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1 " ELECTRIC CURRENT AND OHM'S LAW

1.1. Electron Drift Velocity

Suppose that in a conductor. the number of free electrons available per m’ of the conductor
material is n and let their axial drift velocity be v metres/second. In time dr, distance travelled would
be v x di. If Ais area of cross-section of the conductor, then the volume is vAdr and the number of
electrons contained in this volume is VA dt. Obviously. all these electrons will cross the conductor
cross-section m time dr. If e is the charge of each electron, then total charge which crosses the
section in time dr is dg = nAev di.

Since current is the rate of flow of charge, it is given as

dg nAev di

| = L= """ et { = nAdev
dt dt
- . 2
Current density J = ilA=nev m]pemlmue'
Assuming a normal current density J = .55 x 10" A/m’, n = 10” for a copper conductor

and e = 1.6 x 107" coulomb, we get
155% 10" = 10”7 x 1.6% 107" xv 5 v=97x 107" nv/s = 0.58 cm/min
It is seen that contrary to the common but mistaken view, the electron drift velocity is rather
very slow and is independent of the current flowing and the area of the conductor.

N.B.Current density i.e., the current per unit area. is a vector quantity. It is denoted by the symbol ./ .

=y
Therefore. in vector notation, the relationship between current [ and 7 is:

— — <t _ i
I' = 1.4 [where @ is the vector notation for area "a’|

For exlending the scope of the above relationship. so that it becomes applicable for area of any shape, we

write
- —
J..)'r da
The magnitude of the current density can, therefore. be writlen as J-o

Example 1.1. A conductor material has a free-electron density of 1 07! blectrons per metre’.
When a voltage is applied, a constant drift velocity of 1.5 x 10~ metre/second is attained by the
electrons. If the cross- \ernnna! area of the material is I ¢ m’, calculate the magnitude of the current,
Electronic charge is 1.6 % 10”"° coulomb.  (Electrical Engg. Aligarh Muslim University 1981)

Solution. The magnitude of the current is
f

nAev amperes
10% 2 A=lem’=10"m?
16x10"7Civ=15% 10" m/s

i= 10¥%107 x16x 107" % 1.5%x 107 =024 A

Here, n

£

1.2. Charge Velocity and Velocity of Field Propagation
The speed with which charge drifts in a conductor is called the velocity of charge. As seen from
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above, its value is quite low, typically fraction of a metre per second.

However. the speed with which the effect of e.m.f. is experienced at all parts of the conductor
resulting in the flow of current is called the velocity of propagarion of electrical field. It is indepen-
dent of current and voltage and has high but constant value of nearly 3 x 10° mys.

Example 1.2. Find the velocity of charge leading to 1 A current which flows in a copper
conductor of eross-section | em” and length 10 km. Free electron density of copper = 8.5 10 per
m'. How long will it rake the electric charge to travel from one end of the conductor to the other,

Solution. 7= neAv or v o= dneA

v o= 8S~ 10 % 16x 10 " x (1 x 107 =7.35x 107 m/s =0.735 pm/s

Time taken by the churge 1o travel conductor length of 10 km is
distance _  10% 10’
velocity  7.35x 107
Now, | year = 365 x 24 x 3600 = 31,536,000 s

¢]

r = 1.36 x 107/31,536.000 = 431 years
1.3. The ldea of Electric Potential

=1.36x10s

in Fig. 1.1 is shown a simple voltaic cell. 1t consists of copper plate (known as anode) and o zine
rod (re. cathode) immersed in dilute sulphuric acid (H,SO,) contained in a suitable vessel. The
chemical action taking place within the cell causes the electrons to be removed from Cu plate and 10
be deposited on the zine rod at the same time. This transfer of electrons is accomplished through the
agency of the diluted H,SO, which is known as the electrolyte. The result is that zinc rod becomes
negative due lo the deposition of electrons on it and the Cu plate becomes positive due to the removal
of electrons from it. The large number of electrons collected on the zinc rod is being attracted by
anode but is prevented from returning to it by the force set up by the chemical action within the cell.

Conventional Direction

of Current
il =
3 Direction of i ' !
Electron Flow !
;o - - i E‘ /Water E
' :
E Direction :
: of Flow f
| !
i . i
i :
i I
I !
Kl g e e
1
\

Water Pump
Fig. L.1. Fig. 1.2

But if the two electrodes are joined by a wire externally, then electrons rush to the anode thereby
equalizing the charges of the two electrodes. However, due to the continuity of chemical action, a
continuous difference in the number of electrons on the two electrodes is maintained which keeps up
a continuous flow of current through the external circuit. The action of an electric cell is similar to

that of a water pump which. while working, maintains a continuous flow of water i.e. water current
through the pipe (Fig. 1.2).
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It should be particularly noted that the direction of electronic current is from zine to copper in
the external circuit. However, the direction of conventional current (which is given by the direction
of flow of positive charge) is from Cu to zinc. In the present case, there is no flow of positive charge
as such from one electrode to another. But we can look upon the arrival of electrons on copper plate
(with subsequent decrease in its positive charge) as equivalent to an actual departure of positive
charge from it.

When zinc is negatively charged, it is said to be at negative potential with respect to the electrolyte,
whereas anode is said to be at positive potential relative to the electrolyte. Between themselves, Cu
plate is assumed to be at a higher potential than the zinc rod. The difference in potential is continuously
maintained by the chemical action going on in the cell which supplies energy to establish this potential
difference.

.4. Resistance

It may be defined as the property of a substance due to which it opposes (or restricts) the flow of
electricity (ie., electrons) through it.

Metals (as a class), acids and salts solutions are good conductors of electricity. Amongst pure
metals, silver, copper and aluminium are very good conductors in the given order.* This, as discussed
earlier, is due to the presence of a large number of free or loosely-attached electrons in their atoms.
These vagrant electrons assume a directed motion on the application of an electric potential difference.
These electrons while flowing pass through the molecules or the atoms of the conductor, collide and
other atoms and electrons, thereby producing heat.

Those substances which offer relatively greater difficulty or hindrance to the passage of these
electrons are said to be relatively poor conductors of electricity like bakelite, mica, glass, rubber,
p.v.c. (polyvinyl chloride) and dry wood etc. Amongst good insulators can be included fibrous
substances such as paper and cotton when dry, mineral oils free from acids and water, ceramics like
hard porcelain and asbestos and many other plastics besides p.v.c. It is helpful to remember that
electric friction is similar to friction in Mechanics.

.5, The Unit of Resistance
The practical unit of resistance is ohm.** A conductor is said to have a resistance of one ohm if
it permits one ampere current to flow through it when one volt is impressed across its terminals.

For insulators whose resistances are very high, a much bigger unit is used i.e. megaohm = 10°
ohm (the prefix ‘mega’ or mego meaning a million) or kilohm = 10? ohm (kilo means thousand). In
the case of very small resistances. smaller units like milli-ohm = 10™ ohm or microhm = 107 ohm
are used. The symbol for ohm is €.

Table 1.1. Multiples and Sub-multiples of Ohm

T
Prefix Iis meaning Abbreviation Equal to
Mega- One million MQ 10° Q
Kilo- One thousand kQ 10°Q
Centi- One hundredth - -
Milli- One thousandth m wia
Micro- One millionth pQ 10°0
" However, for the same resistance per unit length, cross-sectional area of alummium conductor has o be
L6 times that of the copper conductor but it weighs only half as. much. Hence, it is used where economy
af weight is more important than economy of space
#*  After George Simon Ohm (1787-1854), a German mathematician who in about 1827 formulated the law

of known after his name as Ohm’s Law
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1.6. Laws of Resistance

The resistance R offered by a conductor depends on the following factors
(i) It varies directly as its length, /.

(ii) It varies inversely as the cross-section A of the conductor.

(iii) It depends on the nature of the material,

(iv) It also depends on the temperature of the conductor.

/' Current
i )

4
Smaller | Larger | i
Larger A Smaller A
Low R Greater R
Fig. 1.3. Fig. 1.4

Neglecting the last factor for the time being. we can say that

/ [ ;
R < A or R_pA L)

where p is a constant depending on the nature of the material of the conductor and is known as its
specific resistance or resistivity,
If in Eq. (), we put
| = I metre and A= | metre’, then R=p (Fig. 14)
Hence. specific resistance of a material may be defined as
the resistance between the opposite faces of a metre cube of that material.

1.7. Units of Resistivity
From Eq. (i), we have p = —=—
In the S.1. system of units,

p = A metre” x R ohm _AR N S—
[ metre !

Hence, the unit of resistivity is ohm-metre (£2-m).

It may, however, be noted that resistivity is sometimes expressed as so many ohm per m.
Although, it is incorrect to say so but it means the same thing as ohm-metre.

. ' . 2 o +
If I'is in centimetres and A in cm”, then p is in ohm-centimetre (£2-cm).

Vulues of resistivity and temperature coefficients for various materials are given in Table 1.2.
The resistivities of commercial materials may differ by several per cent due to impurities etc,
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Table 1.2. Resistivities and Temperature Coefficients

Material Resistivity in olhm-metre | Temperature coefficient at
at 20°C (x 107%) 20°C (x 107%)
Aluminium, commercial 2.8 40.3
Brass 6-8 20
Carbon 3000 — 7000 -5
Constantan or Eureka 49 +0.1 to 04
Copper (annealed) 1.72 39.3
German Silver 20.2 2.7
{84% Cu; 12% Ni; 4% Zn)
Gold 2.44 36.5
Tron 98 65
Manganin 44 - 48 0.15
(84% Cu ; 12% Mn ; 4% Ni)
Mercury 95.8 89
Nichrome 108.5 1.5
(60% Cu ; 25% Fe : 15% Cr)
Nickel 7.8 54
Platinum 9-155 36.7
Silver 1.64 38
Tungsten o e 47
Amber 5x 10"
Bakelite 10"
Glass 10" — 10"
Mica 10"
Rubber 10'
Shellac 10"
Sulphur 10"

Example 1.3. A coil consists of 2000 turns of copper wire having a cross-sectional area of 0.8
mm”. The mean length per turn is 80 cm and the resistivity of copper is 0.02 pd—m. Find the
resistance of the coil and power absorbed by the coil when connected across 110V d.c. supply.

(F.Y. Engg. Pune Univ. May 1990)

Solution. Length of the coil, / =0.8 x2000=1600m ;A =0.8 mm’ = 0.8 x 10° m’.

R = pE =002 107 160008 x 10°= 40 0
Power absorbed = V*/R = 110740 = 302.5 W '

Example 1.4. An aluminium wire 7.5 mi long is connected in a parallel with a copper wire 6 m
long, When a currenr of 5 A is passed through the combination, it is found that the current in the
aluminium wire is 3 A. The diameter of the aluminium wire is | mm. Determine the diameter of the
copper wire. Resistivitv of copper is 0.017 yS2-m ; that of the aluminium is 0.028 p&-m.

(F.Y. Engg. Pune Univ. May 1991)

Solution. Let the subscript | represent aluminium and subscript 2 represent copper.

I

I . b LR P hog
R =pﬂl e Rz_plﬂz h RI_P1'I1'“1.
R p, I, .
= e R D)
"2 "R, p
Now l, =3A:L=5-3=2A

If Vis the common voltage across the parallel combination of aluminium and copper wires, then
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V=IR=0LR - RIR=1LI=23
_ n:dz axl’ @ o
G =TTy Tym™m
Substituting the given values in Eq. (i), we get
T 2., 0017
= Bl 0 _gos544
@ = 37370028 7505 "

nxd,’/4 = 02544 or d,=0.569 mm

Example 1.5. (a) A rectangular carbon block has dimensions 1.0 cm x 1.0 em x 50 cm.
(i) What is the resistance measured berween the two square ends 7 (if) between two opposing
rectangular faces / Resistivity of carbon at 20°C is 3.5 % 107 Q-m,

(b) A curremt of 5 A exists in a 10-2 resistance for 4 minutes (i) hun many coulombs and
(1) how many electrons pass through any section of the resistor in this time ? Charge of the electron

=I6x 10" C (M.S. Univ. Baroda 1989)

Solution.
(a) (i) R =plA

Here, A=Ixl=lem=10"m";1=05m
R = 35%10°x05/107"=0.175Q
(ii) Here, ! = lc:m:z’a:l><50=50crr|2=5:»<IOF:'rn2

R =35x10°%x105x107=7x 10" Q

(b) (i) 0 =5x(4%60)= 1200 C

» Q_ 1200 _ w0

(H) n = e —I'ﬁxm_;q—?lelJ

Example 1.6. Calculate the resistance of | km long cable composed of 19 stands of similar
copper conductors, each sirand being 1.32 mm in diameter. Allow 5% increase in length for rht’ lay’
(twist) of each strand in completed cable. Resistivity of copper may be taken as 1.72 % 10" Q-m.

Solution. Allowing for twist, the length of the stands.

= 1000 m + 5% of 1000 m = 1050 m

Area of cross-section of 19 strands of copper conductors is

9% xd/4 = 197x(1.32x 1074 m’

. R = pl= 1.72x107° x 10504 _ o
ow, = i = W
A 19rx1.32° %107

Example 1.7. A lead wire and an iron wire are connected in parallel. Their respective specific
resistances are in the ratio 49 : 24. The former carries 80 percent more current than the latter and
the later is 47 percent longer than the former. Determine the ratio of their cross sectional areus,

(Elect. Engg. Nagpur Univ. 1993)

Solution. Let suffix | represent lead and suffix 2 represent iron. We are given that

pp. = 4924if i, =10, = 1.8if |, = 1. L= 147

{ [
Now, R1 o~ p'[‘;l[l_ and Rz =p} -2

Since the two wires are in parallel, i, = V/R, and i, = VIR,
bR e b

| R: A p-!-
A, A 24
Z 5 =Ly 147=04
A f, arys e .
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Example 1.8. A piece of silver wire has a resistance of | Q. Whar will be the resisiance of
manganin wire of onc-third the length and one-third the diameter, if the specific resistance of manganin

is 30 times that of silver. (Electrical Engineering-1, Delhi Univ. 1978)
Iy
Solution. For silver wire R, = :T‘ For manganin wire, R = P27~
: 2
—Rl = P—lx!ix Al
R peohA
Now A, = nd’14 and A,=md, /4 s AJAy =d]ldy
Ry py by (dY
R p xix d,
R, = 1Q:1I/l, = 13, (d,/d,)* = (3/1)" = 9; pyfp, = 30
R, = 1x30x(1/3)x9=90Q

E 3 Py . =]

Example 1.9, The resistivity of a ferric-chrominm-aluminium alloy is 51 x 107 Q-m. A sheet
of the material is 15 cm lone, 6 et wide and 0.014 em thick. Determine resistance between
{a) opposite ends and (b) opposite sides. (Electric Circuits, Allahabad Univ. 1983)

Solution. (a) As seen from Fig. 1.5 (a) in this case,

[ = 15em=0.15cm N
2 N,

A = 6x0.014 = 0084 cm 7
0.084 x 10" m’

15 cm —
P /
1 _SIX107 x0.15
R = A 0.0843{]0_4 -— Hcm —> o
=91x107°Q 0.014 cm

(b) As seen from Fig. 1.5 (b) here (a) fb)

[ =00l4dem=14x10"m Fig. 1.5
A=15x6=90cm =9 10" m"

R =51x10%%14x10"09x10"=79.3x10"Q

Example 1.10. The resistance of the wire used for telephone is 35 € per kilometre when the
welghr of the wire is 5 kg per kilometre, If the specific resistance of the material iy 1.95 x 10 Y Qem,
what is the cross-sectional area of the wire ? What will be the resistance of a loop to a subscriber
8 km from the exchange if wire of the same material but weighing 20 kg per kilomerre (s used ?

Solution. Here R = 35Q:; [=1km=1000m; p=195x10" Qm
= —5 '
Now, R = p% or A=p—R{ ~A= ].%Xlgs X0 =557%x 10" m’
If the second case, if the wire is of the material but weighs 20 kg/km, then its cross-section must

be greater than that in the first case.

)
Cross-section in the second case = 5[ x557x107" =222.8%107™ m’

-8
:I.QSXIO x 16000 _ 1401 0

. ’ .__ e z —} 'L
Lengthof wire=2x8= 16 km=16000m . R=P7 222 8x10~°

Tuterial Problems No. 1.1
I. Calculate the resistance of 100 m length of a wire having a l.l[‘llfﬂm‘l cross-sectional area of 0.1 mm” if
the wire is made of manganin having & resistivity of 50 x 1078 Q-m.

If the wire 1s drawn out to three times 1ts original length, by how many times would you except its
resistance to be increased 7 [500 Q: 9 times]
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2. A cube of a material of side | cm has a resistance of 0.001 £ between its opposite faces. If the same
volume of the material has a length of 8 cm and a uniform cross-section. what will be the resistance of
this length ? [0.064 Q]

3. A lead wire and an iron wire are connected in parallel. Their respective specific resistances are in the
ratio 49 : 24. The former carries 80 per cent more current than the latter and the latter is 47 per cent
longer than the former, Determine the ratio of their cross-sectional area, [25:1]

4. A rectangular metal strip has the following dimensions :

r = 10em y=05em, z=02cm
Determine the ratio of resistances R . R, and R_ between the respective pairs of opposite faces.
R, : R‘, t R, : 10,000 : 25 : 4] (Elect. Engg. AM.Ae. S.1. June 1987)

5. The resistance of a conductor 1 mm” mn cross-section and 20 m long s 0.346 Q. Determine the
specific resistance of the conducting material. [1.73 x 10* Q-m|(Elect. Circuurs-1. Bangalore Univ. 1991)

6. When a current of 2 A flows for 3 micro-seconds in a coper wire, estimate the number of electrons
crossing the cross-section of the wire. (Bombay University, 2000)
Hint : With 2 A for 3 p Sec, charge transferred = 6 p-coulombs
Number of electrons crossed = 6% 10716 x 107" =3.75 x 10" ¥

1.8, Conductance and Conductivity

Conductance (G) is reciprocal of resistance®. Whereas resistance of a conductor measures the
opposition which it offers to the flow of current, the conductance measures the indiucement which it

offers to its flow,

[ A_ocA
From Eq. (/) of Ar. 1.6, R = P73 ©Of G-B 75T

where @ is called the conductivity or specific conductance of a conductor. The unit of conductance
is siemens (S). Earlier. this unit was called mho.
It is seen from the above equation that the conductivity of a material is given by

o = G‘I Gslemensxfmelre Gﬁ siemens/metre

A metre’
Hence, the unit of conductivity is siemens/metre (S/m).

1.9. Effect of Temperature on Resistance

The effect of rise in temperature is :

(i) to increase the resistance of pure metals. The increase is large and fairly regular for normal
ranges of temperature. The tempera{urefrem[ance graph is a stnugh! Ime (Fig. 1 ﬁ] As
would be presently clarified. metals have a eSSl

(ii) 1o increase the resistance of alloys, though in their case. the increase is relatively small dl’ld
irregular, For some high-resistance alloys like Eureka (60% Cu and 40% Ni) and manganin,
the increase in resistance is (or can be made) negligible over a considerable range of tem-
perature.

(iii) 1o decrease the resistance of electrolytes, insulators (such as paper, rubber, glass, mica etc.)
and partial conductors such as carbon. Hence, insulators are said to possess a negative
temperature-coefficient of resistance,

1.10. Temperature Coefficient of Resistance

Let a metallic conductor having a resistance of R, at 0°C be heated of +°C and let its resistance
at this temperature be K. Then, considering normal ranges of temperature, it is found that the
increase in resistance A R = K, — K, depends

(i) directly on its initial resistance

(i) directly on the rise in temperature

(#if) on the nature of the material of the conductor.

#

In a.c. circuits, it has a slightly different meaning.
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or R—R; =< RxXt or R-Ry=0R;t -..{i)
where o (alpha) is a constant and is known as the temperature coefficient of resistance of the con-
ductor,

. _ G R-R, AR
earran (i), ta= = Bwg
arranging Eq. (i), we get o R, Xt  Ryxt
If Ry = 1Q,1=1°C, then a=AR=K -R,

Hence, the temperature-coefficient of a material may be defined as :
the increase in resistance per ohm original resistance per °C rise in temperature.
From Eq. (i), we find that R, = R,(1+or) (1)

rol

!

Resistance

Rl
Actual | / R,

-
-
-
-
-
-
-

o

L=~
-234.5°C 0

-t’C -— — t°C
Fig. 1.6

It should be remembered that the above equation holds good for both rise as well as fall in tempera-
ture, As temperature of a conductor is decreased, its resistance is also decreased. In Fig. 1.6 is shown the
temperature/resistance graph for copper and is practically a straight line. If this line is extended back-
wards, it would cut the temperature axis at a point where temperature is — 234.5°C (a number quite easy
to remember), It means that theoretically. the resistance of copper conductor will become zero at this
point though as shown by solid line, in practice, the curve departs from a straight line at very low
temperatures. From the two similar triangles of Fig. 1.6 it is seen that :

R f+234.5_(l+;)
K, = 2345 2345

I
R, = R, (l + ﬁ4_5) or R, =R, (1 + o r) where @ = 14234.5 for copper.

!

111, Value of a at Different Temperatures

So far we did not make any distinction between values of o at different temperatures. But it is
found that value of o iself is not constant but depends on the initial temperature on which the
increment in resistance is based. When the increment is based on the resistance measured at 0°C,
then o has the value of &,. Atany other initial temperature 1°C. value of o is o, and so on. [t should
be remembered that, for any conductor, o, has the maximum value.

Suppose a conductor of resistance R, at 0°C (point A in Fig. 1.7) is heated to r°C (point B). Its
resistance R, after heating is given by

R, = RG(I + 0 1) A1)
where o, is the temperature-coefficient at 0°C.

Now, suppose that we have a conductor of resistance R, at temperature °C. Let this conductor
be cooled from °C to 0°C. Obviously, now the initial point is B and the final point is A. The final
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resistance R, is given in terms of the initial resistance by the following equation

R, = R +0,(-nl=R,(1-0,.1) (i)
t°C——B i R —R,
R, From Eq. (if) above, we have o, = ———
- R, xt
|__ Substuting the value of R, from Eq. (i), we get
= o - Ry (1+ tyf) — Ry _ a, P oy i
£ [2 ORI+, nxt  l+ogt 4ot
=} : .
5 _% In general, let o= tempt. coeff. at 1,°C ; o, = tempt. coeff. at £,°C.
| Then from Eq. (jii) above, we get
I o 1+ o, ¢
i o = 0 or Lo o hy
5 oY O Gy
R, 0°C——A
o 1 |+ 0y 1y
Similarly, s —
Fig. 1.7 ’ <
Subtracting one from the other, we get
| G S i [ & PP I
o, o (e=)or o, o, Flyrhionges Vo, + (1, — 1))

Values of o for copper at different temperatures are given in Table No, 1.3.

Table 1.3. Different values of o for copper

Tempt, in °C 0 x] 10 20 30 40 50

a 0.00427 | 0.00418 | 000409 | 0.00393 | 0.00378 | 0.00364 | 0.00352

In view of the dependence of o on the initial temperature, we may define the temperature
coefficient of resistance at a given temperature as the charge in resistance per ohm per degree
centrigrade change in temperature from the given temperature,

In case R, is not given, the relation between the known resistance R, at r,°C and the unknown
- L]
resistance R, at 1,°C can be found as follows :

R, = Ry(1 +0yt,) and R =R, (1 +0yt)
R, L+ oyt !
2 = 0'2 V)
R L+ oty
The above exoression can be simplified by a little approximation as follows :
R, =
R = (1 + 0t (1 + 0,1
= (F+an) (1 —a,t) |Using Binomial Theorem for expansion and
= L+ o, —1) neglecting squares and higher powers of (04, 1,)]
R, = R/ [1 +oy(1,—1)] [Neglecting product {unzrlrzlj

Far more accurate calculations, Eq. (iv) should, however, be used.
1.12. Variations of Resistivity with Temperature
) P

Not only resistance but specific resistance or resistivity of metallic conductors also increases
with rise in temperature and vice versa,
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As seen from Fig. 1.8 the
resistivities of metals vary linearly with /
temperature over a significant range of
temperature-the variation becoming j
non-linear both at very high and at very =
low temperatures. Let, for any metal- :
lic conductor,

g
p, = resistivity at 7,°C f
p, = resistivity at 1,°C -/‘/4
m = Slope of the linear part of T
the curve I I 1
=200 0 200 400

Then, it is seen that

mw D2PL Fig. 1.8
-1

or p, = p+mit,—1) or p,= p|[l+—;ﬂ;—{!2—p_l):|.

The ratio of m/p, is called the temperature coefficient of resistivity at temperature ¢,°C. It may
be defined as numerically equal to the fractional change in p, per °C change in the temperature from
1,°C. It is almost equal to the temperature-coefficient of resistance ;. Hence, putting o, = m/p,
we get

Pr = Pyl +0oy(t,—1)] or simplyasp, =p,(l+0oy0)

Note. It has been found that although temperature is the most significant factor influencing the resistivity
of metals, other factors like pressure and tension also affect resistivity to some extenl. For most metals except
lithium and calcium, increase in pressure leads to decrease in resistivity, However, resistivity increases with
increase in tension,

Z s e ] ity 3
Example 1.11. A copper conductor has its specific resistance of 1.6 x 107 ohm-cm at (°C and
a resistance temperature coefficient of 1/254.5 per °C at 20°C. Find (i) the specific resistance and

(i) the resistance - temperature coefficient ar 60°C. (F.Y. Engg. Pune Univ. Nov, 1988)
~ . = aﬂ l == % & i ] cc
L %0 = TToyx20 & 7545 T+ogx20 - 077345
() Peo = Poll + 0% 60)=1.6x 107 (1 + 60/234.5) = 2.01 x 107" Q-cm
o 1/234.5 1 i
i _ - — (_
(i) %o = Tyogx60 1+(60/2345) 29457 = .

Example 1.12. A platinum coil has a resistance of 3.146 Q at 40°C and 3.767 Q ar 100°C.
Find the resistance at °C and the temperature-coefficient of resistance ar 40°C.

(Electrical Science-Il, Allahabad Univ. 1993)

Solution. Rigo = Ry (1+ 100 o) (1)

Ry R, (1 + 40 o) <(id)

3767 1+10¢a,

3146 — 1+40q,

From (i), we have 3.767 R, (1 +100x0.00379) .. R,=2732Q

G ___ 000379 _ 1 e

Now, %0 = T+400, 1+40x000379 304

or o,=0.00379 or 1/264 per°C
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Example 1.13. A potential difference of 250 V is applied to a field winding ar 15°C and the
current is 5 A. Whar will be the mean temperature of the winding when current has fallen to 3.91 A.

applied voltage being constant. Assume o, 5= 1/254.5 (Elect. Engg. Pune Univ. 1991)

Solution. Let R, = winding resistance at 15°C; R, = winding resistance at unknown mean
temperature 1,°C.

R,
Now R,

250/5 = 50 Q; R, = 250/3.91 = 63.94 Q.
R Il +as(t,—1)] . 6394= 50[1 +
1, = 86°C

Example 1.14. Two coils connected in series have resistunces of 600 € and 300 2 with tempi.
coeff. of 0.1% and 0.4% respectively ar 20°C. Find the resistance of the combination at a tempt. of

2545(:« 15)}

50°C. What is the effective tempi. coeff. of combination ?

Solution. Resistance of 600 Q resistor at 50°C 15 = 600 [1 + 0.001 (50— 20)] = 618 Q
Similarly, resistance of 300 Q resistor at 50°C is = 300 |1 + 0.004 (50 — 20)] = 336 Q
Hence. total resistance of combination at 50°C is = 618 + 336 = 954 Q

Let B = resistance-temperature coefficient at 20°C

Now, combination resistance at 20°C = 900 Q
Combination resistance at 50°C = 954 Q

954 = 900[1+B(50-20)] . Pp=0.002
Example 1.15. Two wires A and B are connected in series at 0°C and resistance of B is 3.5 times
that of A. The resistance tlemperature coefficient of A is 0.4% and that of the combination 1s 0,1%. Find
the resistance temperature coefficient of B, (Elect. Technology, Hyderabad Univ. 1992)
Solution. A simple technique which gives quick results in such questions is illustrated by the
diagram of Fig. 1.9. It is seen that R/R, = 0.003/(0.001 — o)

0. 004 ' or 35 = 0.003/0.001 —a)

or o = 0.000143°C”"  or 0.0143 %
Example L.16. Two materials A and B have resistance temperature

0.001 coefficients of 0.004 and 0.004 respectively at a given temperatiure. In

what proportion must A and B be joined in series to produce a circuit
/ \ having a temperature coefficient of 0.001 ?
(Elect. Technology, Indore Univ. April 1981)

(0.001 — o) 0.003

Fig. 1.9 Solution. Let R, and R be the resistances of the fwo wires of materials

A and B which are to be connected in series.
Their ratio may be found by the simple technique shown in Fig. 1.10.

0004 000{14
Ry _ 0003 _g
R, — 0.0006 \ /
Hence, R, must be 5 times R .
Example 1.17. A resisiar of 80 L2 resistance, having a temperature 0.001
coefficient of LU021 per degree C is to be constructed. Wires of two mate-
rials of suitable cross-sectional area are available. For material A, the
rexistance is 80 phm per 100 metres and the temperature coefficient is o a006 0.003
(L0032 per degree C. Formaterial B, the corresponding figures are 60 olni Fig. 1.10

per metre and U015 per degree C. Calculate suitable lengths of wires of

materials A and B to be connected in series to construct the reguired resistor, All data are referved

to the same femperature

Solution. gt R, un
which when joined in se
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tion resistance al any given temperature is (R, + R,). Suppose we heat these materials through r°C.
When heated, resistance of A increases from R, o R, (I + 0.003 1), Similarly, resistance of B
increases from R, to R, (1 + 0.0015 1),
combination resistance after being heated through 1°C
= R, (1+0003n+R,(1+0.00I51)
The combination o being given, value of combination resistance can be also found directly as
= (R, + R, (1 +0.0021 1)
(R, + R)(1+00021 1) = R (1+0.0030+ R, (1+0.00151)

Simplifying the above, we gel R—h = ; i)
a

Now R,+R, = 80Q L)

Substituting the value of R, from (i) into {i/) we get

R,+2R, =80 or R,=32Q and R,=48Q
If L, and L, are the required lengths in metres, then
L, = (100/80)x 32 =40m and L, =(100/60)x 48 =80 m
Example LI8. A coil has a resistance of 18 Q when its mean temperature is 20°C aned of 20 €2
when ity mean temperature (s S0°C. Find ity mean temperature rise when ity resistance is 21 € and
the surrounding temperature is 157 C. (Elect. Technology, Allahabad Univ. 1992)
Solution. Let R, be the resistance of the coil and o, its tempt. coefficient at 0°C.
Then, 18 = Ry(1 +0,x20) and 20=R, (1 + 50 a)
Dividing one by the other, we gel
20 1+ 50 o

l (s ]
= i 20 % e
18 - 1+20a, 0= 350 PTC

[f 1°C is the temperature of the coil when iis resistance is 21 €2, then,
21 = R, (1 + ¢/250)

Dividing this equation by the above equation, we have
21 _ R, (1+4250)

= = 2 1=65°C; crise=65—15=50°C
T Ry (1 + 20 o) 1 =65°C; temp. rise = 65 — |

Example 1.19. The coil of « relav wakes a current af 0.12 A when it is af the room temperature
of 153°C and connected across a 60-V supply. If the minimum operating current of the relay is 0.1 A,
valculate the temperature above which the relay will fail to operate when connected to the sem:
supply.  Resistance-temperature coefficient of the coil marerial is 0.0043 perSC ai 0°C.

Solution. Resistance of the relay coil at 15°C is R;5 = 50/0.12 = 500 Q.

Let °C be the temperature at which the minimum operating current of 0 1 A flows in the relay
coil. Then, R, = 60/0.1 = 600 Q.

Now Ris = Ry(1+1503)=R,(1+15x00043) and R, =R;(1+0.00431)
R 1+0.0043 ¢ suw 1 +0.0043¢ e

= e W ——=————— = = §54%(
Ris 10654 500 1.0645

I the temperature rises above this value, then due to increase in resistance, the relay coil will
draw a current less than 0.1 A and. therefore, will fail to operate.

Example 1.20. Two conductors, one of copper and the other of iron, are connected in parallel
and carry equal currents ar 25°C. What proportion of current will pass through each if the tempera-
ture iy raised to 100°C ? The temperature coefficients of resistance ar 0°C are 0.0043/°C und
0.00637°C for copper and iron respectively,  (Principles of Elect. Engg. Delhi Univ. June 1985)
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Solution. Since the copper and iron conductors carry equal currents at 25°C, their resistances
are the same at that temperature, Let each be R ohm.

For copper, Ry = R, =R[1+0.0043 (100 - 25)] = 1.3225 R
For iron, R = Ry=R[1+0.0063 (100 —25)] = 1.4725 R
If / is the current at 100°C, then as per current divider rule, current in the copper conductor is
R
I, = 12 AR 5964 ]

R +R,  13225R+14725R
R 1.3225 R
L = I =—2—-=1I
) s R +R, 2795 R
Hence, copper conductor will carry 52.68% of the total current and iron conductor will carry
the balance i.e. 47.32%.

Example 1.21. The filament of a 240 V metal-filament lamp is to be constructed from a wire
having a diameter of 0.02 mm and a resistivity at 20°C of 4.3 pQ-cm. If o = 0.005/°C, what length

of filament is necessary if the lamp is to dissipate 60 watts at a filament tempt. of 2420°C ?

=047321

Solution. Electric power generated = P R watts = VY/R watts
VIR = 60 or 240°R =60
240 % 240

Resistance at 2420°C R,y = e 960 Q
Now Ryio = Ry [1 + (2420 — 20) x 0.005]
or 960 = R, (1 +12)
Ry, = 960/13 Q
2
Now Py = 43x10°Q-cm and A= mcm2

AX Ry 1 (0.002)°x960
L= py  ax3xdaxio® 1™
Example 1.22. A semi-circular ring of copper has an inner radius 6 cm, radial thickness 3 cm
and an axial thickness 4 cm. Find the resistance of the ring at 50°C
between its two end-faces. Assume specific resistance of Cu at 20°
= 1.724 x 10" ohm-cm and resistance tempt. coeff. of Cu at
0°C = 0.00437°C.

Solution. The semi-circular ring is shown in Fig. 1.11.

Mean radius of ring = (6+9)/2=75cm

Mean length between end faces = 7.5 © cm = 23.56 cm

Cross-section of the ring = 3x4=12cm’

Now 0y = 0.0043/°C; oy = ——043____ 000396
1+20x0.0043

Pso = Paoll + 0 (50 —20)]
1.724 % 107 (1 + 30 x 0.00396) = 1.93 x 10°° Q-cm
Pso X! _1.93x107°x23.56 _

R = = J e
i A > 3.79x10° Q

Tutorial Problems No. 1.2

Fig. 1.11

1. It is found that the resistance of a coil of wire increases from 40 ohm at 15°C to 50 ohm at 60°C.
Calculate the resistance temperature coefficient at 0°C of the conductor material.
[1/165 per “C] (Elect. Technology, Indore Univ. May 1977)
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. A tungsten lamp filament has a temperature of 2,050°C and a resistance of 500 Q when taking normal

working current. Calculate the resistance of the filament when it has a temperature of 25°C. Tem-
perature coefficient at 0°C is 0.005/°C. [50 Q] (Elect. Technology, Indore Univ. 1981)
An armature has a resistance of (.2 © at 150°C and the armature Cu loss is to be limited to 600 watts
with a temperature rise of 55°C. 1f oy, for Cu is 0.0043/°C, what is the maximum current that can be
passed through the armature ? [50.8 Al
A d.c. shunt motor after running for several hours on constant voltage mains of 400 V takes a field
current of 1.6 A. [f the temperature rise is known to be 40°C. what value of extra circuit resistance is
required to adjust the field current to 1.6 A when starting from cold at 20°C 7 Temperature coefficient
= 0.0043/°C at 20°C. |36.69 Q]
In a test to determine the resistance of a single-core cable, an appied voltage of 2.5 V wus necessary
to produce a current of 2 A initat |5°C.
{a) Calculate the cable resistance at 55°C il the temperature coefficient of resistance of copper at
0°C is 1/235 per®C.
th) if the cable under working conditions carries a current of 10 A at this temperature, calculate the
power dissipated in the cable. [(a) 1.45 Q (b) 145 W]
An eleetric radiator is required to dissipate | kW when connected to a 230 V supply. If the coils of the
radiator are of wire 0.5 mm in diameter having resistivity of 60 p Q-cm, calculate the necessary
length of the wire. (1732 cm|
An electric heating element to dissipate 450 watts on 250 V mains is 1o be made from nichrome
ribbon of width | mm and thickness 0.05 mm. Calculate the length of the ribbon required (the
resistivity of nichrome is 110 x 107 Q-m). [631 m]
When burning normally, the temperature of the filament in a 230 V, 150 W gas-filled wngsten lamp
is 2,750°C. Assuming a room lemperature of 16°C, calculate (a) the normal current taken by the lamp
(H) the current taken at the moment of switching on. Temperature coefficient of mngsten is 0.0047
QQ°C a1 0°C. [{ta) 0.652 A (b) 8.45 A] (Elect. Engg. Madras Univ. 1977)

. An aluminium wire 5 m long and 2 mm diameter is connected in paraliel with a wire 3 m long. The

total current is 4 A and that in the aluminium wire is 2.5 A. Find the diameter of the copper wire. The
respeclive resistivities of copper and alumnium are 1.7 and 2.6 pQ-m. [0.97 mm]
The field winding of d.c. motor connected across 230 V supply takes 1.15 A at room temp. of 20°C.
Afier working for some hours the current falls to 0.26 A, the supply veltage remaining constant,
Calculate the final working temperature of field winding. Resistance temperature coefficient of cop-
per at 20°C is 1/254.5. [70.4°C] (Elect. Engg. Pune Univ. 985)
Is is required to construct a resistance of 100 £2 having a temperature coefficient of 0.001 per C, Wires
of two materials of suitable cross-sectional area are available. For material A, the resistance is 97 € per
100 metres and for material A. the resistance is 40 €2 per 100 metres. The temperature coefficient ol
resistance for material A is 0.003 per °C and for material B is 0.0003 per °C. Deternune suitable lengths
of wires of matenals A and B. A :194m, B : 200 m]
The resistance of the shunt winding of a d.c. machine is measured before and dfter a run of several hours,
The average values are 55 ohms and 63 chms. Calculate the rise in temperature of the winding. (Tem-
perature coefficient of resistance of copper is 0.00428 ohm per chm per *C).  [36 C] (London Univ.)
A piece ol resistance wire, 15.6 m long and of cross-sectional area 12 mm’ at a temperature of 0°C.
passes a current of 7.9 A when connected to d.c. supply at 240 V. Calculate (@) resistivity of the wire
tk) the current which will flow when the temperature rises to 35°C. The temperature coefficient of
the resistance wire is 0.00029 G/ C. [ta) 23.37 pfd-m (b) 7.78 A (London Univ.)
A coil is connected to a constant d.c. supply of 100 V. At start, when it was at the room temperature
of 25°C. itdrew a current of 13 A, Afier sometime, its temperature was 70°C and the current reduced
to 8.5 A. Find the current it will draw when its temperature increases further o 80°C. Also, find the
temperature coefficient of resistance of the coil material at 25°C.
[7.9 A; 0.01176°C""| (F.Y. Engg. Univ. Nov. 1989)
The resistance of the filed coils with copper conductors of a dynamo is 120 Q at 25°C. Afier working
for 6 hours on full load, the resistance of the coil increases to 140 £2. Calculate the mean lemperature
rise of the field coil. Take the temperature coefficient of the conductor material as 0.0042 at 0°C.
143.8°C1 (Elemeniy of Elec Eneoe Banelare [iniv 19914
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1.13. Ohm’s Law

This law applies to electric to electric conduction through good conductors and may be stated as follows :
The ratio of potential difference (V) between any two points on a conductor to the current (1)

flowing between them. is consiant, provided the temperature of the conductor does not change.
Vv

In other words, I = constant  or % =
where R is the resistance of the conductor between the two points considered.

Put in another way. it simply means that provided R is kept constant, current is directly propor-
tional to the potential difference across the ends of a conductor, However, this linear relationship
between V and 7 does not apply to all non-metallic conductors. For example, for silicon carbide, the
relationship is given by V = KT" where K and m are constants and m is less than unity. It also does not

apply to non-linear devices such as Zener diodes and voltage-regulator (VR) tubes.

Example 1.23. A coil of copper wire has resistance of £ at 20°C and is connected to a 230-V
supply. By how much must the voltage be increased in order to maintain the current consant if the
temperature of the coil rises to 60°C ? Take the temperature coefficient of resistance of copper as
0.00428 from 0°C.,

Solution. As seen from Art. 1.10

Ry _ 1+60x0.00428
Ry 1+ 20x0.00428

Now, current at 20°C = 230/90 = 23/9 A

Since the wire resistance has become 104.2 € at 60°C, the new voltage required for keeping the
current constant at its previous value = 104.2 x 23/9 = 2663 V

" increase in voltage required = 266.3 — 230 =363 V

2 Rgy =90 x 1.2568/1.0856 = 104.2 Q

Example 1.24, Three resistors are connected in series across a 12-V battery. The first resistor
has a value of 1 €, secuind has a voltage drop of 4 V and the third has a power dissipation of 12 W,
Calculate the value of the circuir current.

Solution. Let the two unknown resistors be R, and R, and / the circuit current
2 : 3R: Also, 1=
Ry =12 and IRy=4 .. Ry= g% 4B R,

Now, T(1+R,+Ry) = 12
Substituting the values of / and R,, we get

4 3 52
T(|+R1+ER3) 12 or 3R, -8R,+4=0
. 8+ ./64 —48 ¥

Rz ST e T ot R2=EQ ZQ

= 6 ar —3—
3 Z—i "?:I':_—.. é _g :i
R, = 4R3‘4x_ 3Q or 4(3 39
12 12
l'=152+3 o = amLan

1.14. Resistance in Series

When some conductors having resistances R|, R, and R, etc. are joined end-on-end as in Fig.
1.12. they are said to be connected in series. It can be proved that the equivalent resistance or total
resistance between points A and D2 is equal to the sum of the three individual resistances. Being a
series circuit, it should be remembered that (/) current is the same through all the three conductors
(ii) but voltage drop across each is different due to its different resistance and is given by Ohm’s Law
and (iii) sum of the three voltage drops is equal to the voltage applied across the three conductors.
There is a progressive fall in potential as we go from point A to D as shown in Fig. 1.13.
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A &K B B ¢ R p

et ety 1, ]

Al

]

-0 o
Fig. 1.12

o V=V+V,+V,=IR +IR, + IR, —Ohm’s Law
But V = IR
where R is the equivalent resistance of the series combination.
IR = IR +IR,+IR; or R=R +R,+R,

1 1 1
Also é = EI + G_g + G_-!
As seen from above, the main characteristics of a series circuit are :
same current flows through all parts of the circuit.
different resistors have their individual voltage drops.
voltage drops are additive.

ol

4. applied voltage equals the sum of different voltage drops. 4
5. resistances are additive.
6. powers are additive, R 22 5
1.15. Voltage Divider Rule 3
Since in a series circuit, same current flows through each of the ]
given resistors, voltage drop varies directly with its resistance. In Fig. :%1 v Ry 24 1
I.14 is shown a 24-V battery connected across a series combination c
of three resistors.
Total resistance R =R +R+R=12Q K520 Vs
According to Voltage Divider Rule, various voltage drops are : D
R 2 ; )
= V.—l=ux==4V Fig. 1.14
Y R 12
R
Vv, = V.o2=24x =gV
RR 12 oo
v, = V. 3=ux8=n2v T e i ——
R 12 Ll Ry
116, Resistances in Parallel e
; 3 3
Three resistances, as joined in Fig. 1.15 are said 1o be connected e
in parallel. In this case (i) p.d. across all resistances is the same #/ 1Y
(if) current in each resistor is different and is given by Ohm’s Law
and (iri) the total current is the sum of the three separate currents. : o Vo
v vV Vv .
= - = + R + = . .
I = 1L+6L+1, &R TR Fig. 1.15
Now, I = % where V is the applied voltage.
R = equivalent resistance of the parallel combination.
v vV V V 1 _ 1 | 1
— = g ke il
R~R R R " R R R R
Also (0 = G|+G1+G|
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The main characteristics of a parallel circuit are :
same voltage acts across all parts of the circuit
different resistors have their individual current.
branch currents are additive.

conductances are additive.

powers are additive.

ho et b o=

Example 1.25. Whar is the value of the unknown resistor R in Fig, 1.16 if the volage drop across the
500 € resistor is 2.5 volts ? Al resistances are in ohm. (Elect. Technology, Indore Univ. April 1990)

550 50 550 30
A AW Ak C
5 I
12V Ré 5003 12V R M= 500
Fig. 1.16

Solution. By direct proportion, drop on 50 £ resistance = 2.5 x 50/500 =0.25 V
Drop across CMD or CD 25+025=275V
Drop across 550 € resistance 12-275=925V

1 = 925/550=0.0168 A, I, = 2.5/500 = 0.005 A
I, = 0.0168 —0.005=00118 A
00118 = 275/R; R=233Q

Example 1.26. Calculate the effective resistance of the following combination of resistances
and the voltage drop across each resistance when a P.D. of 60 V is applied between points A and B.

Solution. Resistance between A and C (Fig. 1.17). 3
AAAN
= 613=20Q o 8 p 8 &
Resistance of branch ACD = 18+2=200Q o—24 »C;MM—T—MN;O
Now, there are two parallel paths between points A &
and D of resistances 20 Q and 5 Q. —~
Hence, resistance between A and D=2015=4Q 5 T4
~. Resistance between Aand B=4 +8=120Q "OW‘
Total circuit current = 60/12 =5 A fig 117
5
Current through 5 € resistance = 3% ;EU =4:A —An. 1.25
: 5
Current in branch ACD = 5X’?_S=‘A

P.D.across 3 Q and 6 Q resistors =1 x2=2V
P.D. ucross 18 Q resistors = 1 x 18= 18V
F.D, across 5 Q resistors =4 x5=20V
P.D. across 8 Q resistors = 5x8=40V
Example 1.27. A circuit consists of four 100-W lamps connected in parallel across a 230-V
supply. Inadvertenily. a volimeter has been connected in series with the lamps. The resistunce of the

voltmeter is 1500 2 and that of the lamps under the conditions stated is six times their value then
hurning warmally: Whar will be the readine of the volimeter ?
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Solution. The circuit is shown in Fig. 1.18. The wattage of a lamp is given by :
W = FR=VIR

1500 Q2

100 = 230%R - R=529Q
Resistance of each lamp under stated condition is Voltmeter
=6x529=3174Q ‘
Equivalent resistance of these four lamps connected 339 v
in parallel = 3174/4 = 793.5 Q
This resistance is connected in series with the volt-
Lamp

meter of 1500 Q resistance. -  bad
.. total circuit resistance = 1500 + 793.5=2293.5Q Fig. 1.18
circuit current = 230/22935 A
According to Ohm's law, voltage drop across the voltmeter = 1500 x 230/2293.5 = 150 V (approx)
Example 1.28. Derermine the value of R and current through it in Fig. 1.19, if current through
branch AQ is zero. (Elect, Engg. & Electronics, Bangalore Univ. 1989)

Solution. The given circuit can be redrawn as shown Fig. 1.19 (b). As seen, it is nothing else
but Wheatstone bridge circuit. As is well-known, when current through branch AO becomes zero,
the bridge is said to be balanced. In that case, products of the resistances of opposite arms of the
bridge become equal.

i 4x15 =Rx1;R=6Q

(a) (b)
- Fig.1.19

Under condition of balance, it makes no difference if resistance X is removed thereby giving us
the circuit of Fig. 1.19 (¢). Now, there are two parallel paths between points B and C of resistances
(1+15)=25Qand(4+6)=10Q. Rp-=101125=20Q. :

Total circuit resistance = 2 + 2 =4 Q. Total circuit current = 10/4 =25 A

This current gets divided into two parts at point B. Current through R is

y = 25%25/125=05A

Example 1.29. In the unbalanced bridge circuit of Fig. 1.20 (a), find the potential difference
that exists across the open switch S. Also, find the current which will flow through the switch when
it is closed.

Solution. With switch open, there are two parallel branches across the 15-V supply. Branch
ABC has a resistance of (3 + 12) = 15 £ and branch ABC has a resistance of (6 + 4) = 10 Q.
Obviously, each branch has 15 V applied across it.

Ve = 12x15/15=12V; V,=4x15/(6 +4) =6V
p.d. across points Band D= V,—-V,=12-6=6V

When § is closed, the circuit becomes as shown in Fig. 1.20 (b) where points B and D become

electrically connected together,
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Ry, =316=2Q and R, =4112=3Q
Ry =2+3=5Q ; 1=15/5=3A
/ A
15V DeB
C
fa) (h)
Fig. 1.20

Currnet through arm AB =3 x 6/9 =2 A, The voltage drop over arm AB=3x2=6 V. Hence,
drop over arm BC = 15— 6 =9 V. Current through BC =9/12 =0.75 A. It is obvious that al point
B, the incoming current is 2 A, out of which 0.75 A flows along BC. whereas remaining 2 — 075 =
.25 A passes through the switch.

As a check, it may be noted that current through AD = 6/6 = | A. At point D, this current is
joined by 1.25 A coming through the switch. Hence, current through DC =125+ 1 =2.25 A. This
fact can be further verified by the fact that there is a voltage drop of 9 V across 4 {2 resistor thereby
giving a current of 9/4 = 2.25 A,

Example 1.30. A 50-ohm resistor ix i parallel with 100-ohm resistor.  Current in 30-olun
resistor 18 7.2 A, How will you add a third resistor and what will be its value of the line-current is 1o
be its value if the line-current is to be 2.1 amp ? [Nagpur Univ., Nov. 1997]

Solution. Source voltage = 50 x 7.2 =360 V, Current through 100—ohm resistor = 3.6 A

Total current through these two resistors in parallel = 10.8 A

For the total line current to be 12.1 A, third resistor must be connected in parallel, as the third
branch, for carrying (12.1 — 10.8) = 1.3 A. If R is this resistor R = 360/1.3 = 277 ohms

Example 1.31. In the circuit show in Fig. 1.21, calculate the value of the unknown resistance R
and the current flowing through it when the current in branch OC is zero,

[Nagpur Univ., April 1996}

Solution. [If current through R-ohm resistor is / amp, AQ branch carries the same current. since.
current through the branch CO is zera. This also means that the nodes C and O are at the equal
potential. Then, equating voltage-drops, we have V,, =V,

This means branch AC carries a current of 41,

A3 L]

>
it
ST
<
(357
o)
=

Fig. 1.21

This is current of 4 / also flows through the branch CB. Equating the voltage-drops in branches
(R and CR 15x4) = R1. sivine R=60
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F4

Atnode A, applying KCL, a current of 5 / flows through the branch BA from B to A. Applying KVL
around the loop BAOB, I = 0.5 Amp.

Example 1.32, Find the values of Rand V_in Fig. 1.22. Also find the power supplied by the source.
[Nagpur University, April 1998]

B A - Solution. Name the nodes as marked on Fig. 1.22.
RQ Treat node A as the reference node, so that V, = 0.
20 £30 Since path ADC carries 1 A with a total of 4 uhm:.
70 8 3 resistance, V.= + 4 V.
1A YiA Since Vo, + 4, I, = 4/8 = 0.5 amp from C to A.
rh= AAA— Applying K, atnode C, I, = 1.5 A from B to C.
F vV, A 1o D Along the path BA, | A flows through 7-ohm resistor.
Vy=+T7Volts. Vy.=7-4=4+3.
Fig. 1.22 This drives a current of 1.5 amp, through R ohms.

Thus R = 3/1.5 = 2 ohms,
Applying KCL at node B, I, = 2.5 A from Fto B, -

Vg =2x25=5 volts, F being higher than B from the view-point of Potential. Since V, has
already been evaluated as + 7 volts, V + 12 volts (w.r. to A). Thus, the source voliage V, = 12 volts.
Example 1.33. /n Fig. 1.23 (a), if all the resistances are of 6 ohms, calculate the equivalent

resistance between any two diagonal points, [Nagpur Univ. April 1998]
60 9 20
N
X AMA- Y
20
6Q
L AMWWA—e— M—
P
AMAA-
6Q
Fig. 1.23 (a) Fig. 1.23 (b) Fig. 1.23 (¢)

Solution. If X-Y are treated as the concerned diagonal points, for evaluating equivalent resis-
tance offered by the circuit, there are two ways of transforming this circuit, as discussed below :

Method 1 Delta to Star conversion applicable to the delta of PQY introducing an additional
node N as the star-point. Delta with 6 ohms at each side is converted as 2 ohms as each leg of the
star-equivalent. This is shown in Fig. 1.23 (b), which is further simplified in Fig. 1.23 (¢). After
handling series-parallel combinations of resistances,

Q
X Q : '
' 1802 18 2
1802 60 60
s S AW Y
p = X 60
AWM
Y 1802
— Rxy——————pt
Fig. 1.23 (d) Fig. 1.23 (e)

Total resistance between X and ¥ terminals in Fig. 1.23 (¢) comes out to be 3 ohms.

Method 2 ¢ Star to Delta conversion with P as the star-point and XYQ to be the three points of
concerned t.onverled delta. With star-elements ¢T 6 ohms each. equivalent delta-elements will be 18
ohms, as Fig. 1.23 (d). This is included while redrawing the circuit as in Fig. 1.23 (e).

[ R 3 P orpny Sace; LN Joii (- (R e, RS i |t (RSN S el . ORI e -Gt Eoilll Sttty b et , SR . [T, Coreo
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Example L.34. For the given circuit find the current I, and I, [Bombay Univ, 1991]
> ST
7+, o
2Q
@, :
v T+l
1Q
T+
-« Ly
Fig. 1.24
Solution. Nodes A, B, C, D and reference node 0 are marked on the same diagram.
I, and I are to be found.

Apply KCL at node A. From Cto A, current =7 + I,

At node 0, KCL is applied, which gives a current of 7 + I, through the 7 volt voltage source.
Applying KCL at node B gives a current I, — I, through 2-ohm resistor in branch CB. Finally, at
node A, KCL is applied. This gives a current of 7 + /; through 1-ohm resistor in branch CA.

Around the Loop OCBO, 2 (I, - I} + 1.1, =17
Around the Loop CABC, | (T+ Iy+31,—-2(1,— 1) =0
After rearranging the terms, 3 [, -2 I, =7 -2 1, +61;=—7

This gives I, = 2amp, I;=—0.5 amp.
This means that I is 0.5 amp from B to A.
Example 1.35. Find R, in the circuit, given in Fig. 1.25. |Bombay Univ, 2001]
F S M Y U TR R O S
20 15Q <
B 100
8Q [
AT G
F320Q : 3 =8
300 D 400
< AV
Fig. 1.25 (a)

Solution. Mark additional nodes on the diagram, C, D, F, G, as shown, Redraw the figure as in
1.25 (b), and simplify the circuit, to evaluate R, ,, which comes out to be 22.5 ohms.

20
Ao—wn—SD
3500 3250 2500
- < F
1 80
o———WWA
F,.G

Fig. 1.25 (b)
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Example 1.36. Find curreni through 4 resistance. [Bombay Univ. 2001]

Fig. 1.26

Solution. Simplifying the series-parallel combinations, and solving the circuit, the source cur-

rent is 10 amp. With respect to 0, V, = 40, V, =40 — 16 = 24 volis.
4 amp, hence /, = 6 amp
= V=1 % 1.6=24-96=144 volts

o~
Il

V.=

I, = 14.4/4 = 3.0 amp. which is the required answer. Further 1, = 24 amp.
8Q 30
AMA
— 24V e
T 60f wv= %40 Xsn$
AMA
25 120 20
Fig. 1.27 Fig. 1.28 Fig. 1.29
Tutorial Problems No. 1.3
1. Find the current supplied by the battery in the circuit of Fig, 1.27. [5 Al

2. Compute total cireuit resistance and battery current

. i Fig. 1.28, [8/34,9A] 2
3. Calculate battery current and equivalent resistance 4 AAN
of the network shown in Fig. 1.29. [15 A; B/5 Q]

4. Find rthe equivalent resistance of the network of Fig. 3 4
1.30) between terminals A and B. All resistance
values are in ohms. [6 2] § o
5. What is the equivalent resistance of the circuit of
Fig. 1.31 between terminals A and B ? All resis- 8 8
tances are in ohms, Q] po
6. Compute the value of battery current / in Fig. 1.32.
All resistances are in ohm. [6 A] Fig. 1.30
| 6 I 6
Ao AN > ANV
. b +
— 12V 4 §
8 8
L2 2
Bo AN -< AN
Fig. 1.31 Fig. 1.32

7. Calculate the value of current / supplied by the voltage source in Fig. 1.33. All resistance values are
1A vhme TEREE ¢ il st ol dsaates 2 £ 3y T Al
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8.

10.

kL.

12.

13.

14.
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Compute the equivalent resistance of the circuit of Fig. 1.34 (a) between points (i) ab (if) ac and
(iiiy be.  All resistances values are in ohm. [() 6 Q, (i) 4.5 €, (i) 4.5 Q]

! a

ol -
N+
o
il
AN
[3%)
L
AN
wh
>
oyl
AR
g
o
AN
(o)

- AN

Fig. 1.33 Fig. 1.34 Fig. 1.35
In the circuit of Fig. 1.35, find the resistance between terminals A and B when switch is
(a) open and (b) closed. Why are the two values equal ? [(a) 2 (b) 2]

The total current drawn by a circuit consisting of three resistors connected in parallel is 12 A,
The voltage drop across the first resistor is 12 V, the value of second resistor is 3 Q and the
power dissipation of the third resistor is 24 W, What are the resistances of the first and third
resistors ? [2€2; 642]
Three parallel connected resistors when connected across a d.c. voltage source dissipate a total
power of 72 W, The total current drawn is 6 A, the current flowing through the first resistor is
3 A and the second and third resistors have equal value. What are the resistances of the three
resistors ? [4Q;80Q:80]
A bulb rated 110 V, 60 watts is connected with another bulb rated 110-V, 100 W across a
220 V mains, Calculate the resistance which should be joined in parallel with the first bulb so
that both the bulbs may take their rated power. [302.5 Q]

Two coils connected in parallel across 100 V supply mains take 10 A from the line. The power
dissipated in one coil is 600 W. What is the resistance of the other coil ? [25 2]
An electric lamp whose resistance. when in use, is 2 Q is connected to the terminals of a dry
cell whose e.m.f. is 1.5 V. If the current through the lamp is 0.5 A, calculate the internal
resistance of the cell and the potential difference between the terminals of the lamp. 1f two
such cells are connected in parallel, find the resistance which must be connected in series with
the arrangement to keep the current the same as before,

[19Q:1V;0.5Q](Elect. Technology, Indore Univ. 1978)

. Determine the current by the source in the circuit shown below. (Bombay Univ, 2001)
L]
2 20
4Q
AN
< 5 20
30V “ 20 2Q

AN AR
A 1 Q 1Q

Fig. 1.36. (a)

Hint. Series-paralle]l combinations of resistors have to be dealt with. This leads to the source
current of 28.463 amp.
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16. Find the voltage of point A with respect to point B in the Fig. 1.36 (b). Is it positive with respect o 8 7

5SA
o o D
AMAA 2 : >}
¥ 8V
X =
C B
Fig. 1.36 (b) (Bombay University, 2000)
Hint. I v, = 0, Ve=- 1.25%x3=-375V
\’D = -375-8==-1175V

Vp, = V4 15=4+3.25 volis
Thus, the potential of point A with respect to B is —=3.25 V.

1.17. Types of Resistors

(a) Carbon Composition

It is a combination of carbon particles and a binding resin with different proportions for provid-
ing desired resistance. Attached to the ends of the resistive element are metal caps which have axial
leads of tinned copper wire for soldering the resistor into a circuit. The resistor is enclosed in a
plastic case to prevent the entry of moisture and other harmful elements from outside. Billions of
carbon composition resistors are used in the electronic industry every year. They are available in
power ratings of 1/8, 1/4, 1/2. 1 and 2 W, in voltage ratings of 250, 350 and 500 V. They have low
failure rates when properly used.

Such resistors have a tendency to produce electric noise due to the current passing from one
carbon particle 1o another. This noise appears in the form of a hiss in a loudspeaker connected to a
hi-fi system and can overcome very weak signals. That is why carbon composition resistors are used
where performance requirements are not demanding and where low cost in the main consideration.
Hence, they are extensively used in entertainment electronics although better resistors are used in
critical circuits.

(b) Depasited Carbon

Deposited carbon resistors consist of ceramic rods which have a carbon film deposited on them.
They are made by placing a ceramic rod in a methane-filled flask and heating it until, by a gas-
cracking process, a carbon film is deposited on them. A helix-grinding process forms the resistive
path. As compared to carbon composition resistors, these resistors offer a major improvement in
lower current noise and in closer tolerance. These resistors are being replaced by metal film and
metal glaze resistors. '

(¢} High-Voltage Ink Film

These resistors consist of a ceramic base on which a special resistive ink is laid down in a helical
band. These resistors are capable of withstanding high voltages and find extensive use in cathode-
ray circuits, in radar and in medical electronics. Their resistances range from | k€ to 100,000 M€
with voltage range upto 1000 kV,

(d) Metal Film

Metal film resistors are made by depositing vaporized metal in vacuum on a ceramic-core rod.
The resistive path is helix-ground as in the case of deposited carbon resistors. Metal film resistors
have excellent tolerance and temperature coefficient and are extrememly reliable. Hence, they are
very suitable for numerous high grade applications as in low-level stages of certain instruments
although they are much more costlier.
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le) Metal Glaze

A metal giaze resistor consists of a metal glass mixture which is appied as a thick film to a
ceramic substrate and then fired to form a film. The value of resistance depends on the amount of
metal in the mixture. With helix-grinding, the resistance can be made to vary from 1  to many
megohms,

Another category of metal glaze resistors consists of a tinned oxide film on a glass substrate.
(N Wire-wound

Wire-wound resistors are different from all other types in the sense that no film or resistive
coating is used in their construction. They consist of a ceramic-core wound with a drawn wire
having accurately-contralled characteristics. Different wire alloys are used for providing different
resistance ranges. These resistors have highest stability and highest power rating.

Because of their bulk, high-power ratings and high cost, they are not suitable for low-cost or
high-density, limited-space applications. The completed wire-wound resistor is coated with an insu-
lating material such as baked enamel.

(g) Cermet (Ceramic Metal)

The cermet resistors are made by firing certain metals blended with ceramics on a ceramic
substrate, The value of resistance depends on the type of mix and its thickness. These resistors have
very accurate resistance values and show high stability even under extreme temperatures, Usually,
they are produced as small rectangles having leads for being attached to printed circuit boards (PCB).

1.18. Nonlinear Resistors

Those clements whose V — I curves are not straight lines are called nonlinear elements because
their resistances are nonlinear resistances. Their V — / characteristics can be represented by an
equation of the form / = kV = b where n is usually not equal to one and the constant # may or may not
be equal to zero.

Examples ol nonlinear elements are filaments of incandescent lamps, diodes, thermistors and
varistors, A varistor is a special resistor made of carborundum crystals held together by a binder.
Fig. 1.37 (a) shows how current through a varistor increase rapidly when the applied voltage increases
beyond a certain amount (nearly 100 V in the present case).

, /
1} Ry NG
100 V4

0 7 0 r o o 04 s %
(a) fh (c) (e}
Fig. 1.37

There is a corresponding rapid decrease in resistance when the current increases, Hence, varis-
tors are generally used to provide over-voltage protection in certain circuits.

A thermistor is made of metallic oxides in a suitable binder and has a large negative coefficient
of resistance i.e. its resistance decreases with increase in temperature as shown in Fig. 1.30 (b). Fig.
1.30 (c) shows how the resistance of an incandescent lamp increases with voltage whereas Fig. 1.30
(d) shows the V-/ characteristics of a typical silicon diode. For a germanium diode, current is related
to its voltage by the relation.

[ =g (% _ 1)
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1.19. Varistor (Nonlinear Resistor)

It is a voltage-dependent metal-oxide material whose resistance decreases sharply with increas-
ing voltage. The relationship between the current flowing through a varistor and the voltage applied
across it is given by the relation : i = ke" where i = instantaneous current, ¢ is the instantaneous
voltage and 7 is a constant whose value depends on the metal oxides used. The value of n for
silicon-carbide-based varistors lies between 2 and 6 whereas zinc-oxide-based varistors have a value
ranging from 25 to 50.

The zinc-oxide-based varistors are primarily used for protecting solid-state power supplies from
low and medium surge voltage in the supply line. Silicon-carbide varistors provide protection against
high-voltage surges caused by lightning and by the discharge of electromagnetic energy stored in the
magnetic fields of large coils.

1.20. Short and Open Circuits

When two points of circuit are connected together by a thick metallic wire (Fig. 1.38), they are said
1o be short-circuited. Since ‘short’ has practically zero resistance, it gives rise to two important facts :
(i) no voltage can exist across it because V=/R=Ix0=0

(ii) current through it (called short-circuit current) is very large (theoretically, infinity)

A A
P P
3 Vig =0 . _
ircui 5 v £3 g =0
Rest of Circuit o l e ™= Ly Rest of Circuit a2
5 S5 Rup=-w
£ | K =
R
— —o_.
B B
Fig. 1.38 Fig. 1.39

Two points are said to be open-circuited when there is no direct connection between them
(Fig. 1.39). Obviously, an ‘open’ represents a break in the continuity of the circuit. Due to this
break ®

(1) resistance between the two points is infinite.
(i) there is no flow of current between the two points.

1.21. ‘Shorts’ in a Series Circuit

Since a dead (or solid) short has almost zero resistance, it causes the problem of excessive current
which, in turn, causes power dissipation to increase many times and circuit components to burn out.

/

(b)
Fig. 1.40

fa)
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In Fig. 1.40 (a) is shown a normal series circuit where

V=I12V.R=R +R,+R,=6Q
| = VR=12622A P=PR=2"x6=24W
In Fig. 1.40 (£), 3-CQ resistor has been shorted out by a resistanceless copper wn‘e sothat R, = 0.
Now, total circuit resistance R= 1 + 2+ 0=3Q, Hence,/I=123=4Aand P = 4P x3=48W.
Fig. 1.40 (c) shows the situation where both 2 Q and 3 Q resistors have been shorted out of the
circuit. In this case, |
R =71Q17I=12/1=12A and P=12"x1=14W
Because of this excessive current (6 times the normal value), connecting wires and other circuit
components can become hot enough to ignite and burn out.

1.22. ‘Opens’ in a Series Circuit
In a normal series circuit like the one shown in Fig. 1.41 (a), there exists a current flow and the

voltage drops across different resistors are proportional to their resistances. If the circuit becomes
‘open” anywhere, following two effects are produced :

(i) since ‘open’ offers infinite resistance, circuit current becomes zero. Consequently. there is
no voltage drop across R, and R,

e 4 AR MM (if) whole of the applied voltage (i.e. 100
Ry R, V in this case) is felt across the ‘open’ i.e.
across terminals A and B [Fig. 1.41 (b)].
= -1 A The reason for this is that R and R,
V=100V — 100V become negligible as compared to the
T T B infinite resistance of the ‘open’ which has
100 v practicallly whole of the applied voltage
R, R, dropped across it (as per Voltage Divider
AW ANAN Rule of art. 1.15). Hence, voltmeter in
(a) (b) Fig. 1.41 (b) will read nearly 100 V i.e
Fig. 1.41 the supply voltage.
1.23. ‘Opens’ in a Parallel Circuit .

Since an ‘open’ offers infinite resistance, there would be no current in that part of the circuit
where it occurs. In a parallel circuit, an ‘open’ can occur either in the main line or in any parallel branch.

As shown in Fig. 1.42 (a), an open in the main line prevents flow of current to all branches.
Hence, neither of the two bulbs glows. However, full applied voltage (i.e. 220 V in this case) is
available across the open.

Open

{ - =

© )) OF -
B By B,
20V [% [% 20V [
Open Filament
o e -
fa) (h)
Fig. 1.42

In this Fig. 1.42 (b). ‘open’ has occurred in branch circuits of B,. Since there is no current in this
branch, B, will not glow. However, as the other bulb remains connected across the voltage supply.
it would keep operating normality.

It may be noted that if a voltr
voltage of 220 V.,
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1.24. *Shorts’ in Parallel Circuits

Suppose a ‘short’ is placed across R, (Fig. 1.43). It becomes directly connected across the
battery and draws almost infinite current because not only its own resistance but that of the connect-
ing wires AC and BD is negligible. Due to this excessive current, the wires may get hot enough to
burn out unless the circuit is protected by a fuse.

R
. 4 B
C A A kA

= nE mg e

T

Short

=
Il
)
AN
R
AN
s
AN
Short

D B D 0f
fa) Fig. 1.43 (b)
Following points about the circuit of Fig. 1.43 (a) are worth noting.
I. not only is R, short-circuited but both R, and R, are also shorted out i.e. short across one

branch means short across all branches.
2. there is no current is shorted resistors. [f these were three bulbs, they will not glow.

3. the shorted components are not damaged, For example, if we had three bulbs in Fig. 1.43
{a), they would glow again when circuit is restored to normal conditions by removing the

short-circuited.
It may, however, be noted from Fig. 1.43 (b) that a short-circuit across R; may short out R, but

not R, since it is protected by R,
1.25. Division of Current in Parallel Circuits

In Fig. 1.44, two resistances are joined in parallel across a voltage V. The current in cacle

branch, as given in Ohm’s law, is 8
I, = V/R and I, = VIR, Lo o
L R 1 B
I, 7 R,
A L G, and L G
5 = an =0,
5 % | = - A/
4 8
L, ~ G '
Hence, the division of current in the branches of a parallel oVo
circuit is directly proportional to the conductance of the branches Fig. 1.44

or inversely proportional to their resistances. We may also
express the branch currents in terms of the total circuit current thus :

=22 or IR, =R, (I~1)

Now L+l =L o L=Il-1
R _ G - R _ G
h="Tr-r~"G+e, ™ "7 r-k 66
This Current Divider Rule has direct application in solving electric circuits by Norton's theorem
(Art, 2.25),
Take t
current is /




30 Electrical Technolog)

Also V=IR . IR=IR, /T_MMR
2
!

