values of RI/XI, namely 0, 0.1 
and 0.2. The area below each curve represents the region 
in which the maximum fault voltage is below the value 
indicated on the curve. The curves represent the maxi- 
mum voltage at the fault location. A fault at the arrester 
will generally subject the arrester to a higher voltage than 
a fault at some other point in the system. However, this 
condition does not always exist, and should be checked. 
For example a fault near the source of a radial feeder 
circuit grounded at the source only through a neutral 

Kl x0 
resistor or reactor might have a larger value of -, or -, 

x1 x1 
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(a) Voltage conditions neglecting positive- and negative- 
sequence resistance—Rl = Rz = O. 

(b) Voltage conditions for R,= R, =0.1 X,. 

(c) Voltage conditions for R, =IL=O.2 Xl. 

Fig. 29—Maximum line-to-ground voltage at fault location 
for grounded-neutral system under any fault condition. 

Note: Numbers on curves indicate maximum line-to-ground fault 
voltage of any phase for any type of fault in percent of unfaulted 
line-to-line voltage for area bounded by curve and axes. When using 
the rurves all impedance values must be on the same kva base or in 
ohms on same voltage base. For all curves 

Ro = zero-sequence resistance, 
XO = zero-sequence inductive reactance, 
Xl= positive-sequence subtransient reactance 
Xz = negative-sequence reactance, 
X,=X2. 

The effect of fault resistance was taken into account. The fault re- 
sistance which gives the maximum voltage to ground on any phase 
was the value used. The discontinuity of the curves is caused mainly 
by the effect of fault resistance. 

zero-sequence resistance, RO to Xl, is plotted against 
XO/X1, for several different values of maximum line-to- 
ground fault voltages, ranging from 65 to 100 percent of 
line voltage and for three values of Z?l/X1, namely O, 0.1 
and 0.2. The area below each curve represents the region 
in which the maximum fault voltage is below the value 
indicated on the curve. The curves represent the maxi- 
mum voltage at the fault location. A fault at the arrester 
will generally subject the arrester to a higher voltage than 
a fault at some other point in the system. However, this 
condition does not always exist, and should be checked. 
For example a fault near the source of a radial feeder 
circuit grounded at the source only through a neutral 

1/0 xc) 
resistor or reactor might have a larger value of —, or —, 
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and therefore produce a higher voltage on an arrester 
located at the end of the feeder than a fault at the ar- 
rester location. 

In applying arresters, it is customary to make an allow- 
ance for operation at a voltage in excess of that usually 
considered as normal. This is usually five percent. For 
example, an arrester rated at 105 percent of normal line- 
to-line voltage is used where the line-to-ground voltage 
is expected to reach normal line-to-line voltage during 
fault. Likewise, on a solidly grounded neutral system 
where the maximum line-to-ground voltage during fault 
is expected not to exceed 80 percent of line voltage, an 
arrester rated at about 84 percent of normal line-to-line 
voltage has been used generally. The line-to-ground volt- 
age for fault conditions where X,/X, ratio is near 1.0 or 
less may allow the use of arresters with less than 84 percent 
of line-to-line voltage. 

There are a number of isolated-neutral systems on which 
arresters rated at 105 percent of nominal line-to-line volt- 
age have proven satisfactory over a period of years. How- 
ever, there are also systems of this type where it has been 
necessary to use arresters of a higher rating to prevent 
excessive failures. This is indicated in Fig. 28, which 
shows that if fault resistance is included, the fault voltage 
may exceed 105 percent of normal line-to-line voltage. 
Calculation should be made to determine the maximum 
fault voltages. 

The overvoltages encountered on systems grounded 
through ground-fault neutralizers are less than on isolated 
neutral systems, provided the ground-fault neutralizer is 
properly tuned. Arresters rated to withstand maximum 
line voltage, usually 105 percent of normal circuit voltage, 
are, therefore, considered safe for application on these 
systems. There is some risk of damage to the arrester if 
the ground-fault neutralizer is not properly tuned. Switch- 
ing operations on these systems may also produce high 
voltages to ground. However, it is generally not feasible 
to select arresters of sufficiently high rating to eliminate 
all risk of arrester damage from these causes. 

It has been common practice to apply arresters rated at 
105 percent of circuit voltage to systems grounded through 
impedance, and arresters rated at 84 percent of circuit 
voltage (80 percent of 105 percent rating) to systems con- 
sidered solidly grounded. Experience has shown that such 
applications are generally safe against over-voltage at time 
of fault. However, as indicated by Fig. 29, the possible 
line-to-ground voltages during faults on systems vary 
through a wide range, depending upon the ratio of system 
constants. Arresters rated at some voltage between 75 
and 105 percent of circuit voltage may, therefore, be better 
suited from an overall standpoint. 

As indicated by Fig. 29 (a, b, c), the maximum voltage 
to ground varies with the ratios of &/X1, X0/X1 and 
RI/X,.’ Thus the voltage to ground can be determined 
for a given system if the impedance constants are accu- 
rately known. In some cases, particularly for the higher 
voltage systems, where the X,/X, and IZo/X, ratios are 
1.0 or less, arresters less than 84 percent of line-to-line 
voltage can be used, thus allowing the application of trans- 
former insulation 
insulation level. 

with a minimum acceptable impulse 

The 84-percent arrester can be applied safely on systems 
whose constants are within the range indicated by the 
80-percent curve of Fig. 29 provided the impulse insulation 
level of the equipment is protected. As a general guide 
to arrester application, with full insulation on the pro- 
tected equipment, the 84 percent arrester rating is satis- 
factory if the following conditions exist. 

1. The ratio of the zero-sequence resistance, Ro, to 
the positive-sequence subtransient reactance, X1, as 
viewed from the point of arrester location is one or 
less. 

2. The ratio of zero-sequence reactance, X0, to positive- 
sequence reactance, X1, as viewed from the point 
of arrester location does not exceed three under any 
condition of operation. 

3. The arrester cannot remain energized from un- 
grounded sources of power after the grounded neu- 
tral sources of power have been disconnected to 
clear a fault. 

4. The system neutral is grounded at every source of 
supply of short-circuit current. 

If the fault is to the arrester ground, then the resistance 
of the arrester ground should be included as part of the 
zero-sequence resistance of the system. When this is 
done, the curves of Fig. 29 also apply to the arrester at 
that fault location. 

In addition to high arrester voltages resulting from 
system faults, high momentary or peak voltages may also 
be caused by any of the following: 

1. Switching surges may reach several times normal 
line-to-ground voltage with certain combinations of 
system constants. 

2. High harmonic voltages to ground may exist during 
fault conditions on lightly loaded lines energized 
from generators with damper windings for which 
Xp”/Xd” is too great. See Chap. 6. 

3. Arcing grounds or the accumulation of static charges 
from dust particles in the air on ungrounded sys- 
tems may cause repetitive discharges through the 
arrester that exceed its thermal capacity. 

It is not considered feasible to apply arresters rated 
sufficiently high to withstand the overvoltages that might 
be produced by any of the above. However, the possi- 
bility of damage to the arrester from these causes should 
be considered in making the application. It is sometimes 
possible to make minor modifications to the system equip- 
ment or operation that will greatly alleviate these sources 
of trouble. 

Where there is doubt as to the arrester rating, the 
maximum line-to-ground voltages should be calculated by 
the methods of Chap. 14. 

9. Coordination of Protective Devices with Appa- 
ratus Insulation 

The margin that should exist between the BIL of the 
insulation to be protected and the maximum voltage that 
can appear across a lightning arrester is a much-discussed 
question. The answer is difficult because it depends on 
many factors. The breakdown voltage of the arrester is 
affected by the rate of voltage rise and the discharge voltage 
by the rate of rise of the surge current and the magnitude 
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of the surge current. The distance between the arrester 
location and the protected insulation affects the voltage 
imposed on insulation due to reflections. The severity of 
the surge depends upon how well the station is shielded, 
the insulation level of the station structure, and the in- 
coming line insulation. A typical problem is reviewed 
later to give one way of applying a suitable margin. 

Direct strokes to an arrester should be eliminated, where 
possible, by proper shielding because the current in a direct 
stroke may be in excess of that for which the arrester is 
designed. Where shielding is impractical, the arrester 
should protect the insulation within the range of direct- 
stroke surge currents within the capability of the arrester. 
Currents in excess of the arrester rating may damage or 
ruin the arrester. 

For a traveling wave coming into a dead-end station, 
the discharge current in the arrester is determined by the 
maximum voltage that the line insulation can pass, by 
the surge impedance of the line, and the voltage character- 
istic of the arrester, according to the following relation: 

2E-E, 

I z 
a=- 

where I, -arrester current 
E -magnitude of incoming surge voltage 
E,-arrester terminal voltage 
Z -surge impedance of the line 

Fig. 30—Coordination of insulation in a 138—kv substation for 
11/2 x 40 microsecond positive wave. 

(1) Transformer with 550 kv BIL. 
(2) Line insulation of 9 suspension units. 
(3) Disconnect switches on 4 apparatus insulators. 
(4) Bus insulation of 10 suspension units. 
(5) Maximum 1% x 40 wave permitted by Iine insulation. 
(6) Discharge of 121-kv arrester for maximum 1% x 40 full 

wave. 

Suppose it is desired to protect the 138-kv substation 
shown schematically in Fig. 30 against traveling waves. 
The system at this point is grounded so as to allow a basic 
impulse insulation level of 550 kv. The major equipment 
consists of a power transformer, circuit breakers, discon- 
nect switches mounted on four apparatus insulator units, 
and bus insulation consisting of 12 suspension insulators. 
The line insulation consists of nine suspension insulators. 
The arrester is located close to the transformer. Adequate 
shielding is provided over the substation and the incoming 
transmission lines. 

The line insulation of nine insulators permits a traveling 
wave of 860-kv crest (13 X40) and rate of rise of 1000 kv 
per microsecond to enter the station. This rate of rise 
represents 8.25 kv per microsecond per kv of arrester 
rating for the required 121-kv arrester. From Fig. 26 the 
average arrester-gap breakdown is 3.6X 121 or 435 kv at 
0.5 microsecond, which, with a 15 percent, plus tolerance, 
becomes 500 kv. Assuming a line surge impedance of 400 
ohms, the magnitude of the arrester current is about 3200 
amperes determined as follows: 

I -2 (860000)-435000 
a- 

400 
= 3200 amperes. 

The rate of rise of current would be approximately 

2 (1 000 000) 

400 
= 5000 amps/microsecond. 

From Fig. 27(b) the discharge voltage for a current 
of 3200 amperes and a rate of rise of 5000 amperes is 
3.45 x 121 or 418 kv. Adding the manufacturing tolerance 
of plus 10 percent gives 460 kv as the discharge voltage 
provided by the 121-kv arrester for the assumed condi- 
tions. Since the rate of rise has been taken into consid- 
eration in establishing this protective level of 460 kv, no 
additional margin need be added. There is, however, a 
difference of 550 minus 460 or 90 kv between the pro- 
tective level and the BIL of 550 kv of the transformer 
insulation. 

Suppose a direct stroke at the station discharges through 
the arrester a current of 50 000 amperes, rising to crest in 
three microseconds, with a nominal rate of rise of 20 000 
amperes per microsecond. The discharge voltage from 
Fig. 27 (b) is 4.55X121 = 550 kv for a 121-kv arrester 
which with plus 10 percent is 605 kv or 55 kv in excess 
of the insulation BIL. 

10. Location and Connection of Protective Devices 

The protective device should be placed as close as pos- 
sible to the apparatus it is to protect, particularly if an 
overhead line dead ends in a station or terminates at a 
transformer. A traveling wave coming into the station is 
limited in magnitude at the arrester location to the dis- 
charge voltage of the arrester. However, a wave with the 
same rate of voltage rise as the original wave and with 
a magnitude equal to the arrester discharge voltage travels 
on to the station terminus where it reflects to twice its 
value if the line dead ends or to almost twice its value 
if the line terminates in a transformer. The voltage at 
the transformer builds up at a rate twice t,hat of the 
original wave until it reaches a maximum value of twice 
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the magnitude of the arrester voltage or to whatever volt- 
age magnitude can build up during the time the reflected 
wave travels back to the lightning arrester and a negative 
reflected wave travels from the lightning arrester back to 
the transformer. 

Likewise, apparatus, such as a disconnect switch, lo- 
cated ahead of the arrester is subject to the incoming 
surge until the arrester discharges and its negative re- 
flected wave returns to the switch. 

To illustrate the effect of arrester location consider the 
138-kv station shown schematically in Fig. 31 with the 
arrester located 100 circuit feet beyond the disconnect 
switch and 100 circuit feet ahead of the transformer. Con- 
sider a traveling wave having a rate of voltage rise of 
1000 kv per microsecond entering the station and an ar- 
rester which limits the voltage to 400 kv. In 0.1 micro- 
second after the wave reaches the switch it reaches the 
lightning arrester and 0.1 microsecond later, or at the end 
of 0.2 microsecond, it reaches the transformer where it re- 
flects and builds up at a rate of 2000 kv per microsecond. 
At the end of 0.4 microsecond after the wave first reached 
the switch, the incoming wave and the reflected wave 
from the transformer would total to 400 kv at the arrester. 
As shown in Fig. 31, the voltages at the switch and at 
the transformer would also be 400 kv. The reflected wave 
from the transformer has just reached the switch. The 
voltage at the arrester remains at 400 kv until the crest 
of the incoming wave is reached but the voltages at the 
switch and transformer continue to rise at 2000 kv per 
microsecond until the reflected negative waves from the 
arrester reaches the switch and transformer at the end of 
0.5 microsecond. Successive reflections occur until the 
wave spends itself by discharging through the arrester. 
As shown in Fig. 31, the voltages at the switch and trans- 
former resulting from the first reflection reaches 600 kv, 
or 50 percent more than t,he arrester discharge voltage. 

The maximum voltage at the terminus of a line or at a 
transformer at the end of a line beyond an arrester as a 

Fig. 31—Voltages at 138 kv substation resulting from first re- 
flection Of traveling surge having 1000 kv per microsecond 

wave front. 

(a) At disconnect switch located 100 feet ahead of arrester. 
(b) At arrester. 

(C) At transformer located 100 feet beyond arrester. 

Fig. 32—Maximum voltage due to first reflection of traveling 
wave as function of distance from arrester and steepness of 

wave front. 

*Voltage at P may reach crest of incoming surge as maximum. 

Voltage at T may reach twice arrester voltage as maximum. 

result of the first reflection of a traveling wave, may be 
expressed mathematically, as follows13: 

up to a maximum of 2 ear 

where e, = arrester discharge voltage 
de 
- = rate of rise of wave front in kv per ms. 
dt 
L = distance between arrester and line terminus in 

feet. 

The same expression can also be used to determine the 
voltage at a point on a line ahead of an arrester due to a 
traveling wave. In this case, the voltage can reach as a 
maximum the crest of the traveling wave if the distance 
to the arrester is great enough or if the rate of rise of the 
wave front is sufficiently high. 

The curves of Fig. 32 show the voltage in excess of the 
arrester voltage as a function of distance from the arrester 
for rates of rise of wave front of 100. 500. and 1000 kv per 
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microsecond. The curves can be used to determine the 
actual voltage at a point ahead of an arrester or at a line 
terminus beyond an arrester by adding to the curve value 
the discharge voltage of the particular arrester involved. 
For example, the maximum voltages obtained at the 
switch and transformer in Fig. 31, by plotting the volt- 
time curves, could be taken from the 1000 kv per micro- 
second curve of Fig. 32. For a distance of 100 feet, and a 
wave front that rises at the rate of 1000 kv per micro- 
second, the voltage in excess of the arrester voltage is 200 
kv. This added to the arrester discharge voltage, assumed 
to be 400 kv, gives 600 kv as the maximum voltage after 
the first reflection. 

In addition to the reflected wave phenomena, it is quite 
possible that still higher peak voltages would exist at the 
apparatus as a result of oscillations caused by the induct- 

Fig. 33—Installation view of CSP power transformer with 
protective devices, secondary circuit breaker, and metering 

equipment built integral with transformer. 

ance of the line between the arrester and the apparatus, 
and the capacitance of the apparatus. Furthermore, the 
voltage drops in the lead from the line to the arrester and 
in the lead from the arrester to ground, which are affected 
by rate of rise of surge current, add to the drop across the 
arrester. Any difference in ground potential between the 
apparatus ground and the arrester ground also adds to the 
voltage impressed across the apparatus insulation. In 
view of the above factors, it is important, particularly in 
stations where direct strokes may originate close to the 
station, that the protective devices be located close to the 
apparatus they are to protect, that the leads to the devices 
be kept as short and direct as possible, and that the ar- 
rester and apparatus grounds be interconnected and as low 
in resistance as possible, preferably one ohm or less. 

tive device is mounted directly on the transformer. This 
is illustrated in the installation view, Fig. 33, of a CSP 
transformer which has the protective devices, secondary 
circuit) breaker, and metering equipment built integral 
with the transformer14. With the line side of the arresters 
connected directly to the transformer terminals and the 
arrester ground connected directly to the transformer tank, 
the voltage between the winding and core is definitely lim- 
ited to the discharge voltage of the arrester. To provide 
protecion to an extended station an arrester should be 
located directly ahead of the disconnect switch where the 
line enters the station and another arrester located directly 
adjacent to or on the transformer. A modification of this 
scheme, which is sometimes used, is to locate protector 
tubes at the entrance to the station and conventional sta- 
tion type arresters at the transformer terminals. The pro- 
tector tubes generally protect the switch and will limit 
the magnitude of surges entering the station. 

11. Direct Stroke Protection 
Wherever it is possible for direct strokes of lightning to 

strike the line at or near the station, there is a possibility 
of excedingly high rates of surge-voltage rise and large 
magnitude of’ surge-current discharge. If the stroke is 
severe enough, the margin of protection provided by the 
protective device may be inadequate. The installation 
may, therefore, justify shielding the station and the incom- 
ing lines far enough out to limit the severity of surges that 
can come into the station, particularly in the higher volt- 
age classifications, 69 kv and above. This can be done by 
properly placed masts or overhead ground wires. 

The number of direct strokes per year to an unshielded 
substat ion, based on accumulated records of direct strokes 
to tall objects, can be approximated by the expression1s 

(rv+700)(L+700)9 5 __________--- 
(5280)2 ’ 

Fig. 34—Typical schemes of station protection. 

(a) Arrester at station with no direct stroke shielding. 
(b) Arrester at station with shielding against direct strokes. 
(c) Arrester at station with protector tubes extending out s 

mile. The ultimate in this respect is reached when the protec- 
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where IV and L are the width and length, respectively, in 
feet, of the substation. From this estimate of strokes to 
an exposed substation, which is about one stroke every 
four and one-half years to a 100 feet square substation, it 
can be reasoned that reducing the exposure to 0.1 percent 
would practically eliminate the possibility of a stroke to a 
station. The curves of Fig. 351s were, therefore, con- 
structed from extensive laboratory test data to show the 
configurations of masts or overhead ground wires necessary 
to reduce the exposure of an object to 0.1 percent. The 
curves are plotted to show the height (L) of the shielding 

Fig. 35—Configuration of shielding object with respect to 
protected object for 0.1 percent exposure. 

(a) One shielding mast. Dotted lines for one exposed object of 
height (d). Full lines for ring of exposed objects of height 

(d). 
(b) One horizontal ground wire. 
(c) Two masts or two ground wires. Dotted lines for masts. 

Full lines for horizontal wires. 

Fig. 36-Areas protected by multiple masts for point expo- 
sures of 0.1 percent. 

(a) Two masts with values of z and s taken from Fig. 35 (a) 

and (c). 
(b) Two masts separated by half the distance of those in (a). 
(c) Three masts with (b) points obtained from Fig. 35 (c) for 

mid-point between two masts. 

(d) Four masts with (b) points obtained from Fig. 35 (c) for 
mid-point between two masts. 

masts or ground wires above the protected object as a func- 
tion of the horizontal separation (X) and the height (d) of 
the protected object. 

The dotted-line curves, Fig. 35 (a), showing the neces- 
sary configuration of a single mast protecting a single ob- 
ject, apply to an exposed structure having a single prom- 
inent projection or several projections in a limited region, 
such as a set of disconnects. The full-line curves, applying 
to a ring of objects, should be used if the live parts to be 
shielded are generally distributed at a given height. The 
configuration of the mast should be based on the most 
remote object. 

The required configurations of a single horizontal ground 
wire are given in Fig. 35 (b). The dotted-line and the 
full-line curves of Fig. 35 (c) apply, respectively, to two 
masts and to two horizontal ground wires. 

The diagrams of Fig. 3615 illustrate the area that can be 
protected by two or more shielding masts. The cross- 
hatched area of Fig. 36 (a) is the area protected by two 
masts for given values of d and y, where the radii i of the 
semi-circles are taken directly from Fig. 35 (a), and the 
separation distance S from Fig. 35 (c). If the distance 
between masts is decreased, the protected area is at least 
equal to the area obtained by superposing the areas of 
Fig. 36 (a). For example, if the distance between masts is 
halved, the resultant protected area is somewhat as shown 
in Fig. 36 (b). 

On this basis, to form an approximate idea of the width 
of the overlap between masts, first obtain a value of y from 
Fig. 35 (c), corresponding to twice the actual distance be- 
tween the masts. The width of overlap is then equal to the 
value of 2, obtained from Fig. 35 (a), that correspond to 
this y. This undoubtedly gives a conservative width of 
substation that can be protected by two masts. 

For three masts located at the points of an equilateral 
triangle or for four masts located at the points of a square, 
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the protected areas are as shown in Figs. 36 (c) and (d). 
The height of the shielding mast should be so chosen that 
the b points provide 0.1 percent exposure as obtained from 
Fig. 35 (c) for the midpoint between two masts. The x 

radii are obtained from the data for a single mast. 
The curves of Fig. 35 apply to stations located in regions 

of relatively flat terrain and low resistivity, where the 
effective ground plane is essentially at the earth’s surface. 
High values of earth resistivity lowers the ground plane, 
which results in less effective shielding for a given config- 
uration. However, most stations are, or if not, should be, 
provided with low-resistance grounding systems for light- 
ning-arrester grounds, which can also serve as shielding 
grounds. Where the soil resistivity is high the effective 
ground plane can be raised to the earth’s, surface by laying 
counterpoise wires from the shielding masts to distances of 
two or three times their height. However, in most cases, 
it is probably more economical to increase the height of 
the masts. 

For application of the curves to hillside locations, the 
dimensions (h) (the shielding mast height) and (d) (the 
height of the protected object) should be measured per- 
pendicular to the earth’s surface. The distance (x) be- 
tween the object and shielding mast should be measured 
along the earth’s surface. 

The lines coming into the station can be effectively 
shielded against direct strokes by overhead ground wires 
as outlined in Chap. 17. A direct stroke on a line more 
than 3 mile out from the station is limited in severity at 
the station by the surge impedance and insulation of the 
line and to some extent by the shunt capacity of the station 
equipment. Shielding of the station and the lines approx- 
imately 4 mile out from the station, as illustrated in Fig. 
34 (b), is, therefore, a desirable supplement to the lightning 
arrester located at the station. 

Where overhead ground wires on the incoming lines are 
not practical ‘due to existing construction, additional pro- 
tection of the station equipment against direct strokes on 
the lines near the station can be obtained by equipping 
each line with protector tubes at the entrance structure of 
the station and at each tower for a distance of approxi- 
mately 3 mile out from the station, see Fig. 34 (c). How- 
ever, shielding the station is the only way to eliminate 
direct strokes to the station itself. 

12. Summary of Considerations Applying to Pro- 
tection of High-Voltage Equipment 

The following points can be generally concluded in the 
application of protective devices to high-voltage systems, 
22 kv and above. 

1. Rod-gaps do not protect apparatus insulation against 
surges of steep wave front unless the spacing is so 
low that the gap is subject to numerous flashovers 
from minor surges. 

2. Protector tubes are not considered suitable for the 
protection of apparatus insulation although they are 
effective in preventing transmission-line flashovers 
and in decreasing the severity of surges from direct 
strokes near the station. The application of protector 
tubes involves certain limitations in system short- 
circuit and recovery voltage characteristics. 

3. Modern type lightning arresters applied properly 
protect station apparatus conforming to basic insu- 
lation levels against traveling surges. On systems 
having a solidly grounded neutral reduced rating ar- 
resters can be applied. Full-rated arresters are re- 
quired generally on ungrounded neutral systems or 
systems grounded through impedance. The possibil- 
ities of system overvoltages should be investigated 
carefully in determining the minimum rating arrester 
that can be applied economically. 

4. For effectively grounded systems insulation levels 
one class below the standard have given satisfactory 
service using reduced rated arresters particularly at 
voltages 115 kv and above. 

5. Consideration should be given to shielding stations 
against direct lightning strokes. Where shielding is 
not practical, additional protection can be provided 
by installing protector tubes at the entrance to the 
station and at each transmission-line tower for a dis- 
tance of 3 mile from the station. 

VI. PROTECTION OF DISTRIBUTION 
TRANSFORMERS 

The distribution transformer with its protective devices 
is in effect a miniature substation constituting the final 
voltage transformation between the generating station and 
the individual customer’s premises. Because the distribu- 
tion transformer is small in size and comparative cost, and 
because it is usually pole mounted, often in out-of-the-way 
locations, its protective devices must be inexpensive, small 
in size and weight, simple, and reliable. The failures of 
early type distribution arresters and the large amount of 
lightning data obtained on distribution circuits furnish 
proof that the protective devices must also have the ability 
to withstand severe lightning discharges. 

13. General Considerations 

Distribution circuits are generally overhead construction 
and are, therefore, subject to lightning disturbances, the 
nature of which are discussed in detail in Chap. 16. Data 
collected over a period of years with surge-crest devices 
indicate that the majority of surge-current discharges on 
distribution circuits are relatively low in magnitude, less 
than 5000 amperes, but occasionally a discharge may ex- 
ceed 100 000 amperes. More recent data collected with the 
fulchronograph show that some of the surge-current dis- 
charges that are moderate in magnitude may be long in 
duration, of the order of several thousand microseconds. 
See Chap. 16. 

Experience has shown that lightning disturbances are 
more severe on rural circuits than on urban circuits, prob- 
ably for two reasons. First, rural circuits are generally 
more exposed to lightning and, therefore, receive many 
more direct strokes. Second, because distribution trans- 
formers are less frequent on rural circuits-the drainage of 
long-duration surges through grounded transformer wind- 
ings is less16. 

These general conclusions have been borne out by oper- 
ating experience with distribution lightning arresters. The 
failure rate of early arresters, attributed to lightning, that 
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were designed before high surge-current testing facilities 
were available was comparatively high. Later arresters, 
designed and tested to withstand high surge currents of 
about 100 microseconds duration have a good operating 
record on urban circuits. However, when these arresters 
were applied more extensively to rural circuits with sparse- 
ly located transformers, the failure rate increased. Modern 
arresters, designed with more emphasis on ability to dis- 
charge surges of long duration, have acquitted themselves 
well on rural circuits. 

Most distribution transformers are pole mounted, one at 
a location, and are used to step the voltage down from a 
single-phase primary circuit (2300 to 13 200 volts) to a 
single-phase, three-wire, secondary circuit at utilization 
voltage, usually 120/240 volts. Occasionally they are used 
in three-phase banks to supply three-phase, low-voltage 
power. The primary circuits, whether single or three- 
phase, may be from a source having either a grounded or 
ungrounded neutral. If the neutral is ungrounded the 
single-phase primary consists of two of the ungrounded 
phase conductors, which means that the two primary ter- 
minals of the distribution transformer must be equally 
protected. If the neutral is grounded, the single-phase pri- 
mary circuit will usually consist of one phase wire and the 
neutral conductor. The neutral conductor is usually 
grounded, so that only one high voltage terminal of the 
distribution transformer need be provided with protective 
equipment. The secondary will usually be three-wire, with 
the mid-point grounded. 

A three-phase bank of distribution transformers may be 
connected delta delta, star delta, or delta star. With the 
delta delta connection, the secondary can have no common 
neutral. Sometimes, either one phase or the mid-point of 
one of the phases of the secondary is grounded. The star 
delta and delta delta connection are alike as far as the 
secondary delta connection is concerned. The primary 
neutral might or might not be grounded. The delta star 
connection usually has the common neutral of the star 
connected secondary grounded. 

In addition to surge protection, the distribution trans- 
former usually includes protection against internal short- 
circuit and secondary short-circuit or overloads consisting 
either of high-voltage fuses mounted external to the trans- 
former, or high-voltage fuse links and a secondary circuit 
breaker mounted inside of and included as a part of the 
transformer. 

The distribution transformer, like larger power trans- 
formers contains three groups of insulation subject to volt- 
age stress, which should be considered in the protective 
scheme, namely : 

1. The insulation between the high-voltage winding and 
the core or tank. 

2. The insulation between the low-voltage winding and 
the core or tank. 

3. The insulation between the high- and low-voltage 
windings. 

There are, however, two conditions that make the pro- 
tection of distribution transformers and high-voltage power 
transformers differ. These are the difference in the ratios 
of surge strength to operating voltage and the relative 
effects of locating and connecting the protective devices. 

The distribution transformer (2400 to 13 200 volts) has 
a much higher ratio of surge strength to operating voltage, 
as Table 1 shows. As an example, the ratio of the basic 
insulation level to the peak of the 60-cycle voltage classi- 

fication is 
45 

-w= 12.75, for 2500 volt equipment, as 
2.5 X 42 
650 

against is* x 42 -----== 3.33, for 13%kv equipment. For this 

reason, it is permissible for the protective device in the 
low-voltage ratings to have a higher protective ratio than 
that required at higher voltages. 

The effect of the location and connection of the protec- 
tive devices is more pronounced with distribution trans- 
formers. Because lightning discharges on distribution cir- 
cuits and on high-voltage transmission circuits are about 
equal in magnitude, the actual surge-voltage drops in the 
leads to the protective devices and through the ground 
connections of the two circuits are about equal. While 
these voltage drops may be only a portion of the discharge 
voltage of the protective device in the higher voltages, they 
may be several times the discharge voltage of the low- 
voltage protective device. It is extremely important, 
therefore, that protective devices on distribution circuits 
be located and connected properly with respect to the 
apparatus they are to protect. 

14. Methods of Connecting Protective Devices 
Three schemes of connecting protective devices to pro- 

tect distribution transformers against lightning surges are 
commonly known : 

1. Separate connection method. 
2. Interconnection method. 
3. Three-point protection method. 

Separate Connection Method-This method of pro- 
tection, universally used until about 1932, is illustrated in 
Fig. 37. Protective devices are connected between the pri- 

Fig. 37—Separate connection method of protecting single- 
phase transformers. 

mary conductors near the transformer and a driven ground 
at the pole. The secondary neutral is usually grounded 
separately. With this connection, the protective devices 
are connected in series with a relatively long ground lead 
which has considerable inductance and is usually connect- 
ed to a driven ground, the resistance of which may be high. 
The voltage, therefore, between the primary winding and 
ground is not only the discharge voltage of the arrester but 
also the impedance drop of the ground lead and ground 
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Fig. 38—Interconnection method of protecting single-phase transformers. 

(a) Straight interconnection. 
(b) Interconnection with protective ground at transformer. 

connection, which may be several times the discharge volt- 
age of the arrester. Failure or flashover of the transformer 
insulation may occur even though the actual surge voltage 
across the arrester is only a fraction of the transformer 
breakdown voltage. When this happens, the surge gener- 
ally passes through to the secondary ground connection. 
The surge is usually followed by a flow of dynamic current 
until the primary fuse blows. 

Interconnection Method—The straight interconnec- 
tion consists of connecting the protective devices from the 
primary lines directly to the secondary neutral as illus- 
trated in Fig. 38 (a). The surge voltage that can exist 
between the primary winding and the secondary is defi- 
nitely limited to the discharge voltage of the protective 
devices. The potential of the core and tank, because of 
their electrostatic coupling to the secondary winding, nor- 
mally rises along with the primary and secondary windings 
during a surge discharge and thus limits the voltage be- 
tween the windings and core. This connection is an im- 
provement over the conventional connection because it 
eliminates the factor of voltage drop in the arrester ground 
lead. Operating experience supports this conclusion17. 

Two decided disadvantages prevent universal applica- 
tion of this scheme of connection. First, the protection 
between windings and core or tank depends upon the tank 
rising in potential with the windings. Actually, practical 
conditions might keep this from happening. The resistance 
to ground of the wood pole on which the transformer is 
mounted may be low enough to supply the small charging 
current required to keep the tank at ground potential. 
Also, as it rises in potential, the tank may flashover to a 
nearby guy wire or other grounded object. Either condi- 
tion results in the application of the full potential of the 
surge between the windings and tank until the insulation 
breaks down or the secondary flashes over to the tank. 

The second disadvantage of this connection is that it 
directs the entire primary surge voltage into the second- 
aries, which is undesirable, particularly if the resistance of 
the secondary grounds is not low. This restriction makes 
the straight interconnection in general unapplicable to 
rural circuits or other circuits that might not have the 
secondaries effectively grounded. 

A modification of the straight interconnection is shown 
in Fig. 38 (b). Here, a ground is made at the arrester lo- 
cation also. The protection provided the transformer in- 
sulation depends upon the tank being insulated from 

(c) Interconnection with protective ground at transformer and 
insulating gap in interconnection. 

ground, or, if not, upon the magnitude of voltage drop 
in the arrester ground lead and connection. The arrester 
ground is in parallel with the secondary ground so that 
the complete surge is not directed to the secondary. The 
direct tie between the arrester ground and secondary is 
undesirable unless the secondary is effectively grounded, 
again making the connection generally unapplicable to 
rural circuits. 

Another modification that eliminates the permanent 
tie between the arrester ground and secondary neutral is 
shown in Fig. 38 (c). An isolating gap, having low flash- 
over, breaks the direct tie. A rise in potential between 
windings during a surge discharge breaks down the gap 
and limits the voltage between windings to the arrester 
discharge voltage. The protection of the transformer 
insulation to the core or tank still depends upon the tank 
being insulated from ground, or, if not, upon the voltage 
drop in the arrester ground lead and connection being 
low. 

Three-Point Protection Method-This scheme, il- 
lustrated in Fig. 39 (a), definitely limits the voltage across 
the three groups of insulation in the transformer inde- 
pendently of ground connections or resistances. The pro- 
tective devices connected between the high-voltage lines 
and tank definitely limit the voltage between those parts 
to the discharge voltage of the protective device. Like- 
wise, the protective device between the secondary and 
tank (usually a gap for 480 volts and below) limits the 
voltage between those parts to the breakdown voltage of 
the device. With the voltage between the high-voltage 
winding and core or tank and the voltage between the low- 
voltage winding and core or tank definitely limited, the 
voltage between the two windings is also limited. 

Referring to Fig. 39 (a), a surge coming in over a pri- 
mary lead raises the potential of the primary winding to 
the breakdown of the protective device that discharges 
to ground. If the arrester-ground impedance is high or if 
there is no ground at that point, the potential of the high- 
voltage winding rises above that of the core and tank until 
the gap TG breaks down and limits the voltage between 
the winding and tank to the discharge voltage of the 
arrester plus the gap. If the voltage between the tank and 
secondary exceeds the breakdown of the gap TN, the gap 
operates and discharges to the secondary ground. The 
gaps, TG and TN, while they definitely isolate the tank 
from the primary and secondary ground connection dur- 
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Fig. 39—Three-point protection method. 

(a) Three-point protection with insulating gaps. 
(b) Three-point protection simplified circuit. 
(C) Three-point protection with single insulating gap. 

(d) Three-point protection of single-phase transformer on four- 
wire, grounded-neutral circuit. 

(e) Three-point protection with insulated tank. 

ing normal operation, do not greatly add to the surge 
voltage impressed across the winding insulation. The 
three-point scheme of protection thus provides definite 

protection to the three groups of insulation in the trans- 
former independently of the arrester or secondary ground- 
ing conditions, whether the tank is insulated or not, or 
whether the surge originates on the primary or secondary. 

Variations in the methods of connecting the protective 
devices to obtain three-point protection are shown in (b), 
(c), (d), and (e) of Fig. 39. 

15. Protection of Three-Phase Transformer Ranks 
The shortcomings of the separate connection method of 

protection apply equally well to the protection of three- 
phase transformers or three-phase transformer banks on 
distribution circuits. The interconnection method is gen- 
erally not applicable because there is no secondary neutral 
unless the secondary is connected in star. Sometimes one 
phase of the secondary or the midpoint of one of the phases 
is grounded as shown by the broken lines of Fig. 40. 

The three-point scheme of protection, illustrated in 
Fig. 40, is applicable to any winding connection. A pro- 

Fig. 40—Three-point protection applied to three-phase dis- 
tribution transformers. 

tective device is connected between each primary phase 
winding and tank either directly or through an isolating 
gap. Iikewise, a protective device (air gap or coordinated 
secondary bushing for 480 volts and below) is connected 
between each secondary phase lead and the tank. The 
tanks of all transformers in the bank are tied together. 
With this connection, the windings of all transformers are 
protected irrespective of grounding conditions or whether 
the surge originates on the primary or secondary circuit. 

16. Surge Voltages in Secondary Circuits 
Overhead secondary circuits arc, to some extent, sub- 

ject to lightning surges originating on the secondary. 
They can also experience surges passing from the primary 
into the secondary. The separate conncection, Fig. 37, 
isolates the primary from the secondary. However, when 
the transformer fails or flashed over as a result of a pri- 
mary surge, the surge passes directly on to a phase wire 
or neutral of the secondary circuit. The primary-system 
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voltage is also impressed on the secondary until the pri- 
mary fuse blows. The straight interconnection directs all 
the primary surge on to the secondary neutral. With the 
modified interconnection shown in Fig. 38 (b) or with the 
three-point scheme of protection, some of the surge may 
pass on to the secondary neutral, depending upon how 
effectively the primary protective devices are grounded. 

Experience has shown that damage caused by surges on 
secondary house circuits is negligible. Where long expo- 
sures and relatively high secondary insulation may result 
in damage, protection should be provided by low-voltage 
protective devices located at the house entrance, and con- 
nected between the phase wires and neutral, which is 
usually grounded. All grounds on the customer’s premises 
should be connected together. In case the secondary is 
not grounded in the customer’s premises, such as may be 
the case with a three-phase, four-wire delta circuit, the 
danger of damage is greater than with the usual house 
circuit. Where the hazard is considered serious, it can be 
eliminated by connecting a protector between each phase 
wire and ground at the house entrance, or preferably right 
at the apparatus to be protected. 

Three-phase, 440-volt circuits sometimes extend a con- 
siderable distance overhead to motor circuits, thus con- 
stituting a hazard to the motors and associated starting 
equipment. They can be protected by connecting a low- 
voltage protective device between each phase wire and 
the frame of the apparatus, which should be grounded. 
Protectors connected to the secondary at the transformer 
will generally not provide adequate protection to the load 
apparatus. 

17. Protective Devices for Distribution Trans- 
formers 

Three general classes of devices are used for the protec- 
tion of distribution transformers just as for the protection 
of high-voltage substations, namely, the plain air gap, the 
protector tube, and the conventional valve-type lightning 
arrester. However, the lower operating voltages, the 
higher ratio between insulation breakdown voltage and 
operating voltage, and the requirement that the device be 
small in size and cost, make the design and application of 
protective devices somewhat different for distribution 
transformers than for higher voltage equipment. 

Plain Air Gap-Plain air gaps or fused gaps are some- 
times used to protect distribution transformers. The 
relatively high insulation strength of the transformer 
makes it possible to provide a fair degree of protection to 
the transformer against lightning surges without having 
to decrease the gap spacing to a value where numerous 
flashovers occur as a result of minor surges. However, 
the device will not restore power voltage (above 480 volts) 
after a discharge without momentarily deenergizing the 
circuit, which usually results in the blowing of a fuse, 
either at the transformer, or at a sectionalizing point on 
the line. The gap spacings associated with low operating 
voltages are necessarily low so that unless the gap is 
enclosed or protected, numerous flashovers can occur as 
a result of birds or foreign objects bridging the gap. 
Double gaps of various constructions are sometimes used 
to minimize this trouble. Since distribution transformers 

are often located in remote locations, it is important to 
avoid as many fuse replacements as possible. For that 
reason and because of the somewhat questionable pro- 
tection obtained for surges of steep wave front, plain air 
gaps or fused gaps are not extensively used to protect 
distribution transformers. 

Protector Tubes-The distribution-type protector 
tube, introduced about 1931, consists essentially of a small 
air gap, a diffuser tube, and sometimes a resistor, all con- 
nected in series. The series gap is just enough to insulate 
the tube from normal power voltage, thus eliminating a 
continuous voltage stress across the diffuser tube. The 
purpose of the series resistor when used is to limit to 
approximately 500 amperes the one-half cycle of power 

Fig. 41—Volt-time breakdown characteristics of one type of 
distribution type protector tubes. 

current that may follow the surge discharge, thus making 
the application of the tube independent of the system 
short-circuit current. 

The gap breakdown characteristics of the different volt- 
age ratings of a typical type of protector tube are shown 
in Fig. 41. After the gap breaks down, the discharge 
voltage is equal to the arc drop in the tube plus the drop 
across the series resistor, if one is used. The series resistor 
is generally provided with a shunt gap that limits the 
voltage across the resistor to about 30 kv. If the lightning 
surge is of sufficient current magnitude to build up a 
resistance drop of 30 kv across the resistor the shunt gap 
flashes over and takes the resistor out of the discharge cir- 
cuit in which case the discharge voltage is the arc drop 
through the tube. Surge currents high enough to cause 
the shunt gap to flash over, produce sufficient deionizing 
action in the diffuser tube to cut off after the discharge 
without the one-half cycle of power-follow current. 

Although the gap breakdown voltage of the protector 
tube is higher than that of a corresponding valve-type 
lightning arrester, particularly at short time lags, the tube 
adequately protects modern distribution transformers 
rated 13 800 volts and below if connected properly. 
Laboratory tests and operating experience have demon- 
strated the ability of a tube to discharge severe strokes of 
lightning. This characteristic together with its ability to 
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Fig. 42—Gap breakdown characteristics of typical distribu- 
tion type arresters for 11/z x 40 microsecond voltage wave. 

withstand high momentary system voltage makes it 
especially well suited for application on rural circuits. 

Conventional Valve-Type Lightning Arresters- 
The valve-type lightning arrester is the device most gen- 
erally used for the protection of conventional distribution 
transformers, that is, transformers requiring separately 
mounted protective devices. The curves of Fig. 42 and 
Fig. 43, show respectively the gap breakdown charac- 
teristics and the discharge characteristics of typical mod- 
ern distribution-type arresters. 

Operating experience of several years has demonstrated 
the ability of conventional valve-type arresters to provide 
a high degree of protection to distribution transformers. 
Modern construction has eliminated the mechanical diffi- 
culties experienced with early designs, which resulted in a 
relatively high failure rate and occasional radio-inter- 
ference complaints. Field measurements of surge-crest 
magnitudes together with laboratory tests led to later 
designs having the ability to discharge surge currents of 

Fig. 43—Discharge voltage characteristics of typical distribu- 
tion type arresters for 10 x 20 microsecond current wave. 

high crest magnitude. More recent data obtained with 
the fulchronograph have shown that the distribution-type 
arrester should also be capable of discharging surge cur- 
rents of long duration. 

Valve-type lightning arresters are now available that 
will handle either surges of high crest magnitude or long 
duration. 

Surge-Proof and CSP Transformers-The surge- 
proof distribution transformer, containing, as a part of 
the transformer, devices for complete surge protection, 
was introduced in 1932. An expulsion tube arrester, known 
as the De-ion arrester was connected between each pri- 
mary terminal and tank. These arresters and the coordi- 
nated low-voltage bushings of these transformers together 
provided the three-point method of surge protection which 
for the first time gave the means for completely protecting 
all three major insulations. 

These surge-proof transformers still required external 
fuse cutouts to disconnect the transformer from the line in 
case of secondary overload or short circuit or internal 
failure. Blowing of these fuses and sometimes failure of 

Fig. 44—Circuit diagram of CSP transformer. 

If practice is to ground tanks, remove tank discharge gap and con- 
nect tank directly to ground. 

the cutout constituted a large share of the trouble expe- 
rienced with distribution transformers caused by lightning 
surges. Fuses cannot always be depended on to give ade- 
quate overload and short-circuit protection. Also, the 
mounting of cutouts necessarily adds to the cost and com- 
plication of installation of the transformer. 

The completely self-protecting (CSP) distribution trans- 
former, introduced in 1933, overcame these difficulties. 
Like its predecessor, it contained complete lightning pro- 
tection, provided by high-voltage De-ion arresters and low- 
voltage coordinated bushings arranged to give three-point 
protection, as shown in the circuit diagram of Fig. 44. 
In addition, an internal circuit breaker connected be- 
tween the low-voltage windings and low-voltage terminals 
protected the transformer against overload or secondary 
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Fig. 45—Sectional view of CSP transformer for operation on 
grounded-neutral circuit. 

short circuits. Finally, protection to the high-voltage 
feeders from internal transformer failures was given by 
internal protective links connected between the high- 
voltage winding and bushing. The internal breaker and 
protective links perform all of the functions of the fuse, so 
that with these transformers no external protective de- 
vices are required. Those transformers have now almost 
entirely superseded the surge-proof design. 

The bimetallic tripping element of the breaker, which 
is actuated by both load current and oil temperature, is 
calibrated to follow closely the permissible thermal load- 
time characteristics of the transformer windings and pro- 
vides loading on the basis of copper temperature. 

A sectional view of a CSP transformer with two cover 
bushings and De-ion arresters is illustrated in Fig. 45. Of 
special interest is the emergency control now supplied on 

these transformers. This device takes care of the occa- 
sional situation where the breaker cannot be kept closed 
after having been tripped by overload, because the over- 
load persists or motor starting currents are high. If it is 
imperative that service be restored, even at the risk of 
some loss of transformer life, the breaker setting may be 
elevated by means of the external emergency control 
handle to permit additional overloads. The necessity for 
the use of this device usually indicates that the load growth 
has exceeded the capacity of the transformer so that the 
unit should be replaced as soon as possible by a larger one. 

Recent developments include the extension of the CSP 
principle to include three-phase distribution transformers 
and both single- and three-phase completely self-protect- 
ing transformers for banked secondary operation (CSPR’s). 
The latter contain all of the protective features of the CSP 
transformers, and, in addition, they are supplied with two 

breakers instead of one. These are intercon- 
nected within the transformer so as to section- 
alize the low-voltage circuits in case of faults 
or overloads. 

The CSP transformer is completely assem- 
bled in the factory thus making it possible to 
surge test the combined transformer and pro- 
tective equipment. Proof of coordination of the 
insulation of each CSP transformer is now 
given by applying to each assembled unit a 
surge test equivalent to a direct stroke of 
1ightning”O. 

VII. SURGE PROTECTION FOR 
ROTATING MACHINES 

The insulation on the windings of rotating 
machines, such as large or small motors, a-c 
generators, and synchronous condensers, is held 
to a minimum because of limited space. Also, 
since the insulation is not immersed in oil, its 
surge strength is not much greater than the 
peak of the GO-cycle voltage breakdown. Special 
measures are, therefore, necessary to protect 
such equipment when it is connected to a sys- 
tem subject to the hazards of lightning-surge 
voltages. Likewise, the method of grounding 
effects the overvoltages, during fault con- 

ditions and switching, which may be impressed on rotat- 
ing machines; these phenomena are discussed in Chapters 
14 and 19. 

The stress on the major insulation of any machine, that 
is, the insulation between the winding and frame, is de- 
termined mainly by the magnitude of the surge voltage 
to ground, whereas the stress on the turn insulation is 
more a function of the rate of rise of surge voltage as the 
surge penetrates the winding21’22. Protection of a rotat- 
ing machine, therefore, requires limiting the surge voltage 
magnitude at the machine terminals and sloping the wave 
front of tht: incoming surge. 

The effect of sloping the wave front is illustrated in 
Fig. 46. The curves of Fig. 46 (a) show the relative volt- 

Fig. 46—Distribution of surge voltage in generator winding. 

(a) Without rotating machine protection. 
(b) With rotating machine protection. 
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ages to ground of the line terminal and two intermediate 
points in a phase winding of a machine without protec- 
tion for an incoming surge-rising to crest in one-half micro- 
second. The differences in voltages at the various points 
in the winding result in high stresses between turns. 
The curves of Fig. 46 (b) show how the stresses between 
turns are decreased by sloping the wave front so that the 
surge at the machine terminals reaches crest in twelve 
microseconds. 

Limiting the surge voltage to ground sufficiently to 
protect the major insulation usually requires a special 
lightning arrester, having a low protective ratio, con- 
nected between each machine terminal and grounded 

Fig. 47—Line surge impedance and capacitor 
tecting rotating machines. 

method of pro- 

(a) Single machine connected to overhead line. 
(b) Two or more machines connected to common bus. 
(c) Machine connected through short cable to overhead lines. 

For simplicity, protective devices arc shown on one phase only. 
Each phase however must have the same protective apparatus in- 
stalled. 

*For circuits below 2300 volts. 

**For circuits 2300 volts and above. 
***Cable lengths up to 1000 feet are considered short cables in this 
type of application. If the cable is over 2500 ftlet long and the ma- 
chine is connected directly to it, it is satisfactory to omit the capaci- 
tor at machine terminals. In t,his case the capacity effect of the cable 
is approximately equivalent to the capacitor. 

frame. Where more than one machine is connected to a 
common bus, one arrester connected between each phase 
of the bus and ground generally is adequate if the machine 
frames are connected to a low-resistance ground common 
with the arrester ground. 

Sloping of the surge wave front is accomplished by let- 
ting the surge, after passing through a series impedance, 
charge a shunt capacitor connected to the machine ter- 
minals. 

18. Line Surge Impedance and Capacitor Method 

In this scheme of protection, a special arrester is in- 
stalled at the machine terminal to limit the magnitude 
of the voltage impressed on its windings. The sloping of 
the surge is accomplished by a capacitor charged through 
the surge impedance and reactance of the line. See Fig. 
47. To limit the voltage that determines the charging 
rate of the capacitor, a lightning arrester or protector tube 
is placed on each overhead line far enough ahead of the 
machine so that the arrester will discharge before the 
voltage impressed on it is modified by reflections from the 
capacitor. This distance will depend upon the slope of 
the incoming surge. The farther out the arrester is located, 
the less will be the stress on the machine winding for 
surges originating beyond the arrester, but the greater will 
be the possibility of a surge originating between the line 
arrester and the station. A distance of 1500 to 2000 feet 
is a good compromise between the possibilities of a stroke 
within this area and the effect of distance on the charging 
rate of the capacitor. 

The rate of rise of the surge reaching the machine i; 
also a function of the amount of capacitance used. The 
maximum permissible rate of rise depends upon the ve- 
locity of propagation of the surge in the machine winding, 
the number of turns per coil, the turn length and the turn 
insulation. A study of many cases has indicated that the 
maximum rate of rise should be limited to a value such 
that, if the terminal voltage continues to rise, it will not 
equal the test voltage of the machine in less than 10 micro- 
seconds. Considering a minimum practical line surge 
impedance and a practical machine surge impedance, this 
requires at, least $ microfarad of capacitance. It is inde- 
pendent of rated circuit voltage because the machine test 
voltage and the voltage limited by the line arrester are 
proportional to rated circuit voltage. However, in the 
construction of capacitors there is a limit to the minimum 
capacitance that can be obtained economically on a 
standard unit. For example, the standard G900-volt unit 
contains i microfarad, whereas the 13 800-volt unit con- 
tains only : microfarad. 

In an ungrounded machine, because of the possibility of 
reflections from the neutral point, the voltage may double 
at the neutral. To limit the voltage at the neutral as 
recommended, it is necessary to hold the rate of rise of the 
surge entering the machines to 4 the recommended value, 
by using at least f, instead of 9 microfarad. In Table 9 
are given the recommended capacitances for various volt- 
age (*lasses from 650 to 13 800 volts. For 11 500 and 
13 800-volt classes, two standard i-microfarad units are 
recommended for ungrounded machines, whereas $ micro- 
farad is sufficient for a grounded machine. Below 11 500 
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TABLE 9—RECOMMENDED CAPACITANCE VALUES FOR LINE 
SURGE IMPEDANCE METHOD OF PROTECTING ROTATING MACHINES 

volts, the standard unit contains 3 microfarad so no in- 
crease is required for ungrounded machines. In some 
applications it may be expedient to use an arrester from 
the neutral point of the machine to ground. 

For all machines larger than 1000 kva, special station 
type arresters should be used at the generator terminals. 
For machines of less than 1000 kva station type arresters 
may not, be justified economically. Special line-type ar- 
resters can be used. 

In all cases, standard line-type arresters or protector 
tubes are placed out on every overhead line entering the 
station at generator voltage. For 2300-volt circuits and 
above, these arresters should be located approximately 
1500 feet from the station. For voltages below 600 volts, 
these arresters can be located within 500 feet of the station. 

The possibility of a lightning stroke to the line near the 
station can be minimized by overhead ground wires placed 
over this part of the line as indicated in Fig. 47 (b). Their 
spacing and location, with respect to the phase wires, is 
important and the application requires special study. 
There is a limit, however, to what can be done with ground 
wires. It should be stressed that the lightning strokes 
terminating on low-voltage circuits are just as severe as 
those terminating on high-voltage circuits. Therefore, to 
get good protection with overhead ground wires, the 
equivalent of a high-voltage line, with large spacing and 
increased surge insulation from line wires to ground con- 
ductors should be used for the first 1500 or 2000 feet from 
the station. Properly applied ground wires then are ex- 
pensive on low-voltage circuits, especially if considerable 
money has to be spent to decrease the ground resistance. 
In many cases, it is more economical to use the choke-coil 
scheme of surge protection. 

If the machine is connected to the overhead line through 
a short cable, Fig. 47 (c), the protection at the machine 
should be the same as discussed above. In addition there 
should be a set of line-type arresters on the line 1500 to 
2000 feet from the cable pothead and another set at the 
cable pothead. If several cables are connected to the bus 
or machine and their total length exceeds 2500 feet the 
cable capacity acts to slope the wave front, and the capac- 
itor can be omitted at the machine. 

19. Choke Coil and Capacitor Method 
The most complete protection of rotating machines 

connected directly to overhead lines is obtained when 
lightning arresters are used to limit the magnitude of the 
incoming surge, and lumped inductance and capacitance 
are used to limit the slope of the incoming surge. With 
this scheme of protection, the machine is given full pro- 
tection for all surges, even for direct strokes to the over- 
head line close to the station. 

Special lightning arresters are paralleled with the re- 
quired amount of capacitance and tied to the generator 
terminals or station bus. See Fig. 48. A standard arrester 
is applied on the line side of the choke coil to limit the 

Fig. 48—Choke coil and capacitor method of protecting rotat- 
ing machines. 

voltage that determines the charging rate of the capacitor. 
The rate of rise of the terminal voltage depends upon both 
the amount of inductance and amount of capacitance 
used. The values that should be used to limit the rate of 
rise to the maximum permissible value are given in Table 
10. A study has shown that the minimum capacitance 
to use in conjunction with a 175-microhenry choke is 4 

TABLE 10—RECOMMENDED CAPACITANCE VALUES FOR CHOKE 
COIL AND CAPACITOR METHOD OF PROTECTING ROTATING 

MACHINES 
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microfarad for grounded machines. If the inductance is 
increased to 350 microhenries, a microfarad would be 
sufficient. 

For all machines above 1000 kva, special station-type 
arresters should be used at the generator terminals-- 
whereas below 1000 kva special line type arresters can be 
used. In all cases, standard line or station-type arresters 
are located on the line side of the choke coil. Station-type 
arresters are recommended, but, where it is not felt that 
they can be justified, line-type arresters can be used; the 
degree of protection expected will 
to use. 

dictate the arrester 

but gives decidedly 
area close to the sta- 

This scheme is more expensive, 
more reliable protection because the 
tion is fully protected. 

20. Machines Connected to 
Through Transformers 

Overhead Lines 

Experience with machines connected to overhead lines 
through transformers has indicated that damage to the 
machines from lightning surges on the overhead lines is 
rare if adequate arrester protection is provided on the 
high-voltage side of the transformer. However, surges 
coming in over an overhead line may produce high volt- 
ages on the low-voltage side of the transformer, even if 

Fig. 49—Protection of rotating machines connected through 
power transformers to overhead lines. 

the high side is adequately protected with arresters. The 
surge is transmitted through the transformer by both 
electrostatic and electromagnetic coupling. The electro- 
static coupling depends upon the transformer capacitances 
between windings and to ground, and is independent of 
reactance and turns ratio. The electromagnetic coupling 
depends upon the turns ratio, reactance and size of the 
transformer, as well as the bank connection, that is, 
whether star-delta, star-star, etc. 

Where additional protection to the rotating equipment 
is desired, it can be obtained by connecting a special ar- 
rester and one standard capacitor unit to each phase ter- 

. 

Fig. 50—Protection of rotating machines connected direct to 
and through transformers to overhead lines. 

minal of the machine. A standard lightning arrester is, 
of course, required on the line side of the transformer to 
protect the transformer. See Fig. 49. 

When the machine is connected to an overhead line 
both direct and through transformers, the special arrest- 
ers and capacitors should be applied at each machine 
terminal the same as when the machine is connected to 
the overhead line only. Standard line-type arresters 
should be located from 1500 to 2000 feet out on the direct- 
connected line. Standard station type arresters should 
be installed on the high side of the transformer. See Fig. 
50. 

21. Machines Connected to Overhead Lines 
Through Feeder Regulators or Current Limit- 
ing Reactors 

If the machine is connected to the overhead line through 
a feeder regulator or current limiting reactor, the protec- 
tion should be the same as for a machine directly con- 
nected to the overhead line. In addition, a standard line- 

Fig. 51—Protection of rotating machines connected through 
current limiting reactor or feeder voltage regulator to over- 

head lines. 

(A reactor, when present, is equivalent approximately to the effect 
of using a choke coil. Arrester A may be omitted if the current 
limiting reactor has an inductance of over 350 microhenries.) 

type arrester should be added on the line side of the regu- 
lator or reactor. See Fig. 51. 

If the inductance of the current limiting reactor is 
greater than 350 microhenries, the arrester on the line 
can be omitted. 

22. Characteristics of Special Lightning Arresters 

Special low-breakdown lightning arresters for connec- 
tion in parallel with capacitors at the machine terminals 
(or at the bus if two or more machines are connected to a 
common bus) are available in either the station type or 
line type. The characteristics of typical arresters of both 
types are shown in Table 11. The station type arresters 
have a somewhat lower breakdown voltage, a lower dis- 
charge voltage at high surge currents, and a higher surge- 
current discharge capacity. 

For the best protection, station-type arresters should 
be applied to machines of all ratings. However, it is 
recognized that applications involving small sized ma- 
chines may not economically justify the most expensive 
protection. For that reason, line-type arresters are gen- 
erally applied on machines 1000 kva and below, and 
station-type arresters on machines larger than 1000 kva. 

Either arrester must be applied on the basis that the 
power voltage from line to ground across the arrester 
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TABLE 11—PERFORMANCE CHARACTERISTICS OF SPECIAL LIGHT- 
NING ARRESTERS FOR SURGE PROTECTION OF ROTATING 

5. Flashover Voltages of Insulators and Gaps, A.I.E.E. Subcom- 
mittee Report, A.I.E.E. Transactions, Vol. 53, page 882. 

6. Flashover Characteristics of Insulation, P. H. McAuley, EZec- 
tric Journal, July 1938. 

under any normal or fault condition does not exceed the 
arrester phase-leg rating. 

VIII. SUMMARY 

The problem of coordinating the insulation of electrical 
equipment has progressed through years of research from 
a subject only vaguely underst,ood to a sound engineering 
practice based on well defined principles and known facts. 
Basic insulation levels have now been established that fix 
the lower limits of insulation surge strength to definite 
values that can be demonstrated by standardized test 
methods. Protective devices are available that will pro- 
vide a high degree of protection to insulation meeting the 
basic levels. Effective schemes have been devised for pro- 
tecting insulation that requires special consideration. 

This progress was made possible only by cooperation 
between the manufacturers and users of electrical equip- 
ment in obtaining invaluable information on the nature 
of lightning and its effects on equipment in service. Con- 
tinued cooperation will undoubtedly produce additional 
information that will make possible further improve- 
ments to the methods of coordinating insulation. 
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T HE method of power-system grounding is perhaps 
more difficult to select than any other feature of 
its design. The large number of factors that must 

be considered is partly responsible, but primarily it is 
because most of these factors cannot individually be set 
up in terms of dollars and cents, and thus weighed, one 
against the other, to get the best compromise between 
conflicting influences. 

Historically, there has been a gradual trend in Ameri- 
can practice from ungrounded, to resistance grounded, to 
solid or effective grounded. The main reasons for these 
trends can readily be traced. Most systems were initially 
operated with their neutrals free, that is, not connected to 
ground. This was the natural thing to do as the ground 
connection was not useful for the actual transfer of power. 
The method had a strong argument in its favor, since an 
insulator failure on one of the phases could be tolerated 
for some little time until the fault could be located and 
repaired. Also most lines then were single circuit, and the 
free-neutral feature permitted loads to be carried with 
fewer interruptions than had the neutral been grounded 
and considerable fault current flowed. Another important 
consideration was that relaying had not come into general 
use, so that many prolonged outages were avoided by the 
ungrounded operation. 

Limitations to ungrounded operation began to develop 
with the growth of systems, both as to mileage and volt- 
age. This increased the currents when a ground occurred, 
so that an increasing proportion of transient grounds 
(from lightning, or momentary contacts) were no longer 
self-clearing. Furthermore, the phenomena of “arcing 
grounds” became prominent in the eyes of utility engi- 
neers. By arcing grounds was meant a process by which 
alternate clearing and restriking of the arc caused recur- 
ring high surge voltages. This phenomena proved quite 
elusive and long defied conclusive confirmation, but the 
theory gained many adherents, so that by 1920 the ma- 
jority of systems were grounded either solidly or through 
resistance. Subsequently progress has been made in ana- 
lyzing this phenomena, and recently an accumulation has 
been made of operating records of isolated-neutral systems. 
More recent transient-overvoltage comparisons between 
isolated and grounded systems have shown the former to 
give higher overvoltages, both during faults and switching 
operations, although not as high in magnitude as formerly 
suspected. Furthermore the operating records of un- 
grounded systems in recent years with proper surge pro- 
tection and coordination of insulation do not show pro- 
nouncedly greater equipment failure rates than on the 
grounded systems. It therefore appears logical to conclude 
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that, while ungrounded operation is more hazardous to 
equipment than grounded, the degree of difference was 
somewhat masked by improvement in the apparatus itself 
while changeovers to grounded operation were taking place. 

The first tendency in grounding was to limit the maxi- 
mum amount of fault current by means of neutral re- 
sistances. A number of empirical formulas were advanced 
in an attempt to rationalize the procedure of determining 
the maximum value of resistance that could be used. 
These formulas were variously expressed in terms of line 
or cable lengths, charging current to ground, and some 
involved the connected generating kva of the system. 
More recent investigations seem to confirm that the maxi- 
mum permissible neutral-grounding resistance is inversely 
proportioned to the total line-to-ground charging kva. 
However, it appears that other practical considerations, 
such as relaying, will dictate a lower maximum limit to 
grounding resistance than the arcing phenomena would 
require. 

On systems whose voltage is higher than generated volt- 
age, particularly 115 kv and above, a saving in system 
cost became available by the use of transformers having 
the insulation graded from the line terminal to the neutral, 
if the neutral was solidly grounded. The cost of the ground- 
ing resistor and the space required by it were also saved. 
Consequently, the next major trend, particularly in the 
transmission field, was toward solid or effective grounding. 
For the higher voltages, this is now the most prevalent 
grounding procedure in the United States. 

In individual locations on some systems, particularly 
in the vicinity of GS-kv nominal system voltage, instances 
have occurred where high concentrations of power have 
led to ground-fault currents so high as to be deemed ob- 
jectionable from the standpoint of conductor burning and 
inductive influence on communication circuits. In several 
of these instances, neutral-grounding reactors of moderate 
ohmic size have been used in the grounding of certain 
transformer banks. 

In Europe, the last thirty years have seen considerable 
use of ground-fault neutralizers (Petersen coils). In many 
instances they have materially reduced outages caused 
by ground faults. There are about 50 installations in this 
country, most of which were made in the last 15 years, 
indicating an increasing interest. 

I. FUNDAMENTAL PRINCIPLES OF 
SYSTEM GROUNDING 

1. Ungrounded Systems 
A simple ungrounded-neutral system is shown in Fig. 

1 (a). The line conductors have capacitances between one 



tral of the transformer bank is also at ground potential, 
being held there by the balanced electrostatic capacitance 
to ground. In a sense, the system is therefore capacitance 
grounded. 

If one conductor, phase a for example, becomes faulted 
to ground, there will no longer be any current flowing in 
the capacity branch between that phase and ground, be- , 
cause the difference of potential no longer exists. How- 
ever, the voltage across the other two capacity branches 
will increase because the voltage across them rises to 
phase-to-please voltage. Moreover, as shown by Fig. 2 (b), 
the voltages to ground are no longer 120 degrees out of 
phase, but 60 degrees. Hence the sum of the currents is 
no longer zero, but is three times the original current to 
neutral. In phase position the current Ir flowing from the 
faulted conductor to ground, which is the usual conven- 
tion, leads the original phase-to-neutral voltage by ap- 
proximately 90 degrees. 

The actual solution for voltages and currents is most 
conveniently carried out by means of the method of sym- 

Fig. l—Simple ungrounded-neutral system. metrical components as given in Chap. 2. The current in 
the faulted phase is then 

another and to ground, as represented by the delta- and 
star-connected sets of capacitances. The delta set of ca- 

3& -- 

pacitances has little influence on the grounding charac- 
&+&+zo 

teristic of the system and will therefore thenceforth be dis- In this connection, two points are of interest. Zo, the 
regarded. zero-sequence impedance at the point of fault will, for an 

In a perfectly transposed line, each phase conductor will ungrounded neutral system, be predominantly capacitive, 
have the same capacitance to ground. With balanced whereas Z1 and XZ are predominantly inductive. Conse- 
three-phase voltage applied to the line, the current in each quently, the two tend somewhat to neutralize one another. 
of the equivalent capacitances will be equal and displaced On long lines, this is particularly so, as 21 and 22 increase 
120 degrees from one another. The voltages across each with length, whereas z decreases. A further effect not noted 
branch are therefore equal and also displaced 120 degrees on long lines is that the zero-sequence charging currents 
from one another. Consequently, there will be no potential for remote sections must be drawn through the series 
difference between the neutral points of the supply trans- reactance of intervening sections, causing a zero-sequence 
former bank and that of the capacitances. These vector volt age rise toward the far end. This can result in the 
relations are shown by Fig. 1 (b). Since the neutral of the ground or “neutral” point lying outside of the triangle of 
capacitances is at earth potential, it follows that the neu- line voltages as shown by Fig. 3. This situation is rarely 
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Fig. 3—Neutral displacement outside triangle of voltage on 
long lines. 

of importance unless the line lengths exceed about 200 
miles. If the generating capacity is small, the additional 
charging current caused by a ground fault may materially 
increase the phase-to-phase voltages. 

The electrostatic capacitances of each line to ground 
were assumed in the discussion above to be the same. This 
will be substantially the case for a transposed line. With 
untransposed lines this will not be true, particularly if the 
configuration of the conductors is flat or vertical. The 
exact amount of unbalance can be calculated by determin- 
ing the capacity coefficients of the conductors.* In ex- 
treme cases, the unbalance with either configuration may 

Fig. 2—Ground fault on simple ungrounded-neutral system. *See Chapter 3. 
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give as much as five percent zero-sequence voltage. There- 
fore, in practice, the system neutral on an ungrounded- 
neutral system may be displaced from ground as much as 
five percent of the normal line-to-neutral voltage under 
unfaulted conditions. This may not be objectionable, al- 
though sometimes interference may be caused with com- 
munication circuits. 

2. Resistance-Grounded Systems 

A typical resistance-grounded neutral system is shown 
in Fig. 4. As commonly installed, the resistance has a 

Fig. 4—Simple resistance-grounded system. 

considerably higher ohmic magnitude than the system 
reactance at the resistor location. Consequently, the line- 
to-ground fault current is primarily limited by the resistor 
itself. Other than in exceptional cases, such as long lines 
at high voltage, or extensive cable systems, the capacitive 
current is small compared to the resistive current, and 
can be neglected. 

An important consideration in resistance-grounded sys- 
tems is the power loss in the resistor during line-to-ground 
faults. The power loss is shown in Fig. 3 as a percentage 

Fig. 5—Power loss in neutral resistor during line-to-ground 
faults. 

of the kva rating of the entire connected generating ca- 
pacity on the system, and as a function of the value of the 
neutral resistance. The latter is expressed in percent on 
the system kva. A generator reactance of 16 percent and 
a transformer reactance of 8 percent were used in the 
preparation of the curve. 

For this example, 20 = 3R +jS; Zl= O+j24; 2, = O+j24. 
The per unit fault current is given by the expression 
If = 300/ (3K +j56). The voltage developed across the ground- 
ing resistor is IfR. The power loss in the grounding resistor 
is IfER or If*R. If and ER are both in terms of normal 
values per phase. The power loss obtained by their prod- 
uct is therefore in terms of normal value per phase. Con- 
sequently, if the power loss in the resistor is to be expressed 
in terms of total three-phase system kva rating, it must 
be divided by three. Thus resistor power loss in percent 
is Ir2R j’3, when If is in per unit and R in percent. 

The maximum power loss for this case is 89.3 percent 
of the system rated capacity if three times the resistance 
in the neutral has the same ohmic magnitude as the react- 
antes determining the ground-fault current. If the gen- 
erator reactances are lower, still higher power will occur 
during grounds and may cause violent swinging of gen- 
erator phase position or instability. Resistances in this 
region are to be avoided, and since there is always some 
additional resistance in the fault, it is preferable that the 
grounding resistors alone be sufficient to carry well beyond 
the peak. 

Fig. 6—Effect of system size and operating voltage on size of 
neutral resistor to limit ground fault current to one-quarter 

full-load system current. 
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The actual ohmic value of the grounding resistor re- 
quired will vary widely depending upon the circuit volt- 
age and system capacity. This effect is shown in Fig. 6, 
which assumes arbitrarily that the ground-fault current 
is to be limited to x of full-load system current. By “full- 
load system current” is meant the summation of the rated 
currents of all generating capacity, converted to the volt- 
age base of the line. In terms of the rated line currents, 
the fault currents may still be several times full load, de- 
pending upon the number of lines. Fig. 6 is principally 
for illustrative purposes, and quite wide variations from 
the resistor ohms shown are satisfactory in practice. It 
should be understood that the resistance value indicated 
by Fig. 6 is the paralleled value of all resistors, if multiple 
grounding is used. 

3. Effectively Grounded Systems 

The term “effectively grounded” has replaced the older 
term “solidly grounded,” for reasons of definition. A 
transformer neutral may be “solidly grounded” in that 
there may be no impedance between the neutral and earth. 
However, the transformer capacity thus “solidly ground- 
ed” may be too small in comparison with the size of the 
system to be effective in stabilizing the voltages from 
phases to ground, when ground faults occur. This is par- 
ticularly the case when small grounding transformers are 
used to provide a source of ground current for relaying. 

The effect of different degrees of grounding is illustrated 
in considerable detail in Chap. 14. From Fig. 5, Chap. 14, 
the range of ground-fault currents is from 0 to 3.0 times 
the three-phase short-circuit current. As shown in Fig. 6, 
the line-to-ground voltage on an unfaulted phase ranges 
from about 0.6 to 2.0 times the normal line-to-neutral 
voltage during a line-to-ground fault. These figures are 
the rms dynamic quantities, as distinguished from transi- 
ent voltages or currents. 

These curves make it apparent that the term “solidly 
grounded” is too indefinite to describe a grounding pro- 
cedure that varies over such a wide range. A designation 
in terms of the ratio of zero sequence to positive sequence 
reactance X,/X,, is much more logical and definite. 

Section 32-1.05 of AIEE Standard No. 32, May 1947, 
defines effective grounding as follows: 

“A system or portion of a system can be said to be effectively 
grounded when for all points on the system or specified portion 
thereof the ratio of zero-sequence reactance to positive-sequence 
reactance is not greater than three and the ratio of zero-sequence 
resistance to positive-sequence reactance is not greater than one 
for any condition of operation and for any amount of generator 
capacity.” 

An example of an effectively grounded system is shown 
by Fig. 7. On the basis of generating capacity at station A 

Fig. 7—Typical solidly grounded system. 

only, the positive- and negative-sequence reactances for 
faults at station A are each 25+7=32 percent, this being 
the sum of the generator and transformer reactances. The 

100 
three-phase fault current is therefore 32 =3.12 times full- 

load current. The fault current for a single line-to-ground 
300 

fault is -__I 
32+32+7 

= 4.23 times full-load current. The ratio 

X,/Xl is :2 = 0.219. 

For a fault at station B, 80 miles away, the positive- 
and negative-sequence reactances are increased by 34 per- 
cent and the zero-sequence reactance by 120 percent, by 
the transmission lines. The three-phase fault current is 

tg = 1.51 times full load. The single-phase fault current 

. 300 

ls 66+66+ 127 
= 1.16 times full load. The ratio X0 /X1 is 

The voltage of the sound or unfaulted phases can be 
conveniently read from Chap. 14, Fig. 6. For a fault 
at station A, where the ratio X0/X1 is 0.219, Fig. 6 
shows that the line-to-ground voltage is approximately 
0.9 of normal line-to-neutral voltage (Ro/ is about 
0.1 if there is no fault resistance). For a fault at station 
B, the corresponding ratio X,/X, is 1.92 and the line-to- 
ground voltage on an unfaulted phase is about 1.15 
times normal. 

4. Reactance-Grounded Systems 

AIEE Standard No. 32-1.08 states: 
“Reactance Grounded-Reactance grounded means 

grounded through impedance, the principal element of 
which is reactance. (Modified from 35.15.215.) 

NOTE: The reactance may be inserted either directly, in the 
connection to ground, or indirectly by increasing the reactance 
of the ground return circuit. The latter may be done by in- 
tentionally increasing the zero-sequence reactance of apparatus 
connected to ground, or by omitting some of the possible connec- 
tions from apparatus neutrals to ground.” 

As thus defined, “reactance grounded” implies the in- 
sertion of a reactance in the ground connection. Within 
this meaning a reactance-grounded system is not solidly 
grounded; it may or may not be effectively grounded, and 
it may or may not be resonant grounded. For the discus- 
sions in this chapter, “reactance grounded” is defined in 
terms of x0/X1 ratio, a system being reactance grounded 
if X,/X, exceeds 3.0, but is less than the value necessary 
for resonant grounding. Thus defined, putting a low re- 
actance between a generator or transformer neutral and 
ground such that X0/x1 remains less than 3.0 does not 
constitute reactance grounding. Similarly, if a grounding 
transformer has its neutral solidly grounded, but X,/X, 
exceeds 3.0, the system is presumed to be reactance 
grounded. 

The system of Fig. 7 can be converted to a reactance- 
grounded system if a reactor of sufficiently high reactance 
is connected between the transformer neutral and ground 
at station A. If a reactor having a 60-cycle reactance of 
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16 ohms is used, this will be the equivalent of 8.4 percent 
on 25 000 kva. When multiplied by 3 (See Chap. 2) and 
added to the transformer reactance of seven percent the 
zero-sequence reactance becomes equal to the positive- 
and negative-sequence reactances. The current for a line- 
to-ground fault at station A then becomes equal to that 
for a three-phase fault. If therefore, the high ground-fault 
current with transformers solidly grounded had necessi- 
tated circuit breakers with greater interrupting ability 
than required for three-phase faults, the addition of the 
reactor would make the larger breakers unnecessary. 

300 

At station B, the ground fault current is 66+66+152 

= 1.06 times full load. The ratio X,/X, is 1$= 2.30. 

From Chap. 14, Fig. 6, the maximum line-to-ground volt- 
age on an unfaulted phase is about 1.18 times normal. 

Thus, the addition of a neutral reactor at a generating 
station may equalize the three-phase and single-phase 
short-circuit currents without greatly changing the mini- 
mum line-to-ground fault current, or the voltage from 
maximum phase to ground. 

The installation of such a nominal amount of reactance 
is not sufficient to change the classification of the system 
from effectively grounded to reactance grounded, inasmuch 
as excessive neutral displacements do not occur with 
ground faults. This applies particularly in the vicinity of 
station A, but to a lesser extent in the vicinity of station B. 

If a 50-ohm neutral reactor is installed at station A, the 
effective zero-sequence reactance at that point becomes 

86%. The ratio X0/X1 at station A is then g-2.7. At 

station B the ratio X,/X, is 206 = 3.1. Therefore on the 
66 

basis of the AIEE definition cited above, the system would 
be regarded as effectively grounded at station A but not 
at station B. On the basis of the treatment in this chapter 
the system of Fig. 7, with the 50-ohm grounding reactor 
is considered reactance grounded. 

5. Resonant-Grounded Systems 

A resonant-grounded system is one in which the capaci- 
tance current is tuned or neutralized by a neutral reactor 
or similar device. The principle of operation of the ground- 
fault neutralizer is quite simple. As commonly used, the 
neutralizer is simply a tapped reactor connected between 
a transformer neutral and ground. When one phase of the 
system is grounded, a lagging reactive current flows from 
the neutralizer through the transformer to the fault and 
thence to ground. At the same time the capacitance cur- 
rent will be flowing from line to ground (See Sec. 1). The 
lagging current from the reactor and the leading current 
from line capacitance are practically 180 degrees out of 
phase and therefore the actual current to ground at the 
fault is equal to the difference between them. By properly 
tuning the reactor (selecting the right tap) the two currents 
can be made almost exactly equal, so that their difference 
is substantially zero. Under this condition the current in 
the fault is so small that in general the arc will not main- 

Fig. 8—Illustration of operation of ground fault neutralizer 
by principle of superposition. 

tain itself, and the fault is extinguished or “quenched.” 
This condition is shown in Fig. 8. 

When extinguishing a ground fault, the combination of 
neutralizer reactance and line capacitance constitutes a 
parallel resonant circuit. This is brought out clearly by 
the zero-sequence diagram as shown by Fig. 9. In this 
diagram XL is the neutralizer inductive reactance and Xo 
the line capacitive reactance. “G” is an equivalent gen- 
erator of zero-sequence voltage numerically equal to the 
system line-to-neutral voltage and X the fault. With X 
closed, there will be a current circulating between Xo and 
XL but no current through the fault X. If X be assumed 
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I 

Fig. 9--Zero-sequence reactance diagram of system with 
ground fault neutralizer showing parallel resonant circuit 
where zero-sequence voltage is created by fault to ground. 

to open, as by the extinguishment of the arc, the resonant 
combination of XL and Xo will continue to produce an 
alternating voltage of about the same frequency and mag- 
nitude as the original applied voltage from G. Conse- 
quently, the actual voltage across the arc is small when it 
first extinguishes. This is a condition favorable to pre- 
venting restriking. In other words, the successful extin- 
guishing of ground faults by neutralizers results in part 
from the low current and in part from the low voltage 
appearing across the arc when it goes through a “current 
zero.” 

It is of interest to note that the ground-fault neutralizer 
also constitutes a series resonant circuit in case there are 
any zero-sequence voltages on the system. In Sec. 1 on 
Ungrounded Systems, reference was made to the fact that 
with unsymmetrical line configurations a difference of 
several percent may exist in the charging current to ground 
of the three phases, resulting in a residual voltage. A zero- 
sequence voltage created by line or transformer unbalances 
is the equivalent of an actual source of voltage between 
the system neutral and ground, as shown in Fig. 10. Here 

Fig. 10---Zero-sequence reactance diagram of system with 
ground fault neutralizer showing series resonant circuit 
where a zero-sequence voltage is created by unbalanced 

capacitances to ground. 

Xo and XL are the same as in Fig. 9, but the generator G 
equivalent to the zero-sequence voltage is now in series 
with the combination. The result of this connection is 
that a relatively small zero-sequence voltage is capable of 
producing a fairly high voltage across the reactor and ca- 
pacitor. This, of course, causes the neutral to be con- 
siderably displaced, perhaps 10 or 15 times the amount of 
the original zero-sequence voltage. This situation must be 
watched in the application of ground-fault neutralizers, 
and if the fundamental frequency zero sequence voltage is 
in excess of about 1% percent, transposition of this line 
will probably be necessary. 

Except for extremely long lines, the zero-sequence ca- 
pacitive reactance alone can be used to calculate the cur- 
rent rating of the ground-fault neutralizer from the rela- 

tion I 3Jf-L f=-.-.- 
rf ) 

L-J 
where If is the fault-to-ground current when 

operated with neutral isolated, E, is the phase to neutral 

voltage, and X’o is the zero-sequence capacitive reactance 
per phase. 

The ground-fault neutralizer current rating is made 
equal to or greater than the total system charging current 
in a ground fault. A standard reference on methods of 
calculating these currents is the Joint EEI Bell Telephone 
systems report Vol. IV, Reports 26-38 dated January, 
1937. However, it has been found that all the methods 
available for calculating this current invariably give lower 
than the corresponding measured ones. For results that 
are estimates, the data of Table 1 can be used: 

TABLE 1—GROUND FAULT NEUTRALIZER CURRENT PER 
MILE OF SINGLE CIRCUIT OVERHEAD LINE 

For double-circuit lines on the same tower or poles, re- 
duce the particular line sections to equivalent single-circuit 
miles of overhead line by increasing the mileage by 1.3 for 
34.5 kv and 1.6 for 69 kv lines. 

For overhead ground wires, convert the particular line 
sections to equivalent single-circuit miles of overhead line 
by increasing the line mileage by 1.08 for one ground wire 
and 1.15 for two ground wires. 

For cables, reduce sections to equivalent sections of 
overhead lines by the following factors: 

1 mile of three-conductor cable=25 miles of overhead 
line. 

1 mile of single-conductor cable=50 miles of overhead 
line. 

The neutralizer selected should have a current rating 
at least 20 percent in excess of the maximum total current 
obtained by using the above figures. 

On lines shorter than 200 miles calculations made in the 
above manner will be well within the engineering accuracy 
required. For longer lines, the zero-sequence inductive 
reactance of the line should be considered, as it may have 
some influence on the size of reactor required. 

II. PRACTICAL CONSIDERATIONS IN 
SYSTEM GROUNDING 

The broad objective in selecting a type of system ground- 
ing is to secure the best compromise of the conflicting ad- 
vantages and disadvantages of the various methods. The 
first column of Table 2 lists items affected by the method 
of grounding. The subsequent columns give in abbreviated 
form the attributes of the particular type of grounding. 
The following sections discuss the features of the different 
methods of grounding in more detail. 

6. Ungrounded Systems 

The principal virtue of an ungrounded-neutral system 
is its ability, in some cases, to clear ground faults without 
interruption. The self-clearing feature disappears when 
the length becomes appreciable. This effect is one of 



Chapter 19 Grounding of Power System Neutrals 

TABLE 2 
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TABLE 2—CONTINUED 

probability, but completely satisfactory results probably 
cannot be secured above 100 miles of 11-kv circuits or 25 
miles of 69-kv circuits. On total circuit lengths of this 
order or lower the ungrounded-neutral systems will prob- 
ably have fewer tripouts than any form of grounded sys- 
tem, and, where feeds are essentially single-circuit radial, 
better service to customers can be rendered. 

Lightning arresters must, be applied on the basis of full 
line-to-line voltage, which increases the expense of protec- 
tion and somewhat reduces their effectiveness. Selective 
relaying on ground faults is practically impossible for these 
short line lengths so that the detection and isolation of 
faulty lines is likely to be quite long. In some instances, 
for example with a line down, this circumstance may 
present a hazard to life. If the circuits are long enough to 

Chapter 19 

give sufficient fault current for relaying, then the self- 
clearing advantage is lost and the system might as well be 
grounded in some manner. 

The ungrounded-neutral system is not likely to cause 
high voltages to be induced in neighboring communication 
circuits because the ground-fault currents are ordinarily 
low. However, on early designs or lines in a poor state of 
maintenance, this is not necessarily so, as the full displace- 
ment of neutral accompanying a ground fault on one phase 
is conducive to producing a fault on one of the other 
phases, thus producing a double fault with earth currents 
comparable with systems of solidly grounded neutral. 
Furthermore, the influence on communication systems is 
not alone a matter of current magnitude; it also involves 
duration and wave form of the earth current. Because of 
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the absence of or ineffectiveness of ground relaying on un- 
grounded systems, such faults will persist for some time. 
Also, the arcing condition with the capacitance current is 
productive of badly distorted wave forms, throwing a good 
part of the energy into the higher frequencies where the 
influence is greater. In several instances it has actually 
been found true in practice that inductive influence has 
been decreased following adoption of some form of ground- 
ing. As a general statement therefore, ungrounded opera- 
tion cannot be considered superior to grounded operation 
from the inductive influence point of view. 

While it is likely that the destructive effects of “arcing 
grounds” has been exaggerated in the past, all of the ac- 
cumulated opinion in this regard cannot be discarded. 
More recent studies (See Chap. 14) also bear out the 
higher “switching surges” existent on ungrounded-neutral 
systems. It therefore seems necessary to assume that an 
ungrounded-neutral system will result in more equipment 
damages and “unaccounted for” interruptions than some 
form of grounded system. Transformers must be designed 
on the basis of full neutral displacement and in the higher 
voltage classes this will result in a somewhat higher cost. 

7. Resistance-Grounded Systems 

Grounding through resistance immediately disposes of 
two defects of the ungrounded system: it permits ready 
relaying of ground faults and it minimizes the hazard of 
arcing grounds. 

In general the grounding resistances used have limited 
the ground-fault current to a magnitude much less than 
the three-phase short-circuit current. This is almost im- 
perative in order to limit the power loss in the grounding 
resistor to a reasonable figure as discussed in Sec. 2. How- 
ever, the result is that the system neutral will almost in- 
variably be fully displaced in case of a ground fault, there- 
by necessitating the use of full-rated lightning arresters at 
an increase in cost and sacrifice in protective performance. 
The latter is not particularly a handicap with modern ar- 
resters and modern transformers, but it may be important 
with older transformers having materially lower impulse 
strength. 

In certain instances, the use of grounding resistances 
may improve the stability of a power system during ground 
faults by replacing the power dropped, as a result of low 
voltage, with an approximately equal power loss in the 
resistor, thus reducing the advance in phase of the gen- 
erators. This scheme was used on the 15-Mile Falls de- 
velopment of the New England Power Company. 

In general, a resistance-grounded system will have ma- 
terially lower ground-fault current than a solidly grounded 
system and hence will have less inductive influence on 
paralleling communication circuits. In some instances this 
may be of considerable practical importance 

On systems of lower voltage, say up to and including 46 
kv, ground relaying may play an important part in the 
selection of a grounding procedure. Consider, for example, 
the 22-kv system of Fig. 11 where the three-phase short- 
circuit rurrent at station A is 12 500 amperes and the line- 
to-ground fault current with zero-fault resistance is 9700 
amperes. The zero-sequence voltage at station A, if cal- 
culated will be found to be about 48% of normal phase to 

Fig. 11—Low- or medium-voltage looped transmission system 
with single grounding point presents difficulties in relaying 
ground faults unless a neutral grounding resistor is employed. 

neutral voltage. If a ground fault having a resistance of 
10 ohms occurs, the fault current will be reduced to 1320 
amperes, and the zero-sequence voltage to about 6.5 per- 
cent of the normal phase-to-neutral value. This voltage is 
insufficient for dependable directional ground relaying if 
fault resistances of 10 ohms and upward are encountered, 
as they ordinarily will be unless the lines are on steel 
towers, and connecting ground wires are used. In cases 
like this, impedance, preferably resistance, in the neutral 
is necessary for satisfactory relaying. On a smaller system, 
where the maximum short-circuit current is much less than 
the example given, there may always be sufficient residual 
voltage without the necessity of a neutral-impedance de- 
vice. Furthermore, on simple radial systems where zero- 
sequence voltage is not required for polarizing of direc- 
tional relays, this factor need not be considered. 