-
i
)
-_
.

or :,’— = =L or I,=IRR, .. N
1 R 5 R
I
e M !
i R =R R R
R = RIRZR:l
RyRy + RyRy + RR, F'O Y:;
ig. 1.
RR, G
= ek =T . ! T———
Fomtiaboe [ﬁ'].'e2 FRR, TR |G +Gy+G,
RR G
Similarly, S IS L. R —
imilarly b [R,Rz +RR+RR |G +G,+ G,
I. = I|——+— Rle . __\= I — Cii,._._
* RR, + R,R, + RyR, G, +G, + G,

Example 1.37. A resistance of 10 S is connected in series with two resistances each of 15 Q
arranged in parallel. What resistance must be shunted across this parallel combination so thar the
total current taken shall be 1.5 A with 20 V applied ?

(Elements of Elect. Engg.-1; Banglore Univ. Jan. 1989)

Solution. The circuit connections are shown in Fig. 1.46. I, 15 s
Drop across [0-£2 resistor= 1.5 x 10=15V
Drop across parallel combination, V,, =20-15=35V 10 4l B 15 | B
Hence, voltage across each parallel resistance is 5 V. —/ VWA —AW
I, =515=13A.1,=5/15=1/3A I I
I; = 15-(13+1/3)=5/6 A R
IbR =5 or (5/6)R=5 or R=60Q A5 A i

Example 1.38. If 20 V be applied across AB shown in
Fig. 140, calculate the total current, the power dissipated in

each resistor and the value of the series resistance to have the 20V
total current.  (Elect. Science-11, Allahabad Univ. 1992) Fig. 1.46
Solution. As seen from Fig. 1.47. R,, = 370/199 Q.
Hence, total current = 20 + 370/199 = 10.76 A '
I, = 1076 x5(5+74.25) =676 A; I, =1076 - 676 =4 A
2 24
£ ANN— f E _.l‘,f 2 }
A 4 Ao_..._.—rMM-«-J\Mh—-—-o B
_ 1
PR AN - h 2 % L,y
o 6 —0 —"V!V‘
¢ A )} 5
£ 6
h
g ;3701199
5 A0—> AW 0B
¢ AMM

Fig. 1.47
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I, = 6.76x6/9 =451 A;l, =676—-451 =225

Voltag drop across A and M, V,,, =6.76 x 24/25 = 6.48 V
I, =V, /2=0482=324 A:1,=648/4=162A;1.=648/6=1.08 A
l, = 648/8=081 A, 1 =20/5=4A

Power Dis&ipatilm

B.=E" R =324°x2=21W Ph= 1.62° x4 = 104W, P = 1.08°x6=TW

Pﬂ,_ O.SI XxB=525W, P, =4'x5=80 W, P‘,,:-'Jf.fil2 x3=6lW

P, =225 x6=304 W

The series resistance required is 370/199 Q

Incidentally. total power dissipated = r Ryp= 10.767 x 370/199 = 215.3 W (as a check).

Example 1.39. Calculate the values of different currents for the circuit shown in Fig. 1.48.

What is the total circuit conductance ? and resisiance ?

Solution. Asseen,/ = [, +/, + [, The current division takes place at point B.

As seen from Art. |.25. L0318
P G — l
= . 2
G, + G, + G, a4 ! 0.4'5' B ,:?: 0.25 c
0.1
= =2/ 0.38
= 12%— 062 A I ' i
I, = 12x02/06=4A el |
I, = 12x03/06=6A ]
Gy = 0.14+02+03=068 Fig, 1.48
I I 1 | | 25 oI
= + =R ==t = /G, = 2516 Q
Gy  Guy Gp 0406 6 Rac

Example 1.40. Compute the values of three branch currents for the circuits of Fig. 1.49 (a).
What is the potential difference between points A and B ?

Solution. The two given current sources may be combined together as shown in Fig. 1.49 (h).
Net current = 25 — 6 = 19 A because the two currents flow in opposite directions.

A
Y L L I/ 1 7,
5 2 2
25A 055§ 30258 0.25 CDUM 0.58 0.255 0258
6A
B -
fal (h.‘
Fig. 1.49
G 0.5
Now. G = 05+025+02=095S: [=1Z=19%55-= 10A
G, 0.5 G, 0.2
= I-==19%x—"-= =1 2=19
b= =19 ggg =345 g PNggs A
I . [0
‘A = =il V== 20A
Viy =1 R S Rronr Via =58

The same voltage acts across the three conductances.



32 Electrical Technology

Example 1.41. Two conductors, one of copper and the other of iron, are connected in parallel
and at 20°C carry equal currents, What proportion of current will pass through each if the rempera-
tiure is raised to 100°C ? Assume o. for copper as 0.0042 and for iron as 0.006 per °C at 20°C. Find
also the values of temperature coefficients at 100°C. (Electrical Engg. Madras Univ. 1987)

Solution. Since they carry equal current at 20°C, the two conductors have the same resistance
at 20°C i.e. R, As temperature is raised, their resistances increase thorugh unequally.

For Cu, Rigo = Ry (1 + 80 x0.0042) = 1.336 R,

For iron R'g0 = Ry (1+80x0.006) =1.48 R,

As seen from Art. 1.25, current through Cu conductor is

I, = Ix Riw  _ 5148 Ry
Rioo + R0 2.816 Ry,

Hence, current through Cu conductor is 52.56 per cent of the total current. Obviously, the
remaining current f.e. 47.44 per cent passes through iron,

Or current through iron conductor is

=0.52561 or 52.56% of I

R 1336 R
= W =7x 20 =047441 or 47.44%
2T Rt Ry 2816 Ry, ' cott
For Cu, Oy = e = 0.00314°C”"

(1/0.0042) + 80

' = 0.0040°C™

For iron, Cp = (1/0.006) + 80

Example 1.42. A battery of unknown e.m.f. is connected across resistances as shown in Fig.
1.50. The voltage drop across the 8-Q resistor is 20 V. What will be the current reading in the
ammeter ? What is the e.m.f. of the battery ? (Basic Elect. Engg.; Bangladesh Univ., 1990)

Solution. Current through 8- resistance =20/8=2.5 A

This current is divided into two parts at point A; one
part going along path AC and the other along path ABC
which has a resistance of 28 €.

f._, = 25)( I

(1+28)

Hence. ammeter reads 0.7 A.

Resistance between A and C = (28 x 11/39) ohm.
Total circuil resistance = 8+ 11 + (308/39) = 1049/39 Q

E = 25x%1049/39 =673V C 130 B
Fig. 1.50

1.26. Equivalent Resistance

The equivalent resistance of a circuit (or network) between its any two points (or terminals) is
given by that single resistance which can replace the entire given circuit between these two points. 1t
should be noted that resistance is always between two given points of a circuit and can have different
values for different point-pairs as illustrated by Example 1.42. it can usually be found by using
series and parallel laws of resistances. Concept of equivalent resistance is essential for understand-
ing network theorems like Thevenin's theorem and Norton's theorem etc. discussed in Chapter 2.

Example 1.43. Find the equivalent resistance of the circuit given in Fig. 1.51 (a) between the
following points (i) A and B (ii) C and D (iii) E and F (iv) A and F and (v) A and C. Numbers
represent resistances in ohm.

Solution. (/) Resistance Between A and B

In this case, the entire circuit to the right side of AR is in parallel with | Q resistance connected
directly across points A and B.
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2 -+ 7, DL A 2 A A

A c E \fuydoe 2 C 4
5
§| 6 2 §I 6? 6% ? 3% % 5§ §E

b L N
B D F /3 S D g
(a) (b) (c) (d) (e)
Fig. 1.51

As seen, there are two parallel paths across points €' and D: one having a resistance of 6 Q and
the other of (4 + 2) =6 Q. As shown in Fig. 1.51 (c), the combined resistance between C and D is
=616 =3 Q. Further simplifications are shown in Fig. 1.51 (d) and (e). As seen, R,,, = 5/6 L.

(if) Resistance between (' and D

As seen from Fig. 1.51 (a), there are three parallel paths between C and D (i) CD itself of 6 Q2
(1) CEFD of (4 + 2) = 6 Q and (iii) CABD of (2 + 1} =3 €. It has been shown separately in Fig. 1,52
(a). The equivalent resistance R, =3 11611 6 = 1.5 €2 as shown in Fig. 1.52 (b).

(i) Resistance between E and F

In this case, the circuit to the left side of EF is in parallel with the 2 Q resistance connected
directly across E and F. This circuit consists of a 4 € resistance connected in series with a parallel

C C 4 . B 4 E E E
A i E o A C C—NW‘——-O e 2 6
e

$ 6 6§15§ 2§§2 $6 2% $is

B ) F S 5D D %D FF

(a) (b) (a) (b) (c) (d)

Fig. 1.52 Fig. 1.53
circuit of 6 1 (2 + 1) =2 Q resistance. After various simplifications as shown in Fig. 1.53, R, =216=150.
2 4 A 4 2 4’ A
‘6—MN-—C—'VW~—|E awn—S o—w—F5

5
§I 6 % 2 % 1 6 % 6 é %1 3 g I 5 % ﬁ'i
B D F B D P B D g F
(a) (b) (c) (d) (e)

Fig. 1.54

(iv) Resistance Between A and F

As we go from A and F, there are two
alone AC. At point C. there are agsain twc
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As seen from Fig. 1.54 (b), R, = 6 11 6 = 3 Q. Further simplification of the original circuit as
shown in Fig. 1.54 (¢), (d) and (e) gives R, = 5/6 Q.

(v) Resistance Between A and C

In this case, there are two parallel paths between A and C ; one is directly from A to C and the
other is along ABD. At D, there are again two parallel paths to C; one is directly along DC and the
other is along DFEC.

B2l c B B Al i - S 2 €

%1 63 2 §_| 63 63 3 3§ AN

W
& S (o AN O
B D F B D PO A4 4 a
(@ (b) (e (d)
Fig. 1.55

As seen from Fig. 1.55 (b), R, =616 =3 Q. Again, from Fig. 1.55 (d), R, =214 = 4/3 Q.

Example L44. Two resistors of values | k&2 and 4 £ are connected in series across a constant
voltage supply of 100 V. A voltmeter having an internal resistance of 12 kS is connected across the
4 k€2 resistor. Draw the circuit and calculate

(a) true voltage across 4 k2 resistor before the voltmeter was connected.,

(by actual voltage across 4k1 resistor after the voltmeter is connected and the voltage
recorded bv the voltmeter.

(c) change in supply current when voltmeter is connected.

(d) percentage error in voltage across 4 k&) resistor.

Solutien. (a) True voltage drop across 4 kQQ resistor 12K Q
as found by voltage-divider rule is 100 x4/5 =80 V 1K Q
Current from th ly = 100/(4 + 1) = 20 mA A MW
urrent from the supply 4+1) B 4kQ C

(b) In Fig. 1.56, voltmeter has been joined across the
4 kQ resistor. The equivalent resistance between B and C
=4x 12/16 =3 kQ

Drop across Band C=100x3/(3+ 1)=75 V. O 100 VO
(c) Resistance between A and C=3+1=4kQ Fic. 1.56
New supply current = 100/4 = 25 mA -
increase in current = 25 — 20 = 5 mA
actual voltage — true voltage B (75 -80) %100 = — 6.25%
true voltage 80

The reduction in the value of voltage being measured in called voltmeter loading effect because
voltmeter loads down the circuit element across which it is connected. Smaller the voltmeter resis-
tance as compared to the resistance across which it is connected, greater the loading effect and,
hence, greater the error in the voltage reading. Loading effect cannot be avoided but can be mini-
mized by selecting a voltmeter of resistance much greater than that of the network across which it is
connected.

(d) Percentage error in voltage =

Example 1.45. [In the ciFcwir of Fig. 1.57, find the value of supply voltage V so thar 20-8)
resistor can dissipate 180 W.
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Solution. [,'x20 = 180W; [,=3A 4 Ab ,\}\9\# c kL
Since 15 Q and 20 Q are in parallel, I L =
Lix15 =3x20 o~ L=4A
L, = L+1l;=443=TA L 25 15 ézﬂ
Now, resistance of the circuit to the right of point A is v
= 10+ 15x20/35=130/7 Q 5
I, x25 = 7x130/7 E—-‘VW‘ o BT
I, =265A=52A
I=1+L=52+47=122A Fig- M5%

Total circuit resistance
R,z = 5+ 2511 130/7 =955/61 Q
V I.R, =122x955/61 =191V

Example 1.46. For the simple ladder network shown in Fig. 1.58, find the inpur voltage V,
which produces a current of 0.25 A in the 3-C) resistor. All resistances are in ohm.

Solution. We will assume a current of 1 A in the 3-Q resistor. The voltage necessary to
produce 1 A bears the same ratio to | A as V, does to 0.25 A because of the linearity of the network.
It is known as Current Assumption technique.

Hence, [I,=1A
and Viy= Vuy=1x6=6V.

Also, I,,=1+1=2A
be= v,,,,+vrf=2x5+6=|6v
be= 16/8=2 A

i

V. = V“b = ng + Vgh

Fig. 1.58 = 4xT7+16+4x9=80V
Taking the proportion, we get
8 _ Y _ ~20.V
= gis V, =80 x .25 =20.V

Example 1.47. In this circuit of Fig. 1.59, find the value R, and R, so that I, = 1 /nand the input
resistance as seen from points A and B is R ohm.

R
Solution. As seen, the current through R, in g ;\,&(L ¢ ‘W{P O
(1, = I,). Hence, p.d. across points C and D is J_ =) .
Ry(l, =)= (R + R Lor R, I, (R +R,+ RV I, V=
I R +R,+R R RS
I_I = I_k.z___= n i) 2
2 2 R
The input resistance of the circuit as viewed from (h=1)
terminals A and B is required to be R. g D o
R = R +R,I(R +R)
Fig. 1.59

_ RI+R1+R

...using Eq. (/)
Rn=1) = R (n+1)
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R+R _ 2p
. = _.L___ L
2 R, = P R and R, o=0" 7]

1.27. Duality Between Series and Parallel Circuits

There is a certain peculiar pattern of relationship between series and parallel circuits. For example,
in a series circuit, current is the same whereas in a parallel circuit, voltage is the same. Also, in a
series circuit, individual voltages are added and in a parallel circuit, individual currents are added. It
is seen that while comparing series and parallel circuits, voltage takes the place of current and current

takes tha place of voltage. Such a pattern is known as “duality” and the two circuits are said to be
duals of each other.

As arranged in Table 1.4 the equations involving voltage, current and resistance in a series
circuit have a corresponding dual counterparts in terms of current, voltage and conductance for a
parallel circuit.

Table 1.4
Series Circnit Parallel Circuit
I, = L=l=.... V =V,=V,=......
Ve = i+ Vo Vid I = L+hL+L+.....
Ry = Ri+R, +Ry+ ... G = G+ G+ Gy+ s
L . W 1O S Tl il
I = RI—-RZ R3 ...... V=G]_GZ_G3— ......
R, R G, G,
Voltage Divider Rule V, = VTEL Vo=V ;?:»_ Current Divider Rule 7, = Iy ~ Gr =1y GT_
Tutorial Problems No. 1.4 15 e e
utorial Problems No
1. Using the current-divider rule, find the ratio /,//; in the
circuit shown in Fig, 1.60. [0.25] Ms 1,
2. Find the values of variables indicated in the circuit of Fig. é 5
. . 10 6
1.61. All resistances are in ohms, I
[ea) 4OV (B 21 Vi IS5V c)-5A:3A]
Fig. 1.60
2
AMA ] T .
+ + A 2A -
0.6A 3100 W 3% C‘D v $6 6V
- 02AT 3A] - l =
h
(a) (b) (c)
Fig. 1.61

3. An ohmeter is used for measuring the resistance of a circuit between its two terminals. What would
be the reading of such an instrument used for the circuit of Fig. 1.62 at point (a) AB (b) AC and
(c) BC? All resistances are in ohm, [ta) 25 €2 (h) 24 L2 (c} 9 Q2]

4. Find the current and power supplied by the battery to the circuit of Fig. 1.63 (/) under normal condi-
tions and (i) when a ‘short’ occurs across terminals A and B. All resistances are in kllnhm

Tatn & P - roa & A & .
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50 g 8 4K Q 4 6KQ ;] 1IKQ 6K O
A e A
15 30§ 14 ¥ =1V $3KO =9V 33kKQ S§
25 o
C ~ B
Fig. 1.62 Fig. 1.63 Fig. 1.64
4 38 28 R R
A"'l.& Avl'l' ﬂ ﬁ ﬂ
Y T
+0
sa(}) 403v 40 2A() 40A| 65 348 v R§ R R§ W
- -0
A l
. |
Fig. 1.65 Fig. 1.66 Fig. 1.67
5. Compute the values of battery current / and voltage drop across 6 kS resistor of Fig. 1.64 when switch §
is (a) closed and (b) open. All resistance values are in kilohm. [ta) 3mA; 6 V; (b) 2.25 mA; OV]
6. For the parallel circuit of Fig. 1.65 calculate (i) V (ii) I, (iii) 1. [(F) 20 V; (i) 5 A; (i) — 5 A)
7. Find the voltage across terminals A and B of the circuit shown in Fig. 1.66. All conductances are in
siemens (S). [5V]
8. Prove that the output voltage V, in the circuit of Fig. 1.67 is V/13,
9. A fault has occurred in the circuit of Fig. 1.68. One resistor has burnt out and has become an open.
Which is the resistor if current supplied by the battery is 6 A 7 All resistances are in ohm.  [4 2]
10. In Fig. 1.69 if resistance between terminals A and B measures 1000 €, which resistor is open-circuited.
All conductance values are in milli-siemens (mS). [0.8 mS]
A0
1
—12v §6 4§ 3 0.2§ 0.3§ 0.3% 0.5§
BO
Fig. 1.68 Fig. 1.69
1. In the circuit of Fig. 1.70, find current (a) [ and (b) I, lia) 2 A; (b) 0.5 A]
A i y 2 2
§ —e—AN AAN A
_wov
= §6 8 %12 4
Tk 2
S
AMA B
200 100
Fie. 1.70 Fie 171
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12. Deduce the current [ in the circuit of Fig. 1.71. All resistances are in ohms. [25 A]
13. Two resistors of 100 £ and 200 € are connected in series across a 4-V cell of negligible internal
resistance. A voltmeter of 200 € resistance is used to measures P.D. across each. What will the
voltage be in each case ? [1V across 100 Q ; 2 V across 200 Q|
14. Using series—parallel combination laws,
; ; R 2R 2R
find the resistance between terminals A A 1 I 1 I 1
and B of the network shown in Fig. 1.72. : | | 1 ) L 3
[4 R]
15. A resistance coil AB of 100 € resistance
is to be used as a potentiometer and is 3R 3R 2R
connected to a supply at 230 V. Find,
by calculation, the position of a tapping 2R R
point C between A and B such that a g_ " 1 r |
current of 2 A will flow in a resistance L I L J
of 50 Q connected across A and C. Fig. 1.72
[43.4 Q from A to C] (London Univ.)
16. In the circuit shown in Fig. 1.73, calculate (a) current / (b) current /; and (c) V,,,. All resistances are
in chms. [la) 4 A (b)) 0.25 A ()4 V]
4 - 20 100 25
O wv —NV\/—
] +
3 8 16 L 1]
’ {
2 16 § Y -
— 24V
-‘- I ? 6
P i S5A
B
Fig. 1.73 Fig. 1.74

7 ]

24V

19.

In the circuit given in Fig. 1.74, calculate (a) current through the 25 € resistor (b) supply voltage V.
All resistances are in ohms. [ta) 2 A () 100 V]

Using series and parallel combinations for the electrical network of Fig. 1.75, calculate (@) current
flowing in branch AF (b) p.d. across branch CD. All resistances are in ohms. [(a) 2 A (b) 1L.25 Vi

= Y | c

+
O AN
1.4

AAAA

22 %13
AAAN

dc
14 5 Supply

|

E 9 D
Fig. 1.75 Fig. 1.76

Neglecting the current taken by volemters V| and V, in Fig. 1.76, calculate (a) total current taken from
the supply () reading on voltmeter V, and (c) reading on voltmeter V[(a) 15 A (b) 14V (¢) 16 V]
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20. Find the equivalent resistance between terminals A and B of the 12 40 60
circuit shown in Fig. 1.77. Also, find the value of currents I.L, A iy

and /;. All resistances are in ohm.
BQ:I,=2A:1,=0.6A4; I,=04A] _L
21. In Fig. 1.78, the 10 £ resistor dissipates 360 W. What is the T
voltage drop across the 5 €2 resistor ? [30V]

In Fig. 1.79, the power dissipated in the 10 Q resistor is 250 W.
What is the total power dissipated in the circuit ? [850 W]

(2]
!-J

Fig. 1.77
25
AAAA —— -
5
5 5 E
: = AN .
E é 2 % 6 % 12
- o- + [
10 10 3V
Fig. 1.78 Fig. 1.79 Fig. 1.80
23. What is the value of E in the circui of Fig. 1.80 7 All resistances are in ohms. [4V]
R 2
ao Oo—e—"NNr——0
a
R -
a b
SR
R
b
bo Y PS——
(a) (b) (c) (d)
Fig. 1.81 )

24. Find the equivalent resistance R, _, at the terminals a — b of the networks shown in Fig. 1.81.
[@)0(B)0(c) R (d)28)
25. Find the equivalent resistance between terminals a and b of the circuit shown in Fig. 1.82 (a). Each

resistance has a value of 1 Q. |5/11 Q]
a > >
o
b
o

(a) (b)
Fig, 1.82

26. Find the equivalent resistance between terminals a and b of the circuit shown in Fig. 1.82 (b). Each
resistor has a value of 1 Q. [5/12 2]
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27.  Two resistors of value 1000 £ and 4000 Q are connected in series across a constant voltage supply of
150 V. Find (a) p.d. across 4000 ohm resistor (b) calculate the change in supply current and the
reading on a voltmeter of 12,000 £ resistance when it is connected across the larger resistor.

[(a) 120 V (b) 7.5 mA;: 112.5 V]
1.28. Relative Potential

It is the voltage of one point in a circuit with respect to that of another point (usually called the
reference or common point),

Consider the circuit of Fig. 1.83 (a) where the most negative end-point C has been taken as the
reference. With respect to point C, both points A and B are positive though A is more positive than B.
The voltage of point B with respect to that of C i.e. V.=+30V.

Similarly, V, .=+ (20 + 30) =+ 50 V. 5 A 20V B 30V .

In Fig. 1.83 (b), the most positive end point
A has been taken as the refereFl)':;e point. Ig;ill'l | I"_KB(‘_'ﬁ i
respect to A, both B and C are negative though Vac

C is more negative than B. Reference

Vg =—20V, V., =—(20+30)=-50 V . A oy _ "2 % o

In Fig. 1.83 (c), mid-point B has been taken ﬂ. o o . )
as the reference point. Withrespectto B, Aisat o = :
positive polential whereas C is at a negatiye po-
tential. b A 20V p *% c _

——a— AN *——

Hence, V,, =+ 20 V and Vg =— 30 V (of 3 ”
course, Vg =+ 30V) Relireinga

It may be noted that any peint in the circuit Fig. 1.83

can be chosen as the reference point to suit our
requirements. This point is often called ground or earth because originally it meant a point in a
circuit which was actually connected to earth either for safety in power
systems or for efficient radio reception and transmission. Although, this
meaning still exists, yet it has become usual today for ‘ground’ to mean
any point in the circuit which is connected to a large metallic object such
as the metal chassis of a transmitter, the aluminium chassis of a receiver, a
wide strip of copper plating on a printed circuit board, frame or cabinet
Fig. 1.84 which supports the whose equipment. Sometimes, reference point is also
called common point. The main advantage of using a ground system is to
simplify our circuitry by saving on the amount of wiring because ground is used as the return path
for may circuits. The three commonly-used symbols for grounnd are shown in Fig. 1.84.
Example 1.48. In Fig. 1.83, calculate the values of (i) V W () i’H and {m} V,

Selution. It should be noted that V. stands for 12V
the potential of point A with respect to point . The -to—{ B I—OF
easist way of finding it is to start from the reference ; / 24V
point F and go to point A along any available path 6V
and calculate the algebraic sum of the voltages met f
on the way. Starting from point F as we go to point c D
A, we come across different battery voltages. Tak- §y .
ing the sign convention given in Art. 1.28, we get Fig. 1.85
(i) Vip = —24+4+8-6+12=-6V
The negative sign shows that point A is negative with respect to point F by 6 V.

(ii) Similarly, Vey, = —12+46-8-4=-18V
(1if) Starting from point B, we get Vo, =6 -8 -4+ 24 =18 V.
Since the result is positive it means that point F is at a higher potential than point B by 18 V.
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Example 1.49. In Fig. 1.86 compute the relative potentials of pownts A, B, C, D and E which
(i) point A is grounded and (i) point D is grounded. Does it affect the circuil operation or potential
difference between any pair of points ?

Solution. As seen, the two batteries have been connected in series opposition. Hence, net

circuit voltage =34-10=24V
Total circuit resistance =6+4+2=12Q
Hence, the circuit current = 24/12=2 A
Drop across 2 €) resistor = 2x2=4V Drop across 4 Q resistor=2x4=8V
Drop across 6 € resistor =2x6=12V
34V 34V
A B 2Q C A B 2Q Fou
o [ | l} O— A0
2A A 2A
6Q 10V 6Q 0V—/
2A 40 2A I 2A 40
AN AN — oD
: - 7
Fig. 1.86 Fig. 1.87

(i) Since point B is directly connected to the positive terminal of the battery whose negative
terminal is earthed, hence Vy = + 34 V.
Since there is a fall of 4 V across 2 Q resistor, V=34 -4=30V
As we go from point C to D i.e. from positive terminal of 10-V battery to its negative terminal,
there is a decrease in potential of 10 V. Hence, V[, =30 - 10 = 20i.e. point D is 20 V above the
ground A,
Similarly, Ve = Vn — voltage fall across 4 Q restors =20 -8=+ 12V
Also V, = — fall across 6 Q resistor = 12 (2% 6)=0V
(if) In Fig. 1.87, point D has been taken as the ground. Starting from point D, as we go to £
there is a fall of 8 V. Hence, V= — 8 V. Similarly, V,=— (8 +12)=-20 V.
As we go from A to B, there is a sudden increase of 34 V because we are going from negative
lermmal of the battery to its positive terminal.
Vg = —20+34=+14V
V. = Vg—voltage fall across 2 Q resistor = |4 —4 =+ 10 V.
It should be so because C is connected directly to the positive terminal of the 10 V battery,
Choice of a reference point does not in any way affect the operation of a circuit. Moreover, it
also does not change the voltage across any resistor or between any pair of points (as shown below)
because the ground current i, = 0.
Reference Point A

Voo = Vo=V, =30-0=430V; V=V~ Vp=30-12=+ 18V
Vip = Vp=Vp=34-20=1+ 14V

Reference Point D
Voo = Ve V,=10-(=20)=+30V: Ve = V-V, = 10 - (-8) =+ I8 V
Vgp = Vp=Vpy=14-0=+14V
Example 1.50. Find the voltage V in Fig. .88 (a). All resistances are in ohms.

Solution. The given circuit can be simplified (o the final form shown in Fig. 1.88 (d). As seen,
current supplied by the the battery is | A, At point A in Fig. .88 (), this current is divided into two
equal parts of 0.5 A each.
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Obviously, voltage V represents the potential of point B with respect to the negative terminal of
the battery. Point B is above the ground by an amount equal to the voltage drop across the series
combination of (40 + 50) = 90 Q.

= 05%x90=45V.

+100 V

1>

e 100
100V

= (0 (] (c) (d)
Fig. 1.88
1.29. Voltage Divider Circuit

A voltage divider circuit (also called potential divider) is a series network which is used to feed
other networks with a number of different voltages and derived from a single input voltage source.

Fig. 1.89 (a) shows a simple voltage . 4 0} 0 A
divider circuit which provides two output R ] v, 3
voltages V| and V,. Since no load is con- 13 3
nected across the output terminals, it is L 1 ——o 4
called an unloaded voltage divider. TV 0 _T—_: K3
As seen from Art, 1.15. < £ v $——o C
R, 2 V.3
V.zvR Randv VR 3¢
1+ +R, o G
The ratio V,/V is also known as volt- or _T_
age-ratio rransfer function. -l = =
As seen, h = Ry o : (@ : i
R +R, 1+R/R, Fig. 1.89

The voltage divider of Fig. 1.89 (b) can be used to get six different voltages
Vg = Vi Vae= Vo, Vg =V Ve = (Vo + V3), Ve =(V + V)and V, . = V

Example 1.51. Find the values of different voltages that can be obtained from a 12-V battery

with the help of voltage divider circuit of Fig. 1,90, oA
Solution. R=R+R+R,=4+3+1=8Q 403k, v,
Drop across R, = 12x48=6V g B
V, = 12-6=6V above ground g 3 QiR: b
Drop across R, = 12x3/8=45V 12v i ¢
Ve = Vg—-45=6-45=15 | Q3R K
Drop across Ry = 12x18=15V 7
Different available load vnlliges are : .ﬁF’D

(i) Viyy=V,—Vy=12-6=6V ]



Electric Current and Ohm’s Law 43
(i) Vie =12-15=105V (iify V,p=12V
(iv) Vpo =6-15=45V ) Vo = 18V

Example 1.52. What are the output voltages of the unloaded voltage divider shown in Fi ig.
191 7 What is the direction of current through AB ?

Solution. 1t may be remembered that both V, and V, are with respect
to the ground.

R = 6+4+2=12Q
V, = drop across R,
= 24x4/12=+8YV
V, = dropacross R;=—-24x2/12= -4V

It should be noted that point B is at negative potential with respect
to the ground.

Current flows from A to B i.e. from a point at a higher potential to a
point at a lower potential.

Fig. 1.91

Example 1.53. Calculate the potentials of point A, B, C and D in Fig. 1.92. What would be the
new potential values if connections of 6-V battery are reversed ? All resistances are in ohm.

Solution. Since the two batteries are connected in additive series, total voltage around the
circuitis = 12 = 6 = 18 V. The drops across the three resistors as found by the voltage divider rule as
shown in Fig. 1.92 (a) which also indicates their proper polarities. The potential of any point in the
circuit can be found by starting from the ground point G (assumed to be at 0V) and going to the point
either in clockwise direction or counter-clockwise direction. While going around the circuit, the rise
in potential would be taken as positive and the fall in potential as negative. (Art. 2.3). Suppose we
start from point G and proceed in the clockwise direction to point A. The only potential met on the
way is the battery voltage which is taken as positive because there is a rise of potential since we are
going from its negative to positive terminal, Hence, V,is+ 12V,

Vg = 12-3=9V,V.=12-3-6=3V

Similarly, Vp = 12-3-6-9=-6V.

It is also obvious that point D must be at — 6 V because it is directly connected to the r=gative
terminal of the 6-V battery.

We would also find the potentials of various points by starting from point G and going in the

counter-clockwise direction. For example, V,=— 6+ 9 + 6 =9 V as before.
A A
i +
1 23V 121V
2V - —12V e
[ B B
0oV N 0V ¥
G"—_] 236V G"—_[ 232V
i C P &
6V 5 —6V "
329V 323N
D D
(aj (b)

Fig. 1.92
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The connections of the 6 — V battery have been reversed in Fig. 1.92 (b). Now, the net voltage
around the circuit is 12 -6 =6 V. The drop over the | 2 resistoris =6 x 1/(1 + 2+ 3) =1 V; Drop
over 2 Qresistoris=6x2/6 =2V, Obviously, V, =+ 12V, Vp=12-1=11V, V. =12-1-2
=9 V. Similarly, V,=12-1-2-3=4+6V.

Example 1.54. {sing mininuen number of components, design a voltage divider which can
deliver | Wat 100V, 2 War— 350 V and
1.6 Wat— 80 V. The voltage source has 4 AN IOD?A 8 LS IO%V -
an internal resistance of 200 Q and sup- 200 I Ly _1'
plies a current of 100 mA. What is the R 100 V
open-circuit voltage of the voltage source ? :

All resistances are in ohm. ov

Solution. From the given load condi-
tions, the load currents are as follows : —
' 17100 = 10 mA, T
2/50 = 40 mA, b
I, = 1.6/80 =20 mA
For c:chon'omisirallg lhe. number ;); Sgn:i I3
nents, the internal resistance o
E;)n be used as the series dropping resis- 100mA 13 20 mA o -
tance. The suitable circuit and the ground D c —-80V
connection are shown in Fig. 1.93. Fig. 1.93
Applying Kirchhoff’s laws to the closed circuit ABCDA, we have

V-200x100x 107 -100-80=0 or V=200V

I=

[

Iu"‘SUV

Il

I

I, = 100-10=90mA .. R,=100V/MS0mA=1.11kQ
I; = 100 - 20 = 80 mA: voltage drop across R, =—50—-(-80) =30V
R, = 30 V/80 mA =375 Q

I,+40 = 80 .. L, =40mA; R, =50V/40 mA =1.25 kQ
Example 1.55. Fig. 1.94 shows a transistor with proper volt +Q20V
ages established across its base, collector are eminter for proper func-

tion. Assume that there is a voltage drop Vg across the base-emitter
Junction of 0.6 V and collector current I - is equal to collector current
Iy Calculate (a) V,(b) V,and Vg (c) V,and Vi (d) Izand I-(e) V, (f)
Velg) Vo All resistances are given in kilo-ohm,

Selution. (a) The 250 k and 50 k resistors form a voltage-di-
vider bias network across 20 V supply.

V, =20x250/300 =16.7 V

by V; =20-167=33V

The voltage of point B with respect to ground is V, =3.3 V

(c) Ve = Vo=V, =33-06=27V. AlsoV,=27V

(d) 1z =Vy/2=27V/Zk=1.35mA. Italsoequals /..

(¢) V, = drop across collector resistor = .35 mAx8k =108 V

(f) Potential of point Cis V.=20-108=92V

(g) Veg = Ve—Vg=92-27=65V

Tutorial Problems No. 1.5
1. Find the relative potentials (i) V., (ii) Vi (iii) Vi, and (iv) V, in Fig. 1.95.
IOV E)=20V (E) 10V (iv) =30 V]
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2. Calculate the relative potential of point A with respect to that to B in Fig, 1.96,

(&
&
10V

20V
B D
20V 10V
i Y
&
Fig. 1.95

2 4
__:—:__24 v A B
6 8

Fig. 1.96

3. Give the magnitude and polarity of the following voltages in the circuit of Fig. 1.97 (i) V| (ii) V,

(i) V3 (V) Vs, 0V, s ) V, .

[-75V,-50V, 125V, 175V, - 25V, - 200 V]

4. Fig. 1.98 shows the equivalent circuit of a digital-to-analog (D/A) converter. What is the value of the

output voltage V, ?

OBJECTIVE TESTS-1

1. A good electric conductor is one that
(a) has low conductance
(b) is always made of copper wire
(c) produces a minimum voltage drop
(d) has few free electrons

2. Two wires A and B have the same cross-sec-
tion and are made of the same material. R, =
600 Q and Ry = 100 £2. The number of times
A is longer than B is
(a) 6 (b) 2
(c) 4 (d) 5

3. A coil has a resistance of 100 Q at 90°C. At
100°C, its resistance is 101 €2, The tempera-
ture coefficient of the wire at 90°C is
(a) 0.01 (b) 0.1
(c) 0.001 (d) 0,001

4. Which of the following material has nearly
zero temperature-coefficient of resistance ?

(a) carbon {b) porcelain

8K 2K
ZIZ v O+
4K 1K o
O -
Fig. 1.98
(c¢) copper (d) manganin

5. Which of the following material has a nega-
tive temperature coefficient of resistance 7
(a) brass (b) copper
(¢) aluminium (d) carbon

6. A cylindrical wire, | m in length, has a resis-
tance of 100 . What would be the resis-
tance of a wire made from the same material
if both the length and the cross-sectional area

are doubled ?
(a)y 200Q (b) 400 Q2
(c) 100Q (d) 50Q

7. Carbon composition resistors are most popu-
lar because they

(a) cost the least

(b) are smaller

(¢) can withstand overloads

(d) do not produce electric noise
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3.

-

10.

A unique feature of a wire-wound resistor is
its

(a) low power rating

(b) low cost

(¢) high stability

(d) small size

If, in Fig. 1.99, resistor R, becomes open-
circuited, the reading of the voltmeter will
become

(a) zero (b)
(c) S50V

150V

(d) 200V

200V

Fig. 1.99

Whatever the battery voltage in Fig. 1.100, it
is certain that smallest current will flow in
the resistance of........ohm,

(a) 300 (b) 500
{c) 200 (@ 100

300
AW

A

200
MW

500

1]

Fig. 1.100

. Which of the following statement is TRUE

both for a series and a parallel d.c. circuit ?
(a) powers are additive

(b) voltages are additive

(c) currents are additive

(d) elements have individual currents

. The positive terminal of a 6-V battery is con-

nected to the negative terminal of a 12-V
battery whose positive terminal is grounded.
The potential at the negative terminal of the
6-V battery is-volt.

17.

Elecirical Technology

(a) + 18
ey —12

oy —12
(d) + 12

. In the above question, the potential at the

positive terminal of the 6-V battery is ..... volt.
(@) +6 (b) -6
(c) —12 (d)y +12

. A 100-W, 110-V and a 50-W, 110-V lamps

are connected in series across a 220-V d.c.
source. If the resistance of the two lamps are
assumed to remain constant, the voltage
across the 100-W lamp is ....volt.

(a) 110 (b) 733

(c) 1467 (d) 220

. In the parallel circuit of Fig. 1.101, the value

of V,is ... volt.

(a) 12 (b) 24
() 0 d) —12
2
ANV oA
2
— 1V
12V
Fig. 1.101

. In the series circuit of Fig. 1.102, the value

of V is.....volL.

{a) 12 by —12
{c) O (dy 6
2
AW O
L v 22

Fig. 1.102

In Fig. 1.103, there is a drop of 20 V on each
resistor. The potential of point A would be
.. VoIt

{a) + 80
(b) —40
(c) +40
(d) —80
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A AN B
=80V G
¥ —
D AN C
Fig. 1.103
18. From the voltmeter reading of Fig. 1.104, it
is obvious that

(a) 3 Q resistor is short-circuited
(b) 6 Q resistor is short-circuited
{c) nothing is wrong with the circuit
(d) 3 £ resistor is open-circuited

4
ANV

— 24V

= 33

6% /

Fig. 1.104
19. With reference to Fig. 1.105, which of the
following statement is true ?
(a) Eand R, form a series circuit
(b) R, is in series with R,
(c)
()

R, 1s in series with R,
there is no series circuit
AN\ AN\~

Fig. 1.105
Rt 907 P61
q°p1 a1 PTI

DL 29 ps

20.

47

Which of the following statements is correct
concerning the circuit of Fig. 1.106.

(a) R, and R, form a series path

(b) Eis in series with R,

(¢) R, is in parallel with R,

(d) R,.R,and R, form a series circuit.

2

i |
r

P81
211
7'y

SHAMSNY

Fig. 1.106

. What is the equivalent resistance in ohms

between points A and B of Fig. 1.107 ? All
resistances are in ohms.

(a) 12
(b) 144
ey 22
{d) 2
(o)
A
12
6
‘S %
Fig. 1.107
2L P91 R |
v 01 6 2
PE 2T o |
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DC NETWORK THEOREMS

2.1. Electric Circuits and Network Theorems

There are certain theorems, which when applied to the solutions of electric networks, wither
simplify the network itself or render their analytical solution very easy. These theorems can also be
applied to an a.c. system, with the only difference that impedances replace the ohmic resistance of
d.c. system. Different electric circuits (according to their properties) are difined below :

1.

Circuit. A circuit is a closed conducting path through which an electric current either
flows or is inteneded flow.

Parameters. The various elements of an electric circuit are called its parameters like resis-
tance, inductance and capacitance. These parameters may be lumped or distributed.

Liner Circuit. A linear circuit is one whose parameters are constant i.e. they do not change
with voltage or current.

Non-linear Circuit. It is that circuit whose parameters change with voltage or current.
Bilateral Circuit. A bilateral circuit is one whose properties or characteristics are the same
in either direction. The usual transmission line is bilateral, because it can be made to per-
form its function equally well in either direction.

Unilateral Circuit. It is that circuit whose properties or characteristics change with the
direction of its operation. A diode rectifier is a unilateral circuit, because it cannot perform
rectification in both directions.

Electric Network. A combination of various electric elements, connected in any manner
whatsoever, is called an electric network.

Passive Network is one which contains no source of e.m.f. in it.

Active Network is one which contains one or more than one source of e.m.f.

Node is a junction in a circuit where two or more circuit elements are connected together.
Branch is that part of a network which lies between two juncions.

Loop. It is a close path in a circuit in which no element or node is epcountered more than
once.

Mesh. It is a loop that contains no other loop within it. For example, the circuit of Fig. 2.1
(a) has even branches, six nodes, three loops and two meshes whereas the circuit of Fig.
2.1 (b) has four branches, two nodes, six loops and three meshes.

It should be noted that, unless stated otherwise, an electric network would be assumed passive
in the following treatment.

We will now discuss the various network theorems which are of great help in solving compli-
cated networks. Incidentally, a network is said to be completely solved or analyzed when all volt-
ages and all currents in its different elements are determined.

48



DC Network Theorems 49
1 R 2 R

2 3
AM — -
_|_ “'"\ ""\ —
V= {({i) Sp{n)) 3¢ v R == L
_I_ \\'/ 3\\'/ 4 =
A F

i
6 5 R
(a) ib)
Fig. 2.1

There are two general approaches to network analysis :

(/) Direct Method

Here, the network is left in its original form while determining its different voltages and cur-
rents. Such methods are usually restricted to fairly simple circuits and include Kirchhoff's laws,
Loop analysis, Nodal analysis, superposition theorem, Compensation theorem and Reciprocity theo-
rem efc.

(if) Network Reduction Method

Here, the original network is converted into a much simpler equivalent circuit for rapid calcula-
tion of different quantities. This method can be applied to simple as well as complicated networks.
Examples of this method are : Delta/Star and Star/Delta conversions. Thevenin’s theorem and
Norton's Theorem etc.

2.2. Kirchhoff’s Laws *

These laws are more comprehensive than Ohm’s law and are used for solving electrical net-
works which may not be redily solved by the latter. Kirchhoff’s laws, two in number, are particu-
larly useful (a) in determining the equivalent resistance of a complicated network of conductors and
(b) for calculating the currents flowing in the various conductors. The two-laws are :

1. Kirchhoff’s Point Law or Current Law (KCL)

It states as follows :

|1
0oo

in any electrical network, the algebraic sum of the currents meeting at a point (or junction) is
Iero.

Put in another way, it simply means that the total current leaving a juncion is equal to the total
current entering that junction. It is obviously true because there is no accumulation of charge at the
junction of the network., '

Consider the case of a few conductors meeting at a point A as in Fig. 2.2 (a@). Some conductors
have currents leading to point A, whereas some have currents leading away from point A. Assuming
the incoming currents to be positive and the outgoing currents negative, we have

L+(L)+ L)+ (+1)+(=1)=0
or L+, -L-L—-I=0 or I +l,=0L+I+I
or incoming currents = outgoing currents
Similarly, in Fig. 2.2 (b) for node A
+ I+ 1)+ L)+ (=) +(=1)=0 or =l +L+[+1,
We can express the above conclusion thus: X /=0 ....at a junction

After Gustave Robert Kirchhoff (1824 - 1887), an outstanding German Physicist,
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(a)
Fig. 2.2

4. Kirchhoft"s Mesh Law or Voltage Law (KVL)
It states as follows :

the algebraic sum of the products of currents and resistances in each of the conductors in any
closed path (or mesh) in a network plus the algebraic sum of the e.m.fs. in that path is zero.

In other words, LZIR+Zemf =0 ...round a mesh

It should be noted that algebraic sum is the sum which takes into account the polarities of the
voltage drops.

The basis of this law is this : If we start from a particular junction and go round the mesh till we
come back to the starting point, then we must be at the same potential with which we started. Hence,
it means that all the sources of e.m.f. met on the way must necessarily be equal to the voltage drops
in the resistances, every voltage being given its proper sign, plus or minus.

2.3. Determination of Voltage Sign

In applying Kirchhoff's laws to specific problems, particular attention should be paid to the
algebraic signs of voltage drops and e.m.fs., otherwise results will come out to be wrong. Following
sign conventions is suggested :

(a) Sign of Battery E.M.F.

A rise in voltage should be given a + ve sign and a fall in voltage a —ve sign. Keeping this in
mind. it is clear that as we go from the —ve terminal of a battery to its +ve terminal (Fig. 2.3), there
1s a rise in potential, hence this voltage should be given a + ve sign. If, on the other hand, we go from
+ve terminal to —ve terminal, then there is a fall in potential, hence this voltage should be preceded

current current
E B 4 E 3 A+ ¥V B A v B
A - + - - +
E——— S —R- motion motion
Rise in Fall in Fall in Rise in
Voltage Voltage Voltage Voltage
+E -E -V==IR + V=+IR
Fig. 2.3 Fig. 24

by a —ve sign. [Ir is important to note that the sign of the battery e.m.f. is independent of the direction
of the current through that branch.

(b) Sign of IR Drop

Now. take the case of a resistor (Fig. 2.4). If we go through a resistor in the same direction as the
current, then ther is a fall in potential because current flows from a higher to a lower potential.
Hence. this voltage fall should be taken —ve. However, if we go in a direction opposite to that of the
current, then there is a rise in voltage. Hence, this voltage rise should be given a positive sign.

1 s clear thar the sign of voltage drop across a resistor depends on the direction of current
through thar resistor but is independent of the polarity of any other source of e.m.f. in the circuit
under considerarion.
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Consider the closed path ABCDA in Fig. 2.5. As we travel around the mesh in the clockwise
direction, different voltage drops will have the follwing signs :

th

IRy is —ve (fall in potential) \\ I R /’
A 4 B
LR, is —ve (fall in potential) e
LiR; is + ve (rise in potential) i o éR
IR, is —ve (fall in potential) @, ¢
E, is —ve (fall in potential) R, g ;
E, is +ve (rise in potential) $ i
; : K [o AR » o By
Using Kirchhoff’s voltage law, we get T -
-IR - LR, —LR,-I,R,—E,+E =0 _AMAA
or LR, + LR, — LR, + IR, =E, - E, D R, b C
2.4. Assumed Direction of Current Fig. 2.5

In applying Kirchhoff"s laws to electrical networks, the question of assuming proper direction
of current usually arises. The direction of current flow may be assumed either clockwise or
anticlockwise. If the assumed direction of current is not the actual direction, then on solving the
quesiton, this current will be found to have a minus sign. If the answer is positive, then assumed
direction is the same as actual direction (Example 2.10). However, the important point is that once
a particular direction has been assumed, the same should be used throughout the solution of the
question.

Note. It should be noted that Kirchhoffs laws are applicable both to d.c. and a.c. voltages and

currents. However, in the case of alternating currents and voltages, any e.m.f. of self-inductance or
that existing across a capacitor should be also taken into account (See Example 2.14).

2.5. Solving Simultaneous Equations

Electric circuit analysis with the help of Kirchhoff's laws usually involves solution of two or
three simultaneous equations. These equations can be solved by a systematic elimination of the
variables but the procedure is often lengthy and laborious and hence more liable to error. Determi-
nants and Cramer’s rule provide a simple and straight method for solving network equations through
manipulation of their coefficients. Of course, if the number of simultaneous equaitons happens to be
very large, use of a digital computer can make the task easy.

2.6. Determinants

a b
c d
it contains two rows (ab and cd) and two columns (ac and bd). The numbers a. b, ¢ and d are called
the elements or constituents of the determinant. Their number in the present case is 2’ =4,

The symbol is called a determinant of the second order (or 2 x 2 determinant) because

The evaluation of such a determinant is accomplished by cross-multiplicaiton is illustrated

below :
(7}
)é, | =ad — be
¢ 'd

The above result for a second order determinant can be remembered as
upper left times lower right minusupper right times lower left

a b ¢ R
The symbol ‘ a, b, c, | represents athird-order determinant having 3° = 9 elements. It may
a, by o,

be evaluated (or ex[;anded) as under :
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n
(3]

1. Multiply each element of the first row (or alternatively, first column) by a determinant
obtained by omitting the row and column in which it occurs. (It is called minor determinant
or just minor as shown in Fig. 2.6).

Minor of a, Minor of a, Minor of a
Fig. 2.6
2. Prefix + and — sing alternately to the terms so obtained.
3. Add up all these terms together to get the value of the given determinant.
Considering the first column, minors of various elements are as shown in Fig. 2.6.
Expanding in terms of first column, we get

by | _,|b o b ¢
A = a b o a, by ¢ +a, b, o
= @y (bycy = bycy) — ay (bycy — byc)) + ay (bycy — bye)) (D)
Expanding in terms of the first row, we get
= by | _p|% @ a, b,
A= B by | May o Ta ay, b

ay (bycy — bycy) — by (aycy — aycy) + ¢ (a,hy — ashy)
which will be found to be the same as above.

]

7 —F =
Example 2.1. Evaluate the deternunant | —3 6 =2

iv-@' —2 H|

Solution. We will expand with the help of 2st column.
_ 6 -2 -3 -4 -3 -4
D = 7|-2 11‘"(“3) -2 11 “"‘”I 0 —2‘

=T[6x 1) —(=2x=2)]+3[(=3x11)— (=4 x—2)] -4 [(-3x—2)— (-4 x6)]
=7(66—-4)+3(—33-8)—4(6+24)=191

2.7. Solving Equations with Two Unknowns
Suppose the two given simultaneous equations are
ax + by = ¢
dc+ey = f
Here, the two unknown are x and v, a, b, d and e are coefficients of these unknowns whereas ¢
and f are constants. The procedure for solving these equations by the method of determinants is as
follows :

: : j . a bl|lx|_|c
1. Write the two equations in the matrix form as [d f][)’]-[f]
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2. The common determinant is givne as A = [d ]=ae —bd

3. For finding the determinant for x, replace the
coefficients of x in the original matrix by the A, =
constants so that we get determinant A, given by

4. For find the determinant for y, replace coefficients
of y by the constants so that we get A =

| a L:
5. Apply Cramer’s rule to get the value of x and y . |6 f|
A ce-bf _ A, af-cd
A ae—bd andy= A ae-bd

X =

Example 2.2, Solve the following o simultaneous equations by the method of determinants
4i,—3i, = 1

3, =50, =2

Solution. The matrix form of the equations is 4 =310 |1
3 =54 2

&
1}

:§|={4x—5)-[—3x3):—1l

:g\=(lx—5)—(—3x2):1

= >3
o1 oy
" I
L S

2'~=(4x2)-(1><3)z5

4.
2=

i = —=—=-

1 )
A -1l 11"

- 29
11
2.8. Solving Equations With Three Unknowns
Let the three simultaneous equaitons be as under :
ax+by+cz = d
ex+fy+gz = h
Jx+ky+lz = m
The above equations can be put in the matrix form as under :

23] L[4 |

The value of common determinant is givne by
a b ¢
e [ g =a(fl-gk)—e(bl—ck)+ jbg —cf)
i okl
The determinant for x can be found by replacing coefficients of x in the original matrix by the
constants.

A=

d b c
A = |h { § =d (fl — gk) — h(bl — ck) + m(bg — cf)
m
Similarly, determinant for y is given by replacing coefficients of y with the three constants,
a d ¢

=a (hl —mg)—e(dl —me) + j(dg — he)

A, = |e h g
“!jml
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In the same way, determinant for z is given by

a b d
A, =|e f h =a(fin— hk)-e(bm —dk)+ j (bh—df)
' J kK m
, . TR |
As per Cramer’s rule X = —45h y=sr=g

Example 2.3. Solve the following three simultaneous equaitons by the use of determinants and
Carmer's rule
iy + 3, +4i; = 14
i +24i; = 7
g +i;+ 20 =2

Solution. As explained earlier, the above equations can be written in the form

1 3 4]]4
12 1||i| =
2 1 24|

I 3 4
A=1|1 2 l|=ld-D-1(6-4)+(3-8=-9
21 2
(14 3 4
A= |7 2 1|=14@-D-T(6-9H+23-8)=18
[ 2 1 2
(1 14 4
A, = |1 7 1|=1(14-2)-1(28-8)+2(14-28)=-36
VA
(1 3 14
Ay = |1 2 71=14-T7)-1(6-14)+2(21-28)=-9
2 1 2
According to Cramer's rule,
A 18 A, -36 . A, -9
[ = ————=— ¢ =——=—= . ===—= 1A
hi= K= PGSR TR T

Example 2.4. What is the voltage V, across the open switch in the circuit of Fig. 2.7 7

Solution. We will apply KVL to find V. Starting from point A in the clockwise direction and
using the sign convention given in Art. 2.3, we have

\ { / A B C
‘\ sov | 30v, 2
| %
D |'L 14 VSR VI6A
- $)ioa
+
o- .
20V Vv a0V §3
- 2
Q1 AN
10V
[ )
'R I B
e 4A
AMN—=
// \\_ Vi 2 E D
Fig. 2.7 Fig. 2.8

+V,+10-20-50+30 =0 . V=30V
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Example 2.5, Find the unknown voltage V in the circuir of Fig. 2.8.

Solution. Initially, one may not be clear regarding the solution of this question, One may think
of Kirchhoff’s laws or mesh analysis etc. But a little thought will show that the question can be
solved by the simple application of Kirchhoff's voltage law. Taking the outer closed loop ABCDEFA
and applying KVL to it, we get

—16x3-4x2+40-V,=0; .. V,=—16V

The negative sign shows there is a fall in potential.

Example 2.6. Using Kirchoff's Current Law and Ohm's Law, find the magnitde and polariry
of voltge Vin Fig, 2.9 (a). Directions
of the two current sources dare as
shown.

Solution. Let us arbitrarily
choose the directions of /,, I, and I,
and polarity of V as shown in Fig.
2.9.(b). We will use the sign conven-
tion for currents as given in Art. 2.3,

Fig. 2.9
Applying KCL to node A, we have -
-L+30+L,-1,-8 =0
or L-L+L =22 1)
Applying Ohm’s law to the three resistive branches in Fig. 2.9 (b), we have
Y 1 o¥ ps ¥ R i
I, = 2.13— 4,!2 6 (Please note the — ve sign.)

Substituting these values in (i) above, we get

4 v _
37|76 |7 =22 or V=24V

1, VI2=242=12A,1,=-24/6=-4A,[,=24/4=6 A

The negative sign of /, indicates that actual direction of its flow is opposite to that show in Fig.
2.9 (b). Actually, I, flows from A to B and not from B to A as shown.

Incidentally, it may be noted that all currents are outgoing except 30A which is an incoming
current.

Example 2.7. For the circuit shown in Fig. 2.10, find V- and V.

(F.Y. Engg. Pun¢ Univ. May 1988)

Solution. Consider the two battery circuits of Fig. 2.10 separately. Current in the 20 V battery
circuit ABCD 15 20 (6 + 5+ 9) = LA, Similarly, 6 ) 3
current in the 40 V battery curcuit EFGH is = A AW B E AMA— F
40/(5 + 8 + 7) = 2A. Voltage drops over differ-
ent resistors can be found by using Ohm’s law.

10V

For finding V.. i.e. voltage of point Cwith  —— / 5% §5 40 V—
respect to point £, we will start from point E
and go to C via points H and B. We will find
the algebraic sum of the voltage drops met on ’s’?N‘ M;v‘
the way from point E to C. Sign convention of D c H G
the voltage drops and battery e.m.ls. would be Fig. 2.10

the same as discussed in Art, 2.3,
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Veg = =5%x2+10-5x1=-5V
The negative sign shows that point C is negative with respect to point E.

Vig = Tx2+10=6x1=30V.
The positive sign shows that point A is at a positive potential of 30 V with respect to point G.
Example 2.8. Determine the currents in the unbalanced bridge circuit of Fig. 2.11 below, Also,

determine the p.d. across BD and the resistance from B to D.

Solution. Assumed current directions are as shown in Fig.
2.11.

Applying Kirchhoff’'s Second Law to circuit DACD, we get
—x-4z+2y=0o0rx—2y+4z=0 (D)
Circuit ABCA gives
-2x—2)+3(y+z)+4z = Oor2vr—3y—9z=0..(2)
Circuit DABED gives
x—2x—-2)-2(x+W+2 = 0orSx+2y-2z=2..(3)
Multiplying (1) by 2 and subtracting (2) from it, we get
—y+17z = 0 D)

Similarly, multiplying (1) by 5 and subtracitng (3) from it,
we have

[

—12y+22z = =2 or —6y+llz=-1 ()
Eliminating y from (4) and (5). we have 9lz=1lorz=1/91 A
From (4); v = 17/91 A. Putting these values of y and z in (1), we get x = 30/91 A
Current in DA = x = 30/91 A Currentin DC=y= 1791 A

; a0 129
= —_—T = ==—— — :‘\

Current in AB = x—¢ o1 a1 91

: eao17 .1 18
Current in CB = y+z= 91+_91F 91A

: s _30,17_47

Current in external circuit = x+y= o1 —t— o= 91

Current in AC = z= 191 A
Internal voltage drop in the cell =2 (x + y) =2 x 47/91 = 94/91 V
. P.D. across points Dand B = 2 - % = g? v
Equivalent resistance of the bridge between points D and B
p.d. between points B and D 88/91 _ 88 _
" current between points B and D TA791 47 =157 1) (spproz)

Solution By Determinants

The matrix from the three simultaneous equaitons (1), (2) and (3) is

REL

1 -2 4
A= lz =3 —9]:1(6+I8)*2(4—8)+5(18+12}=182
5 2 =2

3%

P.D. between D and B = drop across DC + drop across CB =2 x 1791 + 3 x 18/91 = 88/91 V.
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0 -2 4
A = |0 =3 —9|=0(6+18)-0(4-8)+2(18+12)=60
3 2 -2
10 4 I -2 0
A, = |2 0 -9|=34,4,=[2 -3 0|=2
52 -2 522
A _60 _30 , _34_17, ._2 _ 1,
YEX RSt AT M e ot

Example 2.9. Determine the branch currents in the network of Fig. 2.12 when the value of each
branch resistance is on ohm. (Elect. Technology, Allahabad Univ. 1992)
Solution. Let the current directions be as shown in Fig. 2.12.
Apply Kirchhoff's Second law to the closed circuit ABDA, we get
5-x—z+y =0 or x-y+z=5 )
Similarly, circuit BCDB gives

B
—x=2)+5+(y+3)+z=
or x—-y—3z =5 (i) 1Q 1Q
Lastly, from circuit ADCEA, we get zy
—v=(y+2+10-(x+yv)= 0 SV
or x+3y+z = 10 aih) yS % (x-z)
From Eq. (i) and (i), we get, z =0 A y §1 (9] &)
Substituting 7 = 0 either in Eq. ({) or (ii) and in Eq. (iii), i
we get
x—y =15 i) 10
x+3y = 10 V) r+2)

Subtracting Eq. (v) from (iv), we get
-4y=-5 or y=5M4=124A

Eq. (iv) gives x =25/4 A= 625 A ’"IN\!‘ EI 1”) v
Current in branch AB = current in branch BC =6.25 A

Fig. 2.12
Current in branch BD = 0; current in branch AD = cur-
rent in branch DC = 1.25 A; current in branch CEA = 6.25+ 1.25=7.5 A.

Aix+y) D (x+y) ¥

Example 2.10. Stare and explain Kirchhoff's laws. Determine the current supplied by the

battery in the circuit shown in Fig. 2,12 A. (Elect. Engg. I, Bombay Univ. 1987)
1

Solution. Let the current distribution be as shown in the figure. Considering the close circuit

ABCA and applying Kirchhoff's Second Law, we iy 1000 4 x 100Q B
have - :

— 100x — 300z + 500y = 0
or x=5v+3z=0 ()

Similarly, considering the closed loop BCDB,
we have

=300z — 100(y + 2) + 500(x - 2) 0
o 5x—y-9z =0 ..(i)
Taking the circuit ABDEA, we get
— 100x — 500(x — z) + 100 — 100(x + y) = 0
or Tx+y—5z =1 .. Fig. 2.12 A

(x+y)

D (v+z) C
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The value of x. y and z may be found by solving the above three simultaneous equations or by
the method of determinants as given below :

Putting the above three equations in the matrix form, we have

(1 -5  3|[«x 0

5 -1 =9{[¥|=(0

_7 1 =5||z |

(1 -5 3 0 -5 3
A= |5 -1 -9(=240,A,=|0 -1 -9|=48

7 1 =5 1 1 -5

1 0 3 1 -5 0

(7 1 -5 7 11

4 1 24 1 24 1

- —=-Ay=="=_—_A;z=—x= —A

= a0 s Y0 00T 280 10

Current supplied by the battery is x + y = 1/5 + 1/10 = 3/10 A.

Example 2.11. Two batteries A and B are
comnected in parallel and load of 10 L iy connecred x 12V 2
across their terminals. A has an e.m.f. of 12 V and an _‘_l
internal resistance of 2 Q : B has an em.f. of 8 Vand A C
an internal resistance of 1 £ Use Kirchhoff's laws to
determine the values and directions of the currents
flowing in each of the batteries and in the external —.—l} AN
resistance. Also determine the potential difference Y
across the external resistance. (x+y) 10

(F.Y. Engg. Pune Univ. May 1989) -
Solution. Applying KVL to the closed circuit
ABCDA of Fig. 2.13, we get
-1242x—-1y+8 =0 or Zx—-y=4 )
Similarly, from the closed circuit ADCEA, we get
—8+1y+10(x+y) =0 or 10x+1ly=8 i)

From Eq. (i) and (ii), we get

x=1625Aandy=—- 075 A

The negative sign of y shows that the current is flowing into the 8-V battery and not out of it. In
other words, it is a charging current and not a discharging current. '

Current flowing in the external resistance = x + y = 1.625 - 0.75 = 0.875 A

P.D. across the external resistance = 10 x 0.875 = 8.75 V

Note. To confirm the correctness of the answer, the simple check is to find the value of the
external voltage available across point A and C with the help of the two parallel branches. If the
value of the voltage comes out to be the same, the the answer is correct, otherwise it is wrong. For

example, V-, =—2 x 1.625 + 12 =8.75 V. From the second branch V., =1x0.75 + 8 =875 V.
Hence, the answer found above is correct.

Example 2.12. Determine the current x in the 4-Q resistance of the circuit shown in Fig.
2.13(A).

Solution. The given circuit is redrawn with assumed distribution of currents in Fig. 2.13 A (b).
Applying KVL to different closed loops, we get
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" L G4 A oma
VT 23 CDGA 10 “TI0V
1 3 ] z 3
M\ AN\ El—» —ANN ANN——C
Xy )  (xy-6) D (x-y-2-6) &
|24V /:{,\ x4 | 24V 4 .
g i B
@ Fig. 2.13 A ®
Circuit EFADE
- 2y+10z+(x—-y—-6) =0 or x—3y+10z=6 (D
Circuit ABCDA
2(y+z+6)—-10+3(x—y-2z-06)—10z=0 or 3x—Sy—14z=40 -..(ii)
Circuit EDCGE
—(x=y=6)-3(x—y—2-6)—4r+24=0 or 8x—4y—3:=48 (1)

From above equations we get x =4.1 A
Example 2.13. Applying Kirchhoff's laws to different loops in Fig. 2.14, find the values of V,

and V,. 0V -15V

g + - + —
Solution. Starting from point A and B |

applying Kirchhoff’s voltage law to loop

No.3, we get
-V;+5 =0 or V=35V
Starting from point A and applying
Kirchhoff’s voltage law to loop No. 1, we get
10-30-V, + 5=0o0rV ==15V
The negative sign of V| denotes that its

polarity is opposite to that shown in the
figure.

Starting from point B in loop No. 3, we
get =3 '

Fig. 2.14
—(=15)=-V,+(=15)=0 or V,=0
Example 2.14. In the network of Fig. 2.15, the different currents and voltages are as under :
iy=S5e " iy=3sintand v,=4e" "
Using KCL, find voltage v,.

Solution. According to KCL, the algebraic sum of the currents
meeting at juncion A is zero L.e.

L4+l +(=0) =0
i *ih+iz—iy =0 -(f)
Now, current through a capacitor is givne by i = C dv/dt
v _2 =2
iy e 02223 4 g ¥y =16

dt ot
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Substituting this value in Eq (i) above, we get

i, +5¢ %166 ~3sint=0
or i, = 3sinr+11e”
The voltage v, developed across the coil is
di, d . -2
) = —_—=4q, — +
v, Ldt 4dr(3smr 1le 7)
= 4 (3 cos t—223'2’) =12 cost—88¢ ¥
Example 2.15. In the network shown in Fig. 2.16, v, = 4V, v, = 4 cos 2t and i, = 2¢ "
Determine i,.
o : A T . B
Solution. Applying KVL to closed mesh ABCDA, we get AAA
—v=vnt+vy+y, =0 il
di d . -3 * 8F
N = L—2=6.(2" -
il "3 3 g ) ‘:‘CD T 2
= —4e ] Vi
Y LAY = 6H
B 4—v,—de +4c3521_ 0 D 200
or v,=4cos2t—4e¢" —4 / h B C\
Now, ihn = C dvy =8i(4 cos A —de P —4) Fig. 2.16
N dt dr

- 8(—Bsin 21+%-e"”)=—64sin21+§3%e-'ﬂ

Example 2.16. Use nodal analysis to determine the voltage across 5 resistance and the current
in the 12 V source. [Bombay University 2001]

9A 9A

Fig. 2.17 (a) Fig. 2.17 (b)
Solution. Transform the 12-volt and 4-ohm resistor into current-source and parallel resistor,

Mark the nodes O, A, B and C on the diagram. Salf-and mutual conductance terms are to be
wirtten down next,

AtA, G, =1/4+1/2+1/4 =1 mho
AtB, G, = 1/2 + 1/5 + 17100 = 0.71 mho
ALC, G = 1/4 + 1/5 + 1720 = 0/50 mho
Between A and B, G, = 0.5 mho,
Between B and C, G, = 0.2 mho,
Between A and C, G, = 0.25 mho.
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Current Source matrix : At node A, 3 amp incoming and 9 amp outgoing currents give a net
outgoing current of 6 amp. At node C, incoming current = 9 amp. At node B, no current source is

-6
connected. Hence, the current-source matrix is : [ 0

9
The potentials of three nodes to be found are : V,, V. V.
1 =05 =025}V, -6
-05 071 -020(|Vy|=| O
-0.25 -0.20 0.5]| Ve 9

For evaluating V,. Vj, V., following steps are required.
1 -05 =025
A= =05 071 -020|=1x(0.710.5-0.04) + 0.5 (- 0.25 - 0.05) — 0.25 (0.1 + 0.71 x 0.25)
-025 -020 0.5

0.315 - 0.15 — 0.069375 = 0.095625

-6 -05 -025
A, = |-05 071 —020|=+0.6075
9 -020 +05
1 -6 -025
A, = | =05 0 —020|=1.125
-025 9 050
1 -05 -6
A, = | -05 071 0]|=2.2475
-025 -020 9

V, = A /A = +0/6075/0.095625 = 6.353 volts
Vy = AJA = 1.125/0.095625 = 11.765 volts
Ve=A/A =2.475/0.95625 = 25.882 volts
Hence, voltage across 5-ohm resistor = V. — V, = 14.18 volts. Obviously. B is positive w.r. to
A. From these node potentials, current through 100-ohm resistor is 0.118 amp; (i) current through
20 ohm resistor is 1.294 amp.
(ii) Current through 5-ohm resistor = 14.18/5 = 2.836 amp.
(iif) Current through 4-ohm resistor between C and A = 19.53/4 = 4.883 amp
Check : Apply KCL at node C
Incoming current = 9 amp, from the source.
Outgoing currents as calculated in (i), (if) and (iii) above = 1.294 + 2.836 + 4.883 =9 amp
(iv) Current through 2-ohm resistor = (V; — V,)/2 = 2.706 amp, from B t0 A.

(v) Current in A-O branch = 6.353/4 = 1.588 amp
40

————NWW——— 4. 883 amp

V,=6353 - MW\WA—g¢—2.706 amp

Node A QA 2Q

A 1412 amp
1.588 amp
£
4Q 40
3A
D
2 12V
(8]

Fig. 2,17 (¢) Equivalent Fig. 2.17 (d) Actual elements

In Fig. 2.17 (c), the transformed equivalent circuit is shown. The 3-amp current source (O to A)
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and the current of 1.588 amp in A-O branch have to be interpreted with reference to the actual circuit,
shown in Fig. 2.17 (d), where in a node D exists at a potential of 12 volts w.r. to the reference node.
The 4-ohm resistor between D and A carries an upward current of {(12 — 6.353)/4 =} 1.412 amp.
which is nothing but 3 amp into the node and 1.588 amp away from the node, as in Fig. 2.17 (c), at
node A. The current in the 12-V source is thus 1.412 amp.

Check. KCL at node A should give a check that incoming currents should add-up to 9 amp.

1412 + 2706 + 4.883 = 9 amp
Example 2.17. Derermine current in 5-€) resistor by any one method.

(Bombay University 2001)

1 l1ov
B =+

= S 300 ) 330
-Tsv 1 7

20
A AW C

20 -
")
50

Fig. 2.18 (a)

Soltuion (A). Matrix-method for Mesh analysis can be used. Mark three loops as shown, in
Fig. 2.18 (a). Resistance-matrix should be evaluated for current in 5-ohm resistor. Only, i, is to be
found.

R“=3.R2_-_.=6.R33=9 Ru=l.RB=2.R]3=2

Voliage-source will be a column matrix with entries serially as : + 8 Volts, + 10 Volts, + 12 Volts.

3 -1 -2
A=|-1 6 —2|=3x(54-4)+1(=9-4)-2(2+12)=109
-2 =2 9
'3~y B
A, = -1 6 10[=39
T -2 =2 1B

iy = AJA=396/109 = 3.633 amp.
Solution (B). Alternatively, Thevenin's theorem can be applied.
For this, detach the 5-ohm resistor from its position, Evaluate V,;, at the terminals X-Y in Fig.
2.18 (b) and de-activating the source, calculate the value of R, as shown in Fig. 2.18 (c).

B —||+
B "T1ov
—— i P $30
210 303 sV » )12 < ;
? -
D € A AW —AWWN C
20 D
X
Re—— \ |

+| 1= Vi

TH
Ry |]2V T_W_f

Fig. 2.18 (b) Fig. 2.18 (c)
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By observation, Resistance-elements of 2 x 2 matrix have to be noted.
R, =3,R,=5R,;=1

3 =1lq, | _ | +8
-1 6 ||4 +10
. 8 -1 e | »
i, = |10 GH_I 6\—58!1?—3.412amp
; 3 8
i, = [_] 10|*17)=38/17=2.2353 amp

Vir = Vig= 12 + Zia +2i,=233

Volts, with y positive w.r. to X. Ry, can be evalu-
ated from Fig. 2.18 (¢), after transforming delta con-
figuration at nodes B-D-C to its equivalent star, as
shown in Fig. 2.18 (d)

Further simplification results into :

Ryy = Ry = 1.412 ohms

Hence, Load Current = V, /(R + R;,) =23.3/6.412
= 3.643 amp.

Fig. 2.18 (d) This agrees with result obtained ealier.
Example 2.18 (a). Determine the voltages 1 and 2 of the network in Fig. 2.19 (a) by nodal
analvsis. (Bombay University, 2001)

Fig. 2.19 (a)

Solution. Write the conductance matrix for the network, with nodes numbered as 1, 2, 4 as
shown. '

g2, = 1+0.5=2mho, g,, =1 +0.5=1.5 mho,
g3; = 1 mho, g, =0.5 mho, g,; =0, g;3 =1 mho
2 =05 -1 0 -05 -1
A= |-05 15 0]=125 A =2 1.5 0|=25
3| 0 1.0 1 0 1
2 0 —1
Ay = |-05 2 0=25
-1 1 1.0

This gives V| = A /A = 2.50/1.25 = 2 Volts
And V, = A,/JA = 2.50/1.25 =2 Vol
It means that the 2-ohm resistor bet
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2,9. Independent and Dependent Sources

Those voltage or current sources, which do not depend on any other quantity in the circuit, are
called independent sources. An independent d.c. voltage source is shown in Fig. 2.20 (a) whereas a
time-varying voltage source is shown in Fig. 2.20 (b). The positive sign shows that terminal A is
positive with respect to terminal B. In other words, potential of terminal A is v volts higher than that
of terminal B.

04 04 0 A 0 A
+ +
() v () v(t) C') i CT) ift)
OB OB = OB OB
(a) (b) fc) d)
Fig. 2.20
2 -05 -1 0 -05 -1
A, = |-05 L5 0[=125 A/ =|2 1.5 0|=25
B -1 0 1.0 1 0 1
Similarly, Fig. 2.20 (c) shows an ideal constant current source whereas Fig. 2.20 {d) depicts a

time-varying current source. The arrow shows the direction of flow of the current at any moment
under consideration.

A dependent voliage or current source is one which depends on some other quantity in the
curcuit which may be either a voltage or a current. Such a source is represented by a diamond-
shaped symbol as shown in Fig. 2.21 so as not to confuse it with an independent source. There are
four possible dependent sources :

. Voltage-dependent voltage source [Fig. 2.21 (a)]

2. Current-dependent voltage source [Fig. 2.21 (b)]

3. Voltage-dependent current source [Fig. 2.21 (c)]

4. Current-dependent current source [Fig. 2.21 (d)]

Such sources can aiso be either constant sources or time-varying sources. Such sources are
often met in electronic circuits. As seen above, the voltage or current source is dependent on the and
is proportional to another current or voltage. The constants of proportionality are writeen as a, 7, ¢
and P. The constants a and B have no unis, r has the unit of chms and g has the unit of siemens,

+0 O————— o +0 O— Q
+ +
v av y <> ri v gv B <T i
=0 o— o] -0 oO— o

(a) (b) (c) (d)
Fig. 2.21
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Independent sources actually exist as physical entities such as a battery, a d.c. generator and an
alternator etc. But dependent sources are parts of models that are used to reperesent electrical prop-
erties of electronic devices such as operational amplifiers and transistors elc.

Example 2.19. Using Kirchhoff's current law, find the values of the currents i, and i, in the
curcuit of Fig. 2.22 (a) which contains a current-dependent current source. All resistances are in
ofims.

Solution. Applying KCL to node A, we get

2-i,+4i;—i, =0 or -3i+i,=2
By Ohm’s law, iy = v/3 and i, = v/2
Substituting these values above, we get
=3(v3)+v2 =2 or v=—4V

i =—4/3Aaﬂd!-,=~—4f2=——2A
The value of the dependent current source is = 4i; =4 x (- 4/3) = - 16/3 A.
A A
$ 4
i ! d b
' + . +
4i A
aa 33 v(} 2 (o 35 v(} )
= _ V44,
(aj (b)
Fig. 2.22

Since i; and /, come out to be negative. it means that they flow upwards as shown in Fig. 2.22(b)
and not downwards as presumed. Similarly, the current of the dependent source flows downwards
as shown in Fig. 2.22 (b). It may also be noted that the sum of the upwards currents equals that of the
downward currents.

Example 2.20. Bv applying Kirchhoff's current law, obtain the values of v. i, and i, in the
circuit of Fig, 2.23 (a) which contains a voltage-dependent current source. Resistance values are in
olms.

Solution. Applying KCL to node A of the circuit, we get

2-i+4v—i, =0 or i +i,—dv=2

Now, i, = w3 and i,=v/6
;‘"‘é_‘-ll' = 2 or = 74v ;
| o =2 ~2 4 —16
i, = 7 ——A and /, _TA and 4v= 4><T_Tv
A 7
* L =
i) i iy A
T +<>4vA f +<>
2A 3 v 6 3 Vv 6
( ' f ( PA ¢ lmA

Fig. 223
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Since i, and i, come out to be negative and value of current source is also negative, their direc-
tions of flow are opposite to those presumed in Fig. 2.23 (a). Actual current directions are shown in
Fig. 2.23 (b).

Example 2.21. Apply Kirchhoff s voltage law. to find the values of current i and the voltage
drops v, and v, in the circuit of Fig. 2.24 which contains a current-dependent voltage source. Whar
is the voltage of the dependent source ? All resistance values are in ohms.

Solution. Applying KVL to the circuit of Fig. 2.24 and starting from point A, we get

- +4i-v,+6 =0 or v,-4i+v,=6
Now, vy 2i and v,=4i
2i—-4i+4 = 6 or i=3A
v = 2x3=6V and v,=4x3=12V

: 4
4t 2. - O+ B —AMA -
Y div

Fig. 2.24 Fig. 2.25
Voltage of the dependent source =4i=4 x4 =12V
Example 2.22. /n the circuit shown in Fig. 2.25, apply KCL 1o find the value of | for the case
when (@) v = IV{b)v =4 V(c)v =6V, The resistor values are in ohms,
Solution. {(a) When v=4V, current through 2 € resistor which is connected in parallel with the
2 vsource = 2/2 = 1A, Since the source currentis 2 A, i=2 -1 =1A.
(h) When v =4V, current through the 2Q resistor=4/2=2 A, Hencei=2-2=0A.

(¢) When v =6V, current through the 2€ resistor = 6/2 = 3 A. Since current source can supply
only 2 A, the balance of 1 A is supplied by the voltage source.

Hence.i=—1 A i.e. it flows in a direction opposite to that _.i g 13_
shown in Fig, 2.25, ;
1

Example 2.23. In the curcuit of Fig. 2.26, apply KCL + iy y
to find the value of current | when (a) k = 2 (b) K = 3 and 6 <T$ §3
(c) K = 4. Both resistances are in ohms, R4 v

Solution. Since 6 Q and 3 €2 resistors are connected in
parallel across the 24-V battery, i, = 24/6 = 8 A,

Applying KCLtonode A, wegeti—4+4K-8=0o0r Fig. 2.26

i=12-4K
(a) WhenK=2,i=12-4x2=4A
(b) WhenK=3,i=12-4x3=0A
(c) WhenK=4,i=12-4x4=—4A
It means that current i flows in the opposite direciton.

Example 2.24. Find the current i and also the power and veltage of the dependent source in
Fig. 2.72 (a). All resistances are in olims.
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Solution. The two current sources can be combined into a single source of 8 — 6 =2 A. The two
parallel 4 € resistances when combined have a value of 2 £ which, being in series with the 10 2
resistance, gives the branch resistance of 10 + 2 = 12 . This 12 € resistance when combined with
the other 12 € resistance gives a combination resistance of 6 €. The simplified circuit is shown in
Fig. 2.27 (b.)

4

+.-.
8A ; 19 6A
-1:—1 ; p. 4 <T> () 09i dg
v 2A 3 6
() g 0.97 l <T>
4 4
fa) (b)
Fig. 2.27
Applying KCL to node A, we get
09i+2—-i-V/6 =0 or 06i=12-v
Alsov=3r .. i=10/3 A. Hence,v=10V.
The power furnished by the current source = v x 0.9 i = 10 x 0.9 (10/3) = 30 W.
Example 2.25. By using voltage-divider rule, calculate the voltages v_and v, in the net work

shown in Fig. 2.28.
‘V‘U‘U‘

Solution. As seen, 12 V drop in over the
series combination of 1, 2 and 3 Q resistors. As 3
per voltage-divider ruel v_ = drop over 3 Q = 6
12x3/6=6V

The voltage of the dependent source = Whe
12x6=72V

The voltage v, equals the drop across 8 Q 724\
resistor connected across the voltage source of
72V.

Again using voltge-divider rule, drop over
8 Qresistor=72x8/12=48 V. 1

Hence, v, = — 48 V. The negative sign has been AMN—
given because positive and negative signs of v are
actually opposite to those shown in Fig. 2.28. 6A

¥ ¥
Example 2.26. Use KCL to find the value of v in (T l 5 ()
the curcuit of Fig. 2.29. 2V

Solution. Let us start from ground and go to point

AR
VY
E

a and find the value of voliage v,. Obviously, 5+v = N\

v,orv=v, —35. Applying KCL to point, we get I
6-2v+(5-v )l = Qor6-2(v,— =

5)+(5-v)=0 or v, =7V Fig. 2.29

Hence,v=v,—5=7-5=2V. Since it turns out
to be positive, its sign as indicated in the figure is correct,
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Example 2.27. (a) Basic Electric Circuits by Cunninghan.

A;OLB Find the value of current r': supplied by the voltatage-

controlled current source (VCCS) shown in Fig. 2.30,

Solution. Applying KVL to the closed circuit ABCD, we

C v v||:| <1> ¥ have—4+8—-v =0 . v, =4V

o 10v) The current supplied by VCCS is 10 v, = 10 x 4 =40 A.
Since i, flows in an opposite direction to this current, hence
ih,=—40 A.
D (& Example 2.27. (b). Find the voltage drop v, across the cur-
Fig. 2.30 rent-controlled voltage source (CCVS) shown in Fig. 2.25.

Solution. Applying KCL to point A, we have 2+ 6 —i, or i, =8

Application of KVL to the closed circuit on the right hand side gives 5i, —v,=0o0rv, =5
i =5x8=40V.

4 20V 2i 10V
3 ! e - ! £ =
i N () a

—t

| I |
I

3

<

= +

+.

4
-

(D “A LA 5f]<> "

23 Vb
t o 4A 50V
3 b
Fig. 2.31 ~Fig. 2.2 s

Example 2.28. Find the values of i, v, v_and v, in the network of Fig. 2.32 with its terminals
a and b open,

Selution. It is obvious that i; =4 A. Applying KVL to the left-hand closed circuit. we get
—40+20-v,=00rv,=-20V.

Similarly, applying KVL to the second closed loop, we get

vi—v,+4y, =50=00rv, =5y, -50==-5x20-50=-150V

Again applying KVL to the right-hand side circuit containing v ,, we get

50-4v,-10v, =0 or v,=50-4(-20)-10=120V

L]
Example 2.29 (a). Find the current i in the circuit of Fig. 2.33. All resistances are in ohms.

Solution. The equivalent resitance of the two parallel paths across pointais31(4+2)=20Q.
Now, applying KVL to the closed loop, we get 24 — v —2v —2i = 0. Since v = 2i, we get 24 — 2/ —
221 -2i=0o0ri=3 A.

Fig. 2.33 Fig. 2.34
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Example 2.29. (b) Determine the value of current i, and voltage drop v across 15 £ resisior in
Fig. 2.34

Solution. It will be seen that the dependent current source is related ot i,. Applying KCL to
node a, we getd4 —i+ 3i,—i,=0o0r4—i +3i,=0.
Applying Ohm’s law, we get i, = v/5 and i, = v/15.

Substituting these values in the above equation, we get 4 — (v/3) + 2 (W/15) =0 or v = 60 V and
=4 A

i a 2
Example 2.29 (c). In the curcuit of Fig. 2.35, find the values = ) +‘V¥V‘

of i and v. All resistance are in ohms.

Solution. It may be noted that 12 +v=v orv=v, — 12,

+
Applying KCL to node a, we get §2 <,>l 12 \,()
4
O—L'a+£_vd—12 _ 0 AV e
2 "4 2 5 %NS

Hence, v=4— 12 =—8 V. The negative sign shows that its
polarity is opposite to that shown in Fig. 2.35. The current flow-

ing from the point a to ground is 4/2=2 A. Hence, i =—2 A. Fig. 2.35
Tutorial Problems No. 2.1
1. Apply KCL to find the value of / in Fig. 2.36. [8 A]
L e = +15 V-
T S e 4
e Nl |
{C}
’ L& \
i 1

i o+
[~ 1
l__.._i
(T
<
W=

I R
B
Fig. 2.36 Fig. 2.37
2. Applying Kirchhoff's voliage law, find V, and V, in Fig. 2.37. [Vi=10V; V,—-5V]
3. Find the values of currents /, and /, in the network of Fig. 2.38. 11,=4A;:1,=5A]
'| v, v
T - 1| I : I Q——
LIA
L =6A h
e MWW AW .
h 12V Z — 10V
+0
2A %9)\
" 3V, 15
- 1 1 -

| |
Fig. 2.38 Fig. 2.39
4. Use Kirchhoff's law, to find the values of voltages V| and V, in the network shown in Fig. 2.39.
[V,;=2V:V,=5YV]
5. Find the unknown currents in the curcuits shown in Fig. 2.40 (a). [I,=2A:1,=TA]
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| 1
4A IRA /_:_\SA
i et
— e 13] [12A
5A !3
_10A h MM AWM
AAM 3A I 6A 1
TA 1AY
()
C i NTY
(a) Fig. 2.40 (b)

6.

7.

Using Kirchhoff's current law, find the values of the unknown currents in Fig. 2.40 (b).
U,=2A;1,=2A;1,=4A;1,=10A]

In Fig. 2.41. the potential of point A is — 30 V. Using Kirchhoff's voliage law. find (a) value of V and

{b) power dissipated by 5 € resistance. All resistunces are in ohms. [100 V; 500 W]

5 iy v
LA AL LAAL ‘f
[/ ; ; - 14
V= 6 3 2 3
A L 3vl LI
4 12 -|-v T60V = CD 18 12 ‘?é
A
AR s
Fig. 2.41 Fig. 2.42 Fig. 2.43
8. Using KVL and KCL. find the values of V and / 1n Fig. 2.42. All resistances are in ohms.
[80 V; —4 A]

9.

Using KCL, find the values V,,. /|. [; and / in the circuit of Fig. 2.43, All resistances are in ohms.
(Vipg=12V:il=23A: 1,=1A: [, =43 A]

10. A bridge network ABCD is arranged as follows :

Resistances between terminals A-B, B—C, (=D, D-A, and B—D are 10, 20. 15. 5 and 40 ohms respec-
tively. A 20 V battery of negligible internal resistance is connected between terminals A and €.
Determine the current in each resistor.

[AB = 0.645 A; BC = 0.678 A: AD = 1025 A; DB = 0,033 A; DC = 0.992 A|

. Two batteries A and B are connected in parallel and a load of 10 € is connected across their terminals.

A has an emuf. of 12 V and an internal resistance of 2 Q ; B has an e.m.f. of 8 V and an internal
resistance of 1 £2. Use Kirchhoff's laws to determine the values and directions of the currents flowing
in each of the batteries and in the external resistance. Also determine the p.d. across the external
resistance. I, = 1.625 A (discharge), /,; = 0.75 A (charge) ; 0.875 A; 8.75 V]
The four arms of a Wheastone bridge have the following resistances : AB = 100, BC = 10. CD = 4, DA
= 50 ohms.

A galvanometer of 20 ohms resistance 18 connected across B0, Calculate the current through the
galvanometer when a potential difference of 10 volts 1s maintained across AC.

[0.00513 A| [Elect. Tech. Lond. Univ |

- Find the voltage V, in the network shown in Fig. 2.44 (a} if R is 10 Q and (5) 20 Q.

a3V ib)5 V]
etween points @ and b ie. V.
[30 V] (Elect. Engg. I, Bombay Univ. 1979)
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< & "
5 30 v() S0
6V I
2
d e a
5V 20V
(a) (b)

Fig. 2.44

[Hint : In the above rwo cases, the two closed loops are independent and no current passes between them].

15

16.

I8.

A battery having an EM.F. of 110V and an internal resistance of (0.2 €2 is connected in parallel with
another battery having an EM.F. of 100 V and internal resistance 0.25 Q. The two batteries in
parallel are placed in series with a regulating resistance of 5  and connected across 200 V mains.
Calculate the magnitude and direction of the current in each battery and the total current taken from
the supply mains.
[/, = 11.96 (discharge); [, = 30.43 A (charge) : 18.47 A]
(Elect Technology, Sumbhal Univ. May 1978)
Three batteries P, { and R consisting of 50, 55 and 60 cells in series respectively supply in paralle a
common load of 100 A, Each cell has a e.m.f of 2 V and an internal resistance of 0.005 Q. Determine
the current supplied by each battery and the load voltage.

|12 A; 354 A : 65.8 A : 1003 V] (Basic Electricity, Bombay Univ. 1980)

. Two storge batteries are connected in parallel to supply a load having a resistance of 0.1 Q. The open-

circut e.m.f. of one battery (A) is 12.1 V and that of the other battery (B8) is 11.8 V. The internal
resistances are 0.03 € and 0.04 Q respectively. Calculate (i) the current supplied ot the lead (if) the
current in each battery (iii) the terminal voltage of each battery.

1) 102.2 A (i) 62.7 A (A). 39.5 A (B) (i) 10.22 V| (London Univ.)
Two storage batteries. A and B, are connected in parallel to supply a 30 2v
load the resistance of which is 1.2 €. Calculate (i) the current in this
lood and (i) the current supplied by each battery if the open-circuit
e.m.f.of Ais 12.5 V and that of B is 12.8 V, the internal resistance of
A being 0.05 Q an that of B 0.08 Q.

[(7) 10.25 A (i) 4 (A), 6.25 A (B)] (London Univ.)

19, The circuit of Fig. 2.45 contains a voltage-dependent voltage source.
Find the current supplied by the battery and power supplied by the Fig. 2.45
voltage source. Both resistances are in ohms. [BA; 1920 W] .
20. Find the equivalent resistance between terminals a and b of the network shown in Fig. 2.46. (2 Q]
a 12V
y Y}
b _/
6 § 4 8
4 I"
+ %=
e T <
T =
Fig. 2.46 Fig. 2.47 Fig. 2.48
21. Find the value of the voltage v in the network of Fig. 2.47. 136 V|
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22, Determine the current i for the network shown in Fig. 2.48. [-40 A]

23. State the explain Kirchhoft’s current law. Determine the value of R, and R, in the network of Fig.
2.49if V, = V,/2 and the equivalent resistance of the network hctwccn the termmals Aand Bis 100 £

[R = 1003 Q. R, =400/3 Q| (Elect. Engg. I, Bombay Univ. 1978)

24. Four resistance each of R ohms and two resistances each of § ohms are connected (as shown in Fig.
2.50) to four terminasl AB and CD. A p.d. of V votls is applied across the terminals AB and a
resistance of Z ohm is connected across the terminals CD. Find the value of Z in terms of § and R in
order that the current at AB may be V/Z.

Find also the relationship that must hold between R and S in order that the p.d. at the points EF be
703 [Z=JR(R+25);S =4R)

B R
M——F— W

38

AN
=100 Q
1]
<
AAAN
w
AAAN
w
AN
N

Z

O = ———— 0 b
oPe—— = —=0 0y

=
i

Fig. 2.49 Fig. 2.50

=

2.10. Maxwell’s Loop Curent Method

This method which is particularly well-suited to coupled circuit soluions employs a system of
loop or mesh currents instead of branch currents (as in Kirchhoff's laws). Here, the currents in
different meshes are assigned continuous paths so that they do not split at a juncion into branch
currents. This method eliminates a great deal of tedious work involved in the branch-current method
and is best suited when energy sources are voltage sources rather than current sources. Basically,
this method consists of writing loop voltage equations by Kirchhoff’s voltage law in terms of un-
known loop currents. As will be seen later, the number of independent equations to be-solved
reduces from b by Kirchhoff's laws to b — (j — 1) for the loop current method where & is the number
of branches and j is the number of junctions in a given network.

R, R, R, Fig. 2.51 shows two batteries E, and E,
4 AMM 5 AN £ AN G connected in a network consisting of five
resistors, Let the loop currents for the

three meshes be /|, /, and /5. It is obvi-

E, ous that current through R, (when con-
fi §R4 L gj{_' I —— sidered as a part of the first loop) is (/, —
1) and that through R is (I, — ;). How-

ever, when R, is considered part of the
second loop, current through it is (/, —
1,). Similarly, whe R; is considered part
of the third loop, current through it is (/,
—1,). Applying Kirchhoff's voltage law
1o the three loops, we get,

E\-LR —R,(I,-1,) =0 or [[(R+R)-LR,—-E =0 ..Jloop |
Similarly, LR, =R (L-1)-R,(I,-1)=0

(1=
H

D ) F H
Fig. 2.51
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or LR, —L{R,+ R +R) +I;R; = 0 ...loop 2
Also —LRy—E,—Rs(l;-1) =0 or LR,~L(R,+R)-E,=0 ...loop 3
The above three equations can be solved not only to find loop currents but branch currents as
well.
2.11. Mesh Analysis Using Matrix Form R, R
Consider the network of Fig. 2.52, which contains 'WW
resistances and independent voltage sources and has three _| U
meshes. Let the three mesh currents be designated as /,, 12 %R;
and /, and all the three may be assumbed to flow in the clock- R,
wise direcion for obtaining symmetry in mesh equations. MW A —E
Applying KVL to mesh (i), we have :
E,— IR~ Ry (I, = I) = Ry (I, - ;) = 0 & U %Rs
or (R, +Ry+R) I, —RJy~Rily=E, ..(0) %
Similarly, from mesh (ii), we have - AW—L Aa—
Ey,—Ry(l,—1,)~ R (I~ I,) = LR, = 0 R, R,
of =Ryl +(Ry+R;+R) L, —RJ,=E, ..(ii) Fig. 2.52

Applying KVL to mesh (iii), we have
Ey— IR, — Ry (y— L) =Ry (I, —1,) = I, R, = 0
of =R\ - R, + (R + R+ R+ R)) I, =E, - (iiD)
It should be noted that signs of different items in the above three equations have been so changed
as to make the items containing self resistances positive (please see further).
The matrix equivalent of the above three equations is

+ (R, + R, +R;) - R, - R, I, E,
- R, + (R, + Ry + Rs) - R; I, [=| E,
- R, - R +(Ry+ R+ Ry +R;) || I E,

It would be seen that the first item is the first row i.e. (R, + R, + R;) represents the self resistance
of mesh (i) which equals the sum of all resistance in mesh (/). Similarly, the second item in the first
row represents the mutual resistance between meshes (i) and (if) i.e. the sum of the resistances
common to mesh (/) and (/7). Similarly, the third item in the first row represents the mutual-resis-
tance of the mesh (i) and mesh (ii).

The item E,, in general, represents the algebraic sum of the voltages of all the vollage sources
acting around mesh (/). Similar is the case with E, and E,. The sign of the e.m.f's is the same as
discussed in Art. 2.3 ie. while going along the currem lf we pass from negative to the positive
terminal of a battery, then its e.m.f. is taken postive. If it is the other way around, then battery e.rm.f.
is taken negative.

In general, let
Ry = self-resistance of mesh (i)
R,, = self-resistance of mesh (/i) i.e. sum of all resistances in mesh (ii)
R, = Self-resistance of mesh (iif) i.e. sum of all resistances in mesh (if)

R, = R,; = — [Sum of all the resistances common to meshes (i) and (ii)] *
R,y = Ry, = — [Sum of all the resistances common to meshes (i) and (iii)]*
Although. it is easier to take all loop currenis in one direction (Usually clockwise), the choice of direcion for

any loop current is arbitury and may be chosen independently of the direction of the other loop currents,
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n

Ry =R;; =~ [Sum of all the resistances common to meshes (i) and (iff)] *
Using these symbols, the generalized form of the above matrix equivalent can be written as
Ry, R, Ril|{ E,
Ry Ry Rynl|l|=|E
Ry Ry Ryl E,

If there are m independent meshes in any liner network, then the mesh equations can be written
in the matrix form as under :

Ry Ry Ry - Ry, || E
The above equaitons can be written in a more compact form as [R,] /) = [E,]. Itis known as
Ohm's law in matrix form.

In the end, it may be pointed out that the directions of mesh currents can be selected arbitrarily.
If we assume each mesh current to flow in the clockwise direction, then

(i) All self-resistances will always be postive and (ii) all mutual resistances will always be
negative. We will adapt this sign convention in the solved examples to follow.

The above main advatage of the generalized form of all mesh equations is that they can be easily
remebered because of their symmetry. Moreover, for any given network, these can be written by
inspection and then solved by the use of determinants. It eliminates the tedium of deriving simulta-
neous equations,

Example. 2.30. Write the impedance matrix of the network shown in Fig. 2.53 and find the
value of current 13 dg’ } f / 3 (Network Analysis A.M.LE. Sec. B.W. 1980)
Solution. Different items of the mesh-resistance matrix [R,] are as under :
Ry=1+43+2=6Q:Ryy=2+14+4=TQRy;;=3+2+1=6Q;
Ry=Ry =—2Q;:;Ry=Ry=—1Q:R;=R;;=-3Q;
E,=+35V E=0;E=0.
The mesh equations in the matrix form are

R, R, Rl B 6 -2 -3, 5
Ry Ry Ryl E; -3 -1 6]|L 0
6 -2 3
A= |"2 7 -1{=6(42-1)+2(-12-3)-3(2+21)=147
=3 =1 6
6 -2 5 2
A, = [-2 7 0|=6+205)-3-35=121
-3 -1 0 sV
L = AJA= % ~0.823A $ L) 34
Fig. 2.53
In general. 1f the two currents through the common resistance flow in the same direcion. then the mutual

resistance is taken negative. One the other hand, if the two currents flow in the same direcion, mutual
resistance is taken as positive.
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Example 2.31. Determine the current supplied by each baittery in the circuit shown in
{Electrical Engg. Aligarh Univ. 1989)

Solution. Since there are three meshes, let the three loop currents be shown in Fig. 2.51.

Fig. 2.54.

5Q 4Q SV 8Q
MWW AMMW— | A
By
Tz0 v\f) h sv B Ts.
Bz'l' 5V Bz‘l' :
Fig. 2.54
For loop 1 we get
2051, -3(,-1,)-5=0 or 8I,-3L=15

For loop 2 we have

4L, +5-2(L-R)+5+5-3(,-1))=0 or 3/,-9,+2L,=—15
Similarly, for loop 3, we get

-8L,-30-5-2(,-1)=0 or 2L - 104, = 35
Eliminating /, from (/) and (ii), we get 631, — 161, = 165
Similarly, for I, from (iii) and (iv), we have 1, =542/299 A
From (iv), I, =—1875/598 A
Substituting the value of I, in (i), we get I, =765/299 A

Since I, turns out to be negative, actual directions of flow of loop currents

Fig. 2.55.

Fig. 2.55
= 765/299A

Discharge current of B
Charging current of B
Discharge current of B

]
= 1, -1, =220/299

wa
1

3

A

I, + I; = 2965/598 A

are as

-.{ii)

LA 1ii)
(i)

shown in

Discharge current of B, = I,=3545299 A; Discharge current of B; = 1875/598 A

Solution by Using Mesh Resistance Matrix.

The different items of the mesh-resistance matrix [R,,] are as under :
R,=5+3=8QiR),=4+2+3=9Q:R;,=8+2=10Q

Riy=Ry==3Q:R;=Ry=0;Ry=Ry;,=-20Q

E| = algebraic sum of the voltages around mesh (/) =20 -5=15V

E,=5+5+5=15V E;=-30-5=-35V
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Hence, the mesh equaitons in the matrix form are

Ry Ry Ryl E, 8 -3 0]l 15
Ry, Ry Ryl||L| = |Ey|or|=-3 9 =2|lL|=| I5
Ry Ry, Ry]lls E, 0 -2 10][h] |35
8§ -3 0
A= -3 9 -2|=8090-4)+3(-30)=598
0 -2 10
15 -3 0
A = 15 9 —2|=1590-4)-15(~30)-35(6)=1530
-35 -2 10
§ 15 0
A, = |3 15 —2|=8(150-70)+ 3150+ 0)=1090
0 -35 10
8 =3 I
Ay = | =3 9 I5|=8(-315+30)+3(105+ 30) =— 1875
0 -2 -35
A A A, -
I = 4=@=E,\;;,=_&=@ZEA; 3=_-‘=_lm
A 598 299 A 598 299 A 598

Example 2.32. Determine the current in the 4-8 branch in the circuit shown in Fig. 2.56,
(Elect. Technology, Nagpur Univ. 1992)

Solution. The three loop currents are as shown in Fig. 2.53 (b).

For loop 1, we have

-1, -1)-3U,-1)-4,+24=0 or 8/, -1,-3,=24 (3]
For loop 2, we have

12-2L,-12(L-1) -1 (L,-1))=0 or I,-15L+12I;=-12 Lif)
Similarly, for loop 3, we get

-12(,- 1) -2, -10-3(;,-1)=0 or 3] + 121, - 17I; = 10 cegdd}
Eliminating /, from Eq. (i) and (i) above, we get, 1 191, = 571, = 372 (V)
Similarly, eliminating /, from Eq. (i) and (iii), we get, 57/, = 1111, =6 L)

From (iv) and (v) we have,
1, = 40,950/9.960 = 4.1 A
Solution by Determinants
The three equations as found above are
81, -1,-3I, = 24
L= 150L+12l; = - 12
3, +12L,-171, = 10

8 -1 =-3||=x 24
Their matrix formis [ 1 —15 12 v|=-12

3 12 17 10
8 -1 -3 24 -1 -3
A=[1 -15 12|=664, A/ =(-12 -15 12|=2730
3 12 -17 10 12 =17

I, = AJA = 2730/664 = 4.1 A
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2 2 2 2
A A " M—
12 v : 12V
-« %12 10V = - Iy %12 I __10 v
| 3
M“ 'U "
v/ 1 5 ’ 3
{1 AW I W
24V 4 2V 4
(a) (b)
Fig. 2.56

Solution by Using Mesh Resistance Matrix
For the network of Fig. 2.53 (b), values of self resistances, mutual resistances and e.m.f’s can be
written by more inspection of Fig. 2.53.
Ry=3+1+4=8Q;:R,,=2+12+1=15Q;R3=2+3+12=17Q
Rp=Ry == LiRy=Ry=-121R;3=Ry =-3
E =24V E=12V,E=-10V
The matrix form of the above three equations can be written by inspection of the given network

as under :-
R, R, Rsl|l] E 8 -1 =3/ 24
R, Ry Ryl||l,|=|E|or|-1 15 =-12||4, |=| 12
Ry, Ry, Ryl E, -3 -12 1711 -10

A = B(255—-144) + 1(— 17 =36) - 3 (12 + 45) = 664

24 -1 -3
A, = !: 12 15 —12]=24{255ﬂI44]—I?.(—l7~36)—10(12+45)=2?30
=10 =12 17

1= 2=20_ g1
A 664
It is the same answer as found above.
Tutorial Problems No. 2.2
1. Find the ammeter current in Fig. 2.57 by using loop analysis.

| 177 Al(Network Theory Indore Univ. 1981)

10
3 l'l'l.'h
2V V¥, a A
" F 2 K l:l_g'h ﬂ'l'.l'.l A'l'l'l
: 10K S > 10 10
3 +
10 %l 0K
v |Df|'_ 2K ()100\1 \,D |u§ \D—.‘.—S“V
10 1K o
AW AN b
Fig. 2.57 Fig. 2.58 Fig. 2.59
2. Using mesh analysis, determine the voltage across the 10 k€ resistor at terminals a-b of the circuit
shown in Fig. 2.58. [2.65 V] (Elect. Technology. Indor Univ. April 1978)

3. Apply loop current method to find loop currents /|, [, and I, in the circuit of Fig. 2.59.
[, =375A,1,=0,1,= 125 A
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2.12. Nodal Analysis With Sources

The node-equation method is based directly on Kirchhoff's current law unlike loop-current

method which is based on Kirchhoff's voltage law. However, like loop current method. nodal method

R, Node R, Node R also has the advantage that a minimum num-

v 2 y ber of equations need be written to determine

the unknown quantities. Moreover, it is par-

ticularly suited for networks having many

| parallel circuits with common ground con-
nected such as electronic circuits.

For the application of this method, every
= juncion in the network where three or more
Reference Node branches meet is regarded a node. One of

Fig. 2.60 these is regarded as the reference node or

5 datum node or zero-potential node. Hence
the number of simultaneous equations to be solved becomes (n — 1) where n is the number of inde-
pendent nodes. These node equations often become simplified if all voltage sources are converted
into current sources (Art. 2.12).

(i) First Case

Consider the circuit of Fig. 2.60 which has three nodes. One of these i.e. node 3 has been take
in as the reference node. V, represents the potential of node | with reference to the datum node 3.
Similarly, Vj, is the potential difference between node 2 and node 3. Let the current directions which
have been chosen arbitarily be as shown.

For node 1, the following current equation can be written the help of KCL.

I, =L+l
Now IR, = E -V, = IL=(E-V)R, D)
Obviously, Iy =V, /R, Also,LLR,=V,— Vg (0 V> Vp)
: I, = (V, = VpIR,

Subsumtmg these values in Eq. (i) above, we get,
E-Vy _Ya, Va"Ve

R, R, R,
Simplifying the above, we have

I ] Ve B
Valsg Tttt "5 5 =0 i
A\RR, R R R (i)
The current equation for node 2is [s =1, + I3 '
Vy V,=Vy  E, =V,
or == = cRC=o (i)
R =R R ‘
1,1 1 V, E, i
V + —+— ——“—--“.: it
or [R2 + 3 ) R, T 0 (iv)

Though the above nodal equations (ii) and (m) seem to be complicated, they employ a very
simple and systematic arrangement of terms which can be written simply by inspection. Eq. (if) at
node | is represented by

I. The product of node potential V, and (1/R, + 1/R, + 1/R,) i.e. the sum of the reciprocals of
the branch resistance connecied to this node.

2. Minus the ratio of adjacent potential V, and the interconnecting resistance R,.
3. Minus ratio of adjacent battery (or generator) voltage E, and interconnecting resistacne K.
4, All the above set to zero. =
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Same is the case with Eq. (iii) which applies to node 2.

Rg
MM
_-.ls
R, Nc;de R, Nozde R, N(;de R,
—AMWN ANMWA A ANAN—
— Vi — Ve — Va -,
| 50
— I 5 T
E| J E,
Reference Node
Fig, 2.61
Using conductances instead of resistances, the above two equations may be written as
VilG+G,+ G - VG, -EG, =0 (i)
Ve (G, + G+ G,) - V,G,-E,G;=0 (V)
To emphasize the procedure given above, consider the circuit of Fig. 2.61.
( V,
L1, 1 1) Ve Y8 E
i V|l +t—+—+—|-———-—-— =0
The three node equations are ¥ R R, R, R ] R, R (node 1)
( 1%
Lo, 1) Y% Y
Vel —+++ |-2-—-=0
C R?, R3 Rﬁ ] R:! R3 (node 2)
L, L, 1L, 1) Ve Va E
Vol -+ +—+—+— |-~ —==0 .
IR R, R Ry ] R, Ry R, feocke: 3)

After finding different node voltages, various currents can be calculated by using Ohm’s law.
(if} Second Case
Now, consider the case when a third battery of R

e.m.f. E; is connected between nodes 1 and 2 as i
shown in Fig. 2.62.

It must be noted that as we travel from node 1 10 L
node 2, we go from the —ve terminal of E, to its +ve
terminal. Hence, according to the sign convention
given in Art. 2.3, E; must be taken as positive. How-
ever, if we travel from node 2 to node |, we go from
the +ve 1o the —ve terminal of E,. Hence, when y
viewed from node 2, E is taken ne;gafive, Fig. 2.62
For node 1

Re I'erelv;e Node

I, -1,—15,=00rl =1/ +1 —as per KCL

NCI“-". f:EIhV"I’;)' =VA+E3—VB;! :-V_"i
I Ri 2 Rz 4 R4
E -V, V, V,+E—V,
R R, R,

E Vv 5
. ,,-4(L+#1+_']__'_ s By ()
d ! R3
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It is exactly the same expression as given under the First Case discussed above except for the
additional term involving E,. This additional term is taken as +E,/R, (and not as — E/R,) because
this third battery is so connected that when viewed from mode 1, it represents a rise in voltage. Had
it been connected the other way around, the additional term would have been taken as —E./R,.

For node 2

L+1L,—1;=0 or L+l;=1; —asperKCL

Vi +E; -V, E;—-¥,
Now, as before, L, =43 8 =28 [-_8
R, R Ry
Varl=Vp By =V Y
R, Ry Rs
& ronon 1,1 1| & _V, E :
5 Vol = +—0—+—|-=2-2-2=0
On simplifying, we get B [ R, R R, ] R, R, R, .iD)

As seen, the additional terms is —E,/R, (and not + E/R,) because as viewed from this node, E,
represents a fall in potential.

It is worth repeating that the additional term in the above Eq. (i) and (ii) can be either +£/R, or
-E/R, depending on whether it represents a rise or fall of potential when viewed from the node
under consideration.

Example 2.33. Using Node voltage method. find the current in the 38 resistance for the net-

work shown in Fig. 2.63. (Elect. Tech. Osmania Univ. Feb, 1992)
Solution. As shown in the figure node 2 has 3 2V @ 2
been taken as the reference node. We will now find AW |

the value of node voltage V,. Using the technique
developed in Art. 2.10, we get

v,[’_+'.+L]-i-(4”)=o s
5 2 2/ 2 5

-

2 | -
The reason for adding the two battery voltages 4V -"
of 2V and 4 V is because they are connected in —— 4V
additive series. Simplifying above, we get V; = 8/3
V. The current flowing through the 3 Q resistance @
. 6-(8/3) _2
towards node 1 is = 3+2) 3 _jT_
Alternatively - Fig. 2.63
6-V, 4 VW .
rims=r—nt g
s '3 3 =8
12-2V,+20-5V, = 0
vV, = 32
Also 6_V‘+4_v' = X
5 2 T2
12-2V,+20-5V, = 5V,

12V, = 32; V,=8/3
Example 2.34. Frame and solve the node equations of the network of Fig. 2.64. Hence. find the
total power consumed by the passive elements of the nerwork. (Elect. Circuits Nagpur Univ. 1992)
Solution. The node equation for node 1 is

' 1 V, 15
V;[I+I+»{l—5]—-—-——=0
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or 4V, -2V,=15 A1) @ e @
Similarly, for node 2, we have /

V,(l+l+l—]—£—@=0

2 05) 05 1
or 4V, -7V,=-40 L)
V, =11 volt and V|, = 37/4 volt
Des, Datum Node
1= B f"“:?—f A=ST5A; L, =1] 0;7’4=3.5A e
20-11

[,=575+35=925A:1,=

=9A:L=9-35=55A

The passive elements of the net- 6
work are its five resistances. Total 1 4
power consumed by them is = 5.75° x
1+35x05+9"x1+925 x1
+5.57%2=266.25

E 4 1

Example 2.35. Find the branch E{]
currents in the curcuit of Fig. 2.65 by
using (i) nodal analvsis and (ii) loop Reference Node
analvsis. _L

Solution. (i) Nodal Method ES

The equation for node A can be Fig. 2.65
written by inspection as explaine in Art.

2-12.
VA[L+L+L}—£—V—3+E‘ =(

Substituting the given data, we get,

Vﬁ(l+l+l)-g—v—;+%=0 or2V,-Vg=-3 ()

For node B, the equation becomes

[ |
V| o—t ot — -2 -A - 2=
"[ﬁ'2 R, Rs]

From Eq. (i) and (ir), we get,

4 17
VA — ?V.VB =?V
E-V, 6-43 7
ho= R, 6 g ™
Lo VatE -V @3)+5-073)
R = R, 2 a
_E, -V, 10-173 _ 13
b= R4 12"
Va_43_ 4 Vo _1753_ 17
_ —=—= [ = = —= 17
L=%"73" 9&5"R "4 " A
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(ii) Loop Current Method
Let the direction of flow of the three loop currents be as shown in Fig. 2.66.
Loop ABFA :
-6/, -3, -L)+6 =0

or -1, =2 ..(i)
Loop BCEFB :
+5-2L-4,-1L)-3(L,-1) =0
or 3, —.912 +4I, = -5 (1)

Loop CDEC :
-4, -10-4(,-1) =0 or 2I,-4L =5 (i)
The matrix form of the above three simultaneous equations is

3 -1 0] [x 2 3 -1 0
3 -9 4|=|y|=|-5];Aa=[3 -9 4fE84-12-0=72
0 2 -4| |z 5 0 2 -4

2 1 0 3 2 0 3 -1 2
A=|-5 -9 4|=564,=|3 -5 4|=244,={3 -9 -5|=-78
| 5 2 -4 0 5 -4 0 2 5

L=A/A=5612=T/9 A; I, = AJA=24/12=173 A
I, = AJA=-78/72==13/12A

The negative sign of I, shows that it is flowing in a direcion opposite to that shown in Fig. 2.64
i.e. it flows in the CCW direction. The actual directions are as shown in Fig. 2.67.

The various branch currents are as under :

I

6 g3V 2 ¢

7 1_4 4 —w—
fAB:flz ?.ﬂ),‘: !BF =.’|‘- 2=§—§= ;A
b iri o _1.13_17 - :
Ly Fyi= _T"fcz*"z"“'a"j*'l‘“— EA 6V 3
13
Ipe=1= 12 + +
Solution by Using Mesh Resistance Matrix Fig. 2.67

From inspection of Fig. 2.67, we have
Ry, =9 Ryp=9%Ry;=8
R, = Ry=—3Q;R;=Ry=—4Q;R3=R;;=0Q

E, = 6V:E,=5V;E,=—10V
Ry Ry Ryl E, 9 -3 O h 6
Ry Ry Ryl|l| = |Ey|or|-3 9 —4|lL|=| 5
Ry Ra Ryallk | E, 0 -4 8||15,| [-10
9 -3 0
A=|-3 9 —4{=972-16)+3(-24)=432
0 -4 8
6 -3 0
A, = 5 9 —4|=6(72-16)—5(-24)—10(12) =336
-10 -4 8
{9 6 0
A, = | -3 5 —4|=9(40—40)+ 3(48) =144
0 -10 8
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9 -3 6

Ay = [=3 9 5/=9%-90-90)-330+ 24) = — 468
0 -4 -10

I, = AJA=336/432=7/9 A

L, = AJA=144/432=173 A

I, = AJA=-468/432=-13/12 A
These are the same values as found above,
2.13. Nodal Analysis with Current Sources
Consider the network of Fig. 2.68 (a) which has two current sources and three nodes out of

which | and 2 are independent ones whereas No. 3 is the reference node.

The given circuit has been redrawn for ease of understanding and is shown in Fig. 2.68 (b). The
current directions have been taken on the assumption that

1. both V, and V, are positive with respect to the reference node. That is why their respective
curents flow from nodes 1 and 2 to node 3.

2.V, is positive with respect to V, because current has been shown flowing from node 1 to
node 2.

A positive result will confirm out assumption whereas a negative one will indicate that actual
direction is opposite to that assumed. (‘“

i A2 i

AN (A ]
OREHEEEINOBNONS Sl AN O

c:-lé

e 4
L

" Fig. 2.68 ®

We will now apply KCL to each node and use Ohm’s law to express branch currents in terms of
node voltages and resistances.

Node 1
L=L-1, =0 o l,=5L+1
Now I, = ﬁ and =VI‘V2
- R, 3
Vi V-V 1 1 % :
I = 141 2 o Y| —4—|-2=1 w0)
] R, Ry '[R: R3] Ry :
Node 2
L-1,-1, =0 or L=1L+1,
Vs V,-V.
Now, I, = == and J =_-1L "2 — as before
4 R2 3 =y
V-V, v, 1 1 V, e
= L+—= or V| —4+—|-"L==1 (i)
Ry TR '(Rz R3] R, !

The above two equations can also be written by simple inspection. For example, Eq. (i) is
represented by
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1. product of potential V| and (1/R, + 1= R;) i.e. sum of the reciprocals of the branch resis-
tances connected to this node.

2. minus the ratio of adjoining potential V, and the interconnecting resistance R,.

3. all the above equated to the current supplied by the current source connected to this node.

This current is taken positive if flowing into the node and negative if flowing our of it (as per
sign convention of Art. 2.3). Same remarks apply to Eq. (if) where /, has been taken negative
because it flows away from node 2.

In terms of branch conductances, the above two equations can be put as

VI(G +Gy))—V,Gy =1, and V,(G,+G,) -V ,Gy=-1,

Example 2.36. Use nodal analysis method to find currents in the various resistors of the circuit
shown in Fig. 2.69 (a).

Solution. The given circuit is redrawn in Fig. 2.66 (b) with its different nodes marked 1, 2, 3

and 4, the last one being taken as the reference or datum node. The different node-voltage equations
are as under :

; 1,1 1 v, Voo
Node 1 Vl[:?"l‘i'l'ﬁ]——z——m 8
or 1V, =5V, -V;-280 = 0 D
- 1,1 i W
Node 2 V, [+ = )4—'-——' =0
ode _(2+5+I > l
or SVi—=17V,+ 10V, =0 (D]
{ 1 I Vi Y
3 — 2 = A s
Node V3[4+I+10J ST 2
or Vi+10V,-135V;-20 = 0 . . (i)
A A

A

1 @
A I Vs I =0 Yis Te i
2 s 34 oBA- 1 U5 3 o Cs
38A ‘I 2A 2A

Datum Node

(a) h)
Fig. 2.69

The matrix form of the above three equations is

11 -5  —1][x] [280
5 -17 0|[yv|=| o
1 10 —135]|z 20

11 -5 -1
A= 5 —17  10|=1424.5-387.5-67=970
[ 110 —135
(280 -5 -1 11280 -1
A = | 0 -17  10[=34920, A,=| 5 0  10|=19,400
| 20 10 -135 120 -135
11 -5 280
A= |5 =17 ¢|=15520
T w0 20
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A 34920 _ _ A, 19,400 _ _ Ay 15520 _
Vi= 3 =970 VTR T Tgg SOV ER g S8V

It is obvious that all nodes are at a higher potential with respect to the datum node. The various
currents shown in Fig. 2.69 (b) can now be found easily.

I, = V|/2=36/2=18 A
I, = (V,=-V)I2=(36-20)2=8 A
= (V= V)10 =(36 - 16)/10= 2 A
It is seen that total current, as expected, is 18 + 18 + 2= 28 A
I, = (V,-V/1=(20-16)/1=
Iy = Vy/5=205=4A1;=V,/4=16/4=4A
Example 2.37. Using nodal analysis, find the different branch currents in the circuit of Fig.
2.70 (a). All branch conductances are in siemens (i.e. mho).

L:"
I

Solution. Let the various branch currents be as shown in Fig. 2.70 (b). Using the procedure
detailed in Art. 2.11, we have

First Node
Vil+2)-Vox1=-Vy = =2 or 3V -V,-2V;=-2 ()

Second Node

V(1 +4)-Vx1l =5 or V,-5V,=-5 i)
Third Node

V;2+3)-V,x2 = -5 or 2V, -5V;=5 ..(iii)

28
AW
1S 5A
E >

(2a s 4s§

Fig. 2.70 '
Solving for the different voitages, we have

3 T 8
= V, Vv -
Vi = =3 V,= g VandV,=-2V
I = (Vi=V)x1=(-15-0T7)x1=~-22A
L = (V;-V)x2=[-16-(-15)]x2==02A

I, = V,x4=4x(7/10)= 28 A
I, = 2+28=48A

As seen, I, and I, flow in directions opposite to those origi-
nally assumed (Fig. 2.71).
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Example 2.38. Find the current I'in Fig. 2.72 (a) by changing the two voltage sources into their
equivalent current sources and then using Nedal method. All resistances are in ohms.

Solution. The two voltage sources have been converted into their equivalent current souces in
Fig. 2.72 (b). The circuit has been redrawn as shown in Fig. 2.72 (¢) where node No. 4 has been

®5A QA SA
ARMA '
AN
¥ LA A L S @
@ A'ala'nr @ A'aln'a i @ @ a'nla_n' @ n]n @ @
12 12 12 = 12 I
4V _ A _ 4A 3A 4A
(@) (b) (c)

Fig. 2.72
taken as the reference node or common ground for all other nodes. We will apply KCL to the three
nodes and taken currents coming towards the nodes as positive and those going away from them as
negative. For example, current going away from node No. 1 is (V| — V,)/1 and hence would be taken
as negative. Since 4 A current is coming towards node No. 1, it would be taken as poisitive but 5 A
current would be taken as negative.

A _0}_ W -Vy) _(Vl =)

Node 1 : 1 1 I -5+4=0
or 3vi-V,-V,=1 el )
,—0 -V =V
Node2; -2 R_027H) GamW) g 5
or Vi-3V,+ V,==-2 (i)
- -V -V,
Node 3 : _(_V31_(_)2_£V31__,_)_£V31 ~_’_4+3=0
or Vi+V,-3V;=1 _.(iif)
The matrix form of the above three equations is
3 -1 —-1] [V -1
I =3 1=V, |=|-2
..I' 1 _3- V3 1 '
3 =l =]
A=11 -3 1{=30-D-13+1)+1(-1-3)=16
I 1 -3
3 =1 -1
Ay = |} =2 1|=36-D-1(3+1)+1(-1-2)=8
1 1 -3
V, = AJA=8/16=05V
1 =V,/1=05A

Example 2.39. Use Nodal analysis to determine the value of current i in the network of Fig.
2.73.
Solution. We will apply KCL to the two nodes 1 and 2. Equating the incoming currents at node
1 to the outgoing currents, we have
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V-V Vi, s A
6 = 4 + R + 3! 4
As seen. i = V,/8. Hence, the above equaiton becomes @ <___> ! @
; V| - V’I EL Vl N 3i
6 = —'4—"' + 8 + 3 —8— | B
6A
or 3V, -V,=24 CD % é
Similarly, applying KCL to node No. 2, we get 8 9
v, -V .V Vv, -V Vi V,
‘ 3+31=—f-;-i or -1—4—3~+3?'=?0r 3V, =2V,
From the above two equations, we get Fig. 2.73
Vi =16V -~ i=16/8=2A.

Example 2.40. Using Nodal analysis, find the node voltages V, and V, in Fig. 2.74.

Solution. Applying KCL to node 1, we get @m
vV, (V,-V,)
, S O U o 7 - A
376 O] T O)
or V-V, = 42 ..() 6
Similarly, applying KCL to node 2, we get
= i 3 15 10
AR :
6 15 10 BA
or V=2V, = -6..0i) L
Solving for V| and V, from Eqn. (i) and (ii), we get —T_—

Vi, = 18Vand V,=12 V. N
Fig. 2.74

2.14. Source Conversion

A given voltage source with a series resistance can be converted into (or replaced by) and
equivalent current source with a parallel resistance. Conversely, a current source with a parallel
resistance can be converted into a vaoltage source with a series resistance. Suppose, we want (0
convert the voltage source of Fig. 2.75 (a) into an equivalent current source. First, we will find the
value of current supplied by the source when a “short’ is put across in termials A and B as shown in
Fig. 2.75 (b). This current is [ = V/R.

R R
AN od —AMWNW—0 oA
" 4 3 4 '
8]
Qv @) 2 L S
= - =) -
@
oB OB oB
(@ (b) ()
Fig. 2.75

A current source supplying this current / and having the same resistance R connected in parallel
with it represents the equivalent source. Itis shown in Fig. 2.75 (¢). Similarly, a current source of /
and a parallel resistance R can be converted into a voltage source of voltage V = /R and a resistance
R in series with it. It should be kept in mind that a voltage source-series resistance combination is
equivalent to (or replaceable by) a current source-parallel resistance combination if, and only if their
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I. respective open-circuit voltages are equal, and
2. respective short-circuil currents are equal.
For example, in Fig. 2.75 (a), voltage across terminals A and B when they are open (i.e. open-

circuit voltage V) is V itself because there is no drop across R. Short-circuit current across AB =/
= V/R.

Now, take the circuit of Fig. 2.75 (¢). The open-circuit voltage across AB = drop across R = IR
= V. If a short is placed across AB, whole of / passes through it because R is completely shorted out.

Example 2.41. Convert the votlage source of Fig. 2.73 (a) into an equivalent current source.

Solution. As shown in Fig 2.76 (b), current obtained by putting a short across terminals A and
Bis10/5=2 A.

Hence, the equivalent current source is as shown in Fig. 2.76 (c¢).

50 50
AN oA AW oA o4
- + +
C)!OV 10V I=2Al G)ZA %59
OB - OB oB
(a) (b) (c)
Fig. 2.76
Example 2.42. Find the equivalent voltage source for the current source in Fig. 2.77 (a).
Solution. The open-circuit voltage across 20
terminals A and B in Fig. 2.77 (a) is oA AMN——c

Ve = drop across R

5%x2=10V Osa §m C5mv

Hence, voltage source has a voltage of 10 V

and the same resistance of 2 £2 through connected oB o8

in series [Fig. 2.77 (b)]. fa) (b1
Example 2.43. Use Source Conversion tech- Fig. 2.77

nigue to find the load current I in the circuit of

Fig. 2.78 (a) '

Solution. As shown in Fig. 2.78 (b). 6-V voltage source with a series resistance of 3 {2 has-been
converted into an equivalent 2 A current source with 3 £ resistance in parallel.

p
L]

(a) (b)
Fig. 2.78
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The two parallel resistances of 3 €2 and 6 £ can be combined into a single resistance of 2 £ as
shown in Fig. 2.79. (a)

The two current sources cannot be combined together because of the 2 {2 resistance present
between points A and C. To remove this hurdle, we convert the 2 A current source into the equiva-
lent 4 V voltage source as shown in Fig. 2.79 (b). Now, this 4 V voltage source with a series
resistance of (2 + 2) =4 Q can again be converted into the equivalent current source as shown in Fig.

2.80 (a). Now, the two current sources can be combined into a single 4-A source as shown in Fig.
2,80 (b).

gt Bl -
1
"
2A 2 3A R,§3 C)w 3A R, 33
B
@ b

(a) (b)
Fig. 2.80
The 4-A current is divided into two equal parts at point A because each of the two parallel paths
has a resistance of 4 . Hence /, = 2 A.

Example 2.44. Calculate the direction and magnitude of the current through the 5 £ resistor
berween points A and B of Fig. 2.81 (a) by using nodal voltage method.

Solution. The first thing is to convert the voltage source into the current sources as shown in
Fig. 2.81 (b). Next, the two parallel resistances of 4 Q each can be combined to give a single
resistance of 2 Q [Fig. 2.82 (a)]. Lel the current directions be as indicated,

3 4

5
— AW 8

50
AMAN —AWN

Cjzov 4Q §5Q CDIA CDSA §4 4 5 IA(

/

(a) (h)
Fig. 2.81



DC Network Theorems

Applying the nodal rule to nodes | and 2, we get

Node 1

Node 2

L d VoM,
V3(5+5) 5

i
-

Solving for V| and V,, we get V, :g V and V,

4

A 5

AL
vV~

<

=35

or

or

V=V, _15/2-5/4

5

[ (e

I —

G)SA ’4 2 ’El 5

(

i

——

(a)

Example 2.45. Replace the given network by a single

7V, =2V, =50
V,-2V,=5
5
=2y,
4

1.25

.

5

-
3
S

=

i
U
-

5A 2§l * 3 1A
3754 0.25A

-

24

Fig. 2.82
Similarly, [, = V|/2=15/4=375 A: I, = V,/5=5/20=0.25 A.
The actual current distribution becomes as shown in Fig. 2.79 (b).

current source in parallel with a resistance.

|[Bombay University 2001]

Solution. The equivalence is expected for a load
connected to the right-side of terminals A and B. In this
case. the votlage-source has no resistive element in se- -
ries. While handling such cases, the 3-ohm resistor has
to be kept aside, treating it as an independent and sepa- -
rate loop. This voltage source will circulate a current of O
20/3 amp in the resistor. and will not appear in the calcu-

lations.
Dy

60

60V

) —

B0V o

@;’u % 330

Fig. 2.83 (b)

* A

91

o di)

(1)

-

10 A T 60

WY—LE 310
|

Fig. 2.83 (a)

YWY
>
=

-

80/6 amp

Fig. 2.83 (c)
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This step does not affect the curcuit connected to A-B.
Further steps are shown in Fig. 2.83 (b) and (¢)

Tutorial Problems No. 2.3

1. Using Maxwell's loop current method, calculate the output voltage V, for the curcuits shown in Fig.

2,84, {a)4 V (B)-150/TV (c) V,=0d) V, =0]
- 10A 6
AN -0+ ANV -AM————0+
2 ! 2 B
3A gl
O X B IO VIR B
10V
o- o—
b
o)
4+
"
+ 12 I
13 W v ‘ ;
0 i =
i 13 1
o
(d)
Fig. 2.84
2. Using nodal voltage method, find the magnitude and direction of current / in the network of Fig. 2.85.
5 K10 £ 2 5 K 3 s
—e
20V

L] =
AN

10V §

= - -

Fig. 2.85 Fig. 2.86
3. By using repeated source transformations, find the value of voltage v in Fig. 2.87 (a). 8 V]
4 2 4 2
v ANA AA— —AN
— i

20A

ov 312 320 ét CD 33| 5

{a) (h)
Fig. 2.87
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4. Use source transformation technigue to find the current flowing through the 2 Q resistor in Fig.
2.87 (b). [10 A]
5. With the help of nodal analysis, calculate the values of nodal voltage V, and V, in the circuit of
Fig. 2.86. [T.1V;-396V]

6. Use nodal analysis to find various branch currents in the circuit of Fig. 2.88,
[Hint : Check by source conversion.) H,.=2A:1,=5A1, =0]

e

a 2 b a 0.2

Cf 74 35 10 SACD (Dm 2058 [s% 2A<D

T s

Fig, 2.88 Fig. 2.89

7. With the help of nodal analysis, find V| and V, and various branch currents in the network of Fig, 2.85.
[SV,25V;I, =25A;1,=05A;1, =25A]

8. By applying nodal analysis 1o the circuit of Fig. 2.90. find / , /,; and I,. All resistance values are in

8
ohms. Up=2a0,=241, - =

[Hint. : It would be helpful to conven resistance into conductances. |
Y. Using nodal voltage method. compute the power dissipated in the 9-Q resistor of Fig. 2.91, [81 W]

Al

g 5 3 9
a 953 p 05 . AMA

+

CD(:A §0,25 §0.5 %0.25 G 4A ()2?\! §4 §5 G 6A

d
Fig. 2.90 . Fig. 2.91

10. Write equilibrium equations for the network in Fig. 2.92 on nodal basis and obtain the voltage V,, V,
and V. All resistors in the network are of | Q. [Nerwork Therory and Fields, Madras Univ. 1977)

1. By applying nodal method of network analysis, find current in the 15 £ resistor of the network shown

in Fig, 2.93. [3.5 A] [Elect. Technology-1, Gwalior Univ. 1977]
K 5 I 20 15 10
—AVW AMN— ] — M A AN

_"I_UV § é _-.-:00 V 280 §90 200 V-:-_

Fig. 2.92 Fig. 2.93
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2.15. Ideal Constant-Voltage Source

It is that voltage source (or generator) whose output voltage remains absolutely constant what-
ever the change in load current. Such a voltage source muat possess zero internal resistance so that
internal voltage drop in the soruce is zero. In that case, output voltage provided by the source would
remain constant irrespective of the amount of current drawn from it. In practice, none such ideal
constant-voltage source can be obtained. However, smaller the internal resistance r of a voltage
source, closer it comes to the ideAal sources described above.

0.005 Q

T
!
o —aw
\ 2
20-200K

Fig. 2.94
Suppose, a 6-V hattery has an internal resistance of 0.005 Q [Fig. 2.94 (a)]. When it supplies no
current i.e. it is on no-load, V, = 6 V i.e. output voltage provided by it at its output terminals A and B

is 6 V. If load current increases to 100 A, internal drop = 100 x 0.005 =0.5 V. Hence, V =6 -0.5
=335 V.

Obviously an output voltage of 5.5 — 6 V can be considered constant as compared to wide
variations in load current from (0 A ot 100 A,

2.16. Ideal Constant-Current Source

It is that voltage source whose internal resistance is infinity. In practice, it is approached by a
source which posses very high resistance as compared to that of the external load resistance. As
shown in Fig. 2.94 (b). let the 6-V battery or voltage source have an internal resistance of 1 M Q and
let the load resistance vary from 20 K to 200 K. The current supplied by the source varies from
6.1/1.02=59 1 At 6/1.2=5 1 A. As seen. even when load resistance increases 10 times. current
decreases by 0.9 puA. Hence, the source can be considered, for all practical purposes, to be a con-
stant-current source.

2.V7. superposition Theorem

-, ey
4 M- - AMAA — A
250 20 250 20
6V 60 l! 12V — —.st 60 lr 1O
050 10 0.5
l b z,‘ 13‘
! | 2 3 1 2
{a) (h)

Fig. 2.95
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According to this theorem, if there are a number of e.m.fs. acting simultaneously in any linear
bilateral network, then each e.m.f. acts independently of the others i.e. as if the other e.m.fs. did not
exist. The value of current in any conductor is the algebraic sum of he currents due to each e.m.f.
Similarly, voltage across any conductor is the algebraic sum of the voltages which each e.m.f would
have produced while acting singly. In other words, current in or voltage across, any conductor of the
network is obtained by superimpsing the currents and voltages due to each e.m.f. in the network. It
1s important to keep in mind that this theorem is applicable only to linear networks where current is
linearly related to voltage as per Ohm'’s law.

Hence, this theorem may be stated as follows :

In a network of linear resistances containing more than one generator (or source of e.m.f.), the
current which flows at any point is the sum of all the currents which wolud flow at that point if each
generator where considered separatelv and all the other generators replaced for the time being by

i ),;a resrsmnce:s' equal to their internal resistacnces.
AMMA—e—t AMMWW—e—  Explanation
250 2Q

In Fig. 2.95 (a) I,. I, and [ represents the values of
currents which are due to the simulaneous action of
|_ the two sources of e.m.f. int he network. In Fig. 2.95

% 050 60 % 11” 12V ——(b) are shown the current values which would have
1Q been obtained if left-hand side battery had acted alone.

Similarly, Fig. 2.96 represents conditions obtained
when right-hand side battery acts alone. By combin-
—= -— ing the current values of Fig. 2,95 (b) and 2.96 th ac-

Fig.B2.96 tual values of Fig. 2.95 (@) can be obtained.

Obviously, I, =1 -1,". L=L" -1, I1=I"+1".

Example 2.46. /n Fig. 2.95 (a) let batery e.m.fs. be 6 V and 12 V, their internal resistances

0.5 Qand ! € The values of other resistances are as indicated. Find the different currents flowing
in the branches and voltage across 60-olm resistor.

Solution. In Fig. 2.95 ). 12-volt battery has been removed though its internal resistance of
| €2 remains. The various currents can be found by applying Ohm’s Law,
It is seen that there are two parallel paths between points A and B. having resistances of 6 {2 and
R+h=3Q
equivalent resistance = 316=2
Total resistance 05+25+2=5Q .. ['=6/5=12A.
This current divides at point A inversely in the ratio of the resistances of the two parallel paths.
I' = 1.2x(3/9=04A. Similarly. [,"=1.2x(6/9)=038 A
In Fig. 2.96. 6 volt battery has been removed but not its internal resistance. The various currents
and their directions are as shown.
The equivalent resistance to the left to points A and Bis=3116=2Q
total resistance = 1+2+2=5Q . L"=125=24A
At point A. this current is divided into two parts,
I" = 24x39=08A [["=24x6/9=16A
The actual current values of Fig. 2.95 (a) can be obtained by superposition of these two sets of
current values.

11

1, = I/=1"=12~-16=—04A (it is a charging current)
L =0L"-1,=24-08=16A
I =F+I"=04+08=12A

Voltage drop across 6-ohm resistor=6x 1.2=72V



96 Electrical Technology

Example 2.47. By using Superposition Theorem, find the current in resistance R shown in Fig.
2.97 (a)
R =0005R,=0004Q R=1Q,E =205V.E,=21I5V
Internal resistances of cells are negligible
(Electronic Circuits, Allahabad Univ. 1992)
Solution. In Fig. 2.97 (b), E, has been removed. Resistances of | £ and 0.04  are in parallel
across poins A and C. R, = 1110.04 = | x 0.04/1.04 = 0.038 Q. This resistance is in series with
0.05 Q. Hence, total resistance offered to battery £, = 0.05, 0.038 = 0.088 Q. /=2.05/0.088 = 23.3
A. Current through 1-€2 resistance, /, = 23.3 x 0.04/1.04 = 0.896 A from C 10 A.

When E, is removed, circuit becomes as shown in Fig. 2.97 (¢). Combined resistance of paths
CBA and CDA is = 1 11 0.05 = 1 x 0.05/1.05 = 0.048 Q. Total resistance offered to £, is = 0.04 +
0.048 = 0.088 Q. Current / = 2.15/0.088 = 24.4 A. Again, I, =244 x 0.05/1.05 = 1.16 A.

0.05 g 205V 005 g 205V

Fig. 2.97
To current through 1-£2 resistance when both batteries are present
=1, +1,=0896 + 1.16 = 2.056 A.
Example 2.48. Use Superposition theorem to find current 1 in the circuit shown in Fig. 2.98
(a). All resistances are in ohms, (Basic Circuit Analysis Osmania Univ. Jan/Feb 1992)
Solution. In Fig, 2.98 (b), the voltage source has been replaced by a short and the 40 A current
sources by an open. Using the current-divider rule, we get I, = 120 x 50/200 = 30 A.

In Fig. 2.98 (¢). only 40 A current source has been considered. Again, using current-divider
rule 7, = 40 x 150/200 = 30 A.

In Fig. 2.98 (d), only voltage source has been considered. Using Ohm’s law,
I; = 10/200 = 0.05 A.
Since /| and I, cancel out, / = [ = 0.005 A.

10V 10V
& .o e
OB S50 0) (D 50 3150 503 150 G) 50 3150
120A 40AT  Ti20a 40A
/ u L k
- o - 0 o0— - - o} - 0
(a) (b) fc) (d)
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Example 2.49. Use superposition theorem to determine the voltage v in the network of Fig.
2.99%u)

Solution. A seen, there are three independent sources are one dependent source. We will find
the value of v produced by each of the three independent sources when acting alone and add the three

values to find v. It should be noted that unlike independent source, a dependent source connot be set
to zero i.e. it cannot be ‘killed” or deactivated.

Let us find the value of v, due to 30 V source only. For this purpose we will replace current
source by an open circuit and the 20 V source by a short circuit as shown in Fig. 2.99 (b), Applying
KCL to node 1. we get

(30-wv) N (\/3—v))
6 3 2
. 20V, i 0

=0 or v=6V

L¥5)
"U’"‘L
] -+
s =
| S
\/
h
=
(I}
1+
e [
I /\+
\/

fa) (b) f¢)
Fig. 2.99

Let us now keep 5 A source alive and “kill" the other two independent sources. Again applying
KCL to node 1, we get, from Fig. 2.99 (c).

Vv, Vo (1-'—;;3 = pﬁ) —\W\- O—JM—
7 2 3t =0 o v,=—-6V

6 3 2 20V
Let us now "kill” 30 V source and 5 A source and find v, 4
due to 20 V source only. The two paralle] resistances of 6 Q + \A
and 3 Q can be combined into a single resistance of 2 Q. 3 §\_’3 D = <>

Assuming a circulating current of i and applying KVL to the
indicated circuit, we get, from Fig. 2.100.

~2£—20-2i—:¢-2i)=0 o FSEA

Fig. 2.100
Hence, according to Ohm's law, the component of v that ‘
corresponds to 20 V source is v; =2x6=12V. . v=v +v, + =6-6+12=12V.
Example 2.50. Using Superposition theorem, find the current through the 40 W resisior of the
curcuit shown in Fig. 2.101 (a). (F.Y. Engg. Pune Univ. May 1990)

Solution. We will first conside when 50 V battery acts alone and afterwards when 10-V battery
is alone is the circuit. When 10-V battery is replaced by short-circuit, the circuit becomes as shown
in Fig. 2.101 (b). It will be seen that the right-hand side 5 Q resistor becomes connected in parallel
with 40 Q resistor giving a combined resistance of 5 Il 40 = 4.44 Q as shown in Fig. 101 (¢). This
4.44 € resistance is in series with the left-hand side resistor of 5 € giving a total resistance of
(5+ 4.44)=9.44 Q. As seen there are two resistances of 20 € and 9.44 Q connected in parallel. In
Fig. 2.101 (¢) current I = 50/9.44 = 5.296 A.