A typical stainless steel grounding resistor is shown in 
Fig. 12. 

Fig. 12—30-ohm stainless steel grounding resistor. 
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8. Effectively Grounded Systems 

In all voltage classes, effectively grounded systems are 
less expensive than any other type of grounding. This is 
because “arresters for solidly grounded neutral service” 
can bc applied, and because no auxiliary grounding devices 
in the form of resistors, reactors, neutralizers, etc., are 
ordinarily required. This statement implies either a new 
system, or an addition to a system. It may also apply to an 
existing system if sufficient star-connected apparatus is avail- 
able. On a system n-here only delta-connected transformers 
are available, any form of grounding of the existing system 
will involve extra expense. On systems 115 kv and above, 
additional savings are available because transformers for 
solidly grounded neutral service can be purchased, with 
the insulation graded toward the neutral end, at less cost. 

On an effectively grounded system all faults including 
grounds must be cleared by opening the line. (This is also 
true of resistance- and reactance-grounded systems, and 
partly on ungrounded- and neutralized-grounded systems.) 
Close to the grounding points, the ground-fault currents 
arc high, in some cases exceeding the three-phase short- 
circuit currents. In a few instances higher interrupting 
capacity breakers may be required over that necessary for 
three-phase short-circuit interruption. The higher cur- 
rents also produce more conductor burning. The greater 
currents result in lower positive-sequence voltages with a 
tendency toward a lower stability limit for line-to-grolmd 
faults. The higher earth currents may in some cases inter- 
fere with communication circuits. 

Most unfavorable influences from the above high-cur- 
rent phenomena have largely been removed, so far as sys- 
tem extensions are concerned, by the availability of the 
newer high-speed relays and circuit breakers. These com- 
ments apply particularly to such items as stability, con- 
ductor burning and communication circuit influence. The 
interrupting requirements of circuit breakers can be 
brought to equality with that for the three-phase fault con- 
dition by the addition of a moderate-sized grounding reac- 
tor where necessary. When the reduction in current is no 
more than this, the system will still retain the classification 
of “effectively grounded,” although the transformers 
grounded through reactance will require greater neutral 
insulation, but will not necessarily be fully insulated. 

On grounded neutral systems, it is usual for the trans- 
formers in generating stations to be connected delta on the 
generator side and grounded star on the high voltage side. 
Practice varies with regard to step-down transformers, 
some being connected star and others delta on the high 
voltage side. The latter is perhaps the more usual, par- 
ticularly if the secondary transmission or distribution cir- 
cuits are also grounded neutral. Systems laid out in this 
manner are in some instances subject to abnormally high 
voltages in the event of single conductor breaks in the line. 
The same comment may be made with regard to fusing 
and single pole switching. The circumstances required to 
produce these abnormal voltages rarely occur, but, the 
phenomena warrants consideration. See reference 10. 

9. Reactance-Grounded Systems 

Reactance-grounding falls somewhere between effective 
grounding and resonant grounding. In the lack of an ac- 

cepted standard, the criterion will here be taken in terms 
-Xl 

of the ratio, -. 
Xl 

A ratio of more than three requires the use 

of full-rated arresters, so the range between this point and 
the reactance for ground-fault neutralizers should logically 
be considered as reactance grounded. 

At points on the system where X0/X1 = 3 or less, the 
ground-fault currents will be of the same order as those on 
effectively grounded systems, and the same comments as 
for effective grounding will apply except that the trans- 
former insulation may need to be graded at the neutral 
end, if a neutral reactor is used. 

For neutral reactances, the ground-fault currents de- 
crease and the neutral displacements increase. The tran- 
sient overvoltages resulting from arcing increase as the 
reactance is increased, up to a reactance of about 1/3 that 
required for ground-fault neutralizing, beyond which point 
they again decrease, reaching another minimum at the 
tuned reactance. Further increases in reactance again re- 
sult in higher voltages. During switching operations the 
indications are that the higher the reactance, the higher 
the surge voltage to be expected. See Fig. 36 in Chap. 14. 

The general indication is that there is no merit in pur- 
posely increasing the grounding reactance of a system 
beyond that required to keep currents within nondestruc- 
tive range, except of course, for the special case of ground- 
fault neutralizers. Systems grounded through high-react- 
ance are uncommon except where delta-connected un- 
grounded systems have been grounded by means of ground- 

Fig. 13—Typical grounding transformer, 
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ing transformers. Here, the element of expense has fre- 
quently caused small grounding transformers to be used, 
the principal object usually being to secure enough ground 
current for relaying. 

Grounding transformers are usually wound “zig-zag” 
for economy. For temporary jobs, or where idle trans- 
formers are available, conventional star-delta transformers 
are sometimes used. When this is done, care must be ex- 
ercised that the transformers are not burned out by exces- 
sive fault duration, as the current through the transformers 
during ground faults will usually be nearly the full short- 
circuit value. A typical grounding transformer is shown 
in Fig. 13. 

10. Resonant-Grounded Systems 

When a system is equipped with ground-fault neutral- 
izers, the neutral is displaced over all parts conductively 
tied together when a ground fault occurs. This means that 
two phases are at full line-to-line voltage above ground. 
Full-rated lightning arresters are therefore required. All 
line switching must be coordinated centrally in order to 
determine the proper neutralizer taps. Interconnected 
systems must be included in this coordination, or else iso- 
lated by two-winding transformer banks. An alternative 
zero-sequence isolating device is shown in Fig. 14. The 
principle of operation is that for three-phase currents 
whose sum total is zero, the device presents only the leak- 
age reactance of the windings whereas for zero-sequence 
currents flowing in the same direction in each winding, 
only the high magnetizing impedance is effective. 

In general, the use of ground-fault neutralizers will de- 
crease the number of line interruptions from ground faults 
to 20 or 30 percent of those obtainable with some form of 

Fig. 14--Zero-sequence isolator. The positive- and negative- 
sequence reactance between Q, b, c and a’, b’, and c’ are low, 

but the zero-sequence reactance is high. 

grounded operation. Complete effectiveness cannot be at- 
tained, because some faults will be caused by physical line 
damage and a proportion will fail to clear as a result of 
other causes, such as improper tuning. Interruptions 
caused by initial involvement of more than one phase are 
practically unchanged but the tendency of a single-phase 
ground fault developing into a two- or three-phase fault 
will be decreased. Ground relays must be retained to clear 
those ground faults not extinguished by neutralizer action. 
They are brought into play after a predetermined duration 
of ground-fault current by short-circuiting the neutral- 

reactance device. A typical connection diagram is shown 
in Fig. 15. 

The value of ground fault neutralizers to a system de- 
pends upon its type and construction. If the system is 
predominantly of multi-circuit or loop-feed construction, 
the principal advantages are those resulting from small 

Fig. 15—Method of short-circuiting ground fault neutralizer 
after predetermined duration of ground-fault current. 

ground currents-less likelihood of communication-circuit 
interference, conductor burning and light flicker. In in- 
dividual cases these favorable influences may be of value. 
If the lines are predominantly of wood-pole construction 
with high insulation to ground, a greater proportion of the 
faults will be line-to-line and the neutralizer will therefore 
not be so effective. 

On systems having a large proportion of single-circuit 
radial lines the value of neutralizers may be considerable. 
In addition to the items mentioned above is the fact that 
a large proportion of ground faults will be cleared without 
line interruption. With radial feeds this is important, as 
it may avoid construction of paralleling lines for service 
continuity alone, and thus be productive of considerable 
capital savings. 

Ground-fault neutralizers cannot be used on systems 
where fully graded insulation transformers are in service, 
as these neutrals are not sufficiently well insulated. If line 
sectionalizing switches are used, they should be gang op- 
erated. Fuses should not be used in series with any ap- 
preciable length of line. Ground-fault neutralizers should 
not be used on systems employing auto-transformers hav- 
ing a greater ratio than 0.95 to 1.00. 

Ten-minute time-rated ground-fault neutralizers are 
used on systems on which permanent ground faults can 
be located and removed promptly either by ground relays 
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or other suitable means. Continuous time-rated ground- 
fault neutralizers are used on all other systems. 

No general rule on the number of neutralizers to use in 
a given application can be stated. A neutralizer in each 
section of the system that may become sectionalized during 
disturbances will give the utmost in protection and sim- 
plicity of operation. The increased flexibility of operation 
must be weighed against the increased cost for the larger 
number of neutralizers in making the final decision on 
what is to be undertaken. 

Occasionally a situation arises wherein it is desired to 
use a ground-fault neutralizer in conjunction with a three- 
winding star-delta-star transformer bank. If the neutral- 
izer is connected between one neutral point and ground, 
and the other neutral point is solidly grounded, serious 
overvoltages on the neutralizer grounded system may en- 
sue, when a ground fault occurs on the solidly-grounded 
side of the transformer bank. 

Figure 16 illustrates in (a) the system connection, and 
in (b) the equivalent zero-sequence impedance diagram. 

Fig. 16-(a) Hypothetical system using ground fault neutral- 

(b) 
izer with three-winding transformer. 
Zero sequence impedance diagram applying to (a). 

In the latter, it will be noted that branch n of the trans- 
former equivalent circuit is common to both star connected 
circuits. A ground fault on the grounded neutral side 
therefore causes a zero-sequence voltage to be applied to 
the neutralized system. The neutralizer inductive react- 
ance and system zero sequence capacitance are in series 
relationship to this voltage. Series resonance therefore oc- 
curs, and due to the high X/R ratio of neutralizers, the 
applied voltage may be amplified ten or more times, 

When it is known that such usage is contemplated at the 
time of purchase of the transformer bank, it may be possi- 
ble to design it so that branch n has zero impedance. Gen- 

erally, this is quite expensive. An alternative procedure 
is to induce an equal and opposite voltage in the neutralized 
system by means of reactors fed from current transformers 
in the delta windings. This entails much engineering 
study and adjustments when placing in operation. Gen- 
erally, the best procedure is to avoid the condition by not 
grounding the other neutral point, and seeking other loca- 
tions for grounding the system. 

11. General Summary on Transmission System 
Grounding 

The preceding discussion brings out that the various 
methods of grounding have their peculiar advantages and 
disadvantages so that individual circumstances can be ex- 
pected to decide the issue. Nevertheless, a few combina- 
tions of conditions cover the great majority of systems, 
and some generalization is possible for these combinations. 

In the vicinity of our larger cities and in industrialized 
areas, continuity of service is regarded as of such impor- 
tance that multiple circuit lines and two direction feeds 
are the rule. On such systems a momentary line tripout 
does not interrupt service, because additional circuits are 
available for the worse eventuality of physical damage to 
a line. These lines are usually relayed to clear a fault in 
from 0.15 to 0.5 seconds. They are usually tied in con- 
ductively with lines of the same voltage operated by con- 
tiguous companies. There is a large amount of equipment 
tied to these lines, and lightning protection and confine- 
ment of trouble to a small area is desirable. For systems 
of this character, effective grounding appears to be the 
best practice. At some locations, ground fault current 
limitation may be necessary from the standpoint of circuit 
breaker interrupting duty or inductive effects, but this can 
probably be accomplished without exceeding a zero se- 
quence ratio of three, thus permitting application of “light- 
ning arresters for grounded neutral service.” 

In less densely populated regions, the relation between 
loads and transmission distances is frequently such that 
only single-circuit lines are justified. Systems of this type 
are good fields for the application of ground-fault neutral- 
izers. The number of interruptions can be greatly reduced 
at moderate cost by such means. While full-rated light- 
ning arresters and transformers are required, the spacing 
of substations will usually be large enough that this does 
not unduly increase the cost. Where only a few lines are 
single-circuit radial, improvement of these lines by “light- 
ning proofing” or the application of lightning protector 
tubes may be the most economical solution. 

In some instances of long-distance power transmission, 
the overall cost can be decreased by using one transmission 
circuit at a high voltage rather than two or more circuits 
at a lower voltage. Where other power sources are avail- 
able when the line is out for maintenance or repair, the use 
of the single-circuit line with ground-fault neutralizers 
becomes a feasible way of limiting the total investment. 
This method should be compared in cost and other features 
with the use of high-speed reclosing breakers. 

The question of the number of grounding points is fre- 
quently asked. On systems in the effectively grounded 
class, there is no reason why all available neutrals should 
not be grounded, so long as the ground-fault current does 
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not require the application of breakers having larger inter- 
rupting capacity. On resistance- or reactance-grounded 
systems, or with ground-fault neutralizers, each additional 
grounding point increases the total cost. In these cases, 
the number of grounding points will largely be dictated 
by the ability to secure satisfactory ground relaying. On 
other than radial systems, at least two and preferably 
more grounding points are desirable to get most satisfac- 
tory directional ground relaying. 

655 

Grounding practice should be considered in the light of 
improvement in other branches of central-station work. 
Relays and breakers have been improved so that they will 
clear both phase and ground faults with a reliability and 
speed greatly exceeding those obtainable a few years ago. 
Complaints from flicker, and unnecessary operation of 
low-voltage releases are correspondingly fewer. Automatic 
high-speed reclosing is available for transmission service 
and affords a means of avoiding outages from momentary 
causes from both phase and ground faults. Lightning 
proofing of transmission lines is markedly effective in re- 
ducing the total number of flashovers. In most instances 
these factors will indicate a preference for the effectively 
grounded system. A chart showing a comparison between 
the various ground procedures is given in Table 2. 

12. Trends and Practices in Transmission System 
Grounding 

Figures 17 and 18 are plotted from data obtained from 
the Third AIEE Report on System Grounding.12 The data 
used in that report was collected by questionnaires, and 
according to the definitions used, “solid” means that no 
extra impedance is inserted between apparatus neutral 
points and ground. “Reactance” grounded means that in 
some instance, neutral reactors are used on an otherwise 
solidly-grounded system; in other instances, it means the 

Fig. 18—Relative United States use of grounding methods on 
transmission systems from 71 kv up. 

use of grounding transformers. In the majority of cases, 
“solid” grounding means that the systems are effectively 
grounded (X,/X, is three or less). Likewise, many of the 
“reactance” grounded systems are effectively grounded. 
For purpose of classification, a system is still considered 
“ungrounded”, if the only ground is through potential 
transformers. 

Figure 17 shows the relative use of grounding methods 
on transmission and distribution systems in the voltage 
range of 22 to 70 kv. There has been a steady decrease in 
the ungrounded category, and an approximately like in- 
crease in solid grounding. Ground-fault neutralizers are 
being used to an increasing extent, although still a small 
portion of the total. Their use in the United States is still 
largely confined to single-circuit lines serving large areas. 

Figure 18 is for systems 71 kv and up. These curves 
show the dominant use of effective or solid grounding 
in the United States. The majority of “reactance ground- 
ed” systems are effectively grounded. 

III. FUNDAMENTAL PRINCIPLES OF 
GENERATOR GROUNDING 

There are even more ramifications of generator ground- 
ing than for transmission-system grounding. The many 
possible combinations of connections between generators 
and outgoing lines is responsible for this. The more com- 
mon connections in use in generating stations are shown 
in Figs. 19 to 23. 

The so-called unit system, Fig. 19 is one in which each 
generator is directly connected to its individual trans- 

Fig. 17—Relative United States use of grounding methods on former bank, the low-voltage side being delta, and the 
transmission and distribution systems in the voltage range of high-voltage side, star. So far as ground currents are 

22 to 70 kv. concerned the machines are isolated from one another 
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and the high-voltage system. A variation of this arrange- 
ment is sometimes used where two generators supply a 
common transformer bank. An arrangement using both 
high- and low-voltage buses is given in Fig. 20. The in- 
dividual machines are therefore tied, insofar as the flow 
of ground current is concerned. Fig. 21 is for power 

Fig. 19—Unit system-power transmitted at high voltage. 

Fig. 20—High- and low-voltage bus system-power trans- 
mitted at high voltage. 

Fig. 21--Power transmitted at generator voltage-three-wire 
system. 

distribution over a three-wire system at generator volt- 
age. Fig. 22 is the same as Fig. 21 except the distribution 
system is four-wire. A system where the generator voltage 
is doubled or increased by 3 by auto-transformers for 
distribution is shown in Fig. 2.3. 

In general the unit scheme of Fig. 19 gives the greatest 
freedom in the selection of a grounding procedure, while 
the other schemes place various restrictions on the choice. 

Fig. 22—Power transmitted at generator voltage-four-wire 
system. 

Fig. 23—Power transmitted at double generator voltage by 
auto-transformers. 
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13. Ground Currents 
The ground-fault current for one phase of a three-phase 

system is given by the expression 

I, = (IrJ+Il+I2) = 3Eg 
&+&+~2’ 

If a generator is operating as an isolated machine, the 
current so calculated will be the current through the 
faulted phase. If 20 is less than 21 or Zz as is commonly 
the case, the ground-fault current will be greater than 

the three-phase fault current 2. If several machines 

are operated in parallel, and only one machine grounded, 
this effect is accentuated in the grounded machine. 

For example, consider four generators operating in 
parallel as shown in Fig. 24 (a). The reactances shown 
are in percent based on the individual machine ratings. 

Fig. 24—Single line-to-ground fault on four generators op- 
erating in parallel with only one machine grounded. 

The phase-sequence-reactance diagram is shown by Fig. 
24 (b) from which 20=2.2; Z1=2.2 and Z2=2.2. 

The sequence components for a line-to-ground fault 
are 

Ii)=II=I2= 
100 

2.2+2.2+2.2 
= 15.2 

times full-load current of one generator. The total fault 
current = l0+1,+1, = 45.6 times full load of one generator. 

The components of fault current through the grounded 
generator are : 

I =I0 
&+I, 

= 15.2 times full load. 
= 3.8 times full load. 

I a2=4 2= ‘I 3.8 times full load. 

The fault current through the faulted phase of the 
grounded generator = laO+lal+laP = 22.8 times full load. 

The three-phase fault current of an individual generator 

is s-100 X - 8 8 = 11.4 times full load. Consequently, in the 
1 * 

case illustrated, grounding only one generator will cause 

that generator to carry ‘g or twice the current it would 

have on a three-phase fault. Since mechanical stresses 
are proportional to the square of the current, they would 
be equal to four times the three-phase short-circuit 
stresses. 

The effect of different numbers of machines operating 
in parallel, with all neutrals grounded, and with only one 
machine grounded is illustrated in Fig. 25. These curves 
were computed on the basis of Xi =X*=8.8 percent and 
X0=2.2 percent, and for the machines paralleled directly 
at their terminals. It will be observed that the line-to- 
ground fault current is always greater than the three 
phase fault current, and that the situation becomes par- 

Fig. 25—Total fault and machine currents for single line-to- 
ground and three-phase faults. 

A-Current in any machine-three-phase fault. 
B-Current in one machine-single line-to-ground fault with all 

machines grounded. 
C-Total current-three-phase fault. 
D-Total current-single line-to-ground fault with all machines 

grounded. 
E-Current in grounded machine-single line-to-ground fault with 

only one machine grounded. 
F-Total current-single line-to-ground fault with only one IU- 

chine grounded. 
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titularly serious as the number of paralleled machines 
increases. In an installation of this kind, some form of 
neutral impedance device is a necessity. 

In order to determine the size of neutral reactor to 
limit the generator winding current for a single line-to- 
ground fault to the generator winding current on a three- 
phase fault the constants of the generator and the con- 
stants of the system must be known. The system con- 
stants must include all circuits and sources of supply to 
the fault except the machine under consideration. Five 
groups of formulas are listed below for single line-to- 
ground faults depending upon the reactance values. Group 
1 is perfectly general and the other groups are simplified. 

e = percent generated voltage 
X~=percent reactance of neutral reactor on generator 

kva base 
IR = percent reactor current based on normal generator 

current 

Generator System 

Pos. seq. reactance on gen. kva Xl 81 
Neg. seq. reactance on gen. kva X2 & 
Zero seq. reactance on gen. kva x0 so 

Group 1. All reactance values finite and different. XR= 

SO(XlX2 + 2XlS2 - XzS2) + XO(XlS2 - x2&! - X2So - SOS,) 

~(X,~~+~~S~--XIS~+SO~~~ - -’ 

Group 2. So= infinite; others finite and different. XR= 

Xl --x-o f&(X1 -x2> 

3 + 3(x,+&) ; 
I 300e 

Group 3. X1=X:!; others finite and different. XR= 

&--X0 300eSo 

; IR=x~(X,+so) 

( 

1 

3 81 
x1+s1+x1+s2 -&+-so 

Sz+Sa 
1 

Group 4. X1=X2; So= infinite; others finite and different, 

Group 5. X1=X2; &= S2; X0 = finite; So = infinite, 

x1-x0 &--...-d 
3 

, IR-300e Xl+& 

( > Xl x,+3& 

14. Neutral Displacement 

When a ground fault occurs, there is a tendency for a 
neutral shift with consequent change in voltage on the 
unfaulted phases. The phenomenon is the same as dis- 
cussed in Part I; and Fig. 6, Chap. 14, can be used to de- 
termine the voltage to which apparatus on the unfaulted 
phases will be subjected. 

15. Circulating Harmonic Currents 

When two generators are operated in parallel at gener- 
ated voltage as in Fig. 26, there is the possibility of cir- 

Fig. 26—Two generators operating in parallel at generated 
voltage. 

culating harmonic currents. This is true whether the 
neutrals are interconnected or not. The two conditions 
necessary for the flow of harmonic current are: the pres- 
ence of a resultant harmonic voltage, and a path for the 
flow of current. It is important to note the term “result- 
ant.” If the two machines are duplicates and are being 
operated under identical conditions, they will probably 
generate the same harmonics of about the same magni- 
tude and phase position. If the harmonics are thus equal 
and opposite, there will be no resultant voltage available 
to circulate harmonic current. If, however, the machines 
are dissimilar, one may generate harmonic voltages that 
the other does not. There will then be a circulating har- 
monic current between them whose magnitude is equal 
to the resultant harmonic voltage divided by the imped- 
ance at the harmonic frequency. For line-to-line har- 
monics the latter is approximately equal to the negative- 
sequence reactance in ohms at rated frequency times the 
order of the harmonic. For two machines as illustrated, 
the resultant reactance would be the sum of the harmonic 
reactances of the two machines, as they are in series for 
harmonic-current flow. If more than two machines are in 
parallel, but only one generating a high-harmonic volt- 
age, the harmonic reactance of the one machine is added 
in series with the paralleled reactance of the remaining 
generators. If all machines are generating considerable 
harmonic voltage, an analysis is almost impossible be- 
cause slight shifts in fundamental frequency phase posi- 
tion with load will greatly alter the resultant harmonic 
voltages. 

The situation with respect to neutral harmonics is 
much similar to that for line harmonics except that only 
triple series harmonics, 3rd, 9th, 15th, 21st, etc., can 
flow in the neutral. This is because the 120 degrees re- 
lationship of phases causes all other harmonics to be bal- 
anced and thus total to zero in the three phases. Also 
the zero sequence impedances apply rather than the 
negative sequence. Referring again to Fig. 26, it is ap- 
parent that neutral circulating harmonic currents cannot 
flow unless both neutral circuit breakers are closed. 
Then, if there is a resultant zero-sequence harmonic volt- 
age, a current will flow equal to the voltage divided by the 
zero-sequence reactance at the harmonic frequency. 

The harmonic currents circulating in the neutral are 
likely to be somewhat higher in magnitude than the line- 
to-line harmonic currents. This is because the third har- 
monic voltage is usually higher than any other and be- 
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cause the zero-sequence reactance is usually lower than 
the negative-sequence reactance. In the case of two- 
thirds pitch machines, the triple series (neutral) harmonics 
will be practically zero, so that it will not create harmonic 
currents. On the other hand, the zero-sequence reactance 
of a two-thirds pitch machine is quite low so that it is a 
likely path for the flow of triple harmonics generated by 
other machines. 

Circulating harmonic currents between apparatus in a 
station are not particularly objectionable unless unusually 
large. A circulating neutral harmonic current of 30% 
would offhand appear to be of an order to be injurious 
to a machine. However, this means only 10 percent 
harmonic current per phase. The rms value in combina- 
tion with full-load current would be d1002+ 102= 100.5 
percent. The heating effect will be somewhat greater 
than this, but probably not more than another x percent 
so that the loss of load-carrying capacity is inappreciable. 

16. Communication-Circuit Influence 

Where generator neutrals are grounded and distribu- 
tion is done at generated voltage, whatever residual har- 
monics arc present in the generator wave form are im- 
pressed on the lines. Residual harmonics are more likely 
to cause inductive effects in nearby communication cir- 
cuits than line-to-line harmonics because the return cir- 
cuit is through the earth at a considerable depth. When 
the distribution circuits are in underground cables the 
likelihood of inductive effects is small. On overhead lines, 
however, consideration should be given to this question. 

17. Surge Protection 

This question is covered in detail in Chap. 18. It is 
related to grounding methods in that “grounded neutral 
service” arresters can be applied if the system is effectively 
grounded, whereas arresters rated at maximum line-to- 
line voltage are necessary if the system is not effectively 
grounded. 

Because of space limitations and costs, it is not prac- 
tical to insulate generators to the same impulse levels as 
oil-insulated apparatus of the same voltage class. There- 
fore, the protection margin is decreased for ungrounded, 
resistance-grounded and high-reactance-grounded genera- 
tors. This situation has been helped to a degree by the 
use of “rotating machine” arresters. The experience so far 
indicates that full-rated arresters afford sufficient protec- 
tion. Therefore, if other circumstances warrant the use of 
a non-effectively grounded system, the matter of surge 
protection need not prohibit such use. 

18. Inductive Coordination 
It is practically impossible to predetermine inductive 

coordination situations, because they arise from the inter- 
relation of three factors; inductive influence of the supply 
system, inductive susceptiveness of the communication 
circuits, and the coupling between the two types of cir- 
cuits. Therefore, remedial measures may involve reduc- 
tion in the supply circuit influence, or in the susceptiveness 
of the communication circuits, or in the coupling between 
the two; or in a combination of two or more of the above. 

When the remedial measures can best be applied to the 

grounding of the generators, removing the ground from a 
particular generator may correct the situation, but may 
require additional equipment to establish a ground to 
permit proper relaying. Neutral filters are sometimes 
applicable. 

A detailed study of each situation is necessary to deter- 
mine the best overall engineering solution. A further dis- 
cussion of this question is given in Chap. 23. 

19. Mechanical Stress in Generator Winding 

Paragraph 3.130 of ASA Standard C-50 Rotating Elec- 
trical Machinery, 1943 Edition, reads as follows: 

“A machine shall be capable of withstanding without injury 
the stresses of a IO-second, 3-phase short circuit at its terminals 
when operated at rated kva, power factor and 5-percent overvolt- 
age or any other lo-second short circuit provided the machine 
phase currents under the fault condition are limited by means of 
suitable reactance or resistance to a value which does not exceed 
the maximum phase current obtained from a 3-phase fault.” 

Reference to Sec. 12 shows that when X0 is less than X1, 
which is usually the case, some form of impedance is re- 
quired in the generator neutral to permit grounded opera- 
tion. 

20. Transient Overvoltages 
This subject is treated in detail in Chap. 14. In any dis- 

cussion of this subject, it should be recognized that 
numerous field tests have been made in an attempt to set 
up and measure high transient voltages resulting from 
phase-to-ground arcing faults in air. Generally speaking, 
the overvoltages thus measured have been lower than those 
indicated by pure theory, or by transient-analyzer studies, 
and rarely exceeded three times the normal line-to-neutral 
crest. However, because of the random nature of arcs, 
it is difficult to capture the maximum overvoltages, unless 
numerous tests are made and high grade equipment such 
as a cathode-ray oscillograph is used. Studies on the 
transient analyzer are usually made by controlling the 
restriking of the arc to produce the maximum overvoltage. 
Therefore, the results of transient-analyzer studies are of 
more value in comparisons of methods of grounding, rather 
than in accurately predetermining magnitudes. 

Switching operations may cause relatively high transient 
overvoltages, if restriking occurs in the breaker. Accord- 
ingly, in evaluating any method of grounding from the 
viewpoint of transient voltages, it is well to consider 
whether there will be switching at generator voltage either 
initially or some time in the future. 

Transient overvoltages due to switching have caused 
electrical failure of equipment, circuit insulation, and 
lightning arresters. Generally, lightning arresters are not 
considered as being applied for protection against such 
transient overvoltages, but, evidence is available that 
shows arresters have operated on transient overvoltages, 
thus protecting equipment. It is good practice to design 
the system and to ground it in such a manner, whenever 
possible, that transient voltages are below arrester break- 
down voltage. 

For generator grounding, it is commonly accepted that 
transient overvoltagcs will be within acceptable limits if 
the following conditions are met: 
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1. For application of generator neutral reactors, X,/X, 
as determined at the machine terminals should be three or 
less. For purposes of this determination, X0 and X1 are 
the resultant of the generator and system reactances, paral- 
leled. 

2. For application of generator-neutral resistances (or 
the equivalent through a grounding transformer), the cur- 
rent passed through the resistor during ground faults 
should equal or exceed the capacitive current that would 
flow during a line-to-ground fault with the resistor dis- 
connected. See Section 18 for a fuller discussion of this 
point. The upper limit of current passed through a gen- 
erator neutral resistor is fixed by the desire to avoid exces- 
sive power loss, and is customarily held to 1$/2 times full 
load generator current, or less. The ratio of Xo/Ro should 
preferably not exceed 1.0, including the reactance of the 
resistor. Cast-iron grid resistors may have power factors 
of 0.98 and sometimes less, which means that their react- 
ance may be about 20 percent of their resistance, at system 
frequency. 

21. Generator Relaying 
It is necessary to consider the effect of the generator 

grounding device on the operation of protective relays. 
Most large generators are provided with differential re- 
lays. These are fully effective against phase-to-phase 
faults within the machine. When the generator is effec- 
tively grounded, the differential relays also give fairly ef- 
fective protection against faults to ground. 

When the generator neutral is grounded through high 
impedance, the differential relays lose a considerable 
amount of their effectiveness against ground faults. This 
is particularly the case for ground faults near the neutral 
of the machine. It will usually be necessary to provide a 
supplementary relay actuated by neutral or zero-sequence 
current when the machine is grounded through high im- 
pedance. 

22. Relaying of Feeders at Generator Voltage 
When power is distributed at generator voltage, it is 

necessary that the grounding method be selected giving 
consideration to that fact. The generator grounding de- 
vice determines to a large extent the magnitude of the 
feeder line-to-ground fault current and thus the type and 
effectiveness of the feeder ground relays. There has been 
some European use of grounding schemes that limit the 
ground fault current to around 50 amperes. With feeders 
having full-load currents of GO0 amperes or more, fairly 
sensitive ground relays are required. Such relays are avail- 
able, but require more than usual care in selection of cur- 
rent transformers, determination of settings, and main- 
tenance. While their use is, or probably can be made 
practical, the more usual practice in the IJnited States is 
to select a grounding scheme that causes the ground fault 
current to equal or exceed full-load current on the feeders. 

With reactor or conventional reactor grounding, ade- 
quate current for relaying is readily obtained. Ungrounded 
operation, or the use of the transformer-resistor combina- 
tion are not suited for systems having feeders at gcn- 
erator voltage, as there is not sufficient current to permit 
ready selection of the faulted circuit. 

23. Damage at Point of Fault 
When a fault occurs within a generator, the affected 

coils must be replaced. While this is a large job, it is not 
nearly as serious as the problem of replacing damaged 
stator iron and restacking the laminations, should that be 
found necessary. Fortunately, such cases have been rare, 
but they are nevertheless important. Laboratory studies 
and field investigations of generator coil failures have been 
made with the view of determining the relation between 
fault, current, fault duration, and iron burning. So far, 
these investigations have been non-conclusive, although 
service experience indicates that if the fault is cleared with 
standard differential relays and circuit breakers, the dam- 
age will be limited to minor burning of the iron, which can 
be cleaned up without restacking. There is every indica- 
tion that low fault currents plus fast clearing, however, 
minimizes fault damage. 

At present, the industry attitude seems to be tolerant of 
moderate to high ground fault currents, where other condi- 
tions require it, but to work toward low ground-fault cur- 
rents, where conditions permit-this occurring mainly 
with the “unit system” of connection. The more con- 
servative attitude in the latter cases is to trip immediately, 
even though the fault current be but a few amperes. 

24. Generator Neutral Breakers 

When a fault occurs within a generator, it is customary 
to trip the generator armature and field circuit breakers 
and shut off the input to the prime mover. These opera- 
tions do not necessarily stop the current through the fault, 
because a certain time is required for the generator field 
flux to decay. If a generator neutral breaker is employed, 
and it also is tripped on the incidence of a ground fault, 
the fault current immediately drops to a very low value 
as determined by capacitance effects. 

In general, the smaller the ground-fault current (limited 
by a neutral device), the less justification there is for an 
automatic neutral circuit breaker. 

In some cases non-automatic neutral breakers or dis- 
connect switches are used. These are not operated during 
faults, but are used to disconnect the neutral for safety or 
operational reasons. Where several generators are con- 
nected to a common neutral bus, which in turn connects 
to a single neutral grounding device, these breakers or dis- 
connect switches can be used to ground the desired gen- 
erators to the neutral bus. 

25. Time Rating of Neutral Devices 
The following is Section 32-2.05 of AIEE Standard No. 

32 for Neutral Grounding Devices, dated May, 1947: 

“Rated Time-Standard rated time shall be 10 seconds, 1 min- 
ute, 10 minutes and extended time. 

“It shall be assumed, unless otherwise specified, that a one- 
minute rating is intended for neutral grounding devices except for 
ground-fault neutralizers and grounding transformers for use 
with ground-fault neutralizers, for which a ten-minute rating is 
assumed.” 

When grounding reactors are used on the unit system, 
a IO-second rating is usually employed as this is consistent 
with the thermal ability of the generator, and the opera- 
tion is non-repetitive. 
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When grounding resistors, reactors, or grounding trans- 
formers are used with systems having feeders at generator 
voltage, a one-minute rating is usually employed, thus al- 
lowing for repetitive feeder faults and also for the fact that 
the neutral device must carry current whenever a ground 
fault occurs on any of the three phases. 

When the distribution-transformer-resistor scheme is 
used, it has generally been the practice to apply extended 
time ratings to the resistor. This is done primarily be- 
cause of the small cost of the resistor, and partly because 
of the possibility that time-delay tripping might be con- 
templated in the future. 

IV. PRACTICAL CONSIDERATIONS IN 
GENERATOR GROUNDING 

The broad objective in grounding a generator system is 
to gain additional protection to the generators and other 
equipment without introducing disproportionate hazards. 
In the sections which follow, the various generator con- 
nections are analyzed with the view of selecting the meth- 
od of grounding most suitable. 

26. Unit System-Fig. 19 
From the discussion under Sec. 12, it is evident that 

solid grounding of the generator neutrals, whether one 
machine or all of them, will usually result in ground fault 
currents exceeding the three-phase fault current. From 
the standpoint of mechanical strength of the generator 
winding, this situation requires that any grounding of the 
generator neutrals be through an impedance sufficient to 
limit the ground-fault current to the three-phase value. 

If the neutrals are to be grounded, and no further limita- 
tion of ground current is required, other than to secure 
protection against winding distortion, a neutral reactor is 
suitable. As to transient overvoltages it is safe, and in the 
larger sizes has the advantage of lower cost and smaller 
space as compared with a resistor. A neutral breaker 
should usually be provided to limit burning in case of in- 
ternal generator faults because of slow decay of field cur- 
rent and residual voltage even when the field breaker is 
opened. However in small stations the saving in cost may 
be worth weighing against the possibility of increased 
damage to the machine. 

An advantage sometimes attributed to grounding gener- 
ators with the unit system of operation is that most arma- 
ture-winding faults start as grounds. By grounding the 
neutral, positive current flow is obtained in case of a fault 
so that quick and positive relaying is obtained. It is 
doubtful if there is any pronounced advantage insofar as 
relaying is concerned over that obtainable with unground- 
ed operation and ground-fault detectors. Three forms of 
ground-fault detection are illustrated in Fig. 27. A single 
potential transformer from neutral to ground is utilized in 
Fig. 27 (a). A ground fault on any part of the circuit com- 
prising the low-voltage winding of the transformer, con- 
necting leads, or generator winding will produce a voltage 
on the relay that can be used for tripping or alarm pur- 
poses. In Fig. 27 (b) three potential transformers are con- 
nected in star, and function in a similar manner. This 
scheme has an advantage over that of Fig. 27 (a) in that 

Fig. 27—Alternative methods of ground fault detection on 
isolated neutral generators. 

it can be set more sensitively. In addition for 27 (b) the 
alarm will be given in case of an open circuit in the primary 
of a potential transformer. In 27 (a), if there is sufficient 
bus and transformer capacitance the triangle of line volt- 
age will tend to be stabilized with reference to ground and 
the residual harmonics will appear between neutral and 
ground. The relay must be set above any such harmonic 
voltage, which therefore decreases its sensitivity. Usually 
this will not be a serious handicap although in extreme 
cases harmonic voltages as much as 15 percent of normal 
phase-to-neutral voltage might exist between neutral and 
ground. The scheme of Fig. 27 (b) avoids this situation. 
In the scheme of both Figs. 27 (a) and (b), the sensitivity 
of protection decreases as the ground-fault approaches the 
neutral point. This is not often a serious handicap as most 
faults are near the line end. For complete protection any- 
where within the windings, the scheme of 27 (c) suggested 
by R. Pohl can be used. As shown, this involves displacing 
the neutral continuously by means of an auxiliary wind- 
ing on one potential transformer. Therefore, when a 
ground occurs anywhere-even on the neutral lead itself- 
a voltage will appear across the relay. This scheme is 
limited to stations where the generator leads and buses are 
isolated from the system by transformers. Otherwise, ca- 
pacity effects or neutral grounds on other equipment would 
cause a continuous indication. These ground fault detec- 
tors are in addition to the customary differential protec- 
tion. 

In all of the schemes of Figs. 27 (a), (b) and (c), there 
is some risk of false indication caused by ground faults on 
the high-tension system. This can arise as a result of zero- 
sequence capacitive coupling between high-voltage and 
low-voltage windings of the step-up power transformers. 
The zero-sequence diagram of part of the system is illus- 
trated in Fig. 28. As there shown, the capacity effect of 
the power-transformer windings can be represented by an 
equivalent star. Part of the zero-sequence voltage on the 
high-voltage side created by a ground fault is transferred 
to the low-voltage side by capacity potentiometer effect, 
and will give some voltage across the fault-detector relay. 
The magnitude of this voltage is determined by the ratio 
of transformation, type of high voltage grounding, proxi- 
mity of fault, amount of capacitances in the transformer 
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Fig. 28—HOW zero-sequence capacitive coupling may cause 
false indications. 

(a) Internal capacitances of two-winding transformer. 
(b) Zero-sequence diagram showing how zero-sequence voltages 

may be transferred from the high-voltage to the low-voltage 
side of a transformer where the low-voltage side is ungrounded 
and of low electrostatic capacity to ground. 

branches and the generator, and the burden of the relay. 
In general, the larger the transformer bank and the higher 
the voltage, the greater the risk of false operation. The 
difficulty can be eliminated by paralleling the relay with a 
dummy load or by using a low-impedance current relay, 
without interfering with the sensitivity of the protection. 
While the conditions necessary to such false indication are 
not likely, one such case has actually been observed. Be- 
cause of this electrostatic coupling, it is probably unde- 
sirable to operate the generators without some form of 
drainage to ground. 

A scheme which avoids the principal objections to un- 
grounded neutral is shown in Fig. 29. This consists of 

Fig. 29—Grounding scheme for unit system. 

connecting the primary of a distribution type transformer 
between the generator neutral and ground. The secondary 
of this transformer is shunted by a resistor and by a po- 
tential relay for tripping or alarm, as desired. The size of 
the transformer and resistor depend upon the charging 
current in case of a line-to-ground fault. This charging 
current can be obtained by summing up the various com- 
ponents of circuit capacitance, and determining the cur- 
rent that flowx if one phase is grounded. The system of 
Fig. 30 is used for an example. This covers an 11.5-kv, 
75 OOO-kva, 1800-rpm, 60-cycle turbine generator having 
surge-protective capacitors at its terminals. 

Fig. 30—Capacitance values for grounding through distribu- 
tion transformer fix kw loss value of secondary resistor. 

The zero-sequence capacitance per phase of each circuit 
component are listed below and totalled. 

Generator 0.320 mfd 
Generator surge capacitor 0.250 mfd 
Generator leads 0.060 mfd 
Power transformer 0.004 mfd 

Total 0.634 mfd 

1 
At 60 cycles, this is a capacitive reactance of - or 

27rfC 
lo6 __. -~ 

377(0.634) 
or 4180 ohms. The zero-sequence current is 

equal to the normal phase to neutral voltage divided by 
this reactance or 6620/4180= 1.58 amperes. The total 
capacitive fault current is three times the zero-sequence 
current or 4.74 amperes. 

Transient-analyzer studies have been made to determine 
the influence of the size of the resistor upon the transient 
overvoltage produced during an arcing fault. This subject 
is treated in more detail in Chap. 14. In general, it was 
found that as the kilowatts dissipation in the resistor is 
increased, the transient voltages steadily decrease until 
the resistor kilowatt loss equals the capacitive kva. In- 
creasing the resistor energy loss further gave but little 
additional reduction in transient overvoltage. 

The total current at the point of the fault to ground is 
the vector sum of the capacitive component of current, 
and the resistive component. If the resistive component 
is made equal to the capacitive component, the sum is 1.41 
times as much as the capacitive component. Increasing 
the resistive current beyond equality with the capacitive 
current products little further reduction in transient over- 
volt age, but increases the energy in the arc and the dam- 
age therefrom. It has become more or less standard prac- 
tice to apply the resistor to develop an energy loss equal 
to or slightly exceeding the capacitive kva during ground- 
fault conditions. 

‘l’hc kvu of the transformer is determined by the product 
of the primary current and the rated primary voltage, 
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divided by an overload factor from the following table: 

Time Factor 

1 Minute 4.7 
5 Minutes 2.8 

30 Minutes 1.8 
1 Hour 1.6 
2 Hours 1.4 

The rated primary voltage of the transformer should be 
approximately lyz times the generator line-to-neutral volt- 
age, in order to avoid excessive magnetizing inrush, when 
a ground occurs. It is preferable to disconnect a generator 
from the system, and remove excitation immediately upon 
the occurrence of a fault, in order to confine the damage 
as much as possible. On small systems, some operators 
prefer to have a ground relay sound an alarm, giving the 
system operator a chance to make provision for the loss of 
the generator. In any case, automatic tripping should 
follow after a reasonable time delay. 

For the system of Fig. 30, the capacitive kva developed 
is (11.5/l .732) (4.74) = 31.5 kva. The resistor should dissi- 
pate 31.5 kw. If a transformer of 11 500 volts primary, 
460 volts secondary were selected, the open-circuit sec- 
ondary volt age would be 460,!1.732 or 265 volts. The cur- 
rent rating of the resistor would be 31 500 watts,‘265 volts 
or 119 amperes, and its resistance 2651119 or 2.23 ohms. 

The kva dut,y on the transformer is (11.5) (3.74) or 54.5 
kva. Kate that this exceeds the actual loading, due to the 
use of a transformer rated on the basis of line-to-line volt- 
age. For a l-hour duty cycle a transformer rated 5-1.5,‘1.6 
or 3-l kva can be used. A standard 37.Skva transformer 
can be selected on this basis. For a 5-minute duty cycle a 
rating of 51.6,‘2.8 or 19.5 kva would suffice, and a standard 
25-kva transformer can be selected. In general, it is prefer- 
able to be conservative on the transformer rating in order 
that its reactance not be an appreciable factor. It is prefcr- 
able to apply the resistors on the basis of cont,inuous duty, 
as their size and cost are usually not significant factors. 

Oil-immersed, askerel-immersed, and air-cooled trans- 
formers can be used, based on user preference. Either 
currt>nt- or voltage-actuated relays can be used, as indi- 
cated by Fig. 30. 

The sc+cme is, in effect, a generator-neutral grounding 
device of very high resistance in which a fragile and bulky 
high-voltage resistor is replaced by a, step-down trans- 
former and low-resistance resistor. With the proportion- 
ing suggested, the possibility of ferro-resonance with an 
unshun ted transformer is avoided, transicn t overvoltages 
from sivitching or arcing are reduced, and there is a re- 
duct ion in harmonic voltage in the potential indication, 
making it possible to use lower settings for the ground 
relay. 

27. Power Transmitted at High Voltage, Low-Volt- 
age Bus System Fig. 20 

A good many of the arguments with reference to Fig. 19 
also apply to I‘i i g. 20, particularly to limitation of ground- 
fault current. If the neutrals are all ungrounded, however, 
it is notI possible to secure individual selection of the ma- 
chine developing a grotmd fault, as the low-voltage tie 
puts the residual voltage on all machines. Various pray- 

tices as to neutral grounding have been employed, perhaps 
the commonest of which is to provide a neutral bus to 
which one or more machine neutrals are tied, with a resistor 
from this bus to ground. The resistance is usually such as 
to limit the ground-fault current to 0.5 to 1.5 times full- 
load current of the smallest machine, however no hard and 
fast rule can be given. With the sensitive differential pro- 
tection now used, this permits satisfactory tripping for 
grounds in any machine. Grounding transformers on the 
low-voltage bus have also been used to insure a source of 
ground current for relaying. However, it is difficult to 
hold X0/S, to 3.0 and transient overvoltages may be ex- 
cessive. 

28. Power Transmitted at Generator Voltage, 
Three-Wire System Fig. 21 

The problem of selectively isolating ground faults will 
usually require that a system of this kind be grounded in 
some manner. I,ikewise if cables are used for the distribu- 
tion circuits, thrl matter of neutral stabilization and sup- 
pression of arcing grounds n-ill require that the grounding 
impedance be moderately low. One machine alone can be 
grounded and satisfy these requirements, but a neutral- 
impedance device will be necessary to limit the maximum 
current through the machine. Because of the various 
combinations of machines that may be in service at dif- 
ferent times there is some operating complication in insur- 
ing that a system ground is always available, and for this 
reason it is probably desirable that all neutrals be ground- 
ed. If a neutral bus is employed, each neutral can be con- 
nected to this and a single grounding resistor or reactor 
used. An alternative and probably more desirable ar- 
rangement is to ground Mach neutral through sufficient 
impedance that the ground-fault current through each 
individual machine will never exceed its safe value. 

The influence on communication circuits is almost im- 
possible to forecast, because most cases arise out of reso- 
nance between the ground reactance and the capacitance 
to ground of the circuits. With these constantly changing 
with the growth of the system, about the only course that 
can be pursued is to consider each case as it arises. Usually 
a parallel tuned filter in the neutral connection of one 
generator will cure a specific case of trouble. 

29. Power Transmitted at Generator Voltage, 
Four-Wire System Fig. 22 

The general situation with this system connection is the 
same as on the three-wire system. However since loads 
are connected from phase wires to the neutral wire, the 
question of neutral displacement during faults becomes 
much more important. Otherwise, during a ground fault 
on one phase, the voltage on the other phases will rise, 
and lamps, radios and other utilization devices will be 
flashed. It is therefore essential on a four-wire system that 
no more impedance be inserted in the neutral connection 
than necessary to protect the generators against excessively 
high currents during ground faults. The proper impedance 
can be calculated by the method of symmetrical com- 

ponents. If all generators are grounded, making 2 = 1.0 

for each generator will satisfy the generator requirements. 
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If ‘= 1 for the entire system, this will hold the line-to- 

neutial voltage down to normal value (as shown by Fig. 6, 
Chap. 14) and thus satisfy the load requirements. It is 
probable that a moderate increase in line-to-neutral volt- 
age during ground faults is permissible because the condi- 

tion is temporary, so that ratios of = 1.5 or even 2.0 for 

the system may be feasible. These’ figures are approxi- 
mate, as resistance has not been considered, and in some 
cases, it will be important. 

Three possible ways in which neutral impedances can 
be employed are presented in Figs. 22 (b), (c) and (d). 
The first is shown merely for the sake of completeness; it 
serves no necessary function in limitation of current and 
would prove a liability in excessive neutral displacement 
and regulation with unbalanced loads. 

In both Figs. 22 (c) and (d), the neutral impedance is 
between generator neutral and ground where it is effective 
in reducing ground-fault currents. In 22 (c) the regula- 
tion to unbalanced loads is slightly better than in 22 (d), 
but the impedances necessary for neutral stabilization will 
be usually low compared to the line impedances where 
there are a number of individual feeders and this point will 
ordinarily not be important. On many systems the fourth 
wire will be grounded at each transformer installation, 
and 22 (d) is necessary in this event. In general 22 (d) 
represents a more satisfactory connection. 

In most power stations, there is considerable shifting of 
generators in and out of service. With the four-wire sys- 
tem, the dual requirements of prevention of high individual 
generator currents during ground faults, and restriction of 
neutral displacement are necessary. The most satisfactory 
method of maintaining these requirements is to use in- 
dividual grounding devices with each generator. The gen- 
erator-neutral breaker may be left closed whether the gen- 
erator is in or out of service, and only opened in case of a 
generator fault. 

For this type of service reactors are preferable as ground- 
ing devices. For a given limitation of current, the distor- 
tion of phase voltages to ground will be less than for a 
resistor because the voltage drop is in phase with the 
phase-to-neutral voltage of the faulted phase. The cost 
and space requirements will usually be less. The likeli- 
hood of excessively high transient voltages during arcing 

grounds is small because the 2 ratio must be kept low 
1 

on the four-wire system. 

30. Power Transmitted at Double Generator Volt- 
age by Auto-Transformers, Fig. 23 

Figure 23 (b) is being used to a considerable extent on 
large systems employing 24 kv or 27.6 kv underground 
cable distribution systems. Interconnecting and ground- 
ing the neutrals of the generators and auto-transformers 
stabilizes the neutral and prevents excessive voltage stres- 
ses in the event of ground faults. Any triple series har- 
monics present in the generator wave form are passed to 
the outside lines. On cable systems there is little likeli- 
hood of this causing interference with communication cir- 
cuits. Where the distribution is by overhead lines there 

exists some possibility of communication circuit interfer- 
ence. In fact, the case is exactly analogous to that dis- 
cussed in Section 28. 

Figure 23 (c) is similar to 23 (b) except that a delta 
tertiary has been added. The effect of the tertiary is to 
decrease the magnitude of the triple series harmonic volt- 
ages applied to the outgoing lines and to cause a circulat- 
ing current to flow in the neutral interconnection. In most 
cases it is doubtful whether either of these influences exists 
in sufficient magnitude to be of any practical importance. 
Assume for example that the delta winding is rated at one- 
half the kva parts of a one to two ratio auto-transformer. 
It will then be one-fourth the generator kva rating. The 
reactance from generator winding to tertiary winding may 
be 8 percent on the tertiary kva or 32 percent on the gen- 
erator kva. If the generator zero-sequence reactance is 8 
percent, the triple harmonic voltages at the generator 

terminals will be reduced to about 
3(32) 

3(8+32) 
or four-fifths 

the value without a tertiary. This reduction would ordi- 
narily not be sufficient to correct interference to a satis- 
factory level. The harmonic circulating current is similar- 
ly of small importance from the standpoint of heating. 
For example, assume 10 percent third harmonic voltage 
in the generator phase to neutral wave form (a very high 
figure for modern generators). This would be acting on an 
impedance of 3 X(8+32) or 120 percent. The circulating 

10 
current would then be -X 100 or 8 percent per phase 

120 
increasing the 12R by only G percent. See Sec. 15 of this 
chapter. (NOTE: In both of the above calculations, it 
was assumed that the generator reactance would increase 
as the order of the harmonic.) The foregoing discussion 
shows that where both the generator and auto-transformer 
are to be grounded and are in the same station, there is 
little point to adding a delta tertiary winding to the auto- 
transformer. Should there be an appreciable distance be- 
tween the generator and the transformer, and particularly 
if there are paralleling communication circuits this ques- 
tion should be carefully considered, as the flow of trans- 
former magnetizing current or generator triple harmonic 
circulating current may cause inductive influence. 

In Fig. 23 (d) the generator neutral is ungrounded, and 
the auto-transformer neutral grounded, with a delta terti- 
ary provided. This minimizes all communication circuit 
influence and generally gives satisfactory stabilization of 
voltages in the event of ground faults. Generator differen- 
tial protection is less sensitive for faults in the vicinity of 
the generator neutral point. 

Figure 23 (e) shows the generator neutral grounded and 
the auto-transformer neutral ungrounded. This connec- 
tion puts the generator triple series harmonics on the out- 
going circuits, but facilitates generator differential pro- 
tection. The line voltages are properly stabilized in the 
event of ground faults. 

If both generator and auto-transformer grounds are 
omitted, the generator insulation will be overstressed in 
the event of a ground fault on the high voltage side of the 
auto-transformer and this connection should therefore not 
be used. If the high voltage side of a grounded neutral 
auto-transformer is connected to an effectively grounded 
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Fig. 31—Relative United States use of grounding methods ofl 

generators without feeders at generated voltage. 

system (preferably with grounded star-delta transformers 
at the same station) the tertiary may be omitted whether 
the generator neutral is grounded or not. The generator 
neutral will be shifted from ground potential in the event 
of a ground fault on the system, but not sufficient to over- 
stress the generator insulation. 

Generally, a fault to ground on the high-voltage side of 
the auto-transformer will not result in generator currents 
exceeding those permissible. For ground faults on the low- 
voltage side, the generator currents may exceed permissible 
values unless a reactor is placed between the generator 
neutral and ground. 

31. Trends and Practices in Generator Grounding 
Figures 31 and 32 are plotted from data obtained from 

the Third AIEE Report on System Grounding12. In most 
of the cases of “reactance grounding,” the grounding 
reactors are of low ohms, resulting in “effective ground- 
ing.” “Solid” and “reactance” grounded may therefore 
be combined as “effective” grounding, and as such, about 
half of the systems are so grounded. The percentage of 
effectively grounded systems is decreasing slightly. The 
“ungrounded” classification includes potential transformer 
grounding. 
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CHAPTER 20 

DISTRIBUTION SYSTEMS 
Original Authors: 

John S. Parsons and H. G. Barnett 

I. GENERAL 

N electric distribution system, or distribution plant 

A as it is sometimes called, is all of that part of an 
electric power system between the bulk power 

source or sources and the consumers service switches. 
The bulk power sources are located in or near the load area 
to be served by the distribution system and may be either 
generating stations or power substations supplied over 
transmission lines. Distribution systems can, in general, 
be divided into six parts, namely, subtransmission cir- 
cuits, distribution substations, distribution or primary 
feeders, distribution transformers, secondary circuits or 
secondaries, and consumers’ service connect ions and 
meters or consumers’ services. Figure 1 is a schematic: dia- 
gram of a typical distribution system showing these parts. 

The subtransmission circuits extend from the bulk 
power source or sources to the Various distribution sub- 
stations located in the load area. They may be radial cir- 
cuits connected to a bulk power source at only one end or 
loop and ring circuits connected to one or more bulk 
power sources at both ends. The subtransmission circuits 
consist of underground cable, aerial cable, or overhead 
open-wire conductors carried on poles, or some combina- 
tion of them. The subtransmission voltage is usually be- 
tween 11 and 33 kv, inclusive. 

Each distribution substation normally serves its own 
load area, which is a subdivision of the area served by the 
distribution system. At the distribution substation the 
subtransmission voltage is reduced for general distribu- 
tion throughout the area. The substation consists of one 
or more power-transformer banks together with the neces- 
sary voltage regulating equipment, buses, and switchgear. 

The area served by the distribution substation is also 
subdivided and each subdivision is supplied by a distri- 
bution or primary feeder. The three-phase primary feeder 
is usually run out from the low voltage bus of the sub- 
stat ion to its load center where it, branches into three- 
phase subfeeders and single-phase laterals. The primary 
feeders and laterals may be either cable or openwire cir- 
cuits, operated in most cases at 2100 or 4160 volts. 

Distribution transformers arc ordinarily connected to 
each primary feeder and its subfeeders and laterals. These 
transformers serve to step down from the distribution 
Voltage to the utilization volt age. Each transformer or 
bank of transformers supplies a consumer or group of con- 
sumers over its secondary circuit. Each consumer is con- 
nected to the secondary circuit through his service leads 
and meter. The secondaries and service connections may 
be either cable or open-wire circuits. 

Revised by : 

John S. Parsons and H.G. Barnett 

Fig. l—Typical distribution system showing component parts. 

The distribution plant occupies an important place in 
any electric power system. Briefly, its function is to take 
electric power from the bulk power source or sources and 
distribute or deliver it to the consumers. The effec- 
tiveness with which a distribution system fulfills this 
function is measured in terms of voltage regulation, service 
continuity, flexibility, efficiency, and cost. The cost. of 
distribution is an important factor in the delivered cost 
of electric power. Approximately 50 per cent of the capital 
investment in electric power systems in the United States 
is in the distribution plant. 

Briefly, the problem of distribution is to design, con- 
struct, operate, and maintain a distribution system that 
will supply adequate electric service to the load area under 
consideration, both now and in the future, at the lowest 
possible cost. Unfortunately, no one type of distribution 
system can be applied economically in all load areas, be- 
cause of differences in load densities, existing distribution 
plant, topography, and other local conditions. 

In studying any load area, the entire distribution or 
delivery system from the bulk power source-which may 
be one or more generating stations or power substations, 
to the consumers should be considered as a unit. This 
includes subtransmission-distribution substations, pri- 
mary feeders, distribution transformers, secondaries, and 
services. All of these parts are interrelated and should 
be considered a whole so that money saved in one part 
of the distribution system will not be more than offset by 
a resulting increase elsewhere in the system. 
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For different load areas, or even different parts of the 
same load area, the most effective distribution system will 
often take different forms. Certain principles and features, 
however, are common to almost all of these systems. The 
distribution system should provide service with a mini- 
mum voltage variation and a minimum of interruption. 
Service interruptions should be of short duration and 
affect a small number of consumers. The overall system 
cost—including construction, operation, and maintenance 
of the system-should be as low as possible consistent 
with the quality of service required in the load area. The 
system should be flexible, to allow its being expanded in 
small increments, so as to meet changing load conditions 
with a minimum amount of modification and expense. 
This flexibility permits keeping the system capacity 
close to actual load requirements and thus permits the 
most effective use of system investment. It also largely 
eliminates the need for predicting the location and magni- 
tudes of future loads. Therefore, long-range distribution 
planning, which is at best based on scientific guesses, can 
be greatly reduced. 

II. TYPES OF DISTRIBUTION SYSTEMS 

Electric power was originally distributed by radial d-c 
systems which later developed into the well known d-c net- 
work system. For many years this was the standard form 
of distribution system for the heavy-density load areas 
where the distribution circuits are usually underground, 
such as in the business sections of the larger cities. Be- 
cause power could be transmitted only at the utilization 
voltage, the d-c system was not suitable for serving eco- 
nomically the more extensive lighter-load areas. After 
the introduction of alternating current into this country by 
George Westinghouse, these areas were served by over- 
head a-c systems of the radial type. The heavy-density 
load areas in many of the smaller cities, where it was felt 
that the necessity for service reliability did not warrant 
the expense of a d-c network system, were also fed from 
a-c radial systems. For that matter they still are. Most 
electric power today is distributed by a-c systems. The 
relatively few d-c distribution systems still in service are 
gradually being replaced by a-c systems. The following 
descriptions and discussions of distribution systems are 
confined to alternating current systems. 

1. The Radial System 

The radial type of distribution system, a simple form 
of which is shown in Figure ‘2, is the most common. It is 
used extensively to serve the light- and medium-density 
load areas where the primary and secondary circuits are 
usually carried overhead on poles. The distribution sub- 
station or substations can be supplied from the bulk- 
power source over radial or loop subtransmission circuits 
or over a subtransmission grid or network. The radial 
system gets its name from the fact that the primary 
feeders radiate from the distribution substations and 
branch into subfeeders and laterals which extend into all 
parts of the area served. The distribution transformers are 
connected to the primary feeders, subfeeders, and laterals, 
usually through fused cutouts, and supply the radial 

Fig. 2—Simple form of radial-type distribution system. 

secondary circuits to which the consumers’ services are 
connected. 

Oil circuit breakers arranged for overcurrent tripping 
are used to connect the radial-primary feeders to the low- 
voltage bus of their associated substation. When a short- 
circuit occurs on a feeder its station breaker opens and 
interrupts the service to all consumers supplied by the 
feeder. Manually-operated sectionalizing switches are 
often installcd at the junction of the subfeeders and 
the main feeder. When trouble on a subfeeder has been 
located the faulty section can be isolated by opening the 
proper witch, and service can be restored to the remain- 
der of the feeder before repairs are made. The purpose of 
the fuses in the primary leads of the distribution trans- 
formers is to open the circuit in case of trouble in a trans- 
former or on its associated secondary lines and prevent a 
possible shutdown of a considerable portion of the feeder 
or the entire feeder on such faults. The subfeeders and 
laterals are sometimes fused to prevent tripping the feeder 
breaker at the substation and thus reduce the extent of 
the outage when a fault occurs on one of them. Obviously, 
the transformer fuses, branch fuses, and feeder breaker 
should be properly coordinated so that the circuit will 
be opened at the proper point to keep the outage to a 
minimum. 

When a fault that is not self clearing develops on any 
section of the feeder, in one of its associated distribution 
transformers, or on one of its secondary circuits, a number 
of the consumers will be without service for a considerable 
period. All consumers connected to the feeder will, of 
course, be affected if the fault is located so as to cause the 
feeder breaker at the substation to open. Experience with 
faults on open-wire circuits has shown that deenergizing 
these circuits causes the faults to clear themselves in most 
cases. For this reason the feeder breakers are often made 
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to reclose automatically. The reclosing equipment pro- 
vides one, two, or three reclosures before the breaker is 
locked open. 

Fundamentally the advantages of the radial distribu- 
tion system are simplicity and low first cost. These result 
from a straightforward circuit arrangement, where a sin- 
gle or radial path is provided from the distribution sub- 
station, and sometimes from the bulk power source, to the 
consumer. With such a circuit arrangement the amount 
of switching equipment is small and the protective relay- 
ing is simple. Although simplicity and low first cost 
account for the widespread use of the radial system they 
are not present in all forms of the system. 

The lack of continuity of service is the principal defect 
of the radial system of distribution. Attempts to over- 
come this defect have resulted in many forms and arrange- 
ments of the radial system. Frequently the system is 
radial only from the distribution substations to the dis- 
tribution transformers. Because of the many system 
arrangements encountered it is sometimes difficult to de- 
termine in what major type a system should be classified. 
To aid in such classification and to follow more readily the 
discussion of radial systems, it should be remembered 
that a radial system is a system having a single path over 
which current may flow for a part or all of the way from 
the distribution substation or substations to the primary 
of any distribution transformer. 

Subtransmission.—Power is transmitted from the 
bulk power source or sources to the distribution substa- 
tions over the subtransmission circuits. These circuits 
may be simple radial circuits, parallel or loop circuits, or a 
number of interconnected circuits forming a subtrans- 
mission grid or network. Several factors influence the 
selection of the subtransmission arrangement for supplying 
distribution substations in a radial system. Two of the 
most important are cost and reliability of power supply 
to distribution substations. 

A radial arrangement of subtransmission circuits such 
as that shown in Fig. 3 results in the lowest first cost. 
This form of subtransmission is not usually employed be- 

Fig. 3—Simple form of radial type subtransmission circuits. 

cause of the poor service reliability it provides. A fault 
on a radial subtransmission circuit results in a service in- 
terruption to all loads fed over it. The economical use of 
subtransmission circuits and associated circuit breakers 
dictates that each subtransmission circuit carry a rela- 
tively large block of load. Thus a fault on a radial sub- 
transmission circuit results in the loss of considerable 
load, which usually means that a large area and many 
consumers are without service. 

An improved form of radial subtransmission is shown in 
Fig. 4. Each radial subtransmission circuit serves as a 

Fig. 4—Improved form of radial type subtransmission circuits. 

normal feed to certain distribution substation transform- 
ers and as an emergency feed to others. This arrangement 
permits quick restoration of service when a radial sub- 
transmission circuit is faulted. The substation trans- 
formers normally fed from the faulty circuit are each pro- 
vided with an emergency circuit to which they can be 
switched either manually or automatically. This arrange- 
ment does not prevent an extensive service interruption 
for a short time and requires spare capacity to be built 
into the radial subtransmission circuits. 

Because extensive service interruptions cannot often 
be tolerated, the subtransmission for a radial system 
usually takes the form of parallel or loop circuits or of a 
subtransmission grid. Whether a loop or a grid arrange- 
ment of subtransmission circuits is preferable will depend 
largely on conditions in the particular load area, such as 
the load distribution, the topography, and the number and 
location of the bulk power sources. 

A parallel- or loop-circuit subtransmission layout is 



shown in Fig. 5, on which no single fault, on any circuit 
will interrupt service to a distribution substation. All cir- 
cuits must be designed so that they will not be overloaded 
when any one circuit, is out of service. Two parallel cir- 
cuits are considered to be a sectionalized loop supplying 
one distribution substation. However, two parallel cir- 
cuits running over the same right-of-way are not nearly 
as reliable as two circuits following different, routes. A 
fault on one circuit may involve the other if the two cir- 
cuits are closely adjacent. This is not as likely to result, 
however, with cable circuits as with open-wire circuits. 

The term “loop” as used here should not be confused 
with the term “ring”. By loop is meant a circuit which 
starts from a power-supply point or bus and after running 
through an area returns to the same point or bus; where- 
as a ring is a circuit or circuits which start from a powcr- 
supply point or bus, tie together a number of power-sup- 
ply points or buses, and return to the starting point or 
bus. In other words, a ring is a loop from which substa- 
tions can be supplied and into which power is fed at, more 
than one point. The ring arrangement is quite often used 
for subtransmission. It is a simple form of subtransmission 
network, and as the system grows it very often develops 
into a grid. 

The network form of subtransmission is flexible in that 
it can readily be extended to supply additional distribu- 
tion substations in the area it covers with a relatively 
small amount of new circuit construction. It requires a 
large number of circuit breakers, however, and is difficult 
and costly to relay. The network or grid form of sub- 
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Fig. 5—A parallel- or loop-circuit subtransmission layout. 

transmission shown in Fig. 6 provides greater service re- 
liability to the distribution substations than the radial 
and loop forms of subtransmission. This is true particu- 
larly when the distribution system is supplied from two 
or more bulk power sources, because it is possible for pow- 
er to flow from any bulk power source to any distribution 

substation. This paralleling of bulk power sources through 
the subtransmission circuits also has the advantage of 
tending to equalize the load on the bulk power sources. 

In a large distribution system any two or even all of 
the above forms of subtransmission may be employed be- 

Fig. 6—Network or grid form of subtransmission. 

tween the bulk power sources and the various distribution 
substations, depending upon the service requirement of 
the different substations and economic considerations. 
The form of subtransmission employed is also influenced 
by the design of the distribution substations used. 

Distribution Substations.—Twenty years ago it was 
common practice to use large distribution substations. 
The transformer capacity in many of them lay between 
15000 and 30 000 kva. This, of course, meant that every 
reasonable precaution was taken to insure continuous 
power supply to these stations. It also meant that sys- 
tems employing these large stations contained a rela- 
tively small mileage of subtransmission circuits compared 
to the mileage of primary distribution circuits. Except 
in the areas of heavy load density this meant that the 
load was being carried too far at the lower distribution 
voltage and not, far enough at the higher subtransmission 
voltage to give an economical distribution system. The 
use of these large stations also resulted in a system not 
readily adapted to changing load conditions. The sub- 
station capacity could not be increased in small incre- 
ments economically to take care of load growth. Also as 
the load grew, it often grew away from the locations where 
it was assumed it would grow when the large substation 
locations were selected. This further increased the dis- 
tance over which the load had to be carried at distribu- 
tion voltage. Thus as time passed these systems became 
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even less economical than when first designed and in- 
stalled. In order to increase the economy and flexibility 
of distribution systems the trend during recent years has 
been toward the use of more and smaller distribution 
substations, with a resulting increase in the mileage of 
subtransmission circuits and a decrease in the mileage of 
primary distribution circuits. 

Along with the change in the size of distribution sub- 
stations has gone a change in the subtransmission arrange- 
ments used. This change has been a simplification of the 
subtransmission layout and as large a reduction in the 
number of high-voltage circuit breakers as is consistent 
with service requirements. These changes have led to an 
increased use of the radial form of subtransmission along 
with the simpler loop and network forms. There is also 
a growing tendency to treat a subtransmission circuit and 
its associated substation transformer or transformers as a 
unit, thus eliminating high-voltage circuit breakers and 
doing the necessary automatic switching on the low-volt- 
age side of the substation transformer. When this is done 
the high-voltage bus in the substation is omitted. In the 
larger substations however, it will at times prove eco- 
nomical to employ a high-voltage bus and omit the low- 
voltage bus. 

The economical sizes of distribution substations to em- 
ploy on a particular radial system depend on load density, 
subtransmission arrangement, unit cost of subtransmis- 
sion circuits, unit cost of primary distribution feeders, 
cost of land, and other factors. Because many factors in- 
fluence the economical design of a distribution system and 
because existing distribution plant and local conditions 
and requirements must be taken into account, many dis- 
tribution substation designs are required. Some of the more 
basic designs are illustrated and will be discussed briefly. 

Perhaps the simplest form of distribution substation is 
that shown in Fig. 7 (a). It consists of a high voltage dis- 
connecting switch, a transformer bank, and a primary- 
feeder breaker in the low-voltage leads of the transformer 
bank. The transformer bank can consist of three single- 
phase transformers or one three-phase transformer. Now 
that more small substations are being used the trend is 
definitely to the use of three-phase transformers. A three- 
phase transformer makes a neater and more compact 
substation, reduces the number of bushings, valves, and 
fittings to be inspected and maintained, and saves in- 
stallation time and expense. The use of single-phase trans- 
formers has the advantage of permitting open-delta opera- 
tion of the substation at reduced capacity, which is not 
possible when using a three-phase transformer. Modern 
transformers fail so rarely, however, that this disadvan- 
tage of the three-phase transformer is more than out- 
weighed by its advantages. When it is remembered 
that we are talking primarily about transformer banks of 
from 600 to 3000 kva it is often possible to keep a spare 
transformer at some central point. This transformer can 
be taken to any substation whose transformer fails. Such 
a procedure may, however, take considerable time par- 
ticularly if the transformer to be transported is large. A 
better solution to the problem of quickly restoring service 
from a small distribution substation whose three-phase 
transformer has failed is to have a portable substation, that 

can easily and quickly be taken to any of the distribution 
substation sites and connected temporarily to serve the 
load in such an emergency. 

The substations of Fig. 7 may or may not require volt- 
age regulating equipment. This equipment may take the 
form of automatic tap-changing-under-load, built into the 
transformer, or one or more separate voltage regulators. 
Tap-changing-under-load equipment on a three-phase 
transformer provides voltage regulation in the least space 
and usually at the lowest cost. For small substations 
with one primary feeder or relatively few low capacity 
primary feeders a single set of regulating equipment is 
usually sufficient to maintain satisfactory voltage on the 
load side of the substation transformer bank. Large sub- 
stations having many primary feeders of larger capacity, 

Fig. 7—Simplest forms of distribution substations. 

however, ordinarily require voltage regulators on all 
feeders. In these large substations it is sometimes satis- 
factory to employ bus regulation, as in the small substa- 
tions, supplemented by regulators on only a few of the 
primary feeders. Where this can be done it is usually more 
economical than using feeder regulators throughout. 

The single primary-feeder breaker of Fig. 7(a) is usually 
provided with overcurrent relays and automatic reclosing 
equipment. Its interrupting capacity need be equal only 
to the maximum fault current through the transformer. 
It should be remembered, however, that the interrupting 
rating of the breaker is affected by the reclosing cycle. 
In order to permit safe inspection and maintenance of the 
breaker, disconnecting switches are shown on both sides 
of it. If there is no possibility of the primary feeder being 
energized from another source at some point on the system, 
the disconnecting switch on the load side of the breaker 
can be omitted. However, switches on both sides of the 
breaker are preferable. If the load on the primary feeder 
cannot be carried by some other feeder or feeders, when the 
feeder breaker is tripped and its associated disconnects are 
opened, it must be dropped while the breaker is being in- 
spected or maintained.- Sometimes this is not permissible 
and then a by-pass disconnecting switch, connected as in- 
dicated by the dotted lines, should be used. By closing 
this by-pass switch and then opening the breaker and its 
two disconnecting switches, the breaker can be isolated for 
maintenance without interrupting service to the loads on 
its associated feeder. Should a feeder fault occur under this 
condition it must be cleared by the breaker in the sub- 
transmission circuit supplying the substation or by a 
breaker or fuses in the primary-feeder. Although the prob- 
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ability of a fault occurring while the primary feeder break- 
er is but of service is small, provision should be made for 
clearing the fault from the system without serious damage. 

For safety, ease of inspection and maintenance, and 
compactness, lift-up or draw-out type breakers are now 
quite commonly used as the primary-feeder breakers in 
distribution substations. These breakers provide the dis- 
connecting-switch features on each side of the breaker, 
as shown in Fig. 7(a), interlocked in such a way that the 
disconnects cannot be opened until the breaker is tripped. 
By having a spare breaker that can be inserted in place of 
the one removed, it is necessary to interrupt service to 

Fig. 8—1500 kva CSP power transformer in service in Pennsyl- 
vania. High voltage-13.2 kv delta; low voltage-22500/4340 Y. 

the load only for a very short time when work is to be 
done in a feeder breaker. If even a momentary interrup- 
tion is serious, a spare cell or compartment can be provided 
into which the spare breaker can be placed and closed 
in parallel with the breaker to be worked on before it is 
tripped and removed. Either of these arrangements has 
the advantage of leaving the primary feeder with normal 
protection against a fault that might occur while the 
normal feeder breaker is being serviced A spare breaker 
in almost all cases provides satisfactory inspection and 
maintenance facilities, and the expense of a spare cell or 
compartment to prevent a very short time interruption to 
service can rarely be justified. 

The substation shown in Fig. 7(b) is similar to that of 
Fig. 7(a) except that it has a low-voltage bus and several 
primary feeders instead of one. It is preferred to the 
single-feeder station where the magnitude or nature of 
the load is such that it is necessary or desirable to split 
the load between several primary feeders. Both of the 
stations of Fig. 7 are usually supplied over a single radial- 
subtransmission circuit. In each case the transformer is 
connected directly to the supply circuit through a discon- 
necting switch. The disconnecting switch should never 
be opened under load but should be capable of opening 
the transformer exciting current. To prevent accidental 
opening under load the switch should preferably be inter- 

locked with the primary feeder breaker or breakers SO 
that it cannot be opened unless this breaker or breakers 
are open. No breaker is used on the high-voltage side of 
the transformer bank because the possibility of trouble in 
a transformer or in the connections between the trans- 
former and the feeder breaker or breakers is remote. Con- 
necting the substation directly to the subtransmission 
circuit without a high-voltage breaker is no more likely 
to produce an outage of the circuit than is extending the 
subtransmission circuit a few hundred feet. Should a 
fault occur in the transformer bank or its low-voltage 
connections to the primary-feeder breaker or breakers, 
the breaker in the subtransmission or supply circuit trips 
to clear the fault. Sometimes the rating of the transformer 
bank is so small in comparison with the rating of its asso- 
ciated supply circuit that the current flowing to a fault 
in the transformer winding or between the transformer 
and the primary feeder breaker or breakers is insufficient 
to trip the breaker in the supply circuit. To prevent dam- 
age to the transformer under such a condition and to 
disconnect the substation from the supply system, fuses 
or protective links can be inserted in the high voltage 
leads of the transformer either inside the transformer tank 
or external to it. These protective links must be properly 
coordinated with the feeder-breaker relaying so that their 
blowing time is longer than the tripping time of a feeder 
breaker for all currents that can result from faults on the 
low-voltage side of the transformer. 

Instead of fuses or protective links on the high side of 
the transformer, where the substation capacity is small 
compared with that of its associated subtransmission cir- 
cuit, a circuit breaker can be used. Because of the high 
voltage of the supply circuit and the fact that the inter- 
rupting duty on the high-voltage breaker is determined 
by the characteristics of the supply system, the cost of 
such a breaker is likely to be out of proportion to the cost 
of the remainder of the small substation and excessive for 
the amount of load controlled. For a single-circuit sub- 
station such as shown in Fig. 7(a) it is sometimes possible 
to justify a breaker on the high-voltage side of the trans- 
former by omitting the primary-feeder breaker on the 
load side of the transformer. If the feeder breaker is 
omitted a disconnecting switch can be used in its place to 
insure complete isolation of the transformer where neces- 
sary. When using only a high-voltage breaker its over- 
current relays must be set to trip on both transformer and 
primary feeder faults. Except in the case of a cable feeder, 
it is desirable to have the breaker automatically reclose 
on feeder faults but it is undesirable to have it reclose on 
a fault in the transformer. Relaying to accomplish this 
becomes unduly complicated and questionable in opcra- 
tion. Thus it, is usually desirable to retain the primary- 
feeder breaker when a high-voltage breaker is used. In 
the multiple-feeder station of Fig. 7(b) the primary- 
feeder breakers are used either with or without a high- 
voltage breaker on the supply side of the transformer. 

A distribution substation with a single subtransmission 
supply circuit will often be subjected to too many outages 
of considerable duration to be satisfactory, because of 
faults on the supply circuit that must be located and re- 
paired before service can be restored. In order to restore 
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service quickly when a fault occurs on the substation’s 
normal supply circuit, an alternate supply circuit can be 
brought to the substation and a double-throw disconnect- 
ing switch or two interlocked disconnecting switches used 
on the high-voltage side of the transformer as shown in 
Fig. 9. When the normal supply circuit is deenergized be- 
cause of a fault on it, the substation transformer can be 
manually connected to its alternate supply circuit by the 
double-throw disconnecting switch and service thus 
quickly restored to the loads fed through the substation. 
After the normal supply circuit is repaired and reenergized 
it is usually desirable to reconnect the substation to it. 
To do this the disconnecting switch must be capable of 
interrupting the transformer exciting current, or the alter- 
nate supply circuit must be deenergized when the transfer 
is made. Deenergizing the alternate circuit involves un- 
due complication and is usually impractical because the 
alternate feed to this substation also supplies some other 
substation or substations. Because most disconnecting 
switches are incapable of interrupting load current, the 
double-throw switch should be interlocked so that the 
primary-feeder breaker or breakers must be open before 
the switch can be moved from one position to another. In 
a multiple-feeder substation such as that shown in Fig. 
9(b) it may be desirable to use a transformer breaker in the 
secondary leads of the transformer as shown in order to 
simplify the switching procedure and the interlock cir- 
cuits. 

The double-throw disconnecting switch of Fig. 9(a) 

Fig. 9—Distribution substations with alternate subtransmis- 
sion supply to reduce duration of service interruptions. 

and (b) can be replaced by two manually-operated high- 
voltage breakers, one in each supply circuit, interlocked 
so that only one can be closed at a time. If this is done, 
no interlocks with the primary-feeder breaker or breakers 
are necessary to prevent opening load current. Where 
high-voltage breakers are used the transformer breaker is 
in practically all cases omitted. To do this switching with 
breakers, particularly oil breakers, they should be capa- 
ble of interrupting any fault current that might flow 
through them, because of the remote possibility that a 
fault may occur while performing the manual transfer. 

The decision between the use of a disconnecting switch or 
breakers is primarily an economic one and the cost will 
usually favor the disconnecting switch. 

The station layouts discussed in connection with Fig. 9 
(a) and (b) permit reasonably quick restoration of serv- 
ice when a fault occurs on the subtransmission circuit 
supplying the station. This ability to restore service is 
dependent on arranging the two circuits to each station 
so that a fault on one does not involve the other. A trans- 
former failure, however, causes a relatively long inter- 
ruption of service to the loads fed by the substation. 

Fig. 10—Distribution substations with duplicate transformers 
and subtransmission circuits to reduce duration of service 

interruptions due to transformer failures. 

Such interruptions are infrequent but sometimes are 
serious. To guard against relatively long service inter- 
ruptions resulting from transformer trouble, substations 
as shown in Fig. 10 can be used. Because two subtrans- 
mission circuits are brought to each substation to allow 
quick restoration of service when a fault occurs on one of 
them, as discussed in connection with Fig. 9, the substa- 
tion transformer capacity can be divided into two banks 
and one bank normally connected to each supply circuit. 
With one transformer out of service the remaining bank 
should be able to carry the entire substation load. Using 
self-cooled transformers this requires 100 per cent spare 
transformer capacity in the station. By equipping each 
of the transformers with automatic air-blast, however, 
the rating of each of the two banks can be reduced to 75 
per cent of the substation rating, or in other words the 
amount of spare self-cooled transformer capacity can be 
reduced to 50 per cent. The use of three supply circuits 
and three transformer banks further reduces the spare 
transformer capacity. 

The distribution substation shown in Fig. 10(a) is 
similar to that of Fig. 7(b) except that two supply cir- 
cuits are run to the station and the transformer capacity 
is divided into two banks. Each of the two banks has 
a self-cooled rating approximately equal to 75 per cent of 
the substation rating and is equipped with automatic 
air-blast. The station is normally operated with the low- 
voltage bus split into two sections so that each trans- 
former supplies half of the substation load. This method 
of operation has the advantage of reducing the short- 
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circuit duty on the primary-feeder breakers. Supplying 
the load from two separate bus sections instead of con- 
necting all primary feeders to a single bus means less 
advantage is normally taken of the diversity between 
primary feeders. This has no effect on the amount of 
substation transformer capacity required, however, be- 
cause this capacity is determined by the condition of one 
transformer out of service, at which time the bus is 
operated closed and full diversity among all primary 
feeders is obtained. To prevent the two transformers 
operating in parallel the load-break disconnecting switch 
or breaker between the two bus sections is interlocked so 
that it cannot, be closed unless one of the two discon- 
necting switches in the secondary leads of the trans- 
formers is open. When a fault occurs in one of the supply 
circuits or its associated transformer the supply-circuit 
breaker trips and deenergizes the supply circuit and trans- 
former thus dropping half of the substation load. This 
load can be picked up in a relatively short time, however, 
by opening the low-voltage disconnecting switch asso- 
ciated with the deenergized transformer and then closing 
the switch between the two bus sections. The entire load 
of the substation, after this switching operation, is carried 
through the one remaining transformer. If the fault is in 
the deenergized transformer and not in its associated 
supply circuit, the supply circuit can be reenergized to 
feed other stations connected to it after the disconneoting 
switch on the high-voltage side of the defective transformer 
has been opened. When the defective supply circuit or 
transformer is repaired or replaced the transformer dis- 
connecting switch should be closed before the bus sectional- 
izing switch or breaker is opened to prevent dropping 
load. To insure against operating the transformers in 
parallel, except momentarily, it is best to use a bus-sec- 
tionalizing breaker which automatically trips when both 
low-voltage transformer disconnecting switches are closed. 

The substation illustrated in Fig. 10(b) is similar to 
that of Fig. 9(b) except that the transformer capacity is 
divided between two banks and the low-voltage bus is 
normally operated in two sections just as described for 
the station of Fig. 10(a). This substation differs from that 
of Fig. 10(a) in that the only time both transformers cannot 
be used to supply the substation load is when one trans- 
former fails. If a fault develops on a subtransmission cir- 
cuit the associated transformer can be switched to the re- 
maining supply circuit, after its low-voltage breaker has 
been opened, thus making both transformers available for 
carrying the substation load. In both of the substations 
of Fig. 10 the switching is so arranged that the two trans- 
formers cannot be operated in parallel except momentarily. 
This reduces the short-circuit duty on the primary-feeder 
breakers when compared with the stations of Figs. 7(b) 
and 9(b) having the same load ratings. 

All substations discussed thus far have involved an 
outage to all or a part of their load when a fault occurred 
in a transformer or on the associated subtransmission cir- 
cuit. The stations differ in the extent of the outage and 
in the length of time required to restore service to the 
affected loads, and in each case the restoration of service 
requires some manual switching. By additional expense a 
marked decrease in service restoration time can be secured 

by using automatic throw-over substations such as those 
in Fig. 11. The substation shown in Fig. 11 (a) is similar 
to that of Fig. 9(b) except that two high-voltage breakers 
have been used to obtain the automatic throw-over fea- 
ture. Only the breaker associated with the normal supply 
circuit is ordinarily closed. When a fault occurs on that 
circuit the breaker trips because voltage is absent. Its 
opening causes the other high-voltage breaker in the 
alternate supply circuit to close. The return to the normal 
supply circuit after repairs have been made can be either 
manual or automatic. If the two supply circuits cannot 
be momentarily paralleled the advantage of using manual 
reconnection is that the substation can be switched to its 
normal circuit when a short service interruption is least 
objectionable. An automatic reconnection functions to 
switch the transformer to its normal supply circuit when 
the circuit is reenergized at about normal voltage. The 
substation shown in Fig. 1 l(b) is similar to the station of 

Fig. 11—Throw-over type distribution substations to auto- 
matically restore service and minimize the duration of service 
interruptions resulting from subtransmission or transformer 

faults. 

Fig. 10(a) except for the use of breakers in the low-voltage 
leads of the transformers and between the two bus sec- 
tions to obtain the automatic throw-over feature. The 
bus sectionalizing breaker is open under normal operating 
conditions. It is arranged to close automatically when 
either of the transformer breakers open, and to reopen 
when both transformer breakers are closed. This opening 
of the sectionalizing breaker after both transformer break- 
ers are closed has the advantage of not dropping load when 
returning to normal operating conditions. Sometimes it 
is objectionable to parallel the two supply circuits even 
momentarily. Then the sectionalizing breaker is arranged 
to trip when there is about normal voltage on the low- 
voltage side of both transformers. The tripping of the 
sectionalizing breaker in this case is arranged to close 
whichever transformer breaker is open. When a supply 
circuit or transformer fault occurs the associated supply 
circuit breaker trips. Because of loss of voltage the trans- 
former breaker associated with the deenergized trans- 
former opens. The opening of this breaker causes the bus- 
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sectionalizing breaker to close and quickly reenergize the high- and low-voltage breakers are closed the low-voltage 
deenergized bus section through the good transformer. bus sectionalizing breaker opens. This sectionalizing 
Thus the half of the substation load that was dropped as breaker is arranged to close when either of the low-voltage 
a result of the fault is automatically picked up within a transformer breakers are opened, and to open when both 
second or two by connecting it to the good transformer of these breakers are closed if the voltage on the trans- 
and subtransmission circuit. After the faulted supply cir- former side of both is about normal. This voltage check 
cuit or transformer is repaired and about normal voltage prevents the accidental dropping of half the substation 
is restored on the low-voltage terminals of the transformer, load should an attempt be made to return the transformer 
the associated transformer breaker automatically re- to service by closing its low-voltage breaker without first 
closes-either just before or just after the sectionalizing closing its high-voltage breaker. Should the resulting 

breaker trips, depending upon the control scheme used- momentary paralleling of the two supply circuits through 
thus restoring the station to its normal operating condition. the substation transformers be objectionable, the section- 

In the station just discussed either a supply circuit or 
a transformer fault results in the loss of half the trans- 
former capacity until repairs can be made. By employing 
both high-side and low-side throw-over in a two trans- 
former substation as shown in Fig. 1 l(c) all transformer 
capacity can be utilized at all times except when a trans- 
former fault occurs, just as in the case of the manual 
throw-over station of Fig. 10(b). The low-side throw- 
over functions similar to that of the station shown in Fig. 
11 (b). The high-side throw-over requires the use of three 
high-voltage breakers connected as shown in Fig. 11 (c). 
Normally the substation operates with both bus-sectional- 
izing breakers open and with half of the station load sup- 
plied over each subtransmission circuit and through each 
transformer. The high-voltage sectionalizing breaker is 
interlocked with the two high-voltage transformer break- 
ers so that it closes when either of these breakers opens, 
because of loss of voltage on its supply side, and opens 
when both of these breakers close. If the momentary 
parallel of the two supply circuits resulting from this 
method of control is objectionable, the sectionalizing break- 
er can be made to open when about normal voltage exists 
on the supply side of both high-voltage transformer break- 
ers. The opening of the sectionalizing breaker, in this 
case, causes the open transformer breaker to close. The 
sectionalizing breaker is also equipped with overcurrent or 
differential relaying inasmuch as it also functions as a 
transformer breaker when either supply circuit is de- 
energized. When a supply-circuit fault occurs the circuit 
is disconnected from the system by the circuit breaker at 
its source end. The removal of voltage from the supply 
circuit causes the associated high-voltage transformer 
breaker to open. As a result the high-voltage sectionalizing 
breaker closes and reenergizes the deenergized transformer 
and low-voltage bus section over the good subtransmission 
circuit. Restoration of voltage to the faulty supply circuit 
after repairs are made causes the associated high-voltage 
transformer breaker to reclose and the high-voltage sec- 
tionalizing breaker opens and restores the station to its 
normal operating condition. 

Fig. 12-Distribution substations with duplicate supply cir- 
cuits to eliminate serviceinterruptionsdue tosubtransmission 

faults. 

alizing breaker can be arranged to open when the voltage 
on the supply side of both high-voltage transformer break- 
ers is about normal. The opening of the low-voltage sec- 
tionalizing breaker causes the open low-voltage trans- 
former breaker to close. 

Automatic-throwover distribution substations can rare- 
ly be justified except where the two subtransmission cir- 
cuits supplying the station cannot be paralleled and quick 
restoration of service is necessary after a supply circuit or 
transformer fault occurs. To obtain the automatic-throw- 
over feature several more circuit breakers are usually re- 
quired than in the substations previously discussed and 
the control of these breakers is relatively complicated. 
Substations can be built, using no more circuit breakers 
and simpler relaying, that prevent even a momentary 
service interruption when a subtransmission-circuit or 
transformer fault occurs. 

When a transformer fails its associated high- and low- 
voltage breakers are tripped by the overcurrent relays of 
the high-voltage transformer breaker or by differential 
relaying. They remain open until manually reclosed. The 
opening of the low voltage transformer breaker causes the 
low-voltage bus-sectionalizing breaker to close and connect 
half of the substation load, which was temporarily dropped, 
to the good transformer. After the defective transformer 
is repaired or replaced and its associated high-voltage or 

Two types of distribution substations that continue to 
supply all of their load when a supply circuit fault occurs 
are shown in Fig. 12. The two supply circuits for the 
substation of Fig. 12(a) are connected to a high-voltage 
bus through circuit breakers. These breakers arc normally 
controlled by directional-overcurrcnt relays that trip when 
fault current flows from the substation high-volt)age bus 
toward the power source. When a fault occurs on a supply 
circuit the associated high-voltage breaker at the sub- 
station and the breaker at the source end of the circuit trip 
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and disconnect the faulty circuit from the system. The 
substation continues to be supplied over the good sub- 
transmission circuit with a voltage dip as the only disturb- 
ance to its loads. The two high-voltage breakers at the 
substation are also equipped with over-current relays, 
which have a longer time setting than the directional- 

Fig. 13—Distribution substations with duplicate supply cir- 
cuits and transformers to eliminate service interruptions due 

to subtransmission or transformer faults. 

overcurrent relays previously mentioned, to trip both 
breakers if the transformer fails. The opening of these two 
breakers when the transformer fails may be objectionable 
because the two supply circuits may be parts of a loop or 
ring that should be continuous. The substation can be 

modified by the addition of a high-voltage transformer 
breaker as shown in Fig. 12(b) so that the supply-circuit 
breakers do not open when a transformer fault occurs. 
Supply-circuit faults in this station are cleared just as they 
are in the station of Fig. 12(a), however, transformer faults 
are cleared by the high-voltage transformer breaker. A 
transformer fault in either of the substations of Fig. 12 
causes an interruption to the station load until the defec- 
tive transformer can be repaired or replaced. 

The loads supplied by substations shown in Fig. 13 are 
not interrupted when a transformer or supply-circuit fault 
occurs. In these stations the transformer capacity is di- 
vided between two units so that if one transformer fails 
the other carries the entire load. Each transformer prefer- 
ably has a self-cooled rating equal to about 75 per cent of 
the substation rating and should be equipped with auto- 
matic air-blast as discussed in connection with the sub- 
stations of Fig. 10. 

A high quality of service with minimum equipment is 
provided by the substation shown in Fig. 13(a). Each 
transformer is operated as a unit with its associated sub- 
transmission circuit and has only a disconnecting switch 
on its high-voltage side. The breaker in the low-voltage 
leads of the transformer is controlled by directional-over- 
current relays arranged to trip when current flows from the 
substation bus toward the transformer. These relays are 
given a short time setting and operate when a transformer 
or supply-circuit fault occurs. The breaker is also equipped 
with overcurrent relays, with a longer time setting, to pro- 
tect against low-voltage bus faults. When a supply-circuit 
or transformer fault occurs the associated low-voltage 
transformer breaker opens. The breaker at the source end 
of the supply circuit also opens and completely disconnects 
the circuit and associated transformer from the system. 

The substation of Fig. 13(b) provides the same quality 

Fig. 14-A 1500 kva open structure substation and a 3000 kva unit substation on a power system in the midwest. High voltage 
-13.2 kv; low voltage 4160 volts. 
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of service as the station just described, however, both 
transformers remain in service when a supply-circuit fault 
occurs. To accomplish this a high-voltage bus and three 
high-voltage breakers, all of which are normally closed, 
are required. In addition to maintaining both transform- 
ers in service when a supply circuit fault occurs, this sub- 
station differs from the station of Fig. 13(a) in that the 
two supply circuits are tied together through the high- 
voltage sectionalizing breaker with negligible impedance 
between them instead of being connected through the im- 
pedance of the two substation transformers in series. 
Such a tie with low impedance is necessary where the two 
supply circuits are parts of a subtransmission loop, ring, 
or grid. The two high-voltage transformer breakers are 
equipped with directional-overcurrent relays to trip in the 
event of a supply circuit fault. Overcurrent relays, with a 
longer time setting, or differential relays are used to trip 
these breakers on a transformer or high-voltage bus fault. 
The high-voltage bus-sectionalizing breaker is also con- 
trolled by overcurrent or differential relays to trip only 
when a transformer or high-voltage bus fault occurs. The 
low-voltage transformer breakers are relayed either sim- 
ilar to those of the station of Fig. 13(a) or with overcurrent 
and differential relays. The relay coordination in this sub- 
station, however, is such that each of these breakers trips 
only on low-voltage bus faults and on faults in its asso- 
ciated transformer and high-voltage bus section. Upon 
the occurrence of a supply-circuit fault the circuit is dis- 
connected from the substation by the opening of the asso- 
ciated high-voltage transformer breaker. The station load 
is then carried over the good supply circuit and through 
both transformers. A transformer fault is cleared by the 
high-voltage bus-sectionalizing breaker and its associated 
high- and low-voltage transformer breakers. This leaves 
the substation load supplied through the good transformer 
and over its associated supply circuit only. 

It may be objectionable to have a subtransmission loop, 
ring, or grid open on a substation transformer fault as 
would occur with the station of Fig. 13(b). This can be 
prevented by using four high-voltage breakers as shown in 
Fig. 13(c). The two subtransmission breakers at the sub- 
station are relayed to trip by means of directional-over- 
current and overcurrent or differential relays to protect 
against supply circuit and high-voltage bus faults, respec- 
tively. Each transformer may have its associated breakers 
controlled by differential relays to protect against trans- 
former failures. The low-voltage transformer breakers are 
equipped with overcurrent relays to protect against low- 
voltage bus faults. A supply circuit fault is cleared from 
the station by the associated subtransmission breaker at 
the substation. When a transformer fault occurs its high- 
and low-voltage breakers open and disconnect the trans- 
former from the system. The substation load is then fed 
over both supply circuits and through the good trans- 
former. 

In all of the distribution substations discussed a low- 
voltage bus fault interrupts service to all or a part of the 
substation load for a relatively long time until repairs can 
be made or the primary feeders can be temporarily con- 
nected to a portable substation. This is also true of a, 
high-voltage bus fault in most stations. The likelihood of 

such faults in a modern unit substation is remote, and if 
small substations of 3000 kva or less are used the consc- 
quences of these bus faults are minimized. They can be 
further minimized by the design of the distribution sys- 
tems primary feeder layout, as discussed later. By the 
term modern unit substation is meant a complete substa- 
tion factory built and tested. Such a substation usually 
consists of one or more three-phase transformers equipped 
with automatic tap-changing-under-load, the necessary 
high-voltage disconnecting switches or breakers, and the 
low-voltage breakers and bus work. The switchgear sec- 
tion or sections, containing all necessary disconnecting 
switches, buses, circuit breaker, relays, and auxiliaries, are 
completely metal enclosed and mount on or bolt directly 
to the associated transformer or transformers. This gives 
a completely metal-enclosed weatherproof substation con- 
sisting of one or more sections that can be readily handled 
as a unit or in sections and bolted together on the site. 
Provision is usually made for bringing the subtransmission 
and primary-feeder circuits into the unit or units under- 
ground so as to avoid all overhead structures and conges- 
tion of overhead circuits near the station. If desired the 
smaller unit stations, instead of being installed outdoors, 
can be constructed for subway service and installed in 
vaults or manholes underground. Such construction is 
usually very expensive but at times can be justified be- 
cause of the difficulty of obtaining a site for the substation 
in the neighborhood where it should be located. In certain 
locations it is necessary to enclose the unit substation 
within an ornamental wall or building, which may have 
the appearance of a private residence. In such installa- 
tions a standard outdoor unit substation can be used, or 
if it is located in a building the switchgear can be of unit 
indoor cubicle construction with the transformer or trans- 
formers bolted directly to it. 

In building service reliability into a substation, and par- 
ticularly into a relatively small station where the magni- 
tude of the outage is not too great, it should be remem- 
bered that regardless of how much reliability is built into 
the substation a fault on a primary feeder energized from 
the station bus will interrupt an appreciable amount of 
load. Another thing to remember when selecting the type 
of distribution substation for a particular job is that the 
probability of a fault in a subtransmission circuit is much 
greater than in a substation transformer. Also if the sub- 
station is small the amount of load that may be affected 
by the subtransmission-circuit fault is much greater. Be- 
cause of these facts a few of the types of distribution sub- 
stations already discussed will take care of the majority of 
distribution requirements where relatively small substa- 
tions are economical. In general small distribution sub- 
stations promote system flexibility. System studies indi- 
cate that such substations usually offer economic advan- 
tages when considering the distribution system as a whole. 

Sometimes, however, in congested areas with high load 
densities relatively large substations of about 10 000 kva 
or larger are economical. Because of the magnitude and 
the importance of the load involved a high degree of reli- 
ability is often built into these stations. These large sub- 
stations may be similar to some of the types previously 
discussed, particularly those of Figs. 12 and 13. In view 
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of the seriousness of a bus fault in such a large substation 
it is sometimes desirable to use some type of double-bus 
substation. One such station is shown in Fig. 15. This 
station is similar in layout and operation to the substation 
of Fig. 13(c), except for the double-bus feature. 

Normally the station is operated with all double-throw 
disconnecting switches or selector switches in the positions 

Fig. 15—Distribution substation with high- and low-voltage 
double bus to permit isolating bus faults. 

shown, so that all circuits and transformers are connected 
to the two main buses. Differential relays associated with 
the breakers in the subtransmission circuits at the substa- 
tion and the high-voltage transformer breakers trip all of 
these breakers when a high-voltage main-bus fault occurs 
thus dropping the entire station load. Service can be re- 
stored quickly to all loads, however, by closing all high- 
voltage selector switches to their auxiliary-bus positions 
and then reclosing the high-voltage transformer and sup- 
ply-circuit breakers. This leaves the station with all 
breakers in service and complete protection while the de- 
fective bus is being repaired. Similarly a fault on the low- 
voltage main bus is cleared by its differential relays trip- 
ping all low-voltage transformer breakers and primary- 
feeder breakers. The primary-feeder breakers need not be 
opened if there is no possibility of a back feed over any 
primary feeder. However, they are usually tripped as a 
matter of safety. Such a bus fault completely interrupts 
service to the substation load, but this load can be picked 
up in a short time by closing all low-voltage selector 
switches to their auxiliary-bus positions and reclosing the 
low-voltage transformer breakers and the primary-feeder 
breakers. A normally closed bus-tie breaker can be used 
between the two low-voltage buses with half the primary 
feeders ordinarily connected to each bus. This reduces the 
amount of load dropped when a low-voltage bus fault 
occurs by about one half, but it complicates the low- 
voltage bus relaying. 

While bus regulation in the form of automatic tap- 

changing-under-load on the substation transformer or 
transformers is often satisfactory for small substations, 
individual feeder regulators are usually required on some 
or all of the primary feeders in the larger substations as 
shown in Fig. 15. These regulators may replace automatic 
tap-changing-under-load on the substation transformers. 
At times, however, it is economical to use the individual 
feeder regulators only on the feeders where needed to sup- 
plement bus regulation. 

In a large distribution substation similar to that of Fig. 
15, or a less elaborate large substation laid out similar to 
one of the stations of Fig. 13, the short-circuit current 
which the primary feeder breakers must interrupt becomes 
very large. Also as the capacity of such a station increases, 
the short circuit duty on the primary feeder breakers in- 
creases. As the station grows this duty may exceed the 
interrupting rating of the original feeder breakers. This 
high short-circuit duty on the primary-feeder breakers 
means relatively expensive feeder breakers. 

A substation which provides substantially the same 
quality of service and with much lower short-circuit duty 
on the primary-feeder breakers is shown in Fig. 16. Also 
the station capacity can be increased indefinitely without 
increasing the maximum short-circuit current the primary- 
feeder breakers must interrupt. The marked reduction in 
short-circuit duty on the primary-feeder breakers follows 
because each transformer and primary feeder is operated 
as a unit with all selector switches normally in the posi- 
tions shown. Since the transformers are not paralleled on 
their low-voltage sides the short-circuit current which each 
primary-feeder breaker can be called upon to interrupt is 
limited by the impedance of its associated transformer. 

Fig. 16—Distribution substation with high-voltage double bus 
and low-voltage auxiliary bus and individual transformation 
in each primary feeder resulting in relatively low interrupting 

duty on feeder breakers. 

Each transformer is relatively small because its capacity 
is equal to that of its associated feeder, which will usually 
be from 1000 to 2000 kva. To prevent a transformer fault 
interrupting service to its associated feeder for a relatively 
long time pending repairs or replacement an auxiliary low- 
voltage bus is provided and arrangements are made so that 
any one primary feeder can be switched from its associated 
transformer to the auxiliary bus. The auxiliary low-volt- 
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age bus is energized through a spare transformer shown on 
the right in Fig. 16. This transformor is ordinarily of the 
same capacity as each of the feeder transformers, because 
such a station is usually designed on the basis that only one 
primary feeder is connected to the auxiliary low-voltage 
bus at any one time. The saving in low-voltage breaker 
cost may or may not be offset by the increased transformer 
cost. The transformer cost is increased primarily because 
the transformer capacity is made up of a relatively large 
number of small units. Also since the transformers arc not 
paralleled on their load sitlcs advantage cannot be taken of 
the diversity between primary feeders to reduce the station 
transformer capacity as is done in a substation such as that 
of Fig. 15. This tendency to require more transformer 
capacity is usually more than offset, however by the much 
smaller spare transformer capacity required. The rel- 
atively large number of transformers required in such a 
station often would result in excessive high-voltage trans- 
former breaker cost. For this reason high-voltage fuses or 
protective links as shown in Fig. 10 arc ordinarily used 
with each small transformer. Except for this substitution 
of fuses for breakers the high-voltage side of this station 
is similar to that of the station in Fig. 15. Individual feed- 
er regulation can be and usually is provided in a stat ion of 
this type by means of automatic tap-changing-under-load 
on each transformer. 

The feature of unit operation of each primary feeder 
with its own relatively small transformer and one similar 
spare transformer for all feeders can be applied to a sub- 

stat ion having only a single high-voltage bus such as the 
station of Fig. 13 (1) as 11 as to a double high-voltage buss 

station. Such a substation, unlike most large stations, is 
very flexible in that its capacity can bc increased econom- 
ical1y in relatively small steps and thus kept close at all 
times to that required to serve its load. 

Primary Feeders-As has already been explained a 
radial type of distribution system usually is not radial 
from the bulk power source or sources to the low-voltage 
buses of the distribution substations. The primary feeders 
from the substation low-voltage buses to the primaries of 
the distribution transformers, however, are in all cases 

radial circuits, and the system is usually radial from the 
substation ion low voltage buses to the consumers’ services. 
The radial primary feeders are principally responsible for 
the lack of service continuity provided by most radial dis- 
tribution systems. A fault on any one of the radial pri- 
mary-feeder circuits results in an outage to many consum- 
ers. With the radial type of distribution system these 
service interrupt ions cannot be prevented. The amount of 
load dropped when certain primary-feeder faults occur can 
decreased, however, and service often can be restored 
promptly to all or a part of the consumers affected. 

A simple form of primary feeder is shown in Fig. 17(a). 
The main primary feeder branches into several subfeeders 
which in turn divide into a number of primary laterals so 
as to reach all of the distribution transformers in the area 
served by the primary feeder. The main feeder and sub- 
feeders are ordinarily three-phase three- or four-wire cir- 

Fig. 17—Simple form of radial primary feeder. 

(a) Without subfeeder fuses. (b) With subfeeder fuses to reduce the number of 
consumers affected by subfeeder faults. 
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cuits and the primary laterals can be either three-phase or 
single-phase circuits. Most primary laterals are usually 
single-phase circuits. The distribution transformers are 
connected to the various parts of the primary feeder 
through primary fuses or fused cutouts. These transform- 
ers are both three-phase banks and single-phase; however, 
the great majority of them are ordinarily single-phase. 

When a fault occurs anywhere on the primary feeder 
of Fig. 17 (a) the primary-feeder breaker at the substation 
trips and deenergizes all loads connected to the feeder. 
Where the feeder is of overhead open-wire construction 
the fault may be temporary, such as an insulator flashover 
or an arc between conductors which clears itself when the 
primary-feeder breaker trips. In such cases when the 
feeder breaker is reclosed it remains closed. To restore 
service quickly when primary-feeder breakers trip on 
temporary faults these breakers, on overhead open-wire 
feeders, are usually equipped with automatic reclosing 
relays. The reclosing relaying ordinarily provides for two 
or three reclosures at intervals of several seconds. If the 
fault has not cleared itself after the second or third re- 
closure it is in nearly all cases of a permanent nature and 
the breaker trips a third or fourth time and is locked open. 
Most temporary faults will clear themselves upon the first 
opening of the primary-feeder breaker, and to restore 
service as quickly as possible in these cases the first re- 
closure is often made without, any time delay. Experience 
indicates that in many cases 80 per cent or more of the 
faults on open-wire primary feeders are temporary. This 
means in the majority of cases service can be quickly 
restored when faults occur on such feeders by making the 
primary-feeder breakers automatic reclosing. If the fault 
on the primary feeder of Fig. 17 (a) is permanent, all of 
the feeder load is without service until the fault can be 
located and repairs made. On an overhead open-wire cir- 
cuit that does not cover too large an area and contain too 
many miles of circuit the fault can usually be located and 
repaired in a few hours. 

If the conductors of the primary feeder of Fig. 17 (a) 
are cables most faults on the feeder will be permanent. 
Because of this an automatic-reclosing feeder breaker is 
rarely used on a cable feeder. The likelihood of faults on 
such a feeder are much less than on an overhead open- 
wire feeder; however, the time required to locate and 
repair a cable-feeder fault will be much greater. This 
means there will be fewer outages on such a feeder than 
on an open-wire feeder but all customers will be without 
service for a much longer time when a fault occurs. It 
will often require a half day or more to locate and repair 
such a fault. To reduce the number of consumers affected 
by many of these long service interruptions the primary 
feeder and its branches or subfeeders are often fused as 
shown in Fig. 17 (b). When a fault occurs on a primary 
lateral or subfeeder the associated subfeeder fuse blows 
and disconnects the faulty section from the remainder of 
the primary feeder. This confines the outage to only a 
portion of the feeder load and may decrease the duration 
of the outage somewhat because less time may be required 
to locate the fault. 

In applying feeder and branch or subfeeder fuses care 
must be taken that they are properly coordinated with 

the primary-feeder breaker, the distribution transformer 
fuses, and with each other so that the first fuse on the 
supply side of the fault and only that fuse will blow. This 
means that on any current flowing to a fault the fuse 
adjacent to the fault must blow before any other fuse that 
carries the fault current will be damaged. For any possible 
value of fault current all fuses must have a blowing time 
less than the tripping time of the primary-feeder breaker. 
Where the percentage of permanent faults is large, as in 
the case of cable feeders, sectionalizing the feeder with 
fuses will improve the quality of service rendered. On 
feeders where most faults are temporary and where auto- 
matic-reclosing breakers are used, such as overhead open- 
wire feeders, the use of feeder-sectionalizing fuses is ques- 
tionable. This is because many fuse blowings will occur 
on temporary faults and cause an outage to a portion of 
the feeder load until a complaint is received and the fuse 
can be replaced. If sectionalizing fuses are not used the 
entire feeder load will be dropped on these temporary 
faults, but service will be restored to all loads in a few 
seconds by the reclosing of the feeder breaker. 

The objection to fusing these overhead feeders can be 
overcome, at least to a considerable extent, by using two- 
or three-shot repeater fuses. When repeater fuses are used 
they must be closely supervised, otherwise they may be 
left in operation with only one fuse unblown. Then when 
another temporary fault occurs in the section an outage 
to the load fed from that section will occur until the fuse 
is replaced just as when using single fuses. 

Perhaps a better method of overcoming the difficulty 
of having sectionalizing fuses blow on temporary faults is 
to use single fuses and relay the primary-feeder breaker 
so that it trips substantially instantly on all feeder faults. 
Thus when a fault occurs anywhere on the feeder the 
feeder breaker trips before any sectionalizing fuse has time 
to blow. This first tripping of the breaker modifies its 
relay control so that its second and subsequent trippings 
take place in the usual way only after some time delay. 
When the breaker recloses the first time it remains closed 
if the fault has cleared itself, and if not, fault current flows 
long enough to blow the fuse adjacent to the fault on the 
supply side. Thus no fuse blowings occur on most tem- 
porary faults because they clear themselves on the first 
deenergization of the feeder. 

Permanent faults and the few temporary faults that do 
not clear themselves when the feeder is deenergized the 
first time are cleared by the sectionalizing fuses, and serv- 
ice can be restored to the affected section or sections of 
the feeder only after repairs, if any, are made and the fuses 
are replaced. This entire discussion of primary feeder 
sectionalizing has been on the basis of using sectionalizing 
fuses. Fuses are the most generally used sectionalizing 
devices because of their relatively low cost. At times, 
however, circuit breakers, usually reclosing breakers, are 
used for this purpose. 

The effectiveness of sectionalizing fuses in reducing the 
extent of the outage when a primary-feeder fault of a 
permanent nature occurs depends upon the location of 
the fault. The fault may be so located that two or more 
sections of the feeder or the entire feeder will be de- 
energized until the fault is located and repairs are made. 
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To restore service quickly to unfaulted sections of a feeder, This procedure for switching loads between feeders has 

which are deenergized along with the faulty section, pro- the advantage of not interrupting service to the loads on 

visions are sometimes made to permit temporarily switch- the good feeder sections when they are reconnected to 

ing such sections over to an adjacent primary feeder or their normal feeder. At the time of reconnection, the 

feeders. One method of doing this is shown in Fig. 18. feeders between which the loads are being switched are 

Sectionalizing switches are used in conjunction with the paralleled for a short time. This is usually not objection- 

sectionalizing fuses shown in Fig. 17 (b), or the fuses can able, however, should a fault occur on either feeder at the 

be omitted as in Fig. 17 (a) and only the switches used at time they are paralleled both feeders will be deenergized 

the feeder sectionalizing points. By the use of these sec- if sectionalizing fuses are not used, and a section of the 

tionalizing switches and the four tie switches shown all of unfaulted feeder will probably be deenergized even if fuses 

the good sections of the central primary feed can be sup- are used. If it is felt that this short-time paralleling of 

plied over the two adjacent feeders, and the faulty section feeders is objectionable the tie switches must be capable 
of the central feeder can be completely isolated for repairs. of breaking load current. 

The sectionalizing and tie switches can be of the dis- 
connecting type. If they are care should be taken not to 
interrupt load current with them. When the feeder, or a 
portion of it, is deenergized as the result of a fault the 
faulty section is first determined. The deenergized sec- 
tions are then disconnected from each other by opening 
their associated sectionalizing switches. The good sections 
are reenergized from the adjacent feeders by closing the 
tie switches. After the fault is repaired the faulty section 
is reenergized by closing the feeder breaker or replacing 
the blown fuse and closing its associated sectionalizing 
switch, depending upon the location of the fault. Then 
all open sectionalizing switches should be closed and the 
tie switches opened after this is done. By following this 
procedure no switches are required to open load current. 
However, the tie switches are required to open parallel 
paths over which current flows. 

To avoid paralleling the feeders when reconnecting good 
feeder sections to their normal circuit their associated tie 
switches must be opened and their loads deenergized be- 
fore their sectionalizing switches are closed. Regardless 
of which switching procedure is used, it is safer to employ 
load-break switches for both sectionalizing and tie switches 
to eliminate the danger of opening a switch by mistake 
when load current is flowing through it. If primary feeders 
are arranged so that their loads can be switched from one 
feeder to another under emergency conditions, sufficient 
spare capacity must be built into each feeder so that it 
can carry any load which can be connected to it. When 
a feeder is carrying all or a part of the load of a defective 
feeder it is usually advisable for economic reason to allow 
somewhat greater voltage drop over it than is satisfactory 
under normal operating conditions. 

Many interrelated factors affect the choice of rating for 

Fig. 18 -Simple form of radial primary feeder with tie and sectionalizing switches to provide for quick restoration 
to consumers on unfaulted feeder sections. 

of service 
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a primary feeder. Some of the more important factors are 
the nature, density, and rate of growth of the load; the 
necessity for providing spare capacity for emergency oper- 
ation; the type and cost of the circuit construction which 
must be used; the design and capacity of the associated 
substation; the type of regulating equipment necessary; 
and the quality of service required. Some kinds of loads, 
such as welders and arc furnaces, may have to be segre- 
gated to a separate feeder or feeders to prevent their 
adversely affecting other loads. The amount of such load 
in the area and the voltage requirements at the load in- 
fluence the rating of the feeder or feeders. The rate of load 
growth and the provision for emergency operation affect 
the amount of spare capacity a feeder should have. In 
areas of heavy load density it will usually be economical 
to use larger capacity feeders than in the lighter load 
density areas. The feeders are shorter, the circuits are 
usually of expensive underground cable construction with 
low reactance per unit length, and the size and design of 
the substations are often such that higher interrupting 
capacity and consequently more expensive feeder breakers 
are required. The nature and density of the load together 
with the substation size also influence the type of regulat- 
ing equipment selected. If individual feeder regulators are 
necessary larger feeders are usually chosen, for economic 
reasons, than when bus regulation is satisfactory. Rela- 
tively small substations, usually found in medium and light 
load density areas, are ordinarily accompanied by smaller 
feeders because of the lower cost of feeder breakers, the 
absence of individual feeder regulators, and the lower cost 
and higher reactance per unit length of circuit. The quality 
of service, in addition to some of the other factors men- 
tioned, will help determine the permissible feeder voltage 
difference between the first and last transformers on the 
feeder, or between the first and last transformers on the 
group of feeders from a substation if bus regulation is used. 
The amount of load that should be dependent on any one 
primary feeder and interrupted when a feeder fault occurs 
is influenced primarily by the necessary quality of service. 
The various interrelated factors mentioned and others that 
affect the proper rating for a primary feeder, can in general 
be boiled down to two major factors, namely cost and 
quality of service. Cost considerations most often dictate 
the use of a relatively large feeder, and a high quality of 
service calls for a small feeder. After all factors have been 
carefully weighed to determine the economics and service 
requirements the feeder capacity should be made as small 
as can be economically justified. Primary feeders ordi- 
narily vary in rating from about 500 to 2500 kva with 
most ranging between 750 and 1500 kva. 

The permissible voltage drop in a primary feeder is an 
important factor in its design. When a voltage regulator 
is used on the feeder the voltage at the primary of the 
distribution transformer nearest the substation low-voltage 
bus is maintained constant within about plus or minus one 
per cent, or if overcompensation is used this voltage is 
increased somewhat as the flow of load current over the 
feeder increases. In order to provide satisfactory voltage 
conditions at all consumers the voltage maintained at the 
above mentioned point must be such that at times of 
minimum load no consumer receives a higher than satis- 

factory voltage. Also at times of maximum load the volt- 
age drop from this point on the primary feeder to the 
consumers meter where the lowest voltage occurs must be 
such that this lowest voltage is not too low to be satis- 
factory. This total voltage drop should be divided among 
the primary feeder, the distribution transformer, the sec- 
ondary circuit, and service so as to obtain the lowest over- 
all cost for these portions of the distribution system. The 
permissible voltage drop on the primary feeder between 
the first and last distribution transformers is usually about 
2 per cent or less at the time of peak load. This figure will 
of course be affected somewhat by the type of primary 
and secondary construction used and by the permissible 
load voltage variation. If the voltage at the first trans- 
former on the primary feeder can be boosted by means of 
over-compensation as the load on the feeder increases the 
permissible voltage drop is increased somewhat. The 
amount of overcompensation or boost in voltage permis- 
sible during maximum load without overvoltage at some 
consumers during light loads depends upon the uniformity 
of the loading of the distribution transformers. The more 
uniform the load on these transformers the more the over- 
compension that can safely be used. When a primary 
feeder is loaded to the point where the permissible volt- 
age drop has been reached further load can be added, if 
the current carrying capacity of the feeder has not been 
reached, by installing a voltage booster or another feeder 
regulator in the feeder just on the supply side of the point 
where the voltage drop becomes excessive when the addi- 
tional load is being carried. The consideration of feeder 
voltage drop when the feeder is supplied from a bus regu- 
lated substation is similar to that just described, except 
that all primary feeders connected to the station bus must 
be considered as a unit. The allowable voltage drop on 
any feeder of the group is determined by the voltage differ- 
ence between the high- and low-voltage points on the 
group of feeders, where distribution transformers are con- 
nected, which will just give satisfactory voltage at all 
consumers at the time of peak load. 

The trend in the power-factor of loads in residential 
areas has been downward for some years. This is largely 
because of the increasing use of motored appliances. The 
lower power-factor loads on the parts of distribution sys- 
tems serving these areas has aggravated the voltage regu- 
lation problem. Shunt capacitors are used frequently to 
improve voltage conditions on distribution systems. This 
improves the power-factor and thus reduces the voltage 
drops and currents in the parts of a distribution system 
between the capacitors and the bulk-power sources. To 
get the maximum advantage from shunt capacitors they 
should be connected to the system as near the loads as 
possible. For economic reasons they are usually connected 
to the primary feeders through primary fuses or fused 
cutouts. Whether the capacitors are connected to the 
feeder proper or to its subfeeders or laterals depends upon 
the load and voltage conditions on the feeder. When ap- 
plying capacitors their ratings should be such that objec- 
tionable overvoltagcs do not occur, at light load periods, 
because of the voltage rise produced by the capacitor 
currents. TO get the desired results from capacitors in 
certain installations it is necessary to connect them to the 
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system through breakers and arrange to automatically 
disconnect all or part of them at times of light load. 

Series capacitors are also used on distribution feeders to 
improve voltage conditions. However, they do not reduce 
the currents in the system and thus permit a saving in 
system capacity as do shunt capacitors. The usual appli- 
cation of series capacitors is in relatively high reactance 
circuits, supplying fluctuating loads, to reduce abrupt volt- 
age changes. The capacitors are selected so their capaci- 
tive reactance about cancels the inductive reactance of the 
line. They are installed on the supply side of the location 
where the improvement in voltage is desired. 

Distribution Transformers, Secondaries, and 
Service.--The distribution transformers step down from 
the distribution or primary feeder voltage to the utilization 

Fig. 19- -Typical method of connecting distribution trans- 
formers between primary feedersand radial secondary circuits. 

voltage. They are connected to the primary feeder, sub- 
feeders, and laterals through primary fuses or fused cut- 
outs as shown in Fig. 19. The primary fuse disconnects 
its associated distribution transformer from the primary 
feeder when a transformer fault or low-impedance sec- 
ondary-circuit fault occurs. The blowing of the primary 
fuse prevents an interruption of service to other loads 
supplied over the feeder, but interrupts service to all con- 
sumers supplied through its transformer. Fused cutouts 
shown in Fig. 19, which are normally closed, provide a 
convenient means for disconnecting small distribution 
transformers for inspection and maintenance. 

Satisfactory overload protection of a distribution trans- 
former cannot be obtained with a primary fuse, because 
of the difference in the shape of its current-time curve and 
the shape of the safe current-time curve of a distribution 
transformer. The shapes of the two curves are such that 
if a small enough fuse is used to provide complete overload 
protection for the transformer much valuable transformer 
overload capacity is lost, because the fuse blows and pre- 
vents its being used. Such a small fuse also frequently 
blows unnecessarily on surge currents. Because of this a 
primary fuse should be selected on the basis of providing 
short-circuit protection only and its minimum blowing 
current should usually exceed 200 per cent of the full load 
current of its associated transformer. 

Distribution transformers connected to overhead open- 
wire feeders are often subjected to severe lightning dis- 
turbances. To minimize insulation breakdown and trans- 
former failures from lightning, lightning arresters are or- 
dinarily used with these transformers. The protection of 
distribution transformers from lightning is discussed in 
Chapter 14. 

The secondary leads of a distribution transformer are 

usually solidly connected to radial secondary circuits from 
which the consumers services are tapped as shown in Fig. 
19. This means that no protection is provided the trans- 
former against overloads and high-impedance faults on its 
secondary circuits. Relatively few distribution trans- 
formers are burned out by overloads. This is largely be- 
cause distribution transformers are applied so that full 
advantage is rarely taken of their overload capacity. 
Another factor contributing to the small number of dis- 
tribution transformer failures by overloads is the frequent 
load checks often made and the corrective measures taken 
before dangerous overloads occur. Probably high imped- 
ance faults on their secondary circuits cause more distribu- 
tion transformer failures than do overloads. This is cer- 
tainly true in localities where bad tree conditions exist. 

Fuses in the secondary leads of distribution transformers 
are little if any more effective in preventing transformer 
burnouts than are primary fuses and for the same reasons. 
The proper way to obtain satisfactory protection for a 
distribution transformer against overloads and high-im- 
pedance faults is by means of a breaker in the secondary 
leads of the transformer. The tripping curve of this 
breaker must be properly coordinated with safe current- 
time curve of the transformer. The primary fuse must be 
coordinated with the secondary breaker so that the breaker 
trips on any current that can pass through it before the 
fuse is damaged. Faults on a consumer’s service connection 
from the secondary circuit to the service switch are so rare 
that the use of a secondary fuse, where the service con- 
nection taps onto the secondary circuit, cannot be eco- 
nomically justified except in unusual cases such as large 
services from underground secondaries. 

As has been previously pointed out the allowable voltage 
drop from the point where the first distribution trans- 
former connects to the primary feeder to the service switch 
of the last consumer supplied over the feeder should be 
economically divided among the primary feeder, the dis- 
tribution transformer, the secondary circuit, and the con- 
sumer’s service connection. Assuming a maximum voltage 
variation of about 10 per cent at any consumer’s service 
switch the division of this drop among the various parts 
of the system, at times of full load, may be about 2 per 
cent in the primary feeder between the first and last trans- 
formers, 2.5 per cent in the distribution transformer, 3 per 
cent in the secondary circuit, and 0.5 per cent in the con- 
sumer’s service connection. The fact that the voltage at 
the primary of the first distribution transformer cannot 
ordinarily be maintained exactly accounts for the other 
2 per cent. While these figures are typical for overhead 
systems supplying residential loads, they can be expected 
to differ considerably on underground systems where cable 
circuits and large distribution transformers are used or 
where industrial and commercial loads are supplied. The 
economic size of distribution transformer and secondary- 
circuit combination for any uniform load density and type 
of construction at any particular market prices can readily 
be determined once the total allowable voltage drop in 
these two parts of the system is determined. If the trans- 
former is too large the secondary circuit cost and total 
cost is excessive, and if the transformer is too small the 
transformer cost and total cost is too large. 
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Fig. 20—Pole mounted, 5 kva, single phase, 60 cycle distribu- 
tion transformer with single cover mounted high-voltage 
bushing-High voltage-7200 volts; low voltage-120/240 volts. 

As in any other part of the distribution system, load 
change or load growth must be considered and provided 
for in the distribution transformers and secondary circuits. 
Also, as with other parts of the distribution system the 
distribution transformers and secondary circuits are not 
installed to serve only the loads existing at the time of 
their installation but some future loads as well. It is not 
economical to make too much allowance for growth, how- 
ever. When a distribution transformer becomes danger- 
ously overloaded it can be replaced by one of the next 
larger size if the current-carrying capacity of the secondary 
circuit and the overall voltage regulation permit. If not, 
another transformer of about the same size can-be installed 
between the overloaded transformer and the one adjacent 
to it. When this is done load is removed from the over- 
loaded transformer by connecting a part of its secondary 
circuit and associated load to the new transformer. This 
also reduces the load on the secondary circuit of the over- 
loaded transformer and improves the overall voltage regu- 
lation. If the load in the area is reasonably uniform trans- 
formers may have to be installed on both sides of the 
overloaded transformer in a relatively short time to main- 
tain satisfactory voltage conditions and prevent over- 
loading a part of the secondary circuit. The same result 
can be obtained, however, by installing one new trans- 
former and moving the overloaded transformer so that 
it feeds into the center of its shortened secondary circuit,. 

With the distribution transformers and secondary cir- 
cuits arranged as shown in Fig. 19 any one load is supplied 
through only one transformer and in only one direction 
over the secondary circuit. Because of this a suddenly 
applied load, such as the starting of a motor, on a con- 
sumer’s service can cause objectionable light flicker on 
other consumers’ services fed from the same transformer. 
The increasing use in residential areas of motor-driven 
appliances, such as washers, refrigerators, forced-air heat- 
ing systems, and air-conditioning equipment, is resulting 
in a considerable number of light-flicker complaints. In 
some areas light flicker and not voltage regulation may 
be the determining factor in the size and arrangement of 
transformers and secondary circuits. The banking of dis- 
tribution transformers is usually the best and most eco- 
nomical means of improving or eliminating light flicker. 

The term banking transformers means paralleling on the 
secondary side a number of transformers all of which are 
connected to the same primary circuit as shown in Fig. 21. 
The secondary circuit arrangement in a banked trans- 
former layout can take the form shown in Fig. 21, or it 
may be a loop or grid similar to that used in a secondary 
network system. Because of this similarity in secondary- 
circuit arrangements a banked-transformer layout is some- 
times incorrectly referred to as a secondary network sys- 
tem. Banked transformers, because they are connected 
to and supplied over a single radial-primary feeder, are a 
form of radial distribution system; whereas a secondary 
network loop or grid is supplied over two or more primary 
feeders which results in much greater service reliability. 

Banking of distribution transformers is not new and has 
been used on a number of systems for many years. The 

Fig. 21- -Typical methods of banking transformers 
by the same radial primary feeder. 

conversion from the usual radial secondary circuit arrange- 
ment of Fig. 19 to the banked-transformer arrangement 
of Fig. 21 can usually be made simply and cheaply by 
closing the gaps between the radial secondaries of a number 
of the transformers associated with the same primary 
feeder and installing the proper primary and secondary 
fuses. 
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Two major forms of protection have been used when 
banking distribution transformers. The arrangement 
shown in Fig. 21 (a) is probably the oldest and most 
common. The distribution transformers are connected to 
their primary feeder through primary fuses or fused cut- 
outs. These fuses should blow only on a fault in their 
associated transformer. All transformers are connected to 
the common secondary circuit through secondary fuses. 
The purpose of these fuses is to disconnect a faulty trans- 
former from the secondary circuit. The size of the second- 
ary fuse must be such that it will blow on a primary fault 
between its transformer and the associated primary fuse. 
Faults on the secondary circuit are normally expected to 
burn themselves clear. To prevent frequent blowing of 
secondary fuses on secondary-circuit faults these fuses 
should have relatively long blowing times on all fault cur- 
rents. Their blowing times should not be so long, however, 
as not to provide some degree of protection to their trans- 
formers against secondary faults that do not burn clear 
or require an unusually long time to do so. As previously 
stated secondary fuses cannot be expected to protect trans- 
formers satisfactorily against overloads and high-imped- 
ance secondary faults. The use of a secondary breaker 
having the proper current-time characteristics is preferable 
to secondary fuses when banking transformers as shown 
in Fig. 21 (a) because greater protection is afforded the 
transformer against overloads and high-inpedance faults. 
The secondary fuses or breakers should open in less time 
than the primary fuses on any possible current so as to 
prevent the blowing of primary fuses on a secondary fault. 

A transformer fault is cleared by the transformer’s 
primary and secondary fuses without any interruption 
to service. Most secondary faults will clear themselves 
quickly. However, when a secondary fault hangs on for 
a long time or fails to clear altogether several or all of the 
secondary fuses blow and some of the transformers may 
be burned out. Experience indicates that, where a careful 
study of the fault currents to be expected is made and 
the primary and secondary fuses are properly selected, 
this method of banking operates with very little trouble. 
Occasionally a secondary-circuit fault causes the blowing 
of all secondary fuses or the blowing of some secondary 
fuses and the burning out of a few transformers. When 
this happens the extent of the service interruption is much 
greater than when radial secondary circuits are used. 

The banking arrangement shown in Fig. 21 (b) is prefer- 
able to that just described because there is no danger of 
a complete service interruption to the banked area by a 
secondary fault. It should be remembered, however, in 
considering either of these arrangements that the possi- 
bility of a secondary fault is considerably less than that of 
a primary fault and that secondary faults are ordinarily 
infrequent. In this second arrangement the distribution 
transformers are connected to the primary feeder through 
primary fuses just as in the first arrangement and for the 
same reason. The transformers are connected solidly to 
the secondary circuit and the secondary circuit is section- 
alized between transformers by secondary fuses. These 
fuses are selected so that for any secondary-circuit fault 
they will blow quicker than any primary fuse. When a 
transformer fails it is cleared from the system by its 

primary fuse and the adjacent secondary fuses on each 
side of it. Thus, unlike the previous arrangement, a trans- 
former fault results in a service interruption to those con- 
sumers associated with the faulted transformer. A sec- 
ondary-circuit fault is usually burned clear; however, if the 
fault persists for an unusually long time it is cleared by 
the secondary fuses next to the faulty section and the 
primary fuse associated with the transformer connected 
to the faulty section. The secondary fuses are usually 
selected so that they operate even on a high-impedance 
fault, but the primary fuses are not for the reason previ- 
ously discussed in connection with the radial-secondary 
circuits. Thus even when a high-impedance fault occurs 
and hangs on, the secondary fuses adjacent to the faulty 
section blow and prevent interrupting service on the good 
secondary sections. The transformer associated with the 
faulty section in this case, however, will be burned out. 
In order to prevent this a secondary breaker whose current- 
time curve is coordinated with the safe current-time curve of 
the transformer can be used in the secondary leads of the 
transformer. When such a breaker is used the secondary 
fuses must be selected so that their blowing times for all 
fault currentsare less than the tripping times of the breakers. 

Normally the two banking arrangements function alike. 
They reduce or eliminate light flicker and improve voltage 
regulation or permit reduction in the amount of trans- 
former capacity necessary as compared with radial-second- 
ary circuits. This improvement in voltage regulation or 
reduction in transformer capacity is the result of tying 
several radial-secondary circuits together and thus taking 
advantage of the diversity among a number of groups of 
consumers. A considerable increase in the use of banked 
transformers can be expected in the future because these 
advantages often can be obtained at no increase in cost 
or a saving over the usual radial secondary-circuit 
arrangement. 

2. The Loop System 

The loop type of distribution system is used most 
frequently to supply bulk loads, such as small industrial 
plants and medium or large commercial buildings, where 
continuity of service is of considerable importance. The 
subtransmission circuits of the loop system should be 
parallel or loop circuits or a subtransmission grid as shown 
in Figs. 5 and 6. These subtransmission circuits should 
supply a distribution substation or substations similar to 
those of Figs. 13, 15, or 16. The reason for this is that as 
much or more reliability should be built into the system 
from the low-voltage bus of the distribution substation 
back to the bulk power source or sources as is provided 
by the loop-primary feeders shown in Fig. 22. The use 
in a loop system of a radial-subtransmission circuit or 
circuits and a distribution substation or substations, which 
may not provide good service continuity, does not give a 
well coordinated system. This is because a fault on a 
subtransmission circuit or in a distribution substation 
transformer results in an interruption of service to the 
loads supplied over the more reliable loop-primary feeders. 
The subtransmission circuits and distribution substations 
are often common to both radial- and loop-type distribu- 
tion systems. 
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One of the most common forms of loop-primary feeder 
for supplying bulk industrial and commercial loads is 
shown in Fig. 22 (a). Each end of the loop-primary feeder 
is connected to the distribution substation low-voltage bus 
through a primary-feeder breaker. The feeder is run or 
looped through its load area and small industrial or second- 
ary substations are connected to the loop feeder usually 

Fig. 22—Two frequently used forms of the loop primary feeder. 

(a) Two sectionalizing breakers per secondary sub- 
station to isolate a faulted loop section without 
interrupting service to any load. 

(b) One sectionalizing breaker per secondary substa- 
tion for use where interrupting one load when a 
loop section fault occurs can be tolerated. 

through circuit breakers or fuses in the primary leads of 
the substation transformers as shown. These transformers, 
which step down from the distribution to the utilization 
voltage, are ordinarily relatively large distribution trans- 
formers. Because these secondary substations are usually 
considerably smaller than a distribution substation only 
one three-phase or one bank of single-phase transformers 
is used ordinarily as shown in Figs. 12 (a) and (b). In 
these secondary substations the low-voltage feeders are 
operated at a utilization voltage of 600 volts or below and 
they are commonly controlled by air circuit breakers. 
These secondary feeders are usually radial circuits that 
run directly to large motors, to power panels, and to 
lighting panels or small lighting transformers. 

The loop-primary feeder is sectionalized by a circuit 
breaker on each side of the points where secondary sub- 
stations are connected to it. The two primary-feeder 
breakers and the sectionalizing breakers associated with 
the loop feeder are ordinarily controlled by directional- 
overcurrent relays or by pilot-wire relays. Pilot-wire relay- 
ing is used where the number of secondary substations 
connected to the loop is such that selective timing cannot 
be obtained with directional-overcurrent relays. 

With this loop primary feeder arrangement a fault on 

any section of the loop is cleared by the circuit breakers 
at the two ends of the faulty section and service is not 
interrupted to any secondary substation. As a feeder fault 
can occur in one of the sections adjacent to the distribution 
substation bus the entire feeder load may have to be fed 
in one direction over either end section of the feeder until 
repairs are made. Sufficient spare capacity must be built 
into the loop feeder to permit operating with either end 
section out of service without excessive voltage drop or 
overheating of the feeder. A fault in a secondary sub- 
station transformer is cleared by the circuit breaker or fuse 
in its primary leads and the loop feeder remains intact. If 
no transformer primary breaker or fuse is used such a 
transformer fault must be cleared by tripping the two 
sectionalizing breakers adjacent to the faulty transformer. 
In this case the loop is opened and must remain open until 
the defective transformer is disconnected from the loop. 

Obviously a transformer fault in a single-transformer 
secondary substation results in an interruption of service 
to all loads fed from the station. Such a fault is much 
less likely than a primary-feeder fault. In some cases the 
resulting service interruption may be serious enough, how- 
ever, to justify a more elaborate form of secondary sub- 
station, such as those shown in Figs. 13 (b) and (c). A 
fault on one of the radial secondary feeders from a second- 
ary substation is cleared by the tripping of the air circuit 
breaker associated with the faulty feeder. This interrupts 
service to those loads connected to that feeder until the 
fault can be located and repaired. 

The investment in sectionalizing breakers and relaying 
may make a loop system employing primary feeders similar 
to that of Fig. 22 (a) more expensive than the necessary 
quality of service justifies. If an outage to a secondary 
substation can be tolerated when a primary-feeder fault 
occurs a loop-feeder arrangement can be used as shown 
in Fig. 22 (b). Here only one sectionalizing breaker is used 
with each secondary substation thus reducing the number 
of these breakers to half of the number used in Fig. 22 (a). 
The sectionalizing breakers are relayed as discussed in 
connection with Fig. 22 (a). When a primary feeder fault 
occurs the two breakers at the ends of the faulty section 
open as in the previous arrangement. In this case, how- 
ever, the secondary substation associated with the faulty 
section is deenergized because its transformer is tied di- 
rectly to the feeder section through a disconnecting switch, 
a primary transformer breaker, or a fuse. Service to the 
deenergized substation cannot be restored until the fault 
has been located and repairs have been made. 

There is one exception to the above. A fault in the left 
feeder section just beyond the distribution substation bus 
does not interrupt service to any of the secondary sub- 
stations. The sectionalizing breaker associated with this 
line section and the adjacent secondary substation can be 
omitted, and then this substation is deenergized at the 
time of a fault in this section. Whether omitting this 
breaker appreciably reduces the continuity of service to 
this first substation connected to the loop, when going 
from left to right, depends on whether its associated loop 
section becomes much longer than the other loop sections. 
Except for primary-feeder faults this system functions 
similar to the loop system previously described. 
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Sometimes a consumer connected to the loop requires 
more reliable service than the arrangement of Fig. 22 (b) 
provides. Service to this consumer can be improved in 
several ways. Two sectionalizing breakers can be used, 
one on each side of the point where the secondary sub- 
station that serves him is connected to the loop, as shown 
in Fig. 22 (a). Another way is to divide the transformer 
capacity of the secondary substation serving this consumer 
into two units, and connect one of these units or trans- 
formers to the loop feeder on each side of the single sec- 
tionalizing breaker. Each of these transformers should 
have sufficient capacity to supply the entire station load 
and is usually connected to the loop feeder through a cir- 
cuit breaker or fuse. The two transformers are ordinarily 
bused on the secondary side through transformer-second- 
ary breakers. When this arrangement is used a feeder 
fault in either of the two loop sections immediately adja- 
cent to the sectionalizing breaker results in the deenergiza- 
tion of one of the two transformers at the sub-station. 
This is because the sectionalizing breaker at the station, 
the sectionalizing breaker at the far end of the faulty 
section, and the breaker in the secondary leads of the 
transformer connected to the faulty section are tripped. 
When this happens the secondary substation load is fed 
over the good loop section which is adjacent to the open 
sectionalizing breaker at the station, and its associated 
transformer. 

A third way of improving service is to supply the con- 
sumer through a single-transformer substation arranged 
so that it can be connected to either side of its associated 
sectionalizing breaker by a double-throw switch or two 
interlocked disconnecting switches. Service will then be 
interrupted to the secondary substation when a fault 
occurs in the loop section to which the station is normally 
connected. The station loads can be quickly reenergized, 
however, without waiting for repairs, by connecting the 
substation to the good section of the loop on the other 
side of the open sectionalizing breaker. 

The above discussion of the loop system has been on 
the basis of supplying relatively small bulk loads from 
distribution substations over loop primary feeders. In 
many cases, however, where the bulk loads are relatively 
large the loop is a subtransmission loop supplied directly 
from a bulk power source. In such systems the distribution 
substations and primary feeders are omitted and only one 
voltage transformation is employed in going from sub- 
transmission to utilization voltage. This transformation 
is made at the secondary substations, which are usually 
considerably larger and somewhat more elaborate than 
those employed on 2400 to 4800 volt loop-primary feeders. 
The arrangement of the subtransmission loop and its con- 
trol and protection is in general similar to that discussed 
in connection with the loop-primary feeders of Fig. 22. 

Any form of loop system normally provides a two-way 

Fig. 23—Common arrangement of loop primary feeder for supplying distributed loads. 
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feed to the distribution transformers or secondary sub- 
stations. In general, the service continuity and voltage 
regulation provided is better than when using a radial 
system. The amount by which the quality of service of 
the loop system exceeds that provided by the radial system 
depends upon the particular forms of the two systems 
being compared. Ordinarily the loop system will be more 
expensive than the radial system. Also it is usually less 
flexible than the radial system particularly in the forms 
used in supplying bulk loads discussed above. This is 
principally because two circuits must be run to each new 
secondary substation location in order to connect the 
station onto the loop. The addition of new substations on 
a loop feeder also often results in relaying complications. 

While the loop system has been discussed from the 
standpoint of supplying bulk industrial and commercial 
loads it is also used to supply distributed loads such as 
residential loads. The chief reasons for supplying such 
loads from a loop system rather than a radial system are 
to improve voltage conditions, to equalize the load on and 
take advantage of the diversity between what would other- 
wise be two radial primary feeders, and to assist in the 
restoration of service to the unfaulted portions of a 
faulted feeder. 

A common arrangement of a loop-primary feeder for 
supplying distributed loads is shown in Fig. 23. The 
similarity between this loop-feeder arrangement and the 
radial-primary feeders of Fig. 18, where emergency ties 
are provided between adjacent feeders, is apparent. 
Each end of the loop-primary feeder is connected to the 
low-voltage bus of its distribution substation through 
primary-feeder breakers. The main feeder is automati- 
cally sectionalized near its midpoint by a sectionalizing 
breaker controlled by overcurrent relays. Manual sec- 
tionalizing switches are provided at other points in the 
main feeder as shown in order to reduce the area that 
must remain without service, until repairs are made, 
when a fault occurs on the main feeder. Fuses are not 
used in the main-feeder loop. The sectionalizing breaker 
could be replaced with fuses at some sacrifice in the speed 
of restoring service, but not more than one set of fuses 
should be used in the loop because they will not operate 
selectively for feeder faults in various locations. More 
than one automatic sectionalizing breaker could be used 
in the main loop with directional-overcurrent or pilot- 
wire relaying, as was done in Fig. 22, to reduce the extent 
of the outage when a main feeder fault occurs. The im- 
provement in the quality of service obtained, however, 
is not ordinarily sufficient to justify the additional break- 
ers and the more complicated relaying. The subfeeders 
are provided with primary fuses or fused cutouts as in 
the case of the radial-primary feeders previously dis- 
cussed. When a fault occurs on the main feeder loop the 
sectionalizing breaker opens quickly and splits the loop 
feeder into two radial feeders. The primary-feeder break- 
er associated with the faulty half of the loop feeder then 
opens and disconnects the fault from the system. This 
results in an interruption of service to about half the 
loads normally supplied over the loop-primary feeder. 
Service can be quickly restored to all deenergized loads 
except those connected to the faulty section of the feeder 

by opening the sectionalizing switch or switches asso- 
ciated with the faulty section and then reclosing one of 
both of the tripped breakers depending upon the location 
of the fault. Faults on the subfeeders and laterals are 
cleared by their associated primary fuses. These fuse 
operations do not interrupt service to any of the feeder 
loads except those beyond the blown fuse on the sub- 
feeder and laterals. As in the case of the loop feeders or 
Fig. 22 this loop-primary feeder should be designed to 
permit its carrying all loads that can be connected to it 
when any section of the loop is out of service. 
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I. DEVELOPMENT OF THE A-C NETWORK 
SYSTEMS 

ARLY in the history of electric power distribution 

E systems the d-c network system became the best 
method of serving loads in heavy load density 

areas of cities where a high degree of reliability was re- 
quired. In the d-c network system power was carried at 
utilization voltage from several substations to points in 
the load area where the power was introduced into an inter- 
connected grid of mains in underground ducts. Individual 
loads were supplied by services tapped off the mains. The 
several paths of supply to the grid and the fact that there 
were normally two or more paths in the grid to any service 
prevented service interruptions except for complete failure 
of power supply. As the load density and total load in- 
creased in d-c network areas the large amount of copper re- 
quired, the cost of substation sites, and large, rotating con- 
version equipment made the cost of the d-c network practi- 
cally prohibitive. The noise of the conversion equipment 
made it difficult to find satisfactory locations for substations. 

1. The Secondary Network 

The characteristics of the network system, particularly 
reliability and the fact that the network took full advan- 
tage of diversity among loads, made that system prefer- 
able if it could be installed economically. The relative 
compactness and the quietness of transformers suggested 
the use of an a-c network system in which several high- 
voltage feeders would be carried into the load area to sup- 
ply transformers feeding into an interconnected grid of 
low-voltage conductors. By 1920 there was considerable 
thought being given to such a system. Some experimental 
installations using fuses for protecting a low-voltage a-c 
network proved to be unsatisfactory because of the operat- 
ing limitations of fuses and possibly because of the lack 
of extremely careful design. This experience showed that 
directional control of power flow was required to prevent a 
fault in a transformer or primary feeder from interrupting 
service from the system. 

In 1922 the first automatic low-voltage a-c network16 
was installed using equipment which was subsequently 
improved by Westinghouse developments1g~20. With low- 
voltage a-c network transformers and network protectors 
perfected, the a-c network system equalled the d-c network 
system in reliability18. This high degree of reliability plus 
good voltage regulation, the convenience and comparative- 
ly low cost of alternating-current equipment, and the 
flexibility of the network system for load growth made 
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the a-c low-voltage network the recognized ideal distribu- 
tion system for highest quality of service28v2g. In heavy- 
load areas the network usually was cheaper than any other 
system that attempted to give a high degree of reliability. 
In 1926 seven cities used the network and by 1949 the 
number had grown to 196. 

2. The Primary Network 

The attractive characteristics of the automatic IOW- 

voltage a-c network suggested the application of the net- 
work principle to the primary-feeders of a distribution 
system. As early as 1926 consideration was given to a 
primary network in which the distribution-system pri- 
mary feeders would form interconnecting ties between 
distribution substations, network relaying would be used 
at the distribution-substation transformer breaker, and 
selective operation of feeder breakers would provide correct 
isolation of primary-feeder faults. 

The development of an overcurrent relay with satis- 
factory inverse-time characteristics and the choice of 
relatively small substations facilitated the first economic 
application of the primary network in the Pittsburgh area 
in 1CJ317,10,11~12. For areas of medium load density the pri- 
mary network frequently was the most economical system, 
particularly where overhead construction was used. After 
the first installation in 1931 there was a gradual increase in 
the number of primary network installations; in 1942 twelve 
utilities were operating primary networks and thirteen 
others had installed unit substations with primary-net- 
work relaying so that primary-network operation could be 
initiated simply by completing tie circuits between sub- 
stations. 

II. THE PRIMARY NETWORK SYSTEM 

3. General Description 

A typical arrangement of a primary network system is 
shown in Fig. 1 . 6,g Basically a primary network is a system 
of interconnected primary feeders supplied by two or more 
subtransmission circuits through several distribution sub- 
stations or network units located at the intersection points 
of the interconnected feeders. Usually there are radial 
primary-feeder taps from the tie circuits between the 
primary-network unit substations, and in many cases ra- 
dial primary feeders originate at the substation buses. Dis- 
tribution transformers are connected to the tie circuits, to 
the radial taps off the tie circuits, and to the radial primary 
feeders out of the substations just as in a radial system. 

Two or more subtransmission circuits are taken into the 
primary-network area to supply the several primary-net- 

689 
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power is carried as close as is reasonably possible to the 
loads at subtransmission voltage with consequent mini- 
mum loss and voltage drop in the primary feeders. 

The primary-network unit consists of the transformer to 
reduce subtransmission voltage to primary-feeder voltage 
and the necessary switchgear to protect service from the 
network and to control the distribution feeders. The 
transformer breaker is provided with network and over- 
current relaying so that it not only opens on reversed cur- 
rents to faults in the associated transformer or in the sub- 
transmission circuit supplying that transformer but also 
serves as back up protection for the feeder breakers and 
isolates intersection faults. Furthermore, the network 
relaying functions to close the main breaker when the 
transformer voltage is such that power flows into the pri- 
mary feeders when the breaker is closed. 

There are two general forms of the primary network de- 
pending on the location and number of breakers in the tie 
circuits. The original form uses two breakers in each tie 
circuit, one at each end as shown in Fig. 1. The other form 
uses one breaker, normally near the middle of each tie 
circuit, as shown in Fig. 215. In the two forms the network 

transformer and the transformer breaker are fundamen- 
tally the same. In both forms the primary-feeder breakers 
are controlled by overcurrent and reclosing relays. In the 
arrangement shown in Fig. 1 a fault on a primary tie 
feeder is isolated by the breakers at the ends of the faulted 
circuit. In the other form of the system, Fig. 2, a similar 
fault is isolated by the transformer breaker at the end of 
the faulted section of the tie circuit and the breakers in all 
the tie feeders connected to the transformer whose breaker 
opens. The chief advantage of the original form of the 
primary network is that less load is interrupted by a tie 
feeder fault than in the later form using mid-tie breakers. 
In a case where four tie circuits are connected to each unit 
a tie-circuit fault in the original form interrupts only half 
as much load as does a similar fault in the other form. 
However, the system using mid-tie breakers uses only half 
as many tie breakers as does the original form. 

4. Operation of Network with Two Breakers Per Tie 

The operation of the primary network with two break- 
ers in each tie circuit is described best by reference to Fig. 
1. Under normal conditions all network units are in serv- 

Fig. 2-Typical primary-network arrangement using one breaker at the middle of each tie feeder. 
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ice and the load is divided among the various units. Under 
fault conditions the faulted element of the system is iso- 
lated without interrupting service from the rest of the 
network. 

Supply-Line Faults are isolated by the breaker at the 
supply end of the subtransmission circuit and the trans- 
former breakers in the network units connected to the 
faulted circuit. For example, the subtransmission-line 
fault at A, Fig. 1, is isolated automatically by opening the 
circuit breaker at the supply end of the faulted circuit and 
transformer breaker a. In an extensive network system 
a subtransmission circuit may supply several network units 
and the transformer breakers in all these units open to 
isolate a fault on the supply circuit. The transformer 
breaker a, Fig. 1, opens on reversed current through the 
transformer from the network to the supply circuit. If a 
subsequent reclosure of the supply-circuit breaker re- 
energizes the subtransmission line, transformer breaker a 
recloscs because of the overvoltage-rcclosing function of 
the network relays, provided the voltage on the reenergized 
subtransmission line is correct with respect to the network 
voltage. A network-transformer fault is isolated in the 
same way as a subtransmission-line fault. The faulted 
transformer can be disconnected from the subtransmission 
circuit by means of the switch on the high-voltage side of 
the transformer, and the subtransmission line can be re- 
energized to supply other loads connected to it. 

Tie-Feeder Faults—The operation of the network 
system on tie-circuit faults is illustrated by fault B, Fig. 1, 
which is isolated by breakers Z, and c opening on over- 
current. These breakers open before breakers in other 
tie circuits, because of the broad-range, inverse-time 
characteristics of the relays, even though the fault cur- 
rents through other adjacent tic-circuit breakers exceed 
the minimum currents required to close the respective 
relay contacts. As long as there are at least two tie circuits 
or a tic circuit and a transformer circuit in addition to the 
faulted circuit connected to the same bus, selective opera- 
tion of the breakers is assured because the breaker in the 
faulted circuit carries the sum of the currents through the 
other breakers. 

As soon as fault B, Fig. 1, is isolated, automatic re- 
closing of breakers b and c is initiated so that each breaker 
recloscs after its respective time delay. Assume that the 
time delay before reclosing is 15 seconds for breaker b and 
30 seconds for breaker c. Then 15 seconds after breaker b 
opens it recloses. If the fault has cleared, service is restored 
to loads on the tic feeder but if the fault has not cleared, 
breaker b opens and locks out. Thirty seconds after break- 
er c opens (approximately 15 seconds after breaker b re- 
closes), breaker c recloscs and either reestablishes service 
from the tie circuit or locks out. If the fault clears before 
the first breaker recloses, the second breaker reclosing re- 
establishes normal operation of the network system. How- 
ever, if the fault clears between the first and second re- 
closures, service to all loads is reestablished but the tie 
circuit is open at one end and it is not capable of transfer- 
ring load from one unit to the other. normal operation of 
the tie circuit is reestablished by manually reclosing the 
breaker which closed first) and locked out. 

Intersection-Bus Faults, for example at C, Fig. 1, 

are isolated from the system by the overcurrent tripping 
of all tie-feeder breakers connected to the faulted bus, 
breakers c, e, f, and g for fault C. The overcurrent relays 
for breaker g not only trip and lock out that breaker but 
also trip and lock out all the feeder breakers connected to 
the same bus. This prevents the tie-feeder breakers re- 
closing and reenergizing a bus fault and causing unneces- 
sary damage to the switchgear unit. The transformer 
breaker operates just as it does for a bus fault when a 
primary-feeder breaker fails to open and clear a feeder 
fault. The time setting for the transformer breaker is 
longer than that for the feeder-breaker relays so that the 
transformer breaker can provide back up protection for 
the feeder breakers and still give the feeder breakers ample 
time to operate correctly. For example, if breaker d 
should fail to open for a fault on its associated feeder the 
overcurrent relays at breaker g would trip and lock out 
breakers c, d, e, f, and g. Since the transformer has a long- 
time setting the breakers at either or both ends of the tie 
circuits connected to a faulted bus may open before the 
feeder breakers at the faulted bus are tripped and locked 
out by the transformer breaker overcurrent relays. In the 
example shown in Fig. 1, fault C might cause breakers 
b, h, and k to open before breakers c, e, and f are locked 
open; the result would be that service from any or all tie 
feeders b-c, h-e, and k-f would be interrupted momentarily. 
However, breakers b, h, and k would reclose and reestablish 
service to all the interrupted loads after a time delay of 15 
or 30 seconds. Before these breakers reclose, the breakers 
at the faulted bus are locked out and the fault is isolated 
from the system. 

5. Operation of Network with One Breaker Per Tie 

Supply-Line Faults-The operation of the primary 
network in Fig. 2 is the same as that of the network in Fig. 
1 for subtransmission and transformer faults. 

Tie-Feeder Faults-The operation for a feeder fault 
is different. For example, a tie-feeder fault at D, Fig. 2, 
causes feeder breakers, m, n, and p and transformer break- 
er q to open on overcurrent and isolate the faulted circuit. 
The mid-tie breakers remain open but after a predeter- 
mined time delay transformer breaker q goes through a 
prearranged succession of reclosures until the breaker 
locks out on a permanent fault, or until the fault clears and 
reclosing the breaker reestablishes voltage on the primary 
feeders in the faulted area. If reclosing the transformer 
breaker establishes normal voltage on the feeders and the 
voltage is sustained for the time delay for which the mid- 
tie breakers are set, tie breakers m, 12, and p reclose and 
the network continues to operate normally. A fault on a 
radial primary feeder supplied from one of the network 
units in Fig. 2 can be treated the same as a tic-feeder fault, 
or some sectionalizing device such as a breaker or a fused 
cutout can be used to isolate a faulted radial feeder from 
the network so that a permanent fault on the radial cir- 
cuit does not interrupt service from the tie feeders. 

6. Comparative Characteristics 

The primary network has several characteristics which, 
in comparison with other general types of distribution 
systems, give the primary network definite advantages in 
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Fig. 3—Comparison of the costs of radial and primary-network systems over a period of 25 years in a uniformly loaded sixteen- 
square-mile area where the load growth is ten percent per year and all subtransmission circuits, primary feeders, and secon- 
daries are overhead. A: Total load in the area. B: Total accumulated installed cost of a radial distribution system with 4-kv 

primary feeders supplied from large distribution substations. C: Total accumulated cost of a 4-kv primary network. 

many cases. In general the primary network provides 
better service and can be adapted more flexibly to chang- 
ing loads than other systems in common use except the 
low-voltage secondary network described later in this 
chapter. 

Better Service results from better voltage regulation 
and fewer consumer outages. In many radial systems the 
primary feeders originate at relatively large substations 
and the average length of the feeders is greater than that 
in the primary network where small unit substations are 
distributed throughout the load area in accordance with 
the load distribution. This results in less voltage drop in 
the primary-network distribution feeders than occurs in 
radial feeders supplied by a large distribution substation. 
Essentially the same result is accomplished in a radial 
system by locating small unit substations at the load cen- 
ters where primary-network units are installed. The tie 
circuits in the primary network, which generally are the 
main distribution feeders, are supplied from both ends. 
This usually will provide better voltage regulation in the 
primary feeders under normal conditions than is provided 
in the distributed radial system. 

Consumer Outages are lower in the primary network 
system than in a radial system because the most services 
that will be interrupted by any fault in a primary network 

are those on any one primary feeder. Even if many small 
unit substations are used in a distributed radial system 
several feeders are served by each unit. If one of these 
units is deenergized all the consumers served by the feeders 
out of that unit suffer an outage. Deenergizing a primary- 
network unit does not cause an outage for any consumer. 
To accomplish the same minimum consumer outage in 
the distributed radial system duplicate transformers and 
subtransmission supply circuits must be provided at each 
radial unit substation; this requires more transformer 
capacity, more miles of subtransmission lines, and usually 
more complicated relaying than does the primary network. 

Losses in the primary network system generally are 
lower than those in radial systems for the same reasons 
that the inherent voltage regulation of the system is good. 
One of the two major reasons is that power is carried as 
near to the loads as practicable by high-voltage low-cur- 
rent subtransmission circuits instead of by long lower- 
voltage higher-current primary feeders. The other reason 
is that the load along each tie feeder automatically divides 
between the two ends of the feeder so that minimum losses 
are maintained. 

Flexibility-One important feature of the primary-net- 
work system is that it utilizes small unit substations each 
located at or near the center of the load it serves. This and 
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the interconnected system of primary feeders makes it 
possible to remove or add small increments of transformer 
capacity at various places in the network area without 
having to make extensive reconnections of the primary 
feeders or to reroute large sections of circuits. In other 
words the network system is flexible in that it can readily 
accommodate load growth or load shifting with minimum 
disturbance to the system. 

The flexibility of the primary network is a decided ad- 
vantage in the long-time over-all economy of a distribution 
system, particularly where the total load changes with 
time or where load shifts from one section to another. 
Load growth or shifts can be accommodated by the pri- 
mary network with a minimum of rerouting and reconnect- 
ing primary feeders and with relatively small increments 
of substation capacity. For this reason the system invest- 
ment can be kept more nearly proportional to the load 
served than in the case of other systems where substation 
capacity has to be changed in large increments or major 
rerouting and reconnecting must be done to avoid over- 
loading or underloading radial substations. The effect 
of this on the system investment is shown in Fig. 3. The 
primary network is characterized by regular small incre- 
ments of investment while the radial system occasionally 
requires large additions to the system. 

Large Number of Substations-The primary net- 
work requires many relatively small substations in com- 
parison with a radial system supplied by a large substation 
at the load center of a large load area. A large number of 
substation sites and structures must be provided for the 
primary network. However, each of these sites usually is 
cheaper than that for a large radial station. Smaller sites 
are required by the relatively small primary network units. 
Furthermore, in most cases several small substation sites 
can be found scattered throughout a load area more readily 
than can a single large one near the load center of the whole 
area because the load center usually is in the most highly 
developed section of the area. On the basis of real-estate 
requirements the primary network is comparable with the 
radial system using small unit substations distributed 
throughout the load area. 

Large Amount of Subtransmission Required- 
The primary network requires more subtransmission line 
to supply the small substations distributed throughout the 
load area than a radial system using large substations. The 
amount of subtransmission circuit required depends on 
the amount of interlacing of the supply circuits in the 
network area. The minimum of subtransmission line is 
required by parallel subtransmission, that is when each 
supply circuit is taken straight through the network area 
and connected to all the substations along that line. More 
uniform load distribution when a subtransmission circuit 
is out of operation can be accomplished by interlacing the 
supply circuits so that each deenergized unit is surrounded 
as completely as possible by units in operation. This 
requires more subtransmission line than does the arrange- 
ment using supply lines going straight through the net- 
work area. However, the saving in spare transformer 
capacity to provide for emergency operation usually more 
than pays for the additional subtransmission circuit. See 
section 13. 

If the primary network with well interlaced subtrans- 
mission circuits is compared with a radial system using 
small unit substations distributed throughout the load 
area each of which is supplied by only one subtransmission 
circuit the network requires more subtransmission line. 
The additional line is primarily due to the interlacing. 
Interlacing accomplishes no useful purpose in the radial 
system. However, if duplicate supply circuits to each 
radial unit substation are used to reduce the number of 
consumer outages the radial system may require more sub- 
transmission circuit than a primary network. 

Primary Feeders About Equal-The primary net- 
work uses about the same amount of primary feeder cir- 
cuits as does a distributed radial system. The main trunk 
feeders usually are about the same in a given area for 
either system. But in the primary network additional 
short sections of primary circuit may be required to make 
the tie circuits continuous between substations. Also in 
the network the tie circuits must have the same size cop- 
per throughout their length while radial primary feeders 
sometimes are graded down to smaller size copper as the 
load decreases along the circuit. However, the primary- 
feeder circuit required by the network may be no greater 
than that required by the radial system if it is necessary 
in the radial system to extend feeders from one substation 
area into another area to equalize the loading on the radial 
substation units or if normally open ties are provided so 
that the load in one radial-substation area can be picked 
up by other substations when that unit is out of service. 
See Chapter 20, Fig. 18. 

7. Economic Field 

It is impossible to say that the primary network is 
economically applicable in any specific range of load den- 
sity because many factors affect the relative overall costs 
of the various systems that may be considered adequate 
in specific cases. The voltage class, type of construction 
used for the subtransmission and primary-feeder circuits, 
the load density, the anticipated rate of load growth, the 
required quality of service, real-estate cost, type of sub- 
station required, and local labor and material costs affect 
the economic comparison of systems in any particular 
case. The choice of the type of distribution system to 
supply any load area should be based on the overall cost 
of distributing power in the area; the cost should include 
installed cost of equipment and circuits, cost of the losses, 
and the cost of accommodating load changes over a reason- 
able number of years. 

While no conclusive generalizations can be made re- 
garding the economic field of application of the primary 
network some specific comparisons13 show where the pri- 
mary-network system is likely to be the economical one. 
The comparisons shown in Fig. 4 show the relative cost of 
five types of system for four types of circuit construction 
in a sixteen-square-mile area where the uniformly dis- 
tributed load is assumed to grow at the rate of ten percent 
per year. The four sets of curves, Fig. 4 (a, b, c, and d), 
show that for medium load densities in the range from 500 
to 5000 kva per square mile the primary-network is likely 
to be economical, particularly if the system is to be pre- 
dominantly of overhead construction. If all the subtrans- 



Fig. 4—Relative cost of several types of distribution systems for various load densities in a eixteen-square mile area where the uni- 
formly distributed load grows ten percent per year. (a) Subtransmission circuits underground; all other circuits overhead open- 
wire. (b) Main subtransmission circuits underground; branch subtranemission aerial cable; 4 kv primary feeders and secondaries 
overhead open-wire. (c) Subtransmission circuits aerial cable; all other circuits overhead open-wire. (d) A 1 circuits overhead open- r 
wire. Al : Radial system with 4-kv radial primary feeders with individual voltage regulators au plied by a 12 OOO-kva distribution sub- 
station. A2: Same as Al except for 24 OOO-kva substation. B: Radial system with bus-regu ated distribution substation and 4-kv P 
primary feeders. C: Radial system with 13.2-kv subtransmission circuit supplying distribution transformers. D: Primary network 
with 4-kv primary feeders. Offset in curve at 1500 kva per square mile is due to increasing interrupting capacity of primary-feeder 

breakers. E: Overhead secondary network. 
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mission circuits are underground the relatively higher cost 
of that part of the system penalizes the primary network 
because more subtransmission circuit is required as com- 
pared to the radial systems. 

The cost of the network is consistently low throughout 
the range of load density considered. Even in those nar- 
row ranges of load density where the cost curve of some 
other type of system drops below the primary-network 
curve the primary network is only slightly more expensive 
than the other system, except for very low load densities 
when underground subtransmission is used. This is im- 
portant in load areas where the load density is not uniform 
throughout the area. The flexibility of the primary-net- 
work system for accommodating load growth makes it 
better for nonuniform load density and irregular load 
growth than any radial system, particularly one using 
large centrally located substations. The use of large sub- 
stations depends on accurate long-range load forecasting. 
Many large substations located on the basis of long-time 
load predictions are never fully loaded because the load 
does not grow as rapidly or as much as anticipated. Be- 
cause the network system can be expanded in small incre- 
ments long-time forecasting is not necessary and irregular 
load growth can be accommodated more economically by 
the network system. Therefore, in many cases where the 
primary-network system appears to be slightly more ex- 
pensive than some other systems on the basis of uniform 
load density and regular load growth the additional cost 
of the network is more than compensated by the flexibility 
of the network system. 

The curves of Fig. 4 are not conclusive evidence that the 
primary network is the most economical system for me- 
dium load densities. However, the curves do indicate that 
the primary network is likely to be economical in areas 
where the overall load density is between 500 and 5000 kva 
per square mile. 

8. The Primary-Network Unit 

Basically the primary-network unit consists of a trans- 
former to step down the voltage from the subtransmission 
voltage to the primary-feeder voltage and circuit break- 
ers to control the feeder circuits and protect the system 
from faults that may occur in the various circuits. These 
basic elements and their associated auxiliary equipment 
usually are assembled into a self-contained unit substation 
such as shown in Fig. 5. However when the primary net- 
work uses only one breaker near the middle of each tie 
circuit the network unit is usually an assembly of the 
transformer, the transformer breaker, and auxiliary equip- 
ment. The mid-tie feeder breakers are located along the 
tie circuits usually in the form of switchhouses. 

The Transformer—A three-phase oil-immersed self- 
cooled transformer generally is used in a primary-network 
unit. Frequently air-blast equipment is provided so that, 
occasional high overloads can be carried without exceeding 
safe operating temperatures in the transformer. The ad- 
ditional load capacity with air blast often is used as the 
spare capacity in the unit to take care of emergency loads 
when a subtransmission circuit is out of operation. The 
trend is toward air-blast cooling on all network units. 

The primary-network transformer usually is provided 

Fig. 5—Typical primary network unit. (a) Unit substation 
consisting of transformer with air-blast fans and tap-chang- 
ing-under-load and throat-connected metal-enclosed switch- 
gear. (b) Schematic diagram of a unit substation for operation 

in a primary network. 

with a manually-operated primary disconnecting switch 
built into an oil-filled compartment on the transformer. 
The switch generally is capable of interrupting exciting 
current so that the transformer can be disconnected from 
the subtransmission supply circuit without deenergizing 
the supply circuit. Either a two-position or a three-posi- 
tion switch can be used depending on whether it is desirable 
to have a ground position in addition to closed and open 
positions. The ground position is for grounding the in- 
coming supply circuit. The three-position switch generally 
is preferred. 

A completely-self-protected transformer frequently is 
used in a-primary-network unit. Such a transformer in- 
cludes high-voltage fusible protective links, integral light- 
ning protection, and a thermal relay for tripping an as- 
sociated transformer breaker. When these elements are 
properly coordinated with the thermal characteristics and 

insulation of the transformer it is completely protected 
from damage from external causes. The completely-self- 
protected power transformer is described in detail in 
Chapter 16. 

Voltage Regulation-Tap-changing-under-load 
equipment is generally built into the transformer part of 
the network unit so that the primary-feeder voltage of 
the network system can be maintained at the proper level. 
The operation of this equipment is described in-Chapter 
5. A range of plus or minus ten percent usually is used 
although in some cases a smaller range is adequate. The 
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choice of regulation range should be based on the maxi- 
mum probable variation of subtransmission voltage at the 
network units and the voltage buck or boost to keep the 
primary-feeder voltage within the required limits. Since 
each primary-network unit normally serves a relatively 
small area the feeders out of any one substation are about 
the same length and have the same type of load. Under 
such conditions bus-voltage regulation is adequate. Fur- 
thermore, feeder-voltage regulation in a network system 
would be complicated and expensive. 

The operation of voltage-regulating equipment in a pri- 
mary network involves a problem that does not occur in 
the regulation of radial circuits. In the network system 
the voltage-regulating equipments in the various network 
units are operating essentially in parallel. When one regu- 
lator raises the voltage above the general level of the net- 
work system undesirable circulating currents flow through 
the network units and the tie feeders. If the control of the 
regulators is compensated* in the normal way so that the 
regulators hold higher voltage for peak load than for 
minimum load the circulating current may be increased as 
soon as it is established. The reason for this is that the 
circulating current appears to be a load current at the 
regulator that establishes the higher voltage and appears 
to be a reduction of load at regulators holding lower 
voltage. The result may be that once the unstable opera- 
tion of the regulating devices is initiated the regulator 
holding the higher voltage tries to raise the voltage until 
the regulator reaches the upper limit of its range and the 
regulators holding low voltage try to lower the voltage 
until those regulators reach the lower limit of their range. 
The resulting circulating current may open several break- 
ers and may completely interrupt the operation of the 
system. 

The path of the circulating current is a closed loop ex- 
tending from the power source through a subtransmission 
line to the transformers supplied by that line, thence 
through the primary network tie circuits, and back through 
network units to another subtransmission circuit by which 
it returns to the power source. The impedance of the loop 
is predominantly reactance. Therefore the circulating cur- 
rent lags the system voltage by a much larger angle than 
do load currents. This provides a simple means for pre- 
venting unstable operation of the regulating equipment in 
the primary network. Interconnecting the regulator con- 
trols in widely separated network units is not practicable. 
However, by the simple expedient of reversing the react- 
ance elements” of the line-drop compensators in the control 
systems of the network-unit voltage regulators stable 
operation of the regulators can be enforced. This can be 
explained briefly by stating that a highly reactive circulat- 

*This compensation is accomplished by means of a line-drop compensator. The 
compensator consists of a variable resistance element and a variable reactance ele- 
ment. These elements are connected in series with the secondary winding of a cur- 
rent transformer in the circuit through the voltage regulator. The resulting voltage 
drops in the two elements are proportional to the line current of the regulated circuit. 
The two voltage drops are introduced into the voltage-measuring circuit of the regu- 
lator control in series with a voltage proportional to the system voltage at the regu- 
lator. The resistance element produces a voltage component 180 degrees from the 
regulator current, and the reactance element, as normally connerted, produces a volt- 
age lagging the current by 90 degrees. These elements are variable and can be ad- 
justed so that the regulator holds not a constant voltage at the regulator but a voltage 
high enough to compensate for the resistance and reactance drops in a radial circuit 
and thus to maintain constant voltage at some predetermined point along the line. 
Thisexplanation of the line drop compensator is rigidly correct only for a feeder regu- 
lator in a single line with load only at the end of the line. However, the line-drop com- 

pensator is used generally in all feeder arrangements to compound the voltage regu- 
lation SO that a higher voltage is maintained at high-load than at light-load periods. 

ing current flowing through the network unit toward the 
network causes the regulator to reduce the voltage at that 
point because of the effect of the reactive current acting 
through the reversed-reactance element of the line-drop 
compensator. Conversely a reactive current from the 
network through the network unit causes the regulator 
to raise the voltage. As a result the voltage difference be- 
tween the units that causes the circulating current is cor- 
rected and stable operation of the regulators is maintained. 

The resistance element of the compensator can be used 
to give a rising voltage characteristic at the primary net- 
work unit for increasing load currents. This generally re- 
quires somewhat higher settings for the resistance com- 
pensation than is necessary with normal reactance com- 
pensation. The most practical method of adjusting the 
compensator elements is to start with a fairly high react- 
ance setting and a relatively low resistance setting and 
then by trial arrive at the best combination of settings. 
The reactance compensation can be reduced gradually 
until the minimum setting is found where stable opera- 
tion is positive. This can be determined by manually 
moving the regulator away from the position correspond- 
ing to the desired system voltage. The regulator should 
return to the desired position automatically instead of 
continuing, in the direction of the manual displacement, 
to the end of its range. The resistance can then be in- 
creased to give the necessary compounding. Small read- 
justments in the reactance element may be necessary after 
the resistance element is adjusted. These adjustments 
should be made during light load because unstable opera- 
tion is more likely at times of light load than at heavy 
load. 

If it is sufficient to maintain constant voltage at the in- 
tersection buses in the primary network, the line-drop 
compensator does not function. In other words it is ad- 
justed for zero resistance and reactance compensation. In 
such a case the regulators operate stably regardless of the 
connection of the reactance element. In fact if the voltage 
at some point on every tie circuit decreases as load in- 
creases on the adjacent network units the regulators 
operate stably with the reactance element not reversed. 

The most economical rating of transformer usually will 
be between 1000 and 3000 kva depending on circuit con- 
struction, load density, location of units (outdoors or 
underground), and existing primary conductors. In order 
to use large units it is necessary to have correspondingly 
large primary-feeder circuits or to have a large number of 
feeders out of each substation. The latter means that the 
circuits are relatively long and that some of these circuits 
may have to be carried some distance from the station 
before any load is served. The additional cost of primary 
feeders may more than offset the savings in the cost of 
network unit and subtransmission circuit. The long- 
term total annual cost of large units is likely to be higher 
than that of smaller units because large units make it 
necessary to add capacity to the system in large incre- 
ments. This is particularly important where the load is 
not uniformly distributed in the load area or where load 
growth is irregular. Both these conditions are more preva- 
lent than uniform load density and a regular rate of 
growth. Past experience indicates that a 1500 or 2000 kva 
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unit (1875 or 2500 kva with air blast) is usually most 
economical. Large units may appear economical in areas 
of heavy load density. However, in such areas the low- 
voltage secondary network should be carefully considered 
because it is probable that the secondary network is less 
expensive and it provides better service than the primary 
network. 

Switchgear and Relaying-The two general arrange- 
ments of switchgear in a primary network are shown by 
Figs. 1 and 2. In the type shown in Fig. 1 there are two 
breakers in each tie feeder, one at each end. The arrange- 
ment in Fig. 2 uses one breaker in each tie feeder and this 
breaker is usually located near the middle of the tie; how- 
ever, it may be located at any point in the feeder. From 
the standpoint of interrupting duty and of load affected 
by a feeder fault the midpoint location is best. 

The one-breaker primary network costs less because it 
uses fewer breakers of lower interrupting capacity. Re- 
closures to reestablish service on faulted feeders do not 
disturb loads on the remainder of the network. In the 
two-breaker primary network feeder, faults drop less load 
and there are fewer locations where equipment must be 
maintained. 

The switchgear for the two-breaker primary network is 
shown schematically in Fig. 5(b). The transformer break- 
er is provided with reversed-power and overvoltage-re- 
closing (network) relaying. The network relay disconnects 
the transformer from the network in the case of a trans- 
former or subtransmission supply line fault and reconnects 
the transformer to the network when such a fault has 
been repaired and the relationship between the transformer 
and the network voltages is correct. The transformer 
breaker is also equipped with very-inverse-time overcur- 
rent relays to isolate the transformer from bus faults and 
to provide back-up protection for the feeder breakers. 
This overcurrent relaying on the transformer breakers also 
trips and locks out the tie-circuit breakers connected to 
the same bus. 