At point A in Fig. 2.101 (b) there are tv
hence, current / divides between them as pe
through the 40 £ resistor, then
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JI
i

fer) th) el
Fig. 2.101

Ln

5 5
f, = ifx =5.296x — =10.589 A.
' S+40 45
In Fig. 2.102 {«), 10 V baitery acts alone 39
because 50-V battery has been removed and
replaced by a short-circuit. 5 5
As in the previous case, there are two w VR B 7
parallel branches of resistances 20 Q and 9.44 4 i s
€2 across the 10-V battery. Current / through 402 10 V-I' 4.44 'l' AN
9.44 Q branch is I = 10/9.44 = 1.059 A. This
current divides at point B between 5 € resis- (a) (h
tor and 40 €2 resistor. Current through 40 Fig. 2.102

resistor [, = L0539 x 5/45=0.118 A,
According to the Superposition theorem. total current through 40 € resistance is
=1, +1,=0589 + 0.118 =0.707 A.
Example 2.51. Solve for the power delivered to the 10 £ resistor in the circuit shown in Fig.
2.103 (a). All resistance are in ohms. (Elect. Science - I, Allahabad Univ. 1991)
Solution. The 4-A source and its parallel resistance of 15 £ can be converted into a voltage
source of (15 x 4) = 60 V in series with a 15 € resistances as shown in Fig. 2.103 (b).
Now, we will use Superposition theorem to find current through the 10 £2 resistances.
When 60 — V Source is Removed S g 2

AAAA A

When 60 — V battery is removed bl ‘ v
the total resistance as seen by 2 V bat- | 4A

n

I 15
teryis =1+ 101 (15 +5) = 7.67 . - §| CD |
The battery current = 2/7.67 A = 10

0.26 A. At point A, this current is di- T 2V T 60 V
vided into two parts. The current B
passing through the 10 € resistor from (a) ()
AtoBis Fig. 2.103
1, = 0.26 x (20/30) = 0.1T A
When 2-V Battery is Removed
Then resistance seen by 60 V battery is = 20+ 10 I 1 =20.9 Q. Hence. battery current = 60/20.9
=2.87 A. This current divides at point A. The current flowing through 10 € resistor from A to B is
I, = 287 x A1 +10)=0.26 A
Total current through 10 € resistor due to two batteries acung together is = /| + [, =043 A,
Power delivered to the 10 Q resistor = 0.43" x 10 = 1.85 W.
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Example 2.52. Compute the power dissipated in the 9-W resistor of Fig. 2. 104 by applying the
Superposition principle. The voltage and current sources should be treated as ideal sources. All
resistances are in olms.

Solution. As explained earlier, an ideal constant-voltage sources has zero internal resistances
whereas a constant-current source has an infinite internal resistance.
(i) When Voltage Source Acts Alone
This case is shown in Fig. 2.104 (b) where constant-current source has been replaced by an
open-circuit f.e. infinite resitance (Art. 2.16). Further circuit simplification leads to the fact that total
resistances offered to voltage source is =4 + (12 Il 15) = 32/3 Q as shown in Flg. 2.104 (c).

y 1] . 6
4 B 4,0 B
4 4 o
Open
§|2 + 4A 9 % %‘2 + Circuit 9%
32V RV ?
fa) (h)
A I
3A
4
§12 4 %IS
32V
B
fc) fel
Fig. 2.104

Hence current = 32 + 32/3 =3 A, At point A in Fig. 2.104 (d), this current divides into two parts.
The part going alone AB is the one that also passes through 9 £2 resistor.
I =3x12/(15+12)=4/3 A
(ii) When Current Source Acts Alone

As shown in Fig. 2.105 (a), the voltage source has been replaced by a short-circuit (Art 2.13).
Further simplification gives the circuit of Fig, 2.015 (b).

6 4 6 4 I'=2A
AM—— —— VW ——— =
4
12 4A 9 %" 4A<> 9
: L RN
Short
Circuit
fa) (b

Fig. 2.105
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The 4 - A current divides into two equal parts at point A in Fig. 2.105 (b). Hence I =4/2=2 A.
Since both 7 and /” flow in the same direction, total current through 9-Q resistor is
I=r+I" = (#43)+2=(10/3) A
Power dissipated in 9 € resistor = I* R = (10/3)° x 9 = 100 W
Example 2.53(a). With the help of superposition theorem, obtain the value of current I and
voltage V,, in the circuit of Fig. 2.106 (a).

Solution. We will solve this question in three steps. First, we will find the value of  and V
when current source is removed and secondly, when voltage sources is removed. Thirdly, we would
combine the two values of 7 and V,; in order to get their values when both sources are present.
First Step

As shown in Fig. 2.106 (b), current source has been replaced by an open-circuit. Let the values
of current and voltage due to 10 V source be /, and Vj;;. Asseen/, =0and Vj; =10 V.

Second Step

As shown in Fig. 2.106 (c), the voltage source has been replaced by a short circuit. Here

L=-5Aand Vy,=5x10=50 V.
r10Q ;159 & 150

=5 AN ik © & e AMM I
_‘_ t+ T

é)lov 5ACD % a8 o = G 3

b e Y -
(a) (h) (c)
Fig. 2.106

Third Step

By applying superposition theorem, we have

I =15L+L=0+(-5)==5A
Vo = Vo +Vp=10+50=60V

Example 2.53(b). Using Superposition theorem, find the value of the output voltage V,, in the
curcuit of Fig. 2.107.

Solution. As usual, we will break down the @
problem into three parts involving one source each. A

(@) When 4 A and 6 V sources are killed* A

As shown in Fig. 2.108 (a), 4 A source has been jQ
replaced by an open circuit and 6 V source by a short- o 20
circuit. Using the current-divider rule, we find cur-
renlildxrofjghdlc2ﬂresistor=6xlr'(l+2+3)6A f) §IQ b
=1 A & Vm=lx2=2V, 6V

(b) When 6 A and 6 V sources are killed

As shown in Fig. 2.108 (b), 6 A sources has been
replaced by an open-circuit and 6 V source by a short- =
circuit. The current i, can again be found with the Fig. 2.107

*  The process of setting of voltage source of zero is called killing the sources,
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help of current-divider rule because there are two parallel paths across the current source. One has
a resistance of 3 £ and the other of (2 + 1) = 3 Q. It means that current divides equally at point A.

Hence, i, =4/2=2 A Via=2x2=4V

(¢) When 6 A and 4 A souces are Killed

As shown in Fig. 2.108 (c), drop over 2 Q resistor = 6 x 2/6 = 2 V. The potential of point B with
respect topoint Ais=6-2=+4V. Hence, Vj;=-4 V.

i 3Q 4A 3
A 4
= | 3 hy 20
Cf 6A 310 2n§ o 2 §1 Vo
g 1 Pl'JJ [ -
' b 6V
B B
(a) (b) (c)
Fig. 2.108 N
According to Superposition theorem, we have
Vo = Vo + Vaa+ Vs =2+44-4=2V
Example 2.54. Use Superposition theorem, to find the voltage V in Fig. 2.109 (a).
40 4 2V 40 4 6
AMAM AN |F—o4 AN MV —o0—0——0 4
. L é 9
Tisv ”‘% G Zo V. Tisv 198 %C %
0B ¥oy:]
fa) Fig. 2.109 (&)

Solution. The given circuit has been redrawn in Fig. 2.109 (b) with 15 - V battery acting alone
while the other two sources have been killed. The 12 - V battery has been replaced by a short-circuit
and the current source has been replaced by an open-circuit (O.C) (Art. 2.19). Since the output
terminals are open, no current flows through the 4 € resistor and hence, there is no voltage drop
across it. Obviously V, equals the votlage drop over 10 £ resistor which can be found by using the
voltage-divider rule.

V, = 15x 10/(40 +50) =3 V

Fig. 2.110 (a) shows the circuit when current source acts alone, while two batteries have been
killed. Again, there is no current through 4 €2 resistor. The two resistors of values 10 £ and 40 Q are
in parallel across the current source. Their combined resistances is 10 || 40 = §

i s s 40 4 12V
o—AWWW AMA—0—0—0 4 0—W\W AMW—| 04
" 0 -
¢ 10 (Dz_sA ho|sc !0% 0.C. Vs
0
o} 0B & 0B
fa) (b)

Fig. 2.110
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V, = 8x2.5=20V with point A positive.

Flg 2.110 (b) shows the case when 12 —V battery acts alone. Here, V, = — 12 V¥, Minus sign
has been taken because negative terminal of the battery is connected to point A and the positive
terminal to point B. As per the Superposition theorem,

V=V+V,+V,=3+20-12=11V

Example 2.55. Apply Superposition theorem ta the circuit of Fig. 2.107 (a) for finding the

voltage drop V across the 5 £ resistor.

Solution. Fig. 2.111 (b) shows the redrawn circuit with the voltage source acting alone while
the two current sources have been ‘killed’ i.e. have been replaced by open circuits. Using voltage-
divider principle, we get

V,=60x5/(5+2+3)=30V. It would be taken as positive, because current through the 5 Q
resistances flows from A to B, thereby making the upper end of the resistor positive and the lower
end negative.

@) vz

(a)
Fig. 2.111
Fig. 2.112 (a) shows the same circuit with the 6 A source acting alone while the two other
sources have been “killed’. It will be seen that 6 A source has to parallel circuits across it, one having
aresistance of 2 Q and the other (3 + 5) = 8 2. Using the current-divider rule, the current through the
5Qresistor=6x2/(2+3+5)=12A.

A
e
N T 0.C. T
A A )
AW A
2 2
+ 3 p 3
0C. 53V, ‘ 52V,
- 2A r~
SC SC
B B
(a) (b)
Fig. 2.112
*  Because Fig. 2.110 (b) resembles a voltage source with an internal resistance =4 + [0 1140 =12 €1 and

which is an open-circuit
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V,=1.2x5=6V. It would be taken negative because current is flowing from B o A. ie.
point B is at a higher potential as compared to point A. Hence, V, =—6 V.
Fig. 2.112 (b) shows the case when 2-A source acts alone, while the other two sources are dead.
As seen, this current divides equally at point B, because the two paralle] paths have equal resistances
of 5 Qeach. Hence, V;=5x 1 =5V, Italso would be taken as negative becuase current flows from
BtoA. Hence, V;=-35V,
Using Superposition principle, we get
V=V+V,+V,=30-6-5=19V
Example 2.56. (b) Determine using superposition theorem, the voltage across the 4 ohm
resistor shown in Fig. 2.113 (a) [Nagpur University, Summer 2000]
2 ohm & ohm

4 ohm §20hm TS Amp 10V

-l i

10V T-

Fig. 2.113 (a) Fig. 2.113 (b)
Solution. Superposition theorem needs one source acting at a time.
Step I: De-acting current source.

The circuit is redrawn after this change in Fig. 2.113 (b)
10 10

I = — = = 2.059 amp
24 4x(8+2) 24 40
4+@8+2) 14
2 -
I = 29 l=147] amp, in downward direction

14
Step IT : De-activate the voltage source.

The circuit is redrawn after the change, in Fig. 2.113 (¢)
With the currents marked as shown.
1,=2I_relating the voltage drops in Loop ADC.

A 2 ohm D 8ohm | F B

@Ti Amp'

-
a0

Fig. 2.113 (¢)
Thus /,=31.
Resistance of parallel combination of

2x4
2 and 4 ohms = m:1.333ﬂ

Resistance for flow of I, = 8+ 1.333=9.333 Q
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The 5-amp current from the sources gets divided into /, (= 3 1) and [, at the node F.

=31 =—20 . s5-
Iy = 31,= 550 X5 =08824

5 I.=0.294 amp, in downward direction.
Step IIL  Apply superposition theorem, for finding the total current into the 4-ohm reistor
= Current due to Current source + Current due to Voltage source
=0.294 + 1.471 = 1.765 amp in downward direction.
Check. In the branch AD,
The voltage source drives a current from A to D of 2.059 amp, and the current source drives a
current of /, (= 21,) which is 0.588 amp, from D 10 A.
The net current in branch AD

= 2.059 - 0.588 = 1.471 amp ...eqn. (a)
With respect to O, A is at a potential of + 10 volts.
Potential of D with respect to O

= (net current in resistor) x 4

= 1.765 x 4 = + 7.06 volts
Between A and D, the potential difference is (10 — 7.06) volts
Hence, the current thro’ this branch '

_ 1o —27_-06 =1.47 amp from A to D ~.eqn (b)

This is the same as eqn. (a) and hence checks the result, obtained previously.
Example 2.57. Find the current flowing in the branch XY of the circuit shown in Fig. 2.114 (a)
by superposition theorem. [Nagpur University, April 1996]

Solution. As shown in Fig. 2.114 (b), one source is de-activated. Through series-parallel
combinations of resistances, the currents due to this source are calculated. They are marked as on
Fig. 2.114 (b)

20 X 1Q 2Q X
133A11.33A 267 A 4A 133A
-+
=20V
i 39 lQ JQ 60
= ;‘ZOV
1133A 267A T
Y 20 Y
Fig. 2.114 (b) Fig. 2.114 (a)
20 X
VNVNYN & A 133A
o b
—20V 5o §6Q
>
t4A 267 A 133A

Y
Fig. 2.114 (c)
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In the next step, second source is de-activated as in Fig. 2.114 (¢). Through simple series
parallel resistances combinations, the currents due to this source are marked on the same figure.

According to the super-position theorem, the currents due to both the sources are obtained after
adding the individual contributions due to the two sources, with the final results marked on Fig.
2.114 (a). Thus, the current through the branch XY is 1.33 A from Yo X.

Example 2.58. Find the currents in all the resistors by Superposition theorem in the circuit
shown in Fig. 2.115 (a). Calculate the power consumed, [Nagpur University, Nov. 1996]

Solution. According to Superposition theroem, one source should be retained at a time, deacti-
vating remaining sources. Contributions due to individual sources are finally algebraically added to
get the answers required. Fig, 2.115 (b) shows only one source retained and the resultant currents in
all branches/elements. In Fig. 2.115 (c), other source is shown to be in action, with concerned
currents in all the elements marked.

To get the total current in any element, tow component-currents in Fig. 2.115 (b) and Fig. 2.15
{c) for the element are to be algebraically added. The total currents are marked on Fig. 2.115 (a).

A AR B 280 ¢ " -
0.7147 A 35T2A 2857 A AR
. +] 20V
- 20
. 3 107143
0.50 4 o
2143 A
& 5 e o 1.429 A (6] 50
Fig. 2115 (a) Fig. 2.115 (b)

All resistors are in ohms

Lt 20V

£ 2.143 A

AINAA—
0 50 D
Fig. 2.115 (¢)
Power loss calculations. (i) from power consumed by resistors :
Power = (0.7147% x 4) + (3.572% x 2)+(2.875" x 8) = 92.86 watts

(if) From Source-power.
Power = 10 x 3.572 + 20 x 2.857 = 92.86 watts

Tutorial Problems No. 2.4,
I. Apply the principle-of Superposition to the network shown in Fig. 2.116 to find out the current in the
10 £2 resistance. |[0.464 A| (F.Y. Engg. Pune Univ. May 1987)
2. Find the current through the 3 Q resistance connected between C and D Fig. 2.117.
[1 A from € to D] (F.Y. Engg. Pune Univ. May 1989)
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30 15Q ~ 3Q
gl 1
6V 4V
10Q T §3 Q §3 Q = ==
20 330 ¥ 45V 18V
D
Fig. 2.116 Fig. 2.117 Fig. 2.118
3. Using the Superposition theorem, calculate the magnitude and direction of the current through each
resistor in the circuit of Fig. 2.118. (L, =6/7 A; I, = 10/7 A; 1, = 16/7 A]
4. For the circuit shown in Fig. 2.119 find the cur- 480
rent in R = 8 {2 resistance in the branch AB —AA——
using superposition theorem. 4. 58 s0
[0.875 A] (F.Y. Engg. Pune Univ. May 1988) o o
5. Apply superposition principle to conpute cur- AN i J [
rent in the 2-Q resistor of Fig. 2.120. All resis- =34 we EES 0 402 350 EEIZ o]
tors are in ohms. 1,=54] 1
6. Use Superposition theorem to calculate the volt- _ ik T
age drop across the 3 € resistor of Fig. 2.121. ' B
All resistance values are in chms. [18 V] Fig. 2.119
2
a__pwnb Ao -
, 15A 5
CD?AA %4 %6 6A (D —rA1 AN
onv 15A 3
Fig. 2.120 Fig. 2.121
7. With the help of Superposition theorem, compute the current [, in the circuit of Fig. 2.122. All
resistances are in ohms, [,=-3A]
10 5 i 20V %
— W3 AL ]
1
s 10 5 12A ) 60A ) 50 2150 20A
o 0 : ! il
/
Fig. 2.122 Fig. 2.123
8. Use Superposition theorem to find current 7, in the cireuit of Fig. 2.123. All resistances are in ohms.
[100 A]
Y. Find the current in the 15 Q resistor of Fig. 2.124 by using Superposiion principle. Numbers repre-
sent resistances in ohms, 128 A
10.

Use Superposition principle to find current in the 10-£2 resistor of Fig. 2.125. All resistances are in
ohms. [TA]
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11. State and explain Superposition theorem. For the circuit of Fig. 2.126.
(a) determine currents /,, /, and /, when switch § is in position b.

(b) using the results of part (a) and the principle of superposition, determine the same currents with
switch § in position a.

[ta) 15 A, 10 A, 25 A (b) 11 A, 16 A, 27 A| (Elect. Technology Vikram Univ. 1978)

30 25 15 I B
A AMNM AN _I_ - >
2
2
10 L 130 V
1 N l2sv 120 V
T30V 215 Tsov - 10 b . 43
1 2
f Y
ol T20V
Fig. 2.124 Fig. 2.125 Fig. 2.126

2.1%" Thevenin Theorem

It provides a mathematical technique for replacing a given network, as viewed from two output
terminals, by a single voltage source with a series resistance. It makes the solution of complicated
networks (particularly, electronic networks) quite quick and easy. The application of this extremely
useful theorem will be explained with the help of the following simple example.

R, R,

O o 0
D B D B
(a) (h) (c)

Fig. 2.127
Suppose, it is required to find current flowing through load resistance R, . as shown in Fig. 2.127
{a). We will proceed as under :

I. Remove R, from the circuit terminals A and B and redraw the circuit as shown in Fig, 2.127
(b). Obviously, the terminals have become open-circuited. !

2. Calculate the open-circuit voltage V, . which appears across terminals A and 8 when they
are open /.e. when R, is removed.

As seen, V= drop across R, = /R, where [ is the circuit current when A and B are open.
S _— .
TR AR+ R +R,+r

It is also called “Thevenin voltage’ V,,.

I V,.=IR,= [ris the internal resistance of battery]

3. Now, imagine the battery to be removed from the circuit, leaving its internal resistance r
behind and redraw the circuit, as shown in Fig, 2.127 (¢). When viewed inwards from
terminals A and B, the circuit consists of two parallel paths : one containing R, and the

Afier the French engineer M.L. Thevenin (1857-1926) who while working in Telegraphic Department

published a swatement of the theorem in 1893
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other containing (R, + r). The equivalent resistance of the network, as viewed from these
terminals is given as

R, (R, + 1)
R, + (R +n)

This resistance is also called, *Thevenin resis- 1
tance R, (though, it is also sometimes writien as R, [
or R,).

Consequently, as viewed from terminals A and
B, the whole network (excluding R,) can be reduced &
to a single source (called Thevenin's source) whose e
e.m.f. equals V_ (or V) and whose internal resis-
tance equals R, (or R,) as shown in Fig, 2.128. Thevenin

4. R, is now connected back across terminals A and B Source - o
from where it was temporarily removed earlier. Cur- B
rent flowing through R, is given by Fig. 2.128

Vin

T Ry, +R

It is clear from above that any network of resistors and voltage sources (and current sources as
well) when viewed from any points A and B in the network, can be replaced by a single voltage
source and a single resistance® in series with the voltage source.

After this replacement of the network by a single voltage source with a series resistance has
been accomplished, it is easy to find current in any load resistance joined across terminals A and B.
This theorem is valid even for those linear networks which have a nonlinear load.

Hence, Thevenin's theorem, as applied to d.c. circuits, may be stated as under :

The current flowing through a load resistance R, connected across any two terminals A and B
of a linear, active bilateral network is given by V, || (R, + R;) where V__is the open-circuit voltage
(i.e. voltage across the two terminals when R, is removed) and R, is the internal resisiance of thé
network as viewed back into the open-circuited network from terminals A and B with all voltage
sources replaced by their internal resistance (if any) and current sources by infinite resistance.

R =R I(R +1r)=

(o]0

1

2.19. How to Thevenize a Given Circuit ?

1. Temporarily remove the resistance (called load resistance R,) whose current is required.

2. Find the open-circuit voltage V__ which appears across the two terminals from where

resistance has been removed. It is also called Thevenin voltage V.

3. Compute the resistance of the whose network as looked into from thése two terminals after
all voltage sources have been removed leaving behind their internal resistances (if any) and
current sources have been replaced by open-circuit i.e. infinite resistance. It is also called
Thevenin resistance B, or T,

4. Replace the entire network by u single Thevenin source, whose voltage is V,, or V,__and
whose internal resistance is R, or K.

5. Connect R, back to its terminals from where il was previously removed.

6. Finally, calculate the current flowing through R, by using the equation,

I = V/R,+R) or I=V /(R +R))
Example 2.59. Converi the circuit shown in Fig. 2.129 (a), to a single voltage source in series
with a single resistor. (AMIE Sec. B, Network Analysis Summer 1992)

#

Or impedance in the case of a.c. circuils.
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Solution. Obviously, we have to
find equivalent Thevenin circuit. For
this purpose, we have to calculate (i)
V,or V,gand (if) R, or R,

With terminals A and B open, the
two voltage sources are connected in
subtractive series because they oppose
each other. Net voltage around the
circuit is (15 — 10) = 5 V and total
resistance is (8 + 4) = 12 . Hence
circuit current is = 5/12 A. Drop across Fig. 2.129
4 Q resistor =4 x 5/12 = 5/3 V with the
polanty as shown in Fig. 2.129 (a).

Vg = Vyu=+10+5/3=3513V.
lncudemly. we could also find V,, while going along the parallel route BFEA.

Drop across 8 2 resistor = 8 X 5/12 = 10/3 V. V,,;, equal the algebraic sum of voltages met on the
way from B to A. Hence, V,p = (- 10/3) + 15=35/3 V.

As shown in Fig. 2.129 (b). the single voltage source has a voltage of 35/3 V.
For findign R, we will replace the two voltage sources by short-circuits. In that case, R, = R,
=4118=8/3 Q.
Example 2.60. State Thevenin's theorem and give a proof. Apply this theorem to calculate the
current through the 4 S resistor of the circuit of Fig. 2.130 (a).
(A.MLLE. Sec. B Network Analysis W. 1989)

Solution. As‘shown in Fig. 2.130 (b), 4 Q resistance has been removed thereby open-circuiting
the terminals A and B. We will now find V,; and R,, which will give us V,, and R, respectively.
The potential drop across 5 € resistor can be found with the help of voltage-divider rule. Its value is
=15x5/(5+10)=5V.

O
Ok

8/3

3513V

=~Te]
=O

(b)

10 4 10 Y B 10 A B
o a

+] ot +

15v 35 WC) sV S35V 6"(5 5

{ )
N+

(a) (b) (c)
Fig. 2.130
For finding V.. we will go from ponit B to point A in the clock-

wise direction and find the algebraic sum of the voltages met on the
way.

O

10/3

) Vig = —6+5==1V. 4;
ll means that point A is negative with respect to point E, or point = >
B is at a higher potential than point A by one volt, LV
In Fig. 2.130 (¢), the two voltage source have been short-
circuited. The resistance of the network as viewed from points A
and B is the same as viewed from points A and C. Fig. 2.131

=e
Qm
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= R,=5110=103Q

Thevenin's equivalent source is shown in Fig. 2.131 in which 4 Q resistor has been joined back
across terminals A and B. Polarity of the voltage source is worth noting.

1 3
= ——  =—=—=0.136 A to A
I o +ad- 2 0.13 From E to

Example 2.61. With reference to the network of Fig. 2.132 (a), by applying Thevenin's theorem
find the following :

(i) the eguivalent e.m.f. of the network when viewed from terminals A and B.

(ii) the equivalent resistance of the network when looked into from terminals A and B.

(iii) current in the load resistance R, of 15 €. (Basic Circuit Analysis, Nagpur Univ. 1993)
Solution. (i) Current in the network before load resistance is connected [Fig. 2.132 (a)]
=24/(12+3+1)=15A

voltage across terminals AB=V, =V, =12Xx1.5=18V

Hence, so far as terminals A and B are concerned. the network has an e.m.f. of 18 volt (and not
24 V).

(if) There are two parallel paths between points A and B. Imagine that battery of 24 V is
removed but not its internal resistance. Then, resistance of the circuit as looked into from point A
and B is [Fig. 2.132 (¢)]

R, = R,=12x4/(12+4)=3Q

(i) When load resistance of 15 € is connected across the terminals, the network is reduced to

the structure shown in Fig. 2.132 (d).

3 3 3
A - S AWA _ﬁg > L
!
3
Log waly bz we] &
r=1Q et 3
]"SV
O :‘_) 2 J
B B o o
(@ {b) ) »
Fig. 2.132 .
I = r!a'!(Rm + RL} =18/(15+3)=1A

Example 2.62. Using Thevenin theorem, calculate the current flowing through the 4 £ resis-
tor of Fig. 2.133 (a).

Solution. (f) Finding V,,

If we remove the 4-Q resistor, the circuit becomes as shown in Fig. 2.133 (b). Since full 10 A
current passes through 2 € resistor, drop across itis 10x 2 =20 V. Hence, V; =20V. Hence, Vy =
20 V with respect to the common ground. The two resistors of 3  and 6 £ are connected in series
across the 12 V battery. Hence, drop across 6 £ resistor = 12 x 6/(3 +6) =8 V.

V, = 8V with respect to the common ground*

V, = Vg=Vz—V,=20-8 =12 V—with B at a higher potential

Also. V. = 12 — drop across 3-Q resistor =12 - 12 x3/(6 +3)=12-4=8V
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3 A 3 h 3 Ry 3 Ry;
IMM Wy A A
10A 10A
2 (-]
lev 3 2 CDT 2v 362 0% o ¢

4 =
fa) th) fcl (di

(]

Fig. 2.133
(i) Finding R,
Now, we will find R, i.e. equivalent resistnace of the network as looked back into the open-
circuited terminals A and B. For this purpose, we will replace
both the voltage and current sources. Since voltage source A
has no internal resistance. it would be replaced by a short circuit
L.e. zerotesistance. However, current source would be removed

and replaced by an ‘open’ le. infinite resistance (Art. 1.18). g . 4
In that case. the circuit becomes as shown in Fig. 2.133 (¢). 3% i\

As seen from Fig. 2.133 (d), F, =6 Il 3 + 2 =4 Q. Hence, ]

Thevenin's equivalent circuit consists of a voltage source of

12 V and a series resistance of 4 ) as shown in Fig. 2.134 (a). @ B ) B
When 4 € resistor is connected across terminals A and B, as Fig. 2.134

shown in Fig. 2,134 (b).
I=12/(4+4)=15A—from B to A
Example 2.63. For the circuit shown in Fig. 2,135 (a), calculate the current in the 10 ohm
resistance. Use Thevenin's theorem only. (Elect. Science-1 Allahabad Univ. 1992)
Solution. When the 10 € resistance is removed, the circuit becomes as shown in Fig. 2.135 (b).

8 8

-dﬁW——jgt—ﬁ D Eqk—ﬁ AW 4
s 25 22

'JG:\
AMA
4+

3] 10E

2OVI T20'V

0
B

|
Q
B

WO

C
(a) (b) (c)
Fig. 2.135

Now, we will find the open-circuit voltage V,, = V,,. For
this purpose, we will go from point B to point A and find the
algebraic sum of the voltages met on the way. It should be noted
that with termnals A and B open, there is no voltage drop on the 8
Q resistance. However the two resistances of 5  and 2 Q are
connected in series across the 20-V battery. As per voltage-di-
vider rule, drop on 2 Q resistance = 20 X 2/(2 + 5) = 5.71 V with
the polarity as shown in figure. As per the sign convention of
Art.

Fig. 2.136 (a)
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Vig=V,=+571-12=-629V

The negative sign shows that point A is negative with respect to point B or which is the same
thing, point B is positive with respect to point A.

For finding R,; = R, we replace the batteries by short-circuits as shown in Fig. 2.128 (c).

Ry = R,=8+2115=943Q

Hence. the equivalent Thevenin’s source with respect to terminals A and B is an shown in Fig.
2.136. When 10 €2 resistance is reconnected across A and B, current through it is I = 6.24/9.43 + 10)
=032 A,

Example 2.64. Using Thevenin's theorem, calculate the p.d. across terminals A and B in Fig
2,137 (a).

Solution. (/) Finding V

First step is to remove 7 € resistor thereby open-circuiting terminals A and B as shown in Fig.
2.137 (b). Obviously. there is no current through the 1 € resistor and hence no drop across it.
Therefore V,, = V__=V,. As seen, current / flows due to the combined action of the two batteries.
Net voltage in the CDFE circuit = 18 — 6= 12 V. Total resistance =6 + 3 =9 Q. Hence, /= 12/9 =
43 A

Vep = 6V +drop across 3 Q resistor = 6 + (4/3) x3 = 10 V*
V, = V,=10V.

(ii} Finding R or R,

As shown in Fig. 2.137 (¢), the two batteries have been replaced by short-circuits (SC) since
their internal resistances are zero. As seen,R;=R, =1+ 3116 =3 Q. The Thevenin's equivalent
circuit is as shown in Fig. 2.137 (d) where the 7 £ resistance has been reconnected across terminals
A and B. The p.d. across this resistor can be found with the help of Voltage Divider Rule (Art. 1.15).

6 1

AMA AN o A A
Jsc ¥:

Fs.c. <=R, : 0
= th
33 1%
oB
fc) (d)
Fig. 2.137
Example 2.65. Use Thevenin's theorem to find the current in a resisiance load connected

berween the rerminals A and B of the network shown in Fig. 2.138 (a) if the load is (a) 2 £ () ] €.
(Elect. Technology, Gwalior Univ. 1987)
Solution. For finding open-circuit voltage V_or V,, across terminals A and B, we must first

find current /, flowing through branch CD. Using Maxwell’s loop current method (Art. 2.11), we
have from Fig. 2.131 (a).

-21,-4(,-1,)+8 =0 or 31,-2L,=4
Also -25L-25L,-4-4((,-1) =0 or [I,-25L=1
From these two equations, we get I, =0.25 A
As we go from point D to C, voltage rise =4 +2x0.25=45V

Hence, Vi, =450r V,, =V, =4.5 V. Also, it may be noted that point A is positive with respect
to point B.

| B=dmip actoss 6 L1 resiston IS - (dNixh=10Y
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fa) (b) fe) (d)
Fig. 2.138

In Fig. 2.138 (b), both batteries have been removed. By applying laws of series and parallel
combination of resistances, we get R, = R, = 5/4 Q = 1.25 Q.

(i) WhenR; =2Q: I 45/(2+1.25 =138 A
(if) WhenR, =1Q; I =45(1+1.25)=20A

Note. We could also find V,_and R, by first Thevenining part of the circuit across terminals E and F and
then across A and B (Ex. 2.62). ;

Example 2.66. The four arms of a Wheatstone bridee have the following resistances .

AB = 100. BC = 10, CD = 4, DA = 50 Q. A galvanometer of 20 L resistunce ix connected
across BD. Use Thevenin's theorem to compute the current through the galvanometer when a p.d.
of 10V is maintained across AC. (Elect. Technology, Vikram Univ. of Ujjain 1988)

Solution. (i) When galvanometer is removed from Fig. 2.139 (a), we get the circuit of Fig.
2.139 (b).

(if) Let us next find the open-circuit voltage V,__ (also called Thevenin voltage V,,) between
points B and D. Remembering that ABC (as well as ADC) is a potential divider on which a voltage
drop of 10 V takes place, we get

Potential of Bw.rt. C = 10x 10/110 = 10/11 =0.909 V
Potential of D wrt. C = 10x4/54 =20/27=0.741 V
p.d. between Band Dis V, or V,, = 0.909 - 0.741 = 0.168 V

(iif) Now, remove the 10-V battery retaining its internal resistance which, in this case, happens
to be zero. Hence, it amounts to short-circuiting points A and C as shown in Fig. 2.139 (d).

B
100 10
A " 5y
50 4
D
E
(c) (d)

Fig, 2.139
(iv) Next, let us find the resistance of the whole network as viewed from ponts B and D. It may
be easily found by noting that electrically- speaking, points A and C have become one as shown in

Fig. 2.140 (a). It is also seen that BA is in parallel with BC and AD is in parallel with CD. Hence,
Rpp=1011100+50114=12.79 Q.
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B °B °B ———o3 S
5 100 |/
- -
100 10 1 21279 21279
AXC = 4atc = 221 i
202
+ +
50 4
- g)o.lssv g)o.lesv
< 27
D Y] 35} Y + e 4D
(a) (b) fe) (d)

Fig. 2.140

(v) Now, so far as points B and D are connected, the network has a voltage source of 0.168 V
and internal resistance R, = 12.79 . This Thevenin’s source is shown in Fig, 2.140 (c).
(vi) Finally, let us connect the galvanometer (initially removed) to this Thevenin source and
calculate the current / flowing through it. As seen from Fig. 2.140 (d).
= 0.168/(12.79 + 20) = 0.005 A = 5 mA
Example 2.67. Determine the current in the 1 Q resistor across AB of network shown in Fig.
2,141 (a) using Thevenin's theorem. {Network Analysis, Nagpur Univ. 1993)

Solution. The given circuit can be redrawn, as shown in Fig. 2.141 (b) with the 1 € resistor
removed from terminals A and B. The current source has been converted into its equivalent voltage
source as shown in Fig. 2.141 (¢). For finding V,,» we will find the currents x and y in Fig. 2.141 (c).
Applying KVL to the first loop, we get )

3-(3+2)x—=1 =0 or x=04A
Vi = Vig =3-3x04=18V

The value of R, can be found from Fig. 2.141 (c) by replacing the two voltage sources by short-

circuits. In thiscase R, =2113=12Q.

=
LFY)
o
U
2]
)
A F8
<
=z
o
AAAA

O

=2\
N

fa) (b) fc)
Fig. 2.141
Thevenin’s equivalent circuit is shown in Fig. 2.141 (d). The current through the reconnected
1 Q resistor 1is = 1.8/(12.1 + 1) = 0.82 A.
Example 2.68. Find the current flowing through the 4 resistor in Fig. 2.142 {a) when (i) E = 2
Viand (ii) E = 12 V. All resistances are in series.
Solution. When the remove E and 4 £ resistor, the circuit becomes as shown in Fig. 2.142 (b).
For finding R, i.e. the circuit resistance as viewed from terminals A and B, the battery has been
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short-circuited, as shown. It is seen from Fig. 2.142 (c) that R, = Ryg=15130+18119=16 Q.

18
A l'l'l A'l'l'l
i B
—0 00—
AAA Rin AAA
30 9
fc)
Fig. 2.142
We will find V,, = V,, with the help I 4
of Fig. 2.143 (a) which represents the
original circuit, except with £ and 4 Q re- s
sistor removed. Here, the two circuits are 18 16 +
connected in parallel across the 36 V bat- - 6+ ¥ —dag
tery. The potential of point A equals the 36V m
drop on 30 Q resistance, whereas poten- 30 9 12V 6V
tial of point B equals the drop across 9 Q B
resistance. Using the voltage, divider rule,
fa) (b)
we have
V, = 36x30/45=24V Fig. 2.143

Ve = 36 x9/27=12V
Vig=V,—Vp=24-12=12V
In Fig. 2.143 (b), the series combination of E and 4 € resistors has been reconnected across
terminals A and B of the Thevenin's equivalent circuit.

(i) 1 = (12-E)20=(12-220=05A(iN1=(12-12)20=0
Example 2.69. Culculate the value of V,, and R, between terminals A and B of the circuit
shown in Fig. 2.144 (a). All resistance values are in ohms.

Solution. Forgetting about the teminal B for the time being, there are two parallel paths
between E and F : one consisting of 12 € and the other of (4 + 8) = 12 Q. Hence, Ry =121112=6
€. The source voltage of 48 V drops across two 6 € resistances connected in series. Hence, V,, =
24 V. The same 24 V acts across 12 € resistor connected directly between E and F and across two
series — connected resistance of 4 Q and 6 Q connected across E and F. Drop across 4 £ resistor =

24 x 4/(4 + 8) = 8 V as shown in Fig. 2.144 (¢).

> oA s oA
n 6 6
4
<>48 v B 48V $E 48 v(
12 8 - 6
& T oC + oC
F F
(a) (h)

a,

Fig. 2.144
Now, as we go from B to A via point £, there is a rise in voltage of 8 V followed by another rise
in voltage of 24 V thereby giving a total voltage drop of 32 V. Hence V,, = 32 V with point A
positive,
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For finding R,,, we short-circuit the 48 E 4 B E 4 8
V source. This short circuiting, in effect, com- T
bines the points A, D and F electrically as
shown in Fig. 2.145 (a). As seen from Fig.
2,145 (b), S¢ 312 38 4
R,=V, =8I (4+4)=4Q. [
Example 2.70. Determine Thevenin's
equivalent circuit which may be used 1o L O o) -0
represent the given network (Fig. 2.146) ar AD F (a) C ADF () c
the terminals AB. Fig. 2.145
(Electrical Eng.; Calcutta Univ. 1987) S

Solution. The given circuit of Fig. 2.146 (a) would be solved by applying Thevenin’s theorem
twice, first to the circuit to the left of point C and D and then to the left of points A and B. Using this
technique, the network to the left of CD [Fig. 2.146 (a)] can be replaced by a source of voltage V,
and series resistance R;; as shown in Fig. 2.146 (b).

L. e | 4 ¢ | A A
—MWWN——-o0—WAN————0

AAAM
v

—
ER,-221
T2v 63
T 1=5.68V
1 1
—MA——0—WA- 0 A 0 E———
D B B D B
(@) Fig. 2.146 ©
12x6 6x2
e e =],
v, G+12]) 9 volis and R, ©+2 5Q
Similarly, the circuit of Fig. 2.146 (b) reduced to that shown in Fig. 2.146 (c)
O9x6 i _6x35 _
Vl = 6+ 2+15) = 5.68 volts and sz —T— 2.21Q

Example 2.71. Use Thevenin's theorem, to find the value of load resistance R, in the circuit of
Fig. 2.147 (a) which results in the production of maximum power in R,. Also, find the value of this
maximum power, All resistances are in ohms.

Solution. We will remove the voltage and current sources as well as R, from terminals A and B
in order to find R, as shown in Fig. 2.147 (b).

R, = 4+613=6Q '
A
0.C
3 4 A 3 T 4 T A
——AN— o—AWWW\. AV o
T24 §6 'RL% 8.L. §6 <Ry,
G g
{a) (k)

Fig. 2.147
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In Fig. 2.147 (a), the current source has been converted into the equivalent voltage source for
convenience. Since there is no current 4 € resistance (and hence no voltage drop across it), V,,
equals the algebraic sum of battery voltage and drop across 6 € resistor. As we go along the path
BDCA, we gel,

= 24x6/6+3)-12=4V

The load resistance has been reconnected to the Thevenin's equivalent circuit as shown in

Fig. 2.148 (b). For maximum power transfer, R, = R, = 6 Q.

=

Now, V, =

Example 2.72. Use Thevenin's
theorem to find the current flowing
through the 6 £ resistor of the nerwork
shown in Fig. 2.149 (a). All resistances
are in phms.

(Network Theory, Nagpur Univ.
1992)

Solution. When 6  resistor is
removed [Fig. 2.149 (b)], whole of 2 A
i current flows along DC producing a
Fig. 2.148 drop of (2 x 2) = 4 V with the polarity
as shown. As we go along BDCA, the
total voltage is

‘.I4.IA f A
vy 0
4 SC
AAANM C ; - A 2
6%
: >
32 R rv
D B D B D °B - I;'
(a) ] (c) (d)
Fig. 2.149
=-4+12=8V —with A positive w.r.t, B,
Hence, vV, =V,=8YV

For finding R, or R, 18 V voltage source is replaced by a short-circuit (Art- 2.15) and the
current source by an open-circuit, as shown in Fig. 2.149 (¢). The two 4 € resistors are in series and
are thus equivalent 1o an 8 Q resistance. However, this 8 Q resistor is in parallel with a short of 0 Q.
Hence, their equivalent value is 0 Q. Now this 0 € resistance is in series with the 2 Q resistor.
Hence, R, =2 + 0 =2 Q. The Thevenin's equivalent circuit is shown in Fig. 2.149 (d).

I = 8/(2+6)=1Amp —from A to B

Emmple 2.73. Find Thevenin's eguivalent circuit for the network shown in Fig. 2.150 (a)
for the terminal pair AB.

Solution. [t should be carefully noted that after coming to point D. the 6 A current has only one
path to reach its other end C i.e., through 4 € resistor thereby creating and IR drop of 6 x4 =24 V

with polarity as shown in Fig. 2.150 (b). No part of it can go along DE or DF because it would not
find any path back to point C. Similarly, current due to 18-V battery is restricted to loop EDFE.
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Drop across 6 € resistor = 18 x 6/(6 + 3) = 12 V. For finding V,, let us start from A and go to B via
the shortest route ADFB. As seen from Fig. 2.150 (b), there is a rise of 24 V from A to D but a fall

of 12 V.
6A @6 A (0.0)
—0
E 3 p 4 4 £ 3 b 4 c A 3 4 A
—AWA AW o AW AW o —AMWW
C +24V -
A ol +
— 18V §6 =8V 12v§6 6
2 2 2
F "VW\-——OB 5 MR ?} AWV )
fa) (b) (c)
Fig. 2.150
from D to F. Hence. V,, =24 — 12 = 12 V with point A negative w.r.t. - A

point B*, Hence, V, = V,, =— 12V (or Vg, = 12 V),

For finding R, 18 V battery has been replaced by a short-circuit and 6 A 8
current source by an open-circuit, as shown in Fig, 2.150 (¢).

As seen, R, =4+613+2 12V

=4+2+2=8Q
Hence, Thevenin's equivalent circuit for terminals A and B is as shown B

in Fig. 2.151. It should be noted that if a load resistor is connected across AB, Fig. 2.151
current through it will flow from 8 10 A, 1. =19

Example 2.74. The circuit shown in Fig, 2.152 (a) contains two veltage sources and o
curreni sources. Caleulate (a) V,,, and (b) R, between the open terminals A and B of the circuit. All
resistance values are in ohms.

Solution. It shold be understood that since terminals A and B are open, 2 A current can flow
only through 4- and 10 € resistors, thus producing a drop of 20 V across the 10 € resistor, as
shown in Fig, 2.152 (b). Similarly, 3 A current can flow through its own closed circuit between A
and C thereby producing a drop of 24 V across 8  resistor as shown in Fig. 2.152 (b). Also, there
is no drop across 2 £ resistor because no current flows through it.

v 10V
- —od & ‘—aod
8 8
“AU"‘Y A"""‘V
4 5 -24v*
:.‘;l(}
o 5 20V 0V
wn—= % o8 = ) oB
D ot ; \_/
fal (b}
Fig. 2.152
Starting from point 8 and going to point A via points D and C, we get
V, ==20+20+24=24V —with point A positive.

* Incidentally, had 6 A currem been flowing in the opposite direction, polarity of 24 V drop would have
been reversed so that V,, would have equalled (24 + 12) = 36 V with A positive w.r.t. point 8
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__0C sC For finding R,,. we will short-circuit the voltage sources and
open-circuit the current sources, as shown in Fig. 2.153. As
seen, R, =R, =8+10+2=200Q.

Example 2.75. Calculate V,;, and R, berween the open fer-
minals A and B of the circuit shown in Fig. 2.154 (a). All resis-

tance values are in ohms.

Solution. We will convert the 48 V voltage source with its
series resistance of 12 Q into a current source of 4 A, with a
parallel resistance of 12 Q, as shown in Fig. 2.154 (b).

oA C oA
4A 9 - 4A J
12 §|2 G 24v§6 Q
), vze (D
8A 8A
oB oB 4f - oB
(a) (h) D fc)

Fig. 2.154

In Fig. 2.154 (¢), the two parallel resistance of 12 € each have been combined into a single
resistance of 6 Q. It is obvious that 4 A current flows through the 6 Q resistor. thereby producing a
drop of 6 x4 =24 V. Hence, V,, =V, =24 V with terminal A negative. In other words V,, =—24 V.

If we open-circuit the 8 A source and short-circuit the 48-V source in Fig. 2.154 (a). R, = R 5 =
121112 =69.

Example 2.76. Calculate the value of V,, of R, between the open terminals A and B of the
circuit shown in Fig. 2,155 (a). All resistance values are in ohms.

Solution. It is seen from Fig. 2.155 (a) that positive end of the 24 V source has been shown
conneced to point A. It is understood that the negative terminal is connected to the ground terminal G.
Just to make this point clear, the given circuit has been redrawn in Fig. 2.155 (b) as well as in
Fig. 2.155 (c).

Let us start from the positive terminal of the battery and go to its negative terminal G via point
C. We find that between poits C and G, there are two parallel paths : one of 6 Q resistance and the

424V
A
> O
=3
A%
£ 4 % -
= B
AN —0
(a) (b} fc)

Fig. 2.155

other of (2 + 4) = 6 Q resistance. giving a combined resistance of 6 [1 6 =3 Q. Hence, total resistance
between positive and negative terminals of the battery =3 + 3 = 6 Q. Hence, battery current = 24/6
=4 A. As shown in Fig. 2.155 (c). this current divides equally at point C. Let us go from B 1o A via
points D and G and total up the potential difference between the two, V,, =V, =—8V+24 V=16V
with point A positive.
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For finding R, let us replace the voltage source by a short-circuit, as shown in Fig. 2.156 (a). In
connects one end each of 6 2 resistor and 4 £ resistor directly to point A, as shown in Fig. 2.156 (b).
The resistance of branch DCG=2+6113=4 Q. Hence R, =R,z =4114=2Q.

< 5
s %
C %4
2 B
AN ) )
(b)

Fig. 2.156

Example 2.77. Calculate the power which would be dissipated in the 8-£) resistor connected
across terminals A and B of Fig. 2,157 (a). All resistance values are in ohms

Solution. The open-circuit voltage V,_ (also called Thevenin's voltage V,,) is that which ap-
pears across terminals A and B. This equals the voltage drop across 10 Q resistor between points C
and D. Let us find this voltage. With AB on open-circuit, 120-V battery voltage acts on the two
parallel paths EF and ECDF. Hence, current through 10 € resistor is

I = 120/20+10+20)=24 A
Drop across 10-L resistor, V,, = 10x24=24V
Now, let us find Thevenin’s resistance R, i.e. equivalent resistance of the given circuit when

looked into from terminals A and B. For this purpose, 120 V battery is removed. The results in
shorting the 40-Q2 resistance since internal resistance of the battery is zero as shown in Fig. 2.157 (b).

16 + 10 x (20 + 20)
Rior R, = 10 + (20 + 20)

]

+16=40Q

E R ¢ M6 4 rTTTTRI A0 o 6 g 4 I 4
WA —i o o
g | !
g | 40
o = | Ry, 40
= 2 195403 103 <=g 8
°§ { I 24V,
5 : '[i«;,, 24V
| AN M——0 o
F 20 D16 B I____Fi2n D s B B B
(a) (b) (c) {d)
Fig. 2.157

Thevenin’s equivalent circuit is shown in Fig. 2.157 (¢). As shown in Fig. 2.157 (d), current
through 8-£2 resistor is

2L
7= 24!(40+8)=%A P::%:(é) s =

Example 2.78. With the help of Thevenin's theorem, calculate flowing through the 3-8 resis-
tar in the network of Fie, 2.158 (a).  All resistances are in olms.

Solution. The current source has been converted into an equivalent voltage source in Fig. 158 (b).
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(i) Finding V_. As seen from Fig. 2.158 (c), V,. = Vp. Inclosed circuit COFEC, net voltage
=24 — 8 =16 V and total resistance = 8 + 4 + 4 = 16 £2. Hence, current = 16/16 = 1 A.

; A‘_h?l'k C 6 A C 6 A
i | |+ ]
=24V =24V =24V Fsv
2A 3 ) 4 Vo
4 4 4
24 4 4
D B D ﬂ F D ?;
(a) (c)
Fig. 2.158
Drop over the 4-Q resistor in branch CD = 4 ;
x 1 =4 V with a polarity which is in series addi- £ yC Ao 4
tion with 8-V battery.
= = = = 9
P.!T:nce‘. ‘f“" = V.=V _.3 +4=12V iz iz R, 3
(if) Finding R, or R,,. In Fig. 2.159 (a), the 9 5
two batteries have been replaced by short-circuits 12v
because they do not have any internal resistance. ; 5 oB 5
Asseen, R, = 6+41(8+4)=9Q. (@ ib)
The Thevenin’s equivalent circuit is as shown . 5
in Fig. 2.159 (b). Fig- 2159

I = 12/9+3)=1A

Example 2.79. Using Thevenin and Superposition theorems find complete solution for the
network shown in Fig. 2.160 (a).

Solution. First, we will find R, across open terminals A and B and then find V,, due to the
voltage sources only and then due to current source only and then using Superposition theo-
rem, combine the two voltages to get the single V. After that, we will find the Thevenin
equivalent.

In Fig. 2.160 (b), the terminals A and E have been open-circuited by removing the 10 V
source and the 1 € resistance. Similarly, 24 V source has been replaced by'a short and current

source has been replaced by an infinite resistance i.e. by open-circuit. As seen, R, =R, 4114
=20Q.

0 A £ A
4
R , et
th + 4 ll'h—! =12V
24V
oB D B

(c)
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c 3A 2A
1A
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” 3A
. 2A
§4 C* + 2A
24 V ?4
D D
(d) (e (f

Fig. 2.160

We will now find V,, | across AB due to 24 V source only by open-circuiting the current source.
Using the voltage-divider rule in Fig. 2160 (c), we get V,, =V, =V, ,=242=12V.

Taking only the current source and short-circuiting the 24 V source in Fig. 2160 (d). we find
that there is equal division of current at point C between the two 4 Q parallel resistors. Therefore,
=V,,=1x4=4V.

Using Superposition theorem, V,, =V, _, +V, , =12+ 4 =16-V. Hence. the Thevenin’s
equivalent consists of a 16 V source in series with a 2 £ resistance as shown in Fig. 2.160 (e) where
the branch removed earlier has been connected back across the terminals A and B. The net voltage
around the circuitis= 16 — 10 =6 V and 1otal resistance is =2 + | =3 £2. Hence. current in the circuit
is=6/3=2A, Also,V, =V, =16-(2x2)=12V, Alternatively, V,pequals (2x 1)+ 10=12 V.

Since we know that V , = V., = 12 V. we can find other voltage drops and various circuit
currents as shown in Fig. 2.160 (f). Current delivered by the 24-V source to the node Cis (24 = V,)/
4 =(24-12)/4 =3 A. Since current flowing through branch AB is 2 A, the balance of 1 A flows
along CE. As seen, current flowing through the 4 € resistor connected across the current source is
=(l+2)=3 A,

Example 2.80. Use Superposition Theorem to find 1 in the circuit of Fig. 2.161.

B [Nagpur Univ. Summer 2001 |
1 Solution. At a time, one source acts and the other is
6 Q de-activated, for applying Superposition theorem. If 7,

g P2
‘h‘r—l — t,—h‘!

200 50 represents the current in S-ohm resistor due to 20-V
N A ¢ source, and /, due to 30-V source,
20 V- 100 Q - =154+
-1' 0 “TBD v Due to 20-V source, current into node B
= 20/(20 + 5/6) = 0.88 amp
Fig. 2.161. Given Circuit Out of this, /, = 0.88 x 6/11 = 0.48 amp

Due to 30-V source, current into node B
= 30/(6 + 5/20) = 3 amp
Out of this, 1, = 3x20/25 =24 amp
Hence, I = 2.88 amp
Alternatively, Thevenin’s theorem can be applied at nodes BD after removing 5-ohms resistor
from its position. Following the procedure to evaluate V., and R,
Thevenin-voltage, Vi = 27.7 Volts
and Ry, = 4.62 Ohms

Current I = 27.7/(4.62 + 5) = 2.88 amp

1}
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2.20. General Instructions for Finding Thevenin Equivalent Circuit

So far, we have considered circuits which consisted of resistors and independent current or
voltage sources only. However, we often come across circuits which contain both independent and
dependent sources or circuits which contain only dependent sources. Procedure for finding the
value of V,, and R, in such cases is detalied below :

(@) When Circuit Contains Both Dependent and Independent Sources
(i) The open-circuit voltage V. is determined as usual with the sources activated or “alive’.

(tf) A short-circuit is applied across the terminals ¢ and b and the value of short-circuit
current i, is found as usual.

(iti) Thevenin resistance R, = v, /i,. It is the same procedure as adopted for Norton's
theorem. Solved examples 2.81 to 2.85 illustrate this procedure.
(b) When Circuit Contains Dependent Sources Only
(i) In this case, v, =0

(if) We connect 1 A source to the terminals a and b and calculate the value of v,

(tii) R, =V,/1Q
The above procedure is illustrated by solved Examples.
Example 2.81. Find Thevenin equivalent circuit for the network shown in Fig. 2.162 (a) which

contains a current controlled voltage source (CCVS).

fa) (h) fc
Fig. 2.162

Solution. For finding V,_available across open-circuit terminals a and b, we will apply KVL to

the closed loop.
12-4i42i-4i =0 . i=2A

Hence, V, = drop across 4 Q resistor =4 X2 =8 V. It is so because there is no current through
the 2 € resistor, .

For finging R,,, we will put a short-circuit across terminals a and b and calculate I, as shown in
Fig. 2,162 (b). Using the two mesh currents, we have

12-44,+2i-4(i,—i))=0and -8 {,—4 (i, —i,) = 0. Substituting i = (i, — i) and Simplifying
the above equations, we have

12—4i +2(i,—i) =4 (i,—iy)=0 or 3i-i,=6 i)

Similarly. from the second equation, we get i, = 3 i,. Hence.i,=3/4 and R, =V, /I, = 8/(3/4)
=32/3 £). The Thevenin equivalent circuit is as shown in Fig. 2.162 (c).

Example 2.82. Find the Thevenin equivalent circuit which respect to terminals a and b of the
network shown in Fie. 2.163 (a).

Solution. It will be seen that with terminals a and b open, current through the 8 € resistor is
v,/4 and potential of point A is the same of that of point a (because there is no current through 4 Q
resistor). Applying KVL to the closed loop of Fig. 2.163 (a), we get

6+@xvy/)-v, =0 or v,=12V
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8 A 4 8 4
—ANMA AN oa —M———MQ a
+ s 0.5
Vab
Qv P2 Qsv
= = 12V
ob ob b
(a) h) « fc)

Fig. 2.163
It is also the value of the open-circuit voltage v__.
For finding short-circuit current i ,, we short-circuit the terminals a and b as shown in Fig. 2,163

(h). Since with @ and b short-circuited, v, = 0, the dependent current source also becomes zero.
Hence, it is replaced by an open-circuit as shown. Going around the closed loop, we get

12—i,8+4) =0 or i,=6/12=05A
Hence. the Thevenin equivalent is as shown in Fig. 2.163 (c).
Example 2.83. Find the Thevenin equivalent circuit for the network shown in Fig. 2.164 (a)
which containy only a dependent source,
Solution. Since circuit contains no indepenedent source, i = 0 when terminals a and b are open.
Hence, v, = 0. Moreover, i is zero since v, = 0.

Consequently, R, cannot be found from the relation R, = v, /i ,. Hence, as per Art. 2.20, we
will connect a | A current source to terminals a and b as shown in Fig. 2.164 (b). Then by finding the
value of v ,. we will be able to calculate R, = v /1.

obh
“ fa) h) fc)

Fig. 2.164

It should be noted that potential of point A is the same as that of point a Le. voltages across 12 Q
resistor is v ,. Applying KCL to point A, we get

2i— Vai Vab .
'——6—'"'-—T2‘+l =0 or 4i-3v,=—12

Since i =v,/12, we have 4 (v, /12) -3 v, =~ 120rv, =45V ~ R, =v,/1 =45/1 =45 Q.

The Thevenin equivalent circuit is shown in Fig. 2.164 (c).

Example 2.84. Determine the Thevenins equivalent circuit as viewed from the open-circuii
terminals a and b of the network shown in Fig. 2.165 (a). All resistances are in ohms.

Solution. It would be seer: from Fig. 2.165(a) that potential of node A equals the open-circuit
terminal voltage v, Also, i = (v, = v )/(80 +20) = (6 —v_)/100.

Applying KCL to node, A we get

6-V, i Ox(6-v,) V_

100 00 10 - O V=3V
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80 . 20 A 80 20 A a
——VWA—O0—=AM\ ® 04 —AWWA—O0—AMW\ - o — a
i + [ +
- A J
aVCDv, 9f<}> 103 Vac 9i<}>|0§ v.m(D N
= kA%
g ab 4 o b
(a) (). b (c)
Fig. 2.165

For finding the Thevenin's resistance with respect to terminals @ and b, we would first ‘kill" the
independent voltage source as shown in Fig. 2,165 (b). However, the dependent current source
cannot be ‘killed’. Next, we will connect a current source of | A at terminals a and b and find the
value of v, Then, Thevenin’s resistance R,, = v, /1. It will be seen that current flowing away from

node A i.e. from point c to d is = v,,/100. Hence, i = —v,_/100. Applying KCL to node A, we get
Vab Vab Vab
— — — —ab - T ¥
100 9[ 100) lﬂ+| 0o V=3

R, =5/1 =5 Q. Hence, Thevenin's equivalent source is as shown in Fig. 2.165 (¢).

Example 2.85. Find the Thevenin's equivalent circuir with respect o terminals a asnd b of the
network shown in Fig. 2.166 (a). All resistances are in ohms.

Solution. It should be noted that with terminals a and b open, potential of node A equals v,,.
Moreover, v = v ,. Applying KCL to node A, we get

v“g, l Ivab
_5__1.5_4—1_0[[—3- +150)—'V{m:|=0 or Vﬂb=75v

5
g 10V 30 10 i g

—’\M—_O s 4 ’W\r—g ——AW . 2 W—?— a

75/2

QF e G Qf 3 >IN
- v31s Lov3is vﬂ;,C

i - L Ly = ( 75V
: ; ' b

‘1"; fcl

(a) (h)
‘ Fig. 2.166
For finding R, we will connect a current source of iA* across terminals @ and b, It should be
particularly noted that in this case the potential of node A equals (v, — 30 i). Also,v=(v,,—30i) =
potential of node A, Applying KCL to node A, we get from Fig. 2.166 (b).

(Vo — 30_1_}' 5 1 [[_"ﬂ{’-; 30_’_)_ (v, —30 f}] =0

15 10
4v,=150iorv, /i =75/2 Q. Hence, R, =v_/i =75/2 Q. The Thevenin's equivalent
circuit is shown in Fig, 2.166 (c).
2.21. Reciprocity Theorem
It can be stated in the following manner :
In any linear bilateral network, if a source of e.m.f. E in any branch produces a current I in any

*  We could also connect a source of 1 A as done in Ex. 2.83.
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other branch, then the same e.m.f. E acting in the second barnch would produce the same current 1
in the first branch.

In other words, it simply means that E and 7 are mutually transferrable. The ratio E/I is known
as the fransfer resistance (or impedance in a.c. systems). Another way of stating the above is that the
receiving point and the sending point in a network are interchangebale. It also means that inter-
change of an ideal voltage sources and an ideal ammeter in any network will not change the amme-
ter reading. Same is the case with the interchange of an ideal current source and an ideal voltmeter.

Example 2.86. In the netwrok of Fig. 2.167 (a), find (a) ammeter current when battery is ar A
and ammerer at B and (b) when bartery is at B and ammeter at point A. Values of various resitances
are as shown in diagram. Also, calculate the transfer resistance,

Solution. (a) Equivalent resistance between g, i€
points C and B in Fig. 2.167 (a) is |
= 12x4016=3Q P
Total circuit reistance b
=2+3+4=90Q % " i
Battery current = 36/9 =4 A
Ammeteter current
= 4x12/16 =3 A. (a)

(b) Equivalent resistance between points C e Rand

and D in Fig. 2.167 (b) is
12x6/18=4Q
Total circuit resitance = 4+3+1=8Q
Battery current 36/8=45 A

Ammeter current = 4.5 x 12/18 =3 A
Hence, ammeter current in both cases in the same.
Transfer resistance = 36/3 = 12 Q.

Example 2.87. Calculate the currents in the various branches of the network shown in Fig.
2.168 and then utilize the principle of Superpositon and Reciprocity theorem together to find the
vatue of the current in the 1-volt battery circuit when an e.m.f. of 2 votls is added in branch BD
opposing the flow of original current in that branch.

Solution. Let the currents in the various branches be as shown in the figure. Applying Kirchhoff's
second law, we have

Forloop ABDA ; =21, =8I, +6,=0 or [ -3L,+4/,=0 (D)
For loop BCDB, -4 (I, = 1,) + 5 (I, + 1)) + 81, =0 or 4], —5I,— 170,=0 i)
For loop ABCEA, - 21, —4(1, - 1) = 10(I, + ,)) + 1 =0 or 16l + 10/, =4l =1 (i)

Solving for /|, I, and I, we get [, = 0.494 A; 1, =0.0229 A: [, = 0.0049 A

Fig. 2.168 Fig. 2.169
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Current in the | volt battery circuit is /, + 1, =0.0723 A.

The new circuit having 2 - V battery connected in the branch BD is shown in Fig. 2,169, According
to the Principle of Superposition, the new current in the 1- volt battery circuit is due to the superposition
of two currents; one due to 1 - volts battery and the other due to the 2 - volt battery when each acts
independently.

The current in the external circuit due to | - volt battery when 2 - battery is not there, as found
above. is 0.0723 A.

Now, according to Reciprocity theorem: if | - volt battery were tansferred to the branch BD
(where it produced a current of 0.0049 A), then it would produce a current of 0.0049 A in the branch
CEA (where it was before). Hence. a battery of 2 - V would produce a current of (— 2 x 0.0049) = —
0.0098 A (by proportion). The negative sign is used because the 2 - volt battery has been so con-
nected as to oppose the current in branch BD.

v new current in branch CEA = 0.0723 — 0.0098 = 0.0625 A
Tutorial Problems No. 2.5

1. Calculate the current in the 8-W resistor of Fig. 2.170 by using Thevenin's theorem. What will be its

value of connections of 6-V bartery are reversed ? [0.8 A:DA]
2. Use Thevenin's theroem to calculate the p.d. across terminals A and B in Fig. 2.171. [1.5V]
2 A 4 EA 5 A
AN - 1|t
i 12V

8 3 5 103 103 10

6V 6 6V 6V 1.5
5
B B B

Fig. 2.170 Fig. 2.171 Fig. 2.172

3. Compute the current flowing through the load resistance of 10 € connected across terminals A and B
in Fig. 2,172 by using Thevenin's theorem.

4. Find the equivalent Thevenin voltage and equivalent Thevenin resistance respectively as seen from
open-circuited termians A and B to the circuits shown in Fig. 2.173. All resistances are in ohms.

A AN oA ANV oA
4 4
10A 6
>
§ 3 :’: 6 ;3 "
36 \J’ L]
100V -
—of L = B oft

fe1) b fe)

AAAN

24V —wW—-od

Iu*
hl
o
i
AAA
VWV
&
a(:
=
2 aAn
AL
i

2
of 100 V
fel) fe)
B
Fig. 2.173

[{a)BV.68: (b)) 120V, 68 (c) 12V, 60; (d) 12V, 200; (e)—40 V,5Q; (H—-12V,30Q]



128

Electrical Technology

5. Find Thevenin's equivalent of the circuits shown in Fig. 2,174 between terminals A and B.

la) v, =1

Ao

Bo——

Ry = @) Vp =277 Bn=% %
R+ R, R +R, R +R, R +R, R, +R,
)V, =—IR; R, = R, (d) V,, ==V, - IR, R,, = R (¢) Not possible]
oA 04
R, Ry
K A
ofl of
(b)
do—( ) Ao
"
I
% N :CD

v,

Bo Bo
fc) (d) fe)
Fig. 2.174

6. The four arms of a Wheatstone bridge have the following resistances in ohms.

AB =

100, BC = 10, CD =5, DA = 60

A galvanometer of 15 ohm resistance is connected across BD. Calculate the current through the

galvanometer when a ptential difference of 10 V is maintained across AC.

7. Find the Thevenin equivalent circuit for the network shown in Fig. 2.175.

[Elect. Engg. A.M.Ae. S.1.Dec. 1991] |4.88 mA|

[(a) 4 V;8Q(BY6V:3Q () OV; 2/5Q]

3 4
—wwW—< o MN—J,O_ -0 4—\\/\ o
2% i 24 2y
i H ) y
()6\( 23 )I 2v 63 26 2
4 3 , 4
fa) fb) fc)
Fig. 2.175
8. Use Thevenin's theorem to find current in the branch AB of the network shown in Fig. 2.176. [1.84 A]
4 A 3 2 1 3
Wv _M_“ ! }\h!'lv W__W__
| oA
v Ei 22 L 3D e

Fig. 2.176

oB

Fig. 2.177



DC Network Theorems 129

9. In the network shown in Fig. 2.177 find the current that would flow if a 2-C resistor were connected

between points A and B by using.
(a) Thevenin’s theorem and (b) Superposition theorem. The two batteries have negligible resistance.
[0.82 A]

1. State and explain Thevenin's theorem. By applying Thevenin's theorem or otherewise, find the
current through the resistance R and the voltage across it when connected as shown in Fig. 2.178.

[60.49 A, 600.49 V| (Elect. and Mech. Technology, Osmania Unvi. Dec. 1978)
5 4 3 10

30V lo: R=M Tsov

B
Fig. 2.178 Fig. 2.179
I1. State and exaplin Thevenin’s theroem.

For the circuit shown in Fig. 2.179, determine the current through R, when its value is 50 €. Find the
value of R, for which the power drawn from the source is maximum.

(Elect. Technology I, Gwalior Univ. Nov. 1979)
12. Find the Thevenin's equivalent circuit for terminal pair AB for the netwrok shown in Fig, 2.180.
[V,=—16Vand R, = 16 Q|

Fig. 2.180 Fig. 2.181 Fig. 2.182
13. For the circuit shown in Fig. 2.181, determine current through R, when it takeg values of 5 and 10 £2.
[0.588 A, 0,408 A (Network Theorem and Fields, Madras Univ. 1950)
14. Determine Thevenin's equivalent circuit which may be used to represent the network of Fig. 2.182 at

the terminals AB. IV, =48 V.R, = 24 Q|
15, For the circuit shown in Fig, 2,183 find Thevenin's equivalnet circuit for terminal pair AB,
[6V,6%]
4 6
w3 4 MR B
2
. . S 45V
T6V 33 3
'[12 '
AW

=0
=

6
Fig. 2.183 Fig. 2.184
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16. ABCD is a rectangle whose opposite side AB and DC represent resistances of 6 €2 each, while AD and
BC represent 3 £ each. A battery of e.m.f. 4.5 V and negligible resistances is connected between
diagonal points A and C and a 2 - € resistance between B and D. Find the magnitude and direction of
the current in the 2-ohm resistor by using Thevenin's theorem. The positive terminal 1s connected 1o
A. (Fig. 2.184) [0.25 A from D to B] (Basic Electricity Bombay Univ. Oct. 1977)

2.22. Delta/Star® Transformation

In solving networks (having considerable number of branches) by the application of Kirchhoff"s
Laws, one sometimes experiences great difficulty due 1o a large number of simultaneous equations
that have to be solved. However, such complicated network can be simplified by successively
replacing delta meshes by equivalent star system and vice versa.

Suppose we are given three resistance R,,. R,, and Ry, connected in delta fashion between
terminals 1. 2 and 3 as in Fig. 2.185 (a@). So far as the respective terminals are concerned, these three
given resistances can be replaced by the three resistances R|, R, and R, connected in star as shown in
Fig. 2.185 (b).

These two arrangements will be electrically equivalent if the resistance as measured between
any pair of terminals is the same in both the arrangements. Let us find this condition.

R? ] Rl 2
R:A \
3 AN \V
fa) (b)

Fig. 2.185

First. take delta connection : Betweer terminals 1 and 2, there are two parallel patns: one having
a resistance of R, and the other having a resistance of (R, + R;,).

Ry X(Ryy + Ry))

Ry + (Ryy + Ryy)

Now, take star connection : The resistance between the same terminals | and 2 is (R + R,).

As terminal resistances have to be the same

Riz X (Ry3 + Ry))

R, + Ry + Ry

Similarly, for terminals 2 and 3 and terminals 3 and 1. we get
Ry X (Ry, + R,5)

Resistance between terminals 1 and 2 is =

o R|+R1 =

R, +R; = RI:-_‘_-R‘;; . R_u i)
Ry ¥ (R, + Ry3)
and R,+R, = R+ Ry + Ry, )
Now, subtracting (i) from (i) and adding the result to (iii), we get
R, R Ry, Ry, R, R
= 2% . p - B2 and R, = 31 '3
Rp+Ryu+ Ry ° Ryp+Ryuy+Ry T R+ Ryt Ry,

In Electronics, star and delta circuits are generally referred to us 7 and m cirewts respectively.
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How to Remember ?

It is seen from above that each numerator is the product of the two sides of the delta which meet
at the point in star. Hence, it should be remembered that : resistance of each arm of the star is given
by the product of the resistances of the two delta sides that meet at its end divided by the sum of the
three delta resistances.

2.23. Star/Delta Transformation -

This tarnsformation can be easily done by using equations (i), (if) and (iii) given above. Mulii-
plying (/) and (if), (ii) and (iff), (iif) and (/) and adding them together and then simplifying them, we
get

R R+ R,R, + R.R RR
b A ok MEAE% L (N {22
R, = %, =R +R, + R,
RR+ R.R, + RyR, R,R,
o= ——= —*= 2 I IR +R, +—=-2
'R..J R= 2 3 Ri
R,R,+ R,R, + RyR, RiR,
R;, = 12 R —=R +R; + R
2 2

How to Remember ?

The equivalent delta resistance between any two terminals is given by the sum of star resis-
tances between those terminals plus the product of these two star resistances divide by the third star
resistances.

Example 2.88. Find the input resistance of the circuit between the points A and B of Fig
2. 186(a) (AMIE Sec. B Network Analysis Summer 1992)

Solution. For finding R, ;. we will convert the delta CDE of Fig. 2.186 (a) into its equivalent
star as shown in Fig. 2.186 (b).
Rog=8x418=16/9 Q. Rp.=8x6/18=24/9 € R;,c=6x4/18=12/9 Q.
The two parallel resistances between S and B can be reduced to a single resistance of 35/9 Q.

4 4
€ 4 2

42\ 33 16 /9

fl_. 6

DF=AM——E

4.

83 24 3519
B r_l B L]
o - -.‘ s S—

(a) (b) ()

Fig 2,186

As seen from Fig. 2.186 (c), R,z =4 + (16/9) + (35/9) = 87/9 Q.

Example 2.89. Calculate the equivalent resistance between the terminals A and B in the nenwrok
shown in Fig, 2,187 (u) (F.Y. Engg. Pune Univ. May 1987)

Solution. The given circuit can be redrawn as shown in Fig. 2.187 (b). When the delta BCD is
converted to its equivalent star, the circuit becomes as shown in Fig. 2.187 (¢).

Each arm of the delta has a resistance of 10 €. Hence, each arm of the equivalent star has a
resistance = 10 x 10/30 = 10/3 Q. As seen, three are two parallel paths between points A and N, each

having a resistance of (10 + 10/3) = 40/3 Q. Their combined resistance is 20/3 €. Hence.
Ryp=(20/3) + 10/3 = 10 Q.
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10 10

A —AW———
t el 2 alicm
A'l""
10
fa)
Fig. 2,187
Example 2.90. Calculate the current flowing through the 10 ) resistor of Fig. 2.188 (a) by
using any method. (Network Theory, Nagpur Univ. 1993)

Solution. [t will be seen that there are two deltas in the circuit i.e. ABC and DEF. They have
been converted into their equivalent stars as shown in Fig. 2.188 (b). Each arm of the delta ABC has
a resistance of 12 Q and each arm of the equivalent star has a resistance of 4 €. Similarly, each arm
of the delta DEF has a resistance of 30  and the equivalent star has a resistance of 10 Q per arm.

The total circuit resistance between A and F=4 + 481124 + 10=30 2. Hence / = 180/30=6 A.

Current through 10 € resistor as given by current-divider rule = 6 x 48/(48 + 24) =4 A,

Fig. 2.188

Example 2.91. A bridge network ABCD has arms AB, BC, CD and DA of resistances I, I, 2
and | ohm respectively. If the detector AC has a resistance of | ohm, determine by star/delta
transformation, the network resistance as viewed from the bartery terminals.

(Basic Electricity, Bombay Univ. 1980)

A A
19 10 1Q
D b ;
20 10 20
C C
Iy
L
fa) (b () (d)
Fig. 2.189
Solution. As shown in Fig. 2.189 (b), delta DAC has been reduced to its equivalent star.

2x1 1 2
Ry = ———=050. R,=-=025Q, R.=2=05Q
b ™ 24141 Q. Ry 4 C 4



DC Network Theorems 133

Hence, the original network of Fig. 2.189 (a) is reduced to the one shown in Fig. 2.189 (d). As
seen, there are two parallel paths between points N and B, one of resistance 1.25 € and the other of
resistance 1.5 £2. Their combined resistance is

1.25%x15 15

= 125+15 22
Total resistance of the network between points D and B is
15 _ 13
= D+t —=— Q
0.3 22 1
Example 2.92. A nerwork of resistances is formed as follows as in Fig. 2.190 {a)
AB=98; BC=18Q; CA= 158 forming a delta and AD = 6 ; BD = 4 Q and CD = 3 Q
forming a star. Compute the network resitance measured between (i) A and B (ii) B and C and

(4ii) C and A. (Basic electricity, Bombay Univ. 1980)
4
27
62 ﬁﬂ
B 9 g
io
fa) &) (c)

Fig. 2.190

Solution. The star of Fig. 2.190 (a) may be converted into the equivalent delta and combined in
parallel with the given delta ABC. Using the rule given in Art. 2.22, the three equivalent delia
resistance of the given star become as shown in Fig. 2.190 (b).

When combined together, the final circuit is as shown in Fig. 2.190 (c).
(1) As seen, there are two parallel paths across points A and B.
(a) one directly from A to B having a resistance of 6 Q and
(b) the other via C having a 1otal resistance
_(27.9\_ . _ 6x225 18
= [-—+—]—2.2SQ =y R“B_m“ lln

20 10
BXO+F)_an o %> (6+3%) _e21
revg) 0 W T (rerg) T

(i) Roe & Ry =

Example 2.93. Srate Norton's theorem and find current using Norton's theorem through a
load of & Y in the circuit shown in Fig. 2.191(a).(Circuit and Field Theory, A.M.LE. Sec. B, 1993)

Solution. In Fig. 2.191 (b), load impedance has replaced by a short-circuit.
Ise = 1,=200/2= 100 A.

2 | 2 :
6 6 [ 6
L 4 Y 8 -1 4 A M B L 1S
T200v T200V N
10 10 10 10
C
(@) b

Fig. 2.191
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Norton’s resistance R, can be found by looking into the open terminals of Fig, 2.191 (a). For
this purpose A ABC has been replaced by its equivalent Star. As seen, R, is equal to 8/7 €.

Hence, Norton's equivalent circuit consists of a 100 A source having a parallel resistance of
8/7€) as shown in Fig. 2.192 (c). The load current /; can be found by using the Current Divider rule.

(8/7)
I, = 100x———=125A
L 8+ (8/7)
2
0 oA :
6 6 “
5.5 100A
5 5
4% 2 4 Cf) Ry 8
A 7
25 23 ¥
2] 0B
(a) (b fc)
Fig. 2.192
Example 2.94. Use delta-star conversion to find resistance between terminals "AB’ of the
circuit shown in Fig. 2.193 (a). All resistances are in vhms, [Nagpur University April 1999]

D 20

Fig. 2.193 (a)

Solution.  First apply delta-star conversion to CGD and EDF, so as to redraw the part of the
circuit with new configuration, as in Fig. 2.193 (b).

C 20

A ¥

50 4
0.80 2080

H $—Anwann

) 320

ggu.s 2080
20
BO——————— A F

Fig. 2.193 (d) Fig. 2.193 (¢)

Simplity to reduce the circuit to its equivalents as in Fig. 2.193 (c) and later as in Fig. 2.193 (d).
Convert CHI to its equivalent star as in Fig. 2.193 (e¢). With the help of series-parallel combinations,
calculate R, , as
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Ryp =533+ (1.176 x 4.12/5.296) = 6.245 ohms

Note : Alternatively, after simplification as in Fig. (d). “CDJ
— H" star-configuration can be transformed into delta. Node H
then will not exist. The circuit has the parameters as shown in
Fig. 2.193 (f). Now the resistance between C and J (and also
between D and J) is a parallel combination of 7.2 and 2.8 ohms,
which 2.016 ohms. Along CJD, the resistance between terminals D 280
AB then obtained as : . ]

Ry = 50+ (1.8 x 4.032/5.832) Fig. 2193 (/)

= 5.0+ 1.244 = 6.244 ohms

Example 2.94 (a). Find the resistance at the A-B terminals in the electric circuit of Fig. 2.193
(g) using A-Y rransformation. [U.P. Technical University, 2001]

Be

Fig. 2.193 (g)

Solution. Convert delta to star for nodes C, E, F. New node N is created. Using the formulae
for this conversion, the resistances are evaluated as marked in Fig. 2.193 (h). After handing series
parallel combinations for further simplifications.

R,; = 36 ohms.

o C
6
N
R A
]ﬂ 15 VAW o0
E oy z 200 3
p Z 180V 600 (Load) 3
50 15 g
L]
D N s
B
Fig. 2.193 (k) Fig. 2.193 (i)

Example 2.94 (b). Consider the electric circuit shown in Fig. 2.193 (i)
Determine : (i) the value of R so that load of 20 ohm should draw the maximuwm power, (ii) the
value of the maximum power drawn by the load. [U.P. Technical University, 2001]
Solution. Maximum power transfer takes place when load res. = Thevenin's Resistance = 20

ohms, here

R/60
Vi
Current through load
Maximum Power Load

20 ohms, giving R = 30 ohms
180 x (60/90) = 120 volts
120/40 = 3 amps

180 watts

wououon
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Tutorial Problems No. 2.6
Delta/Star Conversion

1. Find the current in the 17 £ resistor in the network shown in Fig. 2.194 (a) by using (a) star/delta conversion

and (b) Thevenin's theorem. The numberss indicate the resistance of each member in ohms. [1/3A]
2. Convert the star circuit of Fig. 2.194 (b) into its equivalent delta circuit. Values shown are in ohms.
Derive the formula used. (Elect. Technology, Indor Univ. 1980)
4 41 = 20
o——AW——
=2 6
A
6 17 11
oll15Vo o
Fig. 2.194 (a) Fig. 2.194 (b) Fig. 2.195

3. Determine the resistance between points A and B in the network of Fig. 2.195.
[4.23 Q| (Elect. Technology, Indor Univ. 1977)
4. Three resistances of 20 € each are connected in star. Find the equivalent delta resistance. If the source
of e.m.f. of 120 V is connected across any two terminals of the equivalent delta-connected resistances,
find the current supplied by the source. [60 Q, 3A] (Elect. Engg. Calcutta Univ. 1980)

% R
— 8V
(b)
Fig. 2.196 Fig. 2.197 .

5. Using delta/star transformation determine the current through the galvanometer in the Wheatstone bridge
of Fig. 2.196. [0.025 A]
6. With the aid of the delta star transformation reduce the network given in Fig. 2.197 (a) to the equivalent
curcuit shown at (b) [R =538 Q]
7. Find the equivalent resistance between points A and B of the circuit shown in Fig. 2.198. [1.4 R|

8. By first using a delta-star transformation on the mesh ABCD of the circuit shown in Fig. 2.199, prove that
the current supplied by the battery is 90/83 A.

40 20
2R
10 30
N
R R R \ 5
_",_AM;
2R 0V

Fig. 2.198 Fig. 2.199
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2.24. Compensation Theorem

This theorem is particularly usful for the following two purposes :

(a) For analysing those networks where the values of the branch elements are varied and for

studying the effect of tolerance on such values.

(b) For calculating the sensitivity of bridge network.

As applied to d.c. circuits, it may be stated in the following to ways :

(¢} In its simplest form, this theorem asserts that any resistance R in a branch of a network in
which a current I is flowing can be replaced, for the purposes of calculations, by a voltage
equal to — IR.

OR
(ii) If the resistance of any branch of network is changed from R to (R + AR) where the current
flowing originally is I, the change of current at any other place in the network may be
calculated by assuming that an e.m.f. — I. AR has been injected into the modified branch
while all other sources have their e.m.f.s. suppressed and are represented by their internal
resistances only.

-

Exmaple 2.95. Calculate the values of new currents in the network illustrated in Fig. 2.200

when the resistor R, is increases by 30 %. 5 =5A
Selution.  In the given circuit, the values of —=—MW\.
various branch currents are R=Q
I, = 75/5+10)=5 A Ll -
I, = ,=25A 8
Now, value of .,; By R,=20Q Ry =20Q
R, = 20+ (03 x20)=26Q
AR =658 2 =
V = —LAR N

Fig. 2.200
= 25%x6=—15V

The compensating currents produced by this voltage are as shown in Fig. 2.201 (a).

When these currents are added to the original currents in their respective branches the new
current distribution becomes as shown in Fig. 2.201 (b)

04A . 4.6A
0.5A _
50 .
26 Q 2.6A A
=5y 200 260
I 15V :
(a) ()
Fig. 2.201

2.25 Norton's Theorem
This theorem is an alternative to the Thevenin’s theorem. In fact, it is the dnal of Thevenin's
theorem. Whereas Thevenin's theorem reduces a two-terminal active network of linear resistances

and generators to an equivalent constant-voltage source and series resistance, Norton’s theorem
replaces the network by an equivalent constant-current source and a parallel resistance.
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This theorem may be stated as follows :

(i) Anv two-terminal active network containing voltage sources and resistance when viewed
from its outpui ie.unats , > equivalent 10 a consiant-current source and a paraliei resistance. The
constant current is equal to the current which would jlow n G short-circuit placed across the
terminals and parallel resistance is the resistance of the network when viewed from these open-

_circuited rerminals after all voltage and current sources have been removed and replaced by their
internal resistances.

Constant Current

Source
4
i | 4 \
Network P ,E'_r Network
(with sources) [ SC | S | (no sources) éﬂt
b
2
& e
B
Intemal
Resistance Infinite
faj (] (el (d)
Fig. 2.202

Explanation

As seen from Fig. 2.202 (a), a short is placed across the terminals A and B of the network with
all its energy sources present. The short-circuit current I gives the value of constant-current
source.

For finding R, all sources have been removed as shown in Fig. 2.202 (b). The resistance of the
network when looked into from terminals A and B gives R,.

The Norton's equivalent circuit is shown in Fig. 2.202 (c¢). It consists of an ideal constant-
current source of infinite internal resistance (Art. 2.16) having a resistance of R; connected in paral-
lel with it. Solved Examples 2.96, 2.97 and 2.98 etc. illustrate this procedure.

(i1) Another useful generalized form of this theorem is as follows :

The voltage between any two points in a network is equal to o R, where I.is the short-circuit
current between the two points and R, is the resistance of the network as viewed from these points
with all voltage sources being replaced by their internal resistances (if any) and current sources
replaced by open-circuits.

Suppose. it is required to find the voltage across resistance R, and hence current through if [Fig.
2.202 (d)]. If short-circuit is placed between A and B, then current in it due to battery ofem.f. E| is
E\/R, and due to the other battery is E,/R,.

lig = i‘ +%—E G, + E,G,
i

where G, and G, are branch conductances.
Now, the internal resistance of the network as viewed from A and B simply consists of three

resistances R, R, and R, connected in parallel between A and B. Please note that here load resistance
R, has not been removed. In the first method given above, it has to be removed.

| | S
K = RI+R2+R3_G'+G3+G3

! EG, + E)G,
Rl’ = GI+GZ+GS ot VAB =IS("RE= GI+GE+GS

After E.L. Norton, formerely an engineer at Bell Telephone Laboratory, U.S.A.
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Current through R, is I; = V, /R,
Solved example No. 2.96 illustrates this approach.
2.26. How To Nortonize a Given Circuit ?
This procedure is based on the first statement of the theorem given above.

1. Remove the resistance (if any) across the two given terminals and put a short-circuit across
them.

2. Compute the short-circuit current /..

3. Remove all voltage sources bLut retain their internal resistances, if any. Similarly, remove
all current sources and replace w1 v open-circuits i.e. by infinite resistance.

4. Next, find the resistance R, (also called R,) of the network as looked into from the given
terminals. It is exactly the same as R, (Art. 2.16),

5. The current source (/g-) joined in parallel across R, between the two terminals gives Norton's
equivalent circuit.

As an example of the above procedure, please refer to Solved Example No. 2.87, 88, 90 and 91
given below.

Example 2.96. Determine the Thevenin and Norton equivalent circuits berween terminals A
and B for the voltage divider circuit of Fig. 2.203 (a).

Solution. (a) Thevenin Equivalent Circuit

Obviosuly, V,, = drop across R, = E R,

R +R,
When battery is replaced by a short-circuit.
- y 4 4
a'd 0 0
R 11 Ry
= E =
T8 & N ER (DF, 2 Rk,
" 7 R+ Ry
O -0 O
B B B
(a) (b fc)
Fig. 2.203,
R, = R/ IIR, =R, R/(R, + R,) '

Hence, Thevenin equivalent circuit is as shown in Fig. 2.203 (b).

(b) Norton Equivalent Circuit -

A short placed across terminals A and B will short out R, as well. Hence, Iy = E/R|. The
Norton equivalent resistance is exactly the same as Thevenin resistance except that it is connected in
parallel with the current source as shown in Fig. 2.203 (c)

Example 2.97. Using Norton's theorem, find the constant-Gurremt equivalent of the circuit

shown in Fig. 2.204 (a).

Solution. When terminals A and B are short-circuited as shown in Fig. 2.204 (b), total resis-
tance of the circuit, as seen by the battery, consists of a 10 €2 resistance in series with a parallel
combination of 10 € and 15 Q resistances.

. 15x10
1 515 = ——— =
otal resistance 10 + 15+10 16 Q2

battery current ! 100/16 = 6.25 A
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100 150 100 150
€ W04 o M—C 4 oA
100 V S A1 s 1 25A s
r=0 gloa T 100V 30Q T g200Q
Isc
5 obB B obB
(a) (b) (c)

Fig. 2.204
This current is divided into two parts at point C of Fig. 2.204 (b).
Current through A Bis I =6.25 x 10/25 =25 A

Since the battery has no internal resistance, the input resistance of the network when viewed
from A and B consists of a 15 Q resistance in series with the parallel combination of 10 € and 10 Q.

Hence, R, = 15 + (10/2) = 20 Q

Hence, the equivalent constant-current source is as shown in Fig. 2.204 (c).

Example 2.98. Apply Norton's theorem to calculate current flowing through 5 - Q rexistor of
Fie. 2.05 (a)

Solution. (i) Remove 5 — Q resistor and put a short across terminals A and B as shown in
Fig. 2.205 (b). As seen, 10 — € resistor also becomes short-circuited.

(i) Let us now find /.. The battery sees a parallel combination of 4 Q and 8 € in series with
a 4 Q resistance. Total resistance seen by the battery = 4 + 4 || 8 = 20/3 Q. Hence, / =20+ 20/3 =
3 A. This current divides at point C of Fig. 2.205 (b). Current going along path CAB gives Ig.. Its

value=3x4/12=1 A.

4 8 -4 8
Y AW A : C mns ok
ro v 43 102 5 lzo v é“ 10 l’s‘:
B AB
(a) (b)
4 8 8
|—W \ ANA. oA — ] S| A
4 [ E— 2 105 <R 5
‘ oB ‘-——-—-——-—-—{)B B
(c) (d) (e)

Fig. 2.205
(iii) In Fig. 2.205 (c), battery has been removed leaving behind its internal resistance which, in

this case, is zero.
Resistance of the network looking into the terminals A and B in Fig. 2.205 (d) is

R, =10110=5Q
(iv) Hence, Fig. 2.205 (e), gives the Norton's equivalent circuit,
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(v) Now, join the 5 — Q resistance back across terminals A and B. The current flowing through
it, obviously, is /,, = 1 x 5/10 = 0.5 A.
Example 2.99. Find the voltage across poinis A and B in the network shown in Fig. 2.206 (a)
by using Norton’s theorem.
Solution. The voltage between points A and B is V,, = I R,
where I = short-circuit current between A and B
R, = Internal resistance of the network as viewed from points A and B.
When short-circuit is placed between A and B, the current flowing in it due to 50-V battery is

= 50/50=1A —fromAto B
Current due to 100 V battery is = 100/20=5 A —fromBtoA
Ige = 1-5=-4A —from Blo A
500 150 Q
WA o — WA ()
& i I
|
L S5 a g% e 28
____50V§4on él{) Q py 3% %g <
=100V I
-[ o o
\Zechsisl:ame
Fig. 2.206 (a) Fig. 2.206 (b)

Now, suppose that the two batteries are removed so that the circuit becomes as shown in Fig,
2.206 (b). The resistance of the network as viewed from points A and B consists of three resistances
of 10 £2, 20 €2 and 50 Q ohm connected in parallel (as per second) statement of Norton's theorem).

11,10 100,
R - 10 20%50" hemeeRy=~

- 4x100/17== 235V
'T'heneganve sign merely indicates that point B is at a higher potential with respect to the point A.

Example 2.100, Using Norton's theorem, calculate the current flowing through the 15 Q load
resistor in the circuit of Fig. 2.207 (a). All resistance values are in ohm.

E“C
]

Solution. (@) Short-Circuit Current I !

As shown in Fig. 2.207 (b), terminals A and B have been shorted after removing 15 Q resistor.
We will use Superposition theorem to find /.
(i} When Only Current Source is Present

In this case, 30-V battery is replaced by a short-circuit. The 4 A current divides at point D
between parallel combination of 4 Q and 6 €. Current through 6 Q resistor is

=4x4/(4+6)=16A -fromBto A

{ii) When Only Battery is Present

In this case, current source is replaced by an open-circuit so that no current flows in the branch
CD. The current supplied by the battery constitutes the short-circuit current

i 1" =30/(4+6)=3 A —~fromAioB
I.=1"-1'=3-16=14A —from A to B

5C
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4 . 6 4 4 d.8 - A
—0 —0
Iy
ga
8
RL [
0V 15 15¢ <= R, (D 102 15
4A o.C. 1.4A
) B D B B
(a) (c) (d)

Fig. 2.207

(b) Norton's Parallel Resistance

As seen from Fig. 2.207 (¢) R, =4+ 6 = 10 Q. The 8 Q resistance does not come into the picture
because of an open in the branch CD.

Fig. 2.207 (d) shows the Norton’s equivalent circuit along with the load resistor.

I, = 14x 10(10+15)=0.56 A

Example 2.101. Using Norton's current-source equivalent circuit of the network shown in
Fig. 2.208 (a). find the current that would flow through the resistor R, when it takes the values of 12.
24 and 36 Q) respectiviey [Elect. Circuits, South Gujarat Univ, 1987]

Solution. In Fig. 2.208 (b), terminals A and B have been short-circuited. Currentin the shorted
path due to E, is = 120/40 = 3 A from A to B. Current due to E, is 180/60 =3 A from A to B. Hence

I~ = 6A. With batteries removed, the resistance of the network when viewed from open-circuited
terminals is = 40 Il 60 = 24 Q.
(i) When R, = 12Q I, = 6x24(24+12)=4A
(if) When R, = 24 Q I, = 62=3A
(iif) When R, = 36 Q I, = 6Xx24/(24+36)=2.4A.
R R R . R B, B )
A A L
l 40 60 |40 60 40 60
E 180V _L L
‘120 v o Ez[ r li' Ej Q)oa 24 R
B B B =
(@) (b) fe) (d)

Fig. 2.208
Example 2102, Using Norton's theorem, calculate the current in the 6-£2 resistor in the net-
work of Fig. 2.209 (a). All reststance are in ohms.

4 10 ¥ A g T8
— : AW AM—
124 | 12A_‘
+ () < T l
- 8 6 2 8 2
| ‘»_:jj = %
| Isc
| | ,
B 4 D B 4 D
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12A g | T
T 2 L % 0.c Zs R; §2
|
B b D
(c) (d) (e)

Fig. 2.209

Solution.  When the branch containing 6 — Q resistance is short-circuited, the given circuit is
reduced to that shown in Fig. 2.209 (b) and finally to Fig. 2.209 (¢). As seen, the 12 A current
divides into two unequal parts at point A, The current passing through 4 € resistor forms the short-
circuit current /g

Resistance R, between points C and D when they are open-circuited is

o (4+8)x(10+2) -80
J (4+8)+(10+2)

It is so because the constant-current source has infinite resistance i.e., it behaves like an open
circuit as shown in Fig. 2.209 (d).

Hence, Norton’s equivalent circuit is as shown in Fig, 2.209 (e). As seen current of 8 A is
divided equally between the two equal resistances of 6 Q each. Hence, current through the required
6 Q resistor is 4 A.

8

I = 12x =8A
e 8+4
Example 2.103. Using Norton's theorem, find the current which would flow in a 25 — Q
resistor connected berween poinis N and O in Fig. 2.210 (a). All resistance values are in ohms.

Solution. For case of understanding, the given circuit may be redrawn as shown in Fig. 2.210
(). Total current in short-circuit across ON is equal to the sum of currents driven by different
batteries through their respective resistances.
10,20, 30
= — 4 —=— — =),
e S TR T
The resistance R, of the circuity when looked into from point N and O is ,

11,11 _20 -2
R, 5+10+20 209& Q=286Q

Loy L, S ——

10
T

/%V }ozﬁ, 35 Sw

Fig. 2.210
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Hence, given circuit reduces to that shown
in Fig. 2.211 (a). @ @

Open-circuit voltage across NO is = IR, —=35.5A — =55A
=55%x286=1573V

Hence, current through 25-C2 resistor con- m m
nected across NO is [Fig. 2.211 (b)]
I = 15.73/25=0.65 A ,\%SN\ I
2.86 O & ? .
or I =335z oe=0s6A N a N 2
Example 2.104. With the help of Norton's Fig. 2.211

theorem, find V, in the circuit shown in Fig.
2212 (a). Al resisiances are in ohms.

Solution. For solving this circuit, we will Nortonise the circuit to the left to the terminals 1 — 1
and to the right of terminals 2 — 2, as shown in Fig. 2.212 (b) and (c) respectively.

0l 20
%2 4 Q 2.5A
ol’ 2o
(b) (c)
Fig. 2.212
% %
13 .
7.5A ‘ 2.5A 10A
%2 4 s O =0 1
1 %
ey —" T_
@ Fig. 2.213 ®)

The two equivalent Norton circuits can now be put back across terminals 1-1” and 2-2, as
shown in Fig. 2.213 (a).

The two current sources, being in parallel, can be combined into a single source of 7.5 + 2.5 =
10 A. The three resistors are in parallel and their equivalent resistances is 2 14 114 = 1 L. The value
of V, as seen from Fig. 2213 (b)is V,=10x 1 =10 V.

Example 2.105. For the circuit shown in Fig. 2.214 (a). calculate the current in the 6 Q
resistance by using Norton's theoren. (Elect. Tech. Osmania Univ. Feb. 1992)

2 4V 4

S P U 4 Vo
%v i 1 %”E}%V\D NI 3 S

) 8 (b) B © B
Fig. 2.214

o} 8
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Solution. As explained in Art. 2.19, we will replace the 6 Q resistance by a short-circuit as
shown in Fig. 2.214 (b). Now, we have to find the current passing through the short-circuited
terminals A and B. For this purpose we will use the mesh analysis by assuming mesh currents I,
and /,.

From mesh (i), we get

3-41,-4(,-1,)+5

From mesh (i), we get

~25L,-4-5-4(,-1) =0 or 41,-61,=9 -..(ii)

From (i) and (ii) above, we get I, = — 5/4

The negative sign shows that the actual direction of flow of /, is opposite to that shown in Fig.
2.214 (b). Hence, I, = Iy =1,=-5/4 A i.e. current flows from point B to A.

After the terminals A and B are open-circuited and the three batteries are replaced by short-

circuits (since their internal resistances are zero), the internal resistance of the circuit, as viewed
from these terminals’ is

0 or 21,-1,=2 D

R, = Ry=2+4114=4Q
The Norton’s equivalent circuit consists of a constant current source of 5/4 A in parallel with a
resistance of 4 Q as shown in Fig. 2.214 (¢). When 6 £ resistance is connected across the equivalent
circuit, current through it can be found by the current-divider rule (Art).
4

Current through 6 Q resistor = %Xﬁ)-=0.5from8tozt.

2.27. General instructions For Finding Norton Equivalent Circuit
Procedure for finding Norton equivalent circuit of a given network has already been given in
Art. That procedure applies to circuits which contain resistors and independent voltage or current

sources. Similar procedures for circuits which contain both dependent and independent sources or
only dependent sources are given below :

(a) Circuits Containing Both Dependent and Independent Sources

(i) Find the open-circuit voltage v_ with all the sources activated or ‘alive’.

(if) Find short-circuit current i , by short-circuiting the terminals a and b but with all sources
activated.

(i) Ry=V,Ji,
(b) Circuiis Containing Dependent Sources Only
() iy,= 0.
(if) Connect 1 A source to the terminals @ and b calculate 2
(iif) Ry=v,/1.
Example 2,106. Find the Norton equivalent for the transistor amplifier circuit shown is Fig,
2.215 (a). All resistanes are in ohms.

od

a)

Fig. 2.215
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Solution. We have to find the values of i, and R, It should be noted that when terminals a and
b are short-circuited, v, = 0. Hence, in that case, we find from the left-hand portion of the circuit
that i = 2/200 = 1/100A = 0.01 A. As seen from Fig. 2.215 (b), the short-circuit across terminals @
and b, short circuits 20 € resistance also. Hence, i, =—~5i=-5x0.01=-0.05 A.

Now, for finding R, we need v = v, from the lefi-hand portion of the Fig. 2.215 (a). Apply-
ing KVL to the closed circuit, we have

2-200i-v, =0 -..(i)

Now, from the right-hand portion of the circuit, we find v, = dropover 20 Q resistance = — 20
% 5i =~ 100 i. The negative sign is explained by the fact that currert flows from point b towards
point a. Hence, i =— v,/100. Substituting this value in Eqn. (i). above, we get

2~200(—vb/l00)—vnb =0 or v,=-2V
Ry = v fi,=—2/-0.05=40Q

Hencc the Norton equivalent circuit is as shown in Fig. 2.215 (c).

Example 2,107. Using Norton's theorem, compute current through the 1-€ resistor of Fig.
2.216.

Solution. We will employ source conversion technique to simplify the given circuit. To begin
with, we will convert the three voltge sources into their equivalent current sources as shown in Fig.
2.216 (b) and (c¢). We can combine together the two current sources on the left of EF but cannot
combine the 2-A source across CD because of the 3-Q resistance between C and E.

2 E 3 A
Wr AN 0
;V T l
6V
(@) 1 =3
I 12V =6
F X D B
o o—MWW——o j_
6 Tev 24V
(b) 1
6
12V
| | 0
o] g o—MWW—o0 o o0
HOENOE ® = =
2A 1A 2A
F
0 D 0 O
Fig, 2.216

In Fig. 2.217 (b), the two current sources at the left-hand side of 3 £ resistor have been replaced
by a signle (2 A + 1 A) =3 A current source having a single parallel resistance 6 | 6 =3 Q.
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\__"Jg
ANWA
[
o
5
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Wa
=l
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- %

D B D
(@ )
’i‘\—oc ¢ 4 i _a
3A 1.5A 2A 3.5A
® = ® 2 O 22 2@ 3 =
oD D B - B
(c) (d) (e)

Fig. 2.217

We will now apply Norton’s theorem to the circuit on the left-hand side of CD [Fig. 2.217 (¢)]
to convert it into a single current source with a single parallel resistor to replace the two 3 €2 resistors.
As shown in Fig. 2.217 (d). it yields a 1.5 A current source in parallel with a 6 € resistor. This
current source can now be combined with the one across CD as shown in Fig. 2.217 (e). The current
through the 1-£2 resistor is

I =35%x4/4+1)=28A

Example 2.108. Obrain Thevenin's and Norron's equivalent circuits at AB shown in Fig
2.218 (a) [Elect. Network, Analysis Nagpur Univ. 1993]

Solution. Thevenin's Equivalent Circuit

We will find the value of V,, by using two methods (i) KVL an (ii) mesh analysis.

x 5 (xy 8 3 5 8 3
oA =
B 20V
(@) B
Fig. 2.218
ia) Using KVL
If we apply KVL to the first loop of Fig. 2.218 (a), we get
80-5x—4y =0 or 5x+4y=80 i)
From the second @ loop, we have
— 1l {x—y)+20+4y =0 or 1llx—15=20 i)

From (i) and (ii), we get x=10.75 A; y= 656 Aand (x—y)=4.2 A,

Now, V,, =V, i.e. voltage of point A with respect to point B. For finding its value, we start
from point B and go to point A either via 3 € resistance or 4 £ resistance or (5 + 8) = 13 Q2 resistance
and take the algebraic sum of the voltage met on the way. Taking the first route, we get

Vig = —20+3(x—-y)=—20+3%x42=-74V

It shows that point A is negative with respect to point B or, which is the same thing, point B is

positive with respect to point A.



148 Electrical Technology

(b} Mesh Analysis [Fig. 2.218 (b)]

Here, R, =9: Ry=15Ry=-4
9 -4/ B0 w_wae 3=
|_4 s = 20‘.&-135 16=119
80 -4 9 80
a = |30 78|=1me 42| 2 0| =s00
I, = 1280/119=1075A; I,=500/119=42 A
Again Vig = —20+4126=-74V

Value of R,
For finding R,,, we replace the two voltage sources by short-circuits.
Ry, = Rz=311(8+415)=232Q
The Thevenin's equivalent circuit becomes as shown in Fig. 2.219 (¢). It should be noted that
point B has been kept positive with respect to point A in the Fig.

Example 2.109. Find current in the 4 ohm resistor by any three methods.

A |6V X

A |l B —+,;_ -
FI= T
5 i) 320 9 %E“ﬂ salt] i, 329 2A Vi
. TA
0 iy Iy Y
(b)

Fig. 2.219
[Bombay University 2000]
Solution. Method 1 : Writing down circuit equations, with given conditions, and marking

three clockwise loop-currents as i, i, and i,.
i, = 5 A, due to the current source of 5 Amp

V,— Vg = 6V, due to the voltage source of 6 Voltage
i;—i, = 2 A, due to the current source of 2 Amp.
v, -1) 2, Vy=iyx4
With these equations, the unknowns can be evaluated.
20,—i)—4iy = 6,2(5-5)-42+i)=6
This gives the following values : i, =—2/3 Amp., i; = 4/3 Amp. '
V, = 34/3 volts, V= 16/3 volts
Method 2 : Thevenin’s theorem : Redraw the circuit with modifications as in Fig. 2.219 (b)
Ry = +14-6=8V

Ry, = 2 ohms, looking into the circuit form X-Y terminals after
de-activating the sources
1, = 82+ 4)=4/3 Amp.

Method 3 : Norton's Theorem ;: Redraw modifying as in Fig. 2.219 (c)
Iy = 2+2=4 Amp.
This is because, X and Y are at ground potential, 2-ohm resistor has to carry 3 A and hence from
5-Amp. source, 2-Amp current is driven into X-Y nodes.
Ry = 2 ohms
Then the required current is calculated as shown in Fig. 2.219 (d)
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X
R
< <+ 4/3 Amp
In 4A >2Q 240
0 Y.
Fig. 2.219 (¢) Evaluation of [, Fig. 2.219 (d)

Note : One more method is described. This transforms the sources such that the current through 4-ohm
resistor is evaluated, as in final stage shown in Fig. 2.219 (j) or in Fig. 2.219 (k).

A B >=( B X
£82 403 320 40
ok A L] - 2A
. - i
(o) Y
Fig. 2.219 (N Fig. 2.219 (h)
B X ’ S
3 2 2 TN
$2Q 240 =|:
8A
WM s 4BA  yiAeme
Y o Y
Fig. 2.219 ()) Fig. 2.219 (k)
Example 2.109. (a). Find Mesh currents i, and i, g 10 B 2Q c

in the electric circuit of Fig, 2219 (m)
[U.P. Tech. University, 2001]
Solution. Mark the nodes as shownin Fig. 2219 (m). +
Treat O as the reference node. 4v(

From the dependent current source of 3i; amp
between B and O,

—i,=3i, or 4 =i @)
V, is related to V,, V,. and the voltage across resis- Fig. 2.219 (m)
tors concerned
Vy = V,—iyx1=4—i,
Vg = Veripx2=3+2i,
Hence 4—-i, =3+2i, .(b)
From equations (@) and (b) above, i, = 1/9 amp and i, = 4/9 amp
Substituting these, Vg = 35/9 volts

Example 2.109 (b), Determine current through 6 ohm resistance connected across A-B termii-
nals in the eleciric circuit of — 2.219 (n), using Thevenin's Theorem, [U.P. Tech. Univ. 2001]
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60 40

I5V=

W

Fig. 2.219 (n)
Solution. Applying Thevenin’s theorem, after detaching the 6-ohm resitor from terminals

A-B,
Vig = Ve=15-1x3 =12 volts
Ryy = 4+ 3/6 =6 ohms
I, = 12/(6 + 6) = lamp
Example 2.109 (¢). Applving Kirchoff’s Current Law, determine current I_in the electric cir-
cuit of Fig. 2.219(p). Take V. =16 V. [U.P. Tech. Univ. 2001]
A 4Q B
'A'A'A‘Q'A'A ; 5 2 - +T
i ¥ a amp
602 V, sV
Q) = & 803 l
I 3
I +1
14V, 2 amp
O —_
Fig. 2.219 (p)

Solution. Mark the nodes A, B, and O and the currents associated with different branches, as in
Fig. 2.219 (p).

Since V, = 16 V, the current through 8-ohm resistor is 2 amp.

KCL at node B : 174V, = 2+i, ..(a)
KCL at node A : I+i, = V/6 B
Further, Vo = Vi, V=16,V -V, =4i, .(e)

From (a) and (c). i, = 1 amp. This gives V|, — V, = 12 volts, and I/ = 1 amp
The magnitude of the dependent current source = 3 amp '
Check : Power from | amp current source = | X 12=12 W

Power from dependent C.S.of 3A=3x16=48 W

Sum of source-output-power = 60 watts

Sum of power consumed by resistors = 2’ x 6+ 17 x4+ 2° x 8 = 60 watts

The power from sources equal the consumed by resistors. This confirms that the answers ob-
thined are correct,

Norton's Equivalent Circuit

For this purpose, we will short-circuit the terminals A and B find the short-circuit currents pro-
duced by the two voltage sources. When viewed from the side of the 80-V source, a short across AB
short-circuits everything on the right side of AB. Hence, the circuit becomes as shown in Fig., 2.230
(a). The short -circuit current /, can be found with the help of series-parallel circuit technique . The
total resistance offered to the 80 — V source is 5 + 4 11 8 =23/3 Q.
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1=80x323=1043A; .. I,=1043x4/12=348 A,
When viewed from the side of the 20-V source, a short across AB short-circuits everything
beyond AB. In the case, the circuit becomes as shown in Fig. 2.230 (b). The short circuit current
flowing from B to A = 20/3 = 6.67 A,

I3 8 4 ;] 3
— AW AW oA
A A -20V L
(Bsov 4 sc| . () G) éz.az
. | H 3.19A
L
2 0B
(a) (b) (c)
F Fig. 2.220
Total short-circuit current = 667-348=319A ... from B to A.

Ry =R, =31(8+4115)=232Q
Hence, the Norton’s equivalent circuit becomes as shown in Fig. 2.220 (c¢).
2.28. Millman’s Theorem
This theorem can be state either in terms of voltage sources or current sources or both.
(a) As Applicable to Voltage Sources
This Theorem is a combination of Thevenin's and Norton’s theorems, It is used for finding the
commion voltage across any network which contains a number of parallel voltage sources as shown
in Fig. 2.221 (a). Then common voltage V,, which appears across the output terminals A and B is
affected by the voltage sources E|, E, and E,. The value of the voltage is given by
E /R +E,/IR,+E;/R, §L+L+I; 3
Vae = TR +1/R,+1/R, G +G,+G, IG
This voltage represents the Thevenin’s voltage V,,. The resistance R, can be found, as usual, by
replacing each voltage source by a short circuit. If there is a load resistance R, across the terminals
A and B, then load current /, is given by
I, = Vy/Ry+ Ry
If as shown in Fig. 2.222 (b), a branch does not contain any voltage source, the same procedure

is used except that the value of the voltage for that branch is equated to zero as ilfustrated in Example
2.210.

Sk, 3m, m |- 22 - %4

—.‘.—*El '-..—% —--“EJ TOV T2V

Fig. 2.221 Fig. 2.222
Example 2.110. Use Milliman's thearem, 1o find the common voltage across terminals A und B
and the load current in the circuit of Fig. 2.222.
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Solution. As per Millman’s Theorem,
6/2+0/6+12/4 6

- = =655V
Vas = Tar1/e+1/d 120
V, = 655V
R, = 216114=1211Q

v
I, = 2 =83 __ 1974

R,+R, (12/11)+5
() As Applicable to Current Sources

This theorem is applicable to a mixture of parallel voltage and current sources that are reduced
to a single final equaivalent source which is either a constant current or a constant voltage source,
This theorem can be stated as follows :

Any number of constant current sources which are directly connected in parallel can be converted
into a single current source whose current is the algebraic sum of the individual source currents and
whose total internal resistances equals the combined individual source resistances in parallel.

Example 2.111. Use Millman’'s theorem, to find the voltage across and current through the
load resistor R, in the circuir of Fig. 2.223 (a).

Solution. First thing to do is to convert the given voltage sources into equivalent current sources,
It should be kept in mind that the two batteries are conneced in opposite direction. Using source
conversion technique give in Art. 1.14 we get the circuit of Fig. 2.223 (b).

i 4
SA 4 ik SA 3A
R R R NRL:
112v 36 4A
s g |
(a) (b)
Fig. 2.223

The algebraic sum of the currents =5+ 3 —4 =4 A. The combined resistance is= 12114116 =
2 Q. The simplified circuit is shown in the current-source form in Fig. 2.224 (a) or voltage source
form in Fig. 2.224 (b).
o¥ | A

8V
S S

(a) ()
Fi

a9

As seen from Fig. 2.224 (c).
I, = 8/2+8)=08A; V,=8x08=64V
Alternatively, V, = 8x8/(2+8)=64V
Following steps are necessary when using Millman's Theorem :
1. convert all voltage sources into their equivalent current sources.
2. calculate the algebraic sum of the individual dual source currents.
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3. calculate the algebraic sum of the individual dual source currents.
4. if found necessary, convert the final current source into its equivalent voltage source.
As pointed out earlier, this theorem can also be applied to voltage sources which must be
initially converted into their constant current equivalents.

2.29. Generalised Form of Millman’s Theorem o'

This Theorem is particularly useful for solving many cir-
cuits which are frequenctly encountered in both electronics and
power applications. |

Consider a number of admittances G,, Gy, G... G, which G, G, 2G, =G,
terminate at common point 0’ (Fig. 2.225). The other ends of !
the admittances are numbered as 1, 2, 3...n. Let O be any other ’

n

point in the network. It should be clearly understood that it is S 2 43
not necessary to know anything about the inter-connection
between point O and the end points 1, 2, 3...n. However, what Fig. 2.225
is essential to know is the voltage drops from0to 1,0t02, ... 0
to n efc,
According to this theorem, the voltage drop from 0 to O’ (V) is given by
VoiG + VG, +ViGy +..+ V,
V r — n
o G +G6,+Gy +...... + G,
Proof
Voltage drop across G, = Vig =Ve' — Vo)
Current throuth G, = 1L/=Vy G =(Vy-V,)G,
Similarly, Ly = (Voo = Vi) G2
Ly = (Voo = Vg3) Gy
and Ly = (Vo = V) G,
By applying KCL to point (', we get
Ly + Ly + ... +1,=0
Substituting the values of these currents, we get
i VoiG, + VG, +VaGy + .o + V,, G,
L G +Gy+Gy+ et G,
Precaution
It is worth repeating that only those resis- o 20 3
tances or admittances are taken into consider-
ation which terminate at the common point. All
those admittances are ignored which do not ter-
minate at the common point even though they 40 — %50
are connected in the circuit. 120V
Example 2.112. Use Millman's theorm to tz
calewlate the voltage developed across the ® =
40 Q resistor in the network of Fig. 2.226. 0

Solution. Let the two ends of the 40 Q Fig. 2.226
resistor be marked as 0 and 0. The end points
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of the three resistors terminating at the common point 0" have been maked 1, 2 and 3. As
already explained in Art. 2.29, the two resistors of values 10 £ and 60 £ will not come into the
picture because they are not direclty connected to the common point ()",

Here,

Vy == 150V: V=0 V=120V

G, = 150; G,=1/40: G,=1/20
Vo' = (—150/50) + (0/40) + (120/20) =316V
(1/50) + (1/740) + (1/20)

It show that point 0 is at a higher potential as compared to point 0".

Example 2.113. Calcualte the voltage across the 10 £ L i 0
resistor in the network of Fig. 2.227 by using (a) Millman’s
theorem (b) any other method. 50

Solution. (a) As shown in the Fig. 2.227 we are Te- 100 10
quired to calculate voltage Vm'. The four resistances are con- [100 V 2
nected to the common terminal 0’ 3 4

Let their other ends be marked as 1, 2, 3 and 4 as shown .[]00 v
in Fig. 2.227. Now potential of point 0 with respect to point - 0
1 is (Art. 1.25) — 100 V because (see Art. 1.25) Fig. 2.227

: Vm =-100V; V,=-100V; Vm=0V: VMZOV.

G, = 1/100 =0.01 Siemens ; G, = 1/50 = 0.02 Siemens;
G, = 1/100 = 0.01 Siemens; G, = 1/10 = 0.1 Siemens
: Vi Gy + V.G, + Vi Gy + VG,
Yoo' = G +G,+G, +G,
_ —100x0.01+(-=100)x0.02+0.x0.01+0x0.1 _ -3 _ 214V
B 0.0140.02+0.01+0.1 0.14 o
Also, Voo = —Vor =214V

(b} We could use the source conversion technique (Art. 2.14) to solve this question. As shown

current sources with their parallel resistances. The two current sources have heen combined into a
single resistance current source of 3 A and the three parallel resistances have been combined into a
single resistance of 25 €. This current source has been reconverted into a voltage source of 75 V
having a series resistance of 25 €2 as show in Fig. 2.228 (c).

0 o 0
1A 2A 3A 25
2100 250 20 20 () 3 30 10
[ [ [ [ 75V
0 0 0
(@ ®) (©

Fig. 2.228

Using the voltage divider formula (Art. 1.15), the voltage drop across 10 Q resistance is Vi, =
75 x 10/(10+25) =214 V.

Example 2.114. /n the nerwork shown in Fig. 2.229, using Millman's theorem, or otherwise
find the voltage between A and B. (Elect. Engg. Paper-1 Indian Engg. Services 1990)
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Solution. The end points of the different admittances which 50

are connected directly to the common point B have been marked — B
as 1, 2 and 3 as shown in the Fig. 2.229. Incidentally, 40 Q 20
resistance will not be taken into consideration because it is not =50 V 40 10
directly connected to the common point B. Here V, =V, = | 2
—S0V V=V, =100V ; V=V, =0V. 100 V43
(=50/50) + (100/20) + (0/10) 5 2 A

W50+ 200+ oy -2V g0

Since the answer comes out to be positive, it means that point A is at a higher potential as
compared to point B.

The detail reason for not taking any notice of 40 € resistance are given in Art. 2.29.

th
n

Vm' = VAB =

2.30 ¥laximum Power Transfer Theorem

Although applicable to all branches of electrical engineering, this theorem is particularly useful
for analysing communication networks. The overall efficiency of a network supplying maximum
power to any branch is 50 per cent. For this reason, the application of this theorem Lo power trans-
mission and distribution networks is limited because, in their case, the goal is high efficiency and not
maximum power transfer.

However, in the case of electronic and communication networks, very often, the goal is either o
receive or transmit maximum power (through at reduced efficiency) specially when power involved
is only a few milliwatts or microwatts. Frequently, the problem of maximum power transfer is of
crucial significance in the operation of transmission lines and antennas.

As applied to d.c. networks, this theorem may be stated as follows :

A resistive load will abstract maximum power from a network when the load resistance is equal
1o the resistance of the network as viewed from the output terminals, with all energy sources removed
leaving behind their internal resistances.

In Fig. 2.230 (a), a load resistance of R, is connected across
the terminals A and B of a network which consists of a generator
of em.f. E and internal resistance R, and a series resistance R
which, in fact, represents the lumped resistance of the connecting
wires. Let R; = R, + R = internal resistance of the network as
viewed from A and B.

According to this theorem, R, will abstract maximum power
from the network when R, = R,

Proof. Circuit current l = E
R, +R,
Power consumed by the load is 5
E°R .
P, = IERL= — -(f)
(R, +R,)”
dP,
For P, to be maximum, —L =0
dR,

Differentiating Eq. (i) above, we have
dpP, . £ 2R
ﬁ =B : 7R, 2 5 ||=E : IS L
L (R, +R) (R, +R) (R,+R)" (R, +R)

E’[(R iR)z_(szLR)}] or 2R, =R, +R, or R, =R,
L. R

o
I
2
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It is worth noting that under these conditions, the voltage across the load is hald the open-circuit
voltage at the terminals A and B.

E’R, FR?

| - E
Max. poweris P, .. = 4Ri T4R, 4R

Let us consider an a.c. source of internal impedance (R, + j X,) supplying power to a load
impedance (R, + jX,). It can be proved that maximum power transfer will take place when the
modules of the load impedance is equal to the modulus of the source impedance ie. | Z, | =1 Z, |

Where there is a completely free choice about the load, the maximum power transfer is obtained
when load impedance is the complex conjugate of the source impedance. For example, if source
impedance is (R, + jX,). then maximum transfer power occurs, when load impedance is (R, —jX,). It
can be shown that under this condition, the load power is = E- /4R,.

Example 2.115. In the network shown in Fig. 2.231 (a), find the value of R, such that maximum
possible power will be transferred to R,. Find also the value of the maximum power and the power
supplied by source under these conditrions.  (Elect. Engg. Paper I Indian Engg. Services 1989)

Solution. We will remove R, and find the equivalent Thevenin’s source for the circuit to the
left of terminals A and B. As seen from Fig. 2.231 (b) V,, equals the drop across the vertical resistor
of 3€ because no current flows through 2 Q and 1 Q resistors. Since 15 V drops across two series
resistors of 3 Q each, V, = 15/2 = 7/5 V., Thevenin's resistance can be found by replacing 15 V
source with a short-circuit. As seen from Fig. 2.231 (b), R, =2 + (311 3) + 1 = 4.5 Q. Maximum
power transfer to the load will take place when R, = R, =4.5 Q.

3 2 A 3 2 A
AW W—o— — MW

(P 15V 33 RZ 15V %3
L. % 1 B

(a) (b)

Fig. 2.231

Maximum power drawn by R, = VmI 14X R, = 7574 x 4.5=3.125W.
Since same power is developed is R, power supplied by the source = 2 x 3.125 = 6.250 W.

Example 2.115. In the circuit shown in Fig. 2.232 (a) obtain the condition from maxinem
power transfer 1o the load R, Hence determine the maxinuom power transferred.
(Elect. Science-I Allahabad Univ. 1992)

2 0.75A
10 1A 0.5A 1A 1.5A +

)
=
=
AN
(¥
>
7 A
>
=4
=y
=

30 %3 ® B B

1 L O
(a) () (c)
Fig. 2.232

Solution. We will find Thevenin's equivalent circuit to the left of terminals A and B for which
purpose we will convert the battery source into a current source as shown in Fig. 2.232 (b), By
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combining the two current sources, we get the circuit of Fig. 2.232 (c).
It would be seen that opencircuit voltage V,, equals the drop over 3Q
resistance because there is no drop on the SQ resistance connected Lo
terminal A. Now, there are two parallel path across the current source
each of resistance 5 Q. Hence, current through 3 Q resistance equals
1.5/2=0.75 A. Therefore, V,; =V, =3 x0.75 = 2.25 V with point A
positive with respect to point B.

For finding R, current source is replaced by an infinite resistance.
; Ry = R,=5+311(2+5)=7.1Q Fig. 2.233

The Thevenin's equivalent circuit alongwith R, is shown in Fig.
2.233. As per Art. 2,30, the coudmon for MPT is Ihal R, =7.1€Q.

Maximum power transferred = V,; / 4R, = 2.25%4 x 7.1 =0.178 W = 178 mW.

th

Example 2.117. Calculate the value of R which will absorb maximum power from the circuit of
Fig. 2.234 (a). Also, compute the value of maximum power.

Solution. For finding power, it is essential to know both I and R. Hence. it is essential to find
an equation relating / to R.

10 10 y
3 W3
6A T 6A
= & 2 D = % o D
120V 120V l
B B
; (a) b)
4 4 4
| 103 |,
12A 6A
210 I 3s CD 210 53 Teov R
E -
(e B @ °
Fig. 2.234 .

Let us remove R and find Thevenin's voltage V,, across A and B as shown in Fig. 2.234 (b). It
would be helpful to convert 120 V, 10-Q source into a constant-current source as shown in Fig.
2.234 (c). Applying KCL to the circuit, we get

—‘f;—h+& =12+6 or V, =60V
10 5

Now, for finding R, and R, the two sources are reduced to zero. Voltage of the voltage-source
is reduced to zero by short - circuiting it whereas current of the current source is reduced to zero by
open-circuiting it. The circuit which results from such source suppression is shown in Fig. 2.234
(d). Hence, R;=R,, =10115=10/3 Q. The Thevenin's equivalent circuit of the network is shown
in Fig. 2.234 (e).

According to Maximum Power Transfer Theorem, R will absorb maximum power when it equals
10/3 Q. In that case, / =60 + 20/3=9 A

= PR=9"x103=270 W
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2.31. Power Transfer Efficiency

If P, is the power supplied to the load and Py is the total power supplied by the voltage source,
then power transfer efficiency is given by 1 = P,/P.

Now, the generator or voltage source E supplies power to both the load resistance R, and to the
internal resistance R, = (Rx + R).

P, = P,+P, or ExI=IR,+[R,

B __ IR, _ R _ 1
P I’R +I’R, R +R 1+(R/R))

‘I'|z

The variation of | with R, is shown in Fig. 2.235 (a). The maximum value of 1 is unity when
R, = o= and has a value of 0.5 when R, = R,. It means that under maximum power transfer conditions,
the power transfer efficiency is only 50%. As mentioned above, maximum power transfer condition
is important in communication applications but in most power systems applications, a 50% effi-
ciency is undesirable because of the wasted energy. Often, a compromise has to be made between
the load power and the power transfer efficiency. For example, if we make R, =2 R, then
P, = 0222 E'/R, and T = 0.667.

It is seen that the load power is only 11% less than its maximum possible value, whereas the
power transfer efficiency has improved from 0.5 to 0.667 i.e. by 33%.

n P

I.O _____________ PLmax ______

05F—————

” b — e —— ——— —

Fig. 2.235

Example 2.118. A voltage source delivers 4 A when the load connected to it is 5 Q and 2 A
when the load becomes 20 §. Calculate

(a) maximum power which the source can supply (b) power transfer efficiency of the source
with R, of 20 L2 (¢) the power transfer efficiency when the source delivers 60 VY.

Selution. We can find the values of E and R, from the two given load conditions.

(@) WhenR, =5Q,/=4Aand V=IR, =4 X5 =20V, then20=E -4 R, D)

When R, =20Q,/=2Aand V=IR; =2%x20=40V .. 40=E-2R, -..(if)

From (i) and (ii), we get, R,= 10 Q and E= 60 V

When R, =R, = 10Q

p _ E' _60x60 _
Lmax = 4R~ 4x10
(b) When R, =20 Q, the power transfer efficiency is given by

R, 20 ;
=2 —=—=—— =0, 66,79
n R, +R 30 0.667 or Yo

(¢) For finding the efficiency corresponding to a load power of 60 W, we must first find the
value of R,.
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£ Y
Now, P = [‘Ri'l'RL] R,
60 = 0 XK RI_40R, +100=0
(R, +10)°
Hence R, =3732Q or 268Q
Since there are two values of R, there are two efficiencies corresponding to these values.
_ 3732 _ 268 _
n, = m =0.789 or 78.9%, N, = 12.68 =0211 or 21.1%

It will be seen from above. the n, + 1, = 1.
Example 2.119. Two load resistance R, and R, dissipate the same power when connected to a
voliage source having an internal resistance of R, Prove that (a) R = RR, and (b) 1), + n, =1L
Solution. (a) Since both resistances dissipate the same amount of power, hence
E'R, _ E'R,
(R +R)* (Ry+R)
Cancelling E and cross-multiplying, we get
R Ry +2R RyR,+ R R’ =R, R+ 2R, R, R, + R, R}
Simplifying the above, we get, R” = R R,
(b) If m, and 7, are the two efficiencies corresponding to the load resistances R, and R,, then

P

L =

R . R, _ 2R R, +R(R +R)
M+M = R+R  Ry+R  RR,+R’+R(R +R)
Substituting Rf =R, R,, we gel

2R’ + R(R, +R,)
 PAEI )

M*M2 = 2R2 4 R(R +R,)

Example 2.120. Determine the value of R, for maximum power at the load. Determine maxi-
munt power also. The network is given in the Fig. 2.236 (a). [Bombay University 2001]
30 1

AMAA A

f R
LARLL "“"“ o
10 4Q 0
+ + +

Fig. 2.236 ()

Solution. This can be attempted by Thevenin's Theorem. As in the circuit, with terminals A
and B kept open, from the right hand side, V,, (w.r. to reference node 0) can be calculated V, and Vs
will have a net voliage of 2 volts circulating a current of (2/8) = (.25 amp in clockwise direction.

Vy = 10-0.25x2=19.5 volts.

On the Left-hand part of the circuit, two loops are there. V, (w.r. to 0) has to be evaluated. Let
the first loop (with V, and V, as the sources) carry a clockwise current of i, and the second loop (with
V, and V, as the sources), a clockwise current of i,. Writing the circuit equations.
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Bi—4i, = +4
~4i+8i, = +4
This gives i, = 1 amp, i, = | amp
Therefore, V, = 12+ 3x 1 =15 volts.

Thevenin — voltage, Vig = V,—Vg=15-9.5=5.5 volts

iQ 10 Ry,
T
' 40 0 2 n 20
Fig. 2.236 (b) Fig. 2.236 (¢)
Solving as shown in Fig. 2.236 (b) & (¢).
Ry, = 3 ohms

For maximum power transfer, R, =3 ohms
Current = 5.5/6 = 0.9167 amp
Power transferred to load 0.9167° x 3 = 2.52 watts.

Example 2.121. For the circuit shown below, what will be the value of R, 1o get the maximum

power 7 What is the maximum power delivered to the load ? [Bombay University 2001]
Solution. Detach R, and apply Thevenin's
Theorem. »a 60 Q
180 Q
Viy = 5.696 volts, Ry, = 11.39 Q s%0a
R, must be 11.39 ohms for maximum power loy R,
transfer.
P = 0.712 watt, Fig. 2.237
Example 2.122. Find the maximum power in ‘R, which is variable in the circuit shown below
in Fig. 2.238. [Bombay University, 2001]
Solution. Apply Thevenin's theorem. For this
R, has to be detached from nodes A and B. Treat O as 40Q %
the reference node. i 0Q
= — 100V
V=60V, V=V .4+2=50+2=52V e
Thus, V., = V,, = 8 volts, with A positive w.r. to
B Ry, = (60/40) + (50/50) = 49 ohms i 500
Hence, for maximum power, R, = 49 ohms

With this R,, Current = 8/98 amp = 0.08163 amp

Power to Load = i* R, =0.3265 watt

Example 2.123. Find V, and V; by “nodal analysis” for the circuit shown in Fig. 2.239 (a).
[Bombay University 1998]

Solution. Let the conductance be represented by g. Let all the sources be current sources. For

this, a voltage-source in series with a resistor is transformed into its equivalent current source. This
is done in Fig. 2.239 (b).

Fig. 2.238
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B B e
30
100 _j*
2Q 150 Gf 13 A -l-_
+ 18V
= 0
Y
Fig. 2.239 (a)
A a B
A 220 2 3 30
3 3 100 3
SA[] 3 3 150 ¥ [:| 6A
v
13
Fig. 2.239 (). All Current Sources
A g B
50
$2012

2.5 n
N

b T
‘ \I
B |
>
=

Observing the circuit,

A

4

4,
Va

Vs

0.2

5
5.67

[ 0.8
| -0.2

[ 0.8 —0.2]
0.6 |

-0.2]
0.6 |

5

5.67 |

Fig. 2.239 (¢)

g, = (1/5+06=08, g,,=040+02=06
£,>,= 0.2, Current sources : + 5 amp into ‘A’ + 5.67 amp into ‘B’

=044

=4.134

= 5.526

4.134/0.44 = 9.4 volts,

5.536/0.44 = 12.6 volts.
Current in 5-ohm resistor

= (Vg = V,)/5 =0.64 amp
Check : Apply Thevenin's Theorem :

10 x (10/12) =8.333 V

(17/13) x 2.5 = 14.167 V

= 14.167-8333=5834 V

4.167

S.834(4.167 + 5) =064 A

......

A B 30
220 3210Q
3 13/ A
A +
10V _ 18V [

Fig. 2.239 (d) Thevenized Circuit

161
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A B
@
Ry,
A / B
@ 5 J
2Q 3 2Q
0o 15 330  —
173 A g 3
100 . PY
Fig. 2.239 (e) Right side simplified Fig. 2.239 (f) Evaluating R,

Example. 2.124. Find the magnitude R, for the maximwn power fransfer in the circuit shown
in Fig. 2.240 (a). Also find out the maximum power.

30
MBS (L e
:
6A
S il 40
| AW
Y Fig. 2.240 (a)
Solution, Simplify by source transformations, as done in Fig. 2.240 (b), (c), (d)
MWW
iQ
] b [] :
6 Al
TR gy
Fig. 2.240 (b)
oy
107 Q
8A é,s Q 3 20 R,
B0/7TV
B
Fig. 2.240 (¢) Fig. 2.240 (d)
For maximum power, R, = 7+010/7)=843Q

Maximum power [(80/7)/16.68]" X 8.43 = 3.87 watts.
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Tutorial Problems No. 2.6

(a)
3.

(o

Norton Theorem

Find the Thevenin and Norton equivalent circuits for the active network shown in Fig. 2.241 (a). All

resistance are in ohms. [Hint : Use Superposition principle to find contribution of each source]
[10 V source, series resistor = 5 Q ; 2 A source, parallel resistance = 5 ]

Obtain the Thevenin and Norton equivalent circuits for the circuit shown in Fig. 2.241 (b). All

resistance values are in ohms.

[15 V source, series resistance = 5 0 ; 3 A source, parallel resistance = 5 2]

4A

15 6
—AWWW AW

Ok
Om

2 & g
vV W__O
3 6
C)sv Q 24 + L =20v 30
p sov ( Jisv -
< { 4
B

4 10V E TE T6V 18V

o

B

Fig. 2.241 (a) Fig. 2.241 (b) Fig. 2.241 (¢)
Find the Norton equivalent circuit for the active linear network shown in Fig. 2.241 (¢). All resis-
tances are in ohms. Hint : It would be easier to first find Thevenin’s equivalent circuit].
[2 A source; panillcl resistance = 16 €]

Apply Norton's theorem to find current flowing through the 3.6 € resistor of the circuit shown in Fig.
2.242. [2 A]

Find (i) Thevenin and (i7) Norton equivalent circuits for the terminals A and B of the network shown
in Fig. 2.243. All resistances are in ohms. Take E, > E,.

iRy =R, IR, (f)I,. =—+
R"?Rl th I 2 sC RI RI

..  E;R,+E,R, E, E,
|:lll‘m=——-—~————‘ iR, =R IR,

Obtain (i) Thevenin and (ii) Norton equivalent circuit with respect to the terminals A and B of the
network of Fig. 2.244. Numbers represent resistances in ohm.

[G) Vy, =4 Vi R, = 149 Q (i) I, = 2.25 A: R, = 149 Q]
6 5V ;
4 4

LL L,

O
Ok

R 3R, 32 6 S

3.6 B
A o

Oty

Fig. 2.242 Fig. 2.243 Fig. 2244

. The Network equivalent of the network shown in Fig. 2.245 between terminals A and B is a parallel

resistance of 10 0. What is the value of the unknown resistance R 7 |60 Q]
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—04 o MN————

:

30 R 20

CD!A %2.4 2oV ;,é 2%

:1—2_‘1“ 36 36 BRETY Ty RE T3V 6V &

6V '[6 A’ ‘I’ﬁ v
oB —0 O
(a) ) B
Fig. 2245 Fig. 2.246
8. The circuit shown in Fig. 2.246 (a) is the Norton equivalent of the circuit to the left of AB in Fig. 2.246
(b). What current will flow if a short is placed across AB ? [1A]

9. The Norton equivalent circuit of two identical batteries connected in parallel consists of a 2-A source
in parallel with a 4-£2 resistor. Find the value of the resistive load to which a single bauery will
deliver maximum power. Also calculate the value of this maximum power. (8 2W]

10. The Thevenin equivalem circuit of a certain consists of a 6-V d.c. source mn series with a resistance of

3 Q. The Norton equivalent of another circuit is a 3-A current source in parallel with a resistance of

6 £2. The two circuits are connected in paruilel like polarity to like. For this combination, determine

(1) Norton equivalent (if) Thevenin equivalent (/i) maximum power it can deliver and (iv) value of
load resistance from maximum power.

[(()5A, 20 ) 10V,20 () 125 W (iv) 2 Q]

11 For the ladder network shown in Fig. 2.247. find the value of R, for maximum power transfer. What
is the value of this P, [2Q, %16 W]

6 3 3 A 3 6 A 3 6
AN RN o AN S AMA MN——Ow— A A lo]

-~ Oe—. S
B B
Fig. 2.247 Fig. 2.248 Fig. 2.249
12. Calculate the value of R, which will draw maximum power from the circuit gf Fig. 2.248. Also, find
the value of this maximum power. [60; 1.5 W]

13. Find Norton's equivalent circuit for the network shown in Fig. 2.249. Verify it through its Thevenin’s
equivalent circuit. [1 A, Parallel resistance = 6 Q]

14. State the Tellegen's theorem and verify it by an illustration. Comment on the applicability of Tellegen’s
theorem on the types of networks. (Circuit and Field Theory, AAM.LE. Sec. B, 1993)

Solution. Tellegen's Theorem can be stated as under :
For a network consisting of n elements if i, i,......i, are the currents flowing through the elements sauisfy-

ing KirchhotT's current law and v, v,......v, are the voltages across these elements satisfying Kirchhoff™s Taw,

then

2"*"* =0

k=1

where v, is the voltage across and i,
Theorem, the sum of instantaneous
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This theorem has wide applications. It is valid for any lumped network that contains any elements linear

or non-linear, passive or active, time-varient or time-invariant.

Explanation : This theorem will be explained with the help of the simple
circuit shown in Fig. 2.250. The total resistance seen by the battery is
=8+4114=10Q.

Battery current /= 100/10 = 10 A, This current divides equally at point B,
Drop over 8 Q resistor =8 x 10 =80 V
Drop over 4 Q resistor=4 x 5=20 V
Drop over | Qresistor=1x5=5V
Drop over 3 Qresistor=3x5=15V
According to Tellegen's Theorem,
=100x10-80x10-20x5-5x5-15x5=0
(b) Milliman’s Theorem

8 1
‘l"‘l" A'A" “

oy 3

Fig. 2.250

15. Use Millman's theorem, to find the potential of point A with respect to the ground in Fig. 2.251.

16. Using Millman’s theorem, find the value of output voltage V;, in the circuit of Fig. 2.252. All resis-

tances are in ohms.
6

Mll -
- J SA 1 T
T

Fig, 2.251 Fig. 2.252
() MPT Theorem

Voltage Source

. e

[V, =818 V]
[4V]

oy |
= 4 1) ]
HV) 103 3l
i |
o |
o R R o S
Load

Fig. 2.253

17. In Fig. 2.253 what value of R will allow maximum power transfer to the load ? Also calculate the

maximum total load power. All resistances are in ohms.

OBJECTIVE TESTS -2

[40;48 W]

1. Kirchhoff’s current law is applicable to only (c) negative
(a) closed loops in a network (d) determined by battery e.m.fs.
(h) electronic circuits 4. The algebraic sign of an IR drop is primarily
(c) junctions in a network dependent upon the
(d) electric circuits, (a) amount of current flowing through it
2. Kirchhoff’s voltage law is concerned with (b) value of R
(a) IR drops (¢) direction of current flow
(b) battery e.m.fs, (d) battery connection.
(c) junction voltages 5. Maxwell's (oop current method of solving
(d) both {a) and (b) electrical networks
3. According to KVL, the algebraic sum of all (a) uses branch currents
IR drops and e.m.f.s in any closed loop of a (b) utilizes Kirchhoff's voliage law
network is always (¢) is confined to single-loop circuits
{a) zero (d) is a network reduction method.

(b) positive 6. Point out of the WRONG statement. In the




166

10.

node-voltage technique of solving networks,
choice of a reference node does not

(a) affect the operation of the circuit

{b) change the voltage across any element
{c) alter the p.d. between any pair of nodes
(d) affect the voltages of various nodes.

The nodal analysis is primarily based on the
application of

(a) KVL

(b) KCL

(c) Ohm’s law

{d) both (b) and (c)

() both (a) and (b).

Superposition theorem can be applied only
1o circuits having—elements,

{a) non-linear (b) passive

(c) linear bilateral (d) resistive

The Superposition theorem is essentially
based on the concept of

(a) duality

() reciprocity
While Thevenining a circuit between two ter-
minals, V, equals

(a) short-circuit terminal voltage

(b) linearity
(d) non-linearity

(b) open-circuit terminal voltage
(c) EMF of the battery nearest to the
termnals

(d) net voltage available in the circuit.

. Thevenin resistance R, is found

la) between any two ‘open’ terminals

{b) by short-circuiting the given two termi-
nals

(c) by removing voltage sources along with
their internal resistances

(d) between same open lerminal as for V.

While calculating R, constant-current
sources in the circuit are :

(a} replaced by ‘opens’

(b) replaced by ‘shorts’

(¢) treated in parallel with other voltage
sources

(d) converted into equivalent voltage
sources.

13. Thevenin resistance of the circuit of Fig.

14.

16.

17.

18.

19
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AMN——o0A
ohm.

(a) 6 —_ §3

by 3 3v i

(c) 9

(d 2

The load re-

sistance

needed to ex-

tract maximum

power from the §
6

circuit of Fig.
2.255 is—ohm §3
(a) 2 >
(b) 9 e
(cy 6

(d) 18

The Norton
equivalent
circuit for the network of Fig. 2.255 between
A and B is—current source with parallel
resistance of—

(a) 2A.60 by 3A,2Q

(c) 2A,3Q (d) 3A,.90Q
The Norton equivalent of a circuit consists
of a 2 A current sources in parallel with a
4 Q resistor. Thevenin equivalent of this
circuit is a—volt source in series with a 4 Q
resistor.

(a) 2 () 05

(©) 6 (d) 8

If two identical 3 A, 4 £ Norton equivalent
circuits are connected in parallel with like
polarity to like the combined Norton equiva-
lent circuit is !

(a) 60,40 ) 6A,2Q

(c) 3A.2Q (d) 6A,8Q
Two 6V, 2 {2 batteries are connected in series
siding. This combination can be replaced by
a single equivalent current generator of—with
a parallel resistance of—ohm

(a) 3A.4Q (k) 3A,2Q

(c) 3A.1Q (d) 6A,20
Two identical 3-A, 1 £ batteries are
connected in parallel with like polarity to like.
The Norton equivalent circuit of this
combination is
(a) 3A,05Q

2.254 across
its terminals
A and B is—

oB

Fig. 2.254
0A

oB
Fig. 2.255

(b) 6A,1Q
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() 3A.1Q (d) 6 A,05Q

20). Thevenin equivalent circuit of the network

S
A"""‘ oa

;10

ob

Fig. 2.256

shown in Fig. 2.256 is required. The value
of open-circuit voltage across terminals a and
b of this circuit is——volt,

(a) zero (b) 2410
(c) 2il5 (d) 2il5
q Tt Pt

P ! q°sl 2Pl L Y
2°8 P°L 29 q°s

21.