The network relay is inherently sensitive enough on 
reverse current to trip the transformer breaker on trans- 
former exciting current when the transformer is energized 
from the low-voltage side. This makes it possible for the 
network relay to isolate single-line-to-ground faults on 
subtransmission circuits supplying the network, when 
using network transformers with their primaries connected 
in delta. It also facilitates testing and maintaining the 
supply circuit because it is not necessary to go to the pri- 
mary-network units in order to deenergize the associated 
subtransmission line. This is particularly convenient 
when no radial loads are supplied by the same circuit that 
supplies network units because then the subtransmission 
circuit can be opened without interrupting any load. The 
use of sensitive-reversed-current tripping is complicated 
by the possibility of momentary reversals of power flow 
through the network transformers when radial loads are 
supplied by the same circuits that feed the network units. 
This is particularly true if the radial load is characterized 
by large abrupt fluctuations, as, for example, when large 
industrial motors or furnaces are started. To prevent such 
momentary reversals of power from opening the network- 
transformer breakers a desensitizing relays8 can be used to 

delay the tripping of the breaker on reverse currents up to 
about 150 percent of normal full load on the associated 
transformer. Thus momentary reversals of power that 
disappear before the time-delay interval is completed do 
not open the transformer breaker, but if the reversal per- 
sists the breaker opens at the end of the time delay. A 
delay of one to five minutes usually is long enough to take 
care of momentary reversals. With this arrangement re- 
versed fault currents, which generally exceed two or three 
times normal rated current of the transformer, trip the 
breaker and isolate the faulted element without intentional 
time delay. 

The feeder breakers are controlled by overcurrent re- 
lays and time-delay reclosing relays. The overcurrent re- 
lays should have broad-range, very-inverse-time character- 
istics to insure selective operation of the breakers in the 
various tie circuits so that a primary-feeder fault causes 
only the faulted circuit to be isolated. Current discrimina- 
tion alone is inadequate for selective operation of tie-cir- 
cuit breakers. If current-discriminating relays in all the 
tie feeders are set low enough to trip their respective break- 
ers correctly on the minimum faults, the breakers in sev- 
eral tie feeders probably trip incorrectly on severe faults. 
The minimum fault current in a faulted tie feeder generally 
is lower than the maximum current in that feeder for a 
fault in an adjacent feeder. Definite-time settings for the 
overcurrent relays can be used to obtain satisfactory opera- 
tion of the tie breakers if the settings are carefully selected 
for the various breakers. This method8 requires carefully 
planning the relay settings and depends, for correct opera- 
tion, on accurate settings and the proper geographical 
sequence of the time delays in the tie feeders of the net- 
work. The broad-range, very-inverse-time relay scheme is 
the most practical method of providing selective operation 
of the feeder breakers because it permits uniformly low 
minimum current settings throughout the network and 
generally allows all the tie-feeder relays to be given the 
same settings. 

The feeder-breaker overcurrent relays are set faster than 
the transformer-breaker relays so that any feeder fault is 
cleared by the feeder breakers before the transformer 
breaker can trip unless the feeder breaker that should iso- 
late the faulted feeder fails to operate. If the feeder 
breaker fails to open, the transformer breaker operates 
and, in conjunction with the other feeder breakers con- 
nected to the same bus, isolates the faulted circuit. 

Reclosing of the primary-feeder breakers is used in the 
primary-network system, as in radial systems, to rees- 
tablished service from a faulted circuit if the fault clears 
when the feeder is deenergized. Most temporary faults are 
cleared before the first or second reclosures. In the pri- 
mary network two reclosures for any tie feeder can be pro- 
vided conveniently by one reclosure at each end of the 
circuit. To prevent both reclosures occurring simultan- 
eously or near enough together that the fault is not de- 
energized between reclosures it is necessary to use different 
time delays before reclosure at opposite ends of the line. 
The shorter time delay is made long enough that both 
breakers have ample time to open. The longer time delay 
is made long enough that the two reclosures do not occur 
simultaneously as a result of a large difference in the 
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opening times of the two breakers in the faulted feeder. 
Time delays of 15 and 30 seconds are generally adequate 
for the two reclosures. Using only one reclosure for each 
breaker minimizes the operating duty on the breakers. 

The transformer breaker in the primary network with 
one breaker per tie feeder, Fig. 2, is controlled by network 
relaying and overcurrent relaying in essentially the same 
way that the transformer breaker in Fig. 1 is controlled. 
However, in addition to network and overcurrent relaying 
the transformer breakers in Fig. 2 are provided with re- 
closing relays so that the transformer breaker recloses on 
primary-feeder faults. Two or three successive reclosures 
are made before lock out. In the form of the network 
shown in Fig. 2 the transformer breaker usually is included 
in the transformer structure to form a completely-self- 
protected single-circuit unit substation. 

The mid-tie breakers in Fig. 2 differ physically and 
functionally from the tie breakers in Fig. 1. These break- 
ers are usually located along the tie feeders remote from 
the substation in widely separated locations and cannot be 
assembled together to form a switchgear unit. However, 
the breakers can be located anywhere along the tie feeders. 
If they are located at the intersections, those at a particu- 
lar intersection can be grouped together to form a switch- 
gear assembly. Mid-tie breakers can be mounted on a 
pole, on a platform, or on the ground. The control for a 
pole-mounted breaker is in a separate pole-mounted hous- 
ing. A breaker mounted on a platform or on the ground 
can be either an outdoor breaker or a breaker in a switch- 
house. Outdoor breakers require a separate weatherproof 
cabinet for the control and operating mechanism while 
the switchhouse type of mounting provides a weather- 
proof structure for the control, operating mechanism, and 
the breaker. 

Mid-tie breakers are controlled by very-inverse-time 
overcurrent relays and voltage reclosing relays. The mid- 
tie breaker opens on overcurrent in either direction through 
the breaker and recloses only after substantially normal 
voltage is maintained on both sides of the breaker for a 
predetermined length of time. Power for closing the 
breaker can be taken from the tie feeder on either side of 
the breaker or from an adjacent secondary main supplied 
by the tie feeder. 

The interrupting duty on breakers in any primary-net- 
work system depends not only on the short-circuit current 
of the adjacent network transformer but also on the char- 
acteristics of the network system because currents can 
flow to any fault over two or more paths. Unless the 
average tie-feeder impedance is more than about three 
times the network-transformer impedance, the network 
transformer will supply less current to a fault at its termi- 
nals than will the remainder of the network. Therefore, 
tie-circuit construction, load density, and the extent of the 
network are important factors in the interrupting duty on 
circuit breakers in a primary network system. In the type 
of system shown in Fig. 1 the duty on all the breakers at 
any substation is about the same and usually the variation 
of interrupting duty from one substation to another is not 
enough to justify using different breaker ratings in dif- 
ferent substations. The interrupting duty on the tie 
breakers in the form of the primary-network system shown 

TABLE 1—RANGE OF INTERRUPTING CAPACITY USUALLY 
REQUIRED FOR BREAKERS IN PRIMARY NETWORKS 

in Fig. 2 depends largely on their location in the tie circuits. 
If these breakers are located electrically at the middle of 
the tie feeder the maximum duty on them may be as low 
as a third of the maximum duty on the transformer break- 
ers because the impedance in the tie circuit limits the fault 
currents. Table 1 shows the ranges of interrupting ratings 
generally required for the various breakers in the two 
forms of the primary network. 

9. Designing the Primary Network 

The design of the primary network, like that of any dis- 
tribution system, must be based on complete and accurate 
load and geographical data, such as, (1) location, size, and 
character of large loads; (2) the amount, location, distribu- 
tion, and character of the small loads; (3) anticipated load 
growth in the area being studied; (4) location of bulk 
power substations; (5) location and capacity of existing 
distribution circuits, transformers, and substabions; (6) 
available sites for substations and other distribution equip- 
ment; and (7) available routes for distribution circuits. 
Preliminary analysis should reduce the load data to quan- 
tity of load and load centers corresponding to relatively 
small areas such as mile or half-mile squares. 

Network Unit Locations-On the basis of the loads 
and location of load centers in the small areas network 
units are located at the load centers of larger areas each 
comprising a load corresponding approximately to the 
proportionate share of the total load in the network area 
that each unit will normally carry. The proportionate 
share of load for each unit is determined by the total 
number of units that must be installed in the network area. 
There must be enough units in normal operation so that 
under emergency conditions when one subtransmission 
circuit and the network units connected to it are out of 
operation the maximum capacity of the remaining units 
will be adequate for the total load in the area. A rough 
cost comparison can be made on the basis of a preliminary 
location of units to indicate the sizes of units that are 
likely to be most economical. Detail design and final com- 
parisons then need be carried through for only a few com- 
binations. 

The actual location of network-unit substations depends 
not only on the location of the corresponding load centers 
but also on the location of available sites, available rights- 
of-way for subtransmission and primary-feeder circuits, 
and the location of existing distribution facilities that 
can be utilized. The choice of substation locations usually 
takes into consideration the cost of real estate and the need 
for landscaping or special construction to match the sub- 
station with the surrounding buildings and area. 

Tie Feeders-The carrying capacity of the tie cir- 
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cuits between network units is related to the capacity of a 
network as well as to the load supplied from the circuit. 
Generally there are from three to five tie feeders connected 
to each intersection bus and for practical purposes the 
average can be taken as four. The carrying capacity of the 
four tie circuits should be enough to carry the maximum 
load on the corresponding network unit. Also each tie 
circuit must be able to carry all of its load from one end. 
The reason for this is illustrated by considering that the 
transformer of network unit E, Fig. 1, is out of service; 
then feeders c-b, e-h and f-lc are supplied only at the b, h 
and Ic ends respectively. Under normal operating condi- 
tions, when all units in a network are operating, about half 
the load on the tie circuits connected to a network unit 
represent the normal load on that unit. Therefore, the 
combined carrying capacity of the tie feeders connected to 
a network unit must be at least twice the normal load on 
that unit. Actually each tie feeder should have a carrying 
capacity equal to about half the rated capacity, instead of 
the normal load, of the network transformer. On the basis 
of an average of four tie feeders connected to each primary- 
network unit, this carrying capacity usually gives enough 
margin to take care of unequal division of load among the 
tie feeders. The same size of tie-feeder conductors and 
network units generally is used throughout the network 
because of interchangeability and simplification of design 
and construction. 

The tie feeders between primary-network units should 
follow reasonably direct routes. This keeps the impedance 
of the tie circuit to a minimum. Low tie-circuit impedance 
facilitates uniform load distribution among the network 
units and keeps voltage drop in the tie circuit to a mini- 
mum. These factors are particularly important under 
emergency operating conditions when a subtransmission 
circuit and its associated network transformers are out of 
service and some of the tie circuits are being supplied from 
only one end. Short tie feeders minimize the probability 
of faults on these circuits. Each tie feeder should follow a 
separate route as far as possible so that tree limbs, derrick 
booms, or similar hazards do not involve more than one 
tie feeder. Usually the installation of a primary network 
involves the adaptation of existing primary feeders to the 
tie circuits of the network system and the routes of the 
existing main primary feeders are major factors in routing 
the tie lines. 

Either overhead or underground construction can be 
used for the tie feeders. The choice of the type of con- 
struction depends almost entirely on the class of neighbor- 
hood through which the feeders run and on the economic 
balance between the cost of underground construction and 
freedom from lightning, sleet, and tree troubles. When an 
existing system is adapted to primary-network operation 
the type of construction already being used usually de- 
termines the construction of the primary-network tie feed- 
ers. In areas of medium load density, where the primary 
network is generally applicable, overhead open-wire con- 
struction predominates. 

Radial subfeeders and primary laterals can be supplied 
from the tie feeders in the same way that they are served 
by radial primary feeders. However, instantaneous de- 
energizing of the main tie feeder to clear temporary sub- 

feeder faults and subsequent time-delay tripping of the 
feeder breakers to permit subfeeder sectionalizing fuses to 
clear permanent subfeeder faults cannot be used in the 
network system. Instantaneous tripping or delayed trip- 
ping of the tie-feeder breakers does not permit selective 
operation of the tie-feeder breakers in the various tie cir- 
cuits of the network. However, the subfeeders can be 
fused so that faults on these circuits do not take the main 
tie feeder out of service. It is important that these fuses 
be carefully coordinated with the tie-feeder breakers so 
that subfeeder faults are correctly isolated from the main 
tie feeder. A radial primary feeder can be served directly 
from the primary-network units through its own breaker 
which usually is controlled by the same type of relaying 
used for the network tie circuits. However, any form of 
relaying can be used for a radial feeder breaker in a pri- 
mary-network unit, if it coordinates properly with the 
network tie-feeder breakers. 

Subtransmission Supply Circuits-At least two 
subtransmission circuits are required to supply a primary 
network; a larger number of supply circuits reduces the 
spare capacity required in the network units to provide for 
an emergency condition when one supply circuit is out of 
operation. It generally can be assumed that out of any 
number of supply circuits, up to about five or six, only one 
will be out of service at any one time. Theoretically two 
supply circuits require loo-percent spare transformer ca- 
pacity so that when one of the two subtransmission cir- 
cuits is out of service the transformers associated with the 
operating feeder can carry the total load; actually the 
maximum load capacity of all the network units has to be 
somewhat more than twice the normal peak load because 
the transformer ratings cannot be exactly fitted to the 
actual loads and because under emergency conditions the 
load probably does not divide uniformly among the trans- 
formers remaining in service. The corresponding theoret- 
ical reserve capacity for three supply circuits is 50 percent; 
for four circuits 33% percent; and for five circuits 25 per- 
cent. Practically, very little reduction of necessary reserve 
capacity results from using more than five or six supply 
circuits. When a larger number of circuits is used, some of 
the transformers in the network area will be remote from 
transformers that are out of operation and will pick up 
relatively little of the load normally supplied by the trans- 
formers associated with a supply circuit that is out of 
service. In other words, the reserve capacity in a network 
supplied by more than five or six subtransmission lines 
cannot be effectively utilized and the necessary percent 
reserve capacity in the network becomes practically con- 
stant as the number of supply circuits increases beyond 
five or six. 

For more than five or six circuits the probability of two 
circuits being out of operation simultaneously may be 
great enough that such an emergency must be considered. 
More reserve capacity may be required in a network sup- 
plied by a larger number of supply circuits than in one 
supplied by five or six circuits. The number of subtrans- 
mission circuits that can be expected to be operating at any 
time must have enough capacity to carry the total pri- 
mary-network load. 

Interlacing of the subtransmission circuits, to avoid 
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adjacent transformers being connected to the same sup- 
ply circuit, should be used to keep the spare capacity in 
the network to a minimum. The additional length of 
supply circuit usually is more than out-weighed by the 
saving in network unit capacity. See section 13. 

The construction used for the subtransmission circuits 
depends on available rights of way, subtransmission volt- 
age, and the value of the protection from lightning, 
storm, and tree hazards afforded by underground con- 
struction. Prevailing subtransmission circuits usually 
esta.blish the type of construction to be followed by pri- 
mary-network supply circuits. Closely built up areas may 
require underground or aerial cable lines while open areas 
may permit using overhead open-wire construction. 

One important advantage of the network system is that 
the subtransmission circuits can be straight radial circuits 
protected by simple overcurrent relaying systems because 
service to all the loads in the network area is independent 
of the continuity of operation of any subtransmission 
circuit. The complicated relaying and duplication of sup- 
ply circuits required by the subtransmission grid (See 
Chapter 20) are not necessary for the operation of a pri- 
mary network. However, it is important that the supply 
circuits originate at bulk power stations that are closely 
interconnected so that the voltages on the various sub- 
transmission circuits are maintained practically equal and 
in phase. This is necessary to insure uniform load distribu- 
tion among the supply circuits. 

Automatic reclosing of the breaker at the supply end 
of an open-wire subtransmission circuit supplying primary- 
network units is not as important as it is for primary 
feeders or subtransmission lines in a simple radial system. 
In the primary-network system a fault on a subtransmis- 
sion circuit does not interrupt any load. Furthermore, it 
is not necessary to restore the faulted circuit to operation 
to maintain service to any loads served from the network. 
Reenergizing a subtransmission line connected to a faulted 
network transformer almost invariably would reestablish 
the fault and cause unnecessary damage to the transformer. 
If considerable radial load in addition to network load is 
served by an overhead subtransmission circuit, automatic 
reclosing of the subtransmission-line breaker may be justi- 
fied by the reduction of the duration of outages for the 
radial load when temporary subtransmission-line faults 
occur. Reclosing is not used on subtransmission cables 
because a fault in a high-voltage cable usually does not 
clear when the cable is deenergized. Reclosing on faulted 
cable circuits usually causes unnecessary damage to the 
cable. 

10. Modification of the Primary Network 

The foregoing discussion has been confined to the two 
basic forms of the primary network both of which oper- 
ate on the same fundamental network principle. Modi- 
fications that have been used or suggested are variations 
of arrangement and generally do not affect the funda- 
mental operation. The two most important modifications 
are the use of fuses in place of mid-tie breakers and the 
adaptation of the network system to existing substations 
and distribution facilities. Fuses can be used in place of 
the mid-tie breakers in the system shown in Fig. 2 because 

the reclosing to reenergize the primary feeders after a tem- 
porary fault is done by the transformer breaker. In the 
system using two breakers per tie feeder, substituting 
fuses for these breakers is not practical because the fuses 
do not provide means for reestablishing service on the tie 
feeders in the case of temporary faults. Reclosing fuses 
might be used for this purpose if suitable, accurate, long 
time delays could be incorporated in the fuse to insure 
properly coordinated operation of the fuses at opposite 
ends of the line. If fuses are used in place of mid-tie 
breakers they must be coordinated carefully so that the 
fuses in the various tie circuits operate selectively. One 
important disadvantage of these fuses is that the tie feeders 
must be patrolled frequently so that fuses adjacent to a 
substation near which a tie-feeder fault has occurred do not 
remain open for long periods of time and result in dropping 
load around that substation when it is taken out of service 
at some later time because of a transformer or subtrans- 
mission-line fault or for maintenance or testing. 

Primary networks are usually applied in areas where 
there is an existing distribution system. For this reason 
it is often desirable to adapt existing substations to net- 
work operation. When the existing substations are equal 
or nearly equal to the network units that are to be used, 
it is necessary only to provide existing stations with net- 
work relaying and properly coordinated over-current relay- 
ing and to make sure that existing breakers are of adequate 
interrupting capacity. In larger stations it may be neces- 
sary to divide the station into sections nearly equal in 
capacity to the new network units to be installed. In some 
cases it may be feasible to segregate a small section of the 
bus in a large substation for operation in the network sys- 
tem and supply this section of bus from the main station 
bus through a bus-sectionalizing breaker and current- 
limiting reactor so that the normal load and the available 
short-circuit kva on the small bus section are comparable 
to that of the network units. In this latter case the section- 
alizing breaker is relayed in the same way as the trans- 
former breaker in a network unit, and the feeder breakers 
on the small bus section are provided with the same type 
of control as other tie-feeder breakers in the network. 

Other modifications may suggest themselves in particu- 
lar cases. Any modification should be made only after it 
has been determined that tie-feeder sectionalizing devices 
and network-unit transformer breakers are properly co- 
ordinated and correct operation of the network is assured. 

III. THE AUTOMATIC A-C SECONDARY 
NETWORK SYSTEM 

All the secondary networks now operating in 196 cities, 
with one exception,33*65 work on the same basic principle. 
Loads throughout a load area are supplied by taps from an 
interconnected system of low-voltage circuits. The utiliza- 
tion voltage, 26 at which the secondary mains are operated, 
varies among installations from 115/119 to 125/216 volts. 
The most prevalent voltage is 120/208 volts which pro- 
vides a standard lamp voltage from line-to-neutral and a 
three-phase line-to-line voltage that is generally satisfac- 
tory for 220-volt motors. l7 Power is supplied to this sys- 
tem of low-voltage circuits through several transformers 
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which in turn are energized by two or more primary-feeder 
circuits. Automatic network protectors56*57 and the natural 
tendency of low-voltage faults to clear themselves31*22 are 
utilized to protect service from the secondary network from 

all faults in the system, except complete failure of the 
power supply. 

11. The Underground Secondary Network 

The basic electrical arrangement of the secondary net- 
work is shown in Fig. 6. The grid of secondary mains is 
the interconnected system of low-voltage circuits from 
which loads are served at utilization voltage. The network 
transformers introduce power into the secondary mains at 
the intersection of the mains through network protectors, 
which are automatic air circuit breakers controlled by net- 
work relaying. Two or more primary feeders are used so 
that even when a primary feeder is out of service all of the 
load can still be supplied over the remaining feeder or 
feeders. The feeders to the network can come either from 
a distribution substation, from a bulk power substation, or 
a generating station. In network systems the feeders fre- 
quently operate at subtransmission voltage and are, in 
fact, subtransmission circuits carried directly to the dis- 
tribution or network transformers. 

Secondary Mains-The load circuits or secondary 
mains from which consumer services are tapped generally 
follow the geographical pattern of the load area because 
the mains are located under the streets or alleys in the 
area so that the services to the consumers can be as short 
as possible. This arrangement facilitates access to the 
mains for repairs, maintenance, and service connections. 
In underground systems the secondary mains as well as 
other circuits are generally carried in duct systems and 
the service connections are made in manholes, vaults, or 
shallow junction boxes. At the intersections of the sec- 
ondary mains the corresponding phase conductors of the 
intersecting mains are connected together so that, in most 
city areas where the low-voltage secondary network is 
applicable, the system of secondary mains takes the form 
of a grid. In an ideal case the grid forms a regular pattern 
such as that shown in Fig. 6. 

In underground systems the secondary mains generally 
are made up of single-conductor cables because the many 
interconnections and service taps required in a secondary 
network can be made more easily and less expensively on 
single-conductor cables than on multi-conductor cables. In 
the early stages of the network system lead-covered cables 
were used almost exclusively. Within the last decade im- 
proved insulating materials have resulted in extensive use 
of non-metallic sheathed cables5g because splices can be 
made more easily. Although three-conductor cables gen- 
erally are not used it is common practice to twist all the 
conductors of a three-phase circuit together to keep to a 
minimum the reactance of the circuit and thus improve 
voltage regulation. 

The size of the conductors* in the secondary main 
depends primarily on the required carrying capacity. 
However, the voltage drop from a transformer to any load 
along the mains under normal operating conditions (all 
transformers in operation) should not exceed about two 

*See Chapter 6. 

Fig. 6—Schematic diagram showing the basic arrangement of 
primary feeders, network transformers, and secondary mains 

in a low-voltage secondary network. 

percent. The carrying capacity of a secondary-network 
main should be one-half to two-thirds of the rated capacity 
of the predominant size of network-transformer unit. This 
is true because a part of the maximum load on a trans- 
former is usually supplied from the junction where the 
transformer is connected, and the remainder of the output 
of the transformer usually is divided unequally among the 
mains connected to the same junction as the transformer. 
Also, when the normal power supply from a network trans- 
former at one end of a secondary main is out, all the load 
along the main and part of the load at the end where the 
transformer is out is supplied from the other end of the 
main. 

The conductor sizes most frequently used in under- 
ground low-voltage networks are 4/O and 250-, 350-, and 
500-MCM. However, because of relatively high voltage 
drop, difficulty of handling, and the difficulty of burning 
clear faults on 500-MCM cable, two 4/O or 250-MCM 
cables in parallel are frequently used in place of one 500- 
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MCM conductor. The improvement in voltage regula- TABLE 2 —MINIMUM CURRENT IN AMPERES REQUIRED IN EACH 

tion45 is shown by Fig. 7. Two 250-MCM conductors in CONDUCTOR ON BOTH SIDES OF A SOLID FAULT ON SINGLE- 

parallel have the same copper cross-section and essentially 
CONDUCTOR CABLES TO BURN OFF THE FAULT 

the same resistance as one 500-MCM. The paralleled 
250-MCM cables provide better regulation because the 
reactance of that circuit is about half that of the 500-MCM 
circuit. The smaller cables are easier to handle in the 
limited space in manholes and vaults. Where transformers 
larger than 500-kva are used in a network multiple- 
conductor circuits always should be used. 

The operation of the secondary network depends on 
faults on the secondary mains being burned off and clear- 
ing without deenergizing the system. This is feasible on 
low-voltage circuits such as 120/208-volt secondary-net- 
work mains because arcs are not sustained at that voltage. 
For circuits operating at higher voltages such as 460 volts 
this method of clearing faults is not dependable. Test31 

Fig. 7-Relative regulation per unit length of three-phase cir- 
cuit for a balanced three-phase current at various power fac- 
tors. A: For a circuit consisting of three 500-MCM single-con- 
ductor cables in a duct. B: For a circuit consisting of two 
parallel three-phase branches each made up of three 250- 

MCM single-conductor cables in a separate duct. 

and calculations have shown that the minimum currents 
shown in Table 2 are required to burn clear the most 
severe type of fault. Such a fault is one where the current 
and thermal capacity of the fault is greater than those of 
the conductor itself making it necessary to fuse the con- 
ductor on each side of the fault. In an actual installation 
such a fault might occur when a power shovel digs into a 
duct line. The probability of such a fault is rather small. 
Most faults on network secondaries clear with much 
smaller currents than those shown in the tabulation. The 
values for underground circuits are for either lead-covered 
or non-leaded cables. A 500-MCM conductor is about the 
largest conductor that can be expected to burn clear con- 
sistently because larger conductors require high minimum 
fault currents, which are difficult to obtain in network 
mains except where the transformer capacity is highly con- 
centrated, and also because of the large amount of metallic 
vapor generated when a large conductor fuses. 

The ability of any network to clear secondary faults is 
improved by the use of paralleled-conductor circuits. 
Available short-circuit currents will burn off a small con- 

ductor more quickly than a large conductor. Also with 
the parallel arrangement of the secondary-main conduc- 
tors a fault opens only one of the branches of the main and 
leaves the other branch of the main in operation to help 
maintain the maximum possible fault current available at 
the fault point. Furthermore, the paralleled circuits of the 
main can be tied together at short intervals so that only a 
small section of the main is affected by a fault. Tying the 
parallel circuits together increases the fault current at the 
fault point in most cases. 

The effects of paralleled mains and tie points are illus- 
trated by Fig. 8. A fault near a junction is more difficult 
to clear than a similar fault at any other location on the 
main because the current to one side of the fault is limited 
by the impedance of the entire main. Such a fault in a 
well-designed network grid is quickly burned clear between 
the fault and the nearest junction point as shown in Fig. 
8(a). Occasionally the fault current over a long secondary 
main is not enough to burn off a solid fault on a main con- 
sisting of a single-conductor per phase. The currents shown 
in Fig. 8 are calculated for the conditions shown. The 
current to a fault at the end of a 500-foot, 500-MCM 
secondary main, Fig. 8(a), will be 4250 amperes or only 85 
percent of the 5000 amperes necessary to clear a solid fault 

Fig. 8—Effect of paralleled conductors and tie points in 
paralleled conductors on the ability of a low-voltage network 

to clear secondary faults. 
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on that size conductor. If, as in (b), two paralleled 4/O 
cables without tie points are substituted for the 500-MCM 
conductor the fault clearing ability is improved. There is 
still only 98.2 percent of the 2900 amperes required for the 
worst fault; however, the probability of the fault not clear- 
ing is very remote. But if, as in (c), the two paralleled 4/O 
conductors are tied together at the midpoint of the main, 
the available fault current from the main to the fault is 
increased to 149.2 percent of the 2900 amperes required. 
This provides a wide margin, of safety. There are two 
reasons for this result. Both transformers can supply 
current to the fault even after it burns off on one side; 
and the effective impedance to the fault is less than that 
in either case (a) or (b). In the case of two 4/O conductors 
per phase and 300-kva transformers, l00- to 150- foot 
intervals between tie points are short enough to burn clear 
a fault such as shown in Fig. 8(c), even on mains as long as 
1350 feet. Mains of such length seldom occur in secondary 
networks. The effectiveness of this method depends on 
there being two branches of the main each in a separate 
duct to prevent a fault in one branch from communicating 
to the other. Usually these tie points are provided auto- 
matically by service taps along the mains; on a parallel- 
conductor main the branches should be tied together at 
service points because of the improved voltage regulation 
and decreased losses in the main. 

Limiters-Frequently there are a few mains in a sec- 
ondary-network grid where fault current is insufficient to 
insure clearing a solid fault. Also some severe faults result 
in a considerable amount of damaged cable before the 
fault is cleared. To minimize the amount of cable damage 
resulting from secondary faults and to avoid the infrequent 
cases where a secondary fault fails to clear in a reasonable 
time the limiter was developed and applied first in New 
York in 1936. s8*64 The limiter also provides means for 
isolating secondary faults on secondary mains in fringe 
areas of a network where there is insufficient fault current 
available to fuse the secondary mains in the case of a solid 
fault. The limiter is a restricted copper section installed in 
the secondary main at each junction point; the fusing 
characteristics of the limiter are designed to clear a faulted 
section of main before the cable insulation is damaged by 
the heat generated by the fault current. The extent to 
which limiters are applied in a network depends on eco- 
nomic considerations as well as on the necessity for provid- 
ing means of clearing faults. In some networks, limiters 
are installed in all secondary mains on the basis that the 
saving in damaged secondary cable justifies the applica- 
tion. It is cheaper to apply limiters on non-leaded cables 
than on lead-covered ones, especially if the lead sheath 
must be continued over the limiters by means of wiped- 
solder joints, Local costs and local secondary-fault expe- 
rience must be considered in each case. 

Network Units—A secondary-network unit consists 
of the network transformer and its associated primary 
disconnect switch and network protector. The network 
transformer is the distribution transformer in the network 
system. It combines the functions of both the distribution- 
substation transformer and the distribution transformer 
when subtransmission supply circuits are connected di- 
rectly to the network transformers. The primary discon- 

necting switch provides means for disconnecting a trans- 
former from the primary feeder and it may also incorporate 
means for short circuiting and grounding the primary 
feeder for the safety of workmen when the feeder is being 
repaired or extended . The network protector56 is an elec- 
trically-operated air circuit breaker controlled by network 
relays57 so that it automatically disconnects the trans- 
former from the secondary grid when power flows from the 
grid to the transformer and reconnects the transformer to 
the grid when the transformer can supply power to the 
grid. An installation of three network units in a vault is 
shown in Fig. 9. 

Transformer—Three-phase transformers generally are 
used because the space required and weight of the trans- 
former is less for three-phase units than for an equivalent 
bank of single-phase units and the cost is less for the three- 
phase unit. Single-phase transformers offer no advantage 
from the standpoint of service continuity because the 
interconnected secondary grid maintains the service at a 
transformer point even though that transformer is out of 
operation. However, when existing single-phase trans- 
formers have impedances and voltage such that they can 
be paralleled with network units, they can be used in a 
network system. This often occurs when an existing dis- 
tribution system is converted to a low-voltage secondary- 
network system. Single-phase transformers sometimes are 
necessary because of space and weight limitations of eleva- 
tors, hallways, doorways, manholes, and other means by 
which the transformers must be moved into position in 
vaults. This is particularly true for building vaults. 

Oil predominates as the cooling and insulating medium 
for network transformers primarily because of its relatively 
low cost and because other suitable mediums were not 

Fig. 9—Three submersible secondary-network units installed 
in a vault. Each unit consists of a 500-kva transformer with a 
1600-ampere network protector on the left end and a primary 

switch and terminal chamber on the right end. 
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Fig. 10—A network protector in a subway housing. This is the 
type of protector that is mounted on the left end of the trans- 

formers in Fig. 9. 

available in early stages of the development of the network 
system. The chief disadvantages of oil-filled transformers 
are the explosion and fire hazards. A non-inflammable 
liquid, such as Inerteen, eliminates the fire hazard and it is 
used in many cases where a fire would be difficult to con- 
trol or would be likely to cause extensive damage. Both 
oil-insulated and non-inflammable-liquid-insulated trans- 
formers can be used where a submersible unit is required. 
Air-insulated transformers that use no liquid and eliminate 
both the fire and explosion hazards are particularly suit- 
able for installations in buildings. 

In addition to providing for a primary switch and means 
for mounting a low-voltage protector, a network trans- 
former is carefully constructed to reduce the probability 
of internal faults. Submersible-transformer tanks are 
constructed to resist corrosion resulting from submersion. 
Resistance to corrosion is obtained by heavier tank bot- 
toms and cooling tubes, alloy hardware, and special paint. 
The size of a network transformer is made as small as 
possible, consistent with proper electrical construction, to 
save transformer-vault space. 

of the network 

s. If these 
transformers 
windings are delta- 

connected and are properly insulated a high-voltage d-c 
test potential can be used on the feeder cables. Star- 
connected primary windings make it impractical to use 
this type of switch because it is then practically impossible 
to test the feeder cables without disconnecting the trans- 
former from the feeder cables. The two-position discon- 
necting switch facilitates testing the feeder cables but has 
the disadvantage that the feeder cable must be grounded 
separately to provide safe working conditions for repairing 
the cable. The three-position disconnecting and grounding 
switch provides both the safety of grounding the feeder 
cable and the convenience of disconnecting the transformer 
from the cable to facilitate testing the feeder cable. The 
three positions of this switch are “Transformer,” “Open,” 
and “Ground.” In the “Transformer” position the feeder 
is connected to the transformer, In the “Open” position 
the transformer is disconnected from the feeder circuit. 
In the ‘Ground” position the primary feeder is discon- 
nected from the transformer and grounded. 

The primary switch is a manually operated device and 
generally is not capable of opening transformer exciting 
current. For that reason the switch usually is interlocked 
so that it cannot be operated unless the transformer is 
deenergized. Therefore, the feeder circuit must be deener- 
gized at its supply end to deenergize the transformers be- 
fore the disconnect switches can be opened. The sequence 
of operations of the three-position primary switch is ar- 
ranged so that to ground the primary feeder the switch can 
be moved to the “Ground” position only from the “Trans- 
former” position. This sequence of operations prevents 
grounding an energized feeder circuit because if the feeder 
is energized with the switch in the “Open” position, the 
interlock locks the switch when the switch is moved to the 
“Transformer” position where it must be before being 
moved to the “Ground” position. In some cases, such as 
when radial loads are served from the same primary feeders 
that serve network transformers, it is desirable to be able 
to disconnect a network transformer from an energized 
feeder. For that purpose the primary disconnecting switch 
must be capable of opening exciting current and must be so 
inter-locked that it cannot be opened unless the associated 
protector on the low-voltage side of the transformer is opened 
to remove load from the transformer. A three-position 
switch for interrupting exciting current must have an addi- 
tional interlock to prevent grounding an energized feeder 
circuit. A three-position primary switch is shown on the 
right end of each network unit in Fig. 9. The high-voltage 
switch compartment usually is combined with a terminal 
chamber or potheads for terminating the primary-feeder 
cables. 

The Network Protector56 is an electrically-operated 
air circuit breaker controlled by directional-tripping and 
voltage-reclosing relays. The breaker, the operating mech- 
anism, and the relays are assembled together to form a self- 
contained unit that in many cases is bolted to a throat, 
enclosing the secondary terminals, on the network trans- 
former. Such a protecter is shown in Fig. 10 and on the 
left end of the network unit in Fig. 9. 

The basic directional-tripping function and the over- 
voltage-reclosing function of the network relaying are 
combined in one three-phase relay57 called the master 
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network relay. The master relay is mounted in the lower 
left corner of the protector, Fig. 10. This relay is a watt- 
type induction relay. The master relay closes its closing 
contacts when the protector breaker is open and the volt- 
age of its associated transformer is slightly greater than 
and essentially in phase with the corresponding network 
voltage. The tripping contacts close when the protector is 
closed and a current in excess of the minimum setting of 
the relay flows through the protector from the network 
secondary mains to the transformer. 

The overvoltage-closing function of the master relay is 
usually modified by a phasing relay67 so that the protector 
does not close if the voltage of the transformer being 
connected to the secondary grid appreciably lags the net- 
work voltage. This insures that the network protector 
closes only if the relationship between the transformer 
voltage and network voltages is such that power flows 

toward the network when the protector closes and does not 
immediately reopen because of the resulting current flow 
being in effect a reversed current. The phasing relay is 
mounted directly above the master relay in the protector, 
Fig. 10. 

It is desirable to have the network relays sensitive 
enough that the network protectors open on the exciting 
current of their associated transformers when the corre- 
sponding primary-feeder breaker is opened. This not only 
provides a simple means of periodically checking the opera- 
tion of the network protectors but also makes it unneces- 
sary to go to all the protectors associated with a particular 
feeder in order to deenergize the feeder for repairs. An- 
other advantage of sensitive tripping is that the protectors 
can isolate single-line-to-ground faults on a circuit supply- 
ing the network, when the primaries of the network trans- 
formers are connected in delta. However, in infrequent 
cases, such as when regenerative loads are supplied from 
the network, sensitive tripping will result in too frequent 
operation of protectors. In these cases the sensitivity is 
decreased for normal conditions by means of a desensitiz- 
ing relay.68 This relay permits the protector to trip on 
small reversed currents only after a predetermined time- 
delay and on large reversed currents without intentional 
time-delay. 

Primary Feeders-The primary feeders supplying a 
low-voltage network generally are radial circuits because 
the interconnection of the secondary mains and the opera- 
tion of the network protectors provide means of maintain- 
ing service to all loads on the network independent of the 
loss of any one feeder. In underground systems the feeder 
circuits are usually lead-sheathed cables. Both three-con- 
ductor and single-conductor cables are used. Three-con- 
ductor cables frequently are used for the main feeders be- 
cause of the lower cost. Single-conductor cables frequently 
are used for sub-feeders and laterals because single-conduc- 
tor cables facilitate making the large number of splices and 
joints required on these sections of feeders. 

The primary feeders to a secondary network may origi- 
nate at a distribution substation, at a bulk power sub- 
station, or at a generating plant. The primary feeders 
should originate at the same substation or at substations 
that are closely tied together62 because the feeders are 
paralleled through the low-voltage secondary mains of the 

network grid and angular voltage differences between 
primary feeders result in improper load division or cause a 
large number of protectors to open. Furthermore, if the 
feeders are supplied from more than one substation, it may 
be necessary to plan the network on the basis of one of a 
few substations instead of one of several feeders being out 
of service. For example, a network system supplied over 
four feeders from two single-transformer distribution sub- 
stations (two feeders per substation) has to be designed to 
carry the total network load on half of the network trans- 
formers because of the probability of an outage of one 
substation. If all four feeders are supplied by one sub- 
station so arranged that power is always available at its 
low-voltage bus, it is reasonable to assume that the worst 
emergency condition is the loss of one of the four primary 
feeders. In this case three-fourths of the network trans- 
formers are always available to carry the total load. Much 
more reserve network transformer capacity is required in 
the former case than in the latter. If the feeders supplying 
network transformers originate at a distribution substation 
the subtransmission supply to that substation should be a 
subtransmission loop or grid and the substation should 
have duplicate transformers (See Chapter 20). The ar- 
rangement of the secondary network provides continuous 
service regardless of faults in network transformers or pri- 
mary feeders. In practical operation the reliability of 
service from the secondary network is limited only by the 
reliability of power supply to the primary feeders supply- 
ing the network transformers. 

In many areas where the secondary network is appli- 
cable the total load frequently is sufficient for two or more 
subtransmission circuits. Network transformers usually 
are three phase and range from 150 to 600 kva. The addi- 
tional cost of using transformers rated for subtransmission 
voltages instead of for the lower voltages generally used 
for radial primary feeders is fairly small. These two factors 
make it economical to supply a secondary-network system 
over radial subtransmission circuits and thus eliminate 
the distribution substation. In this case there is only one 
voltage transformation between subtransmission voltage 
and utilization voltage. In many cases these subtrans- 
mission circuits originate at a generator bus. This makes 
a simple distribution system with a direct path from gen- 
erators to consumer services. 

Automatic reclosing generally is not used on under- 
ground supply circuits in a network system for two rea- 
sons. The first is that faults in cable circuits operating at 
more than 600 volts seldom clear when they are deener- 
gized. The second reason is that in the network system 
it is not necessary to reenergize a supply circuit as quickly 
as possible to minimize service interruption because a 
supply circuit fault does not drop any network load. 
Furthermore, the network system allows a faulted supply 
circuit to be repaired deliberately, using as much time and 
taking whatever precautions are necessary to insure a good 
repair job, without interrupting load. 

The secondary-network system is well adapted to bus- 
voltage regulation because the network load is divided 
almost equally among the feeders or subtransmission cir- 
cuits supplying the network and consequently the same 
relationship between bus voltage and load voltage is satis- 
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factory for all the network supply circuits. Feeder-voltage 
regulation seldom is used because of voltage differences22 
that may be introduced between feeders by the individual 
regulators. This is particularly true of three-phase induc- 
tion regulators because they may introduce an angular 
displacement as well as an in-phase voltage difference. 
Furthermore, bus-voltage regulation is generally more eco- 
nomical. When network feeders are supplied from a gen- 
erator bus, generator-voltage regulation can be used if the 
voltage variations required by the network loads are satis- 
factory for other loads served from the same generator bus. 

12. The Overhead Network 
The overhead secondary network3g follows the same 

general pattern as the underground network and differs 
from the underground network primarily by having the 
secondary mains, network units, and in many cases the 
primary feeders overhead on poles. Extensions of the 
fringe of an underground network frequently are carried 
overhead in areas where underground construction is not 
used. The secondary mains are supported by racks or 
messenger cables. The network transformers and net- 
work protectors are mounted on poles or on platforms 
depending on the size of the network unit. In areas where 
overhead construction is used load densities are generally 
lower than in underground areas and the network trans- 
formers are correspondingly smaller. Transformer ratings 
most frequently used in overhead networks range from 50 
to 150 kva. The network protectors41 used in overhead 
network systems are generally smaller than protectors for 
underground systems but operate in the same way. Over- 
head secondary-network main conductors are smaller than 
underground-network main conductors and faults are 
burned clear as they are in the underground network. When 
the secondary-main conductors are mounted in the open 
on racks in the overhead network, a definite spacing is 
maintained between the conductors and faults are more 
easily cleared than in underground mains. The fault cur- 
rents required to clear faults on overhead secondary mains 
are shown in Table 2. 

13. Operation of the Secondary Network 
Normally all primary feeders of the network system are 

in operation and carry a proportionate share of the total 
network load according to the transformer capacity served 
by each feeder. Each load on the network is supplied by 
not less than two paths and the load inherently divides so 
that the best possible voltage is maintained at all points 
in the network grid. As loads change, the division of load 
changes so that equal voltage drop is maintained from 
adjacent transformers to every point on any interconnect- 
ing main. Thus, for any given load conditions the least 
possible voltage drop to services is obtained. Since there 
are at least two paths of supply to any load tap in the 
secondary grid, abrupt changes of load-such as starting 
large motors35~48- cause less voltage disturbance in a net- 
work system than in a system having radial secondary 
mains, even if the radial system were designed for the same 
steady-load voltage drop as the network system. 

Faults in Secondary Mains are burned clear as ex- 
plained previously in the description of the network 

secondary mains. Most of these faults either are arcs or 
have less thermal capacity than the secondary-main con- 
ductor; this type of fault is cleared quickly without inter- 
rupting loads. A few faults have high thermal capacity 
and must, be cleared by fusing the conductor between the 
fault and adjacent junction points in the grid. Such faults 
may result in dropping all the load on one section of sec- 
ondary main. However, such faults occur infrequently. 

Primary-Feeder Faults are cleared by opening the 
breaker at the supply end of the faulted feeder and opening 
all the network protectors in network units associated with 
the faulted feeder. None of the load is dropped and the 
total load divides among the remaining feeders. When the 
faulted supply circuit is repaired it is returned to operation 
by closing its breaker. When the feeder is reenergized with 
the correct voltage, the protectors that opened because of 
the fault reclose and the feeder again carries its share of the 
load. A transformer fault is isolated in the same manner as 
a primary-feeder fault. If the transformer is equipped with 
a high-voltage disconnecting switch the faulted trans- 
former can be switched off the deenergized feeder and that 
feeder can be returned to service. However, this is not 
necessary, if the transformer can be replaced in a reason- 
ably short time, because the network system must be 
capable of carrying the total network load with any one 
feeder out of service. 

Under emergency conditions with one feeder open the 
load is distributed among the network units supplied by 
the feeders remaining in operation. Under these conditions 
the voltage regulation at some points in the network, par- 
ticularly those where a network unit is disconnected from 
the grid, will not be as good as under normal conditions. 
The amount by which the voltage drop under emergency 
conditions exceeds that for normal operation depends to a 
considerable extent on the uniformity of the load distribu- 
tion among the network units during an emergency. 

Loud Division- The uniformity of load division 
among the network units for either emergency or normal 
operation depends on the ratio of the impedance of a 
section of secondary main to the impedance of a network 
transformer. The load division between transformer banks 
on a network generally is satisfactory if the ratio of main- 
to-transformer impedance is three or less and if the trans- 
formers are correctly selected as to size and properly 
located with respect to the major loads on the network. In 
general, load division under normal operating conditions 
has not proved to be a serious problem on network systems 
because, when enough transformer capacity is provided to 
prevent overloading with a primary circuit out of service, 
there is sufficient capacity to take care of the normal differ- 
ence in loading of the banks. If in isolated cases a bank 
of transformers is carrying much more than its share of the 
load, this can be corrected by installing a larger bank, a 
duplicate unit, or external reactors23 in series with the 
existing bank on the secondary side. 

The choice of transformer impedance for the network 
unit depends on its effect not only on load division but 
also on fault currents, circulating currents, and voltage 
regulation. Other things being equal, the lower the im- 
pedance of the transformers the better the voltage regula- 
tion, the higher the fault currents, the higher the circulat- 
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ing currents between primary feeders, and the poorer the 
load division between transformer banks. Improved volt- 
age regulation and, in most cases, higher fault currents to 
insure burning secondary faults clear favor the use of low- 

impedance transformers. High transformer impedances, 
such as seven to ten percent, have been used, particularly 
in early installations of the secondary network, to improve 
load division and to reduce circulating currents between 
banks at times of light load and the resultant undesirable 
network-protector operations. Circulating currents are 
caused by voltage differences between primary feeders, 
resulting from such factors as supplying the feeders from 
different buses, differences in feeder-voltage regulators, or 
tapping large radial loads off one or more of the network 
primary feeders. Relatively high impedance in the sec- 
ondary mains between low-impedance transformers re- 
duces the circulating current but results in poorer distribu- 
tion of load between transformer banks, both under nor- 
mal conditions and when one primary feeder is out of 
service, than would be the case if lower-impedance sec- 
ondary mains were used. Generally a network-transformer 

Fig. 11—Effect of interlacing primary feeders on load division 
among the network units remaining in service in a regularly 
spaced uniformly loaded network when one feeder is out of 
service. (a) Five feeders, A, B, C, D, and E, running parallel 
through the network area. (b) Five feeders, A, B, C, D, and E, 
interlaced in the network area. (c) Maximum load on any 
network unit with any one feeder, out of a total of five supply- 
ing the network, out of service: Curve A for parallel feeders 

and Curve B for interlaced feeders. 

TABLE 3—RELATIONSHIP BETWEEN TRANSFORMER CAPACITY 
AND PEAK LOAD IN A SECONDARY-NETWORK SYSTEM 

impedance of about five percent provides satisfactory oper- 
ating conditions. The majority of network transformers 
in operation have impedances ranging from four to six 
percent.63 If an impedance outside this range appears de- 
sirable, the effect on voltage regulation and lamp flicker 
should be carefully considered. 

Interlacing Supply Circuits-The maximum load on 
transformers in a network system when one feeder is out 
depends not only on the ratio of secondary-main imped- 
ance to transformer impedance but also on the pattern of 
the primary-feeder connections to the transformers in the 
network. This latter effect is illustrated in Fig. 11 for a 
uniformly loaded, regularly spaced network. Two ex- 
tremes of primary feeder routing are shown in Figs. 11(a) 
and 11(b). One extreme is the parallel primary-feeder 
arrangement in which all transformers along one line of 
secondary mains are connected to one primary feeder as 
shown in Fig. 11 (a). The other extreme is the interlaced 
primary-feeder arrangement in which each transformer 
connected to one feeder is surrounded by transformers, at 
adjacent junction points, that are connected to other feed- 
ers. The curves in Fig. 11(c) show that the maximum 
transformer load when one feeder is out of service is con- 
siderably less, for all practical impedance ratios, with inter- 
laced feeders than with parallel feeders. 

Ratio of Load to Transformer Capacity—In order 
to avoid overloading the transformers in a network it is 
necessary to provide enough capacity in the network units 
so that the maximum loading on any unit when one feeder 
is out of service does not exceed the capacity of the unit. 
The necessary installed capacity depends on how well the 
load divides among the units as determined by impedance 
ratio and feeder interlacing and on the number of feeders 
supplying the network. Under ideal conditions it is neces- 
sary to have twice as much transformer capacity as total 
load in a network served by two primary feeders, so that 
the network units served by one feeder can carry the total 
load when the other feeder is out of service. For networks 
supplied by six feeders or less it is reasonable to assume 
that not more than one feeder will be open at any time 
during peak load. Table 3 gives the ideal ratio of peak 
load to total transformer capacity in a network for two to 
six interlaced feeders. Increasing the number of feeders 
from two to three and from three to four improves the 
ideal ratio rapidly; but, as the number of feeders is in- 
creased further, the saving in transformer capacity de- 
creases so that there is little gain in using six feeders in- 
stead of five. This is especially true for the ratio that usu- 
ally can be attained. The ideal ratio can be realized only 
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if the transformers can be loaded exactly to their capacities 
and if the load divides uniformly among the units in 
service at any time. These conditions do not occur in 
practice and the ratio that actually is obtained is usually 
about that shown in the right hand column of Table 3. The 
ratio of total peak load to total transformer capacity of 121 
networks in 1937 was 0.44. 63 This value is based on exist- 
ing load and transformer capacity; the transformer capa- 
city in the actual networks probably provides for some 
load growth beyond the existing loads. The factors in 
Table 3 are based on loads for which a network is designed 
and which include provision for load growth. If allowance 
is made for this discrepancy, the ratio of 0.44 is compara- 
ble to the average of the attainable ratios in Table 3. 

14. Economic Field of Appliation 

The simplicity of the secondary-network system is an 
economic advantage in many cases. In many distribution 
systems subtransmission circuits can be carried directly 
from bulk power stations to the distribution or network 
transformers. This means that a considerable saving can 
be made by eliminating the distribution substation nor- 
mally required by other systems. Another source of sav- 
ings results from eliminating the duplication of primary 
feeders or subtransmission circuits and the accompanying 
high-voltage switchgear required in radial systems to pro- 
vide a high degree of reliability. Secondary copper can be 
saved in many cases because the interconnected grid elim- 
inates the need for separate secondaries frequently required 
in radial systems for light and power loads. Capacity can 
be added in the secondary-network system in even smaller 
increments than in the primary network. The economic 
advantage of adding small increments, as explained in the 
discussion of the primary network system, is more pro- 
nounced for the low-voltage network than for the primary 
network. 

The relatively large amount of secondary switchgear, 
in the form of network protectors, tends to make the in- 
stalled cost of the network system higher than that of a 
radial system and counteracts part of the gain from the 
simplicity of the subtransmission and primary-feeder part 
of the secondary-network system. Interlaced primary 
feeders in the secondary-network system require more 
feeder circuit than do parallel feeders. They may require 
more feeder circuit than a radial system using duplicate 
feeders or primary switching to provide for isolating a 
faulted primary feeder or section of feeder. The additional 
feeder circuit required by interlacing usually is compen- 
sated for by the saving in network-transformer capacity. 
The use of primary switches in the network units counter- 
acts some of the savings resulting from the elimination of 
many automatic breakers in the subtransmission circuits 
or primary feeders. 

The low-voltage network generally has an economic ad- 
vantage from the standpoint of operating costs. System 
losses are generally lower in the secondary network than in 
other systems of comparable load capacity chiefly because 
of two factors. One of these is the simplicity of the sub- 
transmission circuits and primary feeders and, in many 
cases, the elimination of the distribution-substation trans- 
formers. The other factor is that, since there are at least 

two paths of supply to each service tap, the load currents 
divide among the secondary mains in such a way that min- 
imum losses are obtained for any given load condition. 
Maintenance and repair work on the system can be done 
under the most favorable conditions because any element 
in the system, except secondary mains, can be isolated from 
the system without interrupting any load. One operating 
disadvantage is the large number of network protectors 
that must be maintained. 

The interconnected secondary grid places the duplica- 
tion of supply paths as close as possible to the loads being 
served. For this reason the secondary-network provides 
better continuity of service than any other distribution 
system except the d-c network system. The high cost of 
the d-c network system eliminates it from consideration in 
the selection of a distribution system especially since it 
affords no greater reliability than the a-c secondary net- 
work. The grid arrangement of the secondary mains also 
provides the best possible voltage conditions at the loads 
consistent with economical system design. The voltage 
regulation at the service taps on a secondary network sys- 
tem generally is better than that provided by other sys- 
tems. This is particularly true from the standpoint of 
lamp flicker because abrupt load changes can divide be- 
tween at least two paths of supply. 

Generally if high quality of service is required in any 
load area the secondary-network system is the most 
economical means of supplying power. Under certain con- 
ditions the secondary-network system is the most eco- 
nomical system even when a high degree of reliability is 
not necessary. This is generally true where the entire 
distribution system is underground because a radial sys- 
tem requires many switching and sectionalizing devices 
and duplication of subtransmission circuits and primary 
feeders to avoid long interruptions of service while cable 
circuits are being repaired. Faulted overhead circuits 
usually can be returned to service in a reasonably short 
time, but a much longer time is required to locate and re- 
pair a fault in a cable circuit. The economic comparison13 
of typical distribution systems shown in Fig. 4 shows that 
if all distribution circuits are open-wire the overhead net- 
work is likely to be the least expensive system for uniform 
load densities above about 3000 kva per square mile. A 
similar comparison 4o of systems in a uniformly loaded area 
where all subtransmission and primary circuits are under- 
ground, as shown in Fig. 12, indicates that in such load 
areas the overhead network (Curve E), may be economical 
for load densities above about 3600 kva per square-mile. 
The comparisons shown in Figs. 4 and 12 are based on an 
area of sixteen square miles in which the load is assumed to 
be uniformly distributed and to grow uniformly at a con- 
stant rate of ten percent per year. Although such uniform 
conditions do not occur in actual cases the comparisons 
show trends that are likely to occur in actual cases. In 
actual cases the load generally is not uniformly distributed 
and the load growth usually varies from year to year and 
from section to section. The fact that the secondary net- 
work can be expanded in small increments is of greater 
advantage under such conditions than under uniform load 
conditions, as explained in connection with the primary- 
network system (See sections 6 and 7). This factor is 
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Fig. 12—Relative cost of several types of distribution systems, 
for various load densities in a sixteen-square-mile area where 
the uniformly distributed load grows ten percent per year, on 
the basis of all subtransmission and 4-kv primary feeders 
underground and secondaries overhead. See Fig. 4 for the 

type of system represented by each curve. 

even more important in the secondary network than it is 
in the case of the primary network because the secondary- 
network units are smaller than those in the primary net- 
work and system capacity can be changed in correspond- 
ingly smaller increments. 

15. Planning the Secondary Network 

The planning of a network system is not as straight- 
forward as that of a radial system but the procedure is 
relatively simple. 71 The ideal method is to use a calcu- 
lating board because it is practically impossible to calcu- 
late the characteristics of a network by other means. As 
in any planning problem, it is necessary to have adequate 
information (loads, available supply, existing facilities, 
and available circuit locations) on which to base the 
design of a network. With this information available the 
procedure then is to lay out by estimation an apparently 
feasible plan. This plan is then studied on a network 
calculator or by inspection and revised until a good design 
is obtained. 

Preliminary Estimates-In a radial system primary 
and secondary circuits can be laid out and regulation, 
transformer capacity, and circuit capacity can be calcu- 
lated directly by arithmetical means. This is not true in 
the case of the network because the loads divide among 

the various transformers and primary circuits in such a 
way that calculations of the characteristics of the system 
by ordinary methods become tedious. There are two 
general methods of planning a network system. One is to 
use a network calculator or a miniature systemG7 to de- 
termine the characteristics of an estimated system arrange- 
ment and then make such revisions as are required. The 
other method is to estimate a plan and then by inspection 
estimate the division of load for various conditions; the 
plan is then revised until the estimated load division gives 
satisfactory conditions. The first method is more satis- 
factory because it shows accurately the operating charac- 
teristics of the plan being considered while the accuracy of 
the estimation-by-inspection method can be determined 
only after the system has been installed. The network- 
calculator method is described briefly in the following 
paragraphs. 

The first step is to concentrate the loads, in the proper 
units, at various points throughout the network so that a 
reasonable number of circuit elements can be considered. 
In order to do this the secondary-main arrangement that 
appears best should be drawn. This step is illustrated by 
the mesh of solid lines in Fig. 13 for a section of a typical 
network area. The numbers distributed inside the dotted 
building areas in Fig. 13 are present loads at service points 
and are in terms of diversified kilowatt demand at the 
distribution transformers. After the secondary grid is 
drawn the distributed loads along each section of main are 
concentrated at the junction points. A good approxima- 
tion is to divide each load between the adjacent junctions 
in inverse proportion to the distances between the load and 
the junctions. After these loads are concentrated at junc- 
tion points they are converted to ultimate kva of diversified 
demand, at the transformers, for which the network is to 
be designed. In the typical example the present loads are 
increased by a factor of 1.4, providing for 25-percent load 
growth (or approximately seven percent annually for three 
years) and converting from kilowatts to kva at go-percent 
power factor. The loads are then of such size and so 
located that they can be represented on a network calcu- 
lator conveniently, and they accurately represent load 
conditions in the network area for which the network must 
be designed. Where a large individual load is served from 
a point along a section of main it is preferable to consider 
that load at that point and possibly locate a transformer 
adjacent to the load, even if there is no junction with other 
secondaries. This condition is illustrated at point e in 
Fig. 13. The load near some points, such as i, may be so 
light that a concentrated load need not be considered but 
secondary mains should be provided to insure good load 
division among the various parts of the network for 
emergency conditions. 

The layout of the secondary grid is made on the basis 
of the locations of the loads that must be served and the 
routes of existing secondary mains. In most cases existing 
secondaries almost completely cover the area and it is 
only necessary to connect these secondaries into a contin- 
uous grid. In some places it may be desirable to add 
sections of main to provide multiple paths to certain loads 
for emergencies when adjacent transformers are out of 
service. 
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Fig. 13—Present distributed loads along the secondary main, in terms of kw of diversified demand at the distribution trans- 
former, and the corresponding concentrated loads at the intersections of the mains, in terms of diversified kva demand includ- 
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ing estimated load growth, form the basis for designing a secondary network in a typical load area. 

When the loads and secondary plan have been deter- sizes. In addition, multiple unit installations improve load 
mined the approximate sizes and locations of transformers distribution and voltage regulation at the large loads for 
can be selected. The transformer size will depend on the emergency conditions. 
type of system, size of concentrated loads, number of After tentatively selecting sizes and locations of trans- 
feeders available, the feeder interlacing obtainable, and formers a size of secondary main is selected. This size de- 
spacing of the transformers. In general, the larger the pends on the required carrying capacity, estimated regu- 
transformer the lower the cost per kva and the wider the lation, and size of existing secondary copper. The carrying 
spacing between transformers in the network. But as this capacity should be adequate to carry one-half to two- 
spacing is increased the secondaries must be larger to keep thirds of the rated capacity of the predominating size of 
secondary voltage drop within reasonable limits and to transformer. The voltage regulation for normal operation 
provide adequate carrying capacity. As the number of can be estimated by calculating the voltage drop to the 
transformers is reduced less primary cable is required. distributed loads along some sections of main where in- 
The ideal size of transformer then is that which not only spection indicates the worst regulation is likely to prevail. 
handles the loads but also gives a minimum total cost The primary-feeder connections to the various trans- 
including costs of primary feeders, transformers, and formers must be carefully selected to avoid, if possible, 
secondary mains. In the initial trial plan for the network adjacent transformers being out of service when any one 
the transformers should be located at the major loads and feeder is open. This is accomplished by interlacing the 
at the various junctions where the concentrated loads are primary feeders. In a network plan where the trans- 
large enough so that the distance between transformers is formers are spaced regularly and uniformly throughout 
not greater than about two blocks or 600 to 800 feet. the area the interlacing of feeders, such as A,B,C,D, and 
Usually the spacing is less than this because of the locations E, can be shown in Fig. 11 (b). In actual interlacing 
of loads. It is generally desirable to select not more than problems the network units are seldom regularly spaced. 
two sizes of network transformers. This permits stocking However, the interlacing is simplified by using some basic 
fewer spare transformers and protectors. Also, inter- system, such as that illustrated in Fig. 11(b) and modify- 
changeability of units and parts is increased by using only ing the order of the feeder connections where necessary 
one or two sizes. At points where large concentrated loads because of the absence of a transformer or the use of 
are served it is desirable to use multiple installations con- multiple units. When the interlacing has been selected, 
sisting of two or more transformers rather than one trans- a map of primary feeder routings is made. It may be pos- 
former much larger than the rest of the units. This avoids sible to change some of the feeder connections to save 
a large number of sizes and the use of a few units of a size 
that is not interchangeable with any of the predominating 

feeder cable and still retain good interlacing. 
By means of the preliminary estimates the location and 
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ratings of transformers, feeder interlacing, secondary-grid 
arrangement, and secondary-copper size are selected so 
that a reasonable network plan is established. This plan 
can then be simulated on the network calculator on the 
basis of the impedances of the various circuit elements. 
The impedance of the primary feeders is usually low enough 
that its effect on the characteristics of the network is 
negligible. The impedance of a primary feeder is usually 
not larger than about 0.5 percent on the basis of the rating 
of the largest network transformer or about one-tenth of 
the impedance of the transformer. Every case should be 
checked and if the primary-feeder impedance exceeds this 
value it may be necessary to consider the impedance. 
Whether or not the primary-feeder impedance is considered 
also depends on the primary-voltage regulation. If the 
drop in the primary can be compensated for so that ap- 
proximately constant primary voltage is maintained at 
the primary terminals of the network transformers the 
primary-feeder impedance should not be considered in 
load studies. 

Checking the Preliminary Plan-With the estimat- 
ed plan set on the network-calculator, check studies can 
be made to determine the accuracy of the preliminary 
estimates. It may be necessary to change transformer 
capacities or locations, interlacing, or secondary copper to 
avoid overloading or inadequate use of some elements of 
the network. Then with a final plan determined, the 
characteristics of the network can be completely and ac- 
curately determined by means of the network calculator. 

All reasonable operating conditions should be investi- 
gated. For example, the load division among the network 
units should be determined with each primary feeder out 
of service. Typical load division results obtained from 
the network calculator are shown in Fig. 14 for the typical 
area for the case when feeder “A” is open. By means of the 
network calculator the maximum load on any element of 
the network, the voltage regulation under various condi- 
tions, and the available fault currents can be determined. 
These data show whether any of the elements of the net- 
work are overloaded and whether secondary faults can be 
cleared. Necessary revisions of the plan can then be made 

Fig. 14—Loads in amperes in various elements of a typical sec- 
tion of a secondary network in an emergency when feeder A is 

out of operation. 

Fig. 15—Short-circuit currents in regularly spaced network 
for various ratios of the impedance of a section of secondary 
main to the impedance of a network transformer. (a) An ex- 
tensive network having 45 network transformers all with the 
same rating. (b) A small network having nine transformers 
all with the same rating. (c) Ratio of total fault current from 
the network to the short-circuit current of one of the network 
transformers for a solid three-phase fault at the secondary 
terminals of the transformer at the center of the network. 
Curve A is for the network shown in (a) and Curve B is for the 

network shown in (b). 

and a workable design developed. The sum of the loads 
on the transformers connected to any primary feeder 
indicates the required capacity in that feeder. 

The network calculator provides the best means of de- 
termining the fault currents in a network. However, if 
approximations are necessary, the curves in Fig. 15(c) show 



the current to a fault at the center of large and small net- units. The network units in the building are interconnect- 
works having regularly-spaced equal-capacity network ed by secondary ties that usually are connected to the 
units. The curves give the ratio of the total current from secondary-network grid in the streets adjacent to the 

the network to the short-circuit current of a network trans- building. In some cases the secondary ties between the 

former. As indicated by the curves the ratio increases as network units in the building do not serve any loads and 
the ratio of secondary-main impedance to transformer the loads on the various floors between network units are 

impedance decreases. Total current from the network supplied by short radial services from the network units. 
does not include the current from the transformer at the In other cases the tie circuits are tapped to serve the 
fault point. The total fault current from the network loads on the floors between network-unit locations. The 
divides equally among the four secondary mains terminat- tapped secondaries may have to be somewhat larger than 
ing at the faulted junction point. One or the other of the untapped ones because the tapped ties have to supply 
arrangements shown in Fig. 15(a) or 15(b) usually approxi- loads as well as equalize the loads on the various network 
mates the actual network arrangement where fault cur- units. However, tapping the secondary mains between the 
rents are to be estimated. To use the curves it is first network units eliminates the radial service circuits required 
necessary to determine the average impedance of the when the ties are not tapped. 
network-main sections surrounding the fault point. The The secondary network uses considerably less copper 
ratio of this impedance to the impedance of a transformer than does a radial system because power is carried to the 
in the actual network is the entry point to the curve for various levels in the building over subtransmission or 
determining the C ratio of the network, Fig. 15 (a) or (b), primary-feeder circuits instead of over large low-voltage 
that approximates the actual network. Multiplying the services from secondary mains outside the building. Fur- 
short-circuit current of the transformer, whose impedance thermore, the network generally provides better voltage 
is the basis of the main-transformer impedance ratio, by 
C ratio gives the total fault current supplied by the net- 
work. In a network having only one size of transformer 
the impedance and short-circuit current of that size trans- 
former is used for calculating fault currents. If there is 
more than one size of transformer in the actual network 
the predominating size is used. The fault currents de- 
termined in this way are correct only for a network ar- 1 

rangement like that in Fig. 15(a) or 15(b) for which the C 

ratio is determined. The effect of minor deviations from 
the regularity of the arrangement will depend on how 
close the deviation is to the fault point. The effect of 
deviations remote from the fault point is indicated by the 
fact that each main a, Fig. 15(a), carries 3.5 percent of the 
total fault current from the network when the impedance 
ratio is 0.5 and a smaller percentage when impedance ratios 
are higher. Each transformer T supplies less than three 
percent of the fault current from the network for any 
impedance ratio. 

16. Special Applications 
The high degree of reliability, the simplicity of opera- 

tion, and the economy of the secondary-network system 
are desirable in several special cases such as in large or 
multi-story buildings, bulk loads where continuity of 
service is important, in generating plants for supplying 
auxiliary motors, and in industrial plants. The application 
of the secondary network in some of these cases involves 
modifications of the network system but the basic prin- 
ciples of operation remain unchanged. 

Building or Vertical Networks-Fire pumps, eleva- 
tors, and similar services in tall buildings require a high 

degree of reliability that can be provided most economical- 
ly by a secondary-network system.30*34J* Such buildings 
are almost invariably located in an underground-network 

Fig. 16-Typical spot networks. (a) Two network units sup- 
plying a spot network bus from which services are tapped. (b) 

area. Network units are located at several levels accord- Two network units connected to spot-network bus through 

ing to the location and size of the major loads in the build- reactors. Services are supplied directly from terminals of net- 

ing. The primary feeders or subtransmission circuits that 
work units. (c) Two network units supplying a spot-network 

supply the street network surrounding the building are 
bus through balancing transformers. Any of these forms of 

extended up through the building to the various network 
the spot network may or may not be connected to the sec- 

ondary mains of a street network. 
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conditions, particularly in the upper floors of the building, 
and less loss because of the reduction in the length of low- 
voltage, high-current circuits. The secondary network 
utilizes all the diversity among the loads in the building to 
reduce the circuit and transformer capacity required to 
supply the building load. 

The Spot Network is frequently used to supply a 
concentrated load such as a theater, a hospital, or a small 
industrial plant where a high degree of reliability of serv- 
ice is necessary. 42 In its simplest form a spot network is a 
bus to which power is supplied by two or more network 
units, each of which is supplied by a separate primary 
feeder or subtransmission circuit, Fig. 16(a). The opera- 
tion of the spot network is the same as that of the ordi- 
nary network. Instead of an interconnected grid of 
secondary mains the spot network uses a concentrated 
bus from which the loads are served. 

Since a spot-network is a relatively low impedance path 
between the associated supply circuits large circulating 
currents through the spot-network units, frequent pro- 
tector operations, or extremely unequal load division 
among the spot-network units may result from large 
voltage differences between the supply circuits because of 
other loads on those circuits. The most common methods 
of reducing circulating currents and equalizing load di- 
vision are shown in Figs. 16(b) and 16(c). Reactors23 are 
relatively inexpensive but their use depends on the prac- 
ticability of dividing the load into parts approximately 
proportional to the transformer capacities. Because the 
network units usually are of equal rating the loads on the 
services must be nearly equal. In the scheme shown in 
Fig. 16(b) the voltages at the services are not necessarily 
equal and each service must be metered separately. Total- 
ixing the loads, where that is necessary, requires complicat- 
ed equipment. Starting large motors on one of the services 
is more likely to cause lamp flicker in the scheme in Fig. 
16(b) than in a scheme where the services are supplied 
from a common bus. 

To avoid the difficulties involved in the use of reactors, 
balancing transformers 37 frequently are used as shown in 
Fig. 16(c) although they are more expensive than reactors. 
The balancing transformers operate like differentially 
connected current transformers in the secondary leads of 
the network units. Equal load currents in the leads of the 
network units induce voltages in the differentially con- 
nected secondary windings of the balancing transformers. 
These voltages add and cause a circulating current in the 
balancing-transformer secondaries. This circulating cur- 
rent is in such a direction in each transformer that it 
essentially neutralizes the magnetomotive force due to the 
load current flowing through the primary winding of each 
balancing transformer, and there is practically no voltage 
drop in the balancing-transformer primary windings to 
oppose the flow of load current. If only a circulating cur- 
rent flows in the secondary leads of the network units, 
that is, toward the spot-network bus from one unit and 
from the bus to the other network unit, the voltages in 
the balancing-transformer secondary windings oppose each 
other. Therefore, there is no current in the balancing- 
transformer secondaries, and there is a large voltage drop 
in the balancing-transformer primaries opposing the flow 

of circulating current through the network units. The 
secondary winding of a balancing transformer must be 
short circuited, when its associated network protector 
opens, to prevent high voltage drops in other balancing 
transformers interconnected with the balancing trans- 
former whose primary circuit is open. 

The use of balancing transformers permits taking serv- 
ices from a common bus. It is not necessary to have equal 
loads on the services. The service loads can be totalized by 
current transformers and simple metering equipment using 
the common bus potential. Motor starting currents and 
similar abrupt loads divide between the network units thus 
reducing the likelihood of lamp flicker. Balancing trans- 
formers are generally used only when circulating currents 
and consequent protector operations are likely to occur 
frequently because of voltage differences between the cir- 
cuits supplying the network units. Inequalities of load 
division among the network units usually do not justify 
balancing transformers because sufficient network-unit 
capacity must be installed so that the total load can be 
carried with one unit out of service. 

When a spot network is located in a secondary-network 
area the spot network bus is frequently tied to the street 
mains of the surrounding secondary network as shown in 
Fig. 16. This may improve the reliability of the spot 
network. It takes advantage of diversity between the 
spot-network load and the loads on the surrounding net- 
work to reduce the capacity required in the spot network. 

Power-Plant Networks-The continuous operation 
of a steam generating plant depends not only on the 
reliability of the generators and boilers but also on the 
reliability of the auxiliaries such as draft fans, fuel han- 
dling equipment, boiler-feed pumps, and cooling-water 
pumps. Therefore it is extremely important that the 
power supply for the motors driving the auxiliaries be as 
reliable as possible. Many schemes are devised to improve 
the reliability of the power supply to the auxiliaries. These 
schemes use duplicate buses, duplicate transformers, 
throw-over switching, and various other devices. In many 
cases a secondary network is ideal not only from the 

17—Typical shematic diagram of a secondary 
supplying power-plant auxiliaries. 

network for 
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Fig. 18—A low-voltage network unit consisting of an air- 
cooled transformer, a high-voltage three-position selector 
switch, and a network protector for use in industrial plants, 

generating plants, and buildings. 

standpoint of service reliability but also from the stand- 
point of economy. 60,70 A typical arrangement of the net- 
work system for supplying power-plant auxiliaries is shown 
in Fig. 17. The network mains arc carried through the 
plant according to load locations and the loads are sup- 
plied from these mains. The network units arc distributed 
along these mains in accordance with the distribution of 
load. TWO or more primary feeders are used to energize 
the network transformers. 

It is necessary to have two or more circuits supplying 
the network. To avoid using a breaker to connect each 
of the primary feeders of the network to the plant bus 
where the interrupting duty and the corresponding breakcr 
cost are high, the primary feeders frequently are connected 
to the generator terminals as show in Fig. 17. The hazard 
of a fault in a short primary feeder and the associated 
network unit or units usually is small enough that it does 
not jeopardize the operation of the generator. However, 
there must be at least one network supply curcuit con- 
nected to the station bus or an outside source of power so 
that the plant auxiliaries can be energized when all the 
generators are idle. The network protectors associated 
with a feeder from the terminals of a generator 

Otherwise the protectors may close and attempt to 
parallel a generator with other generators through the 
network system. 

The utilization voltage for power-plant auxiliaries 
usually is nominally 440 volts. Since faults on circuits 
operating at that voltage frequently do not clear with- 
out being deenergized, limiters are connected in the 
secondary mains of a secondary network operating at 
that voltage. The auxiliary load in a generating plant 
is highly concentrated and consequently the possible 
short-circuit currents in a power-plant secondary-net- 
work system are usually much higher than in the 
ordinary street network. 

Small Towns—In the commercial areas of small 
residential towns it is sometimes necessary to put the 
distribution circuits underground. Under these con- 
ditions the secondary-network system has been ap- 
plied in many places where the load involved is only a 
few hundred kva. 65 These installations generally use 
light-duty network protectors and network trans- 
formers ranging in capacity from 50 to 150 kva. 
These small networks are usually supplied by only 
two primary feeders; in fact the supply circuits for 
the network units usually are subfeeders from over- 
head primary feeders that supply adjacent residential 
areas. In some cases the voltage level on one of the 
feeders is maintained enough higher than the other 
that the protectors associated with the other feeder 
are open under normal-load conditions and close only 
when the feeder with the higher voltage goes out of 
service or when an unusually high load peak occurs 
on the network. 

Industrial Plant Networks-The secondary-network 
system, Fig. 19, has been used to distribute power in in- 
dustrial plants60,70,72 where a high degree of reliability and 
flexibility for load changes frequently are required. The 
utilization voltage most frequently used in industrial 
plants is a nominal voltage of 440 but it may be 220 or 550. 
For thc volt ages above 220 some means of isolating faulted 
secondary tie circuits is necessary because faults at those 

must be interlocked with the generator breaker so that 
when the breaker is open the protector is locked open. 

Fig. 19—Typical schematic diagram of a secondary network for 
distributing power in an industrial plant. 
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Fig. 20—A complete power system is a combination of generation, transmission, and several types of distribution systems. 
The particular combination of distribution systems used in any power system depends on economics and the types of loads, 
load densities, and quality of service required in local areas. In this diagram A is a generating plant, B is a bulk power sub- 
station; C is a plant where an industrial-plant network is applicable; D is an industrial plant served by a subtransmission 
loop; E is a plant served by a single subtransmission circuit; F is a plant served by duplicate subtransmission circuits; G is 
a distribution substation supplying radial primary feeders: H is a primary-network unit substation: J is a single-circuit 

distribution substation supplying a primary feeder in a rural area. 
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LAMP FLICKER ON POWER SYSTEMS 
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S. B. Griscom 

V 
OLTAGE regulation has been one of the most im- 
portant problems of the electric industry since its 
inception. The sizes of many parts of a power 

system are determined largely by this one consideration 
alone. A large proportion of the selling price of electrical 
power is the interest and other fixed charges on production 
and distribution facilities, so that any improvement in regu- 
lation is ultimately reflected in higher rates. Similarly, 
types of load imposing exceptionally severe regulation re- 
quirements will also increase the cost of supplying energy. 

In the early days of the industry, a relatively wide range 
of voltage variation was permissible, because the public 
was at that time unaccustomed to uniform lighting in- 
tensity. Today, there is a greater consciousness as to 
whether the voltage level is about right, as indicated by 
the “whiteness” of the light and by lamp life. While, how- 
ever, a narrower voltage band is required than formerly, 
this is not always the limiting factor in voltage regulation. 
Numerous new devices have been added to power lines 
in the last few years, which impose rapid and frequent 
changes of load, with correspondingly rapid voltage 
changes. Repeated observations have shown that rapid 
changes of voltage are much more annoying than slow 
ones, so that “flicker” effects may limit the useful load- 
carrying ability of individual circuits long before maximum 
steady-state regulation or heating is reached. 

Consequently, the voltage regulation problem must now 
be considered from two angles: the normal drop in voltage 
from light load to full load, and the superimposed flickers 
due to motor-starting and to various pulsating and ir- 
regular loads. The differences in voltage between light 
and full load affect the performance, efficiency, and life of 
electrical equipment, and are treated in Chap. 10. The 
present chapter considers only the flicker component of 
voltage regulation, and deals primarily with the reaction 
of the human eye to variations in electric light intensity. 

I. PERMISSIBLE FLICKER 

The permissible amount of flicker voltage cannot be 
stated concisely for several reasons. There is first the 
human element; one individual may think objectionable 
a flicker not perceptible to another. The lighting fixture 
used is of considerable importance. Smaller wattage in- 
candescent lamps change illumination more quickly upon 
a change of voltage than lamps with heavier filaments. 
The character of the voltage change is also important. 
Cyclic or rapidly recurring voltage changes are generally 
more objectionable than non-cyclic. On non-cyclic changes 
the annoyance due to the flicker is affected by the rate of 
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change, duration of change, and frequency of occurrence of 
the flicker. These and other factors greatly complicate the 
problem of assigning limits to permissible flicker voltages. 

Numerous investigators have studied the flicker prob- 
lem. The most complete analysis is found in the report 
“The Visual Perception and Tolerance of Flicker,” pre- 
pared by Utilities Coordinated Research, Inc. and printed 
in 1937, from which Figs. 1 to 4 of this chapter are re- 
produced. 

Figure 1 shows the cyclic pulsation of voltage at which 
flicker of 115 volt tungsten-filament lamp is just percep- 

Fig. l—Cyclic pulsation of voltage at which flicker of 115-volt 
tungsten filament lamp is just perceptible-derived from 1104 
observations by 95 persons in field tests of 25-watt, 40-watt, 
and 60-watt lamps conducted by Commonwealth Edison 
Company. Figures on curves denote percentages of observers 
expected to perceive flicker when cyclic voltage pulsations of 
indicated values and frequencies are impressed on lighting 
circuits. Plotted points denote medians of observation- at 
various frequencies, number of observations in each case 

being indicated by adjacent figures. 

tible. Flickers as low as g volt were perceptible in 10 
percent of the observations, when the rate of variation 
was 8 cycles per second. In order for the variations to be 
perceptible in 90 percent of the observations, however, 
the voltage change had to be over one volt at the same 
frequency. The range between 6 and 12 cycles per second 
was the most critical. 

Figure 2 shows the minimum abrupt voltage dip to cause 
perceptible flicker in a 60-watt, 120-volt tungsten-filament 
lamp, as a function of intensity of illumination. Curves 
are shown for 5 and 15 cycles (60 cycles per second basis) 
durations of voltage dip. It should be noted that abrupt 
voltage dips of 1.5 to 2.0 volts were perceptible. 
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Fig. 2—Minimum abrupt voltage drop for perception of 
flicker of 60-watt, 120-volt coiled-coil tungsten-filament 
lamps operated on 60-cycle alternating current. Each point 

represents the means of the observation of 44 persons. 
Fig. 4—Recommended maximum allowable cyclic variation of 

voltage. 

Figure 3 shows the effect of “duration of transition” of 
voltage on the average threshold of perceptibility of flicker 
for tungsten-filament lamps. This curve shows quite 
clearly that whereas an abrupt change of about 1% volts 

Fig. 3—Effect of duration of transition of voltage on average 
threshold of perceptibility of flicker of tungsten-filament 

lamps. 

is perceptible, a change of 5 volts or more is necessary 
before voltage variations requiring several seconds for 
completion can be perceived. 

Figures 1 to 3 are of interest in showing the perceptibil- 
ities for various classes of flicker voltages. These are not 
working limits, because a perceptible flicker is not neces- 
sarily an objectionable one. Fig. 4 shows the recommended 
maximum allowable cyclic variation of voltages as set up 
by various authorities for their own use. The variations in 
these recommendations is an indication of the extent to 
which individual judgment enters the problem. The curves 
are nevertheless an exceedingly valuable guide. 

Cyclic flicker, when perceptible, is likely to be objec- 
tionable, at least to some individuals. Isolated voltage 
dips, however, even if plainly perceptible, are not ob- 
jectionable to the majority of individuals unless rather 
frequent. It can, therefore, be expected that larger vari- 

ations are permissible for non-cyclic than for cyclic vari- 
ations, but that the amount of tolerable dip depends upon 
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the frequency of occurrence and the class of service. Here 
again, judgment is an important factor as well as technical 
facts. The maximum allowable fluctuations practiced by 
one operating company are shown in Table I. 

This is a very comprehensive set of standards and has 
proved satisfactory in practice. 

II. ORIGIN OF FLICKER VOLTAGES 

Flicker voltages may originate in the power system, but 
most frequently in the equipment connected to it. 

1. Generating Equipment 
Prime Mowers-Engine driven generators are prob- 

ably responsible for most of the rare cases of flicker origi- 
nating due to the power system itself. Curve (a) of Fig. 5 
shows the variation in tangential force of a four cylinder 

Fig. 5—Curves from a four-cylinder 300 rpm Diesel engine at 
full load driving a generator. The variation in velocity caused 

a corresponding variation in the generated voltage. 

300 rpm Diesel engine at full load, and Curve (b) shows 
the corresponding percent change in angular velocity of 
the rotating parts. With all other factors constant, this 
non-uniform rate of rotation produces a fluctuation in 
amplitude of the generator voltage The total variation 
in voltage is the same as the total variation in speed; in 
this example 0.7 percent. The frequency of the variation 
is equal to the rpm times the number of power strokes 
per revolution; in this case 300x2 = 600 per minute or 
10 per second. 

Referring to Fig. 1, it is seen that 0.7 percent change in 
voltage is readily perceived by most individuals. Fig. 4 
indicates that most operators regard this as too much 
flicker to be tolerable. About the only practicable remedies 
are increasing the flywheel effect, or changing the speed 
to get within a less objectionable frequency range. In this 
actual case, the flicker of the original installation caused 
many complaints and it was satisfactorily corrected by 
increasing the flywheel effect. 

When two or more engine-driven generators are in con- 
tinuous operation at the same station, the amplitude of 
the fluctuation can frequently be lowered, and the fre- 

quency doubled to get it out of the objectionable range, 
by synchronizing the generators so that the power strokes 
of the two engines alternate rather than occur simultane- 
ously. This can be done because there are usually more 
poles on the generators than cylinders on the engine, par- 
ticularly in those engines where the flicker is in the ob- 
jectionable range. A stroboscope or similar device used 
with the regular synchroscope permits such synchronizing. 

It has sometimes been thought that it should be possible 
to correct flicker of this type by the use of special voltage 
regulators of unusually fast response. In practically every 
case this is completely out of the question because the 
frequency of the flicker is too high for the time constant 
of the generator field. For example, the field time constant 
of a typical moderate-sized engine-type generator is be- 
tween 0.5 and 1.5 seconds, whereas the range of most 
objectionable flicker is between 1/4 and $ second per cycle. 
Even electronic excitation systems are unable to regulate 
voltage at such a high rate. 

Generators-A symmetrical generator with constant 
load, excitation and angular velocity produces a constant 
terminal voltage. If any of these quantities varies, how- 
ever, the terminal voltage also varies. 

It is possible to have a sufficient degree of non-uniform- 
ity in the generator air gap to cause pulsating terminal 
voltage. However, the commercial manufacturing toler- 
ances are sufficiently close that no case of flicker due to 
this cause is known to have occurred. To produce flicker 
in this manner, both the rotor and stator must be eccentric. 
Stator bores of all but the smallest size machines will in- 
herently have a certain degree of eccentricity, because they 
must be built up with segmental laminations. In spite of 
this built-up construction, quite close tolerances are held 
by the use of accurate dies and assembly keys and dowels. 
Further attempts at improvement would be very difficult 
as it would require boring or grinding the inner bore of 
the stator punchings. This is quite undesirable from the 
standpoint of accumulation of iron chippings and filings 
between laminations and into the slots, which might result 
in a condition of insulation breakdown and localized heat- 
ing of the stator The rotor eccentricity is, because of the 
necessity of dynamic balancing, held normally to quite 
close tolerances. Since no voltage fluctuations can be pro- 
duced if the rotor is concentric with the shaft, no modifi- 
cation of standard manufacturing procedures has ever been 
necessary from the standpoint of flicker voltages. 

Abrupt changes of load on generators produce corre- 
sponding changes in the terminal voltages. This voltage 
fluctuation is the result of two factors: the change in speed, 
and the regulation of the machine. In central station 
practice it is very unusual for change in speed to be a 
significant factor. Sudden load increments are usually too 
small as compared with the total generating capacity to 
change the speed materially. Even if the speed changes, 
however, the rate at which the voltage drops is ordinarily 
so slow, that the effect is imperceptible to the eye (see 
Fig. 3). 

A typical voltage-time regulation curve of a large tur- 
bine generator, following sudden application of load is 
shown in Fig. 6. Speed and excitation voltage are assumed 
constant. Three points on this curve are of especial in- 
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Fig. 6—Voltage-time regulation of a large turbo-generator 
following sudden application of load. 

terest. Point (a) is the voltage immediately following the 
application of load; point (b) is the voltage after the 
voltage has settled; point (c) is an extrapolation of the 
curve from (b) back to zero time. Each of these points 
may be determined closely by the use of the appropriate 
generator reactance. In fact, the standard definition of 
the various reactances has been made for this particular 
use. For a fuller discussion of machine characteristics 
see Chap. 6. 

Point (a) is determined by the use of the machine sub- 
transient reactance xd”. In the case of an initially un- 
loaded machine, the voltage (O-a) is the vector difference 
between the no-load voltage and the product of the load 
current times the subtransient reactance. That is, 

O-a = E, - Ixd” 

The voltage rapidly falls further to a point (2) and at 
a much lower rate to point (b). 

The reason may be described approximately as follows. 
At the instant of load application, the magnetic flux in 
the air gap remains substantially constant, and the initial 
drop in voltage is principally that due to reactance of the 
armature winding. However, the armature currents set 
up a demagnetizing effect to buck the field flux. The 
decreasing field flux generates voltages and currents in the 
field structure, which resist or delay the ultimate change. 
The induced currents in some parts of the field structure, 
such as the eddy currents in the pole face, damper wind- 
ings, or rivets, subside rapidly because of the high resist- 
ance of the path, and allow part of the flux to change 
quickly. In the average machine, about 0.1 second is 
required for this change. Most of the change of voltage 
between points (a) and (x) is due to this cause. The 
majority of the field flux is encircled by the field winding 
which is of very low resistance, and, therefore, constitutes 
an effective damper to rapid changes of voltage. The 
change in voltage from (x) to (b), therefore, constitutes 
an effective damper to rapid changes of voltage. The 
change in voltage from (x) to (b) is, therefore, compara- 
tively slow, from 3 to 10 seconds being required for 90 
percent of the change to take place in large machines. 

Point (x) is not directly calculable by using standard 
machine reactances alone. Point (c), however, can be 
calculated in the same manner as point (a), except that 
transient reactance is used. That is 

O-c=E,-Ixd’ 

Similarly, point (b) is calculated 
actance using the relation: 

from synchronous re- 

O-b = E, - Ixd 

The transition from (a) to (x) and from Cx) to (b) may 
be calculated by using the appropriate machine time con- 
stants. This procedure is more fully described in Chap. 6. 
From the standpoint of flicker voltage, the following points 
are of interest. 