22.

L |14
L4
2P

SHAMSNY
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For a linear network containing generators
and impedances, the ratio of the voltage to
the current produced in other loop is the
same as the ratio of voltage and current
obtained obtained when the positions of the
voltage source and the ammeter measureing
the current are interchanged. This network
theorem is known as——theorem.
(@) Millman's (b) Norton’s
(¢) Tellegen's (d) Reciprocity
(Circuits and Field Theory,
AMIE. Sec. B., 1993)
A 12 volt source will an internal resistance
of 1.2 ohms is connected across a wire-would
resistor. Maximum power will be dissipated
in the resistor when its resistance is equal 1o
(b) 1.2 ohm
(d) infinity
(Grad. LE.T.E. Dec. 1985)

(@) zero
(¢) 12 ohm

P61 q 81 L
PIr o 9o q4°6
L P 2°T



3 WORK, POWER AND ENERGY

3.1. Effect of Electric Current

It is a matter of common experience that a conductor, when carrying current, becomes hot after
some time. As explained earlier, an electric current is just a directed flow or drift of electrons
through a substance. The moving electrons as the pass through molecules of atoms of that sub-
stance, collide with other electrons. This electronic collision results in the production of heat. This
explains why passage of current is always accompanied by generation of heat.

3.2 Joule's Law of Electric Heating

The amount of work required to maintain a current of / amperes through a resistance of R ochm
for t second is

W.D. = PRt joules
= VIt joules (" R=VID
= Wt joules (- W=V
= VAR joules (- I=VIR)
This work is converted into heat and is dissipated away. The amount of heat produced is
H = work done _W.D.
mechanical equivalent of heat J
where J = 4,186 joules/kcal = 4,200 joules / kcal (approx)
H = PR/4.200 keal = Vit/4,200 kcal

Wi/4,200 keal = V'1/4.200 R keal

3.3 Thermal Efficiency

It is defined as the ratio of the heat actualy utilized to the total heat produced electrically. Con-
sider the case of the electric kettle used for boiling water. Out of the total heat produced (i) some
goes o heat the apparatus itself i.e. kettle (if) some is lost by radiation and convection ect. and
(fif) the rest is utilized for heating the water. Out of these, the heat utilized for useful purpose is that
in (iit). Hence, thermal efficiency of this electric apparatus is the ratio of the heat utilized for heating
the water to the total heat produced. '

Hence, the relation between heat produced electrically and heat absorbed usefully becomes
VT“XH = ms(0,-6))

Example 3.1. The heater element of an electric kenle has a constant resistance of 100 Q and
the applied voltage is 250 V. Calculate the time taken to raise the temperature of one litre of water
from 15°C to 90°C assuming that 85% of the power input to the kettle is usefilly emploved. If the
water equivalent of the kettle is 100 g, find how long will it take to raise a second litre of water
through the same temperature range immediately after the first.

(Electrical Engineering, Calcutta Univ. 1980)

Solution. Mass of water = 1000g = 1kg S| em’ weight | gram)

168
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I

Heat taken by water 1 x(90—15) =75 kcal
Heat taken by the kettale 0.1 (90 — 15) = 7.5 kcal
Total heat taken =75+75 =825 kcal
Heat produced electrically H = I°Ri/J kcal
Now, I = 250/100 = 2/5 A, J = 4,200 J/kcal; H = 2.5° x 100 x /4200 kcal
Heat actually utilized for heating one litre of water and kettle
= 0.85 x 2.57 x 100 x /4,200 kcal

= 825 . =10 min 52 second

Il

0.85%6.25x100xr
4,200
In the second case, heat would be required only for heating the water because kettle would be
already hot.

0.85x6.25x100x ¢ .
75 = ~ t=Y9 min 53 second
4,200
Example 3.2. Two heater A and B are in parallel across supply voltage V. Heater A produces
500 keal in 200 min. and B produces 1000 kcal in 10 min. The resistance of A is 10 ohm. What is the
resistance of B ? If the same heaters are connected in series across the voltage V, how much heat

will be prduced in kcal in 5 min ? (Elect. Science - I1, Allahabad Univ. 1992}
2
Solution. Heat produced = % keal
V2% (20 % 60) X
For heater A, 500 = '—W 1)
2
For heater B, 1000 = M (i)
RxJ

From Eq. (/) and (i), we get, R= 2.5 €.

When the two heaters are connected in series, let H be the amount of heat produced in kcal.
Since combined resistanc is (10 + 2.5) = 12.5 Q, hence

y = Vix(6x60)
12.5%x J

Dividing Eq. (iii) by Eq. (i), we have H = 100 keal.

Example 3.3 An electric kertle needs six minutes to boil 2 kg of water from the initial tempera-
ture of 20°C. The cost of electrical energy reguired for this operation is 12 paise, the rate being 40
paise per kWh. Find the kW-rating and the overall efficiency of the ketile.

(F.Y. Engg. Pune Univ. Nov. 1989)

(i)

12 paise

40 paise/kWh
energy inkWh _ 0.3
Time in hours  (6/60)
Hence, the power rating of the electric kettle is 3 kW
Energy utilised in heating the water

=mst=2x 1 x (100 — 20) = 160 kcal = 160 /860 kWh = 0.186 kWh.
Efficiency = output/input = 0.186/0.3 = 0.62 = 62%.

3.4. S.I Units
1. Mass. It is quantity of matter contained in a body.

Unit of mass is kilogram (kg). Other multiples commonly used are :
1 quintal = 100 kg, | tonne = 10 quintals = 1000 kg

Solution. [nput energy to the kettle = =0.3 kWh

Input power = =3 kW
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2. Force. Unit of force is newton (N). Its definition may be obtained from Newton’s Second
Law of Motion i.e. F = ma.

If m=1kg;a=Im/s’, then F = | newton. i
Hence, one newton is that force which can give an acceleration of 1 m/s” to a mass of 1 kg.
Gravitational unit of force is kilogram-weight (kg-wt). It may be defined as follows :
or
It is the force which can impart an acceleration of 9.8 m/s” to a mass of 1 kg.
It is the force which can impart an acceleration of 1 m/s” to a mass of 9.8 kg.
Obviously, 1 kg-wt. = 98N

3. Weight. Itis the force with which earth pulls a body downwards. Obviously, its units are the
same as for force.

(a) Unit of weight is newton (N)

(b) Gravitational unit of weight is kg-wt.*

Note. If a body has a mass of m kg, then its weight, W = mg newtons = 9.8 newtons.

4. Work, If a force of F moves a body through a distance § in its direction of application, then

Work done W = FXS§

(a) Unit of work is joule (J).

If, in the above equation, F=1 N : § =1 m ; then work done = 1 m.N or joule.

Hence, one joule is the work done when a force of 1 N moves a body through a distance of 1 m
in the direction of its application.

(b) Gravitational unit of work is m-kg. wt or m-kg**.

If F=1kg-wt; S =1 m; then W.D. =1 m-kg. Wt=1 m-kg.

Hence, one m-kg is the work done by a force of one kg-wt when applied over a distance of one
metre.

Obviously, | m-kg =9.8 m-N or J.
5. Power. Itis the rate of doing work. Its units is watt (W) which represents | joule per second.
I1W =115
If a force of F newton moves a body with a velocity of v m./s then
power = F X v walt
If the velocity v is in km/s, then
power = Fxv kilowatt
If the velocity v is in km/s, then
power = F x v kilowatt
6. Kilowatt-hour (kWh) and kilocalorie (kcal)

1 kWh = 1000 x 1% % 3600 s =36 x 10° J

I kcal =4,186J .. 1 kWh=36x 10514, 186 = 860 kcal
7. Miscellaneous Units

(1) lwanhour(Wh)=1%x36005=36OOJ '
(i) 1 horse power (metric) = 75 m-kg/s = 75 x 9.8 = 735.5 J/s or watt
(iii) 1 kilowatt (kW) = 1000 W and 1 megawatt (MW) = 10° W
3.5. Calculation of Kilo-watt Power of a Hydroelectric Station
Let O = water discharge rate in cubic metres/second (m"ls). H = net water head in metre (m).
g =9.81 n : overall efficiency of the hydroelectric station expressed as a fraction.
Since 1 m’ of water weighs 1000 kg., discharge rate is 1000 Q kg/s.

When this amount of water falls through a height of H metre, then energy or work available per
second or available power is

= 1000 QgH Jis or W = QgHEkW

Often it is referred o as a force of | kg, the word *wt’ being omitted. To avoid confusion with mass of
| kg, the force of | kg is written in engineering literature as kgl instead of kg. wt

*

Generully the work “wt’ is omitted and the unit is simply written as m-kg,
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Since the overall station efficiency is 1), power actually available is = 9.81 | OH kW.

Example 3.4. A de-icing equipment fitted to a radio aerial consists of a length of a resistance
wire so arranged that when a current is passed through it, parts of the aerial become warm. The
resistance wire dissipates 1250 W when 50 V is maintained across its ends. It is connected to a d.c.
supply by 100 metres of this copper wire, each conductor of which has resistance of 0.006 C/m.

Calculare

(at) the current in the resistance wire

(h) the power lost in the copper connecting wire

(c) the supply voltage required to maintain 50 V across the heater itself.

Solution. (a) Current = wattage/voltage 1250/50 =25 A

(b) Resistance of one copper conductor 0.006 x 100 = 0.6 Q

Resistance of both copper conductors 06x2=12Q

Power loss PRwatts =252 x 12 =750 W

(c) Voltage drop over connecting copper wire IRvolt=25x12=30V

Supply voltage required 50+30=80V
Example 3.5 A factory has a 240-V supply from which the following loads are taken :

L L | L B 1

Lighting = Three hundred 150-W, four hundred 100 W and five hundred 60-W lamps
Heating - 100 kW

Motors A total of 44.76 kW (60 b.h.p.) with an average efficiency of 75 percent
Misc. @ Various load taking a current of 40 A.

Assuming thar the lighting lead is on for a period of 4 hours/day, the heating for 10 hours per
day and the remainder for 2 hours/day, calculate the weekly consumption of the factory in kWh when
working on a 5-dav week.

What current is taken when the lighting load only is switched on ?

Solution. The power consumed by each load can be tabulated as given below :

Power consumed

Lighting 300 x 150 = 45,000 = 45 kW
400 x 100 = 40,000 = 40 kW
500 x 60 = 30,000 = 30 kW
Total = 115 kW
Heating = 100 kW
Motors = 44.76/0.75 = 59.7 kW
Misc. = 240 x 40/1000 = 9.6 kW

Similarly, the energy consumed/day can be tabulated as follows :
Energy consumed / day

Weekly consumption 1,598.6 x 5 =7,993 kWh

Current taken by the lighting load alone 115 x 1000/240 =479 A

Example 3.6. A Disel-electric generating set supplies an output of 25 kW. The calorific value
of the fuel oil used is 12,500 kcaltkg. If the overall efficiency of the unit is 35% (a) calculate the mass
of oil required per hour (b) the electric energy generated per tonne of the fuel.

Solution. Output = 25 kW, Overall | = 0.35, Input = 25/0.35 = 71.4 kW

input per hour 71.4 kWh = 71.4 x 860 = 61.400 kcal
Since | kg of fuel-oil produces 12,500 kcal
(@) . mass of oil required
() 1 tonne of fuel

Lighting = [ISkWx4hr = 460 kWh
Heating = 100kW x 10hr = 1,000 kWh
Motors = 597kWx2hr = 1194 kWh
Misc. =96kWx2hr = _19.2 kWh

Total daily consumption = 1,598.6 kWh

61,400/12,500 = 4.91 kg
1000 kg

1l
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1000 x 12,500 = 12.5 10° kcal
12.5 x 10%/860 = 14,530 kWh

Overall n = 0.35% .. energy output 14,530 x 0.35 = 5,088 kWh

Example 3.7. The effective water head for a 100 MW station is 220 metres. The station sup-
plies full load for 12 hours a day. If the overall efficiency of the station is 86,.4%. find the volume of
water used. '

Solution. Energy supplied in 12 hours = 100 x 12 = 1200 MWh

= 12x10°kWh=12x10"x3°x 10" ] =432 x 10" J
Overall 1) = 86.4% = 0.864 .. Energy input = 43.2 x 10''/0.864 =5 x 10'* ]
Suppose m kg is the mass of water used in 12 hours, then m x 9.81 >< 220 =5 x 10"

m = 5x107/9.81 x 220 =23.17 x 10 kg
anume of water = 23.17x 10%10° = 2317 x 10° m®

(~» 1 m" of water weighs 10° kg)

Heat content

Example 3.8. Calculate the current required by a 1,500 volts d.c. locomotive when drawing
100 tonne load ar 435 km.p.h. with a tractive resistance of 5 kg/tonne along (a) level track (b) a
gradient of 1 in 50. A sume a motor efficiency of 90 percent.

Solution. As shown in Fig. 3.1 (a), in this case, force required is equal to the tractive resistance
only.

(a) Force required at the rate of 5 kg-wt/tonne = 100 x 5§ kg-wt. =500 x 9.81 =4905 N

Distance travelled/second = 45 x 1000/3600 = 12.5 m/s

Power output of the locomotive = 4905 x 12.5 J/s or watt = 61,312 W

n=09 .. Powerinput=61312/0.9 =68,125 W

Currnet drawn = 68,125/1500 = 45.41 A

m

[ [ |

0 )

o
(a) (b) w

Fig. 3.1

(b) When the load is drawn along the gradient [Fig. 3.1 (b)], component of the weight acting
downwards = 100 x 1/50 = 2 tonne-wt = 2000 kg-wt = 2000 x 9.81 = 19,620 N

Total force required = 19,620 + 4905 =24525 N
Power output = force x velocity = 24,525 x 12.5 watt
; . » _24,525x12.5 _
Power input = 24,525 x 12.5/0.9 W ; Current drawn = 09x1500 - 227 A
Example 3.9. A room measures 4 m x 7 m x 5 m and the air in it has to be always kept 15°C

higher than that r;,f the incoming air. The air inside has to be renewed every 35 minutes. Neglecting
radiation loss, calculate the rating of the heater suitable for this purpose. Take specific heat of air
as 0.24 and density as 1.27 kg/m’

Solution. Volume of air to |
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Mass of air to be changed/second = (1/15) x 1.27 kg

Heat required/second mass/second x sp. heat x rise in temp.
(1.27/15) % 0.24 x 15 keal/s = 0.305 kcal/s
0.305 x 4186 J/s = 1277 watt.

Example 3.10. A motor is being self-started against a resisting torque of 60 N-m and at each
start, the engine iy cranked at 75 r.p.m. for 8 seconds. For each siart, energy is drawn from a lead-
acid battery. If the battery has the capacity of 100 Wh, calculate the number of starts that can be
made with such a battery. Assume an overall efficiency of the motor and gears as 25%.

(Principles of Elect. Engg.-1, Jadavpur Univ. 1987)

Solution. Angular speed @ = 2 N/60 rad/s = 2nt x 75/60 = 7.85 rad/s

Power required for rotating the engine at this angular speed is

P = torque x angular speed = o7 watt = 60 X 7.85 = 471 W
Energy required per start is = power X time per start = 471 x 8 = 3,768 watt-s = 3,768 ]
= 3,768/3600 = 1.047 Wh

Energy drawn from the battery taking into consideration the efficiency of the motor and gearing

= 1.047/0.25 = 4.188 Wh

No. of start possible with a fully-charged battery = 100/4.188 = 24 (approx.)

Example 3.11. Find the amount of electrical energy exdpended in raising the temperature of
45 lirres of water by 75°C. To what height could a weight of 5 tonnes be raised with the expenditure
of the same energy ? Assume efficiencies of the heating equipment and lifting equipment to be 90%
and 70% respectively. (Elect. Engg. A.M. Ae. S.1. Dec. 1991)

Solution. Mass of water heated = 45 kg. Heat required = 45 x 75 = 3,375 kcal

Heat produced electrically = 3,375/0.9 = 3,750 kcal. Now, 1 kcal = 4,186 1]

electrical energy expended = 3,750 x 4,186 J

Energy available for lifting the load is = 0.7 x 3,750 x 4,186 ]

If h metre is the height through which the load of 5 tonnes can be lifted, then potential energy of
the load = mgh joules = 5 x 1000 x 9.81 A joules

5000 x9.81 x h=0.7x3750% 4,186 .. h=224 metres

Example 3.12. An hydro-electric station has a turbine of efficiency 86% and a venerator of
efficiency 92%. The effecitive head of water is 150 m. Cuh':.n’me‘.'he volume of water used when
delivering a load of 40 MW for 6 hours. Water weighs 1000 kg/m'’.

I

]

Solution. Energy output = 40 x 6 = 240 MWh
= 240 x 10’ x 36 x 10° = 864 x 10° J
. 864 %10’ 1
Overalln=086x092 . E g SETAI o gigoasantt g
e TeTEY 1PUL= 86 x 0.92 10

Since the head is 150 m and 1 m” of water weighs 1000 kg, energy contributed by each m" of
water = 150 x 1000 m-kg (wt) 150 x 1000 x 9.81 J = 147.2 x 10* ]
147.2x10°
Example 3.13. An hydroelectric generating station is supplied form a reservoior of capacity 6 million m’
at a head of 170 m.
(i) What is the available energy in kWh if the hydraulic efficiency be 0.8 and the electrical
efficiency 0.9 ?
(ii) Find the fall in reservoir level after a load of 12,000 kW has been supplied for 3 hours, the
area of the reservoir is 2.5 km”. i
(iii) If the reservoir is supplied by a river at the rate of 1.2 m’/s. what does this flow represent
i kW and kWh/day ? Assume constant head and efficiency.

Volume of water for the required energy = =74.18 x 10" m’

Water weighs 1 tonne/m’. (Elect. Engineering-1, Osmania Univ. 1987)
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Solution. (i) Wt. of water W = 6 x 10° x 1000 kg wt =6 x 10" x 9.81 N
Water head = 170 m
Potential energy stored in this much water
= Wh=6x10"x9.81x170J=10"]

08x09=0.71
0.72x 10" 1 =72 x 10"'/36 x 10°
2% 10° kWh

(#1) Energy supplied 12,000 x 3 = 36,000 kWh

Energy drawn from the reservoir after taking into consnderatlon the overall efficiency of the
station = 36, 00(}!0 72=5x10*kWh -

= 5% 10" x36x10°= 18 x 10"
If m kg is the mass of water used in two hours, then, since water head is 170 m
mgh = 18 x 10"
or mx9.81x170 = 18x 10" . m=1.08x10"kg
If h metre is the fall in water level, then
h x area X density = mass of water
hx(2.5x10%x1000 = 1.08x10° .. h=00432m=4.32¢x
(iif) Mass of water stored per second = 1.2 x 1000 = 1200 kg
Wt. of water stored per second = 1200 x9.81 N
Power stored 1200 x 9.81 x 170 J/s = 2,000 kW
Power actually available 2,000 x 0.72 = 1440 kW
Energy delivered /day 1440 x 24 = 34,560 kWh

Example 3.14. The reservoir for a hydro-electric station is 230 m above the turbine house. The
annual replenishment of the reserveir is 45 x 10" kg. What is the energy available at the generating
station bus-bars if the loss of head in the hyvdraulic system is 30 m and the overall efficiency of the
station is 85%. Also, calculate the diameter of the steel pipes needed if a maximum demand of
45 MW is to be supplied using two pipes. (Power System, Allahabad Univ. 1991)

Soltion. Actual head available = 230 — 30 =200 m

Energy available at the turbine house = mgh

45% 10" x 9.81 x 200 = 88.29 x 10" ]
13
= BBV _ 452% 10" kWh
36x10
Overall n = 085
Enery output = 24.52 x 10" x 0.85 = 20.84 x 10’ kWh
Thc kinetic energy of water is just equal to its loss of potential energy.

_lmv’ =mgh ..V = \/2 gh= J2X9.81X 200 =62.65 m/s

Overall efficiency of the station
energy available

o

I

2
Power available from a mass of m kg when it flows with a velocity of v m/s is
P = 3mv= 3xmx6265 s or W
Equating this to the maximum demand on the station, we get
Lme2es® = 4sx10° - 22,930 ke/s

If A is the total area of the pipes in m’, then lhe flow of water is Av m'/s. Maua of water flowing/

second = Avx10° kg (o 1 m” of water = 1000 kg)
Axvx10°=22930 orA= 22230 0366 m?
62.65x10

If *d’ is the diameter of each pipe, then nd/4=0183 .. d=04826m
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Example 3.15. A large hvdel power station has a head of 324 m and an average flow of 1370
cubic metres/sec. The reservoir is a lake covering an area of 6400 sq. km, Assuming an efficiency of
90% for the mrbine and 93% for the generator, calculate

(i} the available electric power ;

(ii) the number of days this power could be supplied for a drop in water level by I metre.

(AMIE Sec. B Power System | (E-6) Winter 1991)

Solution. (i) Available power = 9.81 1} OH kW = (0.9 x 0.95) x 1370 x 324 = 379, 524 kW =
379.52 MW.

(ii) Tf A is the lake area in m" and h metre is the fall in water level, the volume of water used is
=Axh=m". The time required to discharge this water is Ah / Q second.

Now, A=6400x10°m’; h=1m; Q=1370m’ /s.

" 1=6400 x 10° x 1/1370 = 4.67 x 10° second = 540686 days

Example 3.16. The reservoir area of a hydro-electric generating plant is spread over an ared
of 4 sq km with a storage capacity of 8 million cubic-metres. The net head of water available to the
turbine is 70 metres, Assuming an efficiency of 0.87 and 0.93 for water turbine and generator
respectively, calculate the electrical energy generated by the plant.

Estimate the difference in water level if a load of 30 MW ix continuously supplied by the genera-
tor for 6 hours. (Power System I-AMIE Sec. B, Summer 1990)

Solution. Since 1 cubic metre of water weighs 1000 kg., the reservoir capacity = 8 x 10°
m’ =8 x 10° x 1000 kg. =8 x 10” kg.
Wt. of water, W = 8 x 10° kg. Wt. 8 x 10° x 9.81 = 78.48 x 10° N. Net water head = 70 m.
Potential energy stored in this much water = Wh = 78.48 x 10° x 70 = 549.36 x 10'°]
Overall efficiency of the generating plant = 0.87 x 0.93 = 0.809
Energy available = 0.809 x 549.36 x 10 J = 444.4 x 10'° J
= 444.4 x 10'%736 x 10° = 12.34 x 10° kWh
Energy supplied in 6 hours = 30 MW x 6 h = 180 MWh
= 180,000 kWh
Energy drawn from the reservoir after taking into consideration, the overal efficiency of the
station = 180,000/0.809 = 224,500 kWh = 224,500 x 36 x 10°
= 80.8x10"J
If m kg. is the mass of water used in 6 hours, then since water head is 70 m,
mgh=808x10" or mx9.81x70=80.8x10"" - m=1.176x 10" kg.
If A is the fall in water level, then & X area X density = mass of water
hx4x10%x1000=1.176 x 10° - h=0.294 m= 29.4 cm.

Example 3.17. A proposed hvdro-eleciric station has an available head of 30 m. catchment
area of 50 x 10° sq.m, the rainfall for which is 120 em per anmum. _If 70% of the total rainfall can
be collected, calculate the power that could be generated. Assume the following efficiencies : Pen-
stock 95%, Turbine 80% and Generator 85.  (Elect. Engg. AMIETE Sec. A Part 11 Dec. 1991)

Solution. Volume of water available = 0.7(50 x 10° x 1.2) =4.2 x 10'm’

Mass of water available = 4.2 x 107 x 1000 = 4.2 x 10" kg

This quantity of water is available for a period of one year. Hence, quantity available per
second = 4.2 x 10'%/365 x 24 x 3600 = 1.33 x 10",

Available head = 30 m

Potential energy available = mgh = 1.33 x 10°x9.8x30=391x10"J

Since this energy is available per second, hence power availabel is =391 x 10° Vs =391x 107 W =391 kW

Overall efficiency = 0.95 x 0.80 x 0.85 = 0.646

The power that could be generated = 391 x 0.646 = 253 kW.

Example 3.18. In a hvdro-electric generating station, the mean head (i.e. the difference of
height berween the mean level of the water in the take and the generating station) is 400 metres. [f
the overall efficiency of the generating stations is 70%, how many litres of water are required to
generate | kWh of electrical energy ? Take one litre of water to have a mass of 1 kg.

(F.Y. Engg. Pune Univ. Nov. 198Y)
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Solution. Output energy = 1 kWh =36 x 10° J

Input energy = 36 x 10°/0.7 = 5.14 x 10° ]

If m kg. water is required, then

mgh=5.14x 10° or m x 9.81 x 400 =5.14 x 10°, .. = 1310 kg.

Example 3.19. A 3-tonne electric-motor-operaied vehicle Is being driven at a speed of 24 kin/hr
upen an incline of 1 in 20. The tractive resistance may be iaken as 20 kg per tonne. Assuming a motor
efficiency of 85% and the mechanical efficiency between the motor and road wheels of 80%, calculare

(a) the owput of the motor

(b) the current taken by motor if it gets power from a 220-V source.

Calculare also the cost of energy for a run of 48 km, taking énergy charge as 40 paise/kWh.

Solution. Different forces acting on the vehicle are shown in Fig. 3.2.

Wt. of the vehicle = 3 x 10° = 3000 kg-wt

Component of the weight of the vehicle acting downwards along the slope = 3000 x 1/20 = 150

kg-wt
Tractive resistance
Total downward force

3 % 20 = 60 kg-wt
150 + 60 = 210 kg-wt
210x 9.81 =2,060 N

Distance travelled/second
Output at road wheels

Mechanical efficiency
(a) Motor output =
(b) Motor input

Current drawn
Motor power input

24,000/3600 = 20/3 m/s

2,060 x 20/3 watt

80% or 0.8

2,060 % 20

= - 17.067TW
3Ix0.8

17,167/0.85 = 20,200 W
20,200/220 = 91.7 A
20,200 W = 20.2 kW

Time for 48 km run 2 hr.
Motor energy input = 20.2 X 2 =404 kW
Cost Rs. 40.4 x 0.4 = Rs. 16 paise 16

Example 3.20. Estimate the rating of an induction furnace to melt two tonnes of zine in one
hour if it operates at an efficiency of 70%. Specific heat of zinc is 0.1. Latent heat of fusion of zinc
is 26.67 keal per kg, Melting point is 455°C. Assume the initial temperature to be 25°C,

(Electric Drives and Utilization Punjab Univ. Jan. 1991)

Solution. Heat required to bring 2000 kg of zine from 25°C to the melting temperature of
455° C = 2000 x 0.1 x (455 — 25) = 86,000 kcal.
Heat of fusion or melting = mL = 2000 x 26.67 = 53,340 kcal.
Total heat reqd. = 86,000 + 53,340 = 139,340 kcal
Furnace input 139,340/0.7 = 199,057 kcal
Now, 860 kcal 1 kWh .. furnace input = 199.057/860 = 231.5 kWh.
Power rating of furnace = energy input/time = 231.5 kWh/1 h = 2315 kW,
v an electric motor lifts 1.5 m’ of water per minute to a height
of 40 m. The pump has an efficiency of 90% and motor has an efficiency of 83%. Determine : (a) the
power input to the motor. (b) The current laken from 480 V supply. :f(‘} The electric energy con-
wwmed when motor runs at this load for 4 hours. Assume mass of | m™ of water to be 1000 kg.
(Elect. Engg. Pune Univ. 1986)
Solution. (a) Weight of the water lifted = 1.5 m® = 1.5 x 1000 = 1500 kg. Wt = 1500 X 9.8 =
14700 N.
Height = 40 m; time taken 1 min. = 60 s
Motor output power 14700 x 40/60 = 9800 W
Combined pump and motor efficiency = 0.9 x 0.85
Motor power input = 9800/0.9 x 0.85 = 12810 W = 12.81 kW,

(b) Current drawn by the motor = 12810/480 = 26.7 A

Example 3.21. A pump driven by
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Electrical energy consumed by the motor = 12.81 kW x 4 h=51.2 kWh.

Example 3.22. An electric lift is required to raise a lead of 5 tonne through a height of 30 nt.
One quarter of electrical energy supplied to the lift is lost in the motor and gearing. Calculate the
energy in kWhr supplied. If the time required 1o raise the load is 27 minutes. find the kW rating of
the motor and the current taken by the motor, the supply voltage being 230 V d.c. Assume the
efficiency of the motor at 90%, (Elect. Engg. A.M. Ae. S.1. June 1991)

Solution. Work done by the lift = Wh = mgh = (5 x 1000) x 9.8 x 30 = 1.47 x 10° J
Since 25% of the electric current input is wasted, the energy supplied to the lift is 75% of the

input.
. input energy to the lift = 1.47 x 10%/0.75 = 1.96 x 10° J
Now, | kWh =26x10°]

. energy input to the lift = 1.96 x 10%36 x 10° = 0.544 kWh
Motor energy output = 1.96 x 10°1;m=09
Motor energy input = 1.96 x 10°/0.9 = 2.18 x 10° J : time taken = 27 x 60 = 1620 second
Power rating of the electric motor = work done/time taken
2.18 x 10%1620 = 1.345 x 10° J/s = 1345 W
1345/230 = 5.85 A

Example 3.23. An electrical lift make 12 double journey per hour. A load of 5 tonnes is raised
by it through a height 50 m and it returnsy empry. The lift takes 65 seconds to go up and 48 seconds
to return. The weight of the cage is 172 tonne and that of the counterweight is 2.5 tonne. The
efficiency of the hoist is 80 per cent that of the motor is 85 %. Calculate the hourly consumption in
kWh. (Elect. Engg. Pune Univ. 1988)

Solution. The lift is shown in Fig. 3.3.
Weight raised during upward journey
= 5+ 1/2-2.5 =3 tonne = 3000 kg-wt
Distance travelled = 50 m
Work done during upward journey
= 3000 x50 =15x 10" m-kg
Weight raised during downward journey
= 2.5-0.5=2 tonne = 2000 kg
Similarly, work done during downward journey
= 2000 x50 = 10 x 107" m-kg.
Total work done per double journey
= 15x 10" + 10 x 10* =25 x 10" m-kg
Now, I, m-kg = 9.8 joules
; Work done per double journey = 9.8 x 25 x 10" J =245 x 10*J
No. of double journey made per hour = 12
work done per hour = 12 x 245 x 10* =294 x 10° ]
Energy drawn from supply = 294 x 107/0.8 x 0.85 = 432.3 x10° 1
Now, 1kWh = 36x10°J
! Energy consumption per hour = 432.3 x 10°%36 x 10° = 12 kWh

Example 3.24. An electric hoist makes 10 double journey per hour. In each journey, a load of
6 tonney is raised to a height of 60 meters in 90 seconds. The hoist cage weights 1/2 tonne and has
a balance load of 3 tonnes. The efficiency of the hoist is 80 % and of the driving motor 88 %.
Calculate (a) electric energy absorbed per double journey (b) hourly energy consumption in kWh
{c) hp (British) rating of the motor required (d) cost of electric energy if hoist works for 4 hours/day
for 30 days. Cost per kWh is 50 paise. (Elect. Power - 1, Bangalore Univ. 1983)

n

Current taken by the motor
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Solution. Wt. of cage when fully loaded 65 tonne-wt.

Force exerted on upward journey = 5 —3=3 ; tonne-wt.

- 3%x1000 = 3,500 kg-wt.

Force exerted on downward journey = 3 - % =2 —;— tonnes-wt. = 2500 kg-wt

Distance moved = 60 m
Work done during upward journey 3,500 x 60 m-kg
Work done during downward journey 2,500 x 60 m-kg
Work done during each double journey (3,500 i 2,500) x 60 = 36 X 10* m-kg
36 x 10* x9.81 =534 x 10* ]
Overall n 0.80 x 0.88
; Energy input per double journey = 534 x 10*/0.8 x 0.88 = 505 x 104 ]
(a) Electric energy absorbed per double j ]ourney— 505 x 10%/36 x 10° = 1.402 kWh
(h) Hourly consumption 1.402 x 10 = 14.02 kWh
(c¢) Before calculating the rating of the motor, maximum rate of working should be found. It is
seen that maximum rate of working is required in the upward journey.
Work done = 3,500 x 60 x 9.81 = 206 x 10* J
Time taken = 90 second

206%10* =
.H. = —————— = 38.6 (British h.
B.H.P of motor 90x 0.8 x 746 8.6 (British h.p)
(d) Cost = 14.02 x (30 x 4) x 50/100 = Rs. 841.2
Example 3.25. A current of 80 A flows for | hr, in a resistance across which there is a voltage

of 2 V. Determine the velocity with which a weight of 1 tonne must move in order thar its kinetic
energy shall be equal 10 the energy dissipated in the resistance.
(Elect. Engg. A.M.A e. S.1. June 1989.)

Solution. Energy dissipated in the resistance = V It = 2 x 80 x 3600 = 576,000 J

A weight of one tonne represents a mass of one tonne i.e., 1000 kg. Its kinetic energy is = (1/2)
x 1000 x v° = 500

: 500 0" = 576,000 .. ©v=1152 m/s.

Tutorial Problems No. 3.1

1. A heater is required to give 900 cal/min on a 100 V. d.c. circuit. What ]ength of wire is required for
this heater if its resistance is 3 £2 per metre ? |53 metres|
2. A coil of resistance 100 €2 is immersed in a vessel containing 500 gram of water of 16° C and is
connected to a 220-V electric supply. Calculate the time required to boil away all the water (lkcal =

4200 joules, latent heat of steam = 536 keal/kg). (44 min 50 second]
3. A resistor, immerersed in oil, has 62.5 € resistance and is connected to a 500-V d.c. supply. Calcu-
late

(@) the current taken

(b) the power in watts which expresses the rate of transfer of energy to the oil.

(¢) the kilowatt-hours of energy taken into the oil in 48 minutes. [BA ; 4000 W ; 3.2 KWh]
4. An electric kettle is marked 500-W, 230 V and is found to take 15 minutes to raise 1 kg of water from
15° C to boiling point. Calculate the percentage of energy which is employed in heating the water.

[79 per cent]

An aluminium kettle weighing 2 kg holds 2 litres of water and its heater element consumes a power of
2 kW. If 40 percent of the heat supplied is wasted, find the time taken to bring the kettle of water to
boiling point from an initial temperature of 20°C. (Specific heat of aluminium = 0.2 and Joule’s
equivalent = 4200 J/kcal.) [11.2 min]

Ln
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6.

2

wn

A small electrically heated drying oven has two independent heating elements each of 1000 Q in its
heating unit. Switching is provided so that the oven temperature can be altered by rearranging the
resistor connections. How many different heating positions can be obtained and what is the electrical
power drawn in each arrangement from a 200 V battery of negligible resistance ?
[Three, 40, 20 and 80 W]
Ten electric heaters, each taking 200 W were used to dry out on site an electric machine which had
been exposed to a water spray. They were used for 60 hours on a 240 V supply at a cost of twenty
paise/lkWh. Calculate the values of following quantities involved :
(@) current (b) power in kW (c) energy in kWh  (d) cost of energy.
[(a) 8.33 A (b) 2 kKW (¢) 120 KkWh (d) Rs. 24]
An electric furnace smelts 1000 kg of tin per hour. If the furnace takes 50 kW of power from the
electric supply, calculate its efficiency, given : the smelting tempt. of tin = 235°C ; latent heat of
fusion = 13.31 kcal/kg; initial temperature = 15°C ; specific heat = 0.056. Take J = 4200 J/kcal.
[59.8% | (Electrical Engg.-1, Delhi Univ. 1980)
Find the useful rating of a tin-smelting furnace in order to smalt 50 kg of tin per hour. Given :
Smelting temperature of tin = 235°C, Specific heat of tin = 0.055 kcal/kg-K. Latent heat of liquefaction
= 13.31 keal per kg. Take initial temperature of metal as 15°C. [1.5 kW] (F.Y. Engg. Pune Univ. 1990)

OBJECTIVE TESTS -3

L the SI system of units, the unit of force is kWh. If heat losses are 25%, the total heat-
{a) kg-wt {b) newton ing energy required is — kWh.
(¢) joule (d) N-m (a) 1500 (b) 1250
The basic unit of electric charge is (c) 1333 (d) 1000
(a) ampere-hour (b) watt-hour 8. One kWh of energy equals nearly
(¢) coulomb (d) farad (@) 1000 W (b) 860 kcal
The SI unit of energy is (c) 418617 (d) 7355 W
(a) joule (b) kWh 9. One kWh of electric energy equals
(c) kcal (d) m-kg (a) 36001J (b) 860 kcal
Two heating elements, each of 230-V, (c) 3600 W (d) 41861
3.5 kW rating are first joined in parallel and 10. A force of 10,000 N accelerates a body to a
then in series to heat same amount of water velocity 0.1 km/s. This power developed is
through the same range of temperature. The — kW
ratio of the time taken in the two cases would (@) 1,00,000 (b) 36,000
o (©) 3600 (d) 1000
la) 1:2 () 2:1 11. A 100 W light bulb burns on an average of
(e) 1:4 (d) 4:1 10 hours a day for one week. The weekly
If a 220 V heater is used on 110 V supply, consumption of energy will be univ's
heat produced by it will be as much, (a) 7 « (b)) 70
(a) one-half (b) twice (c) 07 (d) 0.07
(¢) one-fourth (d) four times (Principles of Elect. Engg. Delhi
For a given line voltage, four heating coils Univ. July, 1984)
will produce maximum heat when connected 12. Two heaters, rated at 1000 W, 250 volts each,
(a) all in parallel (b) all in series are connected in series across a 250 Volts 50
(¢) with two parallel pairs in series Hz A.C. mains. The total power drawn from
(d) one pair in parallel with the other two the supply would be watt,,

in series (@) 1000 (b) 500
The electric energy requird to raise the tem- (c) 250 (d) 2000
perature of a given amount of water is 1000 (Principles of Elect. Engg. Delhi

Univ. July, 1984)

QTL2IT PO 46 '8 2°L P9 2°C2°p P°E 2°C q°I
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4 ELECTROSTATICS

4.1. Static Electricity

In the prceeding chapters, we concerned ourselves exclusively with electric current i.e. electric-
ity in motion. Now, we will discuss the behaviour of static electricity and the laws governing it. In
fact, electrostatics is that branch of science which deals with the phenomena associated with electric-
ity at rest,

It has been already discussed that generally an atom is electrically neutral i.e. in a normal atom
the aggregate of positive charge of protons is exactly equal to the aggregate of negative charge of the
electrons.

If, somehow, some electrons are removed from the atoms of a body, then it is left with a prepon-
derance of positive charge. It is then said to be positively-charged. If, on the other hand, some
electrons are added to it, negative charge out-balances the positive charge and the body is said to be
negatively charged.

In brief, we can say that positive electrification of a body results from a deficiency of the elec-
trons whereas negative electrification results from an excess of electrons.

The total deficiency or excess of electrons in a body is known as its charge.

4.2. Absolute and Relative Permittivity of a Medium

While discussing electrostatic phenomenon, a certain property of the medium called its permit-
tivity plays an important role. Every medium is supposed to possess two permittivities :

(f) absolute permittivity (€) and (i) relative permittivity (€,).

For measuring relative permittivity, vacuum or free space is chosen as the reference medium. It
has an absolute permittivity of 8.854 x 10™'* F/m

Absolute permittivity g, = 8.854x 1077 F/m

Relative permittivity, g, =1

Being a ratio of two similar quantities, €, has no units.

Now, take any other medium. If its relative permittivity, as compared to vacuum is €,, then its
absolute permittivity is € = g, ¢ F/m A

If, for example, relative permittivity of mica is S, then, its absolute permittivity is

£ = g,¢,=8854x10 "7 x5=4427x 10" F/m

4.3. Laws of Electrostatics

First Law. Like charges of electricity repel each other, whereas unlike charges attract each other.

Second Law, According to this law, the force exerted between two point chages (i) is directly
proportional to the product of their strengths (i7) is inversely proportional to the square of the dis-
tance between them.

This law is known as Coulomb’s Law and can be expressed mathematically as :

Foc%or F=k2&

d2
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In vector form, the Coulomb’s law can be written as

where 4 is the unit vector i.e. a vecl&g OQf unil length in the /

F= —~l d I
direction of distance d, l.e. d = d/d where 4 is

Q,Q; 3

d /
the vector notation for d, which is a scalar notation).
Therefore, explicit forms of this law are :

- Fig. 4.1
F, = QIQ" Q'Q d1» where le is ’

din =k

2 b

the force on @, due to QI and > is the unit vector in direction from Q1 to Qa

and ;IE = [ % d.11 Q'Q° d 2, where F, is the force on Q| due to @, and d-|

|

21
the unit vector in the direction from Q, 1o Q,.
where k is the constant of proportionality, whose value depends on the system of units employed. In

S.L system, as well as M.K.S.A. system k = 1/4ne. Hence, the above equation becomes.
00, __ 00
dned’  4mege,d’
If O, and @, are in coulomb, d in metre and € in farad/metre, then F is in newtons
! L _89878x10° =9x10° (approx.)

L ame, © 4mx8.854x 1072

Hence, Coulomb’s Law can be written as

F = 9x10’ QIQ-’- —in a medium
£ d
0,0,
= 9x10’ —;?' —in air or vacuum ..(i)
a
If in Eq. (i) above 0, = 0,=0(say),d=1 metre; F=9 x 10°N
thenQ, =1 or (=% 1 coulomb

Hence, one coulomb of charge may be defined as that charge (or quantity of electricity) which
when placed in air (strictly vacuum) from an equal and similar charge repels it with a force of
9% 10" N.

Although coulomb is found to be a unit of convenient size in dealing with electric current, yet,
from the standpoint of electrostatics, it is an enormous unit. Hence, its submultiples like micro-
coulomb (p C) and micro-microcoulomb (|.| pC) are generally used.

IlpuC =10°C;1ppC=10"cC

It may be noted here that relative permittivity of air is one, of water 81, of paper between 2 and
3. of glass between 5 and 10 and of mica between 2.5 and 6.

.

Example -l l Calenlate the electrostatic force of repulsion berween two a-particles when at a
. i 4 : A 12 :
distance of 107" m frr-m each orher. Charge of an o-particles is 3.2 x 10" C. If mass of vach
particle is 6.68 x 10" N-m kg’
-19 —13
Solution. Here QI =0,=32x107Cd=10"m
= -19
32x107"° x3.2x10™

= 9x10"x ; = 92x10°N
F 10 ")
The force of gravitational attraction between the two particles is given by
11 -27.2
_ G i’_’i”;‘_; - 6.67 %10 x(6.68x107") =297x10°% N

d’ 107"%y?
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Obviously, this force is negligible as compared to the electrostatic force between the two
particles.
Example 4.2. Calculare the distance of separation between two electrons (in vacuum) for which
the electric force between them is equal to the gravitation force on one of them at the earth surface.
- -1 . — 18
mass of electron = 9.1 x 11 ! kg, charge of electron = 1.6 x 10 g =
Solution. Gravitational force on one electron.

= mgnewton=9.1x 107" x9.81 N
Electrostatic force between the electrons

_9x10° x (L6 x 1077
= o

- ox10° < N
g

Equating the two forces, we have
9x10° x 2.56 x 10~
d'l
Example 4.3. (a) Three identical point charges, each € coulombs, are placed at the vertices of
an equilateral triangte 10 em apart. Calculate the force on each charge.

=01x107"x981 .. d=508m

(b) Two charges Q coulomb each are placed at two opposite corners of a square. What addi-
tional charge “g"' placed at each of the other two corners will reduce the resultant electric force on
each of the charges Q 1o zero ?

Solution. (a) The equilateral triangle with its three charges is shown in Fig. 4.2 (a). Consider
the charge Q respectively. These forces are equal to each other and each is

2
“Q_z =9x10" Q2 newton
0.1
0 d -q
(a) (b)
Fig. 4.2 . .

Since the angle between these two equal forces is 60°, their resultant is
= 2xFxcos60°2=+3 F= 9x 10" x 3 Qz Newton
The force experienced by other charges is also the same.

(b) The various charges are shown in Fig. 4.2 (b). The force experienced by the charge O at
point C due to the charge Q at point A acts along ACM and is

2
= 9x10° —2 = 45x10° @%d? newton i)

(J2d)*

where d is the side of the square in metres.

If the chrages ¢ are negative, they will exert attractive forces on the charge Q at point C along
CB and CD respectively. Each force is '

= —-9x10° gg newton
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Since these two forces are at right angles to each other, their resultant is

- 2><9><10°‘j;—‘22

If net force on charge @ at point C is to be zero, then (i) must equal (i),
2 e
45x%10° %2— —-9x10° V2 ‘;—g 5 g == /22 coulomb

Example 4.4. The small identical conducting spheres have charges of 2.0 x [0 “Cand—0.5 %
o respectively. When they are placed 4 cm apart, what is the force between them P If they are
browght into contact and then separated by 4 cm, what is the force between them ?
(Electromagnetic Theory, A.M.LE. Sec B, 1990)

Solution. F=9x 107 Q, QJd* =9 x 107 x (= 0.5 x 107°)/0.04* = - 56.25 x 10"’ N. When two
identical spheres are brought into contact with each other and then separated, each gets half of the

total charge. Hence,

0, = 0,=12x107 +(-05%x107%/2=075%x 10" C

When they are separated by 4 cm,
F =9%x107x(0.75 x 10%)%/0.04> = 0.316 x 10° N

Example 4.5, Determine resultant force on 3 pc charge due to — 4pC and 10 nC charges. All

these three point charges are placed on the vertices of equilateral triangle ABC of yide 50 cm.
|Bombay University, 2001]

3 uC

FZ
&
& % 3puC

> %
/ 50 cm \ Fi

-4 uC + 10nC
Fig. 4.3 (b)

Fig. 4.3 (@)
0,0 %
Solution. Fy = ——5=3x10°10x e
4me d 4 x 8.854 x 107~ x 0.50 x 0.50
1.08 x 107 Newton, in the direction shown
Similarly, F, 0.432 Newton, in the direction shown. «

Resultant of /| and F, has to be found out.
Example 4.6. A capacitor is composed of 2 plates separated by a sheet of insulating material
3 mm thick and of relarive primitivity 4. The distance between the plates is increased to allow the

imsertion of a second sheet of 5 mm thick and of relative permitivity €. 1If the equivalent capacitunce
[Bombay University, 2001]

is one third of the original capacitance. Find the value of €,

Solution. g e“Z—'A = k4/3), where k=gAx 10"’

The composite capacitor [with one dielectric of €, = 4 and other dielectric of €, as relative
permitivity has a capacitance of C/3. Two capacitors are effectively in series. Let the second dielec-
tric contribute a capacitor of C,.

.(413).
K. - GG _K.6D.C

G+C, K.@413)+C,
23 K

This gives C,
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@k = Lot
5x10™
E, = 10/3 . K /ey Ax 107

10/3 ey A x 103 1/e, A x 107
10/3 = 3.33

4.4. FElectric Field

It is found that in the medium around a charge a force acts on a positive or negative charge when
placed in that medium. If the charge is sufficiently large, then it may create such a huge stress as to
cause the electrical rupture of the medium, followed by the passage of an arc discharge.

ATTRACTION ,
REPULSION l ; { ;
Fig. 4.4 (a) Fig. 4.4 (b)

The region in which the stress exists or in which electric forces act, is called an electric field or
electrostatic field.

The stress is represented by imaginary lines of forces. The direction of the lines of force at any
point is the direction along which a unit positive charge placed at that point would move if free to do
so. It was suggested by Faraday that the electric field should be imagined to be divided into tubes of
force containing a fixed number of lines of force. He assumed these tubes to the elastic and having
the property of contracting longitudinally the repelling laterally. With the help of these properties, it
becomes easy to explain (i) why unlike charges attract each other and try to come nearer to each
other and (if) why like charges repel each other [Fig. 4.4 (a)]. :

However, il is more common to use the term lines of force. These lines are supposed to emanate
from a positive charge and end on a negative charge [Fig. 4.4 (b)]. These lines always leave or enter
a conducting surface normally.

4.5. Electrostatic Induction

It is found that when an uncharged body is brought near a charged body, it acquires some
charge. This phenomenon of an uncharged body getting charged merely by the nearness of a charged
body is known as induction. In Fig. 4.5, a positively-charged body A is brought close to a perfectly-
insulated uncharged body B. It is found that the end of B nearer to A gets negatively charged whereas
further end becomes positively charged. The negative and positive charges of 8 are known as
induced charges. The negative charge of B is called ‘bound’ charge because it must remain on B so
long as positive charge of A remains there. However, the positive charge on the farther end of B is
called free charge. In Fig. 4.6, the body B has been earthed by a wire. The positive charge flows to
earth leaving negative charge behind. If next A is removed, then this negative charge will also go to
earth, leaving B uncharged. It is found that :
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(f) a positive charge induces a negative charge and vice-versa.
(if) each of the induced charges is equal to the inducing charge.

+ o+ o+ o+ = o ok b dh <

RN AR

Fig. 4.5 Fig. 4.6

ERRNRNY

4.6. Electric Flux and Faraday Tubes

Consider a small closed curve in an electric field (Fig. 4.7). If we draw lines of force through
each point of this closed curve, then we get a tube as shown in the figure. It is called the tube of the
electric flux. It may be defined as the region of space enclosed within
the tubular surface formed by drawing lines of force through every
point of a small closed curve in the electric field.

Since lines of force end on conductors, the two ends of a flux
tube will consist of small area ds, and ds, on the conductor surfaces.
If surface charge densities over these areas are G, and — ©,, then
charges at the two ends of the flux tube will be 6, ds, and - G, ds,.
These charges are assumed to be always equal but opposite to each
other. The strength of a flux tube is represented by the charge at its
Fig. 4.7 ends.

A unit tube of flux is one in which the end charge is one unit of charge.

In the S.I. system of units, one such tube of flux is supposed to start from a positive charge of
one coulomb and terminate on a negative charge of the same amount.

A unit tube of flux is known as Faraday tube. If the charge on a conductor is + Q coulombs, then
the number of Faraday tubes starting or terminating on it also Q.

The number of Faraday tubes of flux passing through a surface in an electric field is called the
electric flux (or dielectric flux) through that surface. Electric flux is represented by the symbol .
Since electric flux is numerically equal to the charge, it is measured in coulombs.

Hence, Y = Q coulombs

Note, It may also be noted that ‘tubes of flux" passing per unit area through a medium are also supposed
to measure the “electric displacement’ of that dielectric medium. In that case, they are' referred to as lines of
displacement and are equal to € times the lines of force (Art. 4.8). It is important 1o differentiate between the
‘tubes of flux” and ‘lines of force’ and to remember that if Q is the charge, then

tubes of flux = @ and lines of force = Q/e

4.7. Field Strength or Field Intensity or Electric Intensity (E)

Electric intensity at any point within an electric field may be defined in either of the following
three ways :

(a) Itis given by the force experienced by a unit positive charge placed at that point. Its
direction is the direction along which the force acts.

Obviously, the unit of E is newton/coulomb (N/C).

For example, if a charge of O coulombs placed at a particular point P within an electric field
instances a force of F newton, then electric field at that point is given by

E = F/Q N/C
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The value of E within the field due to a point charge can be found with help of Coulomb’s laws.
Suppose it is required to find the electric field at a point A situated at a distance of d metres from a
charge of Q coulombs. Imagine a positive charge of one coulomb placed at that point (Fig. 4.8). The
force experienced by this charge is

-3 L3

F=4x €€, d" 4 megE,dy, 4
N + E
Ic
T ENE, = d -
s in a medium
= 9x10°—2_ NniC Fig. 4.8
Er d;’.d

or in vector notation,
E (d)y = 9% 10° _(f;-fd where E (d) denotes E as a function of d
ar
Lz N/C
4n gyd in air
= 9x10° f_z N/C

(b} Electric intensity at a point may be defined as equal to the lines of force passing normally
through a unit cross-section at that point. Suppose, there is a charge of Q coulombs. The number of
lines of force produced by it is Q/e. If these lines fall normally on an area of A m’ surrounding the
point. then electric intensity at that point is

Qk_ Q
A EA
Now OA =D —the flux density over the area
D__D ) )
E = E_Eo"-r —in a medium
D o
_ % = —in air

The unit of E is volt/metre.

(¢) Electric intensity at any point in an electric field is equal to the potential gradient at that point.
In other words, E is equal to the rate of fall of potential in the direction of the lines of force.

- dv '

Tdx

Obviously, the unit of E is volt/metre.

E'=

[t may be noted that £ and D are vector quantities having magnitude and direction.

In vector notation, B = & E
Example 4.7. Point charges in air are located as follows :
+ 5% 107 Cat (0,0) metres, + 4% 107 C at (3, 0) metres and — 6 x 107" C at (0, 4) merres. Find
electric field intensity at (3, 4) metres.
Solution. Electric intensity at point D (3, 4) due to positive charge at point A is
E, =9%10° 0/d* =9 x 10° x 5 x 10™%/5% = 18 V/m
As shown in Fig. 4.9, it acts along AD.
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Similarly, electric intensity at point D due to positive charge at ¥ E, E
point Bis Ey =9 x 10° x 4 x 10°%/4% = 22.5 V/m. It acts along BD. E 4
E;=9%10°x 6 x 107/3" = 60 V/m. Ttacts along DC. . &8 )
The resultant intensity may be found by resolving E,, E, C E D
and E; into their X-and Y-components. Now, tan 8 = 4/3; S
6 =53°8". ' 5
X-component = E, cos 8 — E, = 18 cos 53°8" — 60
—-49.2 -

Y-component = E, sin 8 + E, = 18 sin 53°8 + 22.5 = 36.9 Dl 4 B s
E

2 ~8
J(=49.2)% +36.9% = 61.5 V/m. ©O4  waxid’c

It acts along DE such that tan ¢ = 36.9/49.2 = 0.75. +5x10 C
Hence ¢ = 36.9°, Fig. 4.9

Example 4.8. An electron has a velocity of 1.5 X h‘)'T m/s at right angles to the uniform electric
field between rwo parallel deflecting plares of a cathode-ray tbe. If the plates are 2.5 cm long and
spaced 0.9 cm apart and p.d. between the plates is 75 V. calculate how far the electron is deflecte d
sidewayvs during its movement through the e'.-'(‘rn'u' field. Assume elecronic charge ta be 1.6 % 107
coulomb and electronic mass to be 9.1 x 107 .-i,g.

Solution. The movement of the electron through the electric field is shown in Fig. 4.10. Elec-
tric intensity between the plates is F dV/dx = 75/0.009 = 8,333 V/m.
Force on the electron is = QE=8333x16x IO'lg =133x 107N,
Since the deflection x is small as compared to

"
/’/LE;T-’T/WZ_/ the length of the plates, time taken by the electron
} to travel through the electric field is
fidem x =0.025/1.5% 10" = 1.667 x 107 s
Now, force = mass x acceleration

.. Transverse acceleration is
—15
1.33x10 15 s
L?chm——‘ =—__“=1.44X10' m/s

9.1x10
Fig. 4.10 Final transverse velocity of the electron = accelera-

tion X time
= 144 x 1077 x 1.667 x 107°=2.4 x 10° m/s
sideways or transverse movement of the electron is
= (average velocity) X time !
= %x 2.4 % 10° X 1.667 107" = 2 mm (approx.)*

4.8. Electric Flux Density or Electric Displacement

It 1s given by the normal flux per unit area.
If a flux of ¥ coulombs passes normally through an area of A m’, then flux density is
¥

D=?C¢’m

The above result could be found h\ using the general [ormula

L(E)(4)[2) s

where  e/m = ratio of the charge und mass of the electron
v p.d. between plates in volts; d = separation of the plates in metres
! length of the plates in metres; v = axial velocity of the electron in m/s.

el

X

L}
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It is related to electric field intensity by the relation
D = gg E ...in a medium
L) ...in free space

In other words. the product of electric intensity E at any point within a dielectric medium and
the absolute permittivity € (= g, €,) at the same point is called the displacement at that point.

Like electric intensity E, electric displacement D* is also a vector quantity (see 4.7) whose
direction at every point is the same as that of E but whose magnitude is g; €, times E. As E is
represented by lines of force, similarly D may also be represented by lines called lines of electric
displacemenr. The tangent to these lines at any point gives the direction of D at that point and the
number of lines per unit area perpendicular to their direction is numerically equal to the electric
displacement at that point. Hence, the number of lines of electric displacement per unit area (D) is
£, €, times the number of lines of force per unit area at that point.

It should be noted that whereas the value of E depends on the permittivity of the surrounding
medium, that of D is independent of it

One useful property of D is that its surface integral over any closed surface equals the enclosed
charge (Art. 4.9).

Let us find the value of D at a point distant r metres from a point charge of Q coulombs. Imag-
ine & sphere of radius » metres surrounding the charge. Total flux = Q coulombs and it falls normally
2 . .
on a surface area of 4 7/~ metres. Hence, electric flux density.

D= _.\P_1 = ~L,, caulumtn’metre2 or D= Q0 —r=r {in vector notation)
4wy dnr 4nr

4.9, Gauss™* Law

Consider a point charge Q lying at the centre of a sphere of redius r which surrounds it com-
pletely [Fig. 4.11 (a)]. The total number of tubes of flux originating from the charge is Q (but
number of lines of force is Q/g,;) and are normal to the surface of the sphere. The electric field E
which equals Q/4 Tt g, »* is also normal to the surface. As said earlier, total number of lines of force
passing perpendicularly through the whole surface of the sphere is

= Ex Area= 9 - x4nr= g
dmer- €y
]
:é’ o
o
(a) (h)
Fig. 4.11

Now, suppose we draw another sphere surrounding the charge [Fig. 4.11 ()] but whose centre
does not lie at the charge but elsewhere. In this case also, the number of tubes of flux emanating

£

A more general definition of displacement D is that D = g, &_E + P where P is the polarisation of the
dielectric and is equal to the dipole moment per unit volume.

=% After the German mathematician and astronomer Karel Freidrich Gauss (1777-1833)
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from the charge is ¢ and lines of force is Q. though they are not normal to the surface. These can,
however, be split up into cos 8 components and sin @ components. If we add up sin 8 components all
over the surface, they will be equal to zero . But if add up cos 8 components over the whole surface
of the sphere, the normal flux will again come out to be O (or lines of force will come out to be Q/g,).
Hence, 1t shows that irrespective of where the charge @ is placed within a closed surface completely
surrounding it, the total normal flux is @ and the total number of lines of force passing out normally
is Ofe,,.

In fact, as shown in Fig. 4.12, if there are placed charges of value Q,, Q,, — Q5 inside a closed
surface, the total i.e. net charge enclosed by the surface is (Q, + Q, — Q,)/g, through the closed
surface.

This is the meaning of Gauss’s law which may be stated thus : the surface integral of the normal
component of the electric intensity E aver a closed surface is equal to 1/, times the total charge
inside it.

Mathematically. @ E ds = Qe (where the circle on the integral sing indicates that the surface
of integration is a closed surface).

or Cﬁsneq, ds = Q ie. CﬁD,, ds =Q [2 D, =&E)
or (ﬁen EcosBds = Q, ie (ﬁDcos Bds=0
ot é[’.” E,cos® = QO ie. éD dscos8=0

when £ and D are not normal to the surface but make an angle 6 with the normal (perpendicular)
to the surface as shown in Fig. 4.13,

Proof. In Fig. 4.13, let a surface S completely surround a quantity of electricity or charge Q.
Consider a small surface area ds subtending a small solid angle dw at point charge Q. The field

intensity at ds is E = __L where d is the distance between Q and ds,
dme,d”
In vector rotation, ri}s” E.ds= [¢) ;‘,(:_Lﬁ,{_)’ da= Q = |, pdv (where p is the volume density of
charge in the volume enclosed by closed surface S).

Thus 55 E D.ds= [, p dv is the vector statement of Gauss Law and its altemative statementis V D = p

Fig. 4.12 Fig. 4.13

The normal component of the intensity £, = E cos 8

*  This results from the application of the Divergence theorem, also called the Gauss’ Theorem. viz.,
i, VDdu=4b.ds where vector operator called *del’ is defined as
a d d =

Var—3X+ = P4+ =1
oy dy az
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‘. No. of lines of force passing normally through the area ds is
E,d = Edscos 8= E.ds in vector notation

ds” s Eds' = 2 s’

Now ds cos 0

Now ds'ld = do

Hence, the number of lines of force passing normally is = 2 S&: dm
0

Total number of lines of force over the whole surfaoe

- 1
= 41:an dw= x4r:-£u

where sign § denotes integration around the whole of the closed surface i.e. surface integral.

If the surface passes through a material medium, then the above law can be generalized to
include the following :

the surface integral of the normal component of D over a closed surface equals the free charge
enclosed by the surface.

0
As before D = , Q 5 . The normal component D, = D cos 6 = ﬂd—ZXcosﬁ

114
Hence, the normal electric flux from area ds is

dy = D, xds= Q,.cosﬂ.ds= Qi.ds’
4 nd” 4 nd
Q ds’ |_ Q
or w:jgdm—QJdm——Extm (@) o W=0

which proves the statement made above.
Hence, we may state Gauss's law in two slightly different ways.

CﬁEn.a’s =§E.cosﬂ.ds=Q!£D or Eo(ﬁEn.ds=Q
3 3 3
- cﬁpn.ds cj;uﬂ.d;:g

3 3

(vector statement is given above)

4.10. The Equations of Poisson and Laplace

These equations are useful in the solution of many problems concerning electrostatics espe-
cially the problem of space charge present in an electronic valve. The two equations can be derived
by applying Gauss's theorem. Consider the electric field

set up between two charged plates P and Q [Fig. 4.14 »r ‘ g °r o
(a)]. Suppose there is some electric charge preseni in  + = EtaE

the space between the two plates. It is, generally, known  + o e '47

as the space charge Let the space charge density be p . = ! |
coulomb/metre’, It will be assumed that the space charge  * . E ;
density varies from one point of space the another butis © : :
uniform throughout any thin layer taken parallel to the — o

plats P and Q. If X-axis is taken perpendicular to the + . - =i
plates, then p is assumed to depend on the value of x. It Mo

a b)
will be seen from Fig. 4.14 (a) that the value of electric ” '

intensity E increase with x because of the space charge. Fig. 4.14

Such a space charge exists in the space between the cathode and anode of a4 vacuum tube
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Now, consider a thin volume element of cross-section A and thickness A x as shown in
Fig. 4,14 (h). The values of electric intensity at the two opposite faces of this element are E and (E
+ A E). If dE/dx represents the rate of increase of electric intensity with distance, then

AE = a—ExAx E+6E=E+Q—€xAx
dx dx
The surface integral of electric intensity over the right-hand face of this element is
=|E+ 84 Ax (A
dx

The surface integral over the left-hand face of the element is =— E x A
The negative sign represents the fact that E is directed inwards over this face.
The surface integral over the entire surface, i.e., the closed surface of the element is

=|E+ 3—‘? A xJA —-ExA=A.Ax. aa—E From symmetry it is evident that along with y and
X X
z there is no field.
Now, according to Gauss's theorem (Art. 4.9), the surface integral of electric intensity over a
closed surface is equal to 1/g, time the charge within that surface.

Volume of the element, dV =A x Ax;charge=p A . Ax

dJE _ - 9E _p
A.Ax‘ax = pA.A!..eG or 3z

_ 9V .é‘E_ﬁ__ﬂ)_ Fv. . FV__p

Now £ =0 “a.r'ax( de ) %2 W By

It is known as Poisson’s equation in one dimension where potential varies with x.

2 2 2
When V varies with x, y and z, then g ‘: + 9——‘_:—+ Q—‘: =— P — v in vector notation,
dx dy 0oz €
If, as a Specia.,l case,’whe-re space charge density is zero, then obviously,
dViex =0
2 2 2
In general, we have 2 ‘: + Vv + é ‘; =0 or V2V =0 in vector notation where V7 is

ax* dy az
defined (in cartesian co-ordinates) as the operation
2 3
. v v v
V- = - +-— 4

as 3 yiooaZ
It is known as Laplace’s equation.

4.11. Electric Potential and Energy

We know that a body raised above the ground level has a certain amount of mechanical poten-
tial energy which, by definition, is given by the amount of work done in raising it to that height. If,
for example, a body of 5 kg is raised against gravity through 10 m, then the potential energy of the
body is 5 x 10 =50 m-kg. wt. =50 x 9.8 =490 joules. The body falls because there is attraction due
to gravity and always proceeds from a place of higher potential energy to one of lower potential
energy. So. we speak of gravitational potential energy or briefly ‘potential’ at different points in the
earth’s gravitational field.

Now, consider an electric field. Imagine an isolated positive charge Q placed in air (Fig. 4.15).
Like earth’s gravitational field, it has its own electrostatic field which theoretically extends upto

0 infinity. If the charge X is very far away from Q, say. at
@ A i ”5‘}5 infinity, then force on it is practically zero. As X is brought
' - - nearer to @, a force of repulsion acts on it (as similar charges

repel each other), hence work or energy is required to bring
Fig. 4.15 it to a point like A in the electric field. Hence, when at
point A, charge X has some amount of electric potential
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energy. Similar other points in the field will also have some potential energy. In the gravitational
field, usually ‘sea level’ is chosen as the place of ‘zero’ potential. In electric field infinity is chosen
as the theoretical place of ‘zero’ potential although, in practice, earth is chosen as ‘zero’ potential,
because earth is such a large conductor that its potential remains practically constant although it
keeps on losing and gaining electric charge every day.

4.12. Potential and Potential Difference

As explained above, the force acting on a charge at infinity is zero, hence ‘infinity” is chosen as
the theoretical place of zero electric potential. Therefore, potential at any point in an electric field
may be defined as

numerically equal 1o the work done in bringing a positive charge of one coulomb from infinity
to that point against the electric field.

The unit of this potential will depend on the unit of charge taken and the work done.

If, in shifting one coulomb from infinity to a certain point in the electric field, the work done is
one joule, then potential of that ponit is one volt.

Obviously, potential is work per unit charge,

1 joule

l volt = ————
1 coulomb

Similarly. potential difference (p.d.) of one volt exists between two points if one joule of work
is done in shifting a charge of one coulomb from one point to the other.

4.13. Potential at a Point

Consider a positive peint charge of Q cou]ombs placed in air. At a point x metres from it, the
force on one coulomb positive charge is Q/4 e, X (Fig. 4.16). Suppose, this one coulomb charge is
moved towards Q through a small distance dx. Then, work done is @

D B 4
AW = Q = X (— dx) + f + ;
4me,r” d —»| i-dxj
The negative sign is taken because dx is considered along the X
negative direction of x. Fig. 4.16

The total work done in bringing this coulomb of positive charge from infinity to any point D
which is d metres from Q is given by
c=d
_ J 0. de __ Q 4 dx

u.’ = =- %
ane,x angy o 57

k=

_o _1f__ o, L[ _1_)]_ G o
- dre, | ,rL,_ 4me, d oo dne d]OUCS

By definition, this work in joules in numerically equal to the potential of that point in volts.

Vv = EQ_& =9x10° Q volt —in air
¢ O
- ¥ Znacfard =9x10° £ vol —in medium

We find that as d increases. V decreases till it becomes zero at infinity.

4.14. Potential of a Charged Conducting Sphere

The above formula V = Q/4ne, €, d applies only to a charge concentrated at a point. The prob-
lem of finding potential at a point outside a charged sphere sounds difficult, because the charge on
the sphere is distributed over its entire surface and so, is not concentrated at a point. But the problem
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is easily solved by nothing that the lines of force of a charged sphere, EQUIPOTENTIAL
like A in by noting that the lines of force of a charged sphere, like
A in Fig. 4.17 spread out normally from its surface. If produced
backwards, they meet at the centre of A, Hence for finding the
potentials at points outside the sphere, we can imagine the charge
on the sphere as concentrated at its centre O. If r is the radius of
sphere in metres and Q its charge in coulomb then, potential of its
surface is Q/4m g, r volt and electric intensity is Q/4me,, -\ any
other ponit ‘d" metres from the centre of the sphere, the corre-
sponding values are Q/4n €,d and Q/4ne, d respectively with d >
r as shown in Fig. 4.18 though its starting points is coincident with
that of r. The variations of the potential and electric intensity with )
distance for a charged sphere are shown in Fig. 4.18. Fig. 4.17

4.15. Equipotential Surfaces

An equipotential surface is a surface in an electric field such that all points on it are at the same

potential. For example, different spherical surfaces around a charged sphere are equipotential surfaces.

+ One important property of an equipotential surface is that the

+ 0 direction of the electric field strength and flux density is always at

right angles to the surface. Also, electric flux emerges out normal

K to such a surface. If, it is not so, then there would be some

component of E along the surface resulting in potential difference

between various points lying on it which is contrary to the
definition of an equipotential surface.

E=0

0=0
¥Y=0

—= DISTANCE
Fig. 4.18 Fig. 4.19

4.16. Potential and Electric Intensity Inside a Conducting Sphere

It has been experimentally found that when charge is given to a conducting body say, a sphere
then it resides entirely on its outer surface i.e., within a conducting body whether hollow or solid, the
charge is zero. Hence, (i) flux is zero (if) field intensity is zero (iii) all points within the conductor
are at the same potential as at its surface (Fig. 4.19).

Example 4.9. Three concentric spheres of radii 4, 6 and § em have charges of + 8. — 6 and +
4 npC respectively. What are the potentials and field strengths at points, 2. 5, 7 and 10 cm from the
centre,

Solution.  As shown in Fig. 4.20, let the three spheres be marked A, B and C. It should be
remembered that (i) the field intensity outside a sphere is the same as that obtained by considering
the charge at iis centre (ii) insidce the sphere, the field strength is zero (/ii) potential anywhere inside
a sphere is the same as at its surface.
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(1) Consider point ‘a’ at a distance of 2 cm from the centre . Since it is inside all the spheres,
field strength at this point is zero.