For single load applications more than 10 cycles in du- 
ration (on a 60-cycle system), the voltage regulation point 
(c) of Fig. 6, calculated from the transient reactance, is 
the determining quantity. Fig. 2 shows that there is little 
difference in perception lasting from 5 to 15 cycles of volt- 
age drop. In average machines, the subtransient drop is 
usually about two-thirds of the transient drop. However, 
after about the first 5 cycles, the voltage drops to the value 
determined by transient reactance. A further drop in 
voltage takes place due to the decrement of the field, 
reaching point (b) on Fig. 6. Usually, this synchronous 
reactance drop is not more than two or three times the 
transient reactance drop. Automatic voltage regulators 
may limit the drop to less than 1% times the transient 
drop. Reference to Fig. 3 shows that for a transition time 
of the order required (3 to 10 seconds), the additional 
voltage drop due to field decrement is not perceptible 

For load durations less than 5 cycles, it is likely that the 
regulation as calculated from the subtransient reactance 
determines the permissible flicker. While the voltage drop 
at the end of 5 cycles is greater than initially, the transition 
is gradual and it is doubtful if the eye can discern so 
small a difference. 

For load durations between 5 and 10 cycles, it is prob- 
able that an average between subtransient and transient 
reactances should be used to calculate flicker voltages for 
comparison with perception data similar to those given in 
Figs. 1 to 3. 

The proper reactance to be used to calculate the effect 
of cyclic variations depends upon the frequency of their 
occurrence. The following range is suggested for gener- 
ators 5000 kva and above. 

In smaller machines the field time constant may be so 
short that pulsation frequencies below 2 cycles per second 
may require the use of synchronous reactance. 

Excitation Systems-Excitation systems are rarely 
the cause of flicker voltages in central station practice. In 
larger generators, field time constants above 3 seconds 
cause variation in armature voltage to be very gradual 
no matter how fast the excitation may change. Occasion- 
ally, hunting of generator voltage regulators causes wide 
voltage fluctuations, but this is not a true flicker. On small 
generators, continuously vibrating regulators occasionally 
cause a small pulsation of the armature voltage. 
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Since the alternator field constant is usually too high to 
permit exciter fluctuations to show up in the alternator 
terminal voltage, correction of flicker by means of excita- 
tion control is not practical. In other words, the amount 
of generator flicker depends upon its inherent reactance 
characteristics and cannot be substantially improved by 
excitation control. 

Short Circuits and Switching Surges-Short circuit 
currents, because of their magnitude, produce large voltage 
drops and attendant flicker. Reduction in the amount of 
voltage drop is not feasible without major changes in 
system layout and large expenditures. The duration of 
the voltage drop can, however, be markedly reduced in 
a number of cases by the use of high-speed relays and 
breakers. Flicker due to short circuits occurs so seldom 
that no special consideration for this purpose alone is 
necessary. The tendency is toward a gradual reduction 
in flicker, as system improvements are made for other 
purposes such as protection of lines against lightning, 
installation of high speed relays and breakers, etc. These 
comments apply to networked systems; in radial lines, 
short circuits produce outages, a distinctly different 
problem. 

Line switching rarely produces flicker unless load is 
picked up or dropped, or lines with large charging currents 
are switched. Here again, special provisions to reduce 
flicker are rarely necessary. 

2. Utilization Equipment 

Most of the flicker on central station systems is due to 
the customer’s utilization equipment. The following are 
some of the more common types of equipment known to 
cause flicker. 

Motor Starting-Probably most of the flicker prob- 
lems are caused by the starting of motors. For reasons 
of cost, efficiency, and reliability, commercial general pur- 
pose motors require a momentary starting current several 
times their full load running current, in order to produce 
sufficient starting torque. 

Three general classes of motor installations are of im- 
portance in the flicker problem. 

(1) Single phase fractional horsepower motors com- 
monly used in homes and small stores. 

(2) Integral-horsepower polyphase motors operated 
from secondary distribution circuits, such as in 
small shops, large stores and buildings, and re- 
cently in a small number of homes for air condi- 
tioning. 

(3) Large integral-horsepower three-phase motors op- 
erated from primary lines, mostly by industrial 
concerns 

(1) Single phase fractional horsepower motors are man- 
ufactured in large quantities, and to maintain this extent 
of usage, they must continue to be low in cost, economical, 
rugged and reliable. These requirements have led to sev- 
eral classes of motors depending upon the service, with 
one class designed specifically for frequent starting with 
low starting current. This motor is used in great quantities 
in domestic refrigerators and oil burners, and the g horse- 
power 110-volt class usually has a locked-rotor starting 
current of 20 amperes or less. It is not, unduly expensive 

to design a distribution system to supply 20 amperes at 
110 volts without objectionable lamp flicker. Where single 
phase 110/220 systems are used, 40-ampere starting cur- 
rents are permissible on the 220-volt connection, allowing 
larger motors to be used. 

(2) Integral-horsepower motors on secondary circuits 
are potential sources of flicker. In most cases, such motors 
are used in areas of high load concentration and the power 
circuits are correspondingly large. This usually permits 
ordinary 3-phase squirrel cage motors to be started di- 
rectly across the lines. In some cases, however, the size 
of a motor is out of proportion with its supply line. The 
practical solution is to use a starter that limits the initial 
inrush of current and thereafter changes the current in 
increments sufficiently small to prevent objectionable 
lamp flicker. 

(3) Supplying large motors from primary power lines 
is usually not troublesome because such motors are usually 
located in an “industrial district” where power supply lines 
are inherently heavy and where wider limits of voltage 
drop are permissible (See Table 1). There are nevertheless 
a number of cases particularly in rural communities, where 
motor ratings are too high for the power facilities. A suit- 
able motor starter may correct such cases, although in 
some installations other measures may be required. 

Starting currents for both induction and synchronous 
motors at full voltage vary from 5 to 10 times full load, 
depending upon the size, number of poles, and other ap- 
plication requirements, such as required starting, pull-in, 
and pull-out torques. The power factor under locked- 
rotor conditions varies between 25 and 50 percent. For 
approximate calculations, a starting current of 6 times 
normal at 35 percent power factor may be used. Wide 
variations from this should be expected, and specific data 
should always be used when obtainable. 

Motor-Driven Reciprocating Loads-This type of 
load usually consists of air compressors, pumps and re- 
frigerators. The motor load varies cyclically with each 
power stroke and produces a corresponding variation in 
the line current. Thus, comparatively small variations of 
voltage may be objectionable if the pulsation occurs 6 to 
12 times per second. (See Fig. 1.) Difficulty from this 
source has been claused in the past by domestic refriger- 
ators, but in modern designs both the frequency of pulsa- 
tion and the amount of fluctuation have been improved, 
so that complaints from this cause are now rare. 

Figure 7 is an oscillogram showing the armature voltage, 
current and three-phase power of an air compressor driven 
by a 100-horsepower wound rotor induction motor. There 
are several points of interest on this oscillogram. First, 
although the voltage variation can scarcely be detected 
on the oscillogram, it actually was very objectionable to 
lighting customers. This shows that oscillographs used in 
the conventional manner may not always be suitable 
for flicker-voltage measurements. Second, the three-phase 
power and current fluctuations occur simultaneously and 
the peak is about 2% times the minimum. This is interest- 
ing because it shows that the slip of induction type motors 
cannot prevent load fluctuations from showing up in the 
supply lines, unless the inertia of the load is high or the 
rate of power pulsation is high. 
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Publication C 50-1943 “American Standard Rotating 
Electrical Machinery” of the American Standards Com- 
mittee establishes the amount of pulsations for synchro- 
nous motors. Section 3-160 reads: 

“Pulsating Armature Current: When the driven load such as 
that of reciprocating type pumps, compressors, etc., requires a 
variable torque during each revolution, the combined installation 
shall have sufficient inertia in its rotating parts to limit the 
variations in motor armature current to a value not exceeding 
66 percent of full load current. 

“NOTE I—The basis of determining this variation shall be 
by oscillograph measurement and not by ammeter readings. A 
line shall be drawn on the oscillogram through the consecutive 
peaks of the current wave. This line is the envelope of the cur- 
rent wave. The variation is the difference between the maximum 
and minimum ordinates of this envelope. This variation shall 
not exceed 66 per cent of the maximum value of the rated full 
load current of the motor. (The maximum value of the motor 
armature current to be assumed as 1.41 times the rated full load 
current.) Adopted Standard 6-13-1923.” 

The above excerpt provides a basis for standardization 
and gives a criterion for a design unlikely to cause flicker. 
However, there are still possibilities that this amount of 
pulsation may at times result in flicker, particularly if the 
rate is between 6 and 12 cycles per second, and the supply 
line impedance is high. 

An analysis of Fig. 7 shows that with an induction motor 
both the current and power factor pulsate when the motor 
load varies, the power factor being highest when the load 
is highest as shown in the tabulation below. Usually, the 
armature time constant is high compared with the rate 

of load fluctuation, and the steady-state performance of 
moderately-sized induction motors as determined by test 
or circle diagram may be used in calculating flicker due to 
cyclic load variation of power factor with load, but specific 
data should be used where obtainable. 

The variation of power factor of a synchronous motor 
during cyclic load fluctuations is a more complicated phe- 
nomenon. The average power factor is, of course, greatly 

influenced by the supply voltage and by the field excita- 
tion. The variations from this average power factor due 
to load fluctuation is largely dependent upon the rate of 
the fluctuations as compared with the time constant of the 
field. For example, if the field time constant is 1 second 
and the load fluctuates once every 2 seconds the synchro- 
nous reactance of the machine determines the extent of the 
change in power factor. If, however, the power fluctua- 
tions are, say, 8 cycles per second, the transient reactance 
largely determines the change in power factor because the 
load swings are too rapid to demagnetize the field. 

Since in flicker problems, the change in load is of greater 
concern than the magnitude of the load, the average power 
factor is of no particular interest. The preferable proce- 

Fig. 7—-Oscillogram of current I, voltage E, and three phase Fig. 8—Vector diagrams illustrating method of obtaining 
power W of a 100-hp wound-rotor induction motor driving an magnitude and phase position of synchronous motor current 
air compressor. The voltage change which cannot be meas- and magnitude of bus voltage with change of load. X, is 

ured from the oscillogram caused objectionable flicker. system reactance and X, is motor reactance. 
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dure, if complete motor data are available, is to calculate 
the changes in the bus supply voltage to the motor due to 
changes in the load on the motor. The method is illus- 
trated in the vector diagrams on Fig. 8. Vector diagram 
(a) shows the vector relations for a synchronous motor 
operating at full load and 80 percent power factor lead. 
E,, Ebue and E, are respectively the system voltage, bus 
supply voltage to the motor and the internal voltage of the 
motor. IR, and IX, are the voltage drops through the 
system impedance. IX, is the drop through the motor 
where X, may be the synchronous, transient or sub- 
transient reactance depending upon the rate of load fluctu- 
ation compared to the time constant of the machine. 
Using diagram (a) as the starting point where the motor 
power factor angle 4 is known along with the average 
load, Ebue and all of the reactances, the change in bus 
voltage can be obtained as shown in vector diagram (b). 
For all sudden changes in load the system voltage, E,, and 
the internal voltage of the motor, E,, remain substantially 
constant. To determine the sudden dip in bus voltage it 
is necessary to calculate a curve of bus voltage against 
motor load or motor load change. This requires for each 
point on the curve that a magnitude of current be assumed 
and the voltage drop through the system and motor de- 
termined. This will locate the internal voltage E, with 
respect to the system voltage E, (In Fig. 8 E, and also 
E, in the diagrams (a) and (b) have the same magnitude). 

Fig. 9—Characteristics of a typical synchronous motor at 
normal rated voltage. Curve A is for rapid changes in load 

from initial value and curve B is for slow changes. 

The position of the voltage drops will then determine the 
position of the current vector as well as the bus voltage 
vector Ebus. Using the current, voltage (EbuB) and the 
angle between them the power can be found. With the 
curve of bus voltage against motor load change the voltage 
for any desired change in motor load can be obtained. 

The variation in reactive kva with real power is shown 
in Fig. 9 for a typical synchronous motor. These data are 

Fig. 10—Characteristics of a typical induction motor. 

for a power factor of 80 percent at full load, but for ordi- 
nary purposes the variations in reactive factor may be 
superimposed on the initial reactive factor. Curve A is 
for a rapid rate of fluctuation starting from full load 80 
percent power factor; Curves B are for a rate slow com- 
pared to the field time constant with fixed terminal voltage. 

Motor Driven Intermittent Loads-In this cate- 
gory fall motor drives where the nature of the work calls 
for heavy overloads, and for cyclic loads of long and ir- 
regular period. Saw mills and coal cutters are typical 
examples of applications where heavy overloads, some- 
times to the stalling point, are common and difficult to 
prevent. The motor currents in such installations vary 
rapidly from light load, through pull-out at heavy current 
and high power factor, to the high locked-rotor current at 
low power factor. Punch presses and shears are examples of 
applications where the load goes through wide variations, 
but where flywheels and other design features limit both 
the rate of application and magnitude of the load swings. 

Motors used to drive intermittent loads are likely to 
have been designed with special characteristics. If possible, 
the fluctuation in current and power factor should be ob- 
tained by test or from the manufacturer. In the absence 
of such specific data, Curve B of Fig. 9 may be used for 
slow cycling intermittent loads, and the curve of Fig. 10 
may be used for applications where pull-out and stalling 
occur. 

Electric Furnaces-There are three general types of 
electric furnaces-resistance, induction, and arc. The re- 
sistance furnace usually causes no more flicker than any 
other resistance load of comparable size. Most induction 
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ing the regulator settings or by a combination of several 
of these procedures. Forcing the furnace in this manner 
increases both the magnitude and the violence of the load 
swings. The type of the scrap being melted also affects 
the extent of the load swings, heavy scrap causing wider 
fluctuations than light scrap. 

The oscillogram of Fig. 12 represents a short part of a 
melting-down period of a 10 000-kva arc furnace, At times, 

Fig. 11—Three-phase melting arc furnace of the Heroult type. 

furnaces operate at high frequency, and therefore, are 

While the average load factor and power factor of elec- 
tric arc furnaces are as good or better than many other 

connected to the power line through a frequency changer 

industrial devices, the problem of supplying them with 
power is usually much more difficult. During the melting 
down period, pieces of steel scrap will at times, more or 

and consequently represent a fairly steady load. 

less, completely bridge the electrodes, approximating a 
short circuit on the secondary side of the furnace trans- 
former. Consequently, the melting down period is char- 

Three-phase steel melting arc furnaces of the Heroult 

acterized by violent fluctuations of current at low power 

type, illustrated in Fig. 11, are being used to a considerable 

factors, single-phase. When the refining period is reached, 
the steel has been melted down to a pool and arc lengths 

extent to make high grade alloy steel, and frequently cause 

can be maintained uniform by automatic electrode regu- 
lators, so that stable arcs can be held on all three elec- 
trodes. The refining period is, therefore, characterized by 

voltage flicker. 

a steady three-phase load of high power factor. 

the current variations occur at a periodicity approximating 
the rate of the most objectionable flicker. A graphic chart 

Fig. 12—Oscillogram at start of heat in a 10000 kva Heroult 

illustrating the variation of load over a longer period of 
operation is shown in Fig. 13. These two figures are 

type three-phase arc furnace. 

reprints of figures from reference 10. 

A single-phase arc struck and 
restruck 10 times in the space of 15 seconds before all three 
phases struck. After this initial period, all three phases struck 
and restruck 10 times with currents in all three phases fairly 
well balanced before the arcs became generally stable. A por- 

tion of this performance is shown on this figurelo. 

Calculated curves in Fig. 14 show the electrical char- 
acteristics of a 10000-kva, three-phase arc furnace. These 
curves were prepared on the assumption that the maximum 
attainable current would be approximately twice normal 
at 50 percent power factor. The effective impedance of 
the arc (based on 11 500 volts in the primary) is plotted 
as the abscissa. For convenience, zero ohms, as plotted, 
represents the minimum arc resistance as determined by 
the so-called short circuit condition. Actually, at this 
point there is appreciable voltage drop at the electrode 
tips, and considerable arc energy; the curves are plotted The size of load fluctuations during the melting down 

period is influenced by a number of factors, of which the in this manner only to show the working range. It is of 
rate of melting is perhaps the most important. The fur- interest that the point of maximum power is not that of 
nace-supply transformers have winding taps for control of maximum kva. The usual melt-down range is probably 
the arc voltage and in the smaller sizes (about 6000 kva between the points corresponding to 0 and 10 ohms, the 
and below) have separate built-in reactors to limit the arcs fluctuating during this period so that the heating 
current and stabilize the arc. The rate of melting is subject effect is some sort of an average between these limits. The 
to further control by means of electrode regulators. Some- refining range is probably above 10 ohms. 
times the production of the furnaces is stepped up by It is difficult to obtain definite figures on the values of 
raising the arc voltage, reducing the series reactance, rais- instantaneous swings in current and power factor for use 
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Fig. 13-Graphic charts at time of same heat shown on oscil- 
logram of Fig. 12. Furnace swings occur approximately once 

a secondlO. 

in flicker determinations, because an oscillograph must be 
used and the maximum swings cannot always be caught. 
On small furnaces, the current may reach a maximum of 
3% times that at full load, but the process of reaching this 
value is usually through a series of small increments, and 
as noted previously the annoyance to lighting customers 
is largely a matter of the rate of change rather than the 
total change. 

The kva swings given in Figure 15 are equivalent swings. 

Fig. 14---Electrical characteristics of a 
arc furnace. 

10 000 kva, three-phase 

These values will give approximately the same flicker as 
the single-phase swings given in references 14 and 15. The 
curve values are not-the maximum possible swings for a 
given furnace size but are good values to use in estimating 
flicker. The frequency of occurrence of these swings cor- 
responds to the Extremely Frequent classification as given 

Fig. 15 Equivalent kva swings in an electric arc furnace. 

in Table 1. Load swings can occur more rapidly, but their 
magnitudes are less than those in Fig. 15. These curves 
can be used in conjunction with the method suggested in 
Sec. 5, to estimate the amount of flicker. The information 
shown in Fig. 15, together with suitable system constants 
should give a fair approximation of the flicker voltage to 
be expected. 

Electric Welders-This is a class of equipment of 
great importance in power system flicker. Most welders 
have a smaller ``on” time than “off” time, and conse- 
quently, the total energy consumed is small compared with 
the instantaneous demand. Fortunately, most welders are 
located in factories, where other processes require a large 
amount of power, and where the supply facilities are suffi- 
ciently heavy, so that no flicker trouble is experienced. 
In isolated cases, but nonetheless important, the welder 
may be the major load in the area, and serious flicker 
may be imposed on distribution systems adequate for 
ordinary loads. 
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The more common types of electric welders are: 

(1) Flash welders 
(2) Pressure butt welders 
(3) Projection welders 
(4) Resistance welders 

(a) Spot 
(b) Seam 

In welders the source voltage, usually 230, 460 or 2300 
volts is stepped down to a few volts to send high current 
through the parts to be welded. Practically all welders 
in service are single-phase, although experimental three- 
phase welders show promise. 

With flash welders, one piece is held rigidly, and the 
other is held in quasi-contact with it, with voltage applied. 
An arc is formed, heating the metal to incandescence, and 
the movable piece is made to follow to maintain the arc. 
The heating of the metal is partly by the passage of current 
and partly by burning with the arc. After a sufficient 
temperature and heat penetration has been obtained, the 
pieces are forced together under great pressure. In some 
cases, the power is cut off before this ‘`upset”; in others, 
the power is left on. The current, drawn during the flash- 
ing period, is irregular because of the instability of the arc, 
so that the flicker effect is obnoxious more than if the 
current were steady at its maximum value. The average 
power factor during flashing may be as high as 60 percent. 
At upset, it is about 40 percent. The flashing may last up 
to 20 or 30 seconds, but 10 seconds is more common. The 
duration of power during upset is usually short; of the 
order of 1/2 second. This type of welder may draw up 
to 1000 kva during flashing and about twice this loading 
at upset. 

Pressure butt welders are similar to flash welders, except 
for the important difference that the parts being welded 
are kept continuously in contact by a following pressure. 
The heating is produced primarily by contact resistance. 
From a power supply standpoint the butt welder is more 
desirable than the flash welder because the welding current 
once applied, is practically steady and the only flicker 
produced is at the time power is applied and removed. 
The range of currents and power factors is about that 
for flash welders. 

Projection welders are similar to pressure butt welders 
except that the latter usually join pieces of about equal 
size, and projection welders usually join small pieces to 
large ones. The current demand is usually smaller, but 
the operations are likely to be more frequent. 

In resistance welders current is applied through elec- 
trodes to the parts to be welded, usually thin sheets of 
steel or aluminum. The weld is accurately timed to bring 
the metal just to the welding temperature. The pieces are 
fused together in a small spot. In the spot welder, one or 
a few such spots completes the weld. In a seam welder, 
a long succession of spots produces the equivalent of a 
single continuous weld or seam. Resistance welders are 
characterized by large short-time currents. In spot weld- 
ers, the current may be applied for only a few cycles (on 
a 60-cycle basis), with welds following one another in a 
fraction of a second up to about a minute. Thus, from a 
flicker standpoint there are a succession of individual volt- 

Fig. 16—Ignitron timer for resistance welder. 

age dips occurring at objectionably frequent intervals. 
Seam welders have an “on” duration of a few cycles fol- 
lowed by an “off” duration also of only a few cycles. The 
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Fig. 17—Typical resistance welders---(a) spot 
welder. 

welder, (b) seam 

process is a continuous one while a given piece is in the 
machine, and since the periodicity of the welds is uniform, 
the flicker can be annoying even for relatively small voltage 
dips. The essence of good spot and seam welding is ac- 
curate control of the heat, consequently accurate magni- 
tude and duration of current are necessary. Vacuum tubes 
are being used to a large extent for welder control functions 
because there are no wearing parts, and close and con- 
sistent regulation of the heat is possible. Fig. 16 shows a 
photograph of an ignitron electric timer and Fig. 17 shows 
a typical resistance welder. 

Resistance welders drawing energy from all three phases 
greatly minimize flicker. Electronic devices are used to 
convert from the GO-cycle, 3-phase source to a single-phase 
output of lower frequency, say 10 cycles per second. On 
small welders, the stored energy of capacitors or inductors 
can often be used to minimize the peak demand from the 
source. 

Miscellaneous—Under this category come special 
equipment as electric shovels, heavy rolling mills, and 
similar installat ions. Most of these must be considered 
individually as to special features and power supply. 

Strip mining shovels frequently cause severe voltage 
dips in power systems, principally because of their large 
size and wide variation of their loads. The fast rate of 
load application is usually injurious to the power system 
principally by creating a wide band of voltage fluctuation, 
rather than flicker as it is commonly encountered. The 
site of mining operation is often at out-of-the-way locations 
where the power requirements for general purposes are 
small and hence, the normal power facilities are of low 
capacity, and very susceptible to flicker due to load 
changes. 

The large continuous rolling mills now used extensively 
in producing wide metal strip have imposed a new problem 
on the power industry. Like the electric shovel, these loads 
do not necessarily produce flicker in the customary sense 
of the word. The power supply is usually through motor- 
generator sets without added flywheel effect. The load 
comes on and drops off in steps as the metal enters or 
leaves the rolls. The individual increments are not in 
themselves abrupt, a fraction of a second to over a second 
being required for the metal to enter a roll completely. 
A large hot strip mill and a typical load chart are shown 
in Figs. 18 and 19. 

The power drawn by a large continuous mill may build 
up to 30 000 kw in a period of 8 seconds, stay nearly con- 
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Fig. 19—Load chart for a hot strip rolling mill. 

stant for a minute, and then drop to almost zero in another 
8-second period, There may then be an off period of a 
minute followed by a repetition of the load cycle. The 
power source is usually ample so that no flicker is percep- 
tible to the eye, but there is nevertheless a tendency for 
the voltage to “weave” up and down. This is undesirable 
because it widens the band of voltage regulation and may 
cause excessive operation of feeder voltage regulators. 
Automatic control of the excitation to the motor-generator 
sets to conform to the load variations is effective in 
minimizing these voltage swings. 

Fig. 20—Power flow between a steel mill and a large intercon- 
nected power system. 

A heavy cycling load of this kind may produce wide 
frequency variations on an isolated power supply system 
and wide load swings on an interconnected system. A 
power plant recording chart in Fig. 20 shows the power 
flow between the steel mill power plant and a large power 
pool. Fig. 21 (a) shows the hot strip mill load cycle and 

Fig. 21—(a) Hot strip mill load. (b) Effect on frequency of 
large interconnected system. 

Fig. 21 (b) the results of calculations on how power surges 
of this kind cause frequency disturbances which travel as 
waves between the local power company to which the steel 
plant is connected and a larger power pool. 

III. LOCATION OF FLICKER VOLTAGES 

Load equipment may create flicker conditions in one 
or more of the following locations: 

(1) Secondary distribution 
(2) Primary lines 
(3) Substation busses 
(4) Generating stations 

Any flicker in bus voltage of the generating station can 
be expected to show up at practically all points served by 
that station. Similarly if a substation bus flickers, all of 
the radial loads from that substation are affected. Primary 
line flicker affects all customers remote from the source 
of flicker, and to a lesser extent, some of those nearer the 
source of supply. Secondary circuit flicker is usually con- 
fined to an area immediately adjacent to the source of 
the disturbances. 

The location of flicker voltage, or the extent of the af- 
flicted area, has a considerable influence on possible rem- 
edies. If the generating station busses are affected, there 
are usually no commercially practical means of remedying 
the situation on the power system, and the correction must 
usually be made at the utilization point. If a substation 
is affected, but the generation stations are not, then more 
tie lines or transmission at higher voltage can be employed, 
or a separate line run from the generating station to the 
affected area. Sometimes the utilization equipment itself 
can be corrected. If a primary line is affected, improve- 
ments can be made in either the power system or the 
utilization equipment. If the distribution-system alone is 
affected the correction may be made either on the system 
or the utilization device. If the utilization device is stand- 
ard equipment, it is usually best to correct the distribution 
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system, and thus improve other loads as well. If the 
utilization device is special, it is probably more efficient to 
correct the device. 

IV. REMEDIAL MEASURES 

A large variety of corrective equipment and procedures 
can be used to minimize flicker. Those most commonly 
considered are : 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 

:rator sets 

dens 

Motor gene 
Phase converters 
Synchronous con 
Series capacitors 
Shunt capacitors 
Voltage regulatoj 
Booster transform 
Motor starters 
Excitation contra 
Load control 
Flywheels 
cc---L--- _I -- --- 

l-s 

ners 

21 

i3ysr;em crlanges 

3. Motor Generator Sets 
A corrective scheme using m-g sets is illustrated in Fig. 

22. In general, it is probably true that a motor-generator 

Fig. 22-Motor-generator set. 

set between the utilization device and the power system 
gives the maximum possible reduction in flicker, because 
it is effective in minimizing three of the most undesirable 
load characteristics: single phase, low power factor, and 
sudden application Since the only tie between the motor 
and the generator is the shaft, the disturbances due to 
single-phase load or to low power factor are not transferred 
to the power system. The reactance of the driving motor, 
in conjunction with the flywheel effect of the motor and 
generator delay the transfer of a change in load to the 
power system. The rate at which the voltage drops is 
therefore lessened and the eye is less likely to perceive 
this flicker. 

The motor-generator set is probably the costliest ar- 
rangement, heaviest, least efficient, and occupies more 
floor space than any of the various corrective devices that 
can be used. But the m-g set has the advantage of con- 
sisting entirely of standard equipment, and is, therefore, 
reliable and well understood apparatus. The motor end 
may be synchronous, squirrel-cage induction, or wound 
rotor induction, the latter usually being provided with a 
flywheel and slip regulator. The generator end may be 
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suitable for the supply of either single-phase or polyphase 
loads. 

When a synchronous motor draws additional power from 
the line it drops back in phase position. This causes a 
temporary drop in speed, but the flywheel effect of the 
rotor tends to oppose this change and to give up tem- 
porarily part of its rotational energy. This results in a 
“cushioning” of the rate of application of load to the power 
system, and a material reduction in peak demand can be 
effected for loads of short durations as compared with one- 
half of the natural period of electro-mechanical oscillation 
(see Chapter 13). The natural period usually ranges be- 
tween $$ and 1 second, so that for loads lasting about ?& 
second and less, substantial reductions in peak demand 
can be expected. Thus, synchronous-motor-driven m-g 
sets are quite suitable for spot and seam welders having 
an “on” time of 1 to 10 cycles (60-cycle basis). Similarly, 
sudden increases or decreases of load are shielded from the 
power system if the load factor is high, but the load is 
subject to short violent irregularities. This is true of elec- 
tric furnaces, for example, where the overall load factor is 
good, but there is considerable ``choppiness,” sudden power 
factor changes and short-circuiting of individual phases. 
For this type of load, synchronous motor drives are nearly 
as effective from the flicker standpoint as squirrel-cage 
induction, and preferable for other reasons. 

When an induction motor draws added power from the 
line, it drops in speed. Its output, in the normal working 
range, is closely proportional to the slip, that is, to the 
difference between synchronous and actual speed. If load 
is suddenly applied to a generator driven by a squirrel-cage 
induction-motor, the system does not feel the full effect 
until the motor-generator set has slowed down from nearly 
synchronous speed to full-load speed. In the meanwhile, 
the inertia of the rotating parts supplies the energy, and 
thus the rate at which power is drawn from the system is 
materially reduced. Furthermore, as in the case of syn- 
chronous driving motors, if the generator load consists of 
a series of short pulses, the load is off before its full effect 
is transmitted to the power system, and the peak load on 
the system is thereby decreased. Because an induction 
motor must actually slow down, whereas a synchronous 
motor merely shifts in phase, the rate of load application 
to the power system is less for the induction than for the 
synchronous motor. On an average, it takes an induction 
motor-generator set about one second to transfer full load 
to the source. In Fig. 3, it is shown that this delay alone 
results in doubling the threshold of flicker perception, as 
compared with the perception due to sudden voltage dip 
of equal magnitude. 

If the load pulses last several seconds, the power drawn 
from the system levels off to the amount of generator load 
plus losses for either a synchronous or squirrel-cage motor 
drive. The voltage drop in the power system during this 
steady load period is usually about the same for either 
the induction or synchronous motor drive, assuming that 
the excitation of the synchronous motor is constant. By 
increasing the synchronous-motor excitation with the load 
the final regulation of the system can be made very small. 
However, from the standpoint of flicker such excitation 
changes are usually imperceptible because of the time 
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required for correction. Thus, from the flicker standpoint, 
the principal superiority of the induction motor to the 
synchronous motor is the doubling of the threshold of 
perception, because of slower load application. This is 
particularly so for short pulses of power, say x second 
and less, where the induction set draws considerably lower 
peaks than the synchronous set. 

A further material reduction in flicker can be effected by 
the use of motor generator sets equipped with flywheels. 
In such cases a wound-rotor-induction motor is used, and 
additional rotor or secondary resistance is connected ex- 
ternally. By this means, the full-load slip of the motor can 
be increased from 1 or 2 percent to 10 percent or more. 
In order to transfer full load to the system, the set must 
then slow down considerably and the fullest advantage is 
thus taken of the inertia of the set and the additional fly- 
wheel. The extent to which improvement by this means 
may be carried is limited by cost and each case must be 
considered on its own merits. Limitation of peak demand 
is probably not feasible for loads in excess of about 3 
seconds, but the reduction of rate of load application 
may nevertheless be of benefit. 

Figures 23 and 24 bring out in graphic form the points 
discussed above. These curves were calculated using typi- 
cal machine constants, and to facilitate computation, losses 
were neglected except when used to calculate speed changes 
on the induction sets. 

The curves of Fig. 23 are for a load on 1% seconds and 
off 49; seconds. Curve (a) represents the load drawn by 
the synchronous set, and shows that it takes approximately 
0.2 seconds for the system load to equal the generator load, 
and also that an “overswing” of about 35 percent makes 
up for the deficiency between input and output during the 
first 0.2 second. A similar swing occurs when the load is 
dropped. Curve (b) shows the load drawn by a standard 
squirrel cage induction motor subject to the same load 

Fig. 23—Curves showing the relation between the power sup- 
plied by the generator and the power taken from the system 
for motor-generator sets using three types of motors. Gener- 

ator load on for 1.5 seconds. 
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Fig. 24—Curves showing the relation between the power sup- 
plied by the generator and the power taken from the system 
for motor-generator sets using three types of motors. Gen- 

erator load on for 0.1 second. 

cycle. It can be seen that the system load builds up at 
about half the rate as for the synchronous motor, and that 
it does not become equal to the applied load until the end 
of the load application. The system load never exceeds 
the applied load disregarding, of course, m-g set losses, 
and the difference between input and output during the 
early part of the load cycle is compensated by a similar 
exponential continuance of load on the system for some 
time after the applied load has ceased. Curve (c) is for a 
wound rotor motor with a constant secondary resistance 
and a flywheel. The relation between slip, flywheel effect 
and load cycle is such that although the generator load 
goes on and off, the system load never drops to zero. The 
rate of load application is very low, and the system peak 
is only about a third of the load peak. 

The curves of Fig. 24 are for a load cycle of 0.1 second on 
and 5.9 seconds off. Curve (a) is for a synchronous motor 
and shows that the peak system load is about two-thirds 
of the generator load. Curve (b) is for the squirrel cage set 
and shows a system peak of less than of the generator 
peak. Curve (c) is for the flywheel set and shows a system 
peak of about 3 percent of the load peak. 

Figures 23 and 24 are of interest in illustrating the manner 
in which motor-generator sets transfer power from load 
to line, and suggest the conditions under which the various 
motors are most suitable. As pointed out previously, the 
phase balancing and power factor improvement qualities 
are usually the most valuable factors in the correction 
of flicker. 

There are so many variables in load, power factor, duty 
cycle, etc., that general figures on the improvement that 
can be expected may be open to criticism. For very ap- 
proximate purposes, however, it can be expected that if the 
load changes last one second or more, either synchronous 
or squirrel cage induction sets without flywheels reduce 
the voltage drop to ?& for single-phase loads and to g for 
polyphase loads. The perceptibility of the flicker is re- 
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duced still further by the slower rate at which the voltage 
dips, particularly with the induction set. For loads of very 
short duration such as ?& second and less the voltage drop 
may be reduced to l/10 or even l/20. 

Motor generator sets may be had with either single- or 
three-phase generators. Even when the generator is single 
phase, it is customary to use a three-phase star stator 
winding using only two legs in series. The third phase is 
wound for possible future use, or to increase synchronizing 
power if paralleled with other units, or dummy coils may 
be placed in the slots. If single-phase loads are to be 
carried, the field must be built with low resistance damper 
windings to minimize rotor heating. In the larger sizes, 
single-phase machines are mounted on springs to minimize 
vibration due to the pulsating. torque caused by single- 
phase operation. 

When more than one utilization device causing flicker is 
involved, the question of a single m-g set versus an m-g set 
for each such load must be answered. In these cases it is 
very important to consider the regulation of the generator 
of the set and how constant a voltage is required by the 
utilization devices. For example, it frequently happens 
that a factory is using several electric welders which pro- 
duce 5 percent voltage dips of very objectionable fre- 
quency. This 5 percent drop usually does not affect the 
performance of the welders, and they could be operated 
at random on the power system. If a motor-generator set 
is to be used, however, the transient reactance of the gen- 
erator is apt to be as high as 35 percent based on its rated 
current, and, assuming that the welder reactive current 
equals the generator rating, a 35 percent, drop in voltage 
would occur. If only one welder is operated at a time, this 
is quite satisfactory, as the welder tap can be set on the 
basis of “closed circuit” voltage, that is, the regulation of 
the generator can be taken into account. If, however, 
another welder is operated simultaneously, even though 
on another phase, the additional voltage drop, uncom- 
pensated by the welder tap, is enough to spoil the weld. 
In order to operate several “choppy” loads simultaneously 
from the same m-g set, it is therefore necessary to use an 
oversize generator (from a thermal standpoint) to keep 
the regulation within required limits. Alternate solutions 
are to interlock utilization devices so that they cannot 
operate simultaneously or to provide separate m-g sets for 
each device. Another alternative is to use one common 
driving motor and several separate generators on the same 
shaft. The separate m-g set plan has the advantage of 
permitting operation at partial capacity in case of damage 
to one set, but is costlier. 

4. Phase Balancers 

In industrial plants a large percentage of the potential 
causes of flicker are single-phase devices. A discussion of 
phase balancers is, therefore, of interest, although there 
have been few commercially installed. 

In a single-phase circuit the flow of power pulsates at 
a frequency twice that of the alternating supply, whereas 
in a balanced polyphase circuit the flow of power is uni- 
form. Therefore, in order to effect a conversion between 
a single-phase and a polyphase system, some energy stor- 
age is necessary. This storage may be made in static de- 

vices such as inductances and capacitors, or in rotating 
equipment with mechanical inertia. Except for small sizes, 
the static equipment has not yet been found commercially 
practical. 

A lack of appreciation of this fundamental energy re- 
quirement has led to frequent proposals of schemes at- 
tempting single-phase to polyphase conversion by trans- 
former connection. Fig. 25 is typical of these schemes. It 

Fig. 25—Unsound attempt to supply balanced three-phase 
power to a single-phase load. 

is not only completely ineffective for its intended purpose, 
but is also wasteful of transformer capacity. Although the 
transformers are all loaded equally, the currents drawn 
from the source as shown by the current arrows, are still 
single-phase, and a single-phase transformer is, therefore, 
preferable. 

The most familiar type of phase converter is that shown 
in Fig. 26. It has been extensively used in railway electri- 
fications to convert single-phase power from the contact 
system to three-phase power for the locomotive motors; 
this is merely the converse of the phase-balance. As shown, 
a rotating two-phase machine is connected to the three- 

Fig. 26—Schematic diagram for phase converter used ex- 
tensively on railway electrificationa to convert single-phase 
power from the trolley to three-phase power for the locomo- 
tive motors. A rotating two-phase machine is connected 
through the equivalent of a Scott-connected transformer to 

the three-phase power system. 
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phase power system through the equivalent of a Scott- 
connected transformer, which also serves as the primary 
for the single-phase load winding. The two-phase machine 
may be of the induction type and act as a phase converter 
only, or it may be synchronous and used for power factor 
correction as well. Because of the regulation of the ma- 
chine, the source currents are not balanced during variable- 
load conditions, unless the taps on the transformer winding 
are varied. From this point of view, it is not very suitable 
for “choppy” loads. Where there are several separate 
single-phase loads to be served, the capacity of a converter 
of this type must be equal to the sum of the individual 
loads. 

The series type of phase converter is shown in Fig. 27. 
This is probably most efficient for conversion from three- 

Fig. 27—Series type of phase converter from three phase to 
single phase. 

phase to single-phase, where the single-phase load is not 
expected to grow, cannot be distributed between phases, 
and where no power factor correction is required. It con- 
sists of a counter-rotational induction-type series machine, 
connected through transformers in such a manner as to 
offer a high impedance to negative-sequence current be- 
tween the single-phase load and the three-phase supply. 

Fig. 28—Series impedance type of phase balancer. 

When a single-phase load is suddenly applied, a magnetiz- 
ing transient results, so that part of the negative-sequence 
component of load current is passed on the source. Al- 
though this transient subsides in about 0.1 second, it 
detracts considerably from the value of the scheme for 
use with “choppy” loads. 

The series impedance balancer shown in Fig. 28 consists 
of an auxiliary induction-type machine in series with the 
polyphase supply and with the main shunt machine. 
The single-phase load is drawn from between the two. 
The series machine rotates oppositely to normal direction 
for positive-sequence applied voltage, and therefore, offers 
high impedance to negative-sequence currents and low 
impedance to positive-sequence currents. The shunt ma- 
chine therefore takes the negative-sequence component of 
load current. The positive-sequence component of load 
current is taken by the system if the shunt is an induction 
type unit. If a synchronous type unit is used for the shunt 
machine, it can also take the wattless component of load 
current with suitable control of excitation. As with the 
series phase converter, the series machine does not imme- 
diately respond to load changes, and temporarily (for about 
0.1 second) some unbalanced current is drawn from the 
source. The scheme, like the series phase balancer, is in- 
herent in its action, no regulators being required unless 
power factor correction is used. This method has one 
important advantage over the previous two schemes in 
that the size of the shunt machine need only be enough 
to take care of the maximum unbalance of load. For ex- 
ample, if there are a number of individual single-phase 
loads as illustrated in Fig. 29, they may be distributed 

Fig. 29—Effective use of a synchronous condenser in connec- 
tion with a fluctuating load. 

between the phases, and the shunt machine need carry 
only the unbalance component. The series machine must, 
however, have enough capacity to carry the total positive 
sequence current. 

Phase balancers, as a class, are not particularly suitable 
for flicker elimination except perhaps in borderline cases 
where only a moderate improvement (perhaps a one-half 
reduction in voltage dip) is required. In this case they 
may be the cheapest and most efficient remedy. 

5. Synchronous Condensers 
The voltage dip on a power system resulting from a 

suddenly applied load is equal to the vector product of 
the current and the system impedance giving proper con- 
sideration to vector positions. Consequently, one way of 
reducing flicker is to reduce the system impedance. Usu- 
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ally, the system impedance is predominantly inductive, 
and flicker is caused by current of low power factor so that 
most of the voltage drop is due to the reactive component 
of the system impedance. For example, suppose that the 
system impedance based on the load current is 1 percent 
resistance and 4 percent reactance and the load is at 50 
percent power factor. A close approximation of voltage 
drop may be obtained by adding only those components 
of impedance drop that are in phase with the voltage. 
Thus, the resistance component of line drop is the 1 percent 
resistance times the 0.5 unit of current or 45 percent, and 
the reactive component of line drop is the 4 percent re- 
actance times the 0.866 unit of current (for 50 percent 
power factor) or 3.5 percent. The total voltage drop is 
therefore 4 percent, of which 3.5 percent is due to system 
reactance. This predominance of reactive component has 
led to frequent proposals to use synchronous condensers 
in parallel with the system as a means of reducing system 
reactance and thus improving flicker conditions. This 
method, while feasible in principle, is not usually eco- 
nomical in practice, as a brief consideration shows. The 
system reactance to a customer’s service point may range 
from a fraction of a percent to 10 or more, but on an 
average is probably around 5 percent, based on the cus- 
tomer’s kva demand. The subtransient reactance of a 
standard synchronous condenser is around 25 percent of 
its rating. Therefore, if a synchronous condenser of the 
same kva rating as the load is installed, the resultant 

5x25 
reactance is 3. - = 4.2 percent and the flicker voltage is 

reduced to only 4g=84 percent of its value without the 
. 

condenser. 
The effectiveness of a synchronous condenser can be 

much improved by the use of reactors between the power 
system and the load and operating the condenser from 
the load bus, as shown by Fig. 29. This scheme permits 
greater voltage fluctuations on the condenser and, there- 
fore, causes it to bear a greater proportion of the fluc- 
tuating component of current. The customer’s bus volt- 
age, of course, undergoes the same voltage fluctuation, and 
this fact plus the fact that only a limited amount of series 
reactance can be used without unstable condenser opera- 
tion, limits the extent of improvement. In most instances, 
it is likely that a reduction of flicker to one-half its un- 
compensated value is the economic limit of correction by 
this means. Where only this amount of correction is suffi- 
cient, the synchronous condenser and series reactor scheme 
may be the best economic solution, considering the power 
factor correction and control of voltage level afforded by 
the machine. 

The suggestion has been made of using a driving motor 
for the synchronous condenser to permit higher values of 
series reactance without instability. This arrangement is 
the equivalent of a motor-generator set with a reactor 
paralleling the motor and generator ends. This scheme 
has never been used in practice, but calculations of per- 
formance and cost estimates indicate that there is little 
advantage compared with the straight m-g set or con- 
denser-reactor schemes. 

The benefits from the use of synchronous condensers 

for flicker reduction depends in a large measure upon how 
low the subtransient and transient reactances can be made. 
The modern standard low-speed salient-pole synchronous 
condenser has been developed primarily for power factor 
correction and voltage control, and low-cost and low-loss 
condensers have relatively high reactance. A typical ma- 
chine has subtransient and negative sequence reactances 
of about 25 percent and a transient reactance of 35 percent. 
A reduction in these reactances usually results in both 
higher costs and losses. The high-speed (3600 rpm) cylin- 
drical-rotor type of machine inherently has lower react- 
antes, perhaps one-half or less, but the cost and losses 
are both greater. In larger sizes and where other circum- 
stances are favorable, the overall economy may justify the 
use of outdoor highspeed hydrogen-cooled synchronous 
condensers of low reactance. 

Another way to decrease the reactance of the synchro- 
nous condenser is to use capacitors in series with the 
machine leads. The capacitive reactance partially nullifies 
the machine’s inductive reactance giving a lower net re- 
actance. This scheme theoretically should be quite effec- 
tive and economical. However, the series capacitors may 
cause the synchronous condenser to hunt. The boundaries 
of satisfactory operation have not been fully explored, and 
predetermination is difficult. It is expected that after an 
experimental installation of this form of compensation is 
made that practical information will be available. 

6. Series Capacitors 

A general treatment of the use of capacitors in power 
systems is given in Chapter 8. The following discussion 
is concerned primarily with those aspects of capacitor 
application that are related to the problem of lamp flicker. 

There are two main uses of series capacitors, depending 
whether they correct for the inductance of the supply or 
for that of the load. Their most familiar use is for line drop 
compensation; the application to equipment correction is 
more recent and shows much promise, as it improves con- 
ditions in the entire system, whereas the line capacitors 
benefit only those customers beyond the point of capacitor 
installation. 

Being in series with the entire power circuit, series ca- 
pacitors are instantaneous in their corrective effect. This 
is perhaps their most valuable advantage because any 
change in line current causes an immediate change in 
compensating voltage. Another advantage is that they 
generate lagging reactive kva proportional to the square 
of the current, thereby improving the power factor. 

Series Capacitors Connected in Line—Fig. 30 shows 
in (a) a layout ordinarily favorable to the application of 
series capacitors. The transmission substation is assumed 
to have bus voltage regulation so that the voltage is fairly 
constant. The step-down transformer bank and the low- 
voltage line feed a distribution substation serving the 
fluctuating load and lighting loads; no loads are served 
at intermediate points between the substations. The series 
capacitor may be installed near the transmission sub- 
station, as shown in (b), or near the distribution substation. 
Another alternative is to install the capacitors between 
the transmission substation bus and the step-down trans- 
former (depending upon which voltage is more suitable 
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for standard capacitors). The voltage along the line is 
shown by the diagram at (c), Curve A showing the un- 
compensated voltage and B the compensated voltage. The 
point of interest emphasized by (c) is that the compensat- 
ing voltage is introduced in one step while the voltage 
drop along the line is uniform. For this simple case with 

Fig. 3@---Typical application of series capacitors. 

(a) Layout ordinarily favorable to application of series capacitors 
(b) Location of series capacitor 
(c) (A) Without capacitors; (B) with capacitors. 

no intermediate line loads, the voltage gradient along the 
line is unimportant, and, subject to limitations outlined 
later, complete voltage-drop compensation at the distribu- 
tion substation may be secured. 

The vector diagrams for series capacitors at various 
power factors are shown in Fig. 31. These diagrams show 
that only the inductive component of line impedance is 
compensated by the capacitor. However, if the power 
factor of the load increment is low and constant, it is 
possible to over-compensate for the system reactance, and 
thus partly or completely nullify the resistance component 
of line drop. With variable loads and power factors this 
procedure can cause undesirable voltage-regulation char- 
acteristics and therefore each case of over-compensation 
must be considered on its own merits. 

Where there are distributed loads along a line, it is nec- 
essary to consider the location of the capacitors. The ca- 
pacitor gives its full voltage boost at the point of its in- 
stallation, and therefore loads immediately ahead and 
behind the capacitor differ in voltage by the amount of 
boost in the capacitor. In general, the best capacitor loca- 

Fig. 31—The vector diagrams show the voltage drop across the 
series capacitor required if a capacitor is added so that the 
sending voltage will be the same as the load center voltage 
when the load power factor is (a) 90 percent; (b) 75 percent; 

(c) 60 percent. 
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tion is one-third the electrical distance between the source 
and the flicker-producing load, as shown by Fig. 32. 

In principle series capacitors are effective in reducing 
flicker caused by practically all types of fluctuating loads. 
However, their effect is only beyond their point of instal- 

Fig. 32—Percent voltage regulation-in general, by placing 
the series capacitor about l/3 of the electrical distance between 
the source and the load, the voltage on both sides of it are 
kept within plus or minus limits in which flicker is not 

objectionable. 

lation; hence they do not correct the system as a whole. 
For example, a series capacitor installed just ahead of 
substation B in Fig. 33 may remove most of the voltage 
fluctuation on that bus. However, at Station A, there 
may still be considerable voltage fluctuation, as the series 
capacitors do not correct the supply circuits. Another 
point to be noted from Fig. 33 is that the series capacitor 
must be large enough to carry all loads beyond its point 
of installation. Consequently, if the flicker-producing load 

Fig. 33—Series capacitor must be large enough to carry total 
substation load. 

is small as compared with normal load, the cost of the 
series capacitor is too high for the correction obtained. 
Series capacitors are therefore economical primarily where 
the flicker load is a large portion of the total, where the 
circuit resistance is equal or lower than the reactance, 
where the flicker-producing load is of low power factor, 
and where the supply circuits are fairly long. 

Under certain circumstances series capacitors will pro- 
duce, in conjunction with other apparatus, voltage or cur- 
rent surges in the line. The magnetizing inrush current of 
transformer banks, and the self-excitation of synchronous 
or induction motors are some of the factors causing this 
phenomenon, which is too involved for treatment here, but 
is discussed in items 4 and 5 of the table of references. 

Fig. 34—Series capacitor installed with a welding load to 
reduce kilovolt ampere demand and improve power factor. 

Capacitors in Series with the Equipment-This ap- 
plication is limited to utilization equipment with a constant 
inductive reactance, for which it is possible to compensate 
with a series capacitor, so that the load drawn from the 
supply circuit is practically at unity power factor at all 
times. Thus, although the power drawn from the line is 
still fluctuating, the resultant flicker voltage is greatly 
reduced. Figure 34 shows such compensation applied to a 
welding transformer. Inasmuch as the load itself is cor- 
rected, the benefits are felt all over the supply system. 
Several such applications have been successfully made to 
spot and seam welders (see reference 3). 

7. Shunt Capacitors 
Contrary to frequent misconceptions, permanently con- 

nected shunt capacitors are of no benefit whatever in 
minimizing flicker; in fact, they may make it slightly 
worse. An example shows the reason readily. A system 
with 10 percent inductive reactance in the supply leads, 
serving an intermittent load having an inductive reactance 
of 100 percent is shown in Fig. 35 (a). Resistance in both 
line and load will be neglected to simplify the example, 
but the same general effect will be observed if resistance 

Fig. 35—Shunt capacitors are not effective in reducing voltage 
dips. 

were present. When the switch is open E,=Es. When the 

switch is closed, the voltage at EL= +jloo 
+j10+j100 

Es = 91 

percent Es. Fig. 35 (b) shows a similar circuit except a 
capacitor having a reactance equal and opposite to that of 
the load is permanently connected in the circuit. When 

the switch is open, the voltage EL= -do0 Es= 111 
+j10 -jlOO 

percent Es. When the switch is closed, the net load im- 

pedance is 
c -jlOO) (+jloo) = o. 

-j100+j100 
. This means that the 

combination of the capacitor and reactor draws no current 
from the source, and E,=Es. Thus, comparing the two 
cases, without the capacitor the voltage drops from 100 
percent to 91 percent, a change of 9 percent. With ca- 
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pacitors, the voltage drops from 111 percent to 100 percent, 
a change of 11 percent. 

Shunt capacitors connected to utilization equipment so 
that they are switched in accordance with load, reduce 
voltage drop. To be effective, the utilization device must 
draw a current that is substantially constant in magnitude 
and power factor during the “on” period, as, for example, 
some forms of resistance welders on which long runs are 
made without change of set-up. Motor starting is one 
example of an application to which shunt capacitors can- 
not be used effectively in this manner for flicker reduction. 
Motor inrush current approximates six times full load. If 
this is neutralized by a shunt capacitor, the initial voltage 
dip is greatly reduced. However, when the motor comes 
up to speed, the voltage rises above the initial voltage. 

8. Voltage Regulators 
Voltage regulators are also totally unsuited to correcting 

flicker. This statement applies both to generator voltage 
regulators, or to step- or induction-type feeder regulators. 
These devices operate only when the voltage changes; 
furthermore there is a time lag before voltage is restored 
to normal. As shown in Fig. 3, abrupt changes in voltage, 
the ones that voltage regulators cannot eliminate, are the 
very ones to which the human eye is most sensitive. Con- 
sequently, the flicker is perceived before the regulator can 
even start. It is sometimes thought that an electronic 
regulator and exciter can eliminate this difficulty and pre- 
vent voltage dips. However, the field time constant of the 
generator which in large units is as high as 10 seconds and 
even in very small machines may be one second, makes 
correction by this means impossible. 

9. Compensating Transformers 

As illustrated in Fig. 36, a compensating transformer is 
similar in effect to a line drop compensator used in voltage 
regulator control except that the size of the elements is 
that of a power device rather than that of an instrument. 
The current drawn by the flicker-producing load passes 
through a resistance and reactance branch, and the voltage 

Fig. 36—Compensating transformer can be used 
cial cases to reduce voltage dips. 

in very spe- 

drop thus created is added to the lighting-load voltage by 
means of a series transformer. By proper selection of the 
resistance, reactance, and series-transformer ratio, the 
flicker in the lighting circuit may be eliminated almost 

completely. Satisfactory results can often be obtained by 
omitting the resistor, and in such cases, the apparatus 
becomes simply a transformer with an air gap in its 
magnetic circuit. 

Despite the technical simplicity of this scheme, it has 
practical and economic limitations. It is apparent that 
the improvement in the lighting circuit is obtained at the 
expense of the flicker-producing load. This limits the ap- 
plication to cases where the lighting load is only a small 
proportion of the total. In general, the equipment must 
be individually designed for a specific set of conditions, 
since the proportions and size are affected by the line volt- 
age, line drop, total current, and ratio of loads. Should 
system changes necessitate its removal, there is small like- 
lihood of being able to use the compensating transformer 
elsewhere. The cost of the apparatus is rather high because 
it is not standard. 

10. Motor Starters 

As pointed out under “Utilization Equipment,” most 
motors can be started directly across the line because even 
the larger sizes are usually supplied from heavy feeders 
compared to the size of the motor. Where this is not the 
case, a starter may be required if the starting is frequent. 
It is difficult to generalize on the question of motor start- 
ing, because individual cases vary with the motor size, 
type, and the starting torque of both motor and load. 

Starting “compensators” are now being used much less 
than formerly. This is due largely to the acceptance of 
across-the-line starting, but also to the realization that 
the two voltage dips caused by the compensator may be 
as objectionable as one larger dip when starting across the 
line. In this respect reactor starting is superior, because 
the circuit is not opened at transition, and the reactor- 
short-circuiting operation may not result in a noticeable 
voltage dip if the motor is substantially up to speed. A 
reactor starter causes a greater initial voltage drop than 
a compensator, because the starting kva is decreased only 
directly as the starting voltage and not as the square of 
the voltage. 

When the continuous-load rating of the feeder is the 
same as of the motor, the use of wound-rotor motors with 
stepped-resistance starters in the rotor circuits usually 
avoids annoying flicker. The cost of the motor and con- 
trol is greater, but where the motor is near the end of a 
long line and is started frequently, this may be the most 
economical choice. 

Where motors are started infrequently, but where the 
resultant voltage dip is still objectionable, some form of 
increment starter may be warranted. In a starter of this 
type, the stator current is increased in steps until the motor 
rotates, and the remaining impedance is cut out of the 
circuit after the motor has reached full speed. There are 
no standard starters of this type on the market, and the 
few that have been built have been specially designed 
for the particular service. In general, they represent a 
combination of auto-transformer and reactor starting, the 
switching being done without opening the circuit during 
the entire sequence. 

Resistance starters in the stator circuits have been em- 
ployed. On small integral horsepower motors the simplest 
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and cheapest of these is a single-step resistor which is cut . 
out after the motor comes up to speed. As with reactor 
starting used on larger motors, the short-circuiting of the 
resistor does not usually cause a noticeable voltage dip, 
and the initial dip of course is considerably reduced. Re- 
sistance starters should be adjustable for individual re- 
quirements; in extreme conditions a variable resistor may 
be desirable. These starters are in general more expensive 
and more difficult to maintain by unskilled attendants. 

11. Excitation Control 
This involves single-step increments of the field excita- 

tion of synchronous motors by switches actuated by the 
equipment causing the flicker. This method is generally 
ineffective in eliminating flicker caused by abrupt voltage 
dips as explained under “Voltage Regulators.” However, 
it can reduce considerably the width of the band of voltage 
regulation, which annoys power-supply companies by caus- 
ing too frequent operation of feeder-voltage regulators as 
they attempt to compensate for the voltage swings. Such 
swings are caused by continuous strip rolling mills, large 
electric shovels, etc., where the variations of load are large, 
but where the rates of application and removal are moder- 
ate, say 10 to 30 percent per second. 

Fig. 37—System layout. 

(a) Fluctuating load on substation bus affected all loads fed from 
bus. 

(b) Fluctuating load feeders separated from rest of the load. 

at a time when the lighting load is low. Control of load 
is not a very general solution to reduction of flicker, and 
it is employed in but few cases. 

12. Load Control 13. Flywheels 
In some cases it is possible to minimize lamp flicker by 

controlling manufacturing processes. For example, in a 
plant operating two or three resistance welders, it may be 
possible to provide interlocks so that not more than one 
is operated at the same instant. A remedy of this kind is 
only possible if the “on” time is short compared to the 
“off” time, otherwise the production rate would be slowed 
up considerably. Similarly in arc-furnace work the vio- 
lence of the current swings during melting can be reduced 
by lowering production rate during this phase of the cycle. 
It is also possible to perform flicker-producing operations 

A general discussion of the effect of flywheels is given 
under “Motor-Generator Sets,” but the same principles 
apply to direct-driven apparatus. This method has con- 
siderable value for mechanical loads having short durations 
with long “off” periods, such as shears, punch presses, etc. 

14. System Changes 
In practically all cases of flicker caused by utilization 

equipment, there is a direct relationship between the 
amount of the flicker and the size of the power supply 
system. For example, assume that a welder causes a three- 
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percent voltage flicker on a residential substation, where 
only one percent is acceptable. Tripling the size of the 
supply to the substation would reduce the flicker to the 
required level, and this would constitute one way of elim- 
inating the flicker. If this were done by multiplying the 
number of incoming lines and transformer banks by three 
it would probably be the most costly of all possible correc- 
tive measures. Usually more economical system changes 
can be made. 

A common form of substation supply with two or more 
feeders from the generating station paralleled to a single 
bus is shown in Fig. 37(a). With this arrangement, all loads 
fed from the substation are subjected to any flicker produced 
on the outgoing feeders. Figure 37 (b) shows a low voltage 
bus divided into two sections, one for residential and com- 
mercial loads, the other for industrial loads. This layout 
is based on the fact that voltage fluctuations objectionable 
to residential customers are acceptable to industrial users. 
There is probably a greater flicker tolerance in shop work 
than in residence lighting, and industrial plants are usu- 
ally willing to accept flicker when it is caused by their 
own operation. 

Other methods of stiffening the power system involve 
changing the voltage of the supply line, tapping nearby 
high-voltage, high-capacity lines, adding more transformer 
capacity, or running a separate line to the flicker-producing 
load. Local conditions determine what remedial measures 
are most suitable in a particular case. Occasionally system 
increases are justified if the additional capacity may be 
needed later anyway. 

15. Comparison Chart 
A reference chart showing at a glance the remedial meas- 

ures available and those most promising for a particular 
type of flicker is shown in Table 2. Inasmuch as the best 
technical solution may not be the most economical, the 
remedies are compared from both points of view. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 
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COORDINATION OF POWER AND COMMUNICATION SYSTEMS 
Original Author: 

R. D. Evans 

T HIS chapter deals with the coordination of power 
and audio-frequency communication systems, in- 
cluding telephone, telegraph, supervisory-control, 

and pilot-wire relaying circuits. The presentation is from 
the standpoint of the power engineer with particular at- 
tention to the characteristics of power apparatus. Part I, 
Basic Principles, gives a general background of the co- 
ordination problem in order to provide proper perspective 

to the subjects treated. Detail discussion of the problem 
is given in Part II, Low-Frequency Coordination, and 
Part III, Noise-Frequency Coordination. 

I. BASIC PRINCIPLES 

When a power and a communication circuit are operated 
in proximity, the power circuit may produce certain con- 
ductive or inductive effects, which may interfere with the 
normal operation of the communication circuit. These 
electrical interference effects, which appear as a result of 
extraneous voltages and currents in the communication 
circuit, may be minimized by measures that are applicable 
to either circuit alone, or to both. Such measures provide 
the basis for the coordination of power and communication 
circuits to avoid interference, as discussed in this chapter. 

1. Interference and Coordination 
Definitions of interference and coordination as adopted by 

the National Electric Light Association and Bell Tele- 
phone System lea)), with slight rephrasing, are: 

Interference is an effect arising from the characteristics and 
interrelation of power and communication systems of such char- 
acter and magnitude as would prevent the communication sys- 
tem from rendering service satisfactorily and economically if 
methods of coordination were not applied. 

Coordination is the location, design, construction, operation, 
and maintenance of power and communication systems in con- 
formity with harmoniously adjusted methods which will prevent 
interference. 

2. Nature and Importance of the Problem 
The electrical-coordination problem arises principally 

because two distinct types of circuits or systems are em- 
ployed, namely, (1) power systems for generation, trans- 
mission, and distribution of electrical energy, and (2) com- 
munication systems in which electrical energy is used 
incidentally for the transmission of signals. Another im- 
portant consideration arises from the fact that the user 
of electrical energy is generally also a user of electrical 
communication. For example, power lines for delivering 
electricity to homes and factories are roughly paralleled 
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by telephone circuits required to give electrical communi- 
cation for the same places. The coordination problem be- 
comes cumulatively more severe as the power systems 
supply increasing amounts of load and the communication 
systems become increasingly sensitive. There is also the 
complication caused by the introduction of newer uses for 
electrical energy and for electrical communication. 

The effects of extraneous voltages and currents on 
communication systems are varied in character, and in- 
clude hazard to persons, damage to apparatus, and in- 
terference with service. The damage to the physical plant 
includes the effects resulting from overheating, from break- 
down of insulation in lines and apparatus, and from elec- 
trolysis. The interference with service includes such effects 
as noise and acoustic shock in the telephone circuits, 
false signalling in telephone, telegraph, and supervisory- 
control circuits, as well as disruption of service. Communi- 
cation circuits are usually equipped with devices that, 
when subjected to excessive voltages, provide protection, 
but in so doing may render the circuit inoperative for 
communication purposes not only for the duration of the 
abnormal voltage condition but also until maintenance 
work can be done. 

The coordination problem is extremely widespread; 
practically every type of electrical circuit has interfered 
with some other type of electrical circuit. For example, 
power-supply circuits have interfered with audio- and 
carrier-frequency telephone and telegraph circuits, ma- 
chine-switching and supervisory-control circuits. Simi- 
larly, d-c and a-c railway circuits have interfered with 
practically every type of communication circuit. It is an 
interesting and significant fact that communication cir- 
cuits interfere with one another, not only in the form of 
“cross fire” between telegraph circuits but also in the form 
of “crosstalk” between telephone circuits on the same pole 
line. Power circuits can interfere with each other. For 
example, a ground fault on a transmission circuit can im- 
press high induced voltages on a neighboring low-voltage 
distribution circuit and produce apparatus failure or circuit 
outage. 

3. The Origin of Extraneous Voltages 
Extraneous voltages in communication circuits arising 

from power circuits are caused by: 
Conduction 

(a) Metallic cross 
(b) Ground potential 

Induction 
(a) Magnetic induction, a current effect 
(b) Electric induction, a voltage effect. 

741 
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Conduction is an important factor where circuits of 
the two types are located close together as, for example, 
where the circuits cross each other or are located on the 
same pole line, or where one pole line is overbuilt by 

Fig. 1—Schematic diagrams illustrating the production of ex- 
traneous voltages in a communication circuit by conduction 

from a power circuit. 

(a) By metallic cross. 
(b) By rise in ground potential through use of ground connections 

common to both types of circuits. 
TE Telephone terminal equipment. 

P Protectors on communication circuit. 
SG Station-ground resistance. 

another. Under these conditions a conductor failure or 
an extraneous wire may produce a metallic cross between 
the different types of circuits as illustrated in Fig. 1 (a). 

A second and somewhat less obvious method of impress- 
ing extraneous voltages and currents on a communication 
system results by conduction from a common use of earth 
connections. Power circuits, except railway traction cir- 
cuits and multi-grounded neutral circuits, do not make 
intentional use of the earth under normal conditions except 
as a means for stabilizing the power-system neutral, and 
under fault conditions to limit the voltages and to provide 
adequate currents for relaying purposes. For this reason 
large ground-potential effects are almost invariably as- 
sociated with fault currents through ground connections. 

On a power system a fault to ground causes a rise of po- 
tential of the power-station neutral or ground bus as shown 
in Fig. 1 (b). This potential rise can be estimated from the 
magnitude of the ground current and of the station-ground 
resistance SG which is of finite but low value. This rise of 
ground potential may be impressed on a communication 
circuit in the following manner. If a telephone circuit 
connects the power station and a remote central office, 
telephone protectors are connected to the power-station 
ground bus to avoid hazard to the user of the telephone 
circuit at the power station. Similarly, telephone pro- 
tectors are used at the central office for protection against 
lightning and other extraneous voltages. Consequently, 
upon the occurrence of a ground fault, the rise in potential 
at the power station produces a voltage that is impressed 
upon the telephone circuit and the two sets of protectors 
as shown in Fig. 1 (b). This type of problem occurs fre- 
quently in connection with power-company communica- 
tion systems, and in supervisory-control and pilot-wire 
relaying systems. 

A fault causing ground currents in a power circuit also 
impresses upon a paralleling telephone circuit a compo- 
nent of voltage in phase with the ground current of the 
power circuit. These conductive or ground-potential ef- 
fects are closely related to inductive effects and in many 
cases are difficult to separate. As a matter of convenience, 
both effects are considered under inductive effects in the 
subsequent discussions. 

Magnetic induction, or electromagnetic induction, 
as used in this chapter, applies to the voltages induced in a 
communication circuit as a result of currents flowing in a 
power circuit. Consider a single-phase metallic* power 
circuit carrying a current of I amperes, and a metallic* 
communication circuit located in proximity, as shown in 
Fig. 2. Magnetic fields around the power conductors are as 
shown for an elementary section in Fig. 2 (b). The com- 
munication conductors Cr and CZ lie in positions of different 
field strengths so that unequal voltages are induced in 
these conductors. 

When ground forms a part of the return circuit for the 
flow of power current, as when a line-to-ground fault 
occurs, the problem is quite similar and can be calculated 
on the basis of a concentrated return current in the earth 
located at some relatively great distance directly below 
the line conductor. The determination of the coefficient 
of induction or the coupling-factor under these conditions 
constitutes one of the more important problems in the 
analysis of fundamental-frequency effects. 

Electric Induction—An important source of extra- 
neous voltage on communication circuits, under normal 
operating conditions, may be electric induction from a 
neighboring power circuit. By this is meant the voltage 
impressed on a communication circuit because of its po- 
sition in the electric field, or electrostatic field, produced by 
the circuit voltages of the power system. A section of line 
with power conductor P energized from a single-phase 
grounded source and with communication conductors C1 
and CZ is shown in Fig. 3. It is to be recognized that there 

*By metallic circuit is meant one in which wires constitute the 
two sides of the circuit; that is, earth does not constitute one side of 
the circuit. 



Fig. 2—Schematic diagram illustrating magnetic induction 

from a metallic power circuit on a metallic communication 
circuit. 

(a) Elementary section. 
(b) Equi-potential fields. 

are capacitances between conductors, and between con- 
ductors and ground. In Fig. 3 (5) is shown a cross-section- 
al view of the line together with equi-potertial lines in the 
electric field produced by the conductor having a potential 
with respect to ground. If the communication circuit con- 
sists of two wires separated even a short distance, different 
potentials are induced on them for most locations. A 
typical power circuit involves three phase-wires, and the 
electric induction produced by the three phases determine 
the resulting potentials impressed on adjacent communica- Fig. 3—Schematic diagram illustrating electric induction 

tion conductors. from a single-phase ground-return power circuit on a com- 

Power-system voltages or currents which produce in- munication-circuit conductor. 

ductive effects in communication circuits can be classified (a) Elementary section, 

as (1) positive- and negative-sequence components that (b) Equi-potential fields. 

are normally confined to the line conductors, and (2) the 
zero-sequence component for which the line conductors conditions the zero-sequence component of fundamental 
constitute one side of the circuit and the neutral or ground frequency is predominately important because greater co- 
wires, or earth the return. Obviously the coefficients of efficients of induction apply for the component that flows 
induction from power-system currents are different for through the earth. Harmonic components may be of any 
these two cases. Telephone engineers are accustomed to of the three sequences as shown later. 
use the term “balanced components” for the positive- and Voltages induced in metallic communication circuits can 
negative-sequence components and the term “residual conveniently be resolved into components in a manner 
component” for the quantity equal to the sum of the zero- analogous to that for symmetrical components of poly- 
sequence components in the three phases. Under normal- phase circuits. In the case of the metallic telephone circuit 
circuit conditions the negative-sequence component of the resolution is made into (1) a longitudinal component, 
fundamental frequency is usually negligible with the result and (2) a metallic-circuit component. The longitudinal 
that the balanced components are normally related to the components of voltage in the two sides of the circuit are 
positive-sequence components only. Under around-fault identical and the corresponding components of voltages to 
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ground are identical. The metallic-circuit components of 
voltage and current associated with each line conductor are 
equal in magnitude but opposite in phase so that they 
tend to circulate current around the metallic circuit. 

An equivalent circuit for analyzing the effects of elec- 
trically induced voltages on a metallic-telephone circuit is 
shown schematically in Fig. 4 (a). In this diagram, the 

Fig. 4—Equivalent circuit for simulating electric induction 
and method of resolving induced voltages into longitudinal- 

and metallic-circuit components. 

(a) Equivalent circuit with total induced voltages. 
(b) Same circuit but with longitudinal-circuit components of in- 

duced voltages. 
(c) Same circuit but with metallic-circuit components of induced 

voltages. 
TE Telephone terminal equipment. 

2 Series-impedance circuit element. 
2’ Shunt-impedance circuit element. 

induction is assumed to occur in the elementary section at 
the middle of the line with unequal voltages, El and &, 
induced on the conductors. The communication circuit 
is represented as having series impedance elements 2 and 
shunt impedance element Z’, -as shown in the diagram, 
together with terminal equipment TE. The equivalent 
circuit for electric induction requires the addition of sources 
of voltage El and E2 acting through capacitances C. The 

two electrically induced voltages El and ~732 may be resolved 
into longitudinal-circuit components, as shown in Fig. 4 
(b), and into the metallic-circuit components, as shown in 
Fig. 4 (c). The equations relating the longitudinal- and 
metallic-circuit components and the total induced voltages 
for each conductor are also included. The impedances of 
the various circuit elements can be different for the long- 
itudinal and metallic circuits. 

The corresponding equivalent circuit for analyzing the 
effect of magnetically induced voltages is shown in Fig. 5 
(a). This diagram corresponds closely with Fig. 4 (a), 
except that the voltages are shown as being impressed in 
series with the line in the elementary section. Voltages 
magnetically induced in the two conductors can be re- 
solved into longitudinal- and metallic-circuit components 
as illustrated in Figs. 5 (b) and (c), respectively. The 
equations relating longitudinal- and metallic-circuit com- 
ponents and the total induced voltages in each conductor 
are also included. 

Fig.3—Equivalent circuit for simulating magnetic induction 
and method of resolving induced voltages into longitudinal- 

and metallic-circuit components. 

(a) Equivalent circuit with total induced voltages. 
(b) Same circuit but with longitudinal-circuit components of in- 

duced voltages. 
(c) Same circuit but with metallic-circuit components of induced 

voltages. 

TE Telephone terminal equipment. 
2 Series-impedance circuit element. 

2’ Shunt-impedance circuit element. 
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4. Basic Factors-Influence, Coupling, and Sus- 
ceptiveness 

The coordination problem can be considered from the 
standpoint of the three basic factors, influence, coupling, 
and susceptiveness. Definitions of these factors, slightly 
rephrased from the form given in Reference 1 (a), are: 

Influence factors are those characteristics of a power circuit 
with its associated apparatus that determine the character and 
intensity of the inductive and conductive fields which they 
produce. 

Coupling factors express the interrelation of neighboring power 
and communication circuits from the standpoint of induction 
or conduction. 

Susceptiveness factors are those characteristics of a communi- 
cation circuit with its associated apparatus which determine the 
extent to which it is capable of being adversely affected in giving 
service by inductive or conductive fields from power systems. 

This segregation of the essential factors constitutes an 
important step in the solution of the coordination problem 
since it, makes possible the analysis of the contributions 
from the power system, from the interrelation of the two 
systems, and from the communication system. This segre- 
gation also allows the setting up of standard practices for 

power and communication systems. 
The power-system influence factors include the funda- 

mental-frequency voltages and currents during normal 
operation; their values under fault conditions including 
duration and frequency of occurrence and divisions among 
earth-return paths. They include also the magnitude and 
phase relation of harmonic voltages that may be produced 
by rotating machines, transformers, and rectifiers and 
other apparatus and the frequency-impedance character- 
istic of the system, particularly in respect, to resonance for 
certain harmonics. The symmetry of the system or the 
balance of phases with respect, to ground represents an- 
other type of influence factor. Coupling factors include the 
coefficients of magnetic and electric induction at varying 
separations and the conductive or mutual-resistance fac- 
tors as well. They comprise those factors which are quan- 
titatively determined by geographical and geometrical 
relationships, relative conductor positions and earth re- 
sistivity. Shield wires, which are not, located as a part of 
either system, and transpositions are also considered under 
this heading. The susceptiveness factors of communication 
systems include (1) for normal operation the characteristics 
of sensitivity, power level, frequency response, and balance 
of the circuit with respect to ground; and (2) for abnormal 
conditions those characteristics that can be adversely af- 
fected by the presence of high extraneous voltages, includ- 
ing the features that may result in hazard, damage to plant, 
and interference with service. These characteristics are 
important not, only during the presence of abnormal volt- 
age but also because of their reaction on the ability of the 
circuit to return to the normal condition after the ex- 
traneous voltage has been removed. Damage to the phys- 
ical plant includes overheating of conductors, the break- 
down of insulation in lines and apparatus, and the opera- 
tion of protective equipment. Interference with service 
includes telephone noise, acoustic shock, false signalling, 
as well as actual disruption of service. By acoustic shock 
is meant the adverse reaction on a listener to a telephone 

receiver when subjected to excessive currents, normally 
associated with fundamental-frequency induction of suf- 
ficient magnitude to break down telephone-circuit pro- 
tectors. 

5. Procedure for Solution of Coordination Prob- 
lems 

In the United States the solution of coordination prob- 
lems has been promoted effectively by the pioneering co- 
operative work of the most vitally interested utilities, the 
National Electric Light Association (and its successor, the 
Edison Electric Institute) and the Bell Telephone System. 
The basic features of the resulting procedure are (1) 
recognition of the duty of coordination and (2) effective 
measures for cooperation. These features are covered in 
the following excerpts from “Principles and Practices for 
the Coordination of Supply and Signal Systems.“*l(a) 

Duty of Coordination 
(a) In order to meet the reasonable service needs of the pub- 

lic, all supply and signal circuits with their associated apparatus 
should be located, constructed, operated and maintained in con- 
formity with general coordinated methods which maintain due 
regard to the prevention of interference with the rendering of 
either service. These methods should include limiting the in- 
ductive influence of the supply circuits or the inductive suscep- 
tiveness of the signal circuits or the inductive coupling between 
circuits or a combination of these, in the most convenient and 
economical manner. 

(b) Where ge neral coordinated methods will be insufficient, 
such specific coordinated methods suited to the situation should 
be applied to the systems of either or both kinds as will most 
conveniently and economically prevent interference, the meth- 
ods to be based on the knowledge of the art. 
Cooperation 

In order that full benefit may be derived from these principles 
and in order to facilitate their proper application, all utilities 
between whose facilities inductive coordination may now or 
later be necessary, should adequately cooperate along the fol- 
lowing lines: 

(a) Each utility should give to other utilities in the same 
general territory advance notice of any construction or change 
in construction or in operating conditions of its facilities con- 
cerned, or likely to be concerned, in situations of proximity. 

(b) If it appears to any utility concerned that further con- 
sideration is necessary, the utilities should confer and cooperate 
to secure inductive coordination in accordance with the prin- 
ciples set forth herein. 

(c) To assist in promoting conformity with these principles, 
an arrangement should be set up between all utilities whose 
facilities occupy the same general territory, providing for the 
interchange of pertinent data and information including that 
relative to proposed and existing construction and changes in 
operating conditions concerned or likely to be concerned in 
situations of proximity. 

The solution of coordination problems is based on: 
1. The establishment of standard coordination prac- 

tices for both power and communication circuits. 
2. The joint determination of appropriate methods for 

specific situations. 
The general coordinated practices of power and communi- 
cation systems are outlined in the publications of the 

*The term “signal system” is frequently used in coordination 
work as a general term to denote any type of communication circuit. 



746 Coordination of Power and Communication Systems Chapter 23 

N.E.L.A. and Bell Telephone Systeml(*). All construction 
is expected to meet these standards unless, in the absence 
of an interference problem, they are postponed on the 
basis of deferred coordination. Where general coordinated 
measures are insufficient, the “best engineering solution” 
utilizing specific coordinated measures should be applied 
as outlined in the following excerpt*(*): 

Choice Between Specific Methods 
When specific coordinated methods are necessary and there is 

a choice between specific methods, those which provide the best 
engineering solution should be adopted. 

(a) The specific *methods selected should be such as to meet 
the service requirements of both systems in the most convenient 
and economical manner without regard to whether they apply 
to supply systems or signal systems or both. 

(b) In determining what specific methods are most convenient 
and economical in any situation for preventing interference, all 
factors for all facilities concerned should be taken into consid- 
eration including present factors and those which can be reason- 
ably foreseen. 

(c) In determining whether specific methods, where necessary, 
shall be wholly by separation or partly by methods based on 
less separation, the choice should be such as to secure the greatest 
present and future economy and convenience in the rendering 
of both services. 

The cooperative work initiated by the National Elec- 
tric Light Association and the Bell Telephone System, sub- 
sequently followed by other utility groups, has provided 
a practical solution of the coordination problems that have 
been encountered. In addition, these organizations have 
carried out an extensive research and development pro- 
gram which has developed basic theoretical and statistical 
information bearing on the coordination problem. The re- 
sults of this work carried on by the Joint Subcommittee on 
Development and Research have provided the most author- 
itative information available on many phases of the co- 
ordination problem. Their Reports4 contain in addition 
much information of value in the power and communica- 
tion field outside of coordination work, a circumstance 
that unfortunately has not been recognized as widely as 
the subject matter deserves. 

6. Types of Coordination Problems 

Discussion of the coordination problem between power 
and communication systems can be classified into four 
groups* : 

1. Electrolysis 
2. Structural 
3. Low frequency 
4. Noise frequency 

Electrolysis Coordination is concerned with the lay- 
out and operation of power circuits, power and communi- 
cation cables, and underground structures, located close 
together, from the standpoint of accelerated corrosion re- 
sulting from leakage currents. This problem is of consider- 

able importance with d-c circuits but not with a-c. Cor- 
rosion occurs in areas where the d-c leakage current leaves 
the underground structures through the earth. Discussion 

*Coordination between power-line and other carrier-frequency 
systems is not considered; these problems are usually solved by 
frequency separation. 

of this subject is beyond the scope of this chapter, but an 
excellent general reference is given in Reference 2. Men- 
tion should, however, be made of the development in 
cathodic protection3 extensively used for preventing corro- 
sion of pipe lines, cables, and other underground metallic 
circuits. In this method rectifiers of the copper-oxide or 
alternative forms are used to maintain the metallic circuit 
to be protected at a negative but low potential with respect 
to ground. 

Structural Coordination-This problem is concerned 
with the layout and physical construction of power and 
communication circuits when located in proximity, par- 
ticularly with respect to their characteristics in crossings 
or in constructions involving joint use of poles or over- 
built lines1(b)*21. The problem is also quite beyond the 
scope of this chapter. 

The Low-Frequency Coordination and the Noise- 
Frequency Coordination problems are quite distinct. 
The low-frequency problem arises principally from mag- 
netically-induced fundamental-frequency voltages at times 
of system faults, while the noise-frequency problem arises 
from induced voltages and currents of harmonic frequen- 
cies, principally for the normal operating condition. Simi- 
larly, the effects of induction are also quite different. The 
low-frequency problem concerns the inductive effects from 
the standpoint of hazard, damage to apparatus, interfer- 
ence with signalling, acoustic shock, etc., whereas the 
noise-frequency problem deals with “telephone noise” as 
it affects telephonic transmission and reception. For these 
reasons the subsequent discussion is divided into Part II, 
Low-Frequency Coordination, and Part III, Noise-Fre- 
quency Coordination. 

II. LOW-FREQUENCY COORDINATION 

In low-frequency coordination, the important induced 
voltages usually result from ground-return currents, al- 
though in a few cases induction from balanced currents or 
from voltages must be considered. In the study of low- 
frequency problems 22, it is customary to calculate first the 
maximum “open-circuit” longitudinal component of in- 
duced voltage for the given exposure. To obtain this open- 
circuit voltage, the zero-sequence or residual current and 
the corresponding coupling factors must be determined. 
This voltage normally includes the effects of conduction 
through common ground connections or through mutual 
resistance as well as the inductive effects through mutual 
reactances, since, as pointed out previously, it is not con- 
venient to separate these components. The open-circuit 
voltage thus calculated is next reduced to allow for shield- 
ing effects exerted by normally-grounded paralleling con- 
ductors, such as ground wires and cable sheaths or other 
grounded structures. In addition, for estimating some 
effects of induction, allowances can be made for additional 
shielding resulting from longitudinal currents in communi- 
cation conductors, which are normally free from connec- 
tion to ground but which become grounded through pro- 
tector operation as a result of induction. Distribution of 
the induced voltage among the various protectors con- 
nected to the communication circuit is also to be deter- 
mined. The final step is, of course, the estimation of the 
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adverse effects of the resultant voltages upon the operation 
and maintenance of the communication circuits and the 
determination, where necessary, of measures required in 
either or both systems to minimize the resultant effects. 

7. Low-Frequency Influence Factors 

In low-frequency coordination the principal problem 
concerning influence factors is determination of zero-se- 
quence or ground-fault currents and their distribution 
among the various branches of the network for the condi- 
tion that produces maximum induced voltage in the com- 
munication circuit. For a grounded-neutral power system 
the circuit condition giving the maximum induction in any 
specific parallel is usually easy to determine as it normally 
occurs for a fault located at the far end of the parallel from 
the principal power source so that the maximum ground 
current flows through the parallel. Consideration must 
also be given to the various system connections produced 
in the process of isolating a faulted line-section. For 
solidly-grounded systems it is customary to assume a 
single line-to-ground fault. Where the power system is un- 
grounded or grounded through a ground-fault neutralizer 
or Petersen coil, it is customary to assume a double line-to- 
ground fault with the faults located at opposite ends of the 
exposure. This condition is generally more severe from 
the induction standpoint than those selected for study on 
a solidly-grounded system. However, faults at separate 
locations are more likely to occur with an ungrounded sys- 
tem or a ground-fault neutralizer system than with a 
grounded system. The method of determining ground 
fault-current and division of current between line conduc- 
tors and the earth is best accomplished by the method of 
symmetrical components discussed in Chap. 2 and more 
fully elsewhere4s5*. 

Neutral Impedances-Control of the influence fac- 
tors, which for low-frequency induction means control of 
the ground current, is possible principally by choice of the 
location of grounding points and by the use of neutral im- 
pedance devices. The grounding point can sometimes be 
located so as to substantially reduce the fault currents 
through the exposures to magnitudes below those which 
would exist for other grounding locations; also, the number 
of faults affecting the exposure may likewise be reduced. 
Neutral-impedance devices provide an important and 
effective method for controlling low-frequency induction, 
particularly where the exposures are in relatively close 
proximity to a grounding point. The use of neutral-im- 
pedance has many effects on power-system operation as 
discussed in Chap. 19. Introduction of neutral-impedance 
devices may increase the difficulty of prompt relaying of 
faults, and may require relay changes. In the low-fre- 
quency coordination, the factor of greatest importance is 
positive fault disconnection. Next in importance are the 
magnitude of current and the speed of fault clearing. When 
neutral-impedance devices are used to limit ground cur- 
rents, the several conditions arising in the various steps of 
fault clearing must be considered. Frequently the intro- 
duction of neutral impedance at one point results under 
fault conditions in lower drop in the voltages at remote 

*Engineering Reports Nos. 4, 26 and 37 of Reference 4. 

points with the result that increased ground currents are 
caused to flow through a parallel, either initially or during 
some stage of the fault-isolating operation. For such cases 
the resultant induction may not be reduced materially. 
Thus, effective current limitation may require treatment 
of many or all grounding points on the system. 

For single line-to-ground faults, the ground-fault neu- 
tralizer limits the ground currents to negligible magnitudes 
near the fault, but near the neutralizer the currents nearly 
equal the neutralizer current. At present it is not practical 
to relay promptly a system with a ground-fault neutralizer 
because with such a system there is no suitable quantity 
related definitely to the location of the fault. If the fault 
persists, it is generally considered necessary to convert the 
ground-fault neutralizer system to a solidly-grounded sys- 
tem. Consequently, from the standpoint of maximum 
magnitude of induced voltages, such a system is substan- 
tially like a solidly-grounded system and the possibility of 
higher induced voltages resulting from double faults, as 
discussed previously, should also be considered. However, 
with the ground-fault neutralizer, the frequency of occur- 
rence of large induced voltages is much less than with the 
system solidly-grounded. In considering such systems, 
the expectancy of faults should be estimated taking into 
account the amount of “lightning-proof” construction, 
particularly with grounded systems. A ground fault on a 
ground-fault neutralizer system causes high residual volt- 
ages which, if prolonged, can produce severe noise on a 
closely-paralleling telephone circuit. See Secs. 8 and 14. 

In calculating ground faults, it is frequently necessary 
to consider the effect of the fault resistance, which includes 
the arc resistance and the tower-footing resistance. The 
effect of fault resistance depends on the location of the 
fault. Near a large power- source at a major neutral- 
grounding point, it has a large influence in low-voltage 
systems, and may be important even in higher-voltage 
systems. On faults distant from a power source, its effect 
is less pronounced. Where towers are not interconnected 
by ground wires, tower footing resistance (grounding re- 
sistance of vertical ground wire in the case of wood poles) 
may be an important factor, as it varies through a wide 
range depending upon the nature of the earth where the 
fault occurs and the means used for grounding. Ground 
wires and counterpoises, which are used particularly in 
connection with lightning protection, reduce the effective 
footing resistance. The most probable value of fault resis- 
tance including tower-footing is about 20 ohms22. 

8. Low-Frequency Coupling Factors 

Coupling Factors for Magnetic Induction—Low- 
frequency (GO-cycle) coupling depends upon the physical 
configuration of the circuits and their separation, and for 
earth-return circuits, also upon the resistivity of the earth. 