Potential at ‘a’

- Z-&g—od—-zt}xl()qz%

8x107° 6x10"  4x107"
= 9x10’ - + =135V
0.04 .06 .08
(1) Since point *b" is outside sphere A but inside B and C.
Electrical field = Ld =9x10° ‘;3 N/C
dne,d” ! "
. 4.20
§xtn? e
= l]x][]l}x_ —p :28.8 Nfc
(.05
. : gx10"7  6x107 4x10™"
Potential at o= oxjoix|2n Y _BR FXID l_0.99V
2 005 0.06 0.08
(7if) The field strength at point "¢’ distant 7 cm from centre O
B —|2 —12
= 9x10”x % . ‘i’g-:;:-z—} =3.67 NIC
, o [8x1077 sx10™  4x107?]
alag ‘e = & e, S Ty = =071V
Potential wt “¢ 9o 10 x B AT + e
(iv) Field strength at "¢ distant 10 ¢cm from point O is
i -12 ; T L -127
= oyl S0 _ el A0 osan
L0 0.1° 0.1° |
[8x10™% 6x10™  4x107"?]
ential ar, ' = 9x100% |28 ! 20 _esev
Potential at o 92 107 % o 0.1 + ol 5

Example 4.10. Twe positive point charges of 12 » 107" C and and 8 x 107" C are placed
10 cm apart. Find the work done in bringing the two charges 4 cm closer.

Solution. Suppose the 12 x 107" € charge 1o be fixed. Now. the potential of a point 10 ¢cm

9 -10
from this charge = 9x10’ % =108V
The potential of a point distant 6 cm from it " .
3 ’
= 9x10" % '“;5: — =180V

180 — 108 =72V

potential difference &
charge x p.d. =8 % 107" %72 =576 x 107" joule

Work done

Example 4.11. A point charge of 107 “Cis placed at a point A in free space. Calculate :

(1) the intensity of electrostatic field on the surface of sphere of radius 5 cm and centre A.

(ii) the difference of potential between two points 20 cm and 10 cm away from the charge at A.
(Elements of Elect.-I, Banglore Univ. 1987)

Qrame, r = 10 "/4m x 8.854 x 107 % (5 x 107" =3,595 V/im

Qldne,d = 107"/4n x 8.854 x 107" x 0.2 =45V

107/4m x 8.854 x 10 x 0.1 =90 V

00 -45 =45V

It

Solution. () E

(1) Petential of first pont
Paotential of second paint

Il

p.d. between two points
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4.17. Potential Gradient

It is defined as the rate of change of potentia! with distance in the direction of electric force
dv
dx
Its unit is volt/metre although volt/cm is generally used in practice. Suppose in an electric ficid
of strength E. there are two points dx metre apart, The p.d. between them is
dv = E.(~dv=-E . dx . Ez—‘:;l A
i
The —ve sign indicates that the electric field is directed outward, while the potential increases
inward.

ie.

Hence, it means that electric intensity at a point is equal to the negative potential gradient ai
that point.

4.18. Breakdown Voltage and Dielectric Strength

An insulator or dielectric 1s a substance within which there are no mobile electrons necessary
for electric conduction. However, when the voltage applied to such an insulator exceeds a certain
value, then it breaks down and allows a heavy electric current (much larger than the usual leakage
current) to flow through it. If the insulator is a solid medium. it gets punctured or cracked.

The disruptive or breakdown voltage of an insulator is the minimum voltage required to break it
down. ¥

Dielectric strength of an insulator or dieleciric medium is given by the maximum potenrial
difference which a unit thickness of the medium can withstand without breaking down.

[n other words, the dielectric strength i1s given by the potential gradient necessary 1o cuuse
breakdown of an insulator. Its unit is volt/metre (V/m) although it is usually expressed in kV/mm.

Fur example. when we say that the dielectric strength of air is 3 kV/mm. then it means that the
maximum p.d. which one mm thickness of air can withstand across it without breaking down is 3 KV
or 3000 vaolts. If the p.d. exceeds this value, then air insulation breaks down allowing large zlectric
current to pass through.

Dielectric strength of various insulating matertals is very important factor in the design of high-
voltage generators, motors and transformers. Its value depends on the thickness of the insulator.
temperature, moisture. content, shape and several other factors.

For exanmple doubling the thickness of insulation does not double the safe working voltage in a
machine **

Note. Itis obvious that the electric intensity E. potential gradient and dielectric strength are dimensionally
equal. ’

4.19. Safety Factor of a Dielectric

It is given by the rato of the dielectric strength of the insulator and the electric field intensity
established in it. If we represent the dielectric strength by £, and the actual field intensity by E. then
sufety lactor k = E, IE

; = s , ; < ; ; ; 5 ;

For example. for air E,, = 3 x 10° V/m, If we establish a field intensity of 3 x 10™ V/m in it,

5
then, & =3 x 10"3x 10" = 10.

*  Flashover is the disruptive discharge which taken places pver the surface of an insulator and occurs when

the air surrounding it breaks down. Disruptive conduction is luminous.

The relation between the breakdown voltage V and the thickness of the dielectne is given approximately
by the relation V = Ar*'

where 4 is a constant depending on the nature of the medium and also on the thickness 1. The above
statement is known s Buur's luw,
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4.20. Boundary Conditions

Electrical Technology

There are discontinuities in electric fields at the boundaries between conductors and dielectrics
of different permittivities. The relationships existing between the electric field strengths and flux

densities at the boundary are called the boundary conditions.

With reference to Fig. 4.21, first boundary conditions is that the normal component of flux

density is continuous across a surface.

As shown, the electric flux approaches the boundary BB at
an angle 0, and leaves it at 8,. D,, and D, are the normal
components of D, and D,. According to first boundary condi-
tion, D, = D,, o)

The second boundary condition is that the tangential field
strength is continuous across the boundary I

E, =E, (if)
In Fig. 4.21, we see that

D, =D cos®, and D, = D,cos8,
Also E, = D, and E, = D,sin0 /g
Similarly, E, = D,/e, and E, = D,sin8,/g,

Et tan 6, E, tan 6,
Since D, = D,, and E, = E,

This gives the law of electric flux refraction at a boundary.
Itis seen that if &, > €,, 6,>6,.
TABLE NO. 4.1

B

3

Dielectric Constant and Strength

(*indicates average value)

Insulating material Dielectric constant or relative Dielectric Strength in
permittivity (e ) kV/mm
Air 1.0006 32
Asbestos* 2 2
Bakelite 5 15
Epoxy 33 20
Glass 5-12 12-100
Marble* 7 . 2
Mica 4-8 20-200
Micanite 4-5-6 25-35
Mineral Oil 2.2 10
Mylar 3 400
Nylon 4.1 16
Paper 1.8-2.6 18
Paraffin wax 1.7-2.3 30
Polyethylene 2.3 40
Polyurethane 3.6 35
Porcelain 5-6.7 15
PVC 37 50
Quartz 4,547 8
Rubber 2.5-4 12-20
Teflon 2 20
Vacuum 1 infinity
Wood 2.5-7 —
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Example 4.12. Find the radius of an isolated sphere capable of being charged to 1 million volt
patential before sparking into the air, given that breakdown voltage of air is 30,000 Viem.

Solution. Let r metres be the radius of the spheres, then
v=-2 _ifv i)

4ne,r
30,000 V/em =3 x 10° V/m

Since electric intensity equals breakdown voltage

E - 2 > =3%10° V/m (i)
4ne,r

Dividing (i) by (ii), we get r 1/3 = 0.33 metre

Example 4.13. A parallel plate capacitor having waxes paper as the insulator has a capaci-
tance of 3800 pF, operating veltage of 600 V and safety factor of 2.5. The waxed paper has a
relative permittivity of 4.3 and breakdown voltage of 15 x 10° V/m. Find the spacing d between the
two plates of the capacitor and the plate area.

Solution. Breakdown voltage V,, = operating voltage x safety factor = 600 x 2.5 = 1500 V

V,,=dxE,, or d = 1500/15x10°= 10" m=0.1 mm

C=g,e,Ad or A = Cdfege,=3800x 107 x 107/8.854 x 10 * x 4.3 = 0.01 m”

Example 4.14. Two brass plates are arranged horizontally, one 2 cm above the other and the
lower plate is earthed. The plates are charged 10 a difference of potential of 6,000 volts. A drop of
oil with an electric charge of 1.6 x | 0" Cisin equilibrium berween the plates so that it neither rises
nor falls. What is the mass of the drop ?

Solution. The electric intensity is equal to the potential gradient between the plates.

g = 6,000/2 = 3,000 volt/cm = 3 x 10° V/m

Breakdown voltage

E =3x10°V/im or N/C
force ondrop = ExQ=3x10"x 1.6 x 10°=48x10"N
Wt of drop = mg newton
mx981 = 48x10™ - m=489x10" kg

Example 4.15. A parallel-plate capacitor has plates 0.15 mm apart and dielectric with relative
permittivity of 3. Find the electric field intensity and the voltage between plates if the surface charge

is 5% 107 p(‘/cm:. (Electrical Engineering, Calcutta Univ. 1988)
Solution. The electric intensity between the plates is .
E = E‘D volt/metre; Now, G =5 X 10 u Clem” =5 % 107° C/m’
r
Since, charge density equals flux density
D _  5x10°

= 188,000 V/m = |88 kV/m

E = - —12
€€, 8854 %10 " x3

Now potential difference V = E x dx = 188,000 x (0.15 % 107y = 2.82 V

Example 4.16. A parallel-plate capacitor consists of iwo square metal plates 500 mm on a side
separated by 10 mm. A slab of Teflon (€, = 2.0) 6 mm thick is placed on the lower plate leaving an
air gap 4 mm thick between it and the upper plate. If 100 V is applied across the capacitor, find the
electric field (E,) in the air, electric field E, in Teflon, flux density D in air, flux density D, in Teflon
and potential difference V, across Teflon slab. (Circuit and Field Theory, A.M.LE. Sec B, 1995)
EoA _ 8854x107 x(0.5)°

- _= =3.16x107"° F
(di /ey +dy €5)  (6x107°/2) + (4 x 107/1)

Solution. C
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Q = CVv=316x10"%x100=31.6x 107 C
D 0/A=31.6x 10-'9/(0.5_1J =1.265 x 107 C/m*
The charge or flux density will be the same in both media i.e. D, =D, =D

In air, E, = Dlg,=1.265 x 107/8.854 x 10 '* = 14,280 V/m
In Teflon, E, = Dilgje = 14,280/2 = 7,140 V/im
V. = Exd=7140x6x 10" = 428V

Example 4.17. Calculare the dielectric flux in micro-coulombs between two parallel plates
each 35 cm square with an air gap of 1.5 mmm between them, the p.d. being 3.000 V. A sheer
of insulating material | mm thick is inserted between the plares, the permitniviry of the insular-
ing material being 6. Find out the potential gradient in the insulating material and also in air
if the voltage across the plates is raised to 7,500 V, (Elect. Engg.-1, Nagpur Univ. 1993)

Solution. The capacitance of the two parallel plates is
C =g, A/d Now.g =1 —for air
A =35x35x107=1225x10" m:d=15x10"m

1l

0.5
—12 - ]
¢ - SEAXI0R XL KIOT b gy ygrio gt
1.5x10™
Charge Q = CV=7.22x 107" x 3,000 coulomb “Lur

Dielectric flux = 7.22 » 3,000 x 10 ' C
= 2,166 % 10°C = 2.166 pC
With reference to Fig. 4.23, we have
_3 ) -3 /
V, = E x,=05x107E, ; V,= 10E, A
A = "lV;I"‘Vg—.‘I

Now V =

7.500 = 0.5 % 107 E + 107 E, 7,500 )———
or E,+2E,= 15x10° i) Fig, 4.22
Also D = ge, E =¢e,E, o E=6E, .l

From (i) and (ii), we obtain E, = 11.25 x 10° V/m; E, = 1.875 x 10° V/m
Example 4.18. An electric field in a medium with relative permittivity of 7 passes into a
medium of relative permittivity 2. If E makes an angle of 60° with the normal to the boundary
in the first dielectric, what angle does the field make with the normal in the second dielectrie ?
(Elect. Engg. Nagpur Univ. 1991)
Solution. As seen from Art. 4.19.

tan 0, g tan 60° _ 7

- = tan 8, = V3 x 2/7 =4.95 or 0, = 2620/
tan 6, &, tan 6, 2 . )

Example 4.19. Two parallel sheets of glass having a uniform air gap between their inner
surfaces are sealed around their edges (Fig. 4.23). They are immersed in oil having a relative
permittivity of 6 and are mounted vertically, The glass has a relative permittivity of 3. Calculate the
values of electric field strength in the glass and the air when that in the oil is 1.2 kV/m. The field
enters the glass at 60° to the horizontal.

Solution. Using the law of electric flux refraction, we get (Fig. 4.23),
lan B,/tan 6, = €,/8, =€, €,/€, €, = (€./E,)
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s tan 8, = (6/3) tan 60° OIL AIR OIL
= 2x 1,732 = 3.464,
B, = 73.9°
Similarly
9|= 60:'
tan 6, = (g4/€ ;) tan B, = (1/6) tan 73.9° T—tF
= 0577: .. 6,=30° 6,

As shown in Art. 4,20,

. 6 E,
Now, .t.:“ £,k cos0,=¢g,€, E, cos 0,

= 1082 (6/1) (cos 73.9%cos 30°) = 2079V/m

D,, = D,, orD cos8 =D,cos 8,

D, = D, xcos 8 /cos B,0rg €, E,
= €,€, E, xcos 6,/cos 0, 0,
= 3x 1.2x 10’ x cos 60°/cos 73.9°

E, = 1082 V/m

E, = E, (g,/g,) % (cos 6,/cos B;)
. Fig. 4.23

Tutorial Problems No. 4.1

I.

1.

Two parallel metal plates of large area are spaced at a distance of 1 cm from cach other in air and 3
p.d. of 5,000 V is maintained between them. [f a sheet of glass 0.5 em thick end having a relative
permittivity of 6 is introduced between the plates, what will be the maximum electric stress and where
will it occur ? [8.57 kV/cm; in air]
A capacitor. formed by two parallel plates of large area, spaced 2 cm apart in air. is connected 10 a
10,000 V d.c. supply. Calculate the eleciric stress in the air when a flat sheet of glass of thickness 1.5
cm and relatve permittivity 7 is introduced between the plates, [1.4 x 10* V/m)
A capacitor is made up of two parallel circular metal discs separated by three layers of dielectric of
equal thickness but having relative permittivities of 3, 4 and 35 respectively. The diameter of cach
disc 1s 25.4 em and the distance between them is 6 em. Calculate the potential gradient in euch
dielectric when a p.d. of 1.500 V is applied between the discs. [319.2; 239.4; 191.5 kV/m|
A capacitor, formed by two parallel plites of large area, spaced 2 cm apart in air, 18 connected o
10,000 V d.c. supply. Calculate the electric stress in the wir when a flat sheet of glass of thickness 115
cm und relative permituvity 5 is introduced between the plates. 10.625 x 10" V/m)
The capucitance of a capacitor furmed by two parallel metal plates, each having an effective wurface
area of 50 em” and separated by a dielectric | mm thick. is 0.0001 yF. The plates are charged t a p d.
of 200 V. Calculate (a) the charge stored (#) the eleciric flux density (c) thesrelative pcmi'mwm ol
the dielectric. [ta) 0.02 pC (b) 4 pC/m” () 2.26]
A capacitor is constructed from two parallel mewllic circular plates separated by three luyers of
dielectric each (.5 cm thick und having relative permittvity of 4, 6 and 8 respectively. 1t the nctal
discs are 1525 cm in diameter, calculate the porential gradient in each dielectric when the applicd
voltage is 1,000 volts. (Elect. Engg.-1 Delhi Univ, 1978)
A point electric charge of 8 pC is kept at a distance of 1 metre from another point charge of - 4 pCn
free space. Determine the location of a point along the line joining two charges where in the clectn.

fteld intensity is zero.

{Elect. Engineering, Kerala Univ. 1981)

OBJECTIVE TESTS - 4

The umt of absolute permittivity of a medium is
(a) joule/coulomb (h) newton-metre

l¢)  farad/metere 1) farad/coulomb

2. Ii relative permittivity of mica is 5. 15 abso-
lute permittivity is
{u) 5¢,
() &5

(b) Sig,
() B854 % 107"



n

Two similar electric charges of | C each are
placed 1 m part in air. Force of repulsion
between them would be nearly newton

(a) 1 (b) 9x%10°
(¢) 4n (d) 8.854 % 1072

Electric flux emanating from an electric
charge of + Q coulomb is

(a) Q-"‘Eg (b) Ofe,

(c) Qleg, d) Q

The unit of electric intensity is

(a) joule/coulomb

(b) newton/coulomb

{c) voltUmetre

(d) both (b) and (c)

If D is the electric flux density, then value of
electric intensity in air is

(a) Dig, (b) Dleye,

(c) dVidr (d) Q/eA

For any medium, electric flux density D is
related to electric intensity E by the equation

(a) D=¢g,E (b) D =¢gg E
le) D=Eleg, (d) D=gEle,

Inside a conducting sphere,...remains constant |

(a) electric flux
(b) electric intensity

10,

Electrical Technology

(¢) charge

(d) potential

The SI unit of electric intensity is

(a) N/m (b) V/m

(c) N/C (d) either (b)or(c)

According to Gauss's theorem, the surface

integral of the normal component of elec-

tric flux density D over a closed surface con-

taining charge Q is

(a) Q {b) an

(©) &Q d) Qfe,

Which of the following is zero inside a

charged conducting sphere ?

(a) potential

(b) electric intensity

(¢) both (a) and (b)

(d) both (b) and (¢)

In practice, earth is chosen as a place of zero

electric potential because it

(a) is non-conducting

(b) is easily available

(c) keeps lossing and gaining electric charge
every day

(d) has almost constant potential.

PET 27IL 2L P6 P8 9L PO PS PP ¢ 2T 27
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5 CAPACITANCE

5.1. Capacitor

A capacitor essentially consists of two conducting surfaces separated, by a layer of an insulating
medium called dielectric. The conducting surfaces may be in the form of either circular (or rectangular)
plates or be of spherical or cylindrical shape. The purpose of a capacitor | p— F
is to store electrical energy by electrostatic stress in the dielectric (the 2 Lt
word ‘condenser’ is a misnomer since a capacitor does not ‘condense’ A B
electricity as such, it merely stores it). =

A parallel-plate capacitor is shown mn Fig. 5.1. One plate is joined to
the positive end of the supply and the other to the negative end or is
earthed. It is experimentally found that in the presence of an earthed
plate B, plate A is capable of withholding more charge than when B is not
there. When such a capacitor is put across a battery, there is a momentary
flow of electrons from A to B. As negatively-charged electrons are
withdrawn from A, it becomes positive and as these electrons collect on
B, it becomes negative. Hence, a p.d. is established between plates A and
B. The transient flow of electrons gives rise to charging current. The —
strength of the charging current is maximum when the two plates are =
uncharged but it then decreases and finally ceases when p.d. across the Fig. 5.1
plates becomes slowly and slowly equal and opposite to the battery e.m.f,

 /

-

+ 4 4+ +
!

5.2. Capacitance
The property of a capacitor to “store electricity’ may be called its capacitance.
As we may measure the capacity of a tank, not by the total mass or volume of water it can hold,

but by the mass in kg of water required to raise its level by one metre, similarly, the capacitance of a
capacitor is defined as “the amount of charge required to create a unit p.d. between its plates.”

Suppose we give Q coulomb of charge to one of the two plate of capacitor and if a p.d. of V volts
is established between the two, then its capacitance is

Q _ charge '
V' potential differnce
Hence, capacitance is the charge required per unit potential difference.

By definition, the unit of capacitance is coulomb/volt which is also called farad (in honour of
Michael Faraday)

45 | farad = 1 coulomb/volt

One farad is defined as the capacitance of a capacitor which requires a charge of one coulomb
1o establish a p.d. of one volt between its plates.

One farad is actually too large for practical purposes. Hence, much smaller units like microfarad
(uF), nanofarad (nF) and micro-microfarad (UUF) or picofarad (pF) are generally employed.

1uF = 10°F. 10F=10"F;puF or pF=10"F

Incidentally. capacitance is that property of a capacitor which delays and change of voltage

across it.

201
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5.3. Capacitance of an Isolated Sphere

Consider a charged sphere of radius r metres having a charge of Q coulomb placed in a medium

of relative permittivity €, as shown in Fig. 5.2.
It has been proved in Art 4.13 that the free surface potential V
of such a sphere with respect to infinity (in practice, earth) is given by
¥ = 4# g=4ﬂe{,erf
TEYE, ! V
By definition, Q/V = capacitance C /
= 4mne e rF ~in a medium

=4TI:EDrF ‘—inajr Fig_s-z
Note : Itis sometimes felt surprising that an isolated sphere can act as
a capacitor because, at first sight, it appears to have one plate only., The question arises as to which is the
second surface. But if we remember that the surface potential V is with reference to infinity (actually earth) then
it is obvious that the other surface is earth. The capacitance 4 1 €, r exists between the surface of the sphere and
carth

5.4. Spherical Capacitor

(a) When outer sphere is earthed

Consider a spherical capacitor consisting of two concentric spheres of radii ‘a’ and ‘b’ metres as
shown in Fig. 5.3. Suppose, the inner sphere is given a charge of + Q
coulombs. It will induce a charge of — Q coulombs on the inner surfaces
which will go to earth. If the dielectric medium between the two spheres
has a relative permittivity of €, then the free surface potential of the
inner sphere due to its own charge 0/4 €, €, a volts. The potential of
the inner sphere due to — Q charge on the outer sphere is — Q/4 e, € b
(remembering that potential anywhere inside a sphere is the same as
that its surface).

Total potential difference between two surfaces is
. 0 0 A

dne, e, a 4ne e b

-0 _(_1__1.)= _Q _(b-a
dne e \a b/ dmegye \ ab
Q dne, e ab ib
=z = M . C=4ne.¢ F
|% b-a & "b-a

(h) When inner sphere is earthed

Fig. 5.4

Such a capacitor 1s shown in Fig. 5.4. II a charge of + @ coulombs is given to the outer sphere
A, it will distribute itselt over both its inner and outer surfaces. Some charge @, coulomb will
remain on the outer surface of A because 1t is surrounded by earth all around. Also, some charge
+ @, coulombs will shift to its inner side because there is an earthed sphere B inside A.

Obviously, 0 =@ +0Q-

The inner charge + 0, coulomb on A induces — Q| coulomb on B but the other induced charge
of + @, coulomb goes to earth.

Now. there are two capacitors connected in parallel

(i) One capacitor consists of the inner surface of A and the outer surface of B, Its capacitance,
as found earlier,

ab

b-a

(it} The second capacitor consists of outer surfaces of B and earth. Its capacitance is C, =4 1
g, b — if surrounding medium is air. Total capacitance C=C, + C,.

is C, = d4mg e,
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5.5. Parallel-plate Capacitor
(i) Uniform Dielectric-Medium

A parallel-plate capacitor consisting of two plates M and N each of area A m* separated by a
thickness d metres of a medium of relative permittivity €, is shown in Fig. 5.5. If a charge of + Q
coulomb is given to plate M. then flux passing through the medium is

s il \ = O coulomb, Flux density in the medium is
- v 0
=44
Electric intensity E = V/d and D=¢gkE
or Q _ Y . 0 ¢4
A d Vo d
g € A ; ; .
C = o farad - in a medium (8}
€A . _ ;
= farad — with air as medium
¥

(ii) Medium Partly Air

As shown in Fig. 5.6, the medium consists partly of air and partly of parallel-sided dielectric
slab of thickness r and relative permittivity €. The electric flux density

t
D= Q/A is the same in both media. But electric intensities are different. e,
By = 2 .. in the medium
B E,
D .
E,‘ = —_— . i
5 :, in air g
pd. between plates, V = E, .1+ E,(d-1) =
= %—I+E£ (d—;‘}:EQ[ELﬂud*r]
0%r 0 0 r
.o - o —]
= —'—-—EUAI-CJI_”'—'.'»"'E,” Fig.s.ﬁ
or g = ————-——-SU ‘Jl - or C = ——-—-——EU A il ”“
Vv [ =(1=t1€,)] [d—(t—1tle)]
If the medium were totally air, then capacitance would have been
C = g Ald

L]

From (i) and t7ii), it is obvious that when a dielectric slab of thickness 1 and relative permituvity
g, 1s introduces between the plates of an air capacitor. then its capacitance increase because as seen
from (ii), the denominator decreases. The distance between the plates is effectively reduces by
(#—t/e,). To bring the capacitance back to its original value, the capacitor plates will have to be
further separated by that much distance in air. Hence, the new separation between the two plates
would be = [d+(t—1t/g)]
€,4
dle,
If the space between the plates is filled with slabs of different thickness and relative permittivities,

g, A

Zdle,
The capacitance of the capacitor shown in Fig. 5.7 can be written as

The expression given in (/) above can be written as € =

then the above expression can be generalized into C =
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£, A

. ]
L L W
€, En €r3

(iii) Composite Medium
The above expression may be derived independently as given under :
If V is the total potential difference across the capacitor plates and V|, V,, V;, the potential
differences across the three dielectric slabs, then
Vv Vi+ Vo+ Va=Eit + Ejty + Eqty
w ol A+ 8 Ayt B
€ € € €y €y Ena

_ P_[_'L+ﬁ_ +i]4£ [‘_I+_’:z_+_‘3_}

I3

€\ €1 € €4 ) EAlE, £, E4

re

0 g A

C = ==
v _I}_+i+f_3
E E, E4

rl r2

5.6. Special Cases of Parallel-plate Capacitor
Consider the cases illustrated in Fig. 5.8.
(i) As shown in Fig. 5.8 (), the dielectric is of .

thickness d but occupies only a part of the area. This i3
arrangement is equal to two capacitors in parallel. Their A N
capacitances are " %
e 4 €€, A I
€, =—4 ad G=—""70" + /7 = + ;
Total capacitance of the parallel-plate capacitor is A / A Z
37//// AR 7"
C =0 +0= M+M '
R R | d (a) ()
(if) The arrangement shown in Fig. 5.8 (b) consists Fig. 5.8
of two capacitors connected in parallel.
(a) one capacitor having plate area A, and air as dielectric. Its capacitance is C; = E';dAl
(b) the other capacitor has dielectric partly air and partly some other medium. Its capacitance
. . g, 4, ; :
Art 5.5 (ii)]. C,= —29"2 ___ Total capacitance is C = C, + C, :
b4 W G =T u=ire) ¥ ’ ) F

5.7. Multiple and Variable Capacitors

Multiple capacitors are shown in Fig. 5.9 and Fig. 5.10.
The arrangement of Fig. 5.9. is equivalent to two capacitors joined in parallel. Hence, its
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capacitance is double that of a single capacitor. Similarly, the arrangement of Fig. 5.10 has four

@ times the capacitance of single capacitor.

If one s=t of piates is fixed and the other is capable of rotation, then
capacitance of such a multiplate capacitor can be varied. Such variable-
capacitance air capacitors are widely used in radio work (Fig. 5.11). The
set of fixed plates F is insulated from the other set R which can be rotated
by turning the knob K. The common area between the two sets in varied by
rotating K, hence the capacitance between the two is altered. Minimum
capacitance is obtained when R is completely rotated out of F and maximum

8

when R is completely rotated in i.e. when the two sets of plates completely
overlap each other.

(?(‘

The capacitance of such a capacitor is
_(n-1).g.e A
- d
where n is the number of plates which means that (n — 1) is the number of
capacitors.
Example §5.1. The voltage applied ucrosy a capacitor having a
capacitance of 10w F is varied thus :

)R‘
\\\\((\(\\\\

(

Fig. 5.11

The p.d. is increased uniformly from

v & 0 to 600 V in seconds. It is then maintained constant ar 600V
400 for 1 second and subsequently decreased uniformly to ze¢ro in
five seconds. Plot a graph showing the variation of current
200 during these 8 seconds. Calcutate (a) the charge (b) the energy
stored in the capacitor when the terminal voltage (s 600,
(Principles of Elect. Engg.-1, Jadavpur Univ. 1987)
Solution. The variation of voltage across the capacitor is as
" shown in Fig. 5.12 (a).
3 The charging current is given by
- dg d dv
| = —=— CV):C.—
2 Taar di
1 Charging current during the first stage
0 2 I [ =10x 10°x (600/2) =3x 10~ A =3 mA
~124 Charging current during the second stage is zero bacause
—_— dvldr = 0 as the voltage remains constant.
(®) Charging current through the third stage
0 - 600 =
Fig. 5.12 = lleO‘ﬁx[ 3 ):—1.2x103A=—1.2mA
The waveform of the charging current or capacitor current is shown in Fig. 5.12 (b).
(a) Charge when a steady voltage of 600 V is applied is = 600 x 10 10 =6x 10-3C
(b) Energy stored = -% cvi= -} x 107 x 600> = 1.8 J
Example 5.2. A voltage of Vis applied to the inner sphere of a spherical capacitor, whereas th
outer sphere is earthed. The inner sphere has a radins of a and the outer one of b Ifb i fived and a me
be vaned, prove that the maximum stress i the dielecrric cannol be reduced below a value of 4 Vo
Solution. As seen from Art. 5.4, :
Ry ' (l- ‘_) D)
dreye, \a b _
As per Art. 4.15, the value of electric in density at any radius x between the two spheres is given
byE=—2  orQ=4ne e, X E
dme, €, x
Substituting in this value in (i) above, we get
2
4ne,e xE
o AR BN 1) g W
Ang e, \a b (/a~1/b)x
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As per Art. 5.9, the maximum value of E occurs as the surface of inner sphere i.e. when x = a
For E to be maximum or minimum, dE/da = ().

d ( 11 ) 2 d 2

—|===|a =0 or — (a—-alb)=0

da b da : k
or 1=2alb =0 or a=h?2

Now, E = v s E o ¥ = 4

(/a-1/b) X " (la-1/bya"  (a—a’lb)
Since, a=b2 5 By =y o= =l s 4BV AV
(b/2-b"14b)  2b°—b> b b
Example 5.3. A capacitor consists of two similar square alumininm plates, each 10 cm X 10 em
mounted parallel and opposite to each other. What is their capacitance in @)L F when distance
berween them is | cm and the dielectric is air ? If the capacitor is given a charge of 500 pp C. what
will be the difference of potential between plates ? How will this be affected if the space between the
plates is filled with wax which has a relative permittivity of 4 ?

Solution. C = g, Ald farad
Here €, = 8854 x 107" F/m: A=10x10=100cm’ =10 " m’

d = lem=10"m

-2 =2
c = 380 X107 _ ggs5qx 10712 F = 8.854 pyuF
10~
-12
Now C = 4 & Ve ¢ or V= w—loﬁg = 56.5 volts.
v ¢ 8.854x107"* F

When was is iniroduced, their capacitance is increased four times because
= gy¢,Ald F=4x8854=354uF
The p.d. will vbviously clccreasc to one fourth value because charge remains constant,
V = 56.5/4 = 14.1 volts.

anmplt 54. The capacitance of a capacitor formed by two parallel metal plates each
200 em” in area separared by a dielectric 4 mm thick is 0.0004 microfarads. A p.d. of 20,000 V is
applied. Calculate (a) the total charge on the plaies (h) the potential gradient in V/im (c) relative
permittivity of the dielectric (d) the electric flux density. (Elect. Engg. I Osmaina Univ. 1988)

Solution. C =4xi0 pF:v=2x10'vV

" (a) . Total charge 0 = CV=4x10"%x2x10°uC=8puC=8x10"°C

1

o T
(h) Potential gradient = @V _2XI0 _5510° Vim
dx  4x107
(c) D = QA=8x10%200x 10" =4 x 107" G/m’
(d) E = 5x10"V/m
Since D=g,€ E .. g = D __4:3510 - =9

X E  §854x10 2 x5x10°

Example 5.5. A parallel plate capacitor has 3 rh(’ff{fﬂt\ with relative permittivities of 3.5, 2.2
i 1.5 respectively. The area of each plate is 100 cm”™ and thickness of each dielectric 1 mm.
Calendaie the stored charge in the capacitor when a potential difference of 5,000 V is applied across
the compasite capacitor so formed. Caleulate the potential gradient developed in each dielectric of

the capacitor. (Elect. Engg. A.M.Ae.S.1. June 1990)
Solution. As seen from Art. 5.5,
e - £, A _8854x107" x(100x107*) _8.854x107"

=292 pF

Ay dy A ) (10, 107 107) 1070303
€, €. Es 55 "t 1s
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Q = CV=292x 10" % 5000 = 146 % 10" coulomb
D = QA =146 x 107/(100 x 107) = 146 x 10 C/m’
g, =E =Digye, =146 x 10°/8.854 x 1077 x 5.5 =3 x 10° V/im
8, = E,=Dleye,=7.5%10°V/im; g, = Dlgg e, = 11 % 10° V/m
Example 5.6. An air capacitor has twe parallel plates 10 cm” in area and 0.5 cm apart. When
a dielectric slab of area 10 em™ and thickness 0.4 cm way inserted between the plates, one of the
plates has to be moved by 0.4 cm to restore the capacitance. What iy the dielectric constant of the
slab ? (Elect. Technology, Hyderabad Univ. 1992 )
Solution. The capacitance in the first case is 0.5cm 0.4cm
C = g,A _ euxlelO“* _&
‘ d  05x10° 5
The capacitor, as it becomes in the second case, is shown in Fig.

5.13. The capacitance is 25 AIR
. €5 A g, %10~ £
Zdle, U‘ixm ] (_5_.,_4) =
Er
i il Fig. 5.13
Since, = e Fo - ig. 5.
ince c,=cC, 5~ Gle 79 € =5

Note. We may use the relation derived in Art, 5.5 (if)
Separation = (r—1u/g)) . 04=(05-05/k) or g=5

Example 5.7. A parallel plate capacitor of area, A, and plate separation. d. has a voltuge.
applied by a battery. The battery is then disconnected and a dielectric slab of permittivity £, :m:f
thickness, d|. (d, < d) is inserted. (a) Find the new voltage V, across the capacitor, (b) Find the
capacitance C”hf_fﬂfc and i1s value C, after the slab is introduced. (¢) Find the ratio V /V,, and the
ratio C/C,when d, = d2 and e, = 4 g,

(Electromagnetic Fields and Waves AMIETE (New Scheme) June 1990)

Solutien. (b) C & A c A
u . = — = —
L1} L] 0 d 1 [(d_dl} d]]
—.—_+_
€ &
Sinced, =d/2ande =4¢, . C,= A =8£t1A
d ,_d | M
2¢, 2x4g,
(a) Since the capacitor charge remains the same '
B A 5d 5V,
=C,V.=CV, . ¥V =V L o G _ IV
0=GC V=€V, 1 an V, x p XSE(,A 2
Be,A d _S
(¢} As seen from above, V|, = V;5/&;C,C,= 5:; xng

Tuterial Problems No, 5.1

L. Two paralle] plate capacitors huve plates of an equal area, diclectrics of relative permitivities €, and
£, and plate spacing of d; and ;. Find the ratio of theur cupacitances if €, /e , = 2 and difdy=025.[C/C, =8|
2. A capacitor is made of two plates with an area of 11 em” which are separated by a mica sheet 2 jum
thick. If for mica €= 6, find its capacitance. If, now, one plate of the capacitor is moved further to give an air
gap 0.5 mm wide between the plates and mica, find the change in capacitance. [29.19 pI, 11.6 pI]
3. A parallel-plate capacitor is made of two plane circular plates separated by d cm of air. When a
parallel-faced plane sheet of glass 2 mm thick is place between the plates, the capacitance of the system is
increased by 30% of its initial value, What is the distance between the plates if the dielectric constant of the
glassis 6 7 10.5 % 107 m]



208 Electrical Technology

4. A p.d. of 10kV is applied to the terminals of a capacitor consisting of two circular plates, each having
an area of 100 cm” separated by a dielectric | mm thick. If the capacitance is 3 x 10~ p F, calculate
(a) the total electric flux in coulomb (b) the electric flux density and
(¢) the relative permittivity of the dielectric. [(a) 3 x 107°C (b) 3 x T 1 C/im” (c) 3.39]
5. Two slabs of material of dielectric strength 4 and 6 and of thickness 2 mm and 5 mm respectively are
inserted between the plates of a parallel-plate capacitor. Find by how much the distance between the plates
should be changed so as to restore the potential of the capacitor to its original value. [5.67 mm]
6. The oil dielectric to be used in a parallel-plate capacitor has a relative permittivity of 2.3 and the
maximum working potential gradient in the oil is not to exceed 10° V/m. Calculate the approximate p]ate‘arc,a
required for a capacitance of 0.0003 p F, the maximum working voltage being 10,000 V. [147 % 107" m7|
7. A capacitor consist of two metal plates, each 10 cm square placed parallel and 3 mm apart. The space
between the plates is occupied by a plate of insulating material 3 mm thick, The capacitor is charged to 300 V.
(a) the metal plates are isolated from the 300 V supply and the insulating plate is removed. What is
expected to happen to the voltage between the plates ?
(b) if the metal plates are moved to a distance of 6 mm apart, what is the further effect on the voltage
between them. Assume throughout that the insulation is perfect.
[300 &, ; 600 €, : where g, is the relative permittivity of the insulating material|
8. A parallel-plate capacitor has an effecting plate area of 100 cm” (each plate) separated by a dielectric
0.5 mm thick. Its capacitance is 442 pp F and it is raised to a potential differences of 10 kV. Calculate from first
principles
(a) potential gradient in the dielectric (b) electric flux density in the dielectric X
(c) the relative permittivity of the dielectric material. [(a) 20 kV/mm (b) 442 pC/m(c) 2.5
9. A parallel-plate capacitor with fixed dimensions has air as dielectric. It is connected to supply of p.d.
V volts and then isolated. The air is then replaced by a dielectric medium of relative permittivity 6. Calculate
the change in magnitude of each of the following quantities.
(a) the capacitance (b) the charge (c) the p.d. between the plates
(d) the displacement in the dielectric (e) the potential gradient in the dielectric.
[(@) 6 ; 1 increase (b) no change (c) 6 : 1 decrease (d) no change (e) 6 : | decrease]

5.8. Cylindrical Capacitor

A single-core cable or cylindrical capacitor consisting two
co-axial cylinders of radii @ and b metres, is shown in Fig. 5.14.
Let the charge per metre length of the cable on the outer surface
of the inner cylinder be + Q coulomb and on the inner surface of
the outer cylinder be — Q coulomb. For all practical purposes,
the charge + Q coulomb/metre on the surface of the inner cylinder
can be supposed to be located along its axis. Let £_be the relative
permittivity of the medium between the two cylinders. The outer b
cylinder is earthed.

Now, let us find the value of electric intensity at any point < | |
distant x metres from the axis of the inner cylinder. As shown in "o
Fig. 5.15, consider and imaginary co-axial cylinder of radius x (TR DS
metres and length one metre between the two given cylinders. __f‘;l-.—t—-—lf[_.,
The electric field between the two cylinders is redial as shown. ...-lgi | I I
Total flux coming out radially from the curved surface of this '™ |<d 4_1_ 1+l _._:L.._—
imaginary cylinder is, Q coulomb, Area of the curved surface i 1 'l’\_l —I- | j =
=2naxl=2mxm. et

P e ¥ e

Hence, the value of electric flux density on the surface of <
the imaginary cylinder is \4_’)
p - fuxin coulonlb _V_Qcm? - D=2 om?
area in metre- A A 2

The value of electric intensity is

E = D or E= —-Q— Vim
E, €, 2neye, x
Now, dV = —Edx
or V = a—E.cir=r—ﬂ
b b AIMEZE X

Fig. 5.14
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_Q ﬂa‘x — a
_ e _—0Q |lc;g.\']}1
- 2nege, b x 2megE,
g 0 i3] 12
= log, a - log, b) = B b
ZREDE,(Ogra 08%) 2ne,e, o\ 2TEHE, o83
2
] _ 2ne €, i Cs= _._m__ﬁr‘m['.' loge(é)=2-3]°gm(g)]
P t] T Do) L vl

2neye, |

b
5% 10g;; (;)
In case the capacitor has compound dielectric, the relation becomes
¢ = 2re,l
T log, (2)!8r
a
The capacitance of | km length of the cable in jt F can be found by putting / = 1 km in the above

expression.

The capacitance of / metre length of this cable is C =

x8.854x 10 x e, x :
C = 2nx8 X ber IOOOFz’km=0024E’|.1Fﬂun
231 - I —-)
3 Ogm(a) ng(a
5.9. Potential Gradient in a Cylindrical Capacitor
It is seen from Art. 5.8 that in a cable capacitor
= __Q— V/im
2MEHE, X
where x is the distance from cylinder axis to the point under consideration.
Now E =g = S V/m i)
2ne,E, x
2rne e, V
| [ From Art. 5.8, we find that V= =l log, (-Jl) or Q=—2-r_
i , 2me €, a log (}i)
m 4
Fig. 5.15 R o . &
Substituting this value of @ in (i) above, we get
2negye V
g= bn 0€r V/m or g= —V—b—Wm or g = ——V—bvoltfmetre
log, (ﬂ )x 2ne g, x xlog, (;) 23x ]og,u (;)
Obviously, potential gradient varies inversely as x.
Minimum value of x = a, hence maximum value of potential gradient is
vV .
B = 13 Vim (i)
. 23a logm(?‘—)
Similarly, By = —v-—b V/m
23blog,, (—)
a

Note. The above relation may be used to obtain most economical dimension while designing a cable. As
seen, greater the value of permissible maximum stress £, , smaller the cable may be for given value of V.
However, £ is dependent on the dielectric strength of the insulating material used.

If Vand E, , are fixed, then Eq. (/i) above may be written as
Eo = —VT or alogh (é) = _EV_ % =" orb=ae
a l(}ghe( ) P max

kla

a
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For most economical cable db/da = 0
db
da

Example 5.8. A cable is 300 km long and has a conductor of 0.5 cm in diameter with an

insulation cavering of 0.4 cm thickness. Calculate the capacitance of the cable if velative permittivity

= 0="+a(-kd )" or a=k=VIE,, and b=ae=2718a

of msulation iy 4.3, {Elect. Engg. A.M.Ae. S.1. June 1987)
Solution. Capacitance of a cable is C = D—m}—?— p F/km
log,, (E)
Here, a=0.52=025cm; b =025+ 0.4 =065 cm ; bla=0.650.25 = 2.6 ; log’’ = 0.415
c = 0024x45 _ 56
0.415

Total capacitance for 300 km is =300 x 026 =78 u F.

Example 5.9. In a concentric cable capacitor, the diameters of the inner and outer cylinders
are 3 and 10 mm respectively. [fe,_for insulation is 3, find its capacitance per metre

A p.d. of 600 volrs is applied between the two conductors. Caleulate the values of the electric
foree and elecrric fluy density = (a) ar the surface of inner conductor (b) at the inner surface of ourer
conductor.

Solution. a=1.5mm :;b=5mm = bla=5/1.5=10/3 ;log, (%) =0.523

Inese, | 21 % 8.854%10 "2 x3x]1

C = = 1388 x 1072 F = 138.8 pF
23 log,, (g ) 2.3%0.523
(a) D =QRna
Now Q = CV=1388x10"x600=833x10°C
D = 833x10°2nx 1.5%x 107 = 8.835 4 C/m’
E = DfEU £ = 332.6 V/im
—8
) D= 23X 2565 p Cm®s E=Dieye, = 9982 Vim.
2rxSx10°

Example 5.10. The radius of the copper core af a single-core rubber-insulated cable is 2.235
mm. Calculate the radius of the lead sheath which covers the rubber insulation and the cable
capacitance per metre, A voltage of 10 kY may be applied between the core m.xd the lead shearh with
a safery factor of 3. The rubber insulation has a relative permittivity of 4 and breakdown field
strength of 18 = 1 0" Vim.

— M
23alog,, (g)
Now, g

6 r . - —
e = B = 18 % 107 V/m ; V = breakdown voltage x
Safety factor = 10* x 3 = 30,000 V

Solution. As shown in Art. 59. ¢, =

s Bx 10 = 30.000 = - b2 lorb=2.1x225=472mm
2.3x2.25x10“3xlogm(—) “
a
2ne, el ; 12
C = 0 < :210{8854}([0 X4><l= 3x lu__qF

23 10g,0 %) 23log,, 21
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5.10. Capacitance Between Two Parallel Wires
This case is of practical importance in overhead transmission lines. The simplest system is
2-wire system (either d.c. or a.c.). In the case of a.c. system, if the transmission line is long and
voltage high, the charging current drawn by the line due to the capacitance between conductors is
appreciable and affects its performance considerably.
With reference to Fig. 5.16, let

P
d = distance between centres of the wires A and B &~ 7 T e
r = radius of each wire (£ d) === "i"d (d-x)
@ = charge in coulomb/metre of each wire*
Now. let us consider electric intensity at any point P Fig. 5.16
between conductors A and B.
Electric intensity at P* due to charge + @ coulomb/metre on A is
8 So= T EQE 5 V/m ... towards B.
- 0 %r -
Electric intesity at P due to charge — ( coulomb/metre on B is
= Tne, e D Vim ... towards B.

)
Total electric intensity at PE = £ by d I_—‘,)

Hence, potenual difference between the two wires is

d -r o ~r
v =~.Jl Edy=- ¢ _ []"‘ ! ]fi"

r Ineg, e, ) x d-x
(@] ST Q d=-r
= - llog, x—log, (d—x)II7" =— log, - —
v Ire €, e X B (=2 0 €
neg, e nE,E nE,E
Now C=QWNV . C = L Ja? 1 = U F/m (approx.)
log (=) 23 log Bl 23 log (—)
] r =11 r n r
; REE,
The capacitance for a length of [ metres C' = ) F
23log, (—)
B
The capacitance per kilometre is
x 8,854 %10 " 100x10°
g = BRI X%sz =W Fm
2.3103,(,(£)=;~ :

log,, (E:‘]

Example 5.11. The conductors of a two-wire transmission line (4 km long) are spaced 45 cm
berween centre. IF cach conductor has a diameter of 1.5 em, calculate the capacitance of the line.

TE,E

Solution. Formulaused € = ——-—F
- d
.'..3 lng"] (':]
q
Here ! = 4000 metres : r = 1.3/ 2cm ; d =45 em . g = |- forair .. g=4'I;:2 =60
r val
. -n
c - % R.854x10 " x 4000 _ 0.0272 x 107 F

23 log,, 60

%

If charge on A is + (0, then on B will be - Q.
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b
et
b

0.0121
=0.0272
*Tog,, 60 V272K F

N
|

[or

5.11. Capacitors in Series
With reference of Fig. 5.17, let

C,. C,, C; = Capacitances of three capacitors
Vi, V5, Vy = puds. across three capacitors.
V = applied voltage across combination
C = combined or equivalent or joing capacitance.

In series combination, charge on all : q,
capacitors is the same but p.d. across each P
is different. Q Q 'Q L

: V= Vi+V,+V H—A Al
1 2 3 HE Cl (4-2 + C3 -l-Q2 C-.-
or g _2,90.,90 — V, v, V, —of
QG
or ‘—]- = L+_I.. +-1—, - ; ¥
T & Oy Gy ! '
For a changing applied voltage, Fig. 5.17 Fig. 5.18
dv av, dv, dv,
L. o a3
dt ddr di
We can also find values of V|, V, and V, in terms of V. Now, 0 =C, V, = G,V, = C,V, =CV
_ GGG _GG6G
where C = CG+CC +CCxCC,
& G, G4
C\V, = CVor V= VC] VZCC
C G C C
imi =V ‘ V,=V.o L2
Similarly, Vv, 5CC, and V, ¥C G,

5.12. Capacitors in Parallel
In this case, p.d. across each is the same but charge on each is different (Fig, 5.18).
0=0,+0,+0;, or CV=CV+CV+(GV or C=C+C,+C,
For such a combination, dV/dr is the same for all capacitors.
Example 5.12. Find the ("'“r of the circuit shown fu Fie. 5.19. All capacitances are (n (L F
(Basic Circuit Analysis Osmania Univ. Jan/Feb. 1992)
Solution. Capa.cilance between Cand D=4+ 112=14/3pF.
4| 1 Capacitance between A and B i.e. Ceg= 3421

7 _I_ ' _L _L 14/3=44 uF
Qe Exz unph A3 Two capacitors of u capacitance
4 WF and 2 UF respectively, are joined in sevies
T T T with o bartery of e.mf, 100 V. The connections
rre broken and the like terminals of the capacie

are then joined. Find the final charge on ecach

Fig. :..I‘!

Capa fterr
Solution. When joined in series, let V| and V, be the voltages across the capacitors. Then as
charge across each is the same,
4x V=2V, V2=2V1 Also V, + V, =100
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V,+2V, =100 S Vi=1003V and V,=2003V
Q,=0,=(200/3) x 2 =(400/3) n C
Total charge on both capacitors = 800/3 pu C

When joined in parallel, a redistribution of charge takes place because both capacitors are reduced
to a common potential V.

Total charge = 800/3 p C; total capacitances =4 +2=6 u F

800 _ 400
= — = —vol
1% T volts
Hence Q, = (400/9) x 4 =1600/9 =178 u C

o, (400/9) x 2 =800/9 = 89 pu C (approx.)
Example 5.14. Three capacitorrs A, B, C have capacitances 10.50 and 25 @ F respectively
10119 Calculate (i) charge on each when connected in parallel to a 250 V
supply (if) total capacitance and (iti) p.d. across each when
connected in series.  (Elect. Technology, Gwalior Univ. 1989)

"

(a) 50} = Solution. (i) Parallel connection is shown in Fig. 5.20 (a).
Q Each capacitor has a p.d. of 250 V across it.
0,=CV=10x250=2500 . C; 0, =50x 250 =12,500 u C
251TQ, Cy=25 x 250 =6,750 pu C.

0250 Vo (ii) C=C,+C,+C3=10+50+25=85u F
(7if) Series connection is shown in Fig. 5.20 (5). Here charge on
C1| G G each capacitor js the same and is equal to that on the equivalent

Q IQ I Q | single capacitor.
®) |V, VeV, 1/C = 1UC, + 1/C,+ 1/Cy; C=25/4 nF

Q = CV=25x250/4= 15625 u F
250 V Q = C\V,;V, =1562.5/10=156.25 V

I

Fig. 5.20 _ V, = 1562.5/25 =62.5 V; V, = 1562.5/50 =31.25 V.
Example 5.15. Find the charges on capacitors in Fig. 5.21 and the p.d. across them
Solution. Equivalent capacitance between points A l‘—— V2 —"
and B is v L T
] LI
C2+C3 =5+3=8uF r_ I_-I 3pF
Capacitance of the whole combination (Fig. 5.21) Q 'c, A : =5I’F B
2pF '
c = 3X2 j6uF ¢ &G
B2 FIRLAMY
Charge on the combination is [ ! | !
O =CV=100x1.6=160u C Fig. 5.21
v, = 2160 g4y .y, -100-80= 20V
c 2
Q, = CV,=3x10x20=60p C
Q; = CV,=5x10"°x20=100 p C
Example 5.16. Twe capacitors A and B are connected in series across a 100V supply and it |
hyerved that the pud,s. acrosy them gre 60 V and 40 V respectively, A capacitor of 2 WF capaciiance
is now comnected in parallel with A and the p.d. across B rises 1o 90 volts. Calcuaite the capracitanee

of A and B in microfarads
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Solution. Let C, and C, | F be the capacitances of the two capacitors. Since they are connected
in series |Fig. 5.22 (a)]. the charge acorss each in the same.
60C =40C, or ClC,=23 ()

In Fig. 522 (b) is shown a capacitor of 2 i F connected across capacitor A, Their combined
capacitance = (C, + 2)u F

(C,+2)10 =90C, or C/C,=2/3 (i)
Pumng the value of C, = 3C,/2 from (i) in (if) we get
C +2 "
3Cl{2 = 9 v CI + 2 = 13.5 Cl
or C, = 2124 =0.16 o F and
C, =(32)x016=024 uF
5 g :}2*‘*"
[1S T [1€ [1&
1 | RPN 1B
—— 60V —fe—— 4OV — e—— |V —f— 90V ——
-~ IOV «~———— |00V ————
(a) (b)

Fig. 5.22

Exampie 5.17. Three capacitors of 2 0 F, 5 | F and 10 |y £ have breakdown voltage of 200V,
500V and 100V respeetively. The capacitors are connected in series and the applied direct voltage

o the cirenir is gradually inereased. Which capacitor will breakdown first 7 Determine the ioral

applied voltage and toral energy stored at the point of breakdown. [Bombay Univeristy 2001])
Solution. €, of 2 uF, C,of S F, and C, of 10 pF are connected
in series. If the equivalent single capacitor is C,
—v—_ S
1/C = 1C, + UC, + 1/C,. which gives C= 1.25 0 F
|1 | If V is the applied voltage,
| | }—-4: pp 8
¢ ¢, Vi = Vx CIC,=Vx(1.25/2)
= 625 % of V
v V, = Vx(CIC)=Cx(1.25/5)=25% of V
5 - 2
V, = Vx(C/IC)=Vx (1.25/10) =125 % of V
Fig. 5.23 3 ey ( ) ‘

If V, =200 volts, V=320 volts and V, = 80 volts, Vi =40 volts.
It means tha, first capacitor C; will breakdown first,

Energy stored = 1/2 CV* = 1/2 x 1.25 x 10" " x 320 x 320 = 0.064 Joule
Example 5.18. A multipie plate capacitor has 10 plates, each of area 10 square em and separation
berween 2 plates is | mm with air as dielectric. Determine the energy stored when voltage of 100
valts iy applied across the capacitor [Bombay University 2001]
Soelution. Number of plates, n = 10
c - (=bey 9x8854x10" " x10x10""

d X107 pkiat

Energy stored

172 x 79.7 x 107 "2 x 100 x 100 = 0.3985 pJ
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Example 5.19. Determine the capacitance berween the points A and B in figure 5.24 (a). All
capacitor values are in JWF.

C

25 /\,20

||
.

Fig. 5.24 (a)

Solution. Capacitances are being dealt with in this case. For simplifying this, Delta to star
transformation is necessary. Formulae for this transformation are known if we are dealing with
resistors or impedances. Same formulae are applicable to capacitors provided we are aware that
capacitive reactance is dependent on reciprocal of capacitance.

Further steps are given below :

¢
25 \/ \,20
25 80
—l
A ==gg\N N —oB
B D
/\‘y\ 10 40
X 4.
Fig. 5.24 () Fig. 5.24 (¢)

Reciprocals of capacitances taken first :

Between B-C 0.05, Between B-D 0.10

Between C-D 0.05, Sum of these three = 0.20

For this delta, star-transformation is done :

Between N-C : 0.05 x 0.05/0.20 = 0.0125, its reciprocal = 80 p F

Between N-B : 0.05 x 0.10/0.20 = 0.025. its reciprocal =40 u F

Between N-D : 0.05 x 0.10/0.20 = 0.025, its reciprocal = 40 u F

This is marked on Fig. 5.24 (¢).

With series-parallel combination of capacitances, further simplification gives the final result.

Cyp = 16130 F

Note : Alternatively. with ADB as the vertices and C treated as the star point, star to delta transformation

can be done. The results so obtained agree with previous effective capacitance of 16.14 p F,

Example 5.20. (@) A capacitor of 10 pF is connected to a voltage source of 100 V. If the
distance between the capacitor plates is reduced to 50 % while it remains, connected to the 100V
supply. Find the new values of charge, energy stored and potential as well ay potential gradient.
Which of these quantities increased by reducing the distance and why ?

[Bombay University 2000]

Solution.
(i) C=10pF (ii) C = 20 pF, distance halved
Charge = 1000 p Coul Charge = 2000 p-coul

Energy = 1/2 CV* = 0.05 pl Energy =0.10 ]
Potential gradient in the second case will be twice of earlier value.
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Example 5.20 (b). A capacitor 5 |\ F charged to 10 V is connected with another capacitor of
10U F charged to 50 V., so that the eapacitors have one and the same voltage after connection. What
are the possible values of this common vaoltage ? [Bombay University 2000]

i +

B B
&—-o Xc g s T T
| + +
_lopf S0V o
40V

= ng
—_— L -

X
Fig. 5.25 (a) Fig. 5.25 (¢) Simplification

A B A é

Vt".‘

2
=

+
36.67 €

+
Ci o C:
X ¥ 3
Vg v Va 50V

Fig. 5.25 (b). Initial charge represented by equiv-source Fig. 5.25 (d). Final condition
Solution. The clearer procedure is discussed here.
Initial charges held by the capacitors are represented by equivalent voltage sources in Fig. 5.25
(b). The circuit is simplified to that in Fig. 5.25 (¢). This is the case of C, and C, connected in series
and excited by a 40-V source. If Cis the equivalent capacitance of this series-combination,

1/C = 1/C, + G,
This gives C = 333 pF
In Fig. (¢), Ve = 40 x C/C, =40 x 3.33/5 = 26.67 volts
Vy, and Vg, are integral parts of C; and C, in Fig. 5.25 (¢),
Voltage across C, = 10 + 26.67 = 36.67 (A w.r. to 0)
Voltage acorss C, =50 - 13.33 = 36.67. (B w.r. to 0)
Thus, the final voltage across the capacitor is 36.67 volts.

1
T

Note : If one of the initial voltages on the capacitors happens to be the opposite to the single equivalent
source voltage in Fig. 5.25 (c) will be 60 volts. Proceeding similarly, with proper care about signs, the final
situation will be the common voltage will be 30 volts.

5.13. Cylindrical Capacitor with Compound Dielectric

Such a capacitor is shown in Fig. 5.26

Let r, = radius of the core

r,

&

radius of inner dielectric €,
, = radius of outer dielectric £,
Obviously, there are two capacitors joined in series.

. .024
0.024 €, WFkn and C; = 0.024 ¢,
log,, (n/r) log,, (1/ry)

ry

Now | =
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GC
Total capacitance of the cable is C=—1-2 /”_A\*{
G+G

Now for capacitors joined in series, charge is the same. \I\'_'__l/l/
Q = C\V,=GCYV, MRl ol
v RN
Lo G &alogy (/) piksg o -
o W G gy logyg (n/R) I I i I I _r"_:
From this relation, V, and V| can be found, % I i i i -
I
(VL ol Y
8, IN iNNET Capacitor S .. S P ‘:I,':F,_TI__NL
2,3 1 logo(ry/1y) v --‘.') )'\
(s Nz
Similarl fi t itor = M :
IR, e For QUMEE RURRCIIONS s g Ty oy
8 max VI Vl

Bria - 2.3 1, log,,(n/R) T 2.3 r, log,,(r/ny)

- Vo logy, (/1) - Gy logy, (/1) &

Vi, ” log,, (n/r)) _Cory " log,, (/1) { EI_ _ Ez_]
v,

Putting the values of C, and C,, we get ¥ig 526

Bmax1 _ 0024, log, (rn/n) r  log,, (rn/n) Bmax1 _€,5.1
= ¢ =t =
Smay l0gyg(r/r)  0024e, 5 logyo (n/r)  8uaxa  E4-hi

Hence, voltage gradient is inversely proportional to the permittivity and the inner radius of the
insulating material.

Example 5.21. A single-core lead-sheathed cable, with a conductor diameter of 2 cm is designed
to withstand 66 kV, The dielectric consists of two lavers A and B having relative permittivities of 3.5
and 3 respectively. The corresponding maximum permissible electrostatic stresses are 72 and

60 kV/em. Find the thicknesses of the two lavers,  (Power Systems-1, ML.S. Univ. Baroda, 1989)
Solution. As seen from Art. 5.13.
8 imax | €5.05 72 _3Xn
& nax2 €,..5 60 3.5xI
V, x 2

or n=14cm

Now, Bmax = m .JArt 5.9
where V| is the r.m.s. values of the voltage across the first dielectric.
V, x V2
= —L _——— or V=17.1kV
2 = PAxixloggiad T
Obviously, V, = 60—17.1=48.9 kV
Now = __,VE_X‘/_%_ .« G= 48.9
' Sman2 = 33 r log,o(n/n) = 2.3x 14 log,, (ry/r,)
log,, (ryfry) = 02531 =log,(1.79) .. -2=1.79 or r,=2.5¢em

5}
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Thickness of first dielectric layer = 1.4 — 1.0 = 0.4 cm.
Thickness of second layer =25 — 1.4 = L1 em.

5.14. Insulation Resistance of a Cable Capacitor

In a cable capacitor, useful current flows along the axis of the core but there is always present
some leakage of current. This leakage is radial i.e. at right angles to the flow of useful corrent. The
resitance offered to this radial leakage of current is called insulation resistance of the cable. If cable

length is greater, than leakage is also greater. It means that
more current will leak. In other words, insulation resistance is
decreased. Hence, we find that insulation resistance is inversely
proportional to the cable length. This insulation resistance is
not to be confused with conductor resistance which is directly
proportional to the cable length.

Consider i metre of a single-core cable of inner-radius r, and
| outer radius r, (Fig. 5.27). Imagine an annular ring of radius

‘r’ and radial thickness ‘dr’.

If resistivity of insulating material is p, then resistance of the
Jpdr . pdr - Insulation resistance
2nrx!  2mrl
of [ metre length of cable is

this narrow ring is dR =

£ ir r2
iR = pd Re=-P11 :
.[ ‘ 0o @ R gl B 0V
23
R = 2‘:“, log, (n/r) = —E—E—[': log,, (/1) Q

It should be noted
(i) that R is inversely proportional to the cable length

(if) that R depends upon the ratio ryfr, and NOT on the thickness of insulator itself.

Example 5.22. A liguid resistor consists of two concentric metal cylinders of diameters D = 35
cm and d = 20 cm respectively with water of specific resistance p = 8000 Q em between them. The
length of both cylinders is 60 cm. Calculate the resistance of the liquid resistor.

(Elect. Engg. Aligarh Univ., 1989)

Solution. r =10cm.r, = 17.5cm; log,,(1.75)=0.243

p= 8x 10" Q—cm:/=60cm.
1 L]
23xEx|r
= x0.243=11.85Q.
21 x 60

Example 5.23. Two underground cables having conductor resistances of 0.7 2 and 0.5 and
insulation resistance of 300 M € respectively are joind (i) in series (if) in parallel. Find the resultant
conductor and msulation resistance. (Elect. Engineering, Calcutta Univ. 1987)

Resistance of the liquid resistor g =

Solution. (i) The conductor resistance will add like resistances in series. However. the leakage
resistances will decrease and would be given by the reciprocal relation.
Total conductor resistance = 0.7+ 0.5=1.2Q
If R is the combined leakage resistance, then
b b o 1
R 300 600
(ii) In this case. conductor resistance is = 0.7 x 0.5/(0.7 + 0.5) = 0.3. Q (approx)
Insulation resistance = 300 + 600 = 900 M Q

R=200MCQ



Capacitance 219

Example 5.24. The insulation resistance of a kilometre of the cable having a conductor diameter
of 1.5 em and an insulation thickness of 1.5 em is 500 M €. What would be the insulation resistance
if the thickness of the insulation were increased to 2.5 cm ?

(Communication Systems, Hyderadad Univ. 1992)

Solution. The insulation resistance of a cable is

First Case R = % logyg (r/h)
r=152=075¢m;r,=075+15=225cm
rr, =22500.75 =3 ; log,, (3)= 04771~ 500= 315’ < 0.4771 (i)
Second Case
r, =0.75 cm — as before r, = 0.75 + 2.5 =3.25cm
rfr; = 3.25/0.75 = 4.333 ; log,, (4.333) = 0.6368 .. R= ii‘: x 0.6368 ()

Dividing Eq. (ii) by Eq. (i), we get

R _0.6368  , _ _
300 -0471° R =500x0.6368/0.4771=667.4M Q

5.15. Energy Stored in a Capacitor

Charging of a capacitor always involves some expenditure of energy by the charging agency.
This energy is stored up in the electrostatic field set up in the dielectric medium. On discharging the
capacitor, the field collapses and the stored energy is relesed.

To begin with, when the capacitor is uncharged, little work is done in transferring charge from
one plate to another. But further instalments ol charge have to be carried against the repulsive force
due (o the charge already collected on the capacitor plates. Let us find the energy spent in charging
a capacitor of capacitance C to a voltage V.

Suppose at any stage of charging, the p.d. across the plates is v. By definition, it 1s equal to the
work done in shifting one coulomb from one plate to another. If ‘dg’ is charge next transferred. the
work done is

dW = v.dg
Now g=0Cv o~ dg = Cdv . dW= Cuvdy
Total work done in giving V units of potential is
I A
w= [ cvv=c|L| - w=Lev?
i} 5 2 '

A

If Cis in farads and V is in volts, then W = ;—C’V2 joules :-i QV joules = :,gc- joules
I @ is in coulombs and C is in farads, the energy stored is given in joules.

)
Note : As seen from above, energy stored in a capacitor is £ = % v
Now, for a capacitor of plate area A m’ and dielectric of thickness d metre, energy per unit volume of
dielectric medium,
_levi
T2 Ad 2

%%:%E[—E—J =-%-E52 =%DE=D21"2£J.UU.]ES!’“]3*

It will be noted that the formula JE—DE is similar to the expression -}— stress x strain which i< used for
calculating the mechanical energy stored per unit volume of a body subjected to elastic stress.

* It is similar to the expression for the energy stored per unit volume of a magenetic field
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Example 5.25. Since a capacitor can store charge just like a lead-acid battery. it can be used
ar least theoretically as an electrostatic battery. Calculate the capacitance of 12-V electrostatic
battery which the same capacity as a 40 Ah, 12 V lead-acid bartery.

Solution. Capacity of the lead-acid battery = 40 Ah = 40 x 36 As = 144000 Coulomb

Energy stored in the battery = QV = 144000 x 12 = 1728 x 10°

Energy stored in an electrostatic battery = % cv?

Lxex122=1728%10° . C=24%10" F=24kF
Example 5.26. A capacitor-type stored-energy welder is to deliver the sume heat 1o a single

weld ay a conventional welder that draws 20 kVA at 0.8 pf for 0.0625 second/weld. If C = 2000 uF,

find the voltage to which it is charged. (Power Electronics, A.M.LE. Sec B, 1993)
Solution. The energy supplied per weld in a conventional welder is

W = VA x cos ¢ x time = 20,000 x 0.8 x 0.0625 = 1000 J

Now, energy stored in a capacitor is (1/2) C v

= 1000 V

1 2
W = CV-orV =
2 NV cC 2000%10°°

Example 5.27. A parallel-plate capaciror is charged to 50 0C at 150 V. It is then connected to
another capacitor of capacitance 4 times the capacitance of the first capacitor. Find the loss of

energy. (Elect. Engg. Aligarh Univ. 1989)

Solution. C, =50/150 = 1/3 uF ; C, =4 x 1/3 =4/3 uF
Before Joining

B fzw:J 21000

E, = %c,vﬁ:%x(%)10"'x1501=3?.5x10"‘1;£2=0
Total energy = 37.5 x 107"

After Joining
When the two capacitors are connected in parallel, the cahrge of 50 p C gets redistributed and

the two capacitors come to a common potential V.
total charge 50uC

= =30V
total capacitance [(1/3)+ (4/3)]uF 30

E, = 3x(U3)x107°x30° =1.5x107* ]

E, X (4/3)x 107 °x 30> = 6.0x107* J

p 3
2
= 75x10°*1; Loss of energy = (37.5-7.5) x 107 = 3x 10" %]
The energy is wasted away as heat in the conductor connecting the two capacitors.

Total energy

Example 5.28. An air-capacitor of capacitance 0.005 w F is connected to a direct voltage of
500 V, is disconnected and then immersed in oil with a relative permittivity of 2.5. Find the energy
stored in the capacitor before and after immersion. {(Elect. Technology : London Univ.)

Solution. Energy before immersion is

—h 2
E, = €V =1x0005%107° X 500" = 625 x 107 J

When immersed in oil, its capacitance is increased 2.5 times. Since charge is constant, voltage
must become 2.5 times. Hence. new capacitances is 2.5 x 0.005 = 0.0125 puF and new voltage is
500/2.5 =200 V.
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b
b

E. = %xﬂ.O]EleU'axQOO}Z 250 x 10°° J

Example 5.29. A parallel-plate air capacitor is charged 1o 100 V. Its plate separation is 2 mm
. a )
and the area of each of its plates is 120 em”.

Calaculate and account for the increase or decrase of stored energy when plate separation is
reduced to 1 mm

(a) at constant voltage (b) at constant charge.
Solution. Capacitance is the first case

o - BA_8854x1077x120x1070 g
1= 4 2x107" '

Capacitance in the second case i.e. with reduced spacing
8.854x107"*x120x10™*

C, = L =106.2x10""* F
) 1x10 -
(@) When Voltage is Constant
Change in stored energy dE = %C’IVE - % szz

;—x 100% % (106.2 -53.1)x 1072 = 26.55 x 107 J

This represents an increase in the energy of the capacitor. This extra work has been done by the
external supply source because charge has to be given to the capacitor when its capacitance increases,
voltage remaining constant.

(b) When Charge Remains Constant

2
Energy in the first case E, = 19, » Energy in the second case, E, :lQ—
2 G 265
. . 1 1 1 12
change in energy is dE = EQ 5311062 x107)
1 1 12
= 3@ (531 1062 ]xm !
= 3(53.1><10"'312x10“x0.0094x10'2

= 133x10°" joules

Hence, there is a decrease in the stored energy. The reason is that charge remaining constant,
when the capacitance is increased, then voltage must fall with a consequent decrease in stored energy

{E=EQV)

Example 5.30. A point charge of 100 UC is embedded in an extensive mass of bakelite which
has a relative permittivity of 5. Calculate the total energy contained in the u’u tric field outside a
radial distance of (1) 100 m (i) 10 m (iii) ] m and (iv) 1 cm.