For a single-phase metallic-return circuit, illustrated in 
Fig. 6 (a), voltage induced in a communication conductor 
z by magnetic induction can be expressed by the following 
equation: 

v,= +jo.2794 
f 

( ) 
@j I,log,D$ 

ax 

where V, is the voltage induced in conductor x per mile 
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Fig. 6-Diagrams for the calculation of magnetic induction, 
induced voltage V, in conductor X. 

(a) Induction from metallic-circuit current-see Eq. (1). 

(b) Induction from earth-return circuit current-see Eq. (4). 

of parallel, f is the frequency in cycles per second, I, is 
the current in rms amperes flowing in conductor a and 
returning in conductor a’, D, and D,p, are the distances 
from the conductors a and a’ to x; the distances must be 
expressed in the same units, preferably in feet. Similar 
equations can readily be written for the voltages induced 
in the other communication-circuit conductors. 

The voltages induced in a communication conductor by 
magnetic induction from the currents confined to the line 
conductors of a three-phase power circuit can be written 
in an analogous manner by resolving the conductor cur- - 
rents into three sets of components, viz.: I, flowing out in 
conductor a and back in conductor b; I,, out in b and back 
in c; I,, out in c and back in a. The solution*, expressed 
in terms of phase currents, gives: 

V - -jO.2794[1, log,, D,+It, lo&o Dbx x- 
+I, loglo D,,] for 60 cycles (2) 

where Vx is the voltage induced in conductor x per mile of 
parallel, I,, Ib, and I, are the 60-cycle currents in rms 
amperes flowing in the conductors, a, b and c. D,, Dbx, 
and D, are the distances from conductors a, b, and c to 
the conductor x; all the distances must be expressed in 
the same units, preferably in feet. Frequently the cur- 
rents of a three-phase power circuit can be assumed to be 
all of positive-sequence. For this condition Eq. (2) can 
be simplified to the following form : 

DcX 10 D +j lo&o 
x&d&x 

bx 
D (u 1 

for 60 cycles (3) 

where the notation is the same as for Eq. (2). The first 
term in the bracketed expression is positive for phase ro- 
tation a, b, c; negative, if a, c, b. 

Usually communication-circuit conductors and some- 
times the power-circuit conductors or both are transposed 
in the exposure section to reduce the resultant induced 
voltages at noise frequencies, as discussed in Sec. 12. 
Transpositions are not applicable to ground-return com- 
munication circuits and are not of value for reducing longi- 

*Equation (2) assumes 
only for close exposures. 

no current in the earth and is applicable 

tudinal voltages in metallic circuits. Transpositions in a 
communication circuit reduce the metallic voltage induced 
by power-circuit currents irrespective of whether the re- 
turn for the latter is in a metallic conductor or in the earth. 
Transpositions in a power circuit, however, affect the 
longitJudinal voltage induced in the communication circuit 
as follows: (1) they reduce the induced voltages for all 
positive- or negative-sequence currents, (2) they do not 
affect the induced voltage for those components of zero- 
sequence current that return in the earth. Calculations 
can be made by considering separately the induced volt- 
ages, for each conductor for each section of the transposi- 
tion system, and then combining them. 

Earth-return circuits are the most common sources of 
magnetic induction in low-frequency coordination prob- 
lems. In any location the distribution of current in the 
earth depends upon the resistivity of the earth, upon the 
proximity of grounding points and faults, and upon the 
location of the adjacent grounded conductors. The coup- 
ling factors can be estimated by assuming the return cur- 
rent to be concentrated in the earth at a considerable dis- 
tance below the outgoing current. The voltage induced in 
conductor x caused by current I, flowing in a single-phase 
earth-return circuit, illustrated in Fig. 6 (b), can be deter- 
mined from the following approximate formulat : 

f v, = I* 60 ( >[ 03X 
0.0954+jo.2794 log10 D -1 (4) 

where V, is the voltage induced in conductor x per mile 
of parallel, f is the frequency of the power system in cycles 
per second, I, is the rms value of current flowing in the 
aerial conductor a and returning in the earth, D, is the 
equivalent depth of the return current in the earth below 
the outgoing conductor, D, is the separation between the 
power conductor a and the communication conductor x 
D,, is the distance between conductor x and the equivalent 
return for current in conductor a; D, and D, must be 
expressed in the same dimensions, preferably in feet. The 
value of D, is given approximately by Eq. (5). 

De=2160 

where f is the power-system frequency in cycles per second 
and p is the resistivity of the earth in meter-ohms. Earth 
resistivity is expressed in terms of the ohmic resistance 
between opposite faces of a cubic meter of material. The 
value of the earth resistivity varies through a wide range 
from 10 to 1000 or more meter-ohms with 100 meter-ohms 
perhaps most frequently encountered. 

The voltage in conductor x caused by magnetic induc- 
tion from the currents of a three-phase circuit for the 
general case of partial return in the earth, can be written 
in a manner corresponding to Eq. (4), with the following 
result : 

Vx=0.286(;jfo)Io+j0.2794($ [I. loglo 2 

+ Lr log10 

tThis formula 
half mile. 

is applicable for close exposures up to about one- 

(6) 
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where the notation is the same as for Eqs. (2) and (4) and 
lo is the zero-sequence current per phase in rms amperes 
or + (kk~b+~c). 

Frequently only the induction from zero-sequence cur- 
rents need be considered. For this case, Eq. (6) reduces to 
the following form : 

Vx = Io [ 0.286( $+jO.8382( 6) loglo q&-&l (7) 

The denominator of the fraction within the logarithmic 
term is the geometric mean distance from the phase con- 
ductors a, b, c to the conductor x. 

J. R. Carson’s Method* is the accurate one for determin- 
ing the self-impedance of earth-return circuits and the 
mutual impedance between parallel circuits with earth- 
return taking into account the mutual-resistance and re- 
actance terms which vary with the resistivity of the earth. 
This method assumes uniform resistivity and the distribu- 
tion of earth current that occurs in the middle of a long 
section. His solution provided the basis for the approxi- 
mate formulas of Eqs. (4) and (5) and for more accurate 
values given in Fig. 7 for the coefficients of mutual-resis- 
tance, reactance and impedance for various uniform sepa- 
rations, which are taken from the work4 of the Joint 
Subcommittee on Development and Research of the Edi- 

*In America this method is usually associated with Carson’s name. 
However, two European investigators, Pollaczek and Haberland; 
obtained substantially the same results at about the same time. 
See Appendix I of Engineering Report No. 14 of Reference 4. 

son Electric Institute and Bell Telephone System. The 
curves are drawn for three resistivities of 10, 100 and 1000 
meter-ohms. For close separations the effect of earth 
resistivity is not very important, Fig. 7, but at separations 
of about a mile the difference is of considerable magnitude 
since the ratio of the induced voltages is about 40 to 1 for 
variation in the resistivity from 10 to 1000 meter-ohms. 
Preferably the resistivity should be based on tests in the 
particular area. Lacking this information, use may be 
made of the experimental data and correlation with geo- 
logical conditions as given by R. H. Card6. For most pre- 
liminary work, however, the value of 100 meter-ohms 
usually is taken. For extensive calculation of mutual im- 
pedance of earth-return circuits, use can be made of the 
more extensive discussions of Reference 5, and particularly 
Engineering Report No. 14 of Reference 4. For irregular 
exposures, the mutual impedance can be approximated by 
summation of the voltages for component sections of 
several uniform separations. Reference 4 also describes 
additional methods for dealing with irregular exposures. 

Coupling Factors for Electric Induction-The re- 
lation between potentials and charges on each conductor 
of a system of n parallel conductors using absolute or cgs 
electrostatic units is given in the familiar form’: 

V,=A saQs+&a&t+-Ana&n 
Vb=AabQa+Abb&b----Anb&n 

i 

____.___-_--.....--.~~~~-~~~~~..~~~~~~--~~.~~~-- 

V, = A,,&,+&&?~----&&?n 

(8) 
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$ log, $)(2 log, %:)(z log, %) 

+2(, log, $$(2 log, $9(2 log, $9 

D= < -(2 Io4g(2 log, 9 

-(a log, 5(2 log, 59 

,-(210g.$g210g~~) 

The capacitance coefficients for the usual three-phase 
transmission line are considerably simplified from those of 
Eq. (13) because the conductors are normally the same 
size and the geometric mean spacing usually can be used, 
particularly if transpositions are employed. The equiva- 
lent circuit for the three-conductor case is given in Fig. 9, 
the capacitances for which should include the conversion 
constant 0.1786 as discussed in connection with the two- 
conductor case. 

The zero-sequence or residual voltage of an ungrounded 
three-phase line when subjected to balanced voltages can 
readily be determined with the aid of Eq. (13) and Fig. 9 
(b). The admittances between conductors a, b, c and 
ground per mile of line are given by the following: 

Y,=O.l786w(K,,-K,b--*~) 
Y,, = O.l786w(&, - Kbc - Kba) 

I 
(14) 

Y,=O.l786w(K,,-K,,-Kcb) 

For a single line-to-ground fault, the voltages from the 
three conductors to ground consist of a positive-sequence 
component and a zero-sequence component in each phase. 
Thus, the currents flowing through the admittances Y,, 
Yb and Y, can be expressed as follows: 

Ia = (Eo+J%) ya 
Ib = (EO + a2&) Yb 

I 

(15) 
I, = (Eo+aEl) Y* 

Since the three-phase system is assumed to be ungrounded, 

Fig. 9-Electric coupling between three parallel conductors. 

(a) Equivalent capacitance diagram. 
(b) Equivalent circuit for determining zero-sequence voltage of 

ungrounded three-phase system. 

the sum of the three phase-currents is zero. This permits 
the determination of the ratio of zero- to positive-sequence 
voltages with result as follows: 

EO Ya+ayb+a2Yo (16) 

E1=-- ya+yb+yo 

The ratio of the residual voltage to the line-to-neutral or 
positive-sequence voltage is three times that given by Eq. 

Cl@. 
Voltages caused by electric induction from a single 

power conductor with a potential to ground can be ob- 
tained from the equivalent network of Fig. 8 (b) with 
result as follows: 

h sb’ 

vb K,b 
log10 j-- 

ab 
-=-=- 

va &b 
log10 % 

(17) 

The capacitance coefficients for the four-conductor case 
can be obtained in a similar manner with the aid of the 
equivalent network shown in Fig. 10. This solution can be 
used to obtain the voltage electrically induced on conduc- 
tor x by a three-phase circuit. If the power system is 
grounded, the potentials of conductors a, b and c with 
respect to ground are known and the potential of conduc- 
tor x to ground is calculated by considering only the capaci- 
tances K,, Kbx, K, and (K,, -K, - Kbx -K,,). If the 
power circuit is ungrounded, then it is necessary to deter- 
mine the zero-sequence voltage of the system to ground. 
If the conductor x is ungrounded or if it is sufficiently re- 
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Fig. 10—Electric coupling between four parallel conductors- 
equivalent capacitance diagram. 

mote, then the potential of the system of power conductors 
with respect to ground is determined by neglecting the 
conductor x. This makes possible the use of the method 
outlined in connection with Fig. 9. When the potentials 
of the conductors a, b, and c with respect to ground have 
been determined, then the potential of conductor x can be 
obtained in the usual way. 

Shielding Conductors-Special grounded conductors, 
which are used for reducing the voltages from electric or 
magnetic induction on communication circuits, are called 
shielding conductors. Shielding action may also result 
from grounded conductors that are a normal part of either 
power or communication circuits. 

Shielding against electric induction is provided by a con- 
ductor grounded at one point. The method just described 
for determining the coupling factors for electric induction 
can also be used for determining the effectiveness of shield- 
ing conductors. A grounded cable sheath provides prac- 
tically complete protection against electric induction. 
Shielding against magnetic induction is provided by ground- 
ing the shielding conductor at the ends alone or at inter- 
mediate points in addition. The ground connections should 
be of low resistance so as to facilitate the flow of current 
through the shielding-conductor earth-circuit. The current 
flowing in the shielding conductor can readily be calculated 
by the method previously described or as discussed more 
fully in Chap. 2, in Reference 5 or in Engineering Report 
No. 48 of Reference 4. The reduction in the voltage in- 
duced in the circuit to be protected can then be calculated 
by considering the voltages that result from the currents 
flowing through the shielding conductors, using the method 
discussed in connection with Eq. (4) and Figs. 6 and 7. 

The effectiveness of shielding action varies widely, de- 
pending upon the physical dimensions of the shielding con- 
ductor, the resistance of the conductor and earth connec- 
tions, and the coupling to the circuit to be protected. A 
steel ground wire may carry about ten percent of the zero- 
sequence current in the power circuit. Two 4/O copper 
ground wires may increase the shielding action so that 40 

percent of the zero-sequence current will return in the 
ground wires. The shielding at 60 cycles of a fullsized lead- 
sheath telephone cable is about 50 percent and if the 
sheath is wrapped with magnetic tape armor (two 40-mil 
tapes on the larger sizes) the shielding is increased to 80 or 
90 percent depending upon the magnitude of induction, 
assuming that there is good contact with the earth. The 
shielding given by power cables depends upon construction 
and varies from 40 to 70 percent. Shielding conductors on 
either the power circuit or on the communication circuit 
can provide a remedial measure of value. 

9. Low-Frequency Susceptiveness Factors 
The effects of low-frequency induction on a communica- 

tion circuit depend upon its magnitude and duration, and 
upon the frequency of occurrence of the abnormal condi- 
tion. Some of these effects can occur at voltages below 

Fig. 

(4 

(b) Typical breakdown characteristics (Nos. 26 and 30 blocks). 

11—Features of standard Bell System telephone protector. 

General appearance of subscriber protector, the No. 98A pro- 
tector, with two fuses and two sets of protective gaps. The 
protector blocks (Nos. 26 and 30) within the cap are shown 
by phantom view. 
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those producing operation of protective equipment. Such 
effects include false signalling and relay chattering on tele- 
phone circuits, distortion of telegraph signals, and false 
relaying on supervisory control circuits. The more serious 
effects from low-frequency induction are, however, usually 
associated with voltages of sufficient magnitude to operate 
protectors. 

Standard Telephone-circuit Protection—Telephone 
circuits subjected to the possibilities of extraneous volt- 
ages above about 250 volts are equipped with protectors. 
At subscriber premises these protectors usually consist of 
seven-ampere fuses and carbon-block discharge gaps with 
a spacing of three mils. The general appearance of this 
station protector is shown in Fig. 11, together with a 
breakdown characteristic of the discharge gap. This curve, 
obtained under certain conditions in laboratory tests on 
new blocks, should not be taken as generally representative 
of behavior under field conditions. Similar protector 
blocks assembled in a group mounting, with facilities for 
terminating a large number of cable pairs, are used in cen- 
tral offices. Protectors located at the junction of open- 
wire and cable are usually provided with similar carbon 
blocks with six-mil spacing. Where open-wire telephone 
lines are located in joint-use construction with higher-volt- 
age distribution lines, special protectors capable of with- 
standing a high discharge current are sometimes placed on 
the telephone circuits, generally at or near points from 
which customers are served. 

The operation of telephone protector blocks produces 
several important effects. In the first place the protector 
blocks do not break down in an identical manner, with the 
result that unsymmetrical voltages are produced, which 
cause equalizing currents to flow through the telephone 
receivers. The high currents flowing through the receiver 
under such conditions can produce acoustic shock. In con- 
sidering this type of interference it is necessary to include 
the adverse psychological reactions to the threat of such 
action. If the current through the protector blocks is large 
or prolonged, they may become grounded, rendering the 
circuit inoperative. The standard Bell System telephone 
protector blocks consist of two carbon electrodes, one of 
which is mounted as an insert in a porcelain block so that 
if the insert is heated as by passage of current, it is released 
and makes a permanent ground. After protector blocks 
are grounded, service cannot be restored until they have 
been replaced by maintenance forces. 

The longitudinal-component of voltage impressed on a 
communication circuit is distributed around the circuit in 
accordance with the circuit constants; ordinarily the volt- 
ages divide across the two ends of a telephone circuit sub- 
stantially in proportion to the impedances in the two 
directions from the center of the exposure. Frequently the 
exposure is not symmetrical with the circuit so that the 
large part of the total induced voltage appears across one 
of the protectors. For this reason the total voltage re- 
quired to produce protector breakdown varies through 
quite a range and normally is taken only slightly above 
the breakdown voltage of a single protector. 

Cables-The use of cables instead of open-wire con- 
struction is an important coordination measure because of 
the shielding action provided by sheaths, as discussed pre- 

viously. The greater cost of cable construction, however, 
limits the usefulness of this measure to situations where 
many circuits are involved or where severe exposures are 
encountered for circuits of fixed location. Reduction of 
induced voltages by putting circuits inside a cable sheath 
is generally practicable only where a new communication 
line is to be built or an old line replaced. The extensive 
use of cables for both communication and distribution cir- 
cuits in urban and suburban areas has, however, greatly 
simplified the coordination problem in these areas of close 
exposure. Special cables are made with steel-tape armor, 
and with grounded shielding conductors located inside of 
the cable sheath. Such cables greatly increase the effec- 
tiveness of shielding action, and reduction factors as great 
as 95 percent are obtainable. In addition, special cables 
have been built with higher than normal insulation, par- 
ticularly for use in locations along the right-of-way of a-c 
railways. Such cables are normally tested at 1000 volts 
rms between conductors and 3500 volts rms to ground for 
20 seconds. When highly-insulated cables are used, it may 
be necessary to install insulating transformers between the 
line and terminal equipment. 

Special Types of Protective Measures*-Three 
classes of special measures of value against low-frequency 
induction are: 

1. Special measures to avoid adverse effects of induction 
without changing insulation or reducing induced volt- 
ages. 

2. Reduction of induced voltages. 
3. Increased circuit insulation with proportionate in- 

crease in protector breakdown voltage. 
Relay Protector—A relay protector for a pair of wires 

consists of a set of protectors, usually of the carbon-block 
type, connected to ground or across the telephone circuit, 
together with a coil connected in series with the discharge 
path, and with relay contacts for short-circuiting the pro- 
tectors, capable of carrying heavy currents for short peri- 
ods, e.g., 100 amperes for 2% seconds. The relay operates 
in one cycle or less to shunt the normal protectors, which 
are by this means prevented from becoming grounded. 
After the abnormal voltage condition has disappeared, the 
relay returns to its normal position and the circuit again 
becomes operative. This device is used for avoiding main- 
tenance trouble and, except during the fault, interruption 
of service on telephone and supervisory circuits. The relay 
protector also is available in a form suitable for application 
to all the wires of a line. The device is of value for super- 
visory control if the transmission of signals during the 
abnormal condition is not essential. The relay protector 
has the advantage over the vacuum or low-pressure gas- 
filled protector of having a lower breakdown characteristic 
for the majority of applications, and for this reason is the 
more commonly used. 

Acoustic-Shock Reducer-The acoustic-shock reducer is 
a device applied to telephone circuits to minimize the 
acoustic shock resulting from unsymmetrical discharge of 
protectors that cause high currents in the telephone re- 

*Protection of ground-return signal circuits, particularly telegraph 
circuits against fundamental-frequency induction from power cir- 
cuits or a-c railway circuits is discussed at considerable length in 
Reference 23. 
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ceiver. The most widely used acoustic-shock reducer con- 
sists of two oppositely-poled groups of copper-oxide recti- 
fiers, the combination having high resistance to the low 
voltages which are used in ordinary communication and 
having low resistance to the relatively high metallic-circuit 
voltages produced when telephone protectors are operated, 
thus by-passing the telephone receiver. The acoustic 
shock reducer does not, of course, avoid the other disad- 
vantages of protector operation. 

Special Protectors-Special vacuum tube, or preferably, 
low-pressure gas-filled protectors, are sometimes used for 
protecting circuits subjected to induction that would oper- 

Fig. 12—Drainage schemes for reducing potential on terminal 
equipment (TE) as a result of induction or ground potential. 

(4 

(b) 

(4 

(d) 

Simple drainage scheme with balance coil, BC, for use with a 

telephone or audio-frequency signaling system. 
Resistance-drainage scheme for use with d-c signaling in super- 

visory control. 

R Drainage resistor. 
R' Line resistor. 

Resonant-drainage scheme for use with d-c signaling in super- 
visory control. 

L Inductance coil. 
C Capacitor. 

Drainage scheme with longitudinal choke coils for use with 

d-c signaling in supervisory control. 
LC Longitudinal choke coil 

C Capacitor. 

ate ordinary protectors. The advantage of the tube-type 
protector is that wider spacing can be obtained, which 
minimizes the tendency for protectors to ground. The dis- 
charge voltage of the tube protector usually is somewhat 
higher than that of the standard telephone gap and for 
that reason is preferably used with somewhat higher than 
normal insulation. 

Drainage Schemes-By providing a drainage path to 
ground, the resultant voltage on a communication circuit 
can be reduced sufficiently to avoid the necessity of relief 
by protector operation. Fig. 12 (a) shows a simple drain- 
age scheme with a balance coil for a telephone or audio- 
frequency signaling system. Fig. 12 (b) shows a resistance 
drainage scheme for a d-c signaling system. In this arrange- 
ment the voltage impressed on the terminal equipment is 
reduced by the drop consumed in the line resistances R’ 
caused by the drainage currents flowing through resistors 
R. This scheme is used in supervisory-control circuits of 
limited length or limited inductance. Fig. 12 (c) shows a 
resonant-drainage scheme with elements L and C tuned 
for the fundamental frequency of the power system, so as 
to provide low-impedance paths for the induced voltages. 
The resonant drainage is relatively more effective for 
steady-state or slow transients than for the abrupt tran- 
sients. Probably the most successful scheme for protection 
of supervisory control, shown in Fig. 12 (d), utilizes longi- 
tudinal choke coils. Each coil is wound to have negligible 
inductance in the metallic circuit but high inductance in 
the longitudinal circuit which is completed through capaci- 
tances C. In a typical installation the coils have longitu- 
dinal-circuit impedances of 40,000 ohms and the shunt 
capacitors are 0.25 microfarad. With this scheme, the in- 
duced voltage is largely removed from the terminals although 
left on the line. Hence, this scheme is applicable only when 
the line insulation can withstand the maximum induced 
voltage or where other means are used in combination to 
prevent the adverse effects from induction in the lines. 
The scheme is sometimes described as a self-neutralizing 
transformer scheme because the resultant voltage distribu- 
tion is close to that of the neutralizing-transformer scheme 
discussed in the next paragraph and the function of the 
neutralizing wire is provided by the circuit itself. 

Neutralizing-Transformer-One of the oldest and most 
successful schemes for protecting communication circuits 
against induction is the neutralizing-transformer scheme. 
In this scheme, shown schematically in Fig. 13, a neutral- 
izing-wire is placed close to the wires of the circuit to be 
protected so as to be subjected to the same induced volt- 
ages. Transformers are connected in the neutralizing-wire 
circuit and in the circuit to be protected, with the windings 
so arranged that the voltage produced in the communica- 
tion circuit by the transformer action opposes and effec- 
tively “neutralizes” the voltage directly induced in the 
communication circuit. The voltage induced in the com- 
munication circuit is divided among the several neutraliz- 
ing transformers. This scheme requires an additional wire 
and ground connection, the total resistance of which must 
be low in comparison with the impedance of the ground- 
return circuit. The neutralizing-transformer scheme was 
initially used for the protection of telegraph circuits ex- 
posed to induction from a-c railway circuits under normal 
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Fig. 13—Neutralizing transformer scheme. 

(a) Schematic diagram. 
TE Telephone terminal equipment. 
NT Neutralizing transformer. 

NW Neutralizing wire, subject to same induction as the tele- 
phone wires. 

G Grounds of low resistance. 
(b) Voltage distribution along telephone line. 

A With neutralizing transformer. 
B Without neutralizing transformer. 

ENT Voltage induced by neutralizing transformer. 
EUN Unneutralized voltage on terminal equipment. 

operation. In recent years it has been used on telephone 
circuits, particularly to provide protection against rise in 
ground potential that would otherwise appear in leased 
circuits used for power-company communication23,24 or for 
pilot-wire relay protection. If only rise in ground potential 
is important, that is, if ordinary magnetic induction is 
negligible, it is necessary merely to connect the neutraliz- 
ing-wire winding of the neutralizing transformer between 
the station ground and a remote ground, i.e., a ground out- 

Fig. 14—Sch ematic diagram of neutralizing-transformer 
scheme for the protection against rise in station ground 

potential in leased circuits used for pilot-wire relaying. 

LA Lightning arrester-distribution type. 
P Telephone protector (No. 26 and No. 27 blocks). 

P’ Telephone protector (No. 26 and No. 30 blocks). 
SG Station ground. 
RG Remote ground, located beyond influence of station around. 

side of the influence of the station ground. Ordinarily this 
means a relatively short length of neutralizing-wire. The 
principal features of this arrangement are shown in Fig. 14. 
The suitability of a remote ground can be checked by cir- 
culating fault current through the station ground and 
determining the rise of potential of that ground with 
respect to an unquestionably remote ground, such as the 
central office. The neutralizing transformer is exposed to 
lightning voltages that may come from the aerial commun- 
ication circuit or as a result of heavy discharge through the 
power-station ground. The insulation of neutralizing trans- 
formers is, of course, not high enough to avoid the possi- 
bility of breakdown against these lightning voltages. If a 
plain protective gap were connected across it, there would 
be the possibility of dynamic-current flow across the gap 
and into the remote ground and across the protectors P’ 
into the central-office ground which would result in grounded 
protectors. This can be avoided by the use of a valve-type 
arrester, such as the available distribution-type power 
arresters. The voltage class of the lightning arrester should 
be selected so that its cutoff voltage will be above the max- 
imum expected difference in 60-cycle voltage between the 
station ground and the remote ground. The neutralizing 
transformer permits d-c signaling and routine circuit test- 
ing in accordance with Bell System practice. 

Insulating Transformers—The effects of low-frequency 
induction can be avoided by increasing the insulation of 
the communication circuit and by using insulating trans- 
formers between lines and terminal apparatus. Such an 
arrangement is shown in Fig. 15 and is normally used for 
power-line telephone systems or for exposed lines that are 

Fig. 15—Protective scheme for exposed or power-line tele- 
phone systema. 
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connected to commercial telephone systems I . The arrange- 
ment shows the insulating transformer between the line 
and thelocal apparatus, together with low-voltage knurled- 
type protective gaps and with disconnecting switch and 
high-current fuses. The combination of the horn gap and 
the high-voltage fuse has been found by experience to pro- 
vide the best protection. To avoid a burnout of the insu- 
lating transformer in case gaps operate on one side of the 
line only, a low-voltage protector is connected directly 
across the metallic circuit. To minimize the possibility of 
bridging this protector a relay-type protector is connected 
in parallel with it as shown in Fig. 15, or a low-pressure 
gas-filled protector tube can be used. On some circuits it 
is necessary to minimize the effect of electric induct ion 
under normal operating conditions, by draining the line so 
that the necessary charging currents can flow. It is possi- 
ble to use the midpoint of some of these insulating trans- 
formers for a drainage connection. For protection against 
magnetic induction, it is sometimes feasible to insert sev- 
eral insulating transformers distributed along the circuit 
to be protected. 

Pilot-wire relaying channels can be protected against 

the effect of ground potential as shown in Fig. 16, which 

Fig. 16—Schematic diagram illustrating use of insulating 
transformers for protecting pilot-wire relaying circuit with 

superposed d-c channel for supervision. 

IT Insulating transformers. 
LC Special - -“- \ 

n fl---- 
I COIIS. 

t See Fig. 12 (d) 
\J bapLtc:itors for grounding. ( 

LA Lightning arresters-distribution type. 
P Protectors, preferably gas-filled type. 

SG Station ground. 

includes provision for d-c supervision. In this arrangement 
if the longitudinal choke coils are not used, the insulating 
transformers absorb the difference of potential between 
the station ground and the remote ground. It also has the 
particular advantage in connection with pilot-wire relaying 
channels of providing a “turn ratio” device needed to avoid 
producing high line drop where standard five-ampere sec- 
ondary current transformers are used for relaying pur- 
poses. The conditions in regard to the need for the light- 

. ning arrester across the transformer are the same as for the 
circuit of Fig. 14. The transformer in this case is of simple 

design, since it is not required to meet the balance require- 
ments for use on telephone circuits, but merely provides 
the turn ratio and requisite insulation strength between 
primary and secondary windings. When a superposed d-c 
signaling channel is to be used over a circuit equipped with 
insulating transformers, the line winding is arranged in two 
sections, the mid-points of which are connected to ground 
through suitable capacitors as shown in Fig. 16. These 
mid-points can be used as line connection for the d-c signal- 
ing circuit, the source for which can conveniently be pro- 
vided by copper-oxide rectifiers and suitable insulating 
transformers. To provide protection against higher induc- 
tion or ground potential, special longitudinal choke coils 
IX are added to the circuit as shown in Fig. 16. These 
coils are arranged to be non-inductive in the metallic cir- 
cuit but to have high inductance for the longitudinal 
circuit, and to have considerable dielectric strength for 
that path. This general arrangement provides supervision 
features for checking the integrity of a pilot-wire channel 
against open circuits, short circuits, or grounds. If super- 
vision features are not required, the mid-point connections 
of the insulating transformer are omitted and the line-side 
winding arranged in a single section. This results in simple 
connections for the pilot-wire relaying circuit. 

III. NOISE-FREQUENCY COORDINATION III. NOISE-FREQUENCY COORDINATION 

A telephone circuit traversing electric and magnetic A telephone circuit traversing electric and magnetic 
fields will, in general, produce extraneous currents in all fields will, in general, produce extraneous currents in all 
connected telephone receivers. These extraneous currents connected telephone receivers. These extraneous currents 
interfere with telephonic transmission if they are in the interfere with telephonic transmission if they are in the 
audio- or noise-frequency range and of appreciable magni- audio- or noise-frequency range and of appreciable magni- 
tude compared with normal voice currents. tude compared with normal voice currents. 

Noise-frequency coordination problems involve the same Noise-frequency coordination problems involve the same 
basic factors as the low-frequency problems, namely, in- basic factors as the low-frequency problems, namely, in- 
fluence characteristics of the power circuit, susceptiveness fluence characteristics of the power circuit, susceptiveness 
of the communication circuit, and coupling between the of the communication circuit, and coupling between the 
circuits. These factors are, however, limited to the charac- circuits. These factors are, however, limited to the charac- 
teristics in the audio- or noise-frequency range and are, teristics in the audio- or noise-frequency range and are, 
therefore, different from those encountered in low-fre- therefore, different from those encountered in low-fre- 
quency coordination. quency coordination. In general, the important frequencies In general, the important frequencies 
in the noise-frequency problem are the incidental or har- in the noise-frequency problem are the incidental or har- 
monic frequencies of power-system operation. These har- monic frequencies of power-system operation. These har- 
monics are produced by reluctance changes due to poles monics are produced by reluctance changes due to poles 
and slots in rotating machines, by saturation in magnetic and slots in rotating machines, by saturation in magnetic 
circuits, and by cyclic circuit changes in rectifiers and com- circuits, and by cyclic circuit changes in rectifiers and com- 
mutating machines. mutating machines. In the present state of the art these In the present state of the art these 
characteristics of electrical apparatus cannot be avoided, characteristics of electrical apparatus cannot be avoided, 
and any large improvement would require radical changes and any large improvement would require radical changes 
in apparatus design that would greatly increase the cost in apparatus design that would greatly increase the cost 
and decrease serviceability. It is, however, to the interest and decrease serviceability. It is, however, to the interest 
of both power and communication companies to control of both power and communication companies to control 
the harmonics to the greatest practical extent. the harmonics to the greatest practical extent. 

The investigation of a noise-frequency coordination prob- The investigation of a noise-frequency coordination prob- 
lem requires the determination of (1) the noise-frequency lem requires the determination of (1) the noise-frequency 
or harmonic voltages and currents in the power system for or harmonic voltages and currents in the power system for 
each section involved in an inductive exposure, (2) the each section involved in an inductive exposure, (2) the 
coupling factors between the power and communication coupling factors between the power and communication 
circuits, and (3) the harmonic currents produced in the circuits, and (3) the harmonic currents produced in the 
telephone receiver, or the telephone noise. The final step telephone receiver, or the telephone noise. The final step 
involves determination of whether the noise conditions are 
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satisfactory, and if unsatisfactory the selection of the 
appropriate remedial measures. The various factors in 
this problem are first considered, after which a method is 
given for estimating the resultant noise in the telephone 
circuit. 

10. Frequency-Weighting Curves 
The severity of an exposure in noise-frequency coordina- 

tion is difficult to define because of the many harmonic 
frequencies that may be present. It becomes desirable, 
therefore, to find a single factor, representing the effects of 
all the frequencies present, by means of which the severity 
of an exposure may be appraised. This is accomplished by 
the use of frequency-weighting curves as shown in Fig. 17. 

Fig. 17—T.I.F. weighting curves. 

A-Telephone interference factor-based on 1919 frequency-weight- 

ing curve. 
B-Telephone influence factor-based on 1935 frequency-weighting 

curve. 

In the determination of such curves consideration is given 
to the following factors: 

1. Coupling between power and telephone circuits. 
2. Frequency-response characteristic of the telephone 

circuit, particularly the telephone receiver. 
3. Law of combination for effects of several frequencies. 
4. Characteristics of the human ear in regard to its per- 

ception of sounds. 
5. The effect of telephonic noise in adversely affecting 

reception because of unintelligibility or annoyance. 

To obtain the frequency-weighting curves8’g, extensive 
“judgment” and “articulation” tests were made on tele- 
phone circuits subjected to single-frequency voltages of 
variable magnitudes. Judgment tests involve comparisons 
in the presence of speech of the relative interfering effects 
of the disturbing frequency to that produced by a reference 
noise in the receiver. Articulation tests involve the com- 
parison of the accuracy in receiving meaningless mono- 
syllables in the presence of variable amounts of the disturb- 
ing frequency. When currents of several frequencies are 
present in the telephone receiver, the overall effect corre- 
sponds to a complicated combination of the components. 
However, experience shows that satisfactory results can 
be obtained by combining the weighted components for 
the several frequencies according to the square root of the 
sum of the squares. These considerations provide the basis 

for methods of estimating or measuring the total tele- 
phone-circuit noise, discussed in Sec. 14. Thus, starting 
with the harmonics in the voltages and currents of a power 
system and using coupling factors and the frequency- 
weighting curve applicable to the telephone circuit, it is 
possible to estimate the overall effect from the coordina- 
tion standpoint. However, for many purposes it is more 
convenient to obtain a single factor applicable to the har- 
monics on a power system. To do this it is necessary to 
modify the frequency-weighting curves applicable to the 
telephone circuit by factors which take into account the 
coupling between power and telephone circuits. Experi- 
ence shows that a factor directly proportional to frequency 
gives satisfactory results for both current and voltage har- 
monics. This leads to frequency-weighting curves applic- 
able to harmonics on power systems. These are called T. 
I. F. curves, where T. I. F. means telephone interference 
factor or telephone influence factor. Improvements in the 
telephone receivers over a period of years require different 
frequency-weighting curves as discussed in the following 
paragraph. 

Telephone Interference Factor, Telephone Influ- 
ence Factor, and T.I.F. Curves-The original or 1919 
frequency-weighting curve applicable to power-system 
harmonics is given in Curve A of Fig. 17, and the term was 
called Telephone Interference Factor. In 1935 a new fre- 
quency-weighting curve, as shown in Curve B of Fig. 17, 
was adopted and the term was changed to Telephone In- 
fluence Factor as being more descriptive of the actual 
quantity. The new type of hand set put into production 
by the Bell System in 1938 makes imminent further 
changes in the frequency-weighting curves. Originally it 

TABLE 1— T.I.F. WEIGHTINGS OF VARIOUS SINGLE FREQUENCIES 
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was intended that the 1935 T.I.F. curve and the term 
Telephone Influence Factor should replace the earlier 
forms. However, the transition requires time and has not 
been made throughout the industry and it appears that 
this change will not be made until after new curves are 
adopted. As a consequence, both the 1919 and 1935 T.I.F. 
curves and the corresponding terms are in use at present 
and their definitions are as follows: 

The telephone interference factor of a wave is the ratio of the 
square root of the sum of the squares of the weighted rms 
values of certain groups or of all sine-wave components, includ- 
ing in alternating waves both the fundamental and the har- 
monics to the rms value of wave. The weightings to be applied 
to the individual components of different frequencies are as 
given in Curve A of Fig. 17 and Table 1. 

The term telephone influence factor has the same definition as 
telephone interference factor except that the frequency weight- 
ings are obtained from Curve B of Fig. 17 and Table 1. 

These T.I.F. factors for apparatus are of two kinds, 
balanced and residual component. The definitions of 
these factors for a synchronous machine are as follows: 

The balanced telephone interference factor (or balanced tele- 
phone influence factor) of a three-phase synchronous machine 
is the ratio of the square root of the sum of the squares of 
weighted rms values of the fundamental and the non-triple 
series of harmonics to the rms value of the normal no-load 
voltage wave. 

The residual-component telephone interference factor (or re- 
sidual component telephone influence factor) of a three-phase 
synchronous machine is the ratio of the square root of the sum 
of the squares of the weighted values of one-third of the rms 
fundamental and harmonic residual voltages to the rms value 
of the normal voltage from line to neutral*. 

Balanced T.I.F. is obtained from the positive- and nega- 
tive-sequence voltages and currents, including both fun- 
damental and harmonics, while the residual component† 
T.I.F. is obtained from the zero-sequence voltages and 
currents, including fundamental and harmonics, which, 
from a practical standpoint, are limited to those of the 
triple-harmonic series. Balanced and residual T.I.F. terms 
are also used in connection with systems under load 
conditions. 

Meters are available for measuring the telephone in- 
terference factor and the telephone influence factor of 
both voltage and current waves. In the case of voltage 
T.I.F. measurements, the reading is the ratio of the cur- 
rent in the metering element in micro-amperes to the rms 
value of voltage being measured. In the case of current 
T.I.F. measurements, the drop across a one millihenry 
inductance in a series relation with the current being 
measured, is impressed on the meter, and the reading is the 
ratio of the current in the metering element in micro- 
amperes to the rms value of the current wave. Usually 
current and potential transformers are necessary to reduce 
the voltages and currents to magnitudes suitable for T.I.F. 
meters. In measurement of balanced T.I.F. for voltage 
on a machine or for voltage or current on a system, the 

*See also Sec. 11, Influence Factors. 
†Residual-component quantities are equal to the zero-sequence 

components, while residual quantities are three times the zero- 
sequence components. 

line-to-line voltage or line currents with zero-sequence 
components removed are used. For the measurement of 
residual-component voltage T.I.F. of a machine, the ma- 
chine may be connected in “open delta” and a potential 
transformer placed between the meter and the machine. 
An alternative method applicable to both a machine or 
system is to connect the primary windings of three po- 
tential transformers from line-to-neutral terminals of the 
machine or system and to connect the secondary windings 
in opened delta across the T.I.F. meter. When potential 
transformers are used, they will introduce a small error 
resulting from the triple harmonics produced by the trans- 
formers themselves. This error is, however, unimportant, 
except where very low values of residual-component T.I.F. 
are being measured. Residual-current T.I.F. of a system 
may be obtained by using the sum of the three phase 
currents to energize the one millihenry coil across which 
the T.I.F. meter is connected. The terms KV. 2’ and I * 2’ 
are frequently used in connection with system quantities 
and give the total weighted factors for voltages and cur- 
rents respectively, both balanced and residual. In these 
terms T represents voltage or current T.I.F., KV the rms 
line-to-line, or residual voltage in kilovolts, and I the rms 
line current (with zero-sequence component removed), or 
the residual current in amperes. 

11. Noise-Frequency Influence Factors 
On commercial power systems of either the three-phase 

or the single-phase midpoint-grounded types, two kinds 
of circuits require consideration, namely, (1) the circuits 
whose paths are limited to the line conductors and (2) the 
circuits whose paths involve ground. Telephone engineers 
are accustomed to use the terms balanced voltages or cur- 
rents for those which are confined to the line conductors 
and the term residual voltages or currents to those which 
are associated with ground. Power engineers generally 

use symmetrical components and thus will recognize that 
the balanced voltages or currents are those of positive- or 
negative-sequence and that the residual voltages or cur- 
rents correspond to the sum of three phase quantities or to 
three times the zero-sequence quantities; Consideration 
must be given separately to these two types of circuits 
because the coupling factors between the power circuits 
as a whole and the communication circuit are much greater 
for residual or zero-sequence than for the balanced or 
positive- and negative-sequence; the ratio of these coup- 
ling factors, which may be as high as 50, depends upon 
power-circuit configuration and the separation between 
power and telephone circuits. 

Sequence of Harmonics—Harmonics of symmetrical 
three-phase systems analyzed by symmetrical compon- 
ents5, are of definite sequence. In a symmetrical system 
the even harmonics are absent and the remaining har- 
monics are divided between the sequences as shown in the 
accompanying Table 2. 

Thus, positive-sequence harmonics are all of the order 
(6n+l) where n is any integer; the negative sequence, 
(6n’- 1) and the zero sequence, (6n-3). Triple harmonics 
require separate consideration from the positive- or nega- 
tive-sequence harmonics because the former are of zero 
sequence and flow in a different path. In a symmetrical 
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TABLE 2—SEQUENCE Of HARMONICS IN THREE-PHASE SYSTEMS 4. Skewing of poles or slots. 

system the line-to-neutral voltages contain all the har- 
monics present in the line-to-line voltage and in addition 
contain the zero-sequence harmonics. 

Balance of a Power System-If, under normal op- 
erating conditions, a power system is symmetrical and if 
voltages of positive-sequence only are generated, then only 
currents of positive-sequence can flow. However, if the 
circuit is unbalanced, the flow of positive-sequence current, 
for example, through unbalanced series impedances, pro- 
duces unbalanced voltages that include a zero-sequence 
component and produce zero-sequence currents, the im- 
portance of which from the induction standpoint may be 
many times that of the original balanced currents. This 
difference results from the greater coupling inherent in the 
residual or zero-sequence paths. Frequently, it is desirable 
to transpose the system in order to balance it. 

Wave-Shape Characteristics of Power Apparatus 
—Power systems normally operate at a fundamental fre- 
quency of 60 cycles, but it is necessary at times to con- 
sider 25 and 50-cycle a-c circuits and d-c circuits. The 
wave-shape characteristics of power systems are influenced 
principally by the harmonics generated in synchronous 
machines and converting apparatus and by exciting cur- 
rents in transformers. In a few cases it has been necessary 
to consider other types of apparatus that produce har- 
monics. 

Synchronous Machines—The important sources of har- 
monics in most power systems are synchronous machines, 
particularly generators. These, including condensers, fre- 
quency-changer sets, converters, and motors for industrial 
drive, have similar wave-shape characteristics. Except in 
a few applications, the smaller synchronous machines and 
the synchronous motors for industrial plants are usually 
unimportant unless larger than say 1000 kva. 

The principal sources of harmonics in a synchronous 
machine are : 

1. The field form, particularly with salient-pole con- 
struction. 

2. The variation in reluctance caused by slots. 
3. Saturation in main circuits and leakage paths. 
4. Damper windings, which frequently are unsym- 

metrically spaced. 

The most important of the possible methods of control- 
ling the harmonics are: 

1. Large air gap. 
2. Shaping of pole pieces. 
3. Partially-closed slots. 

5. Number of slots per phase per pole. 
6. Chording of the windings. 
7. Fractional-slot windings. 

Often many of these controls are impractica1 since they 
would greatly increase costs. Ordinary closed slots are 
generally impractical because form-wound coils cannot be 
used. Skewing of poles or slots is an effective measure but 
frequently increases losses and introduces mechanical 
problems in construction and interferes with the rigidity 
of the support, which is usually not uniform throughout 
the length of the pole or slot. The more commonly useful 
factors include: 

1. Suitable ratios of slot opening to air-gap length. 
2. The avoidance of certain numbers of slots per pole 

per phase giving slot frequencies in the vicinity of 
1100 cycles. 

3. Chorded and fractional-slot windings. 
By varying the pitch of chorded windings it is possible to 
eliminate particular harmonics, but this is usually accom- 
panied by an increase in some other harmonic. Conse- 
quently, chording is a factor of limited usefulness. One of 
the most practical controls for slot harmonics is fractional- 
slot windings. While many combinations are possible, a 
frequent arrangement is an odd number of slots per pair of 
poles. This has the effect of keeping the reluctance con- 
stant since a change under one pole is compensated by an 
equal and opposite change under the adjacent pole. HOW- 

ever, such windings do interfere with the use of standard 
parts and generally require greater development for a line 
of machines than normal. 

The most important harmonics of a synchronous ma- 
chine result from the slot frequencies, and their values are 
given by: 

F* = S(p) +j (18) 

= (2N f. 1)j (19) 

where R’*-slot frequencies 
S-total number of armature slots 

rps-machine speed in revolutions per second 
f--fundamental frequency 

N-number of slots per pole 

The frequency given by the first terms corresponds to 
the pulsation of reluctance in the magnetic circuit. Be- 
cause of the effect of rotation of the rotor, the harmonics 
appearing in the armature circuit are increased and de- 
creased by the fundamental. Thus, if the slot frequency 
corresponds to the 18th harmonic the frequencies appear- 
ing in the output circuit of a synchronous generator are 
the 17th and 19th harmonics of the fundamental. The slot 
frequencies always occur in pairs but their magnitudes are 
frequently quite different, the cause for which has not 
been fully investigated. Double-frequency pulsations are 
produced (1) by saturation in the magnetic circuit, par- 
ticularly in the teeth, and (2) by reflection from currents 
induced in rotor bars by the slot ripple. Additional fre- 
quencies may be produced by damper windings, which 
usually are not uniformly distributed within the pole or 
interpolar space. With non-uniform arrangements it is 
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difficult to estimate the magnitude and equivalent fre- 
quency of these harmonics. Consequently, these effects are 
estimated principally from tests on similar machines. 

The foregoing discussion applies to positive- and nega- 
tive-sequence harmonics and to zero-sequence harmonics 
as well. However, the zero-sequence or triple harmonics 
require special attention because, as pointed out previous- 
ly, they are the only ones acting on the zero-sequence path 
in a symmetrical system. Triple harmonics in a synchron- 
ous machine can be controlled by altering the field form 
and particularly by using a two-thirds pitch winding. 
Theoretically, these measures should be sufficient to 
eliminate the triple harmonics and in practice this is sub- 
stantially accomplished if a two-thirds pitch winding is 
used. The windings of two-pole machines are generally de- 
signed with a throw less than two-thirds pitch because of 
the difficulty of getting coils with longer throw through 
the small bores. Machines with four or more poles are 
generally designed with coil throws as near full pitch as 
possible in order to work the material in the most eco- 
nomical manner. To obtain the advantage of keeping the 
triple harmonics low, a two-thirds pitch winding is re- 
quired because small departure in pitch would greatly in- 
crease the magnitude of these harmonics. A two-thirds 
pitch winding is, however, not desirable from the stand- 
point of the balanced harmonics because other windings 
are more advantageous for controlling the nontriple har- 
monics, for example, a winding of 0.833 pitch reduces the 
5th, 7th, 17th and 19th harmonics by 75 percent of the full 
pitch value. A two-thirds pitch winding has low imped- 
ance to triple harmonics and thus may constitute a con- 
tributing factor in the coordination problem for triple 
harmonics produced in other parts of the system. The 
two-thirds pitch windings will, in general, increase the cost 
of machines, but this may be justified in particular cases 
where severe exposures involving zero-sequence coupling 
are anticipated. 

The wave-shape requirement of synchronous machines 
are defined in the A.I.E.E. standards in two ways, namely, 
Deviation Factor and Telephone Interference Factor. The 
deviation factor is obtained from the magnitude-time curve 
of the machine no-load normal voltage wave and a sinu- 
soidal wave of the same rms value, the two curves being 
adjusted so as to give the minimum maximum deviation. 
The A.S.A. Standards C-50 call for a maximum permissible 
deviation of 10 percent. However, wave-shape deviation 
is relatively unimportant in inductive coordination because 
deviation is usually controlled by the lower harmonics 
whereas the telephone interference factor is controlled by 
higher harmonics of much smaller magnitude. 

The wave-shape requirements of a generator from the 
coordination standpoint1 are normally defined in terms of 
the no-load voltage telephone interference factor discussed 
previously. The standard values of voltage T.I.F. for 
synchronous machines adopted by N.E.M.A. are as given 
in Table 3. The range above 1000 kva was previously 
adopted by N.E.L.A.lO 

The foregoing levels, it is to be understood, will not 
avoid the possibility of interference in all cases, neverthe- 
less, they represent the most reasonable limits at the time 
of their original adoption in 1932 and have given good re- 

TABLE 3—TELEPHONE INTERFERENCE FACTORS (T.I.F.) 
STANDARD Values FOR SYNCHRONOUS MACHINES 

sults since. Where trouble exists or can be anticipated 
from difficult exposure conditions, and where a grounded- 
neutral machine is to be used, it is recommended10 that the 
purchaser obtain from the manufacturer a quotation on a 
machine with the foregoing limit, and in addition an alter- 
nate quotation on a machine with a residual-component 
T.I.F. not to exceed 2.5 This figure of 2.5 for T.I.F. is 
intended to cover a machine having a two-thirds pitch 
winding or an equivalent wave shape obtained in some 
other manner. Special filters or resonant shunts for the 
few cases of trouble may provide a more economical solu- 
tion than having all machines with low T.I.F. levels. 

Specifications for residual-component T.I.F. are not 
applicable to machines without neutral leads brought out 
for grounding; they should not be applied to grounded 
machines unless the system connections are such that zero- 
sequence harmonics in the machines can be impressed on 
aerial power circuits that may now or in the future parallel 
communication circuits. Thus, residual-component T.I.F. 
is not applicable to the frequently-occurring case of a ma- 
chine with neutral grounded but which is separated from 
distribution circuits by a two-winding transformer with at 
least one set of its windings connected in delta. 

When a synchronous machine is connected to a system, 
paths are provided for currents produced by the harmonic 
voltages generated in the machine or in the external cir- 
cuit. These harmonic voltages and currents can be calcu- 
lated on the basis of internal or generated harmonic volt- 
ages and the harmonic impedances of the system (discussed 
subsequently) and the harmonic reactances of the machine. 
The internal harmonic voltages of a loaded machine can be 
greater or less than the no-load normal-voltage value of 
the harmonics, but are generally taken the same for calcu- 
lating purposes. The internal reactances at harmonic 
frequencies are commonly expressed in terms of an equiva- 
lent fundamental-frequency value multiplied by the order 
of the harmonic. This equivalent fundamental-frequency 
reactance is based on (1) the negative-sequence reactance 
for positive- or negative-sequence harmonics and (2) the 
zero-sequence reactance for the zero-sequence harmonics. 
The equivalent fundamental-frequency reactance for 
positive- or negative-sequence harmonics is reduced at the 
higher frequencies because of the smaller amount of flux 
penetrating the rotor. The amount of reduction is not 
known accurately but normally is taken as unity for 60 
cycles and about 0.8 at 1000 cycles and in proportion for 
other frequencies. 
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Synchronous Converters-In the a-c circuits, synchro- 
nous converters produce harmonics that are characteristic 
of synchronous machines as previously discussed. There 
are also relatively large 5th and 7th harmonics, which are 
produced by the successive connection and disconnection 
of winding sections to the d-c output circuit by the com- 
mutator and collector rings. In addition, synchronous 
converters produce in the d-c circuits harmonics due to 
slots and commutation that are characteristic of d-c 
machines. 

Induction Motors-The harmonics produced by induc- 
tion motors are rarely important in noise-frequency co- 
ordination. The most important harmonics produced by 
an induction motor are caused by reluctance changes in- 
troduced by stator and rotor slots and their harmonic 
frequencies are: 

F, = (SJ (f-p4 +f w> 
Fr = (&I (T) +f (21) 

where F,, F,--slot frequencies due to stator and rotor 
slots, respectively 

S,, &-total number of stator and rotor slots, 
respectively 

rps-speed of rotor in revolutions per second 
f-generated frequency, normally 60 cycles. 

The slot harmonics occur in pairs for both stator and rotor 
slots, These frequencies are related to the actual speed of 
the induction motor and vary with the slip. Certain slot 
combinations are undesirable, as for example one that 
would cause one of the harmonics from stator slots to be 
the same as one caused by the rotor slots. In addition, 
other harmonics, principally the 2nd harmonic, can be 
produced by saturation, mainly in the teeth. The magni- 
tudes of the harmonics vary with the character of the slot, 
being relatively small for closed slots and large for open 
slots. 

The harmonic voltages produced by an induction motor 
can be measured only when connected to a source of exci- 
tation. Thus, induction motors do not have a character- 
istic wave shape in the same sense as synchronous ma- 
chines and no standard method of determining their wave 
shape has been proposed. In spite of the enormous quan- 
tity of induction motors that have been built, only a very 
few have been involved in noise-frequency coordination 
problems. In cases of trouble other contributing factors 
are frequently present, such as resonance in the supply 
system to the particular slot frequencies generated in the 
induction motor. In the few cases of trouble, solutions 
have been obtained by shunt filters or even shunt capaci- 
tors, or by changing the motor to another design giving 
different slot frequencies, thus avoiding resonance with 
the supply circuit. 

I 
25 

I 

D-c Machines-Harmonics in d-c machines are due 
principally to the slots and commutators and their values 
are : 

F, = S(rps) (22) 

F, = C(rps) (23) 
where F,, F,--slot and commutator frequencies, 

respectively 

S, C-number of slots and commutator bars, 
respectively 

rps-machine speed, revolutions per second 

In addition, harmonics of double the slot and commutator 
frequencies may be present because of saturation in the 
magnetic circuits which occurs principally in the armature 
teeth. The harmonic current can be estimated from the 
harmonic generated voltage, the harmonic impedance of 
the external circuit and the harmonic inductance of the 
machine. The approximate internal inductance of d-c 
machines is given by the following equation: 

where 

m 

2 millihenries 

kw-rating of machine in kilowatts 
Vd,—machine d-c voltage 

In particular cases, it may be found desirable to employ 
achines having especially good wave shape or to use 

filtering equipment. 
Transformers—Saturation 

(24) 

of iron in the magnetic circuit 

of a transformer is its only inherent characteristic that 
tends to distort the wave shape of a power system. The 
term “saturation” as used in this chapter may be defined 
as a deviation from a linear relation of the magnetic flux 
in the iron and the magnetizing force. If saturation exists, 
the application of sinusoidal voltage to a transformer will 
produce non-sinusoidal exciting current and conversely 
the flow of sinusoidal current will be accompanied by non- 
sinusoidal voltages across the primary and secondary 
windings of the transformer. Both the distortion involtage 
and exciting current may be important in inductive co- 
ordination. It is impractical, however, to build trans- 
formers without saturation, and as a consequence, this 
source of wave-shape distortion is unavoidable. 

The phenomena accompanying saturation in a trans- 
former can be analyzed with the aid of equivalent circuits 
using leakage and magnetizing reactances of the trans- 
former. In the equivalent-T network, shown in Fig. 18, 

Fig. 18—Equivalent circuit for analyzing harmonic voltages 
and currents due to saturation in a transformer. 

E,--Sinusoidal fundamental-frequency source (impedanceless 
in itself). 

Z,--Impedance of source, different values for different harmonic 
frequencies. 

E,, E,---Primary and secondary voltages. 
L,, k--Leakage inductances associated with primary and secondary 

windings. 

M-Mutual inductance of transformer windings. 
Eh-Fictitious impedanceless sources of harmonic voltages of 

different magnitudes at different frequencies. 
I,,----Exciting current due to sources Eg and I&,. 
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the leakage reactance is divided into two parts, which are 
associated with the primary and secondary windings. The 
division of leakage reactance between the two windings 
can be estimated from the amount of each winding that 
is closest to the core. In Fig. 18 the source is represented 
by an impedanceless generator of sinusoidal fundamental 
frequency and a “source impedance” that can vary through 
wide ranges of values, particularly at the harmonic fre- 
quencies. It is convenient to think of the harmonic fre- 
quencies as being produced by impedanceless harmonic- 
voltage source -Fh connected in series with branch wM of 
the equivalent network. These harmonic sources include 
for a single-phase unit all the odd harmonics with magni- 
tudes decreasing as the order of the harmonic increases. 
Thus, all the harmonic-frequency loss and reactive kva 
arc supplied to the transformer at fundamental frequency 
and there converted by the nonlinearity in the magnetic 
circuit to harmonic sources, which cause harmonic currents 
to flow back through the actual source. This conception 
of the equivalent circuit for representing harmonics pro- 
duced by saturation should be considered as an approxima- 
tion but, it is useful for analyzing transformer operation 
from the standpoint of the coordination of power and 
communication systems. 

The equivalent circuit of Fig. 18 will now be used to 
examine the distortion in voltage or exciting current of 
transformers for various circuit conditions. Consider first 
an impedanceless source of sinusoidal wave shape, a con- 
dition frequently approached in actual operation. Under 
this condition the primary voltage is sinusoidal but the 
exciting current contains harmonic components produced 
by the harmonic sources Eh which cause currents to flow 
through the impedanceless fundamental-frequency source. 
The secondary voltage contains some distortion because 
of the leakage between primary and secondary windings. 
The secondary harmonic voltage can be estimated if the 
harmonic components of exciting current and the equiva- 
lent primary leakage reactance are known. Consider next 
the case of a sinusoidal source of low impedance at funda- 
mental frequency but of infinite impedances at harmonic 
frequencies. Under this condition the exciting current is 
of fundamental frequency only, but the primary and 
secondary voltages contain large harmonic components. 
Occasionally such a condition is approximated under actual 
operation as when a small transformer carries rated cur- 
rent’ composed solely of the exciting currents of other 
transformers. This results in a secondary voltage of badly 
distorted wave shape. On many systems the supply cir- 
cuit is of relatively high impedance for particular har- 
monics so that the corresponding harmonic components of 
exciting current are suppressed and the corresponding 
harmonic voltages are increased. This particular con- 
dition is frequently encountered with banks of transform- 
ers with connections that do not provide a path for the 
flow of triple-harmonic exciting currents. If a load is con- 
nected to the secondary of the equivalent circuit of Fig. 18, 

it is evident that the harmonic currents will divide between 
primary and secondary windings. If one of these circuits 
is resonant at a particular harmonic frequency, then all 
that harmonic component of exciting current will flow 
through that transformer winding. If a power system is 

maintained constant except for variation in the source 
impedance at one harmonic frequency, there will be 
changes in the voltages and currents of other harmonic 
frequencies. Because of this, there is little reason to under- 
take accurate calculation of harmonic voltages and cur- 
rents except for the lower frequencies. Harmonic voltages 
in the power sources may increase or decrease the harmonic 
exciting currents, particularly the components flowing in 
one of the transformer windings. Theoretically, a supply 
voltage containing harmonics of the proper frequencies, 
magnitudes, and phase relations can produce sinusoidal 
exciting current. Sometimes a harmonic in the source and 
resonance of the transformer with the source impedance at 
the same frequency produce unexpectedly large distortion 
of the current or voltage waves. 

It is the harmonic components rather than the funda- 
mental-frequency component of exciting current that are 
important in noise-frequency coordination. However, the 
harmonic currents can usually be correlated with the total 
exciting current. The magnitudes of exciting current for 
typical transformer classes and kva sizes are given in Chap. 

Fig. 19—Fundamental and harmonic components of exciting 
current for different applied voltages-based on silicon iron 
used in transformers. For variation of exciting current with 

voltage see Fig. 40 of Chap. 5. 
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5. Exciting currents vary importantly with voltage, in- 
creasing somewhat more than two to one for each ten per- 
cent increase in voltage. Chapter 5 also gives typical 
curves of exciting-current variation with applied voltage. 
Examination of such curves emphasizes the importance of 
avoiding over-excitation of transformers. 

Typical harmonic composition of exciting current for 
silicon iron used at commercial densities in transformers 
is given in Fig. 19. This curve is based on the free flow 

well, and the higher harmonics will likely show wide 
divergence. 

With single-phase transformers supplied from single- 
phase systems, there is normally a low-impedance path 
for the flow of all odd-harmonic frequencies produced by 
transformer saturation. When single-phase transformers 
are connected in three-phase banks and supplied from 
three-phase systems, the odd non-triple harmonic exciting 
currents can flow because they are of positive- or negative- 

TABLE .TRIPLE-HARMONIC VOLTAGE CURRENT CHARACTERISTICS OF COMMON TRANSFORMER CONNECTIONS. 

of all the harmonic exciting currents required. The curve 
can be applied to single-phase transformers with low- 

sequence as pointed out previously. However, the flow of 

impedance sources and to three-phase banks that also 
triple-harmonic exciting currents, which are of zero-se- 

include a low-impedance path for triple harmonics. The 
quence, depends upon whether the transformer, the sup- 

harmonic components of exciting currents increase rapidly 
ply-system connections or load circuit provides such a 

with overvoltage, more rapidly than the total exciting cur- 
path. That the triple harmonics are zero-sequence be- 

rent as indicated in Fig. 19. If a transformer is shifted 
comes evident from plots of the fundamental and the 

from one location to another or from one system to another 
triple harmonics for each phase in corresponding phase 

and the exciting currents are compared, it will be found 
position to the fundamental which is symmetrically dis- 

that the total exciting currents will usually correspond, 
placed. The actual triple-harmonic voltage and current 

the third- and fifth-harmonic components will check ap- 
distribution for the six common forms of two-winding 

proximately, the 7th- and Sth-harmonics will check less 
transformers arranged in three-phase banks is illustrated 
in Table 4. For each of these connections the equivalent 
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circuit of Fig. 18 has been modified for the representation 
of zero-sequence harmonics. Thus, the harmonic sources 
Eh are of triple-harmonic frequency only. The connection 
of the transformers in the equivalent circuit of Table 4 
provide: (1) for delta windings, a path for the flow of 
triple-harmonic exciting currents within the transformer, 
(2) for grounded-star connection, a path for the triple- 
harmonic exciting currents through the external circuit 
if it is complete, and (3) for ungrounded-star connection, 
no path is provided for triples either in the transformer 
or through the external circuit. The distribution of har- 
monic voltages can be estimated from the triple-harmonic 
currents flowing through the transformer connection 
in a manner analogous to that previously described in 
connection with single-phase transformers on a single- 
phase system. The results of such analyses are summar- 
ized for easy reference in Table 4. Triple-harmonic 
voltages appear between line and neutral but distribution 
of voltage between neutral point and ground and line 
terminals and ground depends on the impedance between 
these terminals and ground. Thus, for the extreme con- 
ditions (1) if the neutral is grounded the triple-harmonic 
voltages appear between line terminals and ground and 
are impressed on the external circuit and (2) if the 
neutral is ungrounded the triple-harmonic voltages appear 
between neutral and ground and are not impressed on the 
external circuit. 

Three-winding transformers made up of single-phase 
units can be treated like two-winding transformers. These 
equivalent circuits may be of either the equivalent-T form 
with one magnetizing branch and three branches of equiva- 
lent leakage reactance or of the equivalent-r form with 
three magnetizing branches and three leakage reactance 
branches. Frequently one of the windings does not permit 
the flow of triple-harmonic currents. This results in a 
corresponding simplification of the equivalent circuit for 
determining harmonic-current flow. The interconnected- 
star can be considered as a special case of the three-wind- 
ing transformer. Triple-harmonic voltages can appear 
between the two halves of an interconnected-star winding 
of symmetrical design but not between line and ground 
terminals on the interconnected-star side. 

Three-phase shell-type transformers have characteristics 
that correspond to three-phase banks of single-phase 
transformers of the same electrical connection. In the case 
of three-phase three-legged core transformers the triple- 
harmonic fluxes are in the same direction in the same cores 
at the same time. Consequently, the triple-harmonic 
exciting currents are suppressed because the resultant 
leakage path includes a large air path. However, the 
reluctances of these magnetic circuits are unequal in the 
three phases, consequently, the exciting currents are not 
balanced and some exciting current does flow through the 
neutral. 

Phase-shifting transformers may have at the neutral end 
auxiliary-circuit units that may require consideration in 
inductive coordination. Ordinarily, however, they are 
unimportant because of the small exciting kva required. 
The problem can, however, be analyzed as described for 
other transformers. 

Coordination problems are rarely caused by transform- 

ers with delta-connected windings. Occasionally system 
connections require star-star connections in order to 
ground the system on both sides or to permit use of auto- 
transformers. Sometimes transformers originally designed 
for delta grounded-star connection are reconnected in 
star-star because of a 43 increase in voltage on the delta- 
winding side. For these it is common practice to use 
tertiary-delta windings of low reactance having a capacity 
at least 35 percent of that of the transformer rating. It 
may be desirable here to limit the triple-harmonic voltages 
by providing suitable low-impedance paths through other 
equipment. This can be done by a grounded star-con- 
nected generator or by grounded star-delta or grounded 
interconnected-star transformers. It is important to avoid 
the creation of a coordination problem because of the 
triple-harmonic currents that flow through the connecting 
circuit. In addition, it is also necessary to consider the 
possible effect of triple-harmonic voltages produced by the 
generator and impressed on the external circuit through 
the grounded star-star connections. The use of a generator 
to provide a path for triple harmonics is usually impracti- 
cable if there is an exposure on the intervening circuit, 
unless the generator has low triple-harmonic voltages as 
with a two-thirds pitch winding. The triple-harmonic 
voltages appearing in the external circuit can be estimated 
from the triple-harmonic exciting currents and the react- 
antes of the external circuit. 

If transformers are the cause of harmonic distortion, 
this fact can usually be established by varying the funda- 
mental-frequency voltage of various system elements. A 
10 percent increase in system voltage will be accompanied 
by an approximately 10 percent increase in harmonics if 
contributed by a particular rotating machine or rectifier 
and by a roughly 2 to 1 increase in harmonics if contribut- 
ed by a particular transformer. This provides a practical 
basis for studying the effects produced by individual 
transformers. 

If transformers draw large magnetizing currents and if 
the supply reactances are relatively high, the combination 
can produce relatively high harmonic voltages, particular- 
ly for the 5th harmonic. These harmonic voltages can be 
reduced by providing nearby a low-impedance path for the 
particular harmonic. Such a path can be obtained by shunt 
capacitors or preferably shunt capacitors in combination 
with reactors tuned to the selected frequency. The har- 
monic distribution of voltages and currents in a system 
can be calculated by setting up the equivalent circuit for 
the system separately for each harmonic frequency. For 
each transformer, the equivalent circuit should be made 
as shown in Fig. 18 with the internal harmonic voltages 
and exciting reactances adjusted to give harmonic currents 
in the external circuits that correspond to the particular 
transformer designs, The internal harmonic voltages for 
each transformer can be taken at an assumed phase rela- 
tion with the fundamental-frequency voltage at the trans- 
former location and these phase positions related to each 
other in accordance with the differences in phase relations 
of the fundamental-frequency voltages at these locations. 
The a-c network calculator may be used advantageously 
in solving such harmonic-distribution problems. Further 
discussion of this method and the results of field tests, 
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both with and without capacitors are given by Feaster 
and Harder”. 

Shunt Capacitors*-Unlike rotating machines or trans- 
formers, capacitors are not, in themselves, sources of har- 
monics. However, the addition of a capacitor to a circuit 
will have important effects on the circuit impedances. If 
harmonics exist in the circuit, then the change in circuit 
impedance caused by the addition of the capacitor may 
substantially increase or decrease the harmonic current 
flowing in the various parts of the circuit. This depends - 
upon the impedances of the capacitor and the remainder 
of the circuit and upon their relation to the particular 
harmonic frequencies present. 

The elements of the coordination problem with capac- 
itors can be illustrated by a simple series circuit as shown 
in Fig. 20. The calculated impedances of this circuit over 

Fig. 20—Effect of capacitors on circuit impedance-calcula- 
tions based on a two-mile 4-kv circuit. 

the frequency range for both the balanced or positive- 
sequence currents and for the residual currents (three 
times zero-sequence currents) are plotted in this figure. 
These curves show how resonance to particular harmonics 
can be avoided by suitable choice of capacitor size. 

When the generated harmonic in the source is of or near 
the resonant frequency of the circuit with the capacitor 
connected, there will be an increase in the harmonic volt- 
age drop across the capacitor. When the generated har- 
monic voltages are well above the resonant frequency of 
the circuit, there will be some increase in harmonic current 
resulting from the addition of the capacitor, but the har- 
monic voltage at the location of the capacitor will be 
materially reduced. In certain situations, this reduction 
in harmonic voltage may result in substantial decrease of 

*This section is abridged from reference 12. 

noise in paralleling telephone circuits for exposures beyond 
the capacitor location. 

The importance of these resonance conditions from the 
standpoint of inductive coordination depends upon the 
following power-system characteristics: 

Magnitudes and frequencies of the harmonic voltages 
impressed on the distribution circuit. 

Type of distribution system-delta, or wye grounded 
at substation only, or with neutral-wire grounded at 
substation and other points†. 

Type of capacitor installations-single-phase, or three- 
phase delta or wye. 

Some possible measures applicable to a power system 
for limiting influence factors increased by a capacitor will 
now be discussed. 

(a) When capacitors are connected in outlying sections 
to single-phase extensions consisting of a phase wire and 
multi-grounded neutral, the likelihood of noise induction 
is greater than if the capacitors are connected in three- 
phase banks on the three-phase portion of the feeder. 
This is because of the possibility of long exposures and 
open-wire telephone circuits in the outlying areas. The 
connection of capacitors as three-phase banks, rather than 
individual units on single-phase extensions, usually results 
in lower power-circuit influence. (b) Where the induction 
from ground-return currents would otherwise tend to pre- 
dominate as, for example, in distribution systems with 
multi-grounded neutral wire, the connection of the capaci- 
tors from phase wire to phase wire in the three,-phase sec- 
tion minimizes the ground-return currents. (c) A low- 
voltage gap (instead of a direct connection) between the 
neutral of a wye-connected capacitor bank and the multi- 
grounded neutral conductor also is effective in minimizing 
the ground-return current. Such a gap, if properly set, 
sparks over when a fault occurs in a capacitor unit in one 
phase, thus preventing sustained overvoltage (line-to-line 
voltage) on the remaining capacitor phases. On 4000-volt 
wye circuits, the gap is so small that it is difficult to main- 
tain. (d) A change in the size of the capacitor on a feeder 
or in the number of capacitors on a feeder changes the 
resonant frequency. Knowing the wave shape of the im- 
pressed voltage and the constants of the supply system 
and distribution circuit, a capacitor size or location with 
decreased inductive influence can be chosen. (e) Another 
method is to connect an auxiliary reactor in series with the 
capacitor on each phase. Such a reactor should have a GO- 
cycle impedance of about five percent of the line-to-neutral 
impedance of the capacitor and the combination, in effect, 
appears as a resonant shunt at a frequency of about 270 
cycles. On a multi-grounded system this arrangement, 
theoretically, is particularly effective in minimizing the 
ground-return currents at frequencies of 300 cycles and 
above. Some increase in the 180-cycle component may 
occur in the case of capacitors connected from phase wires 
to neutral. This arrangement is probably effective in all 
cases except where the noise induction is controlled by the 

†These two forms of grounding are frequently termed uni- 
grounding and multi-grounding. 
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180-cycle ground-return currents. An auxiliary reactor of 
this type increases the 60-cycle impressed voltage across 
the capacitor by about five percent, and increases the 
capacitor kva by 10 percent, but the net kva of the instal- 
lation by only five percent. (f) A similar reactor in the 
neutral of a wye-connected capacitor can be used to reduce 
the noise induction caused by residual components. Such 
a reactor should have a 60-cycle impedance of about four 
percent of the line-to-neutral impedance of the capacitor, 

Fig. 21—Schematic diagram illustrating use of reactors in a 
capacitor installation to give in the external circuit: 

(a)-Open circuit to the hth harmonic. 
(b&Short circuit to the hth harmonic. 

All reactances in the figure are 60-cycle values on capacitor-bank 
rating. 

the combination constituting a resonant shunt at 180 
cycles in the residual circuit. It destroys any resonant 
condition, in the residual circuit, between the capacitor 
and the line, and reduces all harmonic residual currents. 

The installation of a shunt capacitor may increase har- 
monic currents or voltages on a system. By adding an ap- 
propriate amount of reactance in the shunt capacitor the 
effects of resonance to a particular harmonic can be mini- 
mized and the harmonic current drawn over a particular 
path can be controlled. Fig. 21 has been prepared to illus- 
trate the range of effects that can be obtained. Sometimes 
it is desirable to provide a resonant shunt at the capacitor 
location, as illustrated in Fig. 21 (b), in order to minimize 
the harmonic voltages impressed on the circuit beyond the 
capacitor. At other times it is undesirable, as a result of a 
capacitor installation, to draw additional harmonic cur- 
rents over a particular circuit. To avoid this, the capacitor 

may be provided with a reactor as shown in Fig. 21 (a). 
This combination constitutes a blocking filter and acts as 
an open circuit to the selected frequency insofar as ex- 
ternal circuits are concerned. However, harmonic currents 
flow in the capacitor as determined by the harmonic volt- 
ages impressed upon it. Further discussion of resonant 

of a diametrical six-phase 
voltage of variable phase 

shunts and blocking filters are given in the latter part of 
this section. 

Rectifiers and Inverters-With rectifiers and inverters of 
the ignitron, multi-anode tank or glass-tube types, the 
alternate periods of conduction and non-conduction for 
fractional parts of a cycle produce harmonics in both the 
a-c and d-c circuits. The schematic diagram of a six-phase 
star rectifier with control grids is shown in Fig. 22 and the 
conventional voltage- and current-wave shapes for dif- 
ferent conditions of rectifier and inverter operation are as 
shown in Fig. 23. The d-c voltage wave is shown by the 

Fig. 23—Instantaneous voltage and current diagrams of diametrical six-phase rectifier for operation as:, 

(a)-Rectifier without grid control., u---Angle of overlap--electrical degrees. 
(b&-Grid-controlled rectifier. a--Angle of grid delay-electrical degrees. 
(c)-Inverter. (u+ar’)-Angle of advance (firing)-electrical degrees. 

Load circuit assumed to be of infinite inductance. For other quantities see text. 
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solid line and the individual anode-to-neutral voltages by 
broken lines. The direct current wave is assumed constant, 
which corresponds to a load circuit of infinite inductance. 
The currents taken by individual anodes are shown by 
heavy lines. 

In the operation of a rectifier without grid control at the 
instant c, Fig. 23 (a), anode 1 has a potential equal to that 
of the incoming anode 2. Consequently, current begins to 
flow in anode 2 and to decrease in anode 1. The transfer 
of current from one anode to the next is called commuta- 
tion and its duration is given by the angle of overlap, u. 
During commutation the d-c output voltage is the average 
of the voltages for anodes 1 and 2 for the period considered. 
At the end of this commutating period, anode 1 stops car- 
rying current and the d-c circuit voltage rises to the value 
corresponding to anode 2. The anode currents change in 
value during commutation, but the sum is at all times 
equal to the assumed constant d-c out-put. Angle u de- 
pends upon the load and the regulation of the circuit and 
is determined in amount bg : 

relation between the commutating angle and the fact.or 
IX/E0 is given by Fig. 24, which corresponds to Eq. (25). 

Ignitrons and grid-control rectifiers operate similarly 
to the plain rectifier except that the application of poten- 
tial to the igniter or to the grid delays the start of conduc- 
tion of the incoming anode. This is shown in Fig. 23(b) by 
the delay from the point c as given by the angle cy, which 
is known as the angle of grid delay. At point c, current 
begins to flow in the incoming anode and to decrease in 
the outgoing anode. Current flow continues for the angle 
u. After the transfer is completed the voltage of the out- 
put circuit corresponds to the anode voltage. The relation 
between u, a! and the other factors is given by: 

cos (u+cy) =cos a- 
IX 

& sin (n/p> 
cm 

The operation of the inverter is indicated in Fig. 23 (c). 
By the application of potential to the grids, current flow 

TABLE 5—HARMONICS OF RECTIFIERS AND INVERTERS 

IX 
cos u=l--- 

& sin Wp> (25) 

where 1-d-c circuit current per secondary phase-group 
&,--crest value of secondary voltage from line to 

neutral 
X--commutating reactance 
p--number of secondary phases 

The commutating reactance is defined as half of the re- 
actance between the two anodes, the circuit for which in- 
eludes that of anode reactors, rectifier transformer, and 
the supply circuit using subtransient reactances of gener- 
ators. All these reactances must be reduced in terms of 
line-to-neutral voltage on rectifier side of its transformer. 
The number of rectifier secondary phases is: 

360” 

’ = (conducting period) - (angle of overlap) (26) 

For most commercial power rectifiers, p is three as this 
corresponds to the connection that gives greater “appa- 
ratus efficiency” than those that allow current to flow 
through each secondary winding for a shorter period. The 

Fig. 24—Angle of overlap plotted as a function of the ratio 
IX/E0 for rectifiers not using control grids. Most rectifiers 

use connections corresponding to p = 3. 
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HARMONIC 

Fig. 25—Harmonic currents in the a-c supply of rectifiers and 
inverters with control grids. Curves plotted in three sets for 
three ratios of IX/E,, each set plotted for five values of voltage 
reduction by grid control for rectifiers. Same curves may be 

is started in anode 1 at the instant c, and transfer takes 
place at the end of the commutating period corresponding 
to the angle u. The end of the conducting period must be 
sufficiently in advance of the point e, otherwise, transfer 
cannot be made and proper inverter operation cannot be 
secured. The angle a’ corresponds to the time available 
for deionization. 

The voltage and current-wave shapes of Fig. 23 can be 
used in a Fourier analysis to obtain the a-c and d-c har- 
monics of rectifiers with and without grid control and of 
inverters13,14. In this method as applied to the six-phase 
rectifier, the a-c currents are obtained by using, for ex- 
ample, a positive wave for one-half of a cycle and a nega- 
tive wave from another phase for the other half of the 
cycle. The instantaneous anode current during commu- 
tation is defined by: 

i=I 
( 

cos a-cos (e+a) 

cos a-cos (u+cx) ) 
where I, u, a-meaning previously described 

(28) 

&--represents time in electrical degrees 

Harmonic currents in the a-c supply circuits are affected 
by the amount of grid control present, that is, by the 
magnitude of the angle of retardation QI and the angle of 
advance (~+a’), and also by the factor IX/E,. Com- 
mercial power rectifiers rarely have less than six phases, 
consequently, the a-c harmonics given in Fig. 25 are in 
terms of a six-phase rectifier, which may be of any of the 
conventional types so long as the direct, current per phase 
group remains the same*. The harmonic frequencies of 
currents in the primary of a rectifier transformer are as 
shown in Table 5. With more than six rectifier phases, 
certain groups of harmonics produced by a six-phase rec- 
tifier are theoretically eliminated, and practically are 
greatly reduced. Tests conducted by the Edison Electric 
Institute and the Bell Telephone System† indicate that 
the suppressed harmonics for rectifiers of more than six 
phases are approximately one-fifth the six-phase values. 
Thus, a 12-phase rectifier would be expected to have 5th 
and 7th, 17th and 19th harmonics, etc., of approximately 
one-fifth those found in six-phase rectifiers, but the llth, 
13th, 23rd harmonics, etc., would correspond to the sum 
of the harmonics of the two six-phase units comprising the 
12-phase arrangement. 

The foregoing discussion of a-c harmonics has been 
based on an inductive supply circuit of linear frequency- 
impedance characteristic. When this condition is satisfied 
the theoretical method of estimating the harmonics in the 
a-c supply circuit gives very good results. In case the 

*The phase relation of the harmonics with respect to the funda- 
mental change for the different rectifier connections of the same num- 
ber of secondary phases. 

†Engineering Report No. 22 or Reference 4. 

used for invertera with angles of advance firing corresponding 
to angle of grid delay with rectifiers. Based on Evans and 

Muller13. 

I,,-Primary current of the mth harmonic. 
I-Direct current for each rectifier phase group. 

R-Ratio of primary to secondary voltages-both line-to-neutral. 
For connections with interphase units use curve directly for 6-phase 
double-wye, multiply ordinate by 1933 for la-phase quadruple-wye. 



The order of the harmonics in the d-c circuit is shown 
in Table 5. The harmonics in the d-c output voltage wave 
are similarly obtained by the Fourier method from the 
d-c voltage waves of Fig. 23. Results of this analysis14 
are given in Fig. 26 which gives the 6th, 12th, 18th, and 
24th harmonics as percent of the d-c output voltages under 
load. The harmonic current flowing in the d-c circuit can 
be estimated from the magnitude of the harmonic voltages 
obtained from Fig. 26, taking into account the harmonic 
impedance of the load circuit and the internal inductance 
of the rectifier transformer, estimated from 

Lint = (g)rf)( sy millihenries (29) 

The distortion of the current wave shape in the a-c cir- 
cuit is greater (1) with low-reactance supply systems than 
with high-reactance systems, (2) with grid control than 
with non-grid control, and (3) with few rectifier phases 
than with a large number. Harmonics in the d-c output 
increase with load and generally with the reactance of the 
supply system and decrease as the number of rectifier 
phases increases. The overall influence characteristic or 
T.I.F. values decrease approximately one-half when using 
a 12-phase rectifier in place of a six-phase. 

With a large number of anodes it is possible to use a 
large number of rectifier phases, the maximum being equal 
to the number of anodes. Ordinarily rectifiers are ar- 
ranged in double three-phase groups giving the equivalent 
of a six-phase rectifier. Two such sets with anode voltages- 
to-neutral displaced 30 electrical degrees give the equiva- 
lent of a 12-phase rectifier. Similarly, a 24-phase rectifier 
can be obtained by using four six-phase groups displaced 
15 degrees. In some large rectifier installations for electro- 
chemical purposes a large number of anodes are required. 
Thus, 30, 60, and even as high as 72 phases are readily 
possible and have been built. With all rectifiers in opera- 
tion good current and voltage wave shapes are obtained. 
However, consideration must be given to operation with a 
single six-phase unit or a string of six-phase units out of 
service. Under such conditions the harmonics in the sup- 
ply system for all rectifiers will correspond to the vector 
sum of those for the total balanced load and the negative 
of those for the six-phase unit taken out of service. Thus, 
if five units are in operation to form a 30-phase rectifier, 

Fig. 26—D-c internal harmonic voltages of a rectifier with grid ratio of IX/E, with a family of curves for five different ratios 
control supplying a load circuit of infinite inductance. Curves of voltage reduction by grid control-based on Stebbins and 
are plotted for each harmonic frequency as a function of the Frick14. 
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supply-circuit frequency-impedance curve is not linear, 
the approximation may be used of computing the magni- 
tude of the harmonics on the basis of fictitious reactances 
equal to the actual reactance at the harmonic frequency 
divided by the order of the harmonic. 

The harmonic voltages in the supply can be computed 
from the harmonic currents and the impedances of the 
supply circuit at harmonic frequencies. The impedance of 
machines at harmonic frequencies can be considered equal 
to the negative-sequence impedance of the machines mul- 
tiplied by the order of the harmonic and by a factor less 
than one. This factor varies from one at 60 cycles to per- 
haps 0.8 at 1000 cycles. 
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the disconnection of one six-phase unit will produce har- 
monics which correspond approximately to one-fifth of the 
total load supplied by a six-phase rectifier and in addition 
those that correspond to the total load supplied by a 30- 
phase rectifier. The resultant harmonic conditions are 

approximately the same as those produced by somewhat 
more than one-fifth of the total load supplied by a six- 
phase rectifier. 

When a rectifier or inverter is installed and connected 
to a-c or d-c circuits, which now or in the future may be 
involved in an inductive exposure, the coordination as- 
pects of the problem should receive consideration. The 
influence characteristics of a rectifier or inverter are defi- 
nite for a particular power-supply system if the rectifier 
load, number of rectifier phases, and amount of voltage 
control are specified. The foregoing indicates the benefits 
obtainable from a larger number of rectifier phases or by 
limiting the amount of grid control. A combination of 
voltage control with tap changers will produce lower in- 
fluence factors than one that uses voltage reduction by 
grid control. Substantial reduction in the harmonics 
caused by rectifiers of a definite number of phases can be 
accomplished only with auxiliary equipment, which en- 
tails additional cost. Other methods of coordination ap- 
plicable to the power or communication system may afford 
a more economical solution. The procedure to be followed 
when an inductive exposure is possible is outlined in the 
following excerpt from the recommendations of the Elec- 
trical Equipment Committee of the Edison Electric In- 
stitute16. 

“In any particular situation consideration should be given 
by the prospective purchaser to the coordinative measures that 
may be applied in both power and telephone systems, in accord- 
ance with the ‘Principles and Practices for the Inductive Co- 
ordination of Supply and Signal Systems’ l(a), taking into account 
possible future, as well as initial, conditions. 

“It will generally be found advisable to install a rectifier 
without specific coordinative measures and then observe con- 
ditions, particularly where it is impracticable to make sufficiently 
accurate estimates of the effect of the rectifier in advance of 
installation. Experience to date indicates that specific coordina- 
tive measures will not be necessary in the majority of cases, 
particularly if care is given to advance planning of the method 
of feeding the rectifier. In special cases where there are indica- 
tions that paralleling communication circuits may be seriously 
affected, some provisions should be made beforehand for tem- 
porary arrangements to take care of the period during which final 
coordinative measures are being determined and installed. 

“When preliminary review indicates that consideration of 
selective devices in the power system may be necessary after 
the rectifier has been installed, preliminary cost estimates of 
these devices* should be obtained from the manufacturer before 
the purchase of the rectifier equipment so that they may be avail- 
able in studies relating to the cost of the complete installation. 

“It is to be understood that these suggested values may not 
eliminate the possibility of interference in every case but on the 
basis of past experience they are believed to be adequate for 
most of the cases likely to occur. 

“If the rectifier gives rise to a noise-interference problem after 
installation, a joint cooperative study should be made in the 

*Characteristics of selective devices that may be assumed for the 
purpose of this preliminary estimate when the supply frequency is 
60 cycles are given in the paragraphs on filtering equipment. 

field by the parties affected to determine the best engineering 
solution. If this solution necessitates the installation of a selec- 
tive device, its design characteristics should be based upon the 
actual requirements rather than upon the values of reduction 
factors employed in the preliminary estimate previously men- 
tioned.” 

Lighting Circuits-Ordinarily lighting circuits of the 
constant-potential type are not a factor in coordination 
problems. However, they may arise with series circuits of 
the non-adjacent return type or with lamps of arc-discharge 
type or with auxiliary transformers that become saturated. 

Current transformers supplying incandescent or other 
lamps on series-lighting circuits saturate if the secondary 
becomes open circuited, as in the event of filament failure. 
The current wave of the primary circuit remains sinu- 
soidal but the voltage wave becomes distorted on the load 
side of a constant-current regulator, but usually not on 
the supply side of the circuit. The inductive effects in ad- 
jacent communication circuits may become important if 

the lighting-circuit return is across the street or in the next 
block. If only part of the lighting circuit is involved in an 
inductive exposure, isolating transformers between the 
parts can be used to minimize the magnitude of induction 
in the exposure. The most practical solution, however, is 
to provide a film cutout for connection across the current- 
transformer secondary. The most successful form of cut- 
out is the disc with a powder which, upon application of 
high potential, fuses to form a metallic bead that effective- 
ly short circuits the current transformer and lamp, thus 
avoiding the conditions which produce saturation in the 
transformer. 

On series circuits, lamps of the arc-discharge type, in- 
cluding the a-c arc and the sodium-vapor forms, are sources 
of voltage distortion. Ordinarily these circuits are sup- 
plied through constant-current regulators which, because 
of their high reactance, greatly minimize the distortion of 
the current wave and of the voltage wave on the supply 
side of the regulator. The inductive influence of the 
lighting circuit increases with the number of lamps con- 
nected in the circuit. The KV. 2’ factor for a 30-volt, 6.6- 
ampere lamp is approximately 16 per lamp. There is a 
slight decrease in the KV. 2’ factor per lamp when a large 
number of lamps are connected in series which apparently 
results from partial cancellation of the harmonics as a 
result of the difference in phase at the individual lamps. 
Since current distortion is negligible, only electric induc- 
tion need be considered in coordination work. No problem 
will exist if either circuit is located in cable with sheath 
grounded. 

The influence characteristics of a series circuit depend 
upon the balanced and the residual components of har- 
monic voltages at various points along the circuit. The 
metallic-circuit KV. T factor increases with the number of 
lamps in the circuit irrespective of whether they are con- 
nected in one side of the circuit or in both. The wire-to- 
ground and residual 2W.T factors are affected by the 
manner of connecting the lamps in the circuit, that is, 
whether in one side of the circuit or alternately in both 
sides as shown in Fig. 27 for an ungrounded circuit. In 
this figure the wire-to-ground and residual KV. T factors 
are shown on the basis of equal capacitances to ground 
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Fig. 27—Distribution of KV*T factors along series lighting 
circuits. 

(a) All lamps on same side of circuit. 

(b) Adjacent lamps on opposite sides of the circuit. 

and equal leakages from the two wires of the circuit, and 
the lamps being uniformly distributed throughout the 
length of the circuit. If adjacent lamps are alternately 
connected in the two sides of the circuit, the residual 
KV- T factor is zero. If the lighting circuit is accidentally 
grounded, the maximum residual KV- 7’ factor will occur 
when the lamps are located in one side only. 

The influence of a series-lighting circuit (assumed un- 
grounded) is a minimum when the two wires of the circuit 
are kept close together and when adjacent lamps are con- 
nected in opposite sides of the circuit. These conditions 
insure that transpositions in telephone circuits can be 
made relatively effective. For reasonably uniform ex- 
posures at highway separation between open-wire tele- 
phone toll circuits and a series lighting circuit on the 
highway, the noise-induction conditions will not be im- 
portant if (a) the telephone lead is transposed according 
to the exposed-line transposition system, or other systems 
having equal or greater frequency of transposition, and 
(b) the lighting circuit is not grounded (or is grounded at a 
balanced point only), the two wires of the circuit occupy 
adjacent pin positions, and adjacent lamps are connected 
in opposite sides of the circuit. Noise-induction problems 
are negligible in situations where only a small number of 
sodium-vapor lamps are used, for example, at highway in- 
tersections. 

Fluorescent lamps have wave-shape characteristics sim- 
ilar to those of sodium-vapor or other arc-discharge lamps. 
However, fluorescent lamps are used on constant-potential 
circuits and are, therefore, less likely than lamps on series 
circuits to be involved in coordination problems. In large 
installations, fluorescent lamps are distributed among the 
different phases. The phase position at the lamps will 
vary, with the result that important reductions in har- 
monics are obtained. Another favorable factor in the 
application of fluorescent lamps is that they are rarely 
used in large numbers, except where power-supply or tele- 
phone circuits are located in cables, which can provide 
considerable shielding action against magnetic induction. 
The current T.I.F.‘s of typical fluorescent lamps vary 
from 30 to 60. Fluorescent lamps are frequently installed 
with individual shunt capacitors for power-factor correc- 
tion. Frequently also fluorescent lamps are installed in 
pairs with reactor-capacitor phase-splitting arrangements 
to avoid a zero illumination point. When shunt capacitors 

are used with fluorescent lamps they may tend to amplify 
harmonics appearing in the supply circuit, and under some 
conditions the effect of capacitors at the lamp will be of 
greater importance than the arc-discharge characteristic 
of the lamp itself. The use of shunt capacitors at the lamp 
location presents essentially the same problem as that 
which occurs with other capacitors on distribution circuits. 

Wave-Shape Characteristics of Systems—The har- 
monic voltages and currents of a particular system can be 
calculated from wave-shape characteristics of the rotating 
machines, transformers and rectifiers, and the harmonic- 
frequency impedances of the connected circuit. The char- 
acteristics of the harmonic sources in a-c apparatus and in 
the d-c circuits of rectifiers have been given in the preced- 
ing sections in terms of internal harmonic voltages and in- 
ternal inductances. For the a-c circuits of rectifiers a 
method of estimating the harmonic currents and voltages 
has also been described. In calculating the harmonic- 
frequency impedance characteristics of a system, the 
principal problem is the representation of circuit elements 

Fig. 28—Equivalent T network for long line with distributed 
constants. See Eqs. (30) and (31). 

with distributed constants. This representation can be 
made in an approximate way with the equivalent 7r net- 
work of Fig. 28. In this equivalent network resistances are 
neglected and the series- and shunt-impedance branches 
are : 

sin e 
Zr= +jhZX, 7 ohms (30) 

(31) Zr’=-j+ ohms 

hl tan 2 

where Z-length in miles 
XB--series inductive reactance in ohms per mile at 60 

cycles 

X,-shunt capacitive reactance in ohms per mile at 
60 cycles 

h-order of harmonic frequency using 60 cycles as 
base 

&angle of the line calculated from 

(32) 

With the equivalent ?r networks for lines and with the 
inductance and capacitance characteristics of apparatus, 
an equivalent circuit of the system for each harmonic 
frequency can be made. This equivalent circuit can be 
solved by the aid of network-transformation and reduction 
methods described in Chap. 4 in connection with the solu- 
tion of fundamental-frequency problems. 
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For many purposes it is convenient to have tables of TABLE 9 -SUMMARY OF POWER-CIRCUIT INFLUENCE FACTORY 

typical power-system harmonic voltages, harmonic cur- 1.T AND KV*T PRODUCTS 

rents, I-T factors (product of rms current and current BASED ON 1919 FREQUENCY WEIGHTING 

T.I.E.), KV. T factors (product of rms voltage in kv and 
voltage T.I.F.) and in addition tables of machine no-load 
voltage T.I.F., both balanced and residual. Such Tables, 

TABLE ~-NON-TRIPLE HARMONIC PHASE-TO-PHASE VOLTAGES 

TABLE ~-NON-TRIPLE HARMONIC PHASE CURRENTS 

TABLE 8 -RESIDUAL HARMONIC CURRENTS 

shape conditions on a particular coordination problem 
should be compared with the maximum as well as average 
values from Tables 6 to 10. 

Filters for Power Systems-When harmonics on a 

6, 7, 8, 9 and 10, have been condensed from the report, 
power syster n require reduction, consideration may be 

“System Wave-Shape Survey,” the tests for which were 
given to filtering equipment. Filters have important 

conducted from 1927 to 1929 by the National Electric effects on particular harmonic-frequency voltage and cur- 
’ 

Light Association and Bell Telephone System*. The wave- 
rent distributions but have little effect on 60-cycle voltages 

-1 

*Engineering Report No. 15 of reference 4. 
and currents. Filters consist or reactors, capacitors, or a 
combination of these in units which may or may not be 
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Fig. 29—Frequency-impedance characteristics of filters for 
several different values of the filter-constant Q. 

(a) Resonant shunt. 
(b) Wave trap. 

tuned. Tuned filters are of two types, as illustrated in 
Fig. 29, namely : 

1. Resonant shunts-reactor and capacitor connected 
in series, the combination being in shunt with the 
circuit. 

2. Wave traps-reactor and capacitor connected in 
parallel, the combination being in series with the 
circuit. 

The principal characteristics of a resonant shunt or wave 
trap are the tuned frequency, the tuned impedance, and 

the filter constant Q. The constant Q is the ratio of the 
effective harmonic-frequency reactance of the reactor or 
capacitor element to the effective harmonic-frequency 
resistance of the combination, both quantities being at 
the tuned frequency. The value of Q is normally about 30 
but lower values are usually obtained unless special pre- 
cautions are taken to minimize high-frequency losses. For 
filters of given tuned-frequency impedance the one with 
the higher value of Q will require smaller harmonic react- 
ance and frequently smaller volt-ampere capacity. How- 
ever, a filter of higher Q requires more accurate tuning and 
is less effective for adjacent harmonic frequencies or for 
variation in the fundamental frequency of the supply. 
Thus, for two filters of the same tuned-frequency imped- 
ance and the same costs, the one with lower value of Q is 
usually more desirable. 

Tuning of a filter is normally obtained with taps on 
either the reactor or capacitor element so as to get within 
s percent of the desired natural frequency of the com- 
bination. Filters with many capacitors are tuned by select- 
ing the appropriate combination of capacitor units and 
taps; filters with few capacitors are tuned by adjusting 
the reactors, using coarse taps and in addition, either fine 
taps or taps on a suitable auxiliary unit. Filters built in 
the field are usually tuned by unwinding turns on the 
reactor until the desired reactance is obtained. Tuning is 
most conveniently checked by means of a harmonic ana- 
lyzer, which measures the ratio of the voltage and current 
at the desired harmonic frequency. 

The more common applications for filters, resonant 
shunts, and wave traps are: 

1. Machine-neutral wave trap, or blocking filter. 
2. Machine resonant shunt, or by-passing shunt filter. 
3. Line shunt filters for modifying resonant charac- 

teristic. 
4. Rectifier filters which include 

a. A-c filters 
b. D-c filters 

Machine-neutral wave traps are used when it is desired to 
reduce the triple-harmonic currents or voltages impressed 
on a distribution circuit by a synchronous machine con- 

Fig. 30—Synchronous-machine neutral wave trap for sup- 
pressing triple-frequency currents fl and fa--schematic dia- 

gram. 
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nected directly or through star-star transformers. Neutral If such a path is provided, harmonic currents may be 
wave traps consist of one or more units in series between drawn through the intervening circuit and prevent the 
the machine neutral and ground as shown schematically desired improvement in the noise-frequency coordination 
in Fig. 30. In applying a neutral filter, consideration problem. Shunt filters can be located remote from the 
should be given to the following : machine if harmonic currents flowing through the inter- 

I. Suitable tuned-frequency impedance and accurate 
vening path are not disadvantageous from the coordination 

tuning for each wave trap. 
standpoint. Such a location, if permissible, will result in 

2. Wave trap should withstand fundamental-frequency 
smaller volt-ampere capacity in filter parts. 

voltages and currents resulting from single and 
Line resonant shunts have been used in a few instances 

double line-to-ground faults. 
to prevent amplification of harmonics because of the reso- 

3. The filter should not amplify unduly the currents 
nance of a particular feeder at a frequency appearing in 

and voltages for other harmonic frequencies. 
the source. The more usual combination is that in which 
the line capacitance resonates with the inductance of the 

The tuned-frequency impedance of each wave trap should source. The installation of a line shunt filter may change 

be selected to give in combination with the impedance of the resonant point and greatly simplify the coordination 

the machine and external circuit the required reduction problem, Line shunts are sometimes provided with a re- 

in that particular triple-harmonic frequency voltage and sistor in parallel with the reactor. This combination is 

current. Neutral resistors are sometimes inserted in the equivalent to a reactor and capacitance in series with a 

circuit between machine neutral and wave trap to reduce resistance, the value of which is low for low frequencies 

fundamental-frequency voltages and currents impressed and high for high frequencies. Thus, the combination not 

on the wave trap. In particular cases, blocking filters in only provides a low-impedance path for the selected fre- 

the three phases may be preferred to a neutral filter of quency but because of the high resistance prevents ampli- 

high fundamental-frequency inductance for the reasons fication of the harmonics at the higher frequencies. 

brought out in the discussion on system transients and Rectifier a-c shunt filters are sometimes used to prevent 

grounding in Chaps. 14 and 19. To insure that a filter the operation of the rectifier from increasing the harmonics 

will not unduly amplify currents and voltages for other in the a-c supply system. A-c filters are of two types, the 

harmonic frequencies, it is necessary to know (a) the non-tuned filter shown schematically in Fig. 31 and the 

frequency-impedance characteristic of the distribution cir- tuned-frequency filter shown schematically in Fig. 32. The 

cuit as viewed from the machine location, (b) the machine non-tuned filter consists of a reactor in series with the 

impedance to zero sequence, and (c) the triple-harmonic supply, and a shunt capacitor for each phase. Usually the 

voltages generated in the machine or on the system. By addition of the reactor is objectionable from the regulation 

plotting for the system and the filter a frequency-imped- 
ance curve for each harmonic it is possible to estimate 
whether the magnitude of a particular frequency will be 
increased. If such a result is obtained, a change in the 
constants of the network elements mav be necessary to 
give a different impedance at frequencies other than those 
to be suppressed by the filter. 

Machine shuntfilters have been employed to by-pass from 
external circuits the slot-frequency harmonics of machines. 
Since slot frequencies occur-in pairs, the shunt filters are 
usually built to take care of two frequencies for the lower 
slot frequencies and a single frequency for the higher slot 
frequencies. Machine shunt filters are similar to rectifier 
shunt filters shown schematically in Fig. 32. The design 
of a filter is usually determined from the internal harmonic 
voltages of the machine and its harmonic reactance because 

Fig. 31—Non-tuned a-c filter for use with small rectifiers- 

the filter usually provides substantially a short circuit for 
these harmonics generated in the machine. The effective 
tuned-frequency resistance is then chosen so that the har- 
monic current flowing through it produces a voltage drop 
that corresponds to the desired reduction in the harmonic 
voltage applied to the connected circuit. The filter reactor 
and capacitor constants become definite as soon as the 
filter-constant Q, the ratio of reactance to resistance at the 
tuned frequency, has been selected. The required value 
of Q is usually increased slightly to allow for the imperfect- 
ness of tuning by taps. In applying shunt filters, it is 
necessary to consider whether the installation provides a 

schematic diagram. 

low-impedance path for harmonics originating elsewhere 
in the system at the same or even different frequencies. 

Fig. 32—Four-frequency tuned a-c shunt filter for use with 
large power rectifiers-schematic diagram. 
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standpoint for all but small rectifiers or installations such 
as certain types of broadcasting stations where induction 
regulators are commonly used. The combination of series 
reactor and shunt capacitor is usually proportioned so that 
the natural frequency is less than the lowest frequency 
produced by the rectifier, that is, lower than 300 cycles. 
In determining the effectiveness of the non-tuned filter, it 
is necessary to estimate the harmonic voltage impressed 
on the supply circuit for all of the important rectifier 
harmonics using the methods previously discussed in 
connection with rectifiers. 

For most power applications the only permissible type 
of a-c filter consists of tuned shunts as illustrated in Fig. 32 
for four frequencies. Shunt filters usually consist of four 
to seven elements, proportioned to accomplish different 
reductions in the harmonic voltages impressed on the 
supply circuit by the operation of the rectifier. In general, 
a filter design should be worked out only after full infor- 
mation is available as to the harmonics and frequency- 
impedance characteristics of the power source as viewed 
from the filter location. Usually this information is obtain- 
able only after a rectifier is installed. If preliminary study 
of a rectifier installation indicates that a coordination 
problem is likely to be encountered and that an a-c filter 
in the power circuit is likely to be a remedial measure that 
should receive consideration, an estimate of the filter cost 
should be obtained from the manufacturer before the pur- 
chase of the rectifier equipment so that it will be available in 
studies relating to the cost of the complete installation. 
The Electrical Equipment Committee of the Edison Elec- 
tric Institute in its “Report on Rectifier Wave Shape”ls 
recommends for the purpose of such a preliminary esti- 
mate, when the supply frequency is 60 cycles, that the 
characteristics of the filtering equipment be taken as 
follows: 

Fig. 33—The a-c line-current and voltage wave shapes of a six- 
phase rectifier without and with an a-c shunt filter. 

Fig. 34—Six-element a-c shunt filter for power rectifier. The 
shunts for each phase are arranged in horizontal rows and for 

each frequency in vertical rows. 

“A-c Side. For either a 6-phase or 12-phase rectifier a device 
to limit the total contribution to the voltage T.I.F. to 20 for 
the combined effects of the frequencies corresponding to the 
llth, 13th, 17th and 19th harmonics.” 

Rectifier filters can accomplish a very marked improve- 
ment in the voltage and current wave shapes of the supply 
circuit as illustrated in Fig. 33 by the redrawn oscillogram 
of the actual test results obtained on the first tuned-shunt 
filter ever built . l3 The general appearance of a shunt filter 
is illustrated in Fig. 34 for a six-frequency 4000-volt unit. 
Shunt filters are inherently relatively expensive and should 
not be considered as a normal part of a rectifier. In any 
particular case, consideration should also be given to 
alternative methods, such as: 

1. The use of the largest number of phases consistent 
with the number of anodes required. 

2. Rearrangement of power supply or location of feeders 
so as to avoid exposure. 

3. A combination of other methods in the power or 
communication circuit in the same manner as used 
for other coordination problems. 

D-c jilters for rectifiers are much less expensive and 
complicated than a-c filters. The application of d-c filters 
is usually restricted to rectifiers which supply propulsion 
circuits with one side grounded. Normally d-c filters con- 
sist of a series reactor and three tuned-shunt elements as 
illustrated in Fig. 35. This combination operates to reduce 
the d-c harmonic voltages impressed on the external circuit 

consuming them in voltage dron in the rectifier and 
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Fig. 35—Schematic diagram of a typical d-c filter for a rectifier. 

transformer*, and in the series reactor. The reactor in the 
d-c circuit usually is of the iron-core type with air gap, 
mounted in a tank and frequently arranged for outdoor 
installation. The shunt elements should be so located and 
installed as to have very short leads, the length of which 
must be measured between the points through which all 
the direct current flows. If the filter leads are of consider- 
able length they will reduce its effectiveness and upset 
tuning. The characteristics of d-c filtering equipment have 
been pretty well standardized and the recommendations 
in the E.E.I. Report on Rectifier Wave Shape16 for pre- 
liminary estimating purposes, when the supply frequency 
is 60 cycles, are as follows: 

“D-c Side. For a 6-phase rectifier a device to give a 10 to 1 
reduction of the 6th, 12th and 18th harmonic voltages. For 
a 12-phase rectifier a device to give a 5 to 1 reduction of the 
6th and 18th harmonics and a 10 to 1 reduction of the 12th 
harmonic voltage.” 

The foregoing reductions are based on calculated values 
assuming a load circuit of infinite inductance. These 
recommendations give considerable attention to the 360- 
cycle component on the basis of the presence of lower- 
impedance party line ringing equipment on telephone cir- 
cuits. Where this type of ringing equipment is not used, 
it may be permissible to apply a simpler filter consisting 
of a large series reactor and a single shunt tuned for a 
frequency of approximately 1000 cycles. For higher d-c 
voltage systems and close exposures it may be desirable to 
provide an element for the 24th harmonic frequency. 

12. Coupling Factors for Noise-Frequency 
Induction 

The coupling factors for electric and magnetic induction 
at noise frequencies may be computed with a slight modi- 
fication of the methods given in the section on low-fre- 
quency coupling. The electric coupling factors can be used 
directly both for metallic circuits and for those involving 
ground return. The magnetic coupling factors are pro- 
portional to frequency but for ground-return circuits it is 
necessary to introduce a different equivalent depth of 
return current, which can be calculated with the aid of 
Eq. (5). In telephone-noise calculations the coupling fac- 
tors are based on a 400-foot equivalent depth of earth- 
return current. Some approximate coupling factors are 
given in Sec. 14, Calculation of Noise on Telephone 
Circuits. 

Relative Location of Circuits-Frequently, by ex- 
change of notice of intention to construct new facilities 

*See Eq. (29). 

and by cooperative advance planning, it is possible to 
avoid coordination problems that otherwise would arise. 
Close irregular parallels, as in overbuilt construction, are 
particularly to be avoided as this greatly decreases the 
effectiveness of transpositions. Where parallels have been 
created without consideration from the standpoint of 
advance planning, relocation often provides the best 
remedial measure. 

Transpositions†—Probably the most important meth- 
od for reducing noise-frequency inductive effects is ob- 
tained by transpositions, particularly transpositions in 
telephone circuits. A telephone circuit is said to be trans- 
posed when the two sides of the circuit reverse their re- 
spective positions at suitable intervals throughout its 
length. Transpositions are applicable principally to uni- 
form exposures, and their effectiveness is greatly reduced 
when the separation is not uniform and when transposi- 
tions are not located at theoretically correct points. 
Transpositions are required in telephone circuits to avoid 
crosstalk and they are also effective in reducing noise- 
frequency induction from power circuits. The different 
functions of transpositions within an exposure section are 
shown in Table 11. This table shows that there are eight 

TABLE 11 -FUNCTIONS OF TRANSPOSITIONS WITHIN EXPOSURES 

possible sources of noise-frequency induction from a power 
circuit; four of these result from the direct metallic-circuit 
induction caused by the balanced and residual components 
of voltage and of current, and four result from the indirect 
effect of longitudinal-circuit induction acting on the un- 
balances of the telephone circuit. Figures 2 and 3 show 
that unequal voltages may be induced in the two sides of a 
telephone circuit as a result of induction from both bal- 
anced and residual components of voltage and current. 
These unequal voltages can be resolved into metallic- and 
longitudinal-circuit components as illustrated in Figs. 4 
and 5. It follows, therefore, that transpositions in the 
telephone circuit will reduce the resultant voltage in the 
metallic circuit. In a similar manner it can be shown that 
transpositions in a power circuit reduce the resultant 
metallic-circuit induction in an untransposed telephone 
circuit. However, in the practical case the telephone cir- 
cuits are transposed frequently and the power-circuits 
infrequently, and the transposition points for the latter are 
usually located at neutral points on the telephone-circuit 
transposition system. Under these conditions power- 
circuit transpositions reduce only the indirect metallic- 
circuit induction resulting from longitudinal voltages act- 
ing on circuit unbalances. Transpositions in the power 

†Reference 16 and Engineering Report No. 36 of Reference 4. 
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circuit will not reduce the metallic-circuit component of 
induction in the telephone circuit resulting from residual or 
zero-sequence currents in the power circuit, except as they 
reduce the residual quantities themselves. This, of course, 
results from the fact that, by definition, the residual or 
zero-sequence components in the several conductors are of 
identical magnitude and phase and, therefore, their result- 
ant electric and magnetic fields are not affected by power- 
circuit transpositions. Power-circuit transpositions are, 
therefore, used principally in coordination problems with 
ground-return telegraph circuits to reduce residual volt- 
ages and currents of fundamental frequency. For this pur- 
pose it is usually sufficient to use only one “barrel” for 
each section between major discontinuities*. By the term 

group consisting of two metallic-side circuits and a phan- 
tom circuit superposed on the other two. The middle 
conductors constitute a metallic circuit consisting of the 
pole pair. In Fig. 36 (a) the transpositions are of two 
types, first, those that involve the change in position of 
the two wires in the metallic circuit, and second, the phan- 
tom transpositions that involve change in all the positions 
for the four wires as illustrated in Fig. 36 (c). Newer 
transposition systems have been developed by the Bell 
System to solve special problems created by carrier-fre- 
quency telephone systems. These transposition systems 
are, of course, also effective for audio-frequency circuits. 

Transpositions have been highly developed in the com- 
munication industry because of crosstalk as well as noise- 

Fig. 36-Typical Bell System transposition diagram. From Engineering Report No. 36 of Reference 4. 

(a) Wire positions for “Exposed Line” system for E section-upper cross-arm only. 
(b) Schematic diagram for “Whole-Line” transpositions. 
(c) Types of phantom-circuit transpositions. 

“barrel” is meant a section of a three-phase power circuit, 
of uniform configuration, so arranged by transpositions 
that each conductor occupies equal sections in the three 
positions. On a long transmission line without inter- 
mediate loads or generating points, or without circuit or 
configuration changes, a barrel may be 50 to 100 miles 
in length. Transpositions are of no value on distribution 
circuits with single-phase branches. 

The Bell Telephone System has developed several effec- 
tive transposition systems and a typical one is shown in 
Fig. 36. In this figure the wire arrangements for the upper 
cross-arm are shown in (a). The upper cross-arm is ar- 
ranged with four wires on each side constituting a phantom 

*Discontinuities are points where an important change takes place 
in the physical or electrical conditions of the circuit, such as loadi 
branch circuits, series impedances, configuration, and separation. 

frequency characteristics. A genera1 discussion of trans- 
positions is, of course, beyond the scope of treatment here 
possible. Mention should, however, be made of a few 
coordination problems which involve transpositions. TO 
secure full effectiveness of a transposition system in re 
ducing induction from a particular exposure, it is necessary 
to coordinate the transposition locations with the exposure 
section. This frequently requires rearrangement of the 
transpositions on the communication circuit by installing 
a transposition system that constitutes a balanced section 
for the entire exposure. The normal balanced lengths are 
eight miles for an E section, six and four-tenths miles for 
an N section, and one-half mile for an R section. Neutral 
points of the Exposed-Line System illustrated in Fig. 36 
occur at S poles, one-quarter and one-eighth points. Be- 
cause of the frequent necessity for coordinating existing 
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construction with newly-created parallels, a scheme known 
as “whole-line transpositions” has been developed, as 
illustrated in Fig. 36 (b). The whole-line transposition 
permits the accurate or approximate balance of the trans- 
position system for the exposure section, but, of course, 
requires additional transpositions. 

In connection with transposition systems, the question 
naturally arises as to the number that should be used. 
While some gain is possible by adding transpositions to 
those normally employed in transposition systems, it is 
important to recognize that the effectiveness of trans- 
position depends on the uniformity of exposure, the ac- 
curacy of location of the transposition points, and the 
coordination of the transposition system with respect to 
the power-circuit exposure. These considerations make a 
definite limit to the number of transpositions that can be 
used effectively. The amount of reduction in metallic- 
circuit, noise caused by the addition of transpositions is 
shown in Table 12 taken from the work of the E.E.I. and 

TABLE 12—-EFFECTIVENESS OF TELEPHONE TRANSPOSITION 
IN REDUCING METALLIC-CIRCUIT NOISE 

Bell System*. Where a small number of circuits are in- 
volved, as for example in the case of a single power- 
company telephone line, it is possible to obtain a higher 
degree of effectiveness of transposition than indicated in 
the table. However, for transpositions applied to many 
circuits under the usual conditions of installation with 
some variation in separation, it is necessary to assume 
much lower effectiveness. Certain recommendations in 
this connection are given in Sec. 14, Calculation of Noise 
in Telephone Circuits. 

13. Noise-Frequency Susceptiveness Factors 

The principal noise-frequency susceptiveness factors on 
a telephone circuit are power-level and sensitivity, balance, 
and frequency-response characteristics. These vary with 
the type of communication circuit. 

Power Level and Sensitivity-Noise-frequency co- 
ordination problems are always simplified if the ratio of 
induced or noise currents to speech currents are decreased. 
This may be done by decreasing the induced currents by 
control of influence or coupling factors, as discussed in 
previous sections, or by increasing the speech currents by 
increasing transmitter output or by using amplifiers. The 
simplest example of this method of control is the familiar 
practice of raising the speech level into the transmitter so 
as to override the noise on a telephone circuit. Unfor- 
tunately, this simple measure encounters limitations be- 
cause of voice distortion and fatigue that result if an effort 

*Engineering Report No. 16 of Reference 4. 

is made to maintain too high an energy level. However, 
the same result can be accomplished by improved trans- 
mitters, which in effect provide amplifying action in the 
device itself. Amplifiers can also be used to increase the 
speech level as is done on long-distance toll circuits. How- 
ever, in some cases, amplifiers will increase induced cur- 
rents as well as speech currents. Thus the amplifiers, in 
themselves, are not a remedial measure of value unless 
they provide a lower ratio of noise to speech levels. 
Another factor to be considered is crosstalk since ampli- 
fiers may increase the crosstalk level from adjacent circuits. 
An increase in the energy level to overcome noise on one 
circuit may require corrective measures in many circuits 
because of crosstalk from circuits located on the same pole 
line. From the foregoing discussion it becomes apparent 
that for commercial communication systems, increasing 
the power levels rarely provides a feasible solution for a 
particular exposure. Instead, the most economical trans- 
mitters with the highest practical energy output are em- 
ployed and the applications are made on the basis of the 
overall communication problem including crosstalk and 
noise. 

For power-line communication systems and other iso- 
lated circuits, increased power levels may provide a co- 
ordination measure of value. Thus, audio-frequency am- 
plifiers can be used to increase the voice-current output of 
the transmitter in combination with receivers of decreased 
sensitivity giving the same resultant receiver output. The 
amplifier is a relatively inexpensive remedial measure but 
requires maintenance and a source of energy. Thus, this 
type of remedial measure is more suitable for communica- 
tion systems connecting two principal stations than for 
those that supply circuits with many intermediate taps as, 
for example, a patrol line. In general, more extensive use 
of amplifiers on power-line communication systems for 
reducing noise than is now general practice would be 
advantageous. 

Balance of a Telephone Circuit—The balance of a 
telephone circuit or the symmetry of the two wires of a 
metallic circuit or of the four wires of a phantom circuit 
with respect to each other and to all other wires and to 
ground is a factor of great importance from the standpoint 
of noise when the circuits are located in powerful electric 
or magnetic fields. If the circuits are unbalanced, induced 
currents are produced which cause unequal drops in the 
different wires and thus impress a differential voltage on 
the metallic circuit; the result is noise in connected tele- 
phone receivers. Unequal conductor resistance, particu- 
larly high-resistance joints, may contribute importantly 
to the noise problem. Similarly, unsymmetrical capaci- 
tance coupling with other circuits may also be a factor of 
importance. Ordinarily telephone-circuit transpositions 
insure adequate conductor symmetry so that no special 
attention to this point is required other than maintenance 
to avoid high resistance joints or leaks to ground. 

Another source of unbalance may exist in telephone- 
office or subscriber equipment. Some of these unbalances 
are inherent in standard equipment, particularly of the 
older types. One of the principal sources of unbalance is 
produced on party-line systems. One type of set uses a 
ringer of about 20,000 ohms impedance at 1000 cycles at 
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subscriber premises connected between one conductor and 
ground. These ringers offer a relatively low impedance to 
ground, particularly at the frequencies below 300 cycles 
and since the ringers are not located symmetrically on the 
circuit they are sometimes a source of important un- 
balances. Several remedies have been used, one of which 
consists in replacing the lower-impedance ringer by a 
higher-impedance device (about 165,000 ohms at 1000 
cycles). Another measure uses ringing equipment at sub- 
scriber premises that is connected to the circuit by a tube 
only when the circuit is being used for ringing purposes. 
By this means the party-line circuit is not unbalanced 
under talking conditions. In the newer types of sets these 
unbalances are minimized. 

Quite frequently an exposure will involve only a short 
parallel, although the telephone circuit itself is long. Un- 
balances in the telephone circuit outside of the exposure 
section may contribute importantly to the total telephone 
noise. This source of trouble can frequently be avoided by 
installing a repeat! coil in the ends of the exposure section, 
thus effectively isolating the two sections of the circuit. 
The addition of the repeat coil, of course, introduces some 
transmission loss and interferes with telegraph use and 
with telephone-circuit testing, and therefore, can be justi- 
fied only in special cases. 

Frequency Response—In modern high-quality voice- 
frequency communication systems it is necessary to pro- 
vide reasonably good response over the frequency range of 
from about 200 to 3500 cycles, the range that also covers 
the principal harmonic frequencies of power systems. The 
older types of receivers produce the effect of resonance in 
the vicinity of 1100 cycles. For this reason the use of 
filters in telephone circuits to block the flow of induced 
current of a particular power-system frequency has often 
been proposed. However, experimental studies by power 
and communication companies have shown that such a 
method of solution is only rarely practical. In the future 
this method should be of still less value because the trend 
in communication circuit equipment is toward more 
uniform response and a wider frequency band. 

On rural telephone lines there are frequently high mag- 
nitudes of low-frequency induction. These situations can 
often be improved by reducing the low-frequency re- 
sponse25. For example, with the commonly-used connec- 
tion for a local battery telephone set, the receiver can be 
shunted by a 60-millihenry coil and a 0.75 mf capacitor 
placed in series with the receiver. Another arrangement 
is to reconnect the set placing the receiver with a 1-mf 
capacitor in series across the transmitter side of the in- 
duction coil. Such measures, while impairing the quality 
of voice reproduction, may provide an overall improve- 
ment in the order of 2:l where the noise is confined to 
low frequencies. 

Carrier-frequency communication systems are rarely 
affected by power-system harmonics because the har- 
monics in the carrier-frequency range are of small magni- 
tude and the effects of the lower harmonics are minimized 
because of frequency separation. 

Type of Circuit—The telephone circuit of maximum 
susceptiveness to induction from a power circuit is the 
ground-return or rural telephone circuit. Practically all 

such circuits are noisy when operated close to power cir- 
cuits. The metallicizing of such ground-return circuits 
provides the most important measure for minimizing noise- 
frequency problems in such cases. Sometimes it is prac- 
tical to metallicize only the exposure section by installing 
repeat coils between the exposure section and the remain- 
der of the circuit. Separation of the two wires of a metallic 
circuit is, of course, an important factor in the problem. 
Conductors on open-wire telephone circuits are usually 
located 12 inches apart. The reduced spacing of eight 
inches has been found advantageous for carrier-frequency 
circuits. Table 13 shows the relative noise in subscriber 

TABLE 13—RELATIVE NOISE IN SUBSCRIBER CIRCUIT 
EXPOSED TO SINGLE-PHASE COMMON-NEUTRAL POWER CIRCUIT 

sets for rural telephone lines, individual lines, and party 
lines with various types of ringing equipment. 

Duplex conductors or telephone-drop leads have been 
found advantageous from the noise standpoint in par- 
ticular situations. The close spacing and twisting of the 
conductors minimize the possibility of unequal voltages 
being induced in the two wires. However, these insulated 
conductors increase transmission loss and are likely to 
develop leakage unbalances as the insulation deteriorates. 
Consequently, duplex or similar conductors are impractical 
as a remedial measure, except for short lengths or for con- 
ductors that are intended for short&ime service. 

Cables provide an important factor in the simplification 
of noise-frequency coordination problems, particularly in 
the urban areas where exposures are severe. Cables pro- 
vide the economical form of construction in many densely- 
populated districts. With grounded cable sheaths the 
inductive effects from voltages are negligible. If the cable 
sheath is grounded at both ends through low-impedance 
connections, the noise problem from currents is reduced. 
In cable circuits the principal factor is the indirect metallic- 
circuit noise resulting from cable unbalances and the in- 
duced longitudinal voltages produced by residual currents. 
Usually, however, cables are relatively well transposed 
and balanced so that the important unbalances are those 
caused by central-office cord circuits and by subscriber 
ringing equipment. 
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14. Calculation of Telephone-Circuit Noise* 
The estimation of telephone-circuit noise resulting from 

power-circuit induction is an involved procedure. It is 
possible here only to indicate the general philosophy of 
telephone-noise calculations and to provide simple formu- 
las useful primarily for indicating order of magnitude of 
the noise problem in a typical situation. 

The general procedure in calculating telephone-circuit 
noise is to obtain power-circuit harmonic voltages and 
currents and to resolve these into balanced and residual 
components. Then the harmonic voltages impressed on 
the telephone-circuit conductors are calculated with the 
aid of coupling factors based on the geometry of the cir- 
cuits, and for residual circuits the equivalent depth of 
earth-return current for harmonic frequencies. The volt- 
ages impressed on the telephone-circuit conductors are 
then resolved into metallic- and longitudinal-circuit com- 
ponents. For a balanced but untransposed circuit, the 
noise-frequency currents in the telephone receiver resulting 
from the metallic-circuit components of induced voltages 
are readily calculated. Longitudinal voltages impressed on 
a perfectly balanced circuit cause no current in connected 
telephone receivers. However, when either series or shunt 
unbalances are present, longitudinal induced voltages act- 
ing upon them produce additional noise-frequency currents 
in the telephone receivers. 

The noise-frequency currents in the telephone receiver, 
which are obtained by the preceding calculations, are then 
converted to noise units with the aid of suitable conversion 
factors. Reference noise has been standardized at lo-l2 
watts at 1000 cycles, which corresponds to 0.0408 micro- 
amperes on 600-ohm circuits, and to approximately seven 
noise units for noise measured on the line†. 

Telephone circuit noise is frequently expressed in deci- 
bels (db). In the decibel scale the ratio of two voltage- or 
two current-quantities is expressed, 

Ratio in db = 20 log,, Ratio (33) 

Thus, telephone noise when expressed in db is the ratio 
to reference noise taking reference noise as seven noise 
units. Thus, telephone line noise is 

Noise in db =20 log10 
Noise Units 

7 (34) 

A convenient figure to remember is that a change of six 
decibels corresponds to a change of 2:l in voltage or cur- 
rent ratios. Table 14 gives a list of decibel and current- or 
voltage-gain ratios and corresponding relation to noise 
units. 

The foregoing discussion applies directly for induced 
currents of a single frequency. Where several harmonics 

*Extensive discussions of telephone-noise calculations are given 
in the Engineering Reports4 of the Joint Development and Research 
Subcommittee, Edison Electric Institute and Bell Telephone System, 
particularly No. 16 for open-wire toll circuits, No. 17 for open-wire 
subscriber circuits at roadway separation, No. 13 for open-wire 
subscriber circuits in joint-use situations, No. 9 for subscriber cir- 
cuits in cable, and No. 40 for ground-return or rural telephone 
circuits. 

†Reference noise based on receiver currents is 14 noise units. 

TABLE 14—DB RATIOS-RELATION TO GAIN RATIOS 
AND NOISE UNITS 

are present, the resultant noise is estimated by combining 
the individual noises according to the sum of the squares 
of the individual components. However, as a practical 
matter, the harmonics in the power system are replaced by 
an equivalent harmonic that can then be used with suitable 
coupling factors and with telephone-circuit impedances to 
give the equivalent noise-frequency current in the tele- 
phone receiver. This is essentially the inverse of the proc- 
ess discussed in Sec. 10 for the determination of power- 
circuit voltage and current T.I.F.‘s. In fact, the T.I.F. 
weighting curve can be used with a coupling factor varying 
directly with frequency and equal to unity at 1000 cycles 
to obtain the telephone-receiver weighting curve. When 
transpositions are present, as is usually the case, their 
effect can be estimated by a suitable factor. When there 
are unbalances outside of the exposure section, this cir- 
cumstance must also be taken into account. 

The preceding discussion shows that accurate noise cal- 
culat ions are complex. Fortunately, an important simpli- 
fication can be obtained by calculating (a) the longitudinal 
noise-frequency voltages and (b) the direct metallic-circuit 
noise. The longitudinal voltages are then used in connec- 
tion with the circuit unbalances to obtain the metallic- 
circuit noise caused by unbalances. Empirical factors, 
known as the metallic-longitudinal ratios (M-L ratios) are 
applied to the longitudinal noise-frequency voltages to 
obtain the metallic-circuit noise. Further simplification 
is obtained by considering only the direct metallic-circuit 
induction component, taking into account at the same 
time the reduction resulting from transpositions. Formulas 
for calculating the direct metallic-circuit noise are given 
below. This is illustrative of other methods and is more 
accurate when the effect of unbalances are relatively un- 
important. This method also gives the best physical pic- 
ture of the problem and is useful in indicating the severity 
of a noise problem. 

The basic formulas for the calculation of metallic-circuit 
noise $ are : 

‡These formulas and the K factors of Fig. 37 are based on En- 
gineering Reports Nos. 16 and 17 of Reference 4. 
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NME--B = KE-&(KV. TB) 7 TABLE 16 TRANSPOSITION REDUCTION FACTORS* 

NME--R=K~-~Kf(KV+Ta) 
NMI-B = KI.aKf(I * TB) t 

(35) 

NMIwR = KI--RKf(I. TR) j 
where NM&B, NMn-.R--metallic-circuit noise caused by 

electric induction from balanced 
or residual voltages-noise units. 

flMIeB, NMr-n-metallic-circuit noise caused by 
magnetic induction from bal- 
anced or residual currents- 
noise units. 

K&n, Kz-R-factors* giving ratio of metallic- 
circuit noise on telephone circuit 
to balanced or residual voltage 
on power-circuit in kv. See Fig. 
37. 

Kr-n, Kr-R--factorst giving ratio of metallic- 
circuit noise on telephone circuit 
caused by balanced or residual 
current to power-circuit am- 
peres. See Fig. 37. 

Krlength of exposure in kilo-feet. 
KV-power-circuit voltage in kilo- 

volts-fundamental frequency. 
I-power-circuit current in amperes 

-fundamental frequency. 
.KV* Tg, KV* TR-power-circuit voltage in kv from 

line to line multiplied by bal- 
anced voltage T.I.F.; corre- 
sponding KV.T factor for resi- 
dual. 

I l TB, Ia TR-power-circuit current in amperes 
multiplied by balanced or resid- 
ual current T.I.F. 

The K factors of Fig. 37 are based on horizontal distances 
in feet measured between nearest power and telephone 
conductors. In Fig. 37 the K factors for balanced voltages 
are plotted for symmetrical horizontal configuration; cor- 
rection-factor multipliers for several other configurations 
and for different heights of power conductors are given in 
the tabulation included in the figure. 

The noise resulting from several components of induc- 
tion can be combined according to the following formula: 

NM = Q(NME-B)‘+ (NME-R)‘+ (NMl-B)2+ (NMI-&’ 

(36) 
This is an empirical law of combination but represents the 
only practical method for combining the effects, which may 
range from the arithmetic difference to the arithmetic sum 
of the quantities. The effect of reduction in noise resulting 
from transpositions may be estimated from Table 15. 

The formulas of Eq. (35) do not take into account the 
beneficial action from mutual shielding of telephone-circuit 
conductors against electric induction. For this reason the 
values given will be somewhat high for a large number of 
telephone-circuit conductors insofar as the noise from in- 
duced residual voltage is concerned. These formulas do 

*Kn-n and KE-n are coefficients of electric induction in volts per 
kilovolt, multiplied by a constant of 0.077. 

tKr-n and Kr-n are coefficients of magnetic induction in micro- 
henries per kilofoot, multiplied by a constant of 0.08. 

not take the effects of unbalance into account. These 
effects, which may be estimated from a knowledge of the 
unbalances, may be more important from the noise stand- 
point than the effects of direct metallic-circuit induction. 

For joint-use situations, the constants KE-B, KE--R, etc., 
as given in Table 16 should be used. The effect of reduction 
in noise resulting from transpositions may again be 
estimated from Table 15. 

Noise Evaluation-The impairment of telephonic 
transmission produced by a given line noise can be ex- 
pressed in terms of an increase in the transmission loss of 
the circuit, which would cause an impairment of telephone 
service equal to that caused by the noise. With a knowl- 
edge of the costs which are involved in providing circuits 
to meet different standards of transmission, a judgment 
can be made as to the importance of noise in a given 
instance. This method of noise evaluation is used by Bell 
System Engineers 26 . On toll circuits, line noise of 200 noise 
units (29 db above reference noise) produces negligible 
impairment. Many power-company telephone lines are 
operating under conditions producing more than 800 noise 
units and some considerably in excess of that figure. The 
permissible noise of a particular circuit cannot be stated 
definitely as it depends upon the margin of telephonic- 
transmission loss, the room noise conditions at the ter- 
minals, the nature of the telephone business transacted, 
i.e., whether individual message or written reports, the 
quality of the service to be given and the characteristics 
of the user. 

TABLE 16—VALUES OF KIvB, KImR, KE-n AND KE-n FOR 
OPEN-WIRE JOINT-USE EXPOSURES‡ 

Above values apply to four-foot separation between power crossarm 
and nearest telephone crossarm. For six- and eight-foot separation, 
multiply KG-B and KI-R by 0.6 and 0.45 and KE--B and &-a by 

0.55 and 0.40, respectively. 
‡ Based on Engineering Report No. 13 of Reference 4. 
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Fig. 37--Charts for the determination of K E - B, KI-B, KE.--R and KI-R factors for use with noise formulas, Equations (35). 
In all cases telephone wires are assumed to be 1 foot apart and 25 feet above ground. 
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CHAPTER 24 

CHARACTERISTICS OF DISTRIBUTION LOADS 

Author: 
H. L. Willis 

A T&D system exists to deliver power to electric 
consumers in response to their demand for electric energy. 
This demand for electricity, in the form of appliances, lighting 
devices, and equipment that use electric power, creates electric 
load, the electrical burden that the T&D system must satisfy. 
In a de-regulated power industry, quality of service - basically 
quality in meeting the customers’ needs - is paramount. 
Quality begins with a detailed understanding of the customer’s 
demand requirements, and includes the design of a system to 
meet those needs. This chapter discusses electric load and 
presents several important elements of its behavior that bear on 
T&D system engineering aimed at satisfying those 
requirements as economically as possible. 

I. ELECTRICAL LOADS 

1. Consumers Purchase Electricity for End Use Application 

Electricity is always purchased by the consumer as an 
intermediate step towards some final, non-electrical product. 
No one wants electric energy itself, they want the products it 
can provide: a cool home in summer, a warm one in winter, hot 
water on demand, cold beverages in the refrigerator, and 48 
inches of dazzling color with stereo commentary during 
Monday-night football. Different types of consumers purchase 
electricity for different reasons, and have different 
requirements for the amount and quality of the power they buy, 
but all purchase electricity as a way to provide the end- 
products they want. These various products are called end- 
uses, and they span a wide range, as shown in Table 1. 

TABLE I—CUSTOMER CLASSES AND END-USE CATEGORIES 

Some end-uses are satisfied only by electric power 
(televisions, computers). In others, electricity dominates in 
usage over other alternatives (there are gasoline-powered 
refrigerators, and natural gas can be used for lighting). But for 
many end-uses, such as water heating, home heating, cooking, 
and clothes drying in the residential sector, and pulp heating 
and tank pressurization in the industrial sector, electricity is but 
one of several possible, competing energy sources. 

2. Power Systems Exist to Satisfy Customers, Not Loads 

The traditional manner of representing customer 
requirements for power system engineering has been as 
aggregate electric loads assigned to nodes for electrical design. 
For example, customer needs in an area of a city may be 
estimated as having a maximum of 45 MW. That value is 
then assigned to a particular bus in engineering studies aimed 
at assuring that the required level of power delivery can be 
provided by the system. 

Traditionally, the engineering methods used in those design 
studies have been system-based: performance and criteria are 
evaluated against the power system itself, not against the 
customers’ needs. Equipment loading limits, single- 
contingency backup criteria, and voltage drop/power factor 
guidelines defined on the distribution system and even at the 
customer meter point, all view electrical performance from the 
system perspective, and do not directly address customer 
needs. 

Such engineering methods, while necessary to tailor many 
aspects of T&D design, are not sufficient to completely 
address the maximization of customer value. Power systems 
exist to satisfy customers, not loads. Understanding the 
specific needs of the customers — how much quality they 
require in power delivery as well as the quantity of power they 
need — can improve the value provided by the power system. 
The “two Qs” — quantity and quality — both need to be 
considered in designing and operating a power system to 
provide maximum customer value. 

A: System Peak - 3,492 MW B: Residential - 4.2 kW/customer 

Fig. l—Left: peak electric demand for a power system in the 
southern United States, broken out by customer class. Right: 
within the residential class, which accounts for 58% of the system 
peak, per capita usage at peak conditions falls into the end-use 
categories as shown. 

End-use analysis of electric load — the study of the basic 
causes and behavior of electric demand by customer type and 
end-use category — is generally regarded as the most effective 
way to study consumer requirements from the standpoints of 
quantity, quality, and schedule. In any one household, 
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business, or factory, the various individual end-use loads 
operate simultaneously, forming the composite load, as 
depicted in Fig. IB. The T&D system sees this composite load 
through the meter as a single load. In aggregate, the loads of 
all customers produce the system load (Fig. 1 A), with each 
type or class of customer contributing a portion to the overall 
system demand. 

understanding of how customer loads interact with the power 
system. Most critical, however, is simply the act of keeping in 
mind that the “electric loads” used in T&D engineering studies 
represent the energy needs of people using electricity. The 

best power system is one that satisfies their needs as 
economically as possible. 

The amount of electric load created on a power system 
within any end-use category, for example residential lighting, 
depends on a number of factors, beginning with the basic need 
for lighting. People or businesses who need more lighting will 
tend to buy more electricity for that purpose. Also important 
are the types of appliances used to convert electricity to the 
end-use. Consumers using incandescent lighting rather than 
fluorescent lighting will use appreciably more electric power 
for otherwise similar end-uses. 

II. CUSTOMER ELECTRIC LOAD BEHAVIOR 

3. Connected Load 

The schedule of demand for most end-uses varies as a 
function of time. In most households, demand for lighting is 
lowest during mid-day and highest in mid-evening, after dusk 
but before most of the residents have gone to bed. The daily 
schedule of lighting demand usually varies slightly throughout 
the year, too, due to seasonal changes in the daily cycle of 
sunrise and sunset. Some end-uses are only seasonal. Demand 
for space heating occurs only during cold weather. Peak 
demand for heating occurs during particularly cold periods, 
usually in early morning, or early evening, when household 
activity is at its peak. 

The connected load is the sum of the full load (nameplate) 
continuous ratings of all electrical devices in the composite 
load system. A typical household in a developed country 
might have a 4,000-watt water heater, a l,OOO-watt water-well 
motor, a 5,000-watt central air conditioner, a 6,500-watt space 
heater, thirty lighting fixtures or lamps with an average load of 
100 watts each, a 4,000 watt cooking range, a 3,500 watt 
clothes washer/dryer, a 500 watt refrigerator, and 2,500 watts 
of miscellaneous home entertainment, personal grooming, and 
other small appliances, for a total of 30,000 connected watts of 
load. Whether all or any of these are operating at any one time 
depends on a number of factors, including the demand for their 
various end-use products. It is rare that all the connected load 
in a system or at any one customer’s location would be 
operational at one time (for example, air conditioning and 
heating would not be running simultaneously). 

The quality of the electric power supplied is more critical to 
some end-uses than to others. A power system that can 
provide the quantity of power required may still not satisfy the 
consumers, either because it does not provide sufficient 
availability of power (reliability), or because it does not 
provide sufficient voltage regulation or transient voltage 
performance (surges, sags). Reliability and voltage regulation 
needs vary from one end-use to another, as will be discussed 
later in this chapter, and depends mostly on the value of the 
end-use to the customer. 

4. Electric Load Curves 

The value that consumers place on any particular end-use is 
a function of its importance to their quality of life, or to the 
productivity of their factory or commercial business. An 
important (but for many power engineers, counter-intuitive) 
concept is that end-use value is not of a function of the cost of 
the electric power. For example, most personal computers and 
workstations use only 2-3# worth of power per hour, yet users 
typically report that an hour’s interruption due to lack of power 
has a cost of a dollar or more. 

Use of the products created by electric power - light, heat, 
hot water, images on the TV, and so forth, varies as a function 
of time of day, day of week, and season of year. As a result, 
the electric load varies. A load curve plots electric 
consumption as a function of time. Fig. 2 shows seasonal peak 
day load curves for residential loads from two electric systems 
in the United States. In one system, demand is highest in 
summer, during early evening, when a combination of air 
conditioning demand and residential activity is at a peak. In 
the other, peak demand occurs on winter mornings, when a 
electric heating demand is highest. 

Cost is a major factor in T&D design. In fact, cost is often a 
consumer’s primary concern, for which they are willing to 
accept major compromises in quality, and quantity, or service. 
The challenge facing T&D engineers is to meet consumer 
needs for both “Qs” - quantity and quality - at the lowest 
possible cost. Building a system that delivers higher reliability 
levels than customers need is exactly the same as building one 
that can deliver much more power than they need. 

Fig. 2—Typical summer (solid line) and winter (shaded line) peak 
day load curves for a metropolitan power system in the southern 
US (left) and a rural system in New England (right). 

Knowledge of the customer needs for quantity and schedule 
of power delivery, and of the value they place on reliability, 
voltage regulation, surge and sag protection, and other factors, 
are important factors in modern power factor design, as is an 

Load curve shape - when peak load occurs and how load 
varies as a function of time - depends both on the connected 
load (appliances) and the activitv and lifestvles of the 
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consumers in an area. Differences between the electric 
demand patterns of otherwise similar types of customer (as in 
Fig. 2) occur because of differences in climate, demographics, 
appliance preferences, and local economy. 

5. Demand 

Demand is the average value of load over a period of time 
known as the demand interval. Often, demand is measured on 
an hourly or quarter-hour basis, but it can be measured on any 
interval - seven seconds, one minute, 30 minutes, daily, 
monthly, annually. The average value of power, p(t) during 
the demand interval is found by dividing the kilowatt-hours 
accumulated during the interval by the number of hours in the 
interval. 

Demand is the average of the load during the interval. The 
peak and minimum usage rates during the interval may have 
been quite different from this average (Fig. 3). Demand 
intervals vary among applications, but commonly used interval 
lengths are 5, 15, 30, and 60 minutes. 

Peak demand, the value often called “peak load,” in design 
studies, is the maximum demand measured over a billing or 
measurement period. For example, a period of 365 days 
contains 35,040 fifteen-minute demand intervals. The 
maximum among these 35,040 readings is the peak fifteen- 
minute demand. This value is often used as the basis for an 
annual demand charge if the readings measure a single 
customer’s usage, and as a capacity target in engineering 
studies: the maximum amount the system must deliver. 

6. Demand Factor 

The demandfactor of a system is expressed as the ratio of 
maximum demand to the connected load. Normally the 
demand factor is considerably less than 1 .O. 

7. Load Factor 

Load factor is the ratio of the average demand to the peak 
demand during a particular period. Load factor is usually 
determined by dividing the total energy (kilowatt hours) 
accumulated during the period by the peak demand and the 
number of demand intervals in the period, as 

LF = Total usage during period (1) 
(Peak Demand) x m 

where m = number of demand intervals in period 

LF = Average Demand 

Peak Demand 

(2) 

Load factor gives an indication of the degree to which peak 
demand levels were maintained during the period under study. 
Load factor is typically calculated on a daily, monthly, 
seasonal, or an annual basis. 

8. Power Factor 

All loads require real power - kilowatts - to perform useful 
work such as mechanical rotation or illumination. Reactive 
loads also require reactive volt-amperes (VAR) to do a type of 

“non-productive work” required for their function, such as 
produce the magnetic field inside a transformer or motor, 
without which they can not function. 

VAR flow on a power system consumes capacity in 
conductors, transformers, and other equipment, but provides no 
useful “real” work. It is mitigated by the use of capacitors and 
other devices, or by changes in the end-use device so that it 
consumes fewer VARS (see Chapter 8). 

Fig. 3—Demand on an hourly basis (blocks) over a 24 hour period. 
Continuous line indicates demand measured on a one-minute 
interval basis. Maximum one-minute demand (at 552 PM) is 
about 4% higher than maximum one-hour demand (S-6 PM). 

9. Voltage Sensitivity of Loads 

The various electrical appliances connected to the power 
system exhibit a range of different load vs. voltage 
sensitivities. Important characteristics include their response 
to transient voltage changes and their steady state load vs. 
voltage behavior. 

Transient voltage response is difficult to characterize and if 
important, should be modeled with detailed, and specific, study 
of the transient response of the particular loads involved. 
Classification of transient load response into categories is 
useful in some cases, but no simple generalization works in all 
cases. 

For “steady state” representation, individual electric loads 
are generally designated as falling into one of three categories 
depending on how they vary as a function of voltage 

Constant impedance loads, for example an incandescent 
light or the heating element in an electric water heater, 
are a constant impedance, whose resulting load varies 
as the square of the voltage. 

Constant current loads, including some types of power 
supplies, many electroplating systems, and other 
industrial processes, are basically constant current 
loads. Energy drawn from the system is proportional to 
voltage. 

Constant power loads, such as some types of electronic 
power supplies, and to an approximate degree, 
induction motors, vary their load only slightly in 
response to changes in voltage. 

In each category, reference to a load as “ 1 kW” refers to its 
value at 1 .O PU voltage. Table 2 shows the value of a 1 kW 
load in each category, as a function of voltage. 
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TABLE 2 — ACTUAL LOAD OF A “1 KW LOAD” OF VARIOUS CATECKRIES 

AS A FUNCTION OF THE PER UNIT SUPPLY VOLTAGE - WATTS 

Correct representation of voltage sensitivity can be an 
important factor in analysis of power system performance, 
particularly on systems that are near permissible limits. 
Usually, engineering studies of transmission system are carried 
out using representations of the load as constant power. This 
works well, because the customer loads are usually 
downstream of load-tap changing transformers and voltage 
regulators and so are insensitive (in the steady state case) to 
changes in the voltages being modeled. 

On the distribution system, however, correct representation 
of voltage sensitivity is critical for accurate analysis of voltage 
drop and equipment loads. As can be determined from study of 
Table 2, the difference between constant power and constant 
impedance “1 kW” loads, at 8% voltage drop (typical of the 
maximum primary feeder voltage drop permitted on many 
systems), is 15%. Thus, the incorrect categorization of load 
voltage sensitivity could lead to a significant over or under 
estimation of voltage drop and loading on a feeder. 

Tests to determine voltage sensitivity on a feeder circuit or 
low-side bus basis, by varying LTC or voltage regulator tap 
position at the substation, are recommended to determine exact 
behavior. In the absence of specific information, 
representation as a constant current (load is proportional to 
voltage) is recommended. Within the United States, the 
following rule-of-thumb works somewhat better 

Summer peaking residential and commercial feeders as a 
split of 67% constant power and 33% constant 
impedance. 

Winter peaking residential and commercial feeders as a 
split of 40% constant power and 60% constant 
impedance. 

Industrial feeders as constant power feeders 

In developing countries, rural loads are best represented as 
25% constant power and 75% constant impedance and those in 
urban areas as an even split of constant power and impedance. 

Load flow and similar iterative engineering computations 
are faster and more stable in convergence if loads are 
represented as constant power than as constant impedance or 
current (fewer factors change value from iteration to iteration). 
In some cases, when a load flow commutation will not 
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converge, changing input data to represent all loads as constant 
power will promote convergence to an approximate solution. 

Analytical studies and digital programs can be simplified 
by deleting the constant current category and using only 
constant power and constant impedance type loads. Constant 
current load behavior (the rarest of the three types) can be 
represented over the range .88 to 1.12 PU voltage, with less 
than .75% error, if modeled as a mixture of 49.64% constant 
power, and 50.35% constant impedance load. The column 
labeled “Ratio” in Table 2 shows this mix of load types, with 
the right-most column giving the percentage error in 
representation of an actual constant current load. 

10. Characterizing Customers by Class 

Usually, electric consumers are grouped into classes of 
broadly similar demand behavior. A class is any subset of 
customers whose distinction as a separate group helps identify 
or track load behavior in a way that improves the effectiveness 
of the analysis being performed. Electric utilities most often 
distinguish customers by rate class (pricing category). 
Customer studies (load research) often make additional 
distinctions based on demographics, income, or SIC (standard 
industrial classification) code. 

Regardless, usually all customers in a class have similar 
daily load curve shapes and per-customer peak demands, 
because they employ similar types of appliances, have similar 
needs and schedules, and respond in a similar fashion to 
weather and changes in season. Table 3 and Fig. 4 illustrate 
how customer class values vary in one power system. 

TABLE 3—PEAK HOURLY DEMAND VALUES FOR CUSTOMERS IN A 

UTILITY SYSTEM IN NEW ENGLAND. 1992 

11. Customer Class Peaks Occur at Different Times 

Often, the various classes do not demand their peak energy 
at the same time, as shown in Fig. 4. As a result, the system 
peak load may be substantially less than the sum of the 
individual customer class loads (Fig.5). This is called inter- 
class diversity, or inter-class coincidence, of load. A class’s 
or customer’s load at time of system peak is its contribution to 
system peak, and the ratio of its peak contribution to its own 
peak load is its peak responsibility factor. Table 4 shows the 
peak load and responsibility factors of various classes in a 
utility system in the central United States. 
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III. CONVERSION OF ELECTRICITY TO END USE 

12. Appliances Convert Electricity to End Uses 

Each end-use, such as lighting, is satisfied through the 
application of appliances or devices that convert electricity into 
the desired end product. For lighting, a wide range of 

illumination devices can be used, from incandescent bulbs to 
fluorescent tubes, to sodium vapor and high-pressure mono- 
chromatic gas-discharge tubes and lasers. Each uses electric 

power to produce visible light. Each has advantages with 
respect to the other illuminating devices that gives it an appeal 
in some situations. But regardless of type or advantages, all of 
these devices require electric power to function, and create an 
electric load when activated. 

Fig. 4—Customer classes typically display different daily load 
curves. Shown here are the class summer peak-day loads from a 
metropolitan utility system in the southern United States. 

Fig. 5—Peak system load in this metropolitan system in Europe 
occurs when a combination of both residential and commercial- 
industrial load is at a maximum. 

TABLE 4—SYSTEM PEAK RESPONSIFHLITV BY CUSTOMER CLASS FOR A 
UTILITY SYSTEM IN THE CENTRAL UNITED STATES, 1992 

The term load, in this context, refers to the electric power 
requirement of a device that is connected to and draws energy 
from the T&D system to accomplish some purpose (opening a 
garage door) or to convert that power to some other form of 
energy (light, heat). Loads are usually rated by the level of 
power they require, measured in units of volt-amperes, or 
watts. Large loads are measured in kilowatts (thousands of 
watts) or megawatts (millions of watts). Power ratings of loads 
and T&D equipment refer to the device at a specific nominal 
voltage. For example, an incandescent light bulb might be 
rated 100 watts at 115 volts. If provided more or less voltage, 
its load would be different from 100 watts. Loads can be 
single-phase or multi-phase, and they can have real (resistive 
only) or complex impedance (reactance), too. 

The electric load in any one end-use category depends not 
only on the number of customers and their aggregate demand 
for the end-use, but also on the types of devices they are using 
to convert electricity to that end-use. For example, lighting 
load will be higher if most customers are using incandescent 
lighting to meet their needs, than if they are using only 
fluorescent lighting. Similarly, if a large percentage of 
customers use only resistive space heating instead of more 
efficient heat pumps, electric demand will be greater, even if 
the end-use demand is the same. Power quality needs also are 
function of appliance type. For example, variable-speed 

chillers are more sensitive to voltage sags than traditional 
constant-speed building cooling systems. 

Therefore, detailed analysis of electric load in a utility 
system generally proceeds into subcategories within each 
customer class’s end-use categories, with the subcategories 
characterized by appliance type, as shown in Fig. 6. The boxes 
indicate load curve models, the ellipses are multipliers 
corresponding to the number of customers or the percentage of 
customers in a class that have a certain appliance (e.g., thermal 
storage heating). Only part of the model is shown. Dotted 
lines indicate links to portions not illustrated. 

In detailed load studies, behavior of load in each category is 
analyzed by use of temporal curves, plotting demand for the 
end-use (e.g., gallons of hot water, BTU of heating required) or 
the electrical load, or cost of service interruption, as a function 
of time. Information on the percentage of customers 
employing each type of appliance, their end-use demand 
schedules, and the electrical and efficiency characteristics of 
the appliances, comprises the end use model. 
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Fig. 6—Structure of an “end-use analysis” based on customer, end- 
use, and appliance subcategory load curves. 

13. Appliance Output Is Controlled by Varying Duty Cycle 

Only a minority of electrical devices vary their load as a 
function of the end-use demand placed upon them. For 
example, the motor drive in a variable speed heat pump will 
control its RPM (and hence electric load) to correspond to the 
pumping requirements of the system, on a moment to moment 
basis. However, such appliances are a rarity. The majority of 
loads connected to a power system vary their output as a 
function of time by changing their duty cycle. Duty cycle is 
the portion of time the device spends operating during any 
period. 

Fig 7—Electric load (bottom) and internal water temperature (top) 
of a 4,000 watt, 50-gallon storage electric water heater as a 
function of time. 
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For example, most storage water heaters function in a 
simple manner to keep the water they provide at a constant 
temperature, regardless of demand, as illustrated in Fig. 7. A 
thermostat is set at the desired temperature, for example 

172.5”F. The thermostat has a “deadband,” a narrow range of 
temperatures on each side of the setting, within which the 

thermostat does nothing. A typical deadband might be 5°F - 

for example from 170°F to 175°F when the thermostat is set to 

172.5”F. Whenever the temperature drops below the 
deadband’s lower limit, the thermostat activates a relay (or 
electric circuit) that turns on the heating element. The element 
is left in operation until it raises the water temperature above 

the upper limit of the thermostat’s deadband (175”F), at which 
point the thermostat activates the relay to shut off the heater. 
The water temperature rises and falls slightly as the unit cycles 
on and off, as shown, but the electric load cycles completely 
from “all on” to “all off,” as the device tries to maintain a 
constant temperature. 

The 4,000-watt water heater, as illustrated in Fig. 7, creates 
a load of 4,000 watts whenever it is energized by its 
thermostat. Otherwise it creates no load at all. Over a period 
of 24 hours, it will vary its duty cycle in response to demand 
for hot water. When water heating demand is lightest, the 
water heater may operate only a few minutes in each hour. But 
when demand is highest, for example in the evening when 
dishwashing, clothes washing, bathing, and other activities are 
at a peak, it may operate continuously for an hour or more, as 
shown in Fig. 8. 

Fig. 8—The water heater’s load profile over a typical day. 

A large portion of the electric appliances in most electric 
systems, often a majority of the electric demand, operates in 
this manner. The consumer does not directly control the 
appliance’s on-off operation. Instead, the consumers sets a 
desired end-use measure (temperature, air pressure) on a 
controlling device (a thermostat, a pressure switch), and this 
device varies the appliance’s duty cycle in response to end-use 
demand. In the residential class, air conditioners, space 
heaters, refrigerators, freezers, water heaters, irons, and ovens 
fall into this category. In the industrial class, process heaters, 
air and water pressurization systems, and many fluid handling 
systems use this method of control. Fig. 8 shows the resulting 
daily load curve for a water heater. It cycles on and off, 
operating for longer times during periods of high demand, and 
only briefly when there is no demand and it must only make 
up for thermal losses. In all cases, however, when the water 
heater is operating its load is the same - 4 kW. 
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Fig. 9—Daily cycle of THI (temperature-humidity-illumination 
index) and air conditioner operation. The air conditioner’s 
connected load varies slightly as a function of THI. 

Fig. 9 shows a slightly more complicated appliance 
behavior, in which duty cycle and device characteristics both 
vary. Here, an air conditioner cycles between on and off under 
thermostatic control. As temperature rises throughout the day, 
demand for cooling increases, and the air conditioner spends a 
greater portion of its time in the “on” state, until in late 
afternoon it is operating all but a few minutes in every hour. 
The diagram illustrates a common secondary effect due to AC 
unit compressor design. When ambient temperature 
(temperature of the air around the AC radiator) rises, back 
pressure in the compressor increases, forcing the unit’s 
inductive motor to work harder and creating a slightly higher 
electrical load. Thus, its connected load varies with 
temperature, as shown. 

14. Appliance Duty Cycles and Coincidence of Load 

Fig. 10 shows the type of load curve widely used 
throughout the power industry as representative of a residential 
water heater’s daily load curve. This particular load curve was 
taken from a comprehensive water heater load survey done in 
the 1980s by a utility in the northern United States, prior to 
design and implementation of a water-heater load control 
program. This curve shown has a maximum value of 1,100 
watts during a brief early morning household activity peak, and 
a lower, but broader early evening peak. 

Fig. 10—A average residential water heater’s coincident demand 
curve - l/100,000 of the load resulting from 100,000 water 
heaters. Any single water heater has a load curve similar to that 
shown in Fig. 8, but its contribution to system load is depicted as 
shown here. This curve is also the expectation of any one water 
heater’s load by time of day. 

The daily water heater load curve in Fig. 10 looks nothing 
like the daily water heater load curve in Fig. 8. In Fig. 10, load 
varies smoothly from moment to moment, between a minimum 
of .53 kW and a maximum of 1.1 kW, displaying none of the 
blocky, on-off cycling shown in Fig. 8. Neither Fig. 10 nor 
Fig. 8 is incorrect. Each is accurate, but only within its own 
context. Their difference is attributable to intra-class 
coincidence of load. 

Fig. 11 illustrates the relationship between the two water 
heater load curves. On the top row, load curves A, and B show 
the load curves for two electric water heaters in neighboring 
homes on the same day. Curve C shows the curve for the 
water heater in B, on another day. All three represent the same 
appliance under nearly identical conditions. Timing of the load 
blocks varies, but in all cases the load is “all or nothing.” 

Load curve D shows the combined loads of both 
neighboring water heaters (the sum of curves A and B) on 
February 6, 1994. Even during the peak hour, the average 
water heater operates only a fraction of the time (in the system 
whose average water heater is shown in Fig. 10, exactly 
1,100/4,000 of the time, assuming all water heaters are 4,000 
watts connected load). For this reason, instances when the two 
water heaters operate simultaneously are rare, but this does 
happen several times each day, for brief periods. 

Curve E shows the curve for five water heaters (the units in 
five neighboring homes, including A and B). With five units, 
the likelihood of two or more units operating at any one time is 
increased considerably. However, the likelihood of all five are 
operating at the same time is quite remote (roughly 1100/4000 
raised to the fifth power, or less than .l percent). Curve F 
shows the combined load curve of 50 water heaters (all those 
served by one primary-voltage lateral). 

Fig. 11—Daily load curves for different sized groups of residential 
water heaters. 
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As an increasingly large number of water heaters is 
considered as a group, the erratic, back-and-forth behavior of 
the individual water heater load curve gradually disappears. 
The load curve representing a group’s load becomes smoother 
as the size of the group is increased, the peak load per water 
heater drops, and the duration at lengthens. By the time 1,000 
water heaters are reached (Fig. 1 IG) the curve shape is quite 
smooth, and peak load is at its coincident value of 1,100 
watts/unit. 

While no single customer within the group depicted in Fig. 12 
would have an individual load curve that looked anything like 
Fig. 12B (every customer’s load curve looks something like 
Fig. 12A), the smooth coincident load curve for the group has 
two legitimate interpretations. 

Thus, Fig. 10 (same as Fig. 1 lG), while unlike any 
individual water heater’s actual load curve, is an accurate 
representation of water heater behavior from either of two 
perspectives. First, it is a diagram of average contribution to 
system load, or coincident load, on a per water heater basis — 
l/l 00,000 of the load of the 100,000 water heaters in the 
system. Second, it is the expectation of a water heater’s load 
as a function of time. To a certain extent, the exact timing of 
the “on” load blocks in Fig. 7- 9, and Fig. 11 is random from 
day to day. Fig. 10 is a representation of the expected load of 
one water heater, as a function of time; the best estimate, a day 
ahead, of load as a function of time. 

I. The curve is an individual customer’s contribution to 
system load. On the average, each customer of this 
class adds this load to the system. Add ten thousand 
new customers of this type, and the system load curve 
will increase by ten thousand times this curve. 

Note that energy per water heater (area under the load 
curve) is not a function of group size. The energy used per 
water heater is constant in any of the load curves in Fig. 11. 

2. The curve is the expectation of an individual 
customer's load. Every customer has a load that looks 
something like the on-off behavior shown in Fig. 12A, 
but each has slightly different on-off times that vary in 
an unpredictable manner from day to day. Fig. 12B 

gives the expectation, the probability-weighed value of 
daily load that one could expect from a customer of 
this class, selected at random. The fact that the 

expectation is smooth, while actual behavior is erratic, 
is a result of the unpredictability of timing in when 
appliances switch on and off. 

15. Coincident Load Behavior in General 

Most of the major loads in any home or business behave in 
a manner similar to the on-off, coincident behavior shown in 
Fig. 7 - 9 and Fig. 11. Refrigerators and freezers, air 
conditioners, space heaters, water heaters, and electric ovens in 
homes; and pressurizers, water heaters, process and other 
finish heaters, and other equipment in industry; all turn on and 
off in a performance-regulated duty cycle manner. As a result, 
individual household load curves, and many commercial and 
industrial site load curves, display the blocky, on-off load 
behavior shown in Fig. 12A. As with the water heaters, when 
a group of similar loads (homes in this case) is considered as a 
single load, the load curve becomes smoother, the peak load 
drops, and the minimum load rises. Note that the vertical scale 
of all six load profiles shown in Fig. 12 is in “load per 
customer” for each group. 

Commercial and industrial customers exhibit intra-class 
coincident behavior qualitatively similar to that discussed here, 
but the shape of their coincidence curves may be (usually is) 
different than for residential. By contrast, inter-class 

coincidence is the difference in timing of peak periods among 
classes (Fig. 4). 

The 22 kW non-coincident needle peak demand shown in 
Fig. 12A for a single household is high, but not extraordinary 
for homes in the southern United States. Load curve A 
represents a 2100 square foot residence with 36 kW connected 
load (sum of all possible heat pump, water heater, garage door 
opener, washer-dryer, other appliance and lighting loads). 
While customer characteristics vary from one system to 
another, the qualitative curve shape behavior shown in Fig. 12, 
as well as the tendancy of load curves to become smoother, 
and peak loads lower, as group size is increased, apply to all 
power systems. 

16. Coincident Curve: Expectation of Non-Coincident Load 

The interpretation of coincident load behavior as the 
expectation of non-coincident load behavior, as explained in 
sub-section 14 (water heater example) is generally applicable. 

Fig. 12—Non-coincident (A) and coincident (B) winter peak day 
load curves for home in a suburban area of Florida. Curves B 
through F show the gradual transformation from non-coincident 
to coincident behavior as group size increases. Feeders see load 
curves similar to B. Every service drop sees a load curve like A. 
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17. Importance of Coincidence Assessment in T&D Design 

Coincidence behavior of load, as depicted in Fig. 12, is 
important to T&D planning and engineering. Equipment such 
as service drops, service lines (LV), and service transformers, 
which serve small numbers of customers, must be designed to 
handle load behavior, including customer needle peaks, of the 
type depicted in Fig. 12A. Normal service does not require 
this equipment to handle these load levels for more than a few 
minutes at a time, a factor that can be considered in 
determining the load rating of this equipment. By contrast, 
equipment serving large groups of customers sees fully 
coincident load curve behavior (Fig. 12B). Peak load per 
customer is lower, but peak duration is much longer. 

Usually, in spite of the high needle peak values, the thermal 
capacity of service drops, service (LV) circuits, and service 
transformers can be determined based on coincident peak load 
values. The thermal time constants for most conductor, cable, 
and transformers are much longer than the duration of any 
needle peak. As a result, thermal loading calculated on the 
basis of coincident curve shape is usually representative of the 
thermal loads that will result from the actual non-coincident 
load curves. 

Voltage drop and losses are another matter, however. Fig. 
13 compares the losses that result in a set of triplex service 
drops, for the two load curves Fig. 12A and Fig. 12B. The 
result shown is typical. Use of coincident rather than non- 
coincident load curve typically results in errors of up to 50% in 
estimating low voltage system losses, and up to 16% in 
estimating the total voltage drop to the customer’s meter. 

18. Coincidence Factors and Curves 

Fig. 13—Electric losses through a typical set of residential service 
drops, for the load curves in Fig. 12A (left) and 12B (right). 
Voltage drop would similarly show a significant difference. 

Usually, coincident load behavior is summarized for 
application to power distribution system engineering by the 
coincidence factor, and the coincidence curve. Coincidence 
factor is a measure of how peak load varies as a function of 
group size for customers 

C = observed peak for the group 

I( individual peaks) 
(3) 

Fig. 12 illustrates well that as the number of customers in the 
group increases, the peak load/customer usually drops by a 
considerable amount. Coincidence factor, C, can be 
represented of as a function of the number of customers, n, in a 

group 

C(n) = peak load of a group of n customers 

n x (average individual peak load) 
(4) 

where n is the number of customers in the group, 
and 1 < n < N = number of customers in the 
utility system 

Diversity factor, D(n), is the inverse of coincidence factor. 
It measures how much higher the customer’s individual peak is 
than its contribution to group peak. 

D = Diversity factor = l/ Coincidence factor (5) 

The coincidence factor, C(n), has a value between 0 and 1, 
and varies with the number of customers in a fashion identical 
to the way the peak load varies. Fig. 14 shows a coincidence 
curve, a plot of how C(n) varies with n. Typically, for 
residential and small commercial load classes, C(n) tends 
toward an asymptotic value of between .33 and SO for large 
values of n. The value for larger commercial and industrial 
customers is usually higher, - .75 to .85 is typical, Table 5 
gives representative asymptotic coincidence values for typical 
customer classes. Coincidence behavior varies greatly from 
one utility to another, and among customer classes. The curves 
and tables shown here are representative of the type of 
behavior seen in all power systems, but can not be 
quantitatively generalized to all power systems. 

Usually, coincident load curve data is readily available, but 
accurate non-coincident load curve data is not. In addition, 
many types of recording systems and analysis methods distort 
non-coincident load curve data when it is recorded, producing 
a smoother curve and lower peak loads than actually existed in 
the load. Gathering and verifying accurate load curve shape, 
load factor, and losses factor data for non-coincident and 
“partially coincident” (groups of 5-20 customers) equipment 
analysis requires care and attention to detail. However, it is F’ 
recommended, due to the potential error that inexact data 

lg. 14—Peak load per customer as a function of the number of 
customers in a group (left scale) and coincidence factor (right 

creates in losses and voltage drop and flicker computations. scale) for residential class, from a power system in the central US. 



Chapter 24 Characteristics of Distribution Loads 793 

TABLE ~-ASYMPTOTIC WINTER PEAK SEASON COINCIDENCE FACTOR 

BY CUSTOMER CLASS, FROM A SYSTEM IN THE CENTRAL UNITED 

STATES, BASED ON 15 MINUTE DEMAND PERIOD DATA 

19. Coincidence of Load Varies as Demand Varies 

The coincidence curves and coincident data normally 
gathered and applied to power system engineering represent 
peak period behavior - the load conditions for which the 
system design is targeted. On occasion, however, off-peak 
coincidence data are gathered, usually to support detailed study 
of load control, energy efficiency, and other integrated 
resource programs (discussed later in this section), or for 
detailed assessment of losses behavior and equipment 
performance on an annual basis. 

The “connected” load on a power system does not vary 
substantially as a function of time. Electric demand varies 
because the portion of devices activated by their control system 
(whether manual or automatic) varies as a function of time. 
During peak periods, a greater fraction of all customer 
appliances are activated: There is a higher coincidence of 
loads. For example, in some areas in the southern United 
States, over 90% of all residential space heaters are operating 
at the time (15-minute demand period) of winter system peak. 
However, during the maximum demand period of an off-peak 
day (e.g., a day in late fall) only 20% will be operating. 

Regardless, on either a winter peak day, or an off peak fall 
day, individual households create needle peak loads as major 
appliances operate through their on-off cycles. However, 
during off-peak times, there will fewer needle peaks, of less 
average duration. As a result, the likelihood of overlap of 
needle peaks (e.g., coincidence) among neighboring customers 
is less than at peak. As a result, coincidence curves 
representing load behavior during peak and an off-peak times 
will differ, as shown in Fig. 15. 

Fig. 15—Coincidence curve for winter peak conditions, and for off- 
peak conditions (late fall). 

I I 

Fig. 17—Annual load duration curve for a power system serving a 
metropolitan area in the southeastern United States. 

20. Load Duration Curves 

A convenient way to study load behavior for some 
engineering purposes is to order the demand samples from 
greatest to smallest, rather than as a function of time, as shown 
in Fig. 16. The two diagrams shown in Fig. 16 consist of the 
same 24 numbers, in a different order. Peak load, minimum 
load, and energy (area under the curve) are the same for both. 

Fig. 16—The hourly demand samples in a 24-hour load curve are 
“re-ordered” from greatest magnitude to least to form a daily 
load duration curve. 

Load duration curve behavior will vary as a function of the 
level of the system. Load duration curves for small groups of 
customers will have a greater ratio of peak to minimum than 
similar curves for larger groups. Those for very small groups 
(e.g, one or two customers) will have a pronounced 
“blockiness,” consisting of plateaus - many hours of similar 
demand level (at least if the load data were sampled at a fast 
enough rate). The plateaus correspond to combinations of 
major appliance loads. The ultimate “plateau,” would be a 
load duration curve of a single appliance, for example a water 
heater that operated a total of 1,180 hours during the year. 
This appliance’s load duration curve would show 1,180 hours 
at its full load, and 7,580 hours at no load, with no values in 
between. 

Annual load duration curves. Most often, load duration 
curves are produced on an annual basis, reordering all 8,760 
hourly loads (or all 35,040 quarter hour samples if using 15- 
minute demand intervals) in the year from highest to lowest to 
form a diagram like that shown in Fig. 17. The load shown 
was above 997 MW (system minimum) 8,760 hours in the 
year, but above 2,000 MW for only 1700 hours. 
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Fig. 18—Examples of coincidence curve modification due to various types of demand-side management (DSM) programs. Thin solid 
line indicates base coincidence behavior. Heavier lines indicate the coincidence behavior of the load after DSM modification. 

21. Coincidence Curve and DSM Interaction 

Many integrated resource methods, such as appliance 
interlocking and load control, and other demand-side 
management (DSM) measures, change the coincidence 
behavior of customer loads, not the loads themselves. For 
example, adding insulation and weather-sealing to a building 
does nothing to change the load of its air conditioning and 
heating system. These energy conservation measures slow 
heat transfer into and out of the building, lengthening the the 
“off’ portions of every on-off cycle. The same needle peaks 
occur, but spaced farther apart in time. Basically, this DSM 
measure cuts the percent of time the AC/heater is on, and 
hence the coincidence of these appliances. 

Fig. 18A illustrates the change in coincident load behavior 
made by universal use of appliance interlocking among all 
residential customers in a large group. Interlocking involves 
jointly wiring the thermostats for the electric water heater, and 
the air-conditioner/heater, so that the water heater cannot 
operate if the air-conditioner/heater is operating. It is a simple 
form of the appliance schedule optimization that can be 
affected with home automation systems. 

The broad line in Fig. 18A shows the resulting coincidence 
curve. The 22 kW peak values, which occasionally resulted 
from the random overlapping of appliances activating 
simultaneously, are now completely avoided. As a result, the 
22 kW peak values, and the value of the coincidence curve at 
the Y-axis, are both reduced by the magnitude of the water 
heater’s connected load (4 kW in this example). 

However, the water heater is not denied energy. Its use is 
merely deferred until periods when the air conditioner or heater 
is switched off. As soon as the master (AC-heater) appliance 

switches off, the water heater will activate. Over any lengthy 
period of time (an hour or more) both appliances usually 
receive all the energy they need. Thus, over any large group of 
customers, coincidence of energy usage within any demand 
period will not be affected. The asymptote is unchanged. 

An opposite type of effect is shown by the broad line in Fig. 
18B. Appliance load control is basically a method to limit 
duty cycle, and thus coincidence of load. Typically, load 
controllers are set to limit the operation of any appliance to no 
more than a certain number of minutes per demand period. For 
example, a controller might be set to limit its air conditioner to 
no more than 12 minutes operation out of any 15 minute 
period, a duty cycle of 80%. During peak conditions, the 
average thermostat may want to operate its air conditioner 90% 
of the time. Thus, this load control effects an 11% reduction in 
air conditioner energy usage. As a result, the asymptotic value 
of the coincidence curve, for large groups of customers with 
load control, is reduced. 

Such a load control measure makes no impact on the 
maximum height of the needle peaks produced by any 
household. The AC unit is still the same connected load, and 
still likely to overlap with other appliances to create high 
needle peaks. As a result, load control has no impact on the 
value of the coincidence curve for individual customers. In 
cases where control is poorly coordinated, or the load control is 
aggressively used to maximize the reduction of coincident 
peak load, it can produce a “rebound effect,” increasing peak 
loads on some levels of the system, as shown by the dotted line 
in Fig. 18B. Fig. 18C through Fig. 18F represent the actions of 
other often-used DSM approaches. 

Fig. 18 illustrates two very important points about DSM 
programs. First, DSM programs do not necessarily produce 
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similar amounts of load reduction on all levels of the power 
system. Second, by use of coincidence curve analysis of the 
type shown in Fig. 18, it is possible to target a DSM program’s 
load reductions at particular levels of the power system. DSM 
measures that affect the peak loads of large groups of 
customers, or small groups, can be selected as needed to target 
feeder or service (LV) levels. 

to zero. Demand recorders as used in revenue metering and 
most (but not all) electronic meters use this type of load 
recording. 

IV. MEASURING LOAD CURVE DATA 

Regardless of the actual behavior of the electric load, it is 
measured and sampled through the “eyes” of equipment and 
procedures which may introduce errors by not capturing 
completely all of the load’s characteristics. Many types of load 
recording perform a type of filtering that makes load behavior 
look more coincident (smoother, lower peak) than it actually 
was. Other types mis-recording of load cycles in a way that 
renders the load curve data virtually useless. In both cases, the 
data looks like load curves, but is inaccurate. Regardless, 
power engineers must be aware of the source of all load data, 
the method used in its recording, and any limitations it creates 
on the accuracy or use of the resulting data. 

Essentially, instantaneous sampling records the actual load 
value at specific instants spaced an interval apart. Period 

integration averages its load measurement over the entire 
sample interval between two of those instances. There can be, 

and usually is, a considerable difference in the recorded data, 
depending on which of these two different sampling techniques 
is used. 

22. Load Sampling Rate and Type 

Most load measurement, recording, and analysis equipment 
and procedures work with load curve data as sampled data. 
Load values are measured and recorded at uniform intervals of 
time. For example, often load curves are represented in 
engineering studies as 24 hourly loads. Many load recorders 
measure and store load behavior on a 15-minute basis. There 
are two very important aspects of sampling. The first is the 
type of sampling used, the second is the rate of its application. 

Discrete sampling measures and records the load’s value at 
specific periodic instances. For example, load recorder may 
measure electrical load every 15 minutes. Every quarter hour, 
this device “opens its eyes” to sample the load, and records the 
value, and begins a waiting period until the next sampling 
instant. What the load does in between those 15-minute 
sample periods is immaterial to the recorder. 

This kind of sampling, which is often called instantaneous 
sampling, is the type normally dealt with in textbooks on signal 
processing as “discrete sampling.” Much of the load data used 
in power systems studies comes from this type of sampling. 
Many types of distribution load recorders (“load loggers”) do 
only instantaneous sampling. SCADA systems that “trap” load 
readings on a periodic basis do instantaneous sampling. 
Manual reading of load strip charts is basically discrete 
sampling: typically, load data is prepared for computer 
processing from strip charts by an engineer or analyst who 
reads the value every so often from the strip chart and codes it 
into the computer data base. 

Fig. 19—Two different load sampling methods (middle, bottom) 
applied on an hourly basis to the residential load curve from Fig. 
12A (top), produce quite different data. 

Fig. 19 shows the single all-electric household daily load 
curve from Fig. 12A, along with versions of it obtained by 
sampling on an hourly basis with period integration (middle) 
and discrete sampling (bottom).’ 
nor instantaneous discrete sampling on an hourly basis 
captures all the details of the load behavior. However, in this 
case, discrete sampling produces a very spurious-looking load 
curve. for reasons that will be discussed later. 

23. Observed Load Behavior and Sampling Rate 

Demand sampling, also called period integration, 
measures and records the total energy used during each period. 
If applied on a 15-minute basis, period integration records the 
energy (demand) during each 15-minute period. At the 
beginning of each measurement interval, a watt-hour meter is 
re-set to zero and begins counting the energy used. At the end 
of the period, the reading is recorded, and the counter is re-set 

The second important aspect of load curve sampling is the 
sampling rate. Fig. 20 shows Fig. 12A load curve sampled 
with period integration on a 5, 15, 60 and 120-minute basis. 
Note that the resulting data displays significantly different 

The load curve in Fig. 12A was obtained using period 
(demand sampling) on a five-minute interval basis. 
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Neither demand sampling 

integration 
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behavior, depending on sampling rate. As the sampling is 
done faster, the curve shape displays more of its blocky, on-off 
nature: the recorded data comes closer to representing the true 
load curve shape peak value. 

But as shown, if a load is sampled by period integration 
applied at a slow rate, the resulting load data may look smooth, 
when, in fact, actual behavior is erratic, with high needle 
peaks. Fig. 21 shows peak demand for the data in Fig. 12, 
plotted as a function of period integration sampling rate. The 
measured peak load decreases as the sampling period increases 
from five-minutes to one hour. The reason is that the sampling 
rate, or demand interval, defines the meaning of “peak”. 
Sampled at one-minute intervals, the peak is the maximum 60- 
second demand. Sampling on an hourly basis smoothes out a 
lot of the needle peaks, and yields a curve whose peak is the 
maximum one hour demand. A non-coincident curve (top of 
Fig. 20) can look like it was smoother and very “coincident” 
simply because it was demand-sampled at too low a sampling 
rate. 

Fig. 20—Single household load (Fig. 12A) sampled by period 
integration (demand recorder) on a 5,30,60,120-minute basis. 

Fig. 21—Measured peak demand of a single residential customer 
varies greatly depending on the intervals used to sample its load. 

As shown in Fig. 20 and Fig. 21, changing the sampling 
rate changes the perceived or measured peak value and the 
“choppiness” (variance) seen in the load curve. However, not 
all types of load curves are equally sensitive to this 
phenomenon, This effect is most pronounced when sampling 
non-coincident load curves - those representing small sets of 
appliances or just a few customer. It is minor or undetectable 
when sampling load of large groups of customers, such as an 
entire system. 

Thus, the apparent coincidence of load changes as a 
function of sampling rate. Fig. 22 shows coincidence curves 

for the residential customers used earlier in Fig. 12- 16, re- 
computed based on period integration sampling intervals of 5, 
15, and 60 minutes. Because the peak load of a single 
customer, upon which coincidence factor computation is based, 
changes a great deal as a function of sampling rate (Fig. 21), 
the coincidence curve, itself, will change. Characteristics and 
sensitivity discussed here involve only period integration 
sampling (i.e., demand recorders), which is the most common 
approach to gathering load research and load curve data. 

Fig. 22—Coincidence curves based on data measured at 60, 15, and 
5 minute demand intervals for residential all-electric homes. 

Aliasing. Instantaneous sampling has a far different 
interaction with sampling rate and recording accuracy than the 
period integration method discussed above. Fig. 23 shows the 
load for a single household (Fig. 12A) measured by 
instantaneous sampling on an hourly basis. One profile is the 
result of sampling instantaneously every hour, on the hour. 
The other is sampled hourly a quarter past the hour. The 
apparent load curve shape, and peak load of these two curves 
are different. Neither is an accurate representation of the 
actual load curve behavior. 
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The problem with instantaneous sampling applied in this 24. Signal Engineering Perspective on Load Sampling 
case is that its rate is much to slow to “see” the load behavior. 
But unlike period integration, which smooths the load curve 
when applied at a slow rate, instantaneous discrete sampling 
distorts it, badly, as shown. The load being recorded in this 
case (Fig. 12A), has very erratic on-off load behavior common 
to non-coincident loads. It is simply random chance whether a 
particularly hourly recording instant, falls upon a needle peak, 
or a “needle valley.” For a load that has needle peaks, as does 
any individual household load, instantaneous sampling at a low 
sampling rate gives very poor, even completely unusable 
results. 

Load as a function of time is a signal, a value measured as a 
function of a continuously varying indexing parameter. A 
fundamental concept of signal engineering is that any signal 
can be represented as the sum of a set of sine waves of 
different frequencies and magnitudes. Low frequencies are 
slowly undulating sine waves, high frequencies represent rapid 
shifts in value. Any behavior that is characterized by rapid 
shifts in value is high frequency behavior. A load curve with a 
great deal of on-off “choppiness,” as for example Fig. 12A, has 
a large amount of relatively high frequency behavior. On the 
other hand, a smooth coincident load curve (Fig. 12B) has no 
high frequencies. 

Fig. 23—Single household load curve (top of Fig. 20) sampled with 
hourly discrete sampling. Left: load curve sampled discretely 
every hour at the beginning of the hour. Right; sampled every 
hour 15 minutes after the hour. 

A fundamental theorem of sampled signal theory is that for 

cycling on an individual household basis. Better yet, one- 

minute samples can be used when trying to identify appliance 
or individual household load behavior in detail. 

instantaneously discrete sampled data to be valid, the sampling 
must be done at twice the rate of the highest frequency in the 
signal. Thus, to capture completely behavior of a load curve 
that has rapid shifts in load (and thus avoid errors as depicted 
in Fig. 23), it is necessary to sample it twice as often as its 
appliance loads cycle on and off. Since many appliances turn 
on and off within a fifteen or even ten-minute period, a 
minimum rate of five-minute sampling is necessary to see peak 
load, coincidence, and load curve behavior of such rapid 

As mentioned in sub-section 23, instantaneous discrete 
sampling and period integration sampling differ dramatically in 
what they do if sampling rate falls short of these requirements. 
Essentially, period integration samples a load curve but filters 
it simultaneously. The averaging over each demand interval, 
as discussed above, smoothes out choppiness (removes high 
frequencies). To a very good approximation, this type of 
sampling can be thought of as responding only to frequencies 
in the signal that are in the band of frequencies below one-half 
its sampling rate. The period integration responds to 
frequencies in the band it can “see” (those below its sampling 
rate limit) and ignores those above that limit. 

While the two load curves in Fig. 23 look quite different, 
and bear no resemblance to the actual load curve shape, they 
share one characteristic: Both seem to oscillate back and forth 
every three to five hours. This is called aliasing, or “frequency 
folding” in signal theory, and is essentially a “beat frequency” 
generated by interference between the sampling rate, and the 
duty cycle rate of the appliances in Fig. 12A. Something 
similar to this occurs any time the measured quantity being 
sampled cycles back and forth at a faster rate than the 
sampling. In this example, appliances are cycling on and off 
at a rate much too fast for the hourly sampling rate to track. 
The beat frequency, or “aliasing profile” shown here, is a 
characteristic of under-sampled curves, something to watch for 
in load data. This type of distortion is common. It is fairly 
easy to detect by manual inspection (at least if given some 
training and understanding of what causes it), and its presence 
means that the load curve data is probably completely invalid. 

In the presence of a great deal of erratic on-off load shifts, 
as occurs in most non-coincident loads, neither period 
integration (demand sampling) or instantaneous discrete 
sampling gives a completely accurate measurement of the load 
curve behavior. The integration method averages behavior 
over each period. The instantaneous method may chance upon 
any value. If the load being measured is fairly smooth, for 
example the load of an entire power system, then the level of 

Thus, sampling a load at half-hour intervals with period 
integration will obtain valid information on all frequencies in 
the load up to one cycle/hour, but will smooth out, or filter, 
fluctuations that are due to more rapid load behavior. (This 
perspective is slightly simplistic - i.e., only approximate on 
several minor technical points - but sufficient for this 
discussion). Instantaneous sampling, on the other hand, does 
not filtering, and tries to respond to everything it sees. 
However, it can only validly see frequencies below twice its 
sampling rate. It responds to frequencies above that limit by 

aliasing them, interpreting high frequency changes as low 
frequency. The result is a recorded load curve that may be 
invalid for most engineering and analysis purposes, as are 
those in Fig. 23. 

error in either case is minute and the issue unimportance. On 
the other hand, if there is a good deal of non-coincident load 

25. Determination of the Sampling Method and Type 

behavior, as usually with loads measured on the distribution Both period integration and instantaneous sampling record 

system, then the sampling rate phenomena discussed here are only “approximate data” when applied at too low a sampling 

of concern in the load analysis and subsequent engineering. rate to track non-coincident behavior in the load. Instantaneous 
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sampling aliases high-frequency load behavior, producing load 
curve data that is useless for engineering and load analysis 
purposes. On the other hand, period integration filters out the 
high-frequency behavior in the load, producing curves that 
appear “more coincident” than the actual load. While this 
introduces an inaccuracy in subsequent load analysis and 
engineering, the curves are at least correct within the context of 
coincident load analysis. 

dividing by 1,000 may seem to be a proper way to produce a 
representative single-household non-coincident load curve, it 
gives a smooth coincident curve instead. 

In all cases, the preferred approach is to use period 
integration applied at a high enough rate to sample all the 
behavior pertinent to the engineering. However, choice of 
sampling rate and method is often a compromise between cost 
and accuracy. There will always be some load behavior 
occurring at a rate faster than can be sampled. Most loads 
contain motor starting transients and switching fluctuations 
that can only be captured by very high (10 Mhz) sampling 

Addition is a signal filtering process. The “average” curve 
obtained by addition/division of a number of customer sample 
load curves is filtered, in a way that removed high frequency 
load fluctuations. This is the major reason why many T&D 
engineering studies and load analysis procedures consistently 
underestimate non-coincident load behavior and often 
underestimate the amount of coincidence (value of C(n) for n 
very large). Most of the load curve data available to engineers 
has been obtained and processed by averaging a group of 
sampled customer load curves. This averaging produces only 
coincident load curve data. Most load curve data in use at 
electric utilities has been produced by averaging, over large 
enough customer samples, that it is effectively representation - 

rates. of completely coincident behavior. 
The engineers and load analysts performing load research It makes no difference, in the example cited above, whether 

must either select a load recording method that suits their the load curves added together were samples for 1,000 
needs, or make only valid use of the data that has been given to households on the same day, as described above, or perhaps 
them. Recommended practice is to research fully where the 1000 days worth of one minute readings for one house. In 
load curve data came from and how it was recorded, and if it either case, the result of adding together the sampled curves 
has gone through any type of aggregation, filtering, or other and averaging them to create an average with create a smooth, 
process that might have altered coincident demand behavior. coincident load curve. 
Although a majority of recorded load research data comes from The usual reason that a set of load curves is averaged is to 
demand interval recorders (period integration), a surprising produce a single curve that is most representative of the set’s 
number of sources produce discrete sampling. This includes behavior. Simply put, algebraic methods (averaging) cannot 
data taken from SCADA systems, certain types of signal be used to produce average non-coincident curves: there is no 
recorders, as well as most portable devices made for logging work-around within normal algebraic approaches. Instead, 

some form of pattern recognition or clustering analysis must be 
applied to find the “load curve most like all the others.” For 

loads on feeder and service level circuits. In addition, many 
people forget that data “read by hand” from strip and circular 
charts is essentially discretely sampled data. 

The fact that instantaneous sampling can, and often does, 
example, the k- .means method of cluster analysis can be used to 
identify one or more curves which have, individually, the most 

severely alias non-coincident load behavior does not mean it is “average” peak load, variation rates, energy usage, and daily 
necessarily a bad recording method, but it must be used with curve shape. 
caution. Similarly, while period integration (demand 
recorders, etc.) always records accurately within its sampling 
rate limitations, it can be applied at too slow a rate to see 
needle peaks and non-coincident load behavior that are present. 

High sample rate does not guarantee high frequencies. 
Sampling a signal at a fast rate does not guarantee that there 
will be high frequencies in the data. It could very well be that 
the load being sampled is smooth and has no high frequencies. 
Often, the sensors in recording machinery have a poor 

27. Sampling Rate Influences Load Duration Curve Shape 

Load duration curves will appear different depending on the 
sampling rate of the load data, too, as shown in Fig. 24. Since 
data sampled at faster rates “sees” non-coincident needle 
peaks, it yields load duration curves that reflect that load 
behavior. Fig. 24 shows annual load duration curves for Fig. 
12A, based on 5- and 60-minute demand period sampled data. 

response to high-rate fluctuations. For example, strip chart 
recorders with a very tight dampers cannot respond to fast load 
shifts. Essentially, such mechanical stabilizers remove high 
frequencies from the load curve signal. 

26. Addition and Averaging Filter Load Curve Data 

Suppose every one of 1,000 households served by a 
particular feeder is sampled on a one-minute demand basis, for 
a full day (creating 1,440 samples per customer). An average 
load curve can then be formed by adding all 1000 load curves 
and dividing by 1000. The result will be a smooth, coincident 
curve, in fact the same curve shape (except for losses) that 
would have been recorded by measuring the feeder load at the Fig. 24—Load duration curves of single residential customer (e.g., 
substation. While adding together 1,000 load curves and Fig. 12A) based on two sampling rates. 
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IV. DISTRIBUTION LOSSES ARE NOT 
PROPORTIONAL TO DEMAND SQUARED 

One result of the coincidence behavior and sampling issues 
illustrated in this chapter is that the load-related losses on a 
power distribution system generally do not correspond to the 
square of the metered demand. The difference is due to 
interaction of demand sampling with the coincidence effects of 
the loads being served. Fig. 25 illustrates an extreme case, in 
which losses are a purely linear function of measured demand. 
The water heater operates for 15 minutes during the hour from 
6 to 7 AM, and 30 minutes in the hour from 7 to 8 AM. 
Demand measured on an hourly basis doubles. Electrical 
losses in the wiring serving this water heater also double. 
They do not quadruple (as they would if losses varied as the 
square of demand) because the peak load in every demand 
interval is the same: as the demand changes from hour to hour, 
only the load factor changes. 

In the extreme case shown in Fig. 25, losses in the line 
serving only the water heater, are a purely linear function of 
demand. This will be true regardless of the demand period 
intervals. Whether measured and compared on a minute, hour, 
day, or annual basis, losses are a linear function of demand. 

Fig. 25—Load of a water heater over a four-hour period (left) and 
the losses that result in the line serving it (right). 

Load behavior at the service (LV) level is seldom the 
perfect “all or nothing” on-off load situation depicted in Fig. 
25, but neither is the relationship between losses and load an 
“I’R” relationship. Observed losses vs. demand behavior 
generally falls somewhere between two extremes characterized 
by fundamentally different behavior of the load: 

Losses are a linear function of demand. In such cases, the 
peak load is identical in every demand period and load 
factor changes from one demand period to another. 

Losses are a squared (quadratic) function of demand. The 
losses’ factor remains constant in each demand period but 
peak load varies in proportion to demand. 

Fig. 2&A: Hourly losses vs. hourly demand over a one-week 
The exact nature of the losses vs. demand relationship period for the secondary circuit/drops serving one of the 282 

observed in any situation will depend on the load curve itself, homes in a neighborhood served exclusively by a single 

the demand period with which load and losses are measured, distribution primary feeder* Lower (curved) line indicates a 

and possible errors in the monitoring and recording of the data. 
squared losses vs. demand relationship, upper (straight) line 

Fig. 26 shows three examples of losses vs. demand 
indicates a linear relationship. B: Hourly load-related losses vs. 

measurements on the distribution system. In all three, the 
hourly demand for the 12.47 kV distribution feeder serving these 

observed 1OSSeS VS. demand relationship lies within an envelope 
282 homes. C: Monthly load-related losses vs. monthly energy 
(this can be converted to “monthly demand be dividing energy by 

defined by the two extremes - linear and squared behavior. 731 hours/month) for the same feeder over the same period. 
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28. Relationship Between Losses and Demand 

Usually, electrical losses are modeled as a function of 
demand with an equation fitted to measurements taken during 
selected periods (e.g., the data in Fig. 26). Most often, the 
function used estimates hourly losses as a function of hourly 
demand, using the maximum recorded hourly demand, and 
maximum recorded hourly losses as factors in the computation. 
Either of two functional representations are often used. As 
applied to hourly data, they would be: 

Losses(h) = L,,, x (a x D (h)/D,,, + b x (D(h)/Dma.J2) (6) 

Losses(h) = L,,, x (D(h)/ D,,,) ’ 

Where h indicates the hour, 
D(h) is the demand observed in hour h, 
D max = maximum recorded hourly demand 
L max = losses during maximum demand hour 
a+b=l 
e is a value between 1 .O and 2.0 

The values a and b in equation 6 are essentially the same as 
the “a and b factors” used in traditional computations of losses 
factor from load factor.2 They represent the extent to which 
losses behave in a linear, or squared, manner, respectively. 
Where losses are a linear function of load, a = 1 and b = 0, and 
the value e in equation 7 would be 1 .O. Where losses have a 
squared relationship to demand, a = 0, b = 1, and e = 2.0. 

Significant “non-squared” losses behavior on distribution 
systems usually occurs in the equipment that serves individual 
customers with small loads. The most extreme “non-squared” 
losses vs. demand behavior that is routinely encountered is a 
single household load, as shown in Fig. 26A (data is taken 
from the same load as in Fig. 12A. This is the losses vs. load 
situation for the service drops leading to this single house. 

As the measured hourly demand in Fig. 12A varies, both its 
peak load and load factor vary roughly in proportion to one 
another. As a result, hourly losses vs. demand behavior is a 
mixture of the two extremes discussed above. Modeling of 
hourly losses as a squared function of hourly demand (a = 0 
and b = 1 in equation 6, or e= 2.0 in equation 7) gives 35% 
average absolute error. Error is 13.5% when using 15 minute 
intervals. Modeling of the losses as a linear function of 
demand gives roughly twice these levels of error (almost all 
distribution losses behavior is closer to squared than to linear). 

Usually, proper selection of a, b, and e coefficients can cut 
error by about 3/4. Use of a = .33 and b = .66 in equation 6 
minimizes average absolute error, reducing it from 35% to 
8.9%. Use of e = 1.51 in equation 7 similarly minimizes error, 
at 9.1%. The two equations provide different estimates on an 
hourly basis (with an average absolute difference of 4%) but 
are roughly equal in overall modeling accuracy. When using 
quarter-hour demand periods in this example, a = .24, b = .76, 
and e = 1.6 minimizes average absolute error, at less than 5%. 

The load curve shown in Fig. 12A is one of 282 residential 
loads in a neighborhood served by a 12.47 kV feeder. Fig. 26B 

For example, see Electric Utility Distribution Systems Engineering Reference 

Book, Westinghouse Electric Company, 1959, page 28. 

shows the losses vs. demand data for this feeder, on an hourly 
demand period basis. The relationship appears much closer to 
squared than when the individual customer data was examined 
on the same hourly basis (Fig. 26A). Error in estimating losses 
as a function of demand occurs with a = .07, b = .93, and e = 
1.91. (A larger value of b, and a value of e closer to 2, 
indicates a more “squared’ relationship). Generally, losses vs. 
demand behavior for equipment serving large groups of 

customers appears less linear and more quadratic (squared) 
than for smaller groups. 

In Fig. 26C, the feeder’s losses and energy (essentially the 
same as demand, demand = energy/173.33 hr./mth.) are 
compared on a monthly basis, instead of the hourly basis used 
in Fig. 26B. The observed relationship between losses and 
demand is much more linear than when hourly intervals were 
used to analyze the same load: error is minimized with a = .4 1, 
b = .59, and e = 1.52. The monthly demand period is much 
longer than the major cycle periods of the feeder’s load (daily 
and weekly variations). Generally, losses vs. demand behavior 
appears more linear if longer demand intervals are used in the 
analysis. 

29. Mean Error in Estimating Loads 

Representation of losses as a squared function of demand in 
equations like 6 and 7 usually results in underestimation of the 
average level of losses. Note the plotted lines, representing 
linear and squared losses behavior in Fig. 26. The curve 
representing losses as a function of demand squared is lower in 
all cases than the measured losses. The line representing 
losses as a linear function of demand is uniformly higher than 
any of the losses’ measurements. This is always the case when 
using losses estimation equations such as 6 or 7, calibrated 
against peak period demand and the values D,,, and L,,,. 

Generally, if the long-term performance of a load analysis 
and prediction equation is to overestimate losses, then it is too 
linear in the calibration of its a and b, or e terms, regardless of 
the level of its average absolute hourly error. Similarly, if it 
consistently shows a bias toward underestimating the amount 
of losses over many demand periods, then it has been 
calibrated as too quadratic, even if it is giving satisfactory 
average error on a demand-period basis. 

TABLE 6—COEFFICIENTS FOR LOSSES vs. DEMAND ON AN HOURLY 

DEMAND PERIOD BASIS AS A FUNCTION OF SYSTEM LEVEL 
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30. Modeling Losses on the Distribution System 

The relation observed between losses and demand on a 
T&D system will depend on the customer load behavior, the 
measuring and recording equipment being used, and the 
demand period length of the recording and analysis. 
Generally, coincidence and demand period affect results: 

I. Coincidence. Equipment that serves small groups of 
customers, exhibits more linear losses vs. demand 
behavior (higher ratio of a/b; lower e) than equipment 
with many customers downstream. For example, the 
single customer hourly data shown in Fig. 26A is much 
more linear than that for the group of 282 customers in 
Fig. 26B. The two plots show essentially the same load 
type, observed on the same (hourly) demand period 
basis. Losses vs. demand for coincident load situations 
is closer to quadratic. For non-coincident situations it 
is usually closer to linear. 

Thus, the best values of a and b, or e, to estimate 
losses as a function of demand on an hourly basis, will 
depend on the level of the system being modeled. 
Table 6 gives typical values for b and e on power 
systems in North America. 

2. Demand period length. The losses vs. demand 
relationship shown in Fig. 26A, for the service drops 
leading to a household like that shown in Fig. 12A, is a 
mixture of linear and squared behavior when sampled 
on an hourly demand basis. The hourly sampling rate is 
much longer than the natural on-off cycles of many of 
the major appliances (see sub-section 13 of this 
chapter). The losses vs. demand relation would appear 
to be nearly a perfect squared relationship if evaluated 
on a minute by minute basis (not shown). 

Similarly, losses vs. demand data for the feeder has a 
considerable non-quadratic behavior when viewed on a 
monthly basis (Fig. 26C), because the demand periods 
are much longer than the daily and weekly load swings 
normally seen in the load, as well as the three- to six- 

day weather-front cycles which often affect the 
weather-sensitive portion of these loads. Hourly 
demand periods (Fig. 26B) are much shorter than these 
cycles, and observed losses vs. demand behavior at this 
demand period length is very nearly a perfectly squared 
relation. Short demandperiods produce more quadratic 
losses vs. demand behavior; while long demand periods 
result in a relationship that appears more linear. 
“Short” and “long” as used here are relative to the 
dynamic cycles or periodicities of the load behavior. 

Therefore, the overall losses vs. demand relationship 
depends on both the equipment level of the system being 
studied (amount of load or customers downstream) and the 
demand period being used for data and analysis. Fig. 27 shows 
values of b (for equation 6) that work well as a function of 
level of the system and demand period in a typical residential 
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Fig. 27—Values of b for equation 4 that give minimum error in 
estimating losses from demand for residential load in a utility 
system in the southwestern United States. Losses vs. demand 
behavior on other systems will differ quantitatively from the 
values shown here, but is generally qualitatively similar. 
“Number of Customers” less than 1 refers to individual 
appliances loads and household circuits. 

31. Losses vs. Demand on the Entire Distribution System 

From 25% to 66% of distribution losses occur on portions 
of the distribution system near the customer, portions that 
deviate significantly from a “squared’ losses vs. demand 
relationship. As a result, the overall losses vs. demand 
relationship for an entire distribution system will usually 
deviate noticeably from a squared relationship. The 
quantitative relationship varies from one system to another 
depending on customer loads, system equipment types, and 
layout and design used in the primary and service levels. 
Generally, b is in the range of .75 to .88, behavior is more 
quadratic than linear, but sufficiently non-quadratic that 
significant error(on the order of 25%) results in predicting 
hourly losses from demand if a purely squared relationship is 
assumed. 

Fig. 28—Monthly energy vs. load-related losses for the system that 
area in the southwestern United States. The qualitative includes the feeder aid loads shown in Fig. 26. This includes 
behavior shown occurs on all power systems. losses on feeders, laterals, and secondary/service drops. b 578 
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VI. T&D SYSTEMS ARE BUILT TO SATISFY 
CUSTOMERS, NOT LOADS 

32. Quantity, Quality, and Value 

The diverse types of consumers purchasing electric power 
from the distribution system have different uses for the power 
they buy, different needs for quantity (amount of power 
purchased), and needs for quality (continuous availability, tight 
voltage regulation), and different dispositions to pay a 
premium price to get exactly what they need. The value a 
particularly consumer places on electric power is a function of 
his or her needs for electricity, primarily as defined by the 
economic or personal value of the end-use (i.e., watching 
television and keeping food cool, stamping sheet metal into 
equipment cases, operating a cash register/inventory system), 
and as fashioned by the demands of the appliances used to 
convert electricity into the end-use. 

A personal computer exhibits demand characteristics 
exactly the opposite of the water heater’s. A typical PC has a 
connected load of about 180 watts, and a contribution to 
coincident peak of the same magnitude. But while its 

connected load is one twentieth, and its peak demand only one 
sixth of the water heater’s, its demand for quality is much 
higher. Measured as the time it can go without power while 
continuing to perform its end-use function, a PC is about 
15,000 times more sensitive to power continuity problems than 
a water heater. It is also vastly more sensitive to voltage sags 
and surges, and long-term changes in voltage. 

The major element of customer quality is availability of 
sufficient quantities of power. Quality can be as or even more 
important than quantity in determining the customer value, but 
the important point is that both quantity and quality are major 
factors to be considered in determining how to maximize 
customer value. Two common residential appliances that 
illustrate the opposite extremes in these two “Q dimensions” 
that can exist among customers. These are an electric water 
heater and a personal computer. 

Largely because of the different needs of their appliances 
and equipment, and the difference values of the net end-use 
products, electric customers vary greatly in their demand for 
electric power quality. Fig. 29 gives five examples of “cost of 
interruption” value of electric customers. The cost vs. time 
functions shown are not typical, because there is no typical 
need for power quality, just as there is no typical quantity of 
power requirement that suits all customers. In general, 
commercial and industrial consumers have a higher demand 
for both quantity and quality of power than residential 
consumers. 

A typical 50-gallon storage water heater has a connected 
load of 4,000 watts, and a coincident contribution to system 
peak of about 1,100 watts. This is a relatively high demand for 
quantity of power as compared to most household appliances 
(typically only central air conditioners or heaters use more 
power). Power to a water heater can be interrupted routinely 
for several hours at a time (and often is under peak-shaving 
load control programs). Such interruptions make little impact 
on its value to the customer, because it can supply reasonable 
quantities of hot water from its storage tank during power 
interruptions. In addition, its end-use performance is virtually 
immune to voltage sags, surges, and even significant long term 
variations in supply voltage. Thus, while a water heater has a 
high demand for quantity, it has a low demand for power 
quality. 

In a competitive electric power industry, and a world where 
attention to quality is taken for granted in many other 
industries, power system engineers should anticipate increasing 
levels of attention on quality of power delivered. This does not 
necessarily mean that quality must be or will be improved. 
Cost is an important element of value, and a large portion of 
consumers in most power systems would prefer to pay a lower 
price for power, even if that means they must sacrifice some 
amount of power quality in return. The important point is that 
like quantity of power, quality is an important attribute. As it 
is with quantity, it is possible to overbuild or underbuild a 
power system with respect to the amount of quality that needs 
to be delivered. The challenge facing power engineers is to 
design the lowest cost system that can deliver the required 
levels of both, and no more. 

VI. GROWTH OF ELECTRIC LOAD AND T&D 

CAPACITY REQUIREMENTS 

Fig. 29-Cast vs. interruption duration when an interruption 
unexpected (top), and when one day’s notice is given (bottom). 

is 
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33. Spatial Distribution of Load Defines T&D Needs 

Electric load is not evenly spread throughout a power 
system’s service area, but instead, non-homogeneously 
distributed, with high load density in some areas and no load in 
others, as shown in Fig. 30. This is due to the heterogeneous 
distribution of land use and activity within any city, town, or 
rural region - some areas are more densely settled and active 
than others. Not shown in Fig. 30, but an important fact in 
determining electric load, is that customer class varies by 
location, too. Some areas of a system are nearly entirely 
residential, others commercial, or industrial, and others mixed. 

The load map in Fig. 30 shows some very common 
characteristics of spatial load distribution, shared by most large 
metropolitan areas: high load density in the urban core, 
gradually decreasing toward the periphery, with tendrils of 
higher load density following major transportation corridors. 
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Fig. 30—Spatial distribution of electric load for a city of about 1 million population in the eastern United States. Shading indicates 
load density. Lines indicate major roads. At the left, 1998 winter peak load. At the right, a forecast of peak load for year 2010, 
based on projected trends in load density, customer count, area development, peripheral expansion, and end-use loads. The city is 
projected to grow both up and out during the 12-year period. Some interior areas are projected to increase in load density, but others 
are not, and load density decreases in a few areas. Load develops in previously vacant areas, particularly along the south periphery. 

The load maps in Fig. 30 outline the mission of the T&D 
system for the region shown. In the year 1998 it must deliver 
2,3 10 MVA of electric power in the geographic pattern shown. 
Its ability to do so reliably and economically is the major 
measure of its performance as a power delivery system. 

34. Load Density Varies With Location 

Fig. 30 illustrates how load density varies as a function of 
location within a power system. Analysis of load in terms of 
kW/acre or MW/square mile is a convenient way of relating it 
to local T&D capacity needs and is often used in power 
delivery planning. Load density is an important aspect of 
T&D planning, since the capacity and location requirements of 
T&D equipment depend on local load characteristics, not 
system averages. Typical ranges of values for urban, suburban, 
and developed rural areas are given in Table 7. The values 
shown are typical, but values specific to each particular system 
should be obtained by measurement. 

TABLE 7—TYPICAL LOAD DENSITIES FOR VARIOUS TYPES OF AREAS 

35. Growth Drives System Expansion 

Fig. 30B shows the projected load 12 years later than Fig. 
30A, based on a detailed evaluation of economic growth of the 
region, land availability, demographic and zoning factors, and 
expected changes in per capita and end-use loads. After this 
12-year period of growth, the T&D system will be expected to 
deliver 3,144 MW in the pattern shown. During the intervening 
12 years, additions and changes to the system must be made so 
that it can grow along with the load. This load growth is the 
motivation for the equipment additions, and the expansion 
budget will be well spent only if the equipment is located, and 
locally sized properly, to match the evolving load pattern in 
Fig. 30B. 

Comparison of Fig. 30A and Fig. 30B reveals several 
characteristics of load growth as it affects T&D systems: 

Previously vacant areas develop load, e.g., the swath of 
load growth across the entire southern frontier of this city 
between 1998 and 2010. Entirely new parts of the system 
must be built into these areas. 

Some vacant areas do not grow. For whatever reason, 
some areas remain vacant, often because of local 
covenants or because they are for public use (parks, etc). 

Load in some developed areas increases in load density, 
perhaps substantially. Examples in Fig. 30 include the 
urban core and some areas in outlying areas. 

Load in some developed areas remains constant, or falls 
slightly due to increasing appliance efficiency in areas 
that otherwise remain unchanged (no new building 
construction or population increase). 
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The difference between Fig. 30A and Fig. 30B represents 
the challenge facing this system’s T&D planners. They must 
make additions whose equipment types, capacities, locations, 
and interconnections to the existing system result in a “12- 
years hence” system that can reliably and economically serve 
the pattern shown. 

36. Two Causes of Load Growth 

Two simultaneous processes create electric load growth or 
change, both at the system and at the distribution level. 
Increases in the number of customers in the utility service 
area, and increases in the usage per customer cause electric 
load to grow. No other process causes load growth: If the 
electric demand on a power system increases from one year to 
the next, it can be due only to one or a combination of both of 
these processes: 

I) New customers are added to a system due to migration 
into an area (population growth) or electrification of 
previously non-electric households. Customer growth 
causes the spread of electric load into areas that were 
“vacant” from the power system’s standpoint. 

2) Changes in per capita usage occur simultaneously and 
largely independently of any change in the number of 
customers. In developing economies this is driven by 
the acquisition of new appliances and equipment in 
homes and businesses. In developing nations, per 
capita load growth often decreases, due to improving 
appliance efficiency. 

In cases where per capita consumption is increasing, it is 
usually due to major shifts in appliance market penetration. For 
example, the percentage of homes and businesses using electric 
power to heat the interior of buildings may increase from 20% 
to 26% over a decade. In such a case, even if appliance 
efficiency is increased slightly, electric load will grow. 

37. Spatial Load Growth and the “S” Curve Characteristic 

When viewed from a total system basis, a growing power 
system generally exhibits a smooth, continuous trend of annual 
peak load growth. Given a healthy economy, and corrected for 
variations due to weather, the load in the region will simply 
continue to grow at a continuous rate. 

Planners of the power supply to an entire region have no 
need of specific geographic information on the locations of 
loads, or the areas which are or are not growing rapidly. They 
have no need of spatial resolution in their planning, for their 
goal is to plan and operate sufficient power for the entire 
region. 

Fig. 31—The “S curve” has an interval of high growth rate T&D planners, on the other hand, do have a need for 
sandwiched between two periods of lower rate growth. locational information in the planning, routing, design, and 

By contrast, growth in any relatively small geographic area 
is not a smooth continuous trend from year to year. Instead, it 
follows the Gompertz curve, commonly referred to as an 5” 
curve, shown in Fig. 31. The “S” curve is the basic behavior 
of load growth as it affects T&D equipment, such as in feeder 
and substation areas. Nearly every small area within a large 
power system has a load growth history similar to that shown 
in Fig. 3 1, for a very simple reason: landfills up. 

The S curve has three distinct phases, periods during the 
local area’s history when fundamentally different growth 
dynamics are at work: 

Dormant. The time ‘before growth”, when no load 
growth is occurring. The small area has no load and 
experiences no growth: growth “hasn’t arrived yet.” 

Growth ramp. During this period growth occurs at 
a relatively rapid rate, usually due to new 
construction. 

Saturation. The small area is “filled up” - fully 
developed. Growth may continue, but at a very low 
level compared to that during the growth ramp. 

What varies most among the thousands of small areas in a 
large utility service territory is the timing of their growth 
ramps. Seen in aggregate over several thousand small areas, 
and the overall system load curve looks smooth and continuous 
because there are always roughly the same number of small 
areas in their rapid period of growth. The continuous year-to- 
year trend for the whole system is due to diversity in the timing 
of when areas grow: any one area grows for only a short time, 
but new areas of growth are constantly being added to a 
growing city, so as a whole, it grows continuously. 

Evidence of historical “S” curve load growth exists in every 
city. Most people can identify areas of their home town or city 
that developed in the 196Os, the 1970s the 1980s or the 1990s. 
The buildings in these areas are of a common age, because all 
were built during a “burst” of development in that area, at that 
time. 

38. Relation of Load Growth Causes to “S” Curve Shape 

These two causes of load growth are tied to different parts 
of the “S” curve characteristics, as shown in Fig. 31. The 
growth ramp occurring over a short period of time is due to 
new customers in the area. The slow, steady growth thereafter 
is due to increasing per-capita usage by the customers in the 
area. In some cases, the slow, steady trend is a reduction over 
time, due to improving appliance efficiency. 

39. Growth Behavior as a Function of Spatial Resolution 
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operation of their system. Facilities are utilized more 
efficiently if they are sited correctly. The need for locational 
detail in planning and engineering is called spatial resolution. 

Spatial resolution requirements vary depending on 
application: feeder planning requires more detail on and is 
more sensitive to changes in the location of loads, than 
transmission planning. Table 8 gives typical range of spatial 
resolutions (knowledge of load as a function of location) that 
work well in T&D planning. The table indicates that 
knowledge of how load density, and load growth are usually 
needed to match equipment locations so that economy and 
reliability are maximized to the load. Resolution as used in 
the table refers to the width of a square area used for load 
studies, and within which reliable information on load 
locations is not available. 

TABLE 8—TYPICAL SPATIAL RESOLUTION (LOCATIONAL DETAIL) FOR 

PLANNING AS A FUNCTION OF SYSTEM LEVEL 

Due to the “S” curve growth dynamics described earlier, 
observed load growth behavior varies as a function of the 
spatial resolution used in load analysis and planning. Load 
growth behavior will appear to be different simply depending 
on the small area size used to collect and analyze growth. 
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steady annual load growth over a long period of time, as 
shown. Except for weather and economy, many cities have in 
fact grown steadily in this manner: Denver, Phoenix, 
Indianapolis, Bangkok Caracas, and Rabat, to name just a few. 

Imagine dividing the metropolitan area illustrated in Fig. 32 
into quadrants. Each quadrant would still be very large (in a 
city like Atlanta or Houston, nearly a thousand square miles). 
If the exact load history of each quadrant could be plotted, all 
would be slightly different in amount of load and rate of 
growth, but all would still have a fairly smooth, continuous 
trend. This is shown in Fig. 33. 

Fig. 33—Quadrants also display smooth, long-term growth trends. 

But if this process of hierarchical sub-division continues, 
splitting each sub-quadrant into sub-sub-quadrants, then into 
sub-sub-sub-quadrants, and so forth, “S” curve load growth 
trends will begin to be discernible as the common 
characteristic of growth, when the sub-division reaches a size 
of about 16 square miles (square areas 4 miles, or 6 km, on a 
side). Most long-term trends at this spatial resolution would 
begin to display slight “kinks,” something like those shown in 
Fig. 34 - an “S” curve, rather than a smooth, long-term steady 
growth pattern. 

Fig 34—Areas of about 16 square miles (areas 4 miles on a side) 
display discernible “S curves” load growth behavior . The city 
grows at a steady rate (Fig. 32) because the growth ramps of 

Fig. 32—Annual peak load of a large city over a twenty-five year 
period, after correction for weather and other anomalies. 

different areas occur at different times. 

To understand this phenomenon, and to see how and why it 
occurs, it is useful to consider a diagram of the annual peak 
load of a growing city of perhaps 2,000,OOO population, as 
illustrated by Fig. 32. For simplicity’s sake, assume that there 
have been no irregularities in the historical load trend due to 
weather, changing economy, or shifts in service territory 
boundaries. This leaves a smooth growth trend, one that shows 

Carrying the sub-division to the extreme, one could 
imagine dividing a city into areas so small that each contained 
only one building. At this level of spatial resolution, annual 
peak load growth would be characterized by the ultimate “S” 
curve, a step function. Although the timing would vary from 
one small area to the next, the basic load growth history of a 
small area of such size could be described very easily. For 
many years the area had no load. Then, usually within less 
than a year, construction started and finished (for example’s 
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sake, imagine that a house is built in this very small area), and 
a significant load established. For many years thereafter, this 
annual load peak of the small area varies only slightly - the 
house is there and no further construction occurs. 

The quantitative behavior of the “S curve” growth 
characteristics will depend somewhat on the spatial resolution 
(small area size used). There are three important interactions 
with between growth characteristics and spatial resolution. 

spatial resolution, growth is usually a short, intense period of 
development. It usually happens in areas where there was no 
previous load, and it does not always occur - many areas stay 
vacant. 

I. The YY curve behavior becomes sharper as the service 
territory is subdivided into smaller and smaller areas. 
The smaller the small areas being studied (the higher the 
spatial resolution) the more definite and sharp the “S” 
curve behavior exhibited, as shown in Fig. 35. 
Quantitative behavior of this phenomena depends on 
growth rate, demographics, and other factors unique to a 
region, and varies from one utility to another. 
Qualitatively, all utility systems exhibit this behavior: 
“S” curve load trend becomes sharper as area size is 
reduced. 

The three changes in growth character discussed above 
occur on(v because spatial resolution of data collection and 
analysis changes. The character of the load growth itself does 
not change, only the way it appears to the planner. By asking 
for more spatial information (the “where” of the T&D planning 
need) the very appearance of load growth itself, changes. 

2. As the utility service territory is subdivided into smaller 
and smaller areas, the number of small areas that have 
no load and will never have any load increases. When 
viewed on a square mile basis (640 acre resolution) there 
will likely be very few “completely” vacant areas in a 
city such as Phoenix or Atlanta or Caracas: square miles 
that are completely devoid of electric load. 

But if examined on an acre-parcel basis, a significant 
portion of land, perhaps as much as 15%, will be 
“vacant” as far as electric load is concerned, and will 
stay that way. Some of these vacant areas will be inside 
city, state, or federal parks, others will be wilderness 
areas, cemeteries or golf courses, and many other merely 
‘useless land’ - areas on very steep or otherwise unusable 
terrain. 

Fig. 35—As small area size for the load growth analysis is 
decreased, the average small area load growth behavior becomes 
more and more a sharp “S” curve behavior. (vertical scales of the 
four plots shown are different, with the full range in each case 
indicating 100% of the fully-developed load level). 

40. Regions “Fill Up” In A Discontinuous Manner 

3. The amount of load growth that occurs within previously 
vacant areas increases as small area size decreases. If 
the load growth of a city such as Denver or Houston 
were analyzed over the period 1980 to 1990, using a 
small area size of nine square miles (areas three miles to 
a side), almost all of the load growth during the period 
would have occurred in areas that had noticeable 
amounts of load in 1980. 

Fig. 36 shows another way to examine the “S” curve 
growth behavior at the distribution level, and reveals another 
implication of this growth behavior. Shown is the growth of 
electric load in a region of about 24 square miles on the 
outskirts of a large, growing metropolitan area, over a 12-year 
period. Individual land parcels within this area generally 
follow the “S” curve growth behavior pattern, with a growth 
ramp (period from 10% to 90% of eventual saturated load) of 
about three years at the l/4 square mile resolution. The 
complete area, however, has a growth ramp of about 15 years. 

By contrast, if those same regions were examined at a 
2.5 acre spatial resolution (small areas l/l6 mile to a 
side) nearly half of the decade’s load growth would be 
found to have occurred in small areas that had no 
significant load in 1980 - areas that were vacant. 

Thus, the observable dynamics of load growth appear 
somewhat different depending on the amount of where detail 
used in the load analysis. As spatial resolution is changed, the 

character of the observed load growth changes, purely due to 
the change in resolution. 

At low resolution (i.e., when using “large” small areas) load 
growth appears to behave as steady, long-term trends in areas 
with some load already established. Few, if any areas, are 
completely devoid of load. By contrast, if examined at high 

The development of load within this area is geographically 
discontinuous, with the timing of various parcels displaying a 
somewhat random pattern. While growth usually develops 
from the southwest outward (this area is on the northeast edge 
of the metropolitan area), the timing of when a parcel of land 
begins to develop is somewhat random. Growth does not 
develop as a smooth trend outward, but instead appears to be a 
semi-random process. Once load has filled up one parcel, it 
does not automatically proceed to the next in line, but may 
jump to another nearby area. Thus, early in the process of 
growth for this whole area, some parcels develop to saturation 
on its far edge early in the process. The most unpredictable 
aspect of small area load growth is the exact timing of parcel 
development. 

In contrast, experience and research has shown that the 
eventual load level in most small areas can be predicted fairly 
well, as can the expected duration of growth ramps (see Willis, 
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, 
1996). However, the exact timing of growth appears to be 
somewhat random, at least as viewed from apriori information 
likely to be available to the planner. Implications for T&D 
expansion are clear. The system cannot be extended 
incrementally outward from the southeast as load grows. 
Instead, substation siting and feeder expansion must deal with 
delivering “full load density” to an increasing number of 
neighborhoods scattered over the entire region, that develop 
geographically into a higher overall density. This means that 
full feeder capability (maximum designed load and maximum 
designed distance) may be needed far sooner than predicted by 
the “gradually increasing density” concept. 

early, in order to reach these disparate locations. An economic 
dilemma develops because the utility will eventually need a 
good deal of capacity in these routes when the load fills in the 
area, but planners do not want to incur the cost of building now 
for load levels not expected for 1 O-12 years. The challenge is 
to find a way to expand the system without building a majority 
of the routes early, or having to build many long routes with 
higher capacity than will be needed for years. 

41. “Putting Out Fires” Is the Norm in T&D Expansion 

T&D planners often speak about “putting out fires” - 
having to develop plans and install equipment and facilities on 
a tight time schedule, starting at the last moment, without 
proper time to develop comprehensive plans or coordinate area 
development overall. A point illustrated here is that the load 
growth aspect of this situation is the norm: rapid growth that 
starts with little warning, fills in an area relatively quickly, and 
then moves elsewhere, not only happens on a regular basis, but 
is the normal mechanism of growth. The “S Curve” growth 
characteristic, its tendency to be sharper in smaller areas, and 
the semi-random, discontinuous pattern of load development 
described above, are very general characteristics that affect all 
power systems. Load development in a small area almost 
always begins with little long-term warning, grows at a rapid 
rate to saturation, and then moves to other areas, usually near 
by, but often not immediately adjacent. 

This growth characteristic is the basic process that drives 
T&D expansion, equipment additions, and the planning and 
engineering process. T&D engineers will never change the 
nature of load growth and development. The recommended 
approach is to develop planning, engineering, and equipment 
procurement procedures that are compatible with this process. 
These include: 

Fig. 36—Load grows as developing parcels of land. As a region 
fills in with load, individual parcels develop very quickly, but 
often leave vacant areas between them. The utility may have to 
build a majority of the primary feeder lines that kill de needed 
eventually, long before a majority of the growth has developed. 

Such expansion is difficult to accomplish economically: 
feeders must be extended over much of this area early in the 
12-year period, so the utility can serve the widely scattered 
pockets of high load density. Great capacity is not needed at 
that time, because the overall load is not high. However, a 
good portion of all the routes eventually needed is required 

a) Master plan development based on projected area 
development. As noted above, the eventual load density 
for any small area, and the overall pattern of development 
for a region, can be predicted with reasonable accuracy 
fairly far in advance. Thus, long range plans optimized to 
the expected pattern of development can be developed. 

b) Use of modular system layouts for transmission, 
substations, feeders and service (LV) parts of the system, 
that permit modular expansion on an incremental parcel 
basis. Some types of layout are more expandable on a 
“fill in the parts” basis that others. In particular, the 
growing use of multi-branched rather than large-trunk 
feeder layouts is one reaction to this situation. Such 
feeders can be expanded on a short range basis, to cover a 
growing area as needed, yet still fit into an optimized 
long-range plan. 

c), Organization of the planning, engineering, and 
construction process with short lead times for 
implementation. Given that a long-range master plan 
exists for an area, the key to success is a short start-up and 
lead time for engineering of the details and project 
implementation, once development begins. 
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APPENDIX 

T 
HIS appendix includes a number of tables of statistical transmission line 

data collected from numerous sources. These tables have been included be- 

cause they have proved to be of considerable use in dealing with transmission 

line problems, and it was felt that they could be conveniently used by the reader 

in this form. 

Table 1 gives practices regarding stability features of typical lines as tabula- 

ted in “First Report of Power System Stability”! by an AIEE Subcommittee on 

Interconnection and Stability Factors (A.I.E.E. Transactions, 1937). 

In addition, statistical data on the output and capacity of some of the larger 

power systems in the United States taken from the Federal Power Commission 

publications, Statistics of Electric Utilities in the United States-1948 and Statistics 

of Publicly Owned Electric Utilities-1948, are given in Table 2. 

Important features of typical lines from the lightning protection point of view 

have been collected and tabulated by an AIEE Subcommittee on Lightning and 

Insulators. These tables, which appeared in the A.I.E.E. Transactions in 1939 and 

1946 have been reproduced in the appendix as Tables 3 and 4. 

Tables 5 and 6 and the included descriptive material have been added to facili- 

tate derivation of equivalent circuits for power and regulating transformers from 

the impedance data usually furnished by the manufacturer. 

Table 7 has been abstracted from “Equivalent Circuits of Power and Regulat- 

ing Transformers” by J. E. Hobson and W. A. Lewis (Westinghouse Reprint 941). 
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TABLE 1—-PRACTICES REGARDING STABILITY FEATURES † 
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TABLE 1—PRACTICES REGARDING STABILITY FEATURES— Cont'd 
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TABLE 1—PRACTICES REGARDING STABILITY FEATURES-Cont'd 
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TABLE 1—PRACTICES REGARDING STABILITY FEATURES-Cont'd 
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TABLE 1—PRACTICES REGARDING STABILITY FEATURES-Cont'd 
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TABLE 2—STATISTICS OF UTILITIES WITH SALES EXCEEDING TWO-BILLION KWH 

PRIVATELY OWNED ELECTRIC Utilities (a) 
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TABLE 2—STATISTICS OF UTILITIES WITH SALES EXCEEDING TWO-BILLION KWH—Cont.. 

PUBLICLY OWNED ELECTRIC UTILITIES(b) 
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TABLE 3—LIGHTNING PERFORMANCE AND CONSTRUCTION OF 110 Kv TO 165 Kv LINES* 
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TABLE 3—LIGHTNING PERFORMANCE AND CONSTRUCTION OF 110 Kv TO 165 Kv LINES—Cont’d 
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TABLE 3—LIGHTNING PERFORMANCE AND CONSTRUCTION OF 110 Kv TO 165 Kv Lams—Cont’d 
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TABLE 3—LIGHTNING PERFORMANCE AND CONSTRUCTION OF 110 Kv TO 165 Kv LINES—Cont’d 
- 
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TABLE 4—LIGHTNING PERFORMANCE AND DESIGN FEATURES OF 220-KV LINES* 



TABLE 4—LIGHTNING PERFORMANCE AND DESIGN FEATURE OF 220-Kv LINES 
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Fig. 1—Typical transmission structure and counterpoise configurations 

FOOTNOTES FOR TABLE 4 

*Taken from “Lightning Performance of 220-kv Transmission Lines-II” 

by AIEE Subcommittee on Lightning and Insulators, A.I.E.E. Transactions, 1946. 

1. Suspension assemblies: 12 units after 1943-44. 

2. First value suspension; second value dead end. 

3. Armor rods on 25 percent of line. 

4. 57 inches after 1943-44. 

4A. 4.8 after 1943-44. 

5. 10.5 after 1943-44. 

6. 637 towers: 1 circuit per tower. 124 towers: 2 circuits per tower: 

7. 1 mile of ground wire at terminals only. 

8. 20 percent porcelain, 80 percent glass. 

8A. Apparently now being added. 

9. Experimental devices on 25 percent of line (not described). 

10. 222.65 miles: 1 circuit per tower. 40.85 miles: 2 circuits per tower. 

11. 60 miles in 1923.9 miles added in 1925, 14 miles added in January 1944. 

12. 142 miles: 2 circuits m 1923. 43 miles: 1 circuit added in March 1944. 29 

miles: 2 circuits added in April 1944. 

13. Data from 1935: 220-kv paper. 

14. Except 43 miles of single circuit. 

15. See note 23. 

16. Estimated. 

17. To August 1, 1945. 

18. Data not reported. 

18A. First value for 2-circuit towers. Second value for l-circuit towers. 

19. To September 1, 1945. 

20. Ground wire installed 1943. 

21. Line completely equipped with ground wire 1941. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

Counterpoise as required to reduce resistance to 25 ohms. First 10 milea 

from Chats Falls only. 

Operating at 165 kv to January 1944. Tower construction is not shown in 

Fig. 1. See original reference. 

88.5 miles is 3 circuit. 28.8 miles is 2 circuit. 

First number for outer conductor. Second number for middle conductor. 

On basis of 50 isokeraunic level. 

First figure for east line. Second figure for west line. 

No ground wire for 64 miles of line due to severe sleet loading. 

17 miles: l-circuit towers. 9 miles: P-circuit towers. 

17 miles: 2-ground wires. 9 miles: l-ground wire. 

Also some 12 and 14 units of fog type in suspension. 

Originally designed for 150 kv. 

North line June 22, 1939. 
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TRANSFORMER EQUIVALENT CIRCUITS 

The procedure to be followed in calculating the impedance values for a transformer equivalent 
circuit depends on the form of the original data, and whether the final values are to be expressed in 
ohms or percent. Procedure I, below, is convenient for the simpler cases when the original impedances 
are expressed in percent on a circuit base and the final values are to be expressed in percent. 
Procedure II is generally recommended for the more complicated cases, particularly for the ones 
involving neutral impedances or series transformers. Procedure III may be used when the basic 
impedance data are expressed in percent on a winding base. 

Procedure I. The impedances of two- and three-winding transformers are normally given in percent 
on a circuit kva base. With the basic data in this form it is convenient to calculate the equivalent- 
circuit impedance values directly in percent. The equivalent circuits and equations for calculating 
the sequence quantities are given in Table 5 for 13 of the more common transformer connections. 
The following notation is employed in the table: 

1. Terminal designations. 

Circuit 4-abc terminals. 
Circuit 5-a’b’c’ terminals. 
Circuit 6-a”b”c” terminals. 

2. Impedances. 

Z46a/o—impedance circuit 4 to circuit 5 in percent on 3-phase rated kva of circuit 4. 
Zrs’%—impedance circuit 4 to circuit 6 in percent on 3-phase rated kva of circuit 4. 

266%— impedance circuit 5 to circuit 6 in percent on 3-phase rated kva of circuit 5. 

zl%, zO%, zHl%, zM1%, zLl%, ZHO%, 2 MO O, and Z,% are all in percent on the S-phase y 
rated kva of circuit 4. 

Uq, Us, and Us designate the 3-phase kva ratings of circuits 4, 5 and 6, respectively. 

The impedances can be converted from one base to another by the relations, 

atl% = g%4%. 6 

&6% = g%%%. 8 

ux.l= g%*%. 6 
Procedure II. In many cases, particularly the ones involving neutral impedances or series trans- 

formers, less confusion results if the equivalent-circuit impedance values are calculated in ohms, 
rather than in percent. However, as the basic data are normally in percent, it is first necessary to 
convert to ohms using the following relations: 

z 10Z4s%E42 
46 = 

u4 

z 66= 
10Z,6-%Ea2 

US 
, where 

246%, Z4&, &So/O are as defined in I. 

Ed, Es and Es= line-to-line voltages, in kv, in circuits 4, 5 and 6, respectively. 
U4, US and Ug=3-phase kva ratings of circuits 4, 5 and 6, respectively. 
246= impedance between circuits 4 and 5 in ohms on circuit 4 voltage base. 
&=impedance between circuits 4 and 6 in ohms on circuit 4 voltage base. 
266 = impedance between circuits 5 and 6 in ohms on circuit 5 voltage base. 

The equations in Table 7 are expressed in terms of the impedances between windings, rather than 
circuits, so the second step requires converting the ohmic impedances to a winding base. Conversion 
factors are given in Table 6 for the cases included in Table 5. After this conversion is made, the 
ohmic impedances can be substituted directly in the equations in Columns 3 and 5 of Table 7. 

Procedure III. Table 7 includes in Columns 4 and 6, equivalent circuits based on impedance 
values expressed in percent on a winding base. These circuits may be employed when the basic 
data are expressed in this manner. 
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a In the case of three-phase core-form transformers, the complete zero-sequence equivalent circuit includes impedances that are a function of the zero-sequence 
exciting characteristics of the transformer. These impedances are therefore affected by the magnitude of the zero-sequence voltage applied to the transformer 

windings during fault conditions. In any accurate calculation of zero-sequence currents or voltages it is necessary to represent these impedances by a saturation 
curve rather than by a fixed impedance, which results in a step-by-step analytical solution. In cases where the three-phase core-form transformer has a delta tertiary, 
or where other ground sources are present, satisfactory results can be obtained by neglecting the zero-sequence exciting impedances of the transformer. If this 
procedure is followed the transformer is treated as three single-phase units or a three-phase shell-form unit. 

b The rating of a zig-zag grounding bank is normally expressed in terms of line-to-line voltage and neutral amperes. In the case of standard grounding transformers 

which have 100 percent impedance, 

ZPS = d%?, where 
I, 

E=line-to-line voltage in kv. 

I, = neutral current in amperes. 

When a zig-zag transformer has less than 100 percent impedance, ZPB must be modified accordingly. 

o In many cases it is simpler to obtain the sequence impedances directly from the circuit impedances without converting the latter to a circuit base. 

d When a transformer has a zig-zag winding the manufacturer should furnish the zero-sequence impedance as viewed from the zig-zag side. 

e Obtain Z.YT as in Case A-9 for a solidly grounded transformer. 

f The manufacturer 
in ohms. 

should furnish the zero-sequence impedance of the transformer as viewed from the zig-zag side. ZPV is then equal to this impedance expressed 

g Refer to manufacturer. 

h In those cases involving series transformers, the exciting transformer and the series transformer should be treated as separate units when deriving the basic impedance 
data. To obtain the conversion factors for the exciting transformer, refer to the two or three-winding transformer case employing the same connections. 

In furnishing impedance data on a series transformer, the manufacturer will usually treat the unit as a simple two-winding transformer. The impedance is usually 
expressed in percent on a kva base corresponding to the parts used in the series transformer. The percent impedance is based on the voltage rating of the winding 
to be connected in the main power circuit. For example, in Case E-9, the rated voltage of the V winding is used in obtaining the percent impedance. This impedance 
is converted to ohms as follows: 

Z 
lOE:Zvw% 

VW=-------, where 
uv 

Ev= kv rating of the 
series transformers). 

V winding (actual winding voltage in the case of single-phase series transformers and & times winding voltage in the case of three-phase 

Uv=kva rating of the series transformer (per-phase rating for single-phase transformers and three-phase rating for three-phase transformers). 
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TABLE ~-EQUIVALENT CIRCUITS OF POWER AND REGULATING TRANSFORMERS 

Convention of Notation and Definitions of Symbols 

In all cases the left hand circuit (terminals a-b-c) is taken as the in- 
put circuit; and the remaining circuits (terminals d-b’4 and a”- 
b/‘-c”) are taken as output circuits. It is assumed that the trans- 
formation ratios will always be step up from the input to the output 
circuit (terminals a’-b’-c’), and, if shift in phase is involved, the phase 
angle will be advanced. If the actual conditions differ from those 
assumed suitable corrections may be readily applied. 

The a terminal designates the reference phase of the input circuit; 
the a’ and a” terminals designate the reference phases of the output 
circuits. 

Individual windings are designated, as for example: 
P(1) denotes the P winding, the number of turns of which is pro- 

portional to unity. 
S(nl) denotes the S winding, the number of turns of which is pro- 

portional to no. 
Windings drawn parallel in the diagram of connections are on the 

same magnetic core; except that for those arrangements involving 
series transformers all six windings for the three series transformers 
are drawn parallel and only those windings drawn adjacent to each 
other are on the same magnetic core. 

I,, I,‘, and I,” are the line currents in the reference phases at the 
terminals a, a’, and a”, respectively. 

Kg, Kg’, and E,,” are line-to-ground voltages of the reference 
phases at the terminals a, a’, and a”, respectively. 

The ideal transformers included in the equivalent circuits serve 
only to maintain proper voltage and current relationships, in mag- 
nitude and phase, between the input and output circuits. The ideal 
transformer is defined as having infinite exciting impedance, zero 
leakage impedance, and zero exciting or no-load current. 

1:N (1 :N’, etc.) is the turns ratio of the ideal transformer in the 
equivalent circuit maintaining nominal current and voltage relation- 
ships between two circuits. 

N (N’, N”, etc.) is the overall transformation ratio of the trans- 
former bank at no load. 

eja represents a phase angle transformation of 01 degrees. 
a (a’, a”, etc.) is the phase angle difference between output and 

input voltages of the transformer bank at no load. 
II, 10. and 1~ are symmetrical components of the line currents at the 

2~s Zvw, etc.) is the leakage impedance between the P and S 
windings, as measured in ohms on the P winding with the S winding 
short-circuited, all other windings on the same core being open- 
circuited. 

ZSP is the leakage impedance between the S and P windings, as 
measured in ohms on the S winding with the P winding short-cir- 
cuited, all other windings on the same core being open-circuited. 

Zpz (Zsz, Zvz, etc.) is the exciting impedance as measured on the 
P winding, with all other windings on the same core open circuited 
and zero sequence voltage applied to the terminals of the three 
windings one of which is designated by P, connected to form a three- 
phase unit. 

Zor (Zos, Zo, etc.) is the impedance, in ohms, connected between 
the neutral of a star winding and ground. 

1ll/l, 10111, and IZlll, are symmetrical components of the line cur- 

rents at the u-b-c terminals, expressed in per unit Thus Ill/l =k, 

where IN is the base (or normal) current for the input circuit, corre- 
sponding to the base (or normal) kva, UC, and voltage of that circuit. 
Similar definitions apply for Il’l/l, 10’1/1, 12’l/l, Ir”l/l, etc. 

El%‘,, E,,%, and E2%, are symmetrical components of the line-to- 
ground voltages at the input (u-b-c) terminals, expressed in per cent 
of the base, or normal) voltage for the input circuit. Similar defini- 
tions apply for El’%, El”%, etc. 

.Z,% is the equivalent positive- (or negative-) sequence impedance 
as viewed from the input (u-b-c) terminals, expressed in per cent on the 
base (or normal) kva. and voltage of the input circuit. 

Z,‘% is the equivalent positive- (or negative-) sequence impedance 
as viewed from the output (a’-b’-c’) terminals, expressed in per cent on 
the base (or normal) kva. and voltage of the output circuit. 

Z,,% is the equivalent zero-sequence impedance as viewed from the 
input (u-b-c) terminals, expressed in per cent on the base (or normal) 
kva. and voltage of the input circuit. 

Z,‘% is the equivalent zero-sequence impedance as viewed from the 
outpul (a’-b’-c’) circuit, expressed in per cent on the base (or normal) 
kva. and voltage of the output circuit. 

ZpsyO (ZrrOJO, Zvw%, etc.) is the leakage impedance between the P 
and S windings, expressed in per cent on the kva. and voltage at 
which the P winding is operating. 

Zsp% is the leakage impedance between the P and S windings, ex- 
pressed in per cent on the kva. and voltage at which the S winding is 
operating. 

2&z’% (&E%, ZVE%, etc.) is the exciting impedance of the P wind- 
ing as defined under Zpz expressed in per cent on the kva. and voltage 
at which the P winding is operating. 

Note: To use the equations as given, the base (or normal) kva. 
must be assumed for all circuits, and the base (or normal) voltages 
of the circuits must be related by the transformation ratios indicated 
on the equivalent circuit for positive sequence. The operating kva. 
and voltage for an individual winding must be taken as the value 
existing in the winding when the base (or normal) kva. assumed for 
the circuit is being transmitted through the transformer. The 
assumed base kva. for the circuit, and the corresponding winding 
kva’s, may be either three-phase or single phase values, but con- 
sistency must be maintained. 

U, is the base (or normal) kva. of the input circuit (at the u-b-c 
terminals). 

U’ is the base (or normal) kva. of the output circuit (at the ~‘4’4 
terminals). 

U” is the base (or normal) kva. of the output circuit (at the 
a”-b”-c’ terminals). 

UP (Us, UT, UV, UW, etc.) is the kva. at which the P winding is 
operating when the input circuit carries U, kva. 

Note: When the above quantities appear in equations, all must be 
in three phase quantities, or all in single phase quantities. 

.&c is the base (or normal) impedance, in ohms, corresponding to 
the base kva. and voltage of the input circuit (at the u-b-c terminals). 

The equivalent circuit for negative sequence is identical with that 
shown for positive sequence, except that when a shift in phase angle 
is involved, the phase angle shift in the equivalent circuit for nega- 
tive sequence shall be taken with the opposite sign to that indicated 
in the equivalent circuit for positive sequence (for example, instead of 
a use Q, instead of 30” use-30”, etc.). 
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Selector in Generating Stations ... 10 
Short-Time Current Ratings of .. .383 

Single-Phase’ Equivalent Rating. .387 
Single-Phase Switching. . . . .491 
Single Pole Equivalent Rating 

.385 to 387 
Solidly Grounded Systems. . . . . . . . . ,652 
Stability-Quick Fault Clearing 

.463, 470, 478, 490 to 492 
Stability—Quick Reclosure 438, 490 
Standard and Equivalent Rat- 

ings . . . . . . . ,384 to 387 
Switching Capacitive Current. . ,387 
Trip-Free Control. 
Tripping, A-C. .. . . . . . . . 1 
Two-Phase Equivalent Rating. . ,386 
Two Pole Equivalent Rating- 

. .385 to 387 
Voltage Rating of. . . . . . . . . . . . . . . . . . . . . . . . 381 

Circuit Breakers, Air 
Cascade. . . . . . . . . . . . . . . .388 
Factors for Selecting Interrupting 

Rating. . ,390 
Low Voltage, Reactance of Series 

Trip Coils. . . . . . . ,396 to 398 
Operating Duty. . . . . . . . . . . ,383 
Pictures of. . . ........... ,378, 379 
Selective Tripping. ............ .388 

Circuit Constants: General 
Transmission. . . . . . . . . . .327 

Circuit Current, Momentary 
Rating.. . . . . . .383, 390 

Clouds--See Thunderclouds 
Coal-Pounds per Kwhr. . . . . . . . . . 2 
Communication Circuits and Un- 

grounded Neutral Systems 650, 651 
Communication Circuits Drainage 

Schemes. . . . . . . . . ,754 
Communication Circuits Susceptive- 

ness..................... ,745, 752 
Special Low-Frequency Protec- 

tive Measures. . .753 
Telephone-Circuit Low-Frequency 

Protection. . . . ,752 
Telephone-Circuit Noise-Frequency 

Factors. . . . . ,778 
Communication System, Power-Line 

Carrier. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..40 1 
Automatic Simplex. . . . . . . . . . . ,403 
Calling Systems. . . . . . . . . . . . . ,404 
Duplex. . . . . . . . . . . . . . . . .401, 402 
Emergency. . . . . . . . . . . . . . . . . . . ,405 
Hybrid Unit.. . . . . . . . . . . . .402, 403 
Power Supply.. . . . . . . . . . . . ,405 
Simplex. . . . . . . . . . . . . .401, 402 

Compensation Theorem-for Network 
Solution . . . . . . . . . . . . . . . . . . . . . . .301 

Completely Self-Protecting 
Transformers. . .630, 637, 638 

Complex Hyperbolic Functions.. . ,267 
Condensers-- See Synchronous Condensers 
Conduction (between Power and 

Communication System). . . . . . . . .742 
Conductors 

See Aerial Conductors, Cable, 
Bus Conductors 

Clearances, Minimum.. ,587, 792, 796 
Spacing Transmission Lines 8, 792,796 

Conduit, Approximate Effect of Iron 
on Impedance of Cables. . . . . . ,396 

Conjugate Sets of Vectors. . . .20, 21 
Constants-Synchronous Machines 

(See Synchronous Machines) 
Construction Details of Typical Lines 

.8, 587 to 592, 785 to 789, 792 to 797 
Conversion-Different Kva Base, . ,295 
Conversion-Different Voltage Base. ,295 
Conversion Formulas for Transmission- 

Type Networks. . . . . . .327 
Coordination of Power and 

Communication Systems. . . . . . . . .741 
Cooperation, Principle of. . . . . . . .745 
Duty of.......................745 
Effects.. . . . . . .741, 745, 756 
Engineering Solution. . . . . . . . . . . ,745 
Factors, Basic. . . . . . . . . . . . . . . . . .745 

General (Definition). ........ .745 
Specific ............ .746. 747. 

754 to 756, 772 to 775, 776 to 779 
Practices 

Deferred. . . . . . . . . . . . . . . . . . . .746 
Standard....................745 

Principles, Basic. . . . . . . . . . . . . . . .741 
Procedure. . . . . . . . . . . . . . . .745, 746 

Copper Conductors 
Copperweld. . . . . . . . . . . . . . . . . . . . 33 
Copperweld-Copper. ............ 33 
Hollow (Anaconda). ............ 32 
Hollow (Type HH). . . . . . . . . . . 33 

Core Form Transformers.. . .104, 105, 138 
Corona. . . . . . . . . . . . . . .56 to 62 

Bundle Conductors. ....... .60 to 62 
Conductor Condition ............ 56 
Conductor Selection. ........... 60 
Effect on Front of Negative 

Voltage Waves. ............. .540 
Effect on Traveling Waves. .... .538 
Energy Loss................... 539 
Factors Affecting. . . . . . . . . . . . 56 
Loss Curves-Comparative. .57 to 60 
Loss Curves for Design. . . . . 61 
Loss, Fair Weather . . . . .57 to 60 
Prevention by Shielding in Cable. 64 
Radio Influence. . . . . .58 to 60 
Radio Influence Curves. ........ 62 

cost 
Capacitors vs. Synchronous 

Condensers.................. 255 
Induction Motor. ............. .193 
Synchronous Machines. ........ .190 

Inertia Constant. ........... .190 
Short Circuit Ratio .......... ,190 

Transformer. ........... .131 to 133 
Counterpoise 

Arrangements. ........... .594, 595 
Depth Below Surface .......... ,595 
Grounding. .............. .594, 595 
Propagation of Surge. ......... ,525 
Typical Practice. 785.to 789,792 to 797 

Coupling Capacitors. .............. ,415 
Coupling Factor 

Between Conductor and Two 
Ground Wires for Traveling 
Wave .................... .. 535 

Electric Induction. ........ .749, 750 
Magnetic Induction, Low 

Frequency 
Aerial Circuits. ............. .747 
Carson’s Method. ........... .749 
Earth-Return Circuits. ...... .748 

Noise-Frequency. ............. .752 
Power and Communication 

Circuits. ................... .745 
Transpositions. .752, 776, 780 to 782 
Traveling Waves. . . . . . . . ,534 

Coupling-Lightning Protection. . . . ,582 
Current Division. . . . . . . . . . . . ,316 

Example . . . . ,308, 312,316, 317 
Current- Due to Ground Fault, ,657, 658 
Current Flow-Sequence Networks. . . 22 
Current-Symmetrical Components 

on Three-Phase System . . . . . . 19 
Current Transformers-Approximate 

Impedance for Short-Circuit 
Calculations. . . . . . . , . . . . . . . . . . .397 

Damper Windings 
Balancing Action. ............. ,182 
Effect on Stability. ....... .456, 486 
Effect upon X2 and Rz. .... .182, 183 
Elimination of Distortion. ...... ,182 
Hunting. ..................... ,183 
Ratio Xg”/Xd”. .......... .182, 183 
Stability Effects on ........ 
Types. . 

,456. 486 
............... .181 to 183 

D-C Machines 
Internal Inductance of. ........ ,761 
Wave Shape. ............. .761, 772 
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Equivalent Circuits (continued) 
T.............................267 
Transformers. . . . . . . . . . .799 to 809 

Equivalent Impedances for 

PAGE 

D-C Transmission. ....... , ........ .494 
Decibel. ..................... .424, 425 
Decibel Scale. .................... .780 
Decrements Similar Parallel 

Machines. ................. .393, 394 
De-ion Tube- See Protector Tube 
Delta-Star Conversion. ...... 
Delta-Star Transformation of 

.17, 18, 306 

Voltage and Current. .......... .19, 20 
Depth of Penetration-Surges. ...... .537 
Design Features of Lines 

Determinants: 
.785 to 789, 792 to 797 
.... 

Deviation Factors of Synchronous’ 
.. .303 

Machines........................76 0 
Diesel Engine-Light Flicker. ...... .721 
Differential Protection 

Generators, A-C. .............. .348 
Resistance Grounded Generators. 663 
Transformers. ................ ,348 

Direct Stroke Protection. 578,579,630,631 
Direct Stroke Theory. ......... 
Directional Relaying for Bus 

.578, 579 

Protection. ..................... .356 
Disconnect Switches in Power 

Stations. ....................... 9 
Distortion of Traveling Waves. ..... .536 
Distribution Systems 

Component Parts .............. .666 
Feeders- Primary 

Distribution. ......... .666 to 678 
Loop Type. ............ .684 to 685 
Networks-D-C ............... .667 
Radial Type. ................. .667 
Recovery Voltage. ............ ,508 
Secondaries. ......... ,666, 667, 682 
Shunt Capacitor Application. ... .241 
Substations. ......... 
Subtransmission. 

.666, 667, 669 
........ ,666 to 668 

Transformers. ........ 
Driving Point Admittance. 

.666, 667, 682 
......... .332 

Duplex Communication System. .402, 403 
Dynamic Stability. ............ .455, 489 

Earth Conduction-Effect on 
Cable Impedance.. . . . . . . . . . .74 to 77 

Earth Resistivity . . ,580, 595, 596, 747 
Earth-Return Circuits 

Low Frequency, at. . . . . . .747 to 749 
Noise Frequency, at. . . . . . . . . . . .776 

Economics 
Primary Network. . . . . . . . . . . . . .694 
Secondary Network. . . . . . . . . . . . .709 

Electric Furnace-Flicker. . 
Electric Furnace—Oscillogram of. . . . . . . . 

.725 

Power Supply. . . . . . . . . . . . . . .726 
Electric Induction Between 

Circuits. . . . . . . . . . . . . . . . . . . . . ...742 
See- Also Noise-Frequency 

Coordination 
Calculation at Low Frequency. . .747 

Electric Welders- Discussion of 
Various Types. . . . . . . . . . . . . . . .728 

Electrolysis. . . . . . . . . . . . . . . . .746 
Electromechanical-Natural 

Frequency of Synchronous 
Machines. . . . . . . . .456 

Electronic Main Exciter. . . . . . . . . . . . . 212, 213 
Ignitron Firing Circuit. . . . . . . . . . . . . . . . 215 
Permanent-Magnet Generator. 213, 215 
Power Supply. . . . . . . . . . . . . . . . .216 
Response......................216 
Service Continuity. . . . . . . . .215, 216 
Source of Power. . . . . . . . . . . .213, 214 

Equipment Symbols for 
Graphical Representation.. . . . . . . . .291 

Equivalent Circuits 
ABCD Constants 266 to 268,270,278 
Fault Representation in 

Stability Studies. . ,442, 462, 466 
Long Transmission Lines. ,265 to 267 
Pi ................... 
Sequence Networks. 

,267, 268, 272 

Short Transmission Lines. ......... 265,270;: 
Simplification for Stability Studies.473 

Transmission Lines 
Equivalent Pi ........... .267 to 269 
Equivalent T. ............ ,267, 268 
Simplified Methods. ..... .267 to 270 

Equivalent Networks. ............. ,305 
Representation of Induction. . . .744 
Representation of Long Lines at 

Harmonic Frequencies. . . . .771 
Equivalent Pi of Transmission System ,328 
Equivalent Spacing on Unsymmetrical 

.37, 38 
Equivalent T of Transmission System, 328 
Excitation Change on Synchronous 

Machines.. . . . . . . . . . . . . ,165 to 172 
Excitation Response Curves. 170, 172, 489 
Excitation-Synchronous 

Machines, Fundamental Equation. .166 
Excitation Systems-Chap. 7. . . . . . . ,195 

Ceiling Voltage. . . . . . . . . . . . . . . ,196 
Common Exciter Bus. . . . . . . . . . ,195 
Definitions. . . . . . . . . . . . . . . .196 
Dynamic Stability of Power 

System. . . . . . . . . . . . . . . . . . .455 
Effect on Flicker. ............. .722 
Effect on System Stability 

,195, 455, 487 to 489 
Effect on Voltage. .... ... .169 to 174 
History. ..................... ,195 
Hydroelectric Generator. ....... ,231 
Per Unit Base. ........... ,196, 197 
Power System Stability. . . . . . . . l95, 487 to 489 
Response Ratio. .......... .196, 197 
Self-Excited. ................. ,219 
Stability. .................... ,196 
Synchronous condenser. 223, 224, 231 
Typical Practice. ....... .785 to 789 
Unit of Voltage. .......... .196, 197 

Exciter-See Electronic Main Exciter, 
Excitation Systems, Main Exciter, 
Pilot Exciter 

Exciter Response. ............... 196,197 
Effect on Power System 

Stability. .... ,195, 455, 487 to 489 
Effect on Short-Circuit 

Current .................... .166 
Effect on Voltage Drop ......... ,172 

Exponential Functions. ............ .812 
Extinction Voltage 

Definition. ................... ,517 
Effect on Transient Voltages.517 to 521 

Fault Bus Relaying Scheme ......... .356 
Fault Current 

A-C Component ............... .389 
Asymmetrical. ................ ,389 
Autotransformer Tertiary. . . . . . ,119 
Calculation for Coordination of 

Power and Communication 
System. . . . . . . . . . . . . . . . . . . .747 

Damage to Capacitors. . . . . ,243, 247 
D-C Component. . . . . . . . . . . ,389 
Effect of Location on System. . . ,390 
Generators. ,658 
Induction Motor. . . . . . . . . . . . . . . . .. 191 
Rms Total Component of. . . ,389 
Secondary Network Mains 704,707 

. ,712, 714, 715 
Shunt Capaditor Banks. . ,244, 245 
Shunt Capacitor Contribution.. . ,256 
Symmetrical. . . . . . . . . . . . .389 
Synchronous Machines 

Faults . . . . . . . . . . . . . .152, 158, 176 to 181 

Burning Clear in Secondary 
Network702 to 704, 712, 714, 716 

Calculations for Circuit-Breaker 
and Relay Application. . . . . . .389 

Double Line-to-Ground. . . . . I .23, 25 

Regulators. . . . . . . . . . . . . .738 
Synchronous Condensers. ,734, 735 
System Changes. . . . . . . . . . . .739 

Short-Circuits and Switching 
. . . . . . . . . . . . . . . . . . . . . 723 

Frequency and Distribution of. . .358 
Induction Motor. 

Synchronous Motor Cyclic Load . . 724 
............. .191 .... 720 

Line-to-Line. ............... .23, 25 
Threshold of Perceptibility. 

Flicker Voltages-Location of. ...... . . ..731 
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Faults (continued) 
Power-System 

Arc-Suppression Measures. . . . .494 
Current Curves.. . . . .497, 498, 499 
Current Formulas. . . . . . . . . . . .497 
De-Ionizing Time. , . . . . . . . . ,489 
Effect on Stabilitv.. . .438. 482. 491 
Flashover-Preveniion Measures 494 
Representation in Stability 

Studies. . . . . . . . . .442. 462. 466 
Voltage Curves. ...... .497 to 499 
Voltage Formulas. .......... ,497 

Reactance Data to Use. ....... .395 
Single Line-to-Ground. 
Synchronous Machine. 

...... .23. 25 
... .152, 158, 

Three Phase: . . . . . . . . . . . . 
. .176 to 181 

.22, 25 
Typical Clearing Times 785 to 789, 

. .792 to 795 
Voltages and Currents During 

Feeder Breakers .369 to 372 

Interrupting Duty ............. .699 
Primary Network. ............ .698 

Feeder Losses, Shunt Capacitors 
to Reduce.......................24 2 

Feeder Voltage Regulators- 
Approximate Impedance .......... .395 

Feeders 
Emergency Connections. ....... .680 
Primary Distribution. ... .666 to 678 
Rating........................68 1 
Regulation. .................. ,681 

Filters. ...................... .772 to 776 
A-C...................... 774,775 
Capacitor. ................... ,766 
Constant Q ............... .772, 773 

In Neutral:::: 
.775 
,663 

Line..................... 766,774 
Machine...................... 773 
Rectifier. ................ .774, 775 
Sequence Segregating. ... .373 to 376 

Firm Capacity. .................... 5 
Flexibility for Load Growth 

Primary Network. ........ .693, 696 
Secondary Network ............ .710 

Flicker-Chap. 22 ................. ,719 
Comparison Chart. ....... .739, 740 
Correction Table. ............. ,739 
Cyclic. .................. .719, 720 
Diesel-Engine Source. ......... ,721 
Distribution Systems. ..... .682, 683 
Due to Generators. ............ .721 
Due to Heavy Special Equipment729 
Due to Prime Movers .......... .721 
Effect of Excitation Systems. ... ,722 
Electric Furnaces .............. .725 
Electric Welders. ............. .327 
Frequency of. ................ .719 
History. ..................... ,719 
Intermittent Loads. ........... .725 
Motor Starting ................ .723 
Origin. ...................... .721 
Perceptible ................... .7 19 
Permissible. .............. .719, 720 
Reciprocating Loads. ...... .723, 724 
Reduced by Series Capacitor .... ,257 
Remedial Measures. ........... .731 

Booster or Compensating Trans- 
former. .................. ,738 

Capacitors. ........... .735 to 737 
Excitation Control. .......... ,739 
Flywheel. .............. .732, 733 
Load Control. .............. ,739 
Motor-Generator Sets. ....... .731 
Phase Converters. ........... .734 
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Grounding (continued) 

Driven Rods, . . 593, 594 
Effect of Method of Grounding 

Damage at Fault Points.. . . . . . . ,660 

on Relaying. . . . . . . . . . . ,349 

Devices-Time Ratings. . . . ,660 

Effect on Relaying. . . . . . . . ,349, 660 
Effect on Stability.. . . . . .484 

Distribution Transformer With 

Effect on Transient Voltages 515, 516 
Four-Wire System. . . . . . ,663, 664 
Generator. Trends and Practices.. 665 
Generator with Distribution 

Type Transformer. .... .662 to 663 
Generators. ...... ,348, 349, 655, 656 
Ground Fault Detection. ....... ,661 
History. ..................... ,643 
Inductive Coordination. ....... .659 
Neutral Breaker. .............. ,660 
Potential Transformer. ......... ,661 
Power System Neutrals. ....... ,643 
Power System, Trends and 

Practices. .................. .655 
Reactance. ........... .646, 647, 658 
Summary Table. .......... ,649, 650 
Three-Wire System. ........... ,663 
Time Rating of Neutral 

Device ................. ,660, 661 
Transformers. ............ .120, 121 
Transformers Zig-Zag. ......... ,653 
Transient Overvoltages 

515 to 521, 652, 659 to 660 
Transmission System. . . . 654, 655 
Transmission Towers 

785 to 789, 792 to 797 
Wood Poles. . . . . . . . . . . . . . . ,596, 598 
Zig Zag Transformers. ,120 

Grounds-Arcing. . . . . . . .511, 659, 660 

Impedance (continued) 
Transmission Lines-See also 

Aerial Lines 
Equivalent Pi. . . . . . ,267 to 269 
Equivalent T. . . . . ,267, 268 
Simplified Method. . . . . . . . . .295 

Unbalanced, Resolved by Sym- 
metrical Components. . . . . . . . . 16 

Zero Sequence. 1.. . . . . . . . . .41 t0 45 

Bushings . . . . , . . . . . . . . . . . . . . . .620 
Cables. . . . . . . . . . . . . . . . . .93. 94 
Insulators. .. . ........ .615 to 618 
Transformers. .... ,107, 108, 619, 620 

Impulse Testing-See Surge Testing 
Inductance for Surge. .............. .524 
Induction Coordination-See Coordina- 

tion of Power and Communication 
Systems 

Induction Motor. ....... ,161, 190 to 194 
Capacitance to Ground ......... .186 
Cost..........................19 3 
Electra-Mechanical Starting 

Transient. .................. .192 
Equivalent Circuit ............. .191 
Hunting. ..................... .262 
Relaying. .................... .368 
Residual Voltage. ............. ,193 
Self-Excitation. ........... ,240, 241 
Shaft Power. ................. .191 
Short Circuit of. .............. .191 
Shunt Capacitor Application. ... .241 
Sub-Synchronous Resonance. ... .261 
Time Constants. .............. .193 
Wave Shape of Supply. ........ .761 

Induction Regulators-Approximate 
Impedance Data. ............... 

Inductive Coordination 
Shunt Capacitors .......... ,253, 254 

Inductive Interference-See Interference 
of Power and Communication Systems 

Inductive Reactance 
Fundamental Theory. ....... .34. 35 
Parallel Circuits. . . . . .40, 84 to 94 
Positive Sequence.. . . . . . .34 to 40, 72 
Quick Reference Curves.. . . . . .38, 39 
Spacing Factors. . . . . . . . . . . . . 54 
Zero-Sequence. . . . .40 to 45, 74 to 77 

Industrial Plant Networks. . . . . .715, 716 
Industrial Plants 

Shunt-Capacitor 

Fluorescent Lamps 

Peak Demand. . . . . . . . , . . . .732, 733 
“Follow-up Method”. . . . . . . 167, 168 
Four-Wire System- Grounding.. 663, 664 

Coordination Characteristics. . . 771 

Frequency- Choice of 

WaveShape................... 

Power Line Carrier. . . . . . . 401, 430 
Power System. . . . . . . . . . . . . 

Flywheel- Effect on 

6 
Frequency Modulation. . . . . . . . .409 
Frequency- Weighting Curves 

Power-System Voltages and 
Currents. . . . . . . . . ,757 

Telephone- System Voltages 
and Currents. . . . . . . . . . . . . . . .779 

Fulchronograph 
Description. . .554 
Records..... . . . . . . . . . . . . . . . . . . . . . . ..572 

Fuse Characteristics for 
Capacitors. ................ 

Fuses- Distribution 
.248, 249 

Feeder and Sub Feeder. ........ 679 
Repeater......................67 9 
Secondary. ............... 
Substation. 

.682, 684 
.............. 

Transformer. 
,671, 678 

......... 
Fuses, Shunt Capacitor. 

,667, 682, 684 
........... .243 

Gas Filled Cable, See Cable 
General Transmission Circuit 

Constants. . . . . . . . . . . . . ,327 
Generating Stations 

Auxiliary Power Supply. . . . . . . . 10 
Bus Layout.. . . . . . . . . . . . . .8 to 10 
Bus-Tic Reactors.. . . . . . . . . . . . . 9 
Fire Walls. . . . . . . . . . . . 10 
Operating Problems. . . . . .8 to 11 
Sealed Compartments. . . . . . 10 
Synchronizing Bus. . . . . .9, 10, 656 

Generators -See Synchronous 
Machines 

Geometric Factor, Cable. . . . . . .68, 69, 70 
Geometric Mean Radius 

Aerial Conductors. ............. 36 
Cable ........ ............. 

Governors. 
.66, 67 

... 
Grading Shields-Typical 

. .456 

Practice. .................. 
Graphical Symbols for Diagrams 

,792, 796 

Equipment. ................. 
Windings. . . 

.291 
. . ,292 

Grid, Interwoven Low- 
Voltage . . ,689, 702, 710 

Ground Currents for Faults. . . ,657 
Ground Fault Current 

Calculation. . . . . . . . . . ,657, 658 
Ground Gradients 

During Fair Weather. . .542, 550 
During Thunderstorms.. . . . . . . . .550 

Ground Potential. . . . . . . . .742, 755, 756 
Ground Relaying. . . . . . . . . . . . . 365 
Ground- Return Circuits.. . . . . ,747 
Ground Wires 

Coupling Factor-Traveling 
Waves . . . . . . . . . . . . . . . . . . ...534 

Transmission Lines. . . 
Typical Practice 785 to 789,792 to 797 
Zero-Sequence Formulas, . . . . 45 
Zero-Sequence Impedance. . .41 to 45 

Grounded Systems 
Basic Insulation Level. . . . ,611, 612 
Effectively. . . . . . . . . . . . . ,646, 652 
Reactance. . . . . . . . . . . . . ,646, 647 
Resistance. . . . . 
Resonant or Ground Fault 

. ,644, 651 

Neutralizer. ........ 
Solidly. 

,647, 648, 653 
...................... ,646 

Trends and Practices. ......... ,655 
Grounding 

Influence..................,.659 

Cable, Effect of. . . . . . . . . . . 74 

Counterpoise. . . . . . . . . . . . . .594, 595 

Circulating Harmonics. . . . . . . ,658 
Communication Circuit 

Harmonic Voltage-Shunt Capacitor 
Capacity for. ............... ,252, 253 

Harmonic Voltages. ............ ,627 
Harmonics. ................... ,757. 758 

See Also Frequency-Weighting . 

See Also Noise-Frequency 
Coordination 

See Also Wave Shape of Apparatus 
or Circuit 

High Voltage Equipment 
Lightning Protection.. 632 

High-Voltage Switch, Secondary Net- 
work. . . . . . . . . . . , . . . . . . .705, 715 

Hollow Copper Conductors (Anaconda). 51 
Hollow Copper Conductors (Type HH) 51 
Hunting 

Effect of Damper Winding on 182, 183 
Synchronous Machines- 

Natural Frequency. . . . . . . . . ,456 
Hyperbolic Functions. . . . . . . . . . . ,267 

Synchronous Machines. . . 188; 189 
Transformers. . . . 98 to 100, 799 to 808 

Ignitron Tube Main Exciter. . .213 to 215 
Impedance 

Aerial Lines-See Aerial Lines 
Cable-See Cable 
Characteristic.. . . . . . . . . ,409 
Constants for Circle Diagrams ,332 
Conversion of Ohms to Percent. 294 
Converting Transformer Impedance 

to Winding Base. ........... ,589 
Data for Fault Calculation, .... .395 
Diagram of System ........ ,290, 291 
Line Input. .............. .410, 411 
Linear........................31 0 
Mesh.........................30 2 
Parallel. ..................... ,305 
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