Solution. As per the Coulomb s law, the electric field intensity at any distance x from the point
charge is givenby E=Ql4 e . Let us draw a spherical shell of radius x as shown in Fig. Another
spherical shell of radius (x + dx) hab also been drawn. A differential volume of the space enclosed
between the two shells is dv =4 1w x* dx. As per Art. 5.15, the energy stored per unit volume of the
electric field is (1/2) DE, Hence, differential energy contained in the small volume is

2
I B P 0 Q' dx
dW = 2JEI'Jn‘Zd\J'—2;2_15 dv= T ]-htx a'.x—g 3

1
28
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Total energy of the electric ficld extending from x = Rto x = es is

2 2 2
Q[ g O ¢’
= —— X d = =
i §me Jr "T8neR §me e, R
(i) The energy contained in the electic field lying outside a radius of R = 100 m is

100%10°°)°
W= Sl =0.90 )
Brx8.854x10 ~ x5x100
(ii)y ForR=10m. W=10x0.09 = 0.09 |
(iiy ForR=1m W=100x0.09=9]
(iv) For R=1cm, W=10,000 x 0.09 = 900 ]}
Example 5.31. Calculate the change in the stored energy of a parallel-plate capacitor if u
dielectric slab of relative permittivity 5 is introduced berween its two plates.
Solution. Let A be the plate area, d the plate separation. £ the electric field intensity and D the
electric flux density of the capacitor. As per Art. 5.15, energy stored per unit volume of the field is
=(1/2) DE. Since the space volume is d x A, hence,

i

W, = %D,Elxdﬂ=%£n£f><dA=%EudA( J
= \

B

When the dielectric slab 1s introduced,

| g xan=LeEixanzlege, aa[ V2]
H"::-i 2L, X A_EE s X —'Z'EDE-,_ —d-
| v, Y VY . W
= Et”(—:'—dA[Er_{I]:iE“dA(j] Er_”w_‘!_f;
It is seen that the stored energy is reduced by a factor of €. Hence, change in energy is
, . | 1Y 4 . dW _
dw = 1-"1'1 —'WE——"“, []—E—r]=WI[I—?J-W[x~5— i W— 0.8

Example 5.32. When a capacitor C charges through a resistor R from a d.c, source voltage E,
determine the energy appearing as heat. [Bombay University, 2000]

Solution. R-C series ciruit switched on 10 a d.c. Source of voltage E. at f = 0, results into a
current § (). given by

i = (ERye ™
where t = RC )
A W, = Energy apperaring as heat in time Af
= "Rt
A W, = Energy appearing as heat in time Az
= "R A&
W, = R J‘:ij i

R (E/R) r RS :%CEE
}] =

Note : Energy stored by the capacitor at the end of charging process = 1/2 CE

Hence, energy received from the source = CF.
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5.16. Force of Attraction Between Oppositely-charged Plates

In Fig. 5.28 are shown two parallel conducting plates A and B
carrying constant charges of + Q and — Q coulombs respectively. Let
the force of attraction between the two be F newtons. If one of the
plates is pulled apart by distance dx, then work done is Q

= F x dx joules S ]
Since the plate charges remain constant, no electrical energy =
comes into the arrangement during the movement dx.
Work done = change in stored energy +
0 o X feu-
Initial stored energy = % z}- joules Fig. 5.28
If capacitance becomes (C — dC) due to the movement dx. then
| 10 10 i 10°
Final stored energy =—- —=— == . — ~__= fdC=C
¥ 2c-a07 2 ¢ _ac) 2 C C' e
&,
: ; 10°(,.dc) 10" _1¢° g
Change in stored energ - 5= +—-— —— =—=—=dC |
® B =3¢ [ C ] = }
. . } 1 Q°
Equating Eq. (i) and (ii), we have F.dx = TR dC
1 Q° dC _1 2 dC
PO Sl E P R B ¢ et o V=0/
Pesa s i & { /)
A €A
Now C = L1 L 3
X dx ve
F = —*% Ve 91—1 =-1 £A (V—)H newtons = — _], £ A E- newtons
X X <

This represents the force between the plates of a parallel-plate capacitor charged w a p.d. of V
volts. The negaitve sign showns that it is a force of attraction.

Example 5.33. A parallel-plate capacitor is made of plates | m square and has a separation of
I mm. The space between the plates is filled with dielectric of €, = 25.0. If 1 k V potential difference
iy applied 1o the plates. find the force squeezing the plates together.

(Electromagnetic Theory, A.M.LE. Sec B, 1993)
Solution. As seen from Art. 5.16, F = — (1/2) g, &, AE" newton
Now E = Vid = 1000/1 x 107" = 10 V/m
F=—tee, AE" = Lx8854x107™ x 25 x1x(10%" =~ L1x107* N

Tutorial Porblems No. 5.2

L. Find the capacitance per unit length of a cylindrical capcitor of which the two conductors have radii
2.5 und 4.5 em and dielecine consists of Lwo layers whose cylinder of contanct 15 3.5 cm in radius. the
inner layer having a dielectric constant of 4 and the outer one of 6. [440 pF/m]

2. A parallel-plate capacitor. having plates 100 cm” area, has three dielectrics | mm each and of
permuttivities 3. 4 and 6. If a peak voltage of 2,000 V is applied to the plates, calculate :

() potential gradient across each dielectric
(b1 energy stored in each dielectric.
[8.89 kViem; 6.67 kV/em ; 4.44 kKV/em ; 1047, 786, 524 x 1077 joule]
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3. The core and lead-sheath of a sin%le—i:ore cable are separated by a rubber covering. The cross-
secitional area of the core is 16 mm”. A voltage of 10 kV is applied to the cable. What must be the
thickness of the rubber insulation if the electric field strength in it is not to exceed 6 x 10° V/im ?

[2.5 mm (approx)|

4. A circular conductor of | cm diameter is surrounded by a oncentric conducting cylinder having an
mner diameter of 2,5 cm, If the maximum electric stress in the dielectric is 40 kV/cm, calculate the
potential difference between the conductors and also the minimum value of the electric stress.

[18.4 KV ; 16 kV/em]

5. A multiple capacitor has parallel plates each of area 12 ¢m” and each separated by a mica sheet
0.2 mm thick. If dielectric constant for mica is 3, calculate the capacitance. [265.6 puF]

6. Apd. of 10kV is applied to the terminals of a capacitor of two circular plates each having an area of
100 sq. cm. separated by a dielectric 1 mm thick. If the capacitance is 3 x 10~ * microfarad, calculate
the electric flux density and the relative permittivity of the dielectric.

[D=3x 10" Cm’, g,= 3.39] (City & Guilds, London)

7. Each electrode of a capacitor of the electrolytic type has an area of 0.02 sq. metre. The relative
permittivity of the dielectric film is 2.8. If the capacitor has a capacitance of 10 pF, estimate the
thickness of the dielectric film, [4.95 x 107 ® m] (I.LE.E. London)

5.17. Current-Voltage Relationships in a Capacitor

The charge on a capacitor is given by the expression Q = CV. By differentiating this relation, we
; g _d _ gV,
get I= dx—d!(CV)—C a

Following important facts can be deduced from the above relations :

(i) since Q = CV, it means that the voltage across a capacitor is proportional to charge, not the
current.

(if) a capacitor has the ability to store charge and hence to provide a short of memory.

(iif) a capacitor can have a voltage across it even when there is no current flowing.

(iv) from i = c dV/dt, it is clear that current in the capacitor is present only when voltage on it
chages with time. If dV/dt = 0 i.e. when its voltage is constant or for d.c. voltage, i = 0.
Hence, the capacitor behaves like an open circuit.

(v) from i = C dV/di, we have dV/dr = i/C. It shows that for a given value of (charge or
discharge) current i, rate of change in voltage is inversely proportional to capacitance.
Larger the value of C, slower the rate of change in capacitive voltage. Also, capcitor voltage
cannot change instantaneously.

(vi) the above equation can be put as dv =i(; .dt

T
Intergrating the above, we get Id\- =—é¢ J:‘.d: or dv= %I i dt
0

Example 5.34. The voltage across a 5 \WF capacitor changes uniformly from 10 to 70 V in 5 ms
Calculate (i) change in capacitor charge (i) charging current.

Solution. Q =CV . dOo=C.dVandi=CdV/dt

(i) dav 70-10=60V, . dO=5x60=300pucC.

(if) i C . dVldt =5 x 60/5 =60 mA

Example 5.35. An uncharged capacitor of 0.01 F is charged first by a current of 2 mA for 30
seconds and they by a current of 4 mA for 30 seconds. Fnd the final voltage in it.

Il

Solution. Since the capacitor is initially uncharged, we will use the principle of Superposition.

V. = ijleo‘-".dr=100><2><|0"3x30:6v
1= 001 J

30
V= 6_10"1.[ 4%107°.dr=100x4x10°x30=12V: .. V=V, +V,=6+12= 18 V
- 8 1]
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Example 5.36. The voltage across two series-connected 10 |\ F capacitors changes uniformly
from 30 to 150 Vin 1 ms. Caleulare the rate of change of voltage for (1) each capacitor and
(i7) combination,

Solution. For series combination

C v C 2
Vi =V—2_—-="andV,=V.—1L ==~
! C+C 3 V=V e =5
When V=30V V, = V3=303=10V;V,=2V/3=2x30/3=20V
When V=150 VV, = 150/3=50Vand V,=2x 150/3= 100 V
dv, 50-10 dv, (100-20)V
(i) SO0 v L2020V _ o v
dt 1 ms dt I ms
N dv (150 -30) _
(i) = T ims = 120kVis

It is seen that dV/dr = dV /dt + dV,/dr.

5.18. Charging of a Capacitor

In Fig. 5.29. (a) is shown an arrangement by which a capacitor C may be charged through a high
resistance R from a battery of V volts, The voltage across C can be measured by a suitable voltmeter.
When switch § is connected to terminal (a), C is charged but when it is connected to b, C is short
circuited through R and is thus discharged. As shown in Fig. 5.29. (b), switch § is shifted to a for
charging the capacitor for the battery. The voltage across C does not rise to V instantaneously but
builds up slowly i.e. exponentially and not linearly. Charging current /_is maximum at the start i.e.
when C is uncharge, then it decreases exponentially and finally ceases when p.d. across capacitor
plates becomes equal and opposite to the battery voltage V. At any instant during charging, let

v. = p.d. across C; i_= charging current
¢ = charge on capacitor paltes

s s R ¢ s ic R c
o MW—| Q—o——AMNM— |-
” ob Qb |
2 _ IcR 1 W
3l g = u
- T
=
—_— 2
L .

Fig. 5.29
The applied voltage V is always equal to the sum of :
(1) resistive drop (/_ R) and (if) voltage across capacitor (v}

V=1 R+v, o)
Now i = %i: Liev)=c % nV=u +CR % i)
dv.  dt
oF v -V, " CR
Integrating both sides, we get —dV, e Id{ : Slog, (V-—-v)= sefaq® (i)
V-v.  CRI™ < T CR '

where K is the constant of inlegration whose value can be found from initial known conditions. We
know that at the start of charging when 1 =0, v, =0,
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Substituting these values in (iii), we get log_ V = K

Hence, Eq. (iii) becomes log, (V -v ) = E,—!; +log, V

V-v, —t
or log, v £ = *C—E=—;L— where AL = CR = time constant
V—v = . =
-*-i’,—ji:e L or v.=V(l-e ”3') Aiv)

This gives variation with time of voltage across the capacitor plates and is shown in Fig. 5.27.(a)

__-._1 ———————————— Q _________________
/1
/|
0.632V _.__/.,’:. q
|
V‘T / I T
|
I
i
0 L =1 1
(a) (b)
lo
i}
0.371
0 -1
(c)
Fig. 5.30
Now v, = g/C and V=0/C
Equation (iv} becomes 9_’:__Q_(-1_e—rfl} q:Q(l—g"m) wAv)
[l -

We find that increase of charge, like growth of potential, follows an exponential law in which
the steady value is reached after infinite time (Fig. 5.30 b). Now, i_= dg/dr.

Differentiating both sides of Eq. (v), we get

d_q o d . ot ’_ — ik
& - l‘,—-Q"?}'[l e ]—Q(‘]’l{’ ]
Q ,m_CV -m 0= &
=€ R (" Q=CVand A= CR)
i = %.e_ﬂ or i,=1,¢e"™ i)

where /;, = maximum current = V/R
Exponentially rising curves for -
5.30 (c) shows the curve for expone
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noted that i_ decreases in magnitude only but its direction of flow remains the same i.e. positive.

As charging continues, charging current decreases according to equation (vi) as shown in Fig.
5.30 (c). It becomes zero when t = oo (though it is almost zero in about 5 time constants). Under
steady-state conditions, the circuit appears only as a capacitor which means it acts as an open-circuit.
Similarly, it can be proved that v, decreases from its initial maximum value of V to zero exponentially
as given by the relation v, = Ve~ v

5.19. Time Constant

(a) Just at the start of charging, p.d. across capacitor is zero, hence from (if) putting v, = 0, we get
dv
V = —
CR 7

di _=CR A

If this rate of rise were maintained, then time taken to reach voltage V would have been
V + V/ICR = CR. This time is known as rime constant (L) of the circuit,

Hence, time constant of an R-C circuit is defined as the time during which voltage across capacitor
would have reached its maximum value V had it mainiained its initial rate of rise.

(b) In equation (iv) if t = A, then

v=V(l-e™=va-e™=vi-e")=v (1~I:)=V [I—iﬁ

Hence, time constant may be defined as the time during which capacitor voltage acually rises to
0.632 of its final steady value.

(¢) From equaiton (vi), by putting ¢ = A, we get

i =l =1 =12718=0371,

Hence, the constant of a circuit is also the time during which the charging current falls 1o 0.37

of its initial maximum value (or falls by 0.632 of its initial value).

e - S dv,
initial rate of rise of voltage across the capacitor is* = [—-Ll Y ¥ volt/second
0

J= 0,632V

5.20. Discharging of a Capacitor

As shown in Fig. 5.31 (a), when § is shifted to &, C is discharged through R. It will be seen that
the discharging current flows in a direction opposite to that the charging current as shown in Fig,
5.31 (b). Hence, if the direction of the charging current is taken positive, then that of the discharging
current will be taken as negative. To begin with, the discharge current is maximum but then decreases
exponentially till it ceases when capacitor is fully discharged.

v
a 8 R '
reen B ¢ "V\fV‘ +h_' ‘ET
b
| 0 t
=V
- A ;
i 6) |
o
(a) Fig. 5.31 ib)
Since battery is cut of the circuit, therefore, by putting V = 0 in equaiton (ii) of Art. 5.18, we get
dv, dv, . dv,
= — - - X — (" 1
0=CR Ve O V. CR 1 { i, dr

* It can also be found by differentiating Eq. (iv) with respect to time and then putting 1 = 0.
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dv, dt dv, 1 t
— = ——or |—ft=-—|dr | ===tk
v. ~eRTJIN TR .[ %8 % ="TR
At the start of discharge. when t=0,v, = . log, V=0+ K:orlog, V=K
R C Putting this value above, we get
log, v, = - Loy log, V or log, v /V =—1t/A
a) A
()
\J’
~ or -‘;‘- =™ o v=ve™
INPUT - T A N
i35 'ﬁ [_‘ r Similarly, g = Q¢ and i =—1,¢
0 A 3 4 It can be proved that
| | | | -t
" l l L'R = = Vf' :
@ ¢ | | ! The fall of capacitor potential and its dischargining current
0 | I are shown in Fig. 5.32 (b).
|

|
i I One practical application of the above charging and
N |  discharging of a capacitor is found in digital control circuits
]

0 where a square-wave input is applied across an R-C circuit as
/: m shown in Fig. 5.32 (a). The different waveforms of the current

{d) =

| | | and voltages are shown in Fig. 5.32 (b). (¢), (d). (¢). The
- I N I sharp voltage pulses of V}, are used for control circuits.
R
(e) 0 | I Example 5.37. Calculate the current in and voltage drop

/ l/ avrosy each element of the circuit shown in Fig. 5.33 (a) after

switch § has been closed long enough for steady-state
Fig. 5.32 conditions te prevail.
Also, calewlte voltage drop across the eapacitor and the discharge current at the instant when §
is opened.

Selution. Under steady-state conditions, the capacitor becomes fully charged and draws no
current. In fact, it acts like an open circuit with the result that no current flows through the 1-Q
resistor, The steady state current /g flows through loop ABCD only.

S 6 B c 6 &
A oo—AWA +{ —F A Jsc AMA B+]' i
. .y 3
= 4 1 = 4 § I
Tioov @ s : Tioov : Ip
D 8] F D c F
(a) Fig 533 (b)
Hence. lgo = 100/(6 +4)=10 A
Drop Ve = 100x6/(6+4)=60V
V, = 100x 4/10 =40 V

0x2=0V
Voltage across the capacitor = drop across B - C =40 V

-
._“-
1}
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Switch Open .

When S is opened, the charged capacitor discharges through the loop BCFE as shown in Fig.
5.33 (b). The discharge current is given by

I, = 40/(4+1)=8A

As seen, it flows in a direction opposite to that of /7.

Example 5.38. (a) A capacitor is charged through a large non-rective resistance by a battery
of constant voltage V. Derive an expression for the instantaneous charge on the capacitor.

{h) For the above arrangement, if the capacitor has a capacitance of [0 | F and the resistance
ix I M €, calculate the time taken for the capacitor to receive 90% of its final charge. Also, draw the
charge/time curve.

Solution. (a) For this part, please refer to Art. 5.18.

(b) A=CR=10x10""x1x10"=105;4=09Q

Now.g=QU-¢™ + 090=0(1-¢"ore"" =10

Nltrlog,e=log, 10 or 01r=23log,,10=23 or r=23s

The charge/time curve is similar to that shown in Fig. 5.27 (b).

Example 5.39. A resistance R and a 4 |\F capacitor are connected in series across a 200 V. d.c.
supply. Across the capacitor is a neon lamp that strikes (glows) at 120 V. Calcualte the value of R
to make the lamp strike (glow) 5 seconds after the switch has been closed.

(Electrotechnics-1.M.S. Univ. Baroda 1988)

Solution. Obviously, the capacitor voltage has to rise 120 V in 5 seconds.

120=200(1-¢ ™) or ¢€*=25 or |=5.464 second.

Now, A=CR .. R=5464/4x10°=1366MQ

Example 5.40. A capacitor of 0.1 WF is charged from a 100-V battery through a series resistance
of 1,000 ohms. Find

(a) the time for the capacitor to receive 63.2 % of its final charge.

(h) the charge received in this time  (c) the final rate of charging.

(d) the rate of charging when the charge is 63.2% of the final charge.

(Elect. Engineering, Bombay Univ, 1985)

Solution. (a) As seen from Art, 5.18 (b), 63.2% of charge is received in a time equal to the time
constant of the circuit.

Time required = A = CR = 0.1 x 10" ° x 1000 = 0.1 x 107 = 10~ second

(h) Final charge, 0= CV=0.1 x 100 = 10 pC

Charge received during this time is =0.632 x 10=632 u C

() The rate of charging at any ume is given by Eq. (if) of Art. 5.18.

dv V—v
dt T CR

dv V 100
Initially  v=0,Hence = = 7p= ————F—
nitially v enee CR 0.ax10 °x10°

=10° Vis

(d) Here v = 0632V =0.632 x 100 =63.2 volts
dv 100 —63.2
T = 0" = 368 kV/s
Example 5.41. A series combination having R = 2 M L and C = 0.0] |F is connected across

a d.o. voltage source of 50 V. Determine
(a) capacitor voltage after 0.02 s, 0.04 5, 0.06 s and 1 hour
(b) charging current dfter 0.02 5, 0.04 5. 0.06 5 and 0.1 s.
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CR=2x10°x 0.01 x 10”° = 0.02 second
I, = V/R=50/2x 10°=25 pA.
While solving this question, it should be remembered that (/) in each time constant, v, increases
further by 63.2% of its balance value and (ii) in each constant, i decreases to 37% its previous value.
(@ (Hr=0.02s
Since, initially at t =0,v,=0VandV, =50V, hence, in one time constant
v, = 0.632(50-0)=31.6V

C

Solution. A

"

(i) t=0.045
Tlus time equals two time-constants,

v, = 31.6+0.632(50-31.6)=43.2 V
(:‘1’:’) 1=0.065
This time equals three time-constants.

= 432+ 0632(50-43.2)=47.5V
Smce in one hour, steady- state conditions would be established, v, would have achieved its
maximum possible value of 50 V.

(k) (i) 1=0.02s, i

£y

0.37 x 25 =9.25 pA
(i) 1=04s, i 037x925=34uA
(iii) 1=10.06s, i, 037x 3.4 =126 pA
(iv) t=0.1s, This time equals 5 time constants. In this time, current falls almost to zero

"

o

value,

Example 5.42. A voliage as shown in Fig. 5.43 (a) is applied to a series circuit consisting of a
resistance of 2 L in series with a pure capacitor of 100 WF. Determine the voltage across the

capacitor at 1 = 0.5 millisecond. [Bombay University, 2000]
10V
VI
0 P
0.2 0.4 0.6 ¢ (milli sec)
Fig. 5.34 (a)
Solution.
L]
------- 10 . s 4

7325 e
A B
o 0.2 0.4 0.6 ¢ (milli sec)
I —» (msec)
Fig. 5.34 (b)

T = RC = 0.2 milli-second
Between (0 and 0.2 m sec;
vin=10[1 —exp (- 1/1)]
Atr=0.2,v (1) =632 volu
Between 0.2 and 0.4 m Sec
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vi{t) =632 exp (1,/1)

Atpoint B, 1, =02, V= 2325

Between 0.4 and 0.6 m Sec, time is counted from B with variable as L,
v(ty) = 2.325 + (10 - 2.325) [1 — exp (- t,/1)]

AL C, t, 0.2, V=7.716 volts.

5.21. Transient Relations During Capacitor Charging Cycle

Whenever a circuit goes from one steady-state condition to another steady-state condition. it
passes through a transient state which is of short duration. The first steady-state condition is called
the initial condition and the second steady-state condition is called the final condition. 1In fact,
transient condition lies in between the initial and final conditions. For example, when switch § in
Fig. 5.35 (a) is not connected either to a or b, the RC circuit is in its initial steady state with no current
and hence no voltage drops. When § is shifted to point a, current starts flowing through R and hence,
transient voltages are developed across R and C till they achieve their final steady values. The
period during which current and voltage changes take place is called transient condition.

The moment switch § is shifted to point “a’ as shown in Fig. 5.35 (b), a charging current i is set
up which starts charging C that is initially uncharged. At the beginning of the transient state, iis
maximum because there is no polcntlal across C to oppose the applied voltage V. It has maximum
value = V/R = Il, It produces maximum voltage drop across R =i R = [,R. Also, initially, v, = 0, but
as time passes, i decreases gradually so does v, but v_ increases exponemlally till it reaches the final
steady value of V. Although V'is constant, v, and v, are variable. However, at auy time V = v + v,
=i.R + Ve

At the beginning of the transient state, i_= /. v, = 0 but v, = V. At the end of the transicnt state,
i.=0hence, vy =0butv, =V,

N e S et

' R

0 - 1 0 -
(a)
Fig. 5.35

The initial rates of change of v,, v and i_are given by

dv(,
dr
dv R
dr
di
dt

These are the initial rates of change. However, their

L
L
.

% volt/second,

IO)LR =— % volt/second
1
TG where 7, =~

rate of change at any time during the charging transient

are given as under :

0 . -1
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ﬂ _ W e—rﬂ., di =_ﬂ: __L-’_e—.ffl
d A "t dt A

It is shown in Fig. 5.35 (c¢).

It should be clearly understood that a negative rate of change means a decreasing rate of change.

It does not mean that the concerned quantity has reversed its direction.
5.22, Transient Relations During Capacitor Discharging Cycle

As shown in Fig. 5.36 (b). switch § has been shifted 1o b. Hence, the capacitor undergoes the
discharge cycle. Just before the transient state starts, i =0, v, =0 and v_= V. The moment transient
state begins, i has maximum value and decreases exponentially to zero-at the end of the transient
state. So does v. However, during discharge, all rates of change have polarity opposite to that
during charge. For example, dv /dt has a positive rate of change during charging and negative rate of
change during discharging.

y icl
T\t

v

|

0

[dvcldtl =0

\ > —Im-
|“ A "| (a) )

(e)

Fig. 5.36

Also, it should be noted that during discharge, v_ maintains its original polarity whereas i_reverses
its direction of flow. Consequently, during capacitor discharge, v, also reverses its direction.

The various rates of change at any time during the discharge transients are as given in Art.

dv. Y om dic Ly o dvg _V -n

dr A Tdr A Tdt A
These are represented by the curves of Fig. 5.32.

5.23. Charging and Discharging of a eapacitor with Initial Charge

In Art. 5.18, we considered the case when the capacitor was initially uncharged and hence, had
no voltage across it. Let us now consider the case, when the capacitor has an initial potential of V|,
‘less than V) which opposes the applied battery voltage V as shown in Fig. 5.37 (a).

As seen from Fig. 5.37 (), the initial rate of rise of v_is now somewhat less than when the
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capacitor is initially uncharged. Since the capacitor voltage rises from an initial value of v; to the
final value of V in one time constant, its initial rate of rise is given by

(dv‘,l _Y-%_vV-y
=0

dr A RC
b v
\6 \fc.__.____._..?_,......._._. —
R
S >,
aﬁ: AN +H ’
t=0 c

=v (D % i

Oy =l o

(a) (h)
Fig. 5.37
The value of the capacitor voltage at any time during the charging cycle is given by
v = (V=V)l-e ™+ v,

:

=0 R

>}

i
<

-\,
(a) (&)
Fig. 538
However, as shown in Fig. 5.38 (a), if the inital capacitor votlage is negative with respect to the
battery votlage i.e. the capacitor votlage is seriesaiding the battery voltage, rate of change of v_is
steeper than in the previous case. It is so because as shown in Fig, 5.38 (b), in one time period, the
voltage chage = V — (= V) = (V+ V). Hence, the initial rate of change of voltage is given by

dv, V4V, V+V, '
dt |, A  RC

The value of capacitor voltage at any time durign the charging cycle is given by
v. = (Ve V) (l—e M-V,
The time required for the capacitor voltage to attain any value of v_ during the charging cycle is
given by

V-V V-V
= 0 1= L ... when Vi iti
lln[v_ ] RCM[V-\-}] when V,, is positive
\%
t = l!n(v-"vﬂ J=RCIn[E+V“J - when V; is negative
-, -,

Example 5.43. In Fig. 5.39, the capacitor is inittally uncharged and the switch S is then closed
Find the vlaues of 1, I, I, and the voltage at the point A at the start and finish of the transient state
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4

Solution. At the moment of closing the T !
switch ie. at the start of the transient state, the
capacitor acts as a short-circuit. Hence, there is
only a resitance of 2 € in the circuit because
1 Q resistance is shorted out thereby grounding = 12V A
point A. Hence, I, = 0: I = I, = 12/2 = 6A.
Obviously, V, =0 V.

Al the end of the transient state, the
capacitor acts as an open-circuit. Hence,

I, =0 andI1=1,=12/2+ 1) Fig. 539
=4A. V,=6V.

Example 5.44. Calculate the values of iy i, v, vy v, v and v, of the network shown in Fig.

540 at the following times :

6 NF

T

{1} At time, t = 0 + immediately after the switch 8 is closed ;
(i) At time, 1 — oo Le. in the steady state. . (Network Analysis AMIE Sec. B Winter 1990)
Solution. (i) In this case the coil acts as an open

——0’{0 * 2 circuit, hence i, =0;v,=0and v, =20 V.
by Since a capacitor acts as a short circuit i; = 20/(5 + 4)
v, V3 =9=20/9 A. Hence. v;=(20/9) x 4 =80/9 Vand v, =0.
éﬁ % §4 (/i) Under steady state conditions, capacitor acts as

an open circuit and coil as a short circuit. Hence, i, = 20/
(5+7)=20/12=5/3 A; v,=Tx 5/3 A;v,=7 x 5/3 =35/
=20V v, Qi -t 3V:y,=0. Alsoi;=0,v;,=0butv,=20V.

3F [ve Example 5.45. [f in the RC circuit of Fig, 5.36;
R=2MKQ C=3mFand V= 100V, calculate

(a) initial rate of change of capacitor voliage

1L

Fig. 540 s .
£ (h) initial rare of change of capacitor current

(c) initial rate of change of voltage across the 2 M ) resistor

() all of the above at 1 = 80 s.

. & . dv, 1% 100 100

Solution. (a) {dr 1:0 -  RETTT Ty _T_IOVIS
di Iy VIR _ 1002x10°

(b) (__d?_l:o Sl sl NS T EIE
d"}e v 100

(c) [dr l=u X 0 10 V/s

(d) All the above rates of change would be zero because the transient disappears after about
S5A=5%x10=50s.

Example 546. n Fig. 541 (a) the capacitor C is fully discharged, since the switch is in
position 2. At ime t = 1, the switch is shifted to position | for 2 seconds. It iy then returned to
position 2 where 1t remeuns indefinitelv. Calculate

() the maximum vedtage o which the capacitor is charged when in position |

() charging time constant A, it position 1.

(c) discharging time contani }L_. in position 2.

(el) v and i_at the end of | second in position 1.
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[
fal
n

(e) v_andi_at the instani the switch is shifted 1o positon 2 at t = | second,

(N v andi_after a lapse of I second when in position 2.

(g) sketch the waveforms forv_and i_for the firsi 2 seconds of the above switching sequence.

Solution. (a) We will first find the voltage available at terminal 1. As seen the net battery
voltage around the circuit = 40 — 10 = 30 V. Drop across 30 K resistor = 30 x 30/(30 + 60) = 10 V.

Hence, potential of terminal 1 with respect to ground G = 40 — 10 = 30 V., Hence, capacitor will
charge to a maximum voltage of 30 V when in position 1.

(b) Total resistance, R=[(30 KII60 K) + 10 K] =30 K
S A =RC=30Kx10pF=035s
() M:lOleO_uF:O.]s
(d) ve=V(-€e""y=30(0-¢")=289V
; vV o-m, 30V

=R =Kl =1x0.0361=0036 mA

(e) v-=28.9Vatr=1"S at position 2 but i =—-28.9 V/I0K =-2/89 mA at r=1"s in position 2.
U) VC=28.9 e-—rﬂq =289 e—”[).i —0.0013V=0V.

ir=289¢ ™ =_-289""" 000013 mA =0.

The waveform of the capacitor voltage and charging current are sketched in Fig. 541 (b).

10K
s
2
10p F
(a) ic i
|
Ve \ "
2189V 0.036 mA
oV 0 t t(s)
1 i
0 | 2t -2.89 mA
(b) (c)
Fig. 5.41
Example 5.47. In the RC circuir of Fig. 542, R = 2 M Q and C = 5 | F, the capacitor i

chareed fo an initial Ii'lr'h’c'Hfi'-rH l'{f SOV, When the switch is closed at ¢ = 07, caleulate
(a) minal rate of change of capacitor veltage and

(b) capacttor voltage after a lupse of 5 times the time constant l.e. Sk
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If the polarity of capacitor voltage is reversed,
calculate

(¢) the values of the above quantities and

td) time for v_to reach— 10V, 0V and 95 V.

v _
Solution. (q) [ ‘fl = Y=Y
=}

dr A

V-V, 100-50
= = =8 Vi
RC 10 :
b) ve=(V=Vp (1 —¢ ™M+,

={100=50) (1—¢ M) =50=49.7+50=99.7 V

Electrical Technology

50V
S R
o AMN *{,L'
t=0 ¢
g 100 V
i(
Fig. 5.42

V-V _V+Y,

I

(¢) When v, —50v.[d"f1 =
dr | _,

A

150 s
==Y _185Y
T ey

Ve = (V=Y (1=¢ ™+ V,=[100 = (=50)] (1 —& %) + (- 50)

V-V,
(d) t }.m[v

0 ]'.C

100 —(0)

1

100 —95

Example 5.48. The uncharged capacitor, if it is
initially swirched to position I of the switch for 2 sec
und then switched to position 2 for the next rwo
seconds. What will be the voltage on the capacitor
ai the end of this period ? Skerch the variation of
voltage across the capacitor.|Bombay University
2001

Solution. Uncharged capacitor is switched to
position 1 for 2 seconds. It will be charged to 100
volts instantaneously since resistance is not present
in the charging circuit. After 2 seconds, the capacitor
charged to 100 volts will get discharged through R-C
circuit with a time constant of

10 In [M}:]Uh{lsn

__]= s

g
—01

150 (1 —e)—50=99 V.

100

5

ﬂ]z 4.055 s

0 )2 ygin| 10050 | 64, (1501 4
] W"[mo—(—m)] lOIn[ ) 3s

o= mm[m]:mm[

110

|ll+

T = RC=1500% 107 = 1.5 sec.
Counting time from mstant of switching over to positon 2, the expression for voltage across the

capacitor is V(1) = 100 exp (- #/1)
After 2 seconds in this pesition,

v = 100 exp (— 2/1.5) = 26/36 Volts.
Example 5.49. There are three passive elements in the circuit below and a voltage and a
current ure defined for each. Find the values of these six qualities ar both t = 0 and 1 = 07

Fig. 5.43.

|Bombay University, 2001]

Selution. Current source 4 u (1) means a step function of 4 amp applied at t = 0. Other current

source of 5 amp is operative throughout

Att =10, 5 amp source is operativ

current of § amp through 30-ohm resiste
tht 1o left.
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At t =0

Vix = =150 Volts (Since right-terminal of Resistor is + ve)
i, = 5amp
V, = 0, it represents the voltage between B and .
ic =0
V. = 150 volts = Vj, + (Voltage between A and B with due regards to sign).
= 0 — (= 150) =+ 150 volts
30Q A
> Lr
i Vi
+ i,
V, 83H el
1127F e
g -1V,
4 pn (DA l -
Fig. 5.44 (a)

At =0, 4 amp step function becomes operative. Capacitive-voltage and Inductance-current
cannot change abruptly.

Hence i, (0") = 5 amp

VA0,) =150 amp

VAO,) = 150 volts, with node A positive with respect to 0.

With these two values known, the waveforms for current sources are drawn in Fig. 544 (b).

B A A
- R W |50 V
5 amp Lamp
— i
4 u (amp e I:T:| L . N Eh
F___ C _,
0 4 u (hamp 5 amp 5 amp
time, | ———» 4 amp
Fig. 5.44 (b) Fig. 5.4 (¢)

Remaining four parameters are evaluated from Fig. 5.44 (¢).
V =Vy=V,—(30x )= 120 Volis
ip=1amp, V,=—30 Volts
f,- =4 amp in downward direction,
Additional Observation. After 4 amp source is operative, final conditions (at ¢ tending 0
infinity) are as follows.
Inductance carmes a total direct current o Y amp, with v, = 0,
Hence, Vi, =1
ip = 5amp, Vp=— 150 volis
Ve = 150 volts, 1, =0
Example 5.50. The voltage as shown in Fig. 5.45 (a) is applied across — (1) A resistor of 2 ol
(i) A cupacitor of 2 F. Find and skerch the current in each case up to 6 seconds.
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{ YN

10
elol
i ]
L] i
L) )
1 )
- 4 5 6
of—+—— - 2
123 time, t (sec)
10
(Volt) p=mmmmmmmmemee
Fig. 5.45 (a)
[Bombay University 1998]
Solution.
3] I
] I
] ]
1 I
1) ]
] I
i I
HIH 4 5 6
0 T ==
123 time, t (sec)
T LS

Fig. 5.45 (b) Current in a Resistor of 2 ohms i, = V (/)/2 amp

20
(Volt)
i, (amp) 2 3 4
1] ¥ 1
! s 6
_20 (Sec) .
(Voly p-----

Fig. 5.45 (¢) Current thro 2-F capacitor, i = C (dv/df)

Example 3.5). Three capacitors 2 uF, 3 uF, and uF are connected in series and charged from
0V d o, supply  Find the voltage across condensers, They are then discemnected from the
i el reconnected with ull the + ve plates connected together and all the —ve plates connected

fogethics. Fimd the voltages across the combinations and the charge on each capacitor tfrei

mnectionys.  Assume perfect myularion [Bombay University, 1998]
solution. The capacitors are connected in series. If C is the resultant capacitance.
I/C = lIC, + IIC, = I/C,, which gives C = (30/31) uF

| = 900 x (30/31)/2 = 435.5 volts
V, = 900 x (30/31)/3 = 290.3 volts

I

=
I



T
L
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Capacitance

Vi = 900 x (30/31)/5 = 174.2Avolls
B

L d1l e [
L 1T N L

C, 2puf c, 3pf C, Suf

—V, — -\,
—— y, —»

(s
7900 v
Fig. 5.46

In series connection, charge held by each capacitor is same. If it is denoted by Q.
Q = 435x2x 107°= 871 p coulombs

Three capacitors hold a total charge of (3 x 871) = 2613 p coulombs
Wlmpamuelcamecuonofﬂwselhmecapmmeqmvalemcapmm C=C+GC+Cy=10uF
Since. 0 = (C,2613x 10°=10%10°x v
or v 261 volts,
Charge on each capacitor after reconnection is s f follows :

0y =C Vi=2x 10 % 261 = 522 p-coulombs
= C V =23ix IO x 261 = 783 p-coulombs
C1 ,=3X 10°% 261 = 1305 p-coulombs

1]

o
I

Tutorial Problems No. 5.3

1. Foir the circuit shown in Fig. 5.47 calculate (i) equivalent capacitance and (i7) voltage drop across

each capacitor. All capacitance values are in pF. [(() 6 puF (i) V,p =50V, V=40 V]

2. In the circuit of Fig. 5.48 find (i) equivalent capacitance (i) drop across each capacitor and
(iii} charge on each capacitor. All capacitance values are in pF,

[()) LB2 pF (i) V,=30V; V, =V, =20V; V, =40V

(i) 0, = 200 pC; @, = 160 pC; O, = 40 uC; 0, = 200 uC]

e R

il
100 V 1nov

Fig. 5.47 Fig. 5.48 Fig. 5.49 Fig. 5.50

3. With switch in Fig. 5.49 closed and steady-state conditions established, calculate (i) steady-state
current (if) voltage and charge across capacitor (7} what would be the dischurge current at the instant
of opening the switch ? [(£) 1.5 mA (@) 9V; 270 pC (i) 1.5 mA |

4. When the circuit of Fig. 5.50 is in steady state, what would be the p.d. across the capacitor 7 Also,
find the discharge current at the instant § is opened. [8 V: 1.B Al

5. Find the time constant of the circuit shown in Fig. 5,51, [200 p5]| 1K

6. A capacitor of capacitance (.01 pF is being charged by 1000 V d.c. © AW

supply through a resistor of 0.01 megachm. Determine the voliage to

which the capacitor has been charged when the charging current has  ==0.1uF KT K

decreased o 90 % of its initial value. Find also the time taken for the

current to decrease to 90% of its initial value, [ 100 V, (L1056 ms) ©

An 8 pF capacitor is being charged by a 400 V supply through 0.1 Fig. 5.51
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b

n

mega-ohm resistor.

fraction of the final energy is stored in the capacitor 7
An 10 pF capacitor is charged from a 200 V battery 250 times/second and completely discharged
through a 5 €2 resistor during the interval between charges. Determine

(a) the power taken from the battery.

(b) the average value of the current in'5 £ resistor.
When a capacitor, charged to a p.d. of 400 V, is connected to a voltmeter having a resistance of
25 M, the voltmeter reading is observed to have fallen to 50 V at the end of an interval of 2 minutes.

Find the capacitance of the capacitor.

Electrical Technology

How long will it take the capacitor to develop a p.d. of 300 V 7 Also wha

[1.11 Second, 56.3% of full energy]

[(a) 50 W () 0.5 A]

[2.31 pF] (App. Elect. London Univ.)

OBJECTIVE TESTS -5

A capacitor consists of two

(a} insulation separated by a dielectric

(k) conductors separated by an insulator
(¢) ceramic plates and one mica disc

(d) silver-coated insulators

The capacitance of a capacitor is NOT
influenced by

(a) plate thickness (b) plate area

(¢) plate separation

(d) nature of the dielectric

A capacitor that stores a charge of 0.5 C at
10 volts has a capacitance of .....farad.

(@) 5 (120 ()10 (d)0.05

If dielectric slab of thickness 5 mm and
£, = 6 is inserted between the plates of an air
capacitor with plate separation of 8 mm, its
capacitance is

(a) decreased (b) almost doubled

(c) almost halved (d) unaffected

In a cable capacitor, voltage gradient is
maximum at the surface of the

(a) sheath (b) conductor

(¢) insulator () earth

In Fig. 5.52 voltage across C, will be ....volt.

(@) 100 (b) 200 ({(c) 150 () 300
TpF o 2pF

G G
1|
300V
Fig. 5.52

The capacitance of a cable capacitor depends on
(a) core diameter (b) insulation thickness
(¢) ratio of cylinder radii

(d) potential difference

The insulation resistance of a cable capacitor
depends on

(a) applied voltage (b) insulation thickness
(¢) core diameter

(d) ratio of mner and outer radii

The time constant of an R-C circuit is defined

P91 2°SE P¥1 O2CEl 2°TL 271 20

10.

11.

....
wn

16.

6 P8

SHAMSNY

as the time during which capacitor charging
current becomes....percent of its...value,

{a) 37, final (b) 63, fnal

(¢) 63, initial (d) 37, initial

The period during which current and voltage
changes take place in a circuit is called ...
condilion,

(a) varying (b) permanent

(¢) transient (d) steady

In an R-C circuit connnected across a d.c.
voltage source, which of the following is zero
at the beginning of the transient state 7

{a) drop across R (h) charging current
(¢) capacitor voltage (d) noneof the above
When an R-C circuit is suddenly connected
across a d.c. voltage source, the initial rate
of charge of capacitor is

(@) —Ifh (BYI/ () VR (d)—V/A
Which of the following quantity maintains
the same polarity during charging and
discharging of a capacitor ?

(a) capacitor voltage (b) capacitor current
(¢) resistive drop  (d) none of the above
In a cable capacitor with compound dielectric,
voltage gradient is inversely proportional to
(a) permittivity

(b) radius of insulating material

(¢) cable length () both (a) and (b)
While a capacitor is still connected to a power
source, the spacingtbetween its plates is
halved. Which of its following quantity
would remain constant ?

{a) field strength (b) plate charge

(¢) potential difference

(d) electric flux density

After being disconnected from the power
source, the spacing between the plates of a
capacitor is halved. Which of the following
quantity would be halved ?

(a) plate charge  (b) field strength

(c) electric flux density

(d) potential difference

2L 99 q9'¢ 9% P T 9470
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U MAGNETISM AND ELECTRC .. oillich.

61, Absolute amil Relative Permeahilities of a MMedinm

The phenomena of magnensm and electromagnetism are dependent upon a certain property of
the medium called its permeability. Every medium is supposed to possess two permeabilities

(71 absolute permeability {w) and (i7) relative permeubility {(p,).

Fur measuring relative permeability, vacuum or free space is chosen s the reference medium.
It Is allotted an absolute permeability of p, =4m = 107 hﬂﬂr}rfmmm Obviously, relanve permeabil-
ity of vacuum with reference to itself is unity. Hence, for free space,

absolute permeabiliy  p, = 4n % 107 Him

relanve permeability H, = L

Now, lake mny medium other than vacoum. I its relative permeability, as compared 1o vacuun
is {1, then its absolute permeability is p =y, g, Him.

2. Laws of Magnetic Force

Cilormb was the [irst to determine eaperimentally the quantitative expression (or the magnetic
force between two iselafed point poles. It may be noted here that, in view of the fact that magnetic
poles always exist in pairs, il is impossible, in practice. to get an isolated pole. The concept of an
isclated pole is purely theoretical  However, poles of a thin bt long magnet may be assumed to be
pount poles for all practical purpases (Fig. 6.1). By using a torsion balance. he found that the force
herween two magnetic poles placed in & medium is

() directly proportional 1o their pole strengths
{1 wnversely proportional o the square of the distance between them and
to) inversely proporional o the absolute permeability of the surrounding medium.

m m
MAGNET
O £

Fig. 6.1

For example, U m, and m. represent the magnetic strength of the two poles {its unit as yet being

undefined), r the disiance between them (Fig. 6.2) and y the absolute permeability of the sumound-
myg medium. then the force F is given by

i kman, o
F e m‘.,' a F= kﬂ; ar .;:= 'zzr in vector from
pro ur"l (1
where  js a unit vector 1o indicate direction of r,
o n [
or F o= #11'!7-' hn'l:Fam]r are veclors
W

In the S.1. system of units, the value of the constant & is = Lidm
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F = ﬂﬁfﬁ or Fzﬂ—,ﬂ — i a medium
npurs R ITTI
In vecior form, g Wity b MG g

) drpr B Ay, v
If. in the above eguation.

my=m(say);r=| metre: F = l_N
Ty

m

1]

Then m =1 or m=z| weber®

Hence, a unit magnetic pole may be defined as thar pole which when placed in vacum ar o
distance of one metre from a similar and equal pole repels it with a force of /41 1, newrons. **
6.3, Magoetic Field Strength (H)

Magneuc Field sirength a1 any poinl within a magnetic field is numencally equally o the force
experienced by u N-pole of one weber placed at that point. Hence, unit of & is N/Wh.

Suppose, W is required 1o find the feld intensity ot a point A distant r metres from a pole ol m
webers. Imagine a similar pole of one weber placed ai point A. The force experienced by this pole 1s

F= "%l N . H=—"™ _N/Wbor A/m)*** or oersted.

dmp, Ay, r
Also, if a pole of i Wh is placed in o uniform field of strength # NfWh, then force experienced
by the pole is = mH newtons.
Tt should be noted that field strength 15 3 vecior guantity having both magnitude and direction

Ho= M oM 7
4nuﬂr1 4% g r

It would be helpful to remermber that following terms are sometimes interchangeably used with
field intensity - Magnetising force. srength of field, magnetic intensity and mtensity of magnetic
feld.

6.4, Magnetic Potential

The magnetic potential of any point within & magnetic field is measured by the work done in
shifting a N-pole of one weber from infinity to that point against the force of the magnetic field. Iiis
given by

m
J
anpg, s
it is @ scalar quantity.

. A 4130

6.5. Flux per Unit Pale

A unil N-pole is supposed o radiole out a Mlux of one weber. s symbol is @, Therefore, the
flux comang out of a M-pole of m weber is given by

® = mWh
Fop commmermemale e oremiory ol Crerman priivaiced Wilhetns Bdword Wetber | [ 502 |59
Y oot magnete pole ke difined ws e mognetic pole whoch when placed ov @ destamue 1 nne maem
Pkt s vy Big <ol ghl condbabin caltTying a correm of G aimpese e penomees & oree of | =T M

Al & 19

aas Yy stnalid e ovomed dhueg MW s the same thme as amperEmetre CAS o jest Adm csiss oy Bas o wmis
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6.6, Flux Density (B)

It is given by the flux passing per unit area through a plane at nght angles to the flux. It is
usually designated by the capital letter B and is measured in weber/meter”. 1t i n a Vector Quantity.

It ®Wh is the total magnetic flux passing normally through an area of A m®, then

B = ®/AWbB/m' or tesla (T)

Nale. Letus find an expression for the flux density at g point distant - metnss from a unit A-pole (e 2 pole
of strength | Wh.) Imagine a sphere of radius - metres drawn round the unit pole. The flux of 1 Wh radisted our
by the unit pole falls normally on a surface of 48r.m". Hence

B = E: II'|l7'-r'|':l~|I"I'II2
A grr

6.7.  Absolute Permeability (1) and Relative Permeability )

In Fig. 6.3 is shown a bar of a magnetic mnl.r.nn! say, iron placed in a uniform field of swrength
H N/Wh, Suppose, a flux density of B Whim® is developed in the rod.

e
i
- o % =——

= H - _H"“"‘——-—
fa) > {bi
Fig. 6.3
Then, the absolute permeability of the material of the rod is defined as
B = B/H henry/metre or B = wH = pu H Whim® g3
When H is established in air (or vacuum), then corresponding flux density developed in air is
By = W, H

Now, when iron rod s placed in the field, it gets magnetised by induction. If induced pole
strength in the red 15 m Wb, then a flux of m Wb emanates from its N-pole, re-enters its S-pole and
continues from 8 to N-pole within the magnet. IF A is the face or pole area of the magentised ron bar,
the induction flux density in the rod is

B, = miA Wh/m®

Hence, total flux density in the iron rod consists of two parts [Fig. 6.3 (b)].

(f) By -fux density in air even when rod is not present

(i) H —Anduction flux density in the rod

B = B,+ 8 =p, H+mlA

Eq. (i} above may be writtenas B=p_. p, H=p_8,

H, = B _ B (material) Lfor same H
’ B,  B,(vacuum)

Hence, relative permeability of a material is equal to the ratio of the flux density produced in

that material to the flux densiny produced in vacuwm by the same magnetising force.

6.8, Intensity of Mognetisation (1)
It may be defined as the induced pole strength developed per unit area of the bar. Also, it is the
magnetic moment developed per unit volume of the bar,
Let m pole strength induced in the bar in Wh
A face or pole area of the bar in m’
Then I = miA Wh/m’

]
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Hence, it is seen that intensity of magnetisation of a substance may be defined as the flux deasiry
praduced b ir due o ity own fndwced magnetion.,
11 { is the magnetic length of the bar, then the product (m x ) is known as its magnetic moment M.

{ = % = J:_:z‘: - -":; = magnetic momeny'volume

6.9, Susceptibility (K)
Susceptibility is defined as the ratio of fntensity of magnetisation I to the magnensing force H.
K = I/H heory/metre.

a. 11, Relation Between B, H, | and K
1t is chvious from the above discussion in Ar. 6.7 thut flux density 8 in a material is given by

B = B,+miA=08+! Lo B+
. T 8 HyH+! !
Now absolute permeability 1s |1 = "= B Syt & =gt K
Also Bo= gy e S g M=+ K oor =1+ K,

For ferro-magnetic and para-magnetic substunces, K is positive and for dismagnetic substances,
il is negative. For ferro-magnetic substance {like iron, nickel, cobalt and alloys like nickel-iron und
cobalt-iron} @, is much greater than unity whereas for para-magnetic substances (like aluminium).

Mg 15 slightly greater than unity. For dismagnetic matenals (bismuth) g, < 1.

Example t.1. The magnene myceptibility of waygen gas at 200°C js 167 < J0) " Him. Calendute
ity absolute and velative permeabilines

: -1l
L=|+ !f:u?x![l_?
Hy 4r= 10

B, =4mx 107 % 1.00133 = 12,59 x 1077 ffm

Soluiion. I, 1+ = |33

Now, absolute permeability p
i.11. Boundary Conditions

The case of boundary conditions between 1wo inaterials of different permicabilities is similar 1o
thar dizcussed in A 4,19,

As before, the rwo boundary conditions are

(1) the normal component of flox density 15 confinuous
across boundary, B, = 8. A0}

(i the tangential component of H 15 continusus actoss
houndiiry H,, = H,,

As proved (0 Art 419, in u sinular way, it can be shown

i Lan 8, B

tan t, By
Thas 15 called the taw of magnetce fux refraction

f.12. Weber mud Ewing's Moleculur Theorsy Fiu. 6.4

This theory was first advanced by Weber in 1852 und was, later on. further developed by Ewing

in 1890, The basic assumption of this theory 1 that malecules of all sabstancds are infiwerently
magnety in theroelves, cach faving o N and § pold. In un uninagietised slate.

%‘\. it bs supposed that these small modecalie magnets lie in all sorts of haphazard
B‘;«, (= ﬁ‘i manner forming more or less closed loops (Fig 6.5), According Lo the Laws of
Fig. 6.5 attenciion and repulsion, these clossd magnetic circuils are satistied internally
hetcs there s no resullunt exterma] megoetism exhibited by the fron bor. Bul

whien such a5 run bar 3s placed in a magnebic field or under the influence of L magneusing faree
ther these molecalar mugnes stan lurning round their axes and orenuate themselves more e loss
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along straight lines parallel to the direction of the

magnetising force, This Hnear arrungement of the mo- ﬁ?ia p N =mmema S
lecular magnets resulls in N polarity at one end of the [ =4 e

bar and § polarity at the other (Fig. 6.6). As the small Tig. 06

magnets turn more nearly In the direction of the

magnelising force. il requires more and more of this force to produce a given turning moment. Lhus
accounting for the magnetic saturation. On this theory, the hysteresis foss 15 supposed to be dee to
molecular friction of these fumimg magnets.

Because of the limited knowledge of molecular structure available at the rime of Weber, il was
pot possible wo explain frstly, as w why the molecules themselves are magnets and secondly, why it
is impossible to magnetise certain substances ke wood ete. The first objection was explained by
Ampere who maintained thal orbital movement of the electrons round the atom of a molecole const-
tuied a flow of curreni which, due 1o ils associaed magnetic effect, made the molecule a magnet.

Later on, 1t became difficull 1w explain the phenomenon of dinmagnetism (shown by materials
like water, quartz. silver and copper etc. ) ermatic behaviour of ferromagnetic (intensely magnetisable)
substances like iron, steel, coball, nickel and some of their allovs etc. and the puramagnetic {weakly
magnetisable) substances like oxygen and aluminium etc. Moreover, it was asked : if molecules af
all substances are mugnets, then why does not wood or air ete. become magnetised !

All this has been explained satisfactonly by the stom-domuin theory which has superseded the
malecular theory. 1t is beyond the scope of this book to go o the details of this theory. The
interested redder is ndvised W refer 1o some standard book on magnetism. However, il may just be
mentioned that this theory takes o account not only the planetury motion of an electron but fis
rotation ahout its own axis as well. This laver rotation is called ‘electron spin’. The gyroscopc
behaviour of an electron gives rise 1o a magnetic moment which may be either positive or negative.
A substance 1% ferromapnelic or diamagnetic aceordingly as there is an excess of unbalanced posi-
tive spins or negative spins. Substances like wood or air are non-magnetisable because in their case,
the positive and negative electron spins are equal, hence they cancel each other out.

613 Corte Poiml

Ax o magnetic muterial is heated, s molecules vibrate more violently, As a consequence,
individual moleculur magnets get out of alignment as the temperature is increased, thereby reducing
the magnetic strength of the mognetised substance  Fig, 6.7 shows the approximate decrease of
magnetc steength with rise m lemperature. Obviously, iLis possible o partially or even completely

destroy the magnetic properties of a material by heating,
The temperature at which the vibrations of the molecula
magnets become so random and out of alignment as 1o e
dice the magnetic strength o zero is called Cunie point.
More securabely, it is thul eritical lemperature above wlich
curie 15 ferromagnetic material becomes paramagnetic.
e ELECTROMAGNETISM

f.14. Force on a Carreni-carrying Condueior Lying
*C in & Muagnetic Field
Fig. 6.7

Magnetc Strength

It 1 found that whenever 4 current-carrying comducton iy
placed in magnetic Meld. it experiences 4 force which acts in o directdon perpendicular both 1o the
direction of the currenl and the field, In Fig. 6.8 is shown a conductor XY lying at right angles (o the
uniform horizontal field of flus density £ Whing™ produced by two solenoids A and B. I 1 15 the
length af the conductor Iving within this feld and f ampere the current cartied by il, then the magn:-
tude of the forca expenenced by it is
F = Bl =y, HI newion

Lising vecior notation £ = .;..x E aned = B =in B where 6 15 the angle between | and B wihsch

907 i the present vase

ur F o= K8 sin9 = 8 newlons {0 sin M=}
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The direction of this force may be easily found by Fleming's left-hand rule.

Maotion _
.X}\ i
N - e

R —illl
— ' d Lines of Flux
Direction of \
Current
Fig. 6.8 Fig. 6,9

Huld out your left hand with forefinger, second finger and thumb at right angles o one another,
If the forefinger represents the direction of the ficld and the
second finger that of the current, then thumb gives the di-
rection of the motion. It is illustrated in Fig, 6.9,

Fig. 6.10 shows another method of finding the direc-
tion of force acting on a cument carmying conductor. 1L is
known as Flat Left Hand rule, The force acts in the direc-
tion of the thumb obyiously, the direction of motor of the
conductor is the same as that of the force.

It should be noted that no force is exerted on a condue-
tor when it hes parallel to the magnetic field. In general. il
the conductor lies at an angle 8 with the direction of the
field, then B can be resolved into two components, B cos 8
parallel 1o and B sin 8 perpendicular to the conductor. The
former produces no effect whereas the latter is responsible
for the motion obhserved. In thut case,

F = Bl sin & newton, which has been expressed as
cross product of vector above ®

=
2

-

Fig. .10

6. 15, Ampere’s Work Law or Ampere™s Circuital Taw

The law states that m.m.f.** (magpetomotive force corresponding to em.f. {e. electromotive
force of electric field) around a closed path is equal to the current enclosed by the path. Mathemati-

cally, tﬁh’ .d ¥ = I amperes where H is the vector representing magnetic field strength in dot

product with vector d s of the enclosing path § around current f ampere and that is why line integral

i §) of dot product f; .d ¥ is taken.

Waork law 15 very comprehensive and 15 applicable to all mag-
netic fields whatever the shape of enclosing path e.g. (@) and ()
i Fig. 6.11. Since path ¢ does not enclose the conductor, the
m.m.f, around it is zero.

The above work Law is used for obtaining the value of the
magnetomotive force arcund simple idealized circuits like (£) a
long straight current-carrying conductor and (4] a long solenoid.

Fig. 6.11

It 15 sumpler o find doecton oF Foree Mot through cnass produa of given vecus ¢ | dnd o
M MU e ot o Teroes b 45 shee work -done.
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(i Magnetomotive Force aroond @ Long Straighl Conductor

In Fig, 6.12 is shown a straight conductor which is assumed o extend to infinity in either direction.
Let it carry a current of / amperes upwards. The magnetic field consists of circular lines of force having
their plane perpendicular 1o the conductor and their I
centres at the centre of the conductor, i

Suppose that the field strength o point C dis- A
tam r mewres from the centre of the conductor is #.
Then, it means that if a unit N-pole is placed m C. it
will expercinee 4 force of H newtons. The direc-
tion of this force would be tangential 1o the circular

line of force passing through C. If this unit M-pole o
is moved once round the conductor against this - ¢
force. then work done e /
m.m.f. = [orce = distince = [
e, | = Hx1nrjoules = Amperes Mation of N-Pale
|
o Moy B
a <ﬁH d 5 Joules = Amperes =1 Fig. 6.12
Ohwviously, if there are N conductors {as shown in Fig. 6.13), then
H = N A or Oersted
nr
and B = p, 2L wWivm? tesla .dm air
O Inr
» - M Whim® tesla . a medium
Fig. 6,13 2nr

iy Magnetic Field Strength of a Long Solenoid

Let the Magnetic Field Strength along the axis of the solenoid be H. Let us assume that

{17 the value of H remains constant throughout the length | of the solenoid and

(if) the volume of H outside the solenoid 15 neghgible.

Suppose, a unit N-pole is placed atl point 4 cutside the solenoid and is taken once round the com-
pleted path (shown dotted In Fig, 6.14) in a direction opposite to that of H, Remgmbering that the force
of H newtons acts on the N-pole only over the length | B | g
(it being negligible elsewhere), the work done in one it -

round is e
= H = | joules = Amperes —_— A

The ‘umpere-tums’ linked with this path are N/
where & is the number of turns of the solenoiwd and £ -
the current is amperes passing through it Aceord- \ I: ) }.

ing 10 Work L:
ng o T LW o - A #.‘,
Hx=!1=NI or H:'TanrOerﬁzd """-...___%_..—-

Also B =HL'.F[_I Whim~ ar tesla ...In air N-POLE

- Hy K, Nt
- {

Whim® or tesla ..in & medium Fig. 6.14
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f 6. Biot-Savart Law

The expression for the magnetic field strength d produced at poini P by a vanishingly small
length «f of a conductor carrying a current of / amperes (Fig. 6.15) is given by

gf & JEEEE

4

=% 7 - 3, “
or  JdH tfd | =y dmr in vector form

1]

The direction of d_;f. is perpendicular to the plane con-

Pos —
taining both *d{ "and r ie entering.
or dB, = uufdf sin # Whim®

any’

p,fa‘!xr

Fig. 6.15 and 4B, in vector form

dmr

6.17. Applications of Biot-Savart Law

i1 Magnetic Field Strength Due to u Finite Length of Wire Carrying Curreit
Consider a straight wire of length [ carrying a steady current /. 'We wish to find magnetic feld
sirength (H) at a poiat P which is at a distance r from the wire as shown in Fig, 616,

The magnetic field strength dH due 1o small element df of the wire shown 1s

dH = M {By Biot-Savart Law)
Ams”
= {d] sin B 3 £ i )
or dif = ——— {where u is unit vector perpendicular (o
4 s _
plane containg ! and s and into the plane.)
Or dH = -m:: mf ¢ i -7 B and ¢ are complementary angles]
s
! T The magnene feld strength due 1o entire length {
r e it
= P H = 4L Icus?:ﬂ ]
B I_n J
o i
I e I-"_f}‘;d; (r ( cos ¢ =L in Fig. 6.16
d 5 ¥
e . [ !
5 is unit vector ! i .
1 in direction of § = 4_:- J-% = H J% “
. Idl I_Lﬁ"' {r ot o e
Fig. 6.16 {* risconstant):s = r + inFig 6.16
1
s ; J di _ #  (Taking ' out from denominator)
4mr uII+£rH]|']3.'1
Afer the French mathematicion and physicist lenn Baprste Bint (1774-1862) and Felix Savan

(17911841 ) o well-keowy French physicis
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To evalunte the integral most simply, make the following substitution

= tan ¢ in Fig. 6.16

- -

s dl=rang o odlisr sec’ O eldy ancl | + (rf* = | +lan” 0= sec” ¢ and limils gel transformed
f.e. become 0 to §.

s Te
=¥ ] & . i < W
H =X [J‘rm ¢d¢l 4’r3 [‘Im¢d¢]u=m[mn¢nu

nr Dm:#

= -f—s'u:mﬁ

dmr
N.B. For wire of infinite Jength extending 01 ar both ends e — = 10 + = the limits of integration would be
T B i cmn s ol A g B
—Em+5.pwng seredab _?.r:r“'

il Magnetic Field Strength along the Axis of a Sgquore Coill

Thus ts similar to () sbove except that there are four
conductors each of length say, Ja metres and carrying a
curreni of  amperes as shown in Fig. 6.17. The Magnetic
Field Strengths at the axial pount P due 1o the opposite
sides ub and od are H and H | directed at right angles 1o
the planes containing # and ab and P and od respectively. |
Now, H and i are numerically equal, hence their com- i
ponents at right angles to the axis of the coil will cancel . q -
out. but the axial components will add ogether. Simi. !
lurly, the other two sides da and be will also give o result-
ant axial component only, Fig. 6.17

As seen from Eq. () above,

{.2cosll _ JcosH

H, = % |oos 8 —cos 1 180° - 8| =

fr Antr  2mr
2 3 : foeos 8
hﬂ‘i\-‘ r = Jﬂ'_ +* j- o H.Ilﬁ = T
n n.llﬂ' +a”

Its axial components s H . = H , . sinoi=s ﬁc&.sina
IMyu + 3

All the four sides of the rectangular coil will contribute an equal amount m the resultunl miag-
netic field m P, Hence. resultant magnetising force wl P |s

H = 4x fﬂt:ia = . 5in 1,
Imya +x°
Mow cos B = Y and sinot= - *"
V(2a” +x37) va' +x
"o W’

- -l ATim.
ntu: - .llr_\li.t: + 2"

In case. value of H is required at the centre 2 of the coil. then putting 4 = () in the above
EAPression,

we get H =

a0 N2 o
ra' .Wl.a R4

Mote. The last result can be found directly as under. As seen from Fig. 6. 18, the feld m point € due o any
sidde |5, as given by Eg. (1)
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-/
I : i A5 i ! 2
B —— 8. ] = 5= ——
e j sinB.J48 4:1:;3[ cmﬂ[w s 2cos 45 e TZT
mid
Resultant mugnetismg foree duc to all sides s
|2 N2
H= gu—"__ ATim _.n5 found above
e J2  ma — 2 —d
(iiil Mugnetising Foree on the Axis of a Circular Coil Fig. 6.18

In Fig. 619 is shown a circular one-turm coil carrying a corrent of / amperes. The magnetising
force al the axial point P due 1o a small element 'dl” as given by Laplace’s Law is
[P — - —| f-di
anir+ %) A
The direction of dH is al nghl angles o the ling AP join-
ing point F 1o the element "dl’. Now, dH can be resolved into

WD components | 1]
{u) the axial component dH' = dH sin B dH”
{bt the verucul component dH” = dH cos 8 B
Mow, the vertical component ofH cos 8 will be cancelled Fig. 6.19

by un equal and opposite vertical component of JF due 1o element "di” at point 8. The same apphes
o ol vther diametrically opposite pairs of di' < taken around the coil. Hence, the resuliant magnetising
force ar P will be equal to the sum of all the axial components,

H = SdH'=SdH sinlil-l'd.'=£;‘ﬁ'r—‘lldi [ win = == ]
'-1-HI,F:+J:]'“: L
_ L dl= l.r.2ur — P
et #0)? Anir + |z'p i v 1”1
¥ P _ !sin' @
B o B n M= —ATm
or H = ;” sin’ © AT/m —for an N-turn coil L LEY

In case the value of H is required at the centre & of the coil, then putting 8 = 90° and sin® = 1 in
the above expression, we gel

¥ = wi

- for single-turn coll  or H = 5 —for N-tum coil
r L]

2r
Nute, The magnetising force M w1 the cemre of a circular coil can be directly found s follows -
With relerence o the coul shown in the Fig. 6.20, the magnetising {orce dH produced at O due
& 1o the small element of {as given by Laplace’s law) s

[ disin® _1.dl

% idH = 41'“"1 -4“:r_: [ sin @ = sin 90F = |:|-

LdH = yl& . ) va o g LBl

amr 4111' dnxr 2r

I"ig 6.20 A H = é AT/m —for l-tum coll = g ATim ~for Notirn:coil-
. =l

i1 Magnetsing Foree on the Axis of w Short Solenoid
Let 4 short solenoid having a length of { and radius of turns r be uniformly would with & wms
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each carrying a current of / as shown in Fig. 6.21. The winding density .. number of ums per unit

Fig. 621
length of the solenoid is N/I. Hence, in a small element of length dx, there will be N.dv// wrns.
Obviously, a very short element of length of the solenoid can be regarded as a concentrated coil of
very short axial length and having N.dv/l rns. Let dH be the magnetising force contributed by the
element dx at any axial point P. Then, substituting dH for H and N.dx/l for N in Eq. (iif), we get
Mde | 4
dH = T &in" B

Now dv sin® = r.d8/sin @ . dv=r.dfisin’ @
Substituting this value of dy in the above equation, we get

dH = % sin 8. d@

Total value of the magnetising force at £ due to the whole length of the solencid may be found
by imtegrating the above expression between proper limits.

NI N o,
H=<21"6n0.48= :
57 Hssmﬂ dt 2!' c:m;EI[H.
NI .
= { = 5 vk 1V
5y toos 8, = cos B,) tiv)

The above expression may be used to find the value of H at any point of the axis, either inside or
outside the solenmd.

() At mid-point, 8, = (1 - 8,), hence cos 8, = - cos 8,

NI NI
Hs= TL‘{JH 8 = TL‘DS 8,
Ubviously, when the solenoid is very long, cos 8, becomes nearly unity. In that case.
H = N AT ~ArL 6.15 (if)
(i) At any point on the axis inside a very long solenoid but not too close t either end. 8, =0
and 8, = 7 so that cos B, = | and cos 8, =— |. Then, putting these values in Eq. (iv) above, we have
H= Nxy-M
2| !

It proves that inside a very long solenoid, H is practically constant at all axial points excepts
those lying too close w cither end of the solenoid.
(i) Towards either end of the solenoid, H decreases and exactly at the ends, 8, = ©/2 and 8, =
m. so that cos 8, = 0 and cos 8, =-1. Hence, from Eq. (iv) above, we get
Wi
21

Becaise ! sin Bl = r = J=miin 8, Now, MIN = L8 = ¢ dWsin 8. Alss, MN = dls, sine B, bence dy = ¢ 80dn” B,

H =
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In other words. value of ff 15 decreased to kall the normal value well inside the solenoad.

Example 6.2 Colewlare the magnenismyg force and flux densry gr o disiance of 5 om frome

lnng straight corewlar conductor carrving a current of 2560 A and placed 1n air

Plrow a curve

shemiati the vartation af B frien the comdicctor sarface ciwards (f s dicmeter 15 2 wmir

Solution. As seen from Am. 6.15 i),
P ¥l 0.05
H= — = ——__=-T7056& A I
Inr . Im=0.05 A ions g | !
B = pgH=4nx 107 x7956= 107 Whim® 2 |
1 2|
I ral. B = Ho° !
n gendc Smr ) |

Now. at the conductor surface. r = 1 mm = 107 m

]u_] — Tmcles
Fig. 6.22

_ Ax 107 %250
2107
The variation of B outside the conductor i1s shown in Fig. 6.22

8 = (LO5 Whim®

Exumple 6.3 A wire 2.3 av bomg is benr 17) into o sguare and (0 e o corcle. I the corrent

flowing thromgh the wire & 100 A find che magnetang force @ the centre of the syuaee and the

cerire of the cirele (Elec. Measuremenis: Nagpur Univ. 1992)
Solution. (1) Each side of the square is 20 = .54 = 0,625 m

Value of H at the centre of the square is [Art 6.17 (ii)]

N2 s

T ma m=03125 =i AT

(M r=253.r=0398m

Vaolue of Hat the centre s = #2r= 1002 % 0398 = 125.6 AT/m

Example 6.4. A curvent of {5 A 15 passong adong a steeaghr wire. Caleulare the force on g onn
magnetic pole placed (15 metee fromm theowive. 17 the wive @ Bewd o form inte o loop. calewlare the
diameter of the lpop so as to produce the same force at the centre of the coll upon o untl magnesi
pole when carrving o corrent of 15 A {Elect. Engg. Calcutia Univ. 1987)

Solution. By the force on o unit magnetic pole 15 meant the magnensing force H.

For a straight conductor [An 615 () B =02 tr= 152 x 0.15 = 50/n AT/m

Now, the magnetising force at the centre of a loop of wire is [Am. 6,17 i)

= I 2r=0D=|5/DATIm
Sance the two mugnetising forces are equal
! S5fm = 15/D. D= 15 m/50 = 09426 m = 94.26 cm.

Exnmple. 6.5. A yvingle-nuien cipewlar coil af 50 m. diamerer carries a diveer currenn of 28 = (i

A Asyaming Liaplave s expression for the meagnenisutg force die oo cueeemt elemeut. dete vivtine Ve

maigretising force al u peting on the wees of the cotl and 100 e from the coil. The relanve permieabil
iy af the space surroumding the coll & wine

-

Sulution. As seen from Art 617 {0, H= ;—r _sin’ B AT/m
Here i@ = —L =B ___—pas
Jred 25 +100°
4
sin'@ = (024257 = 001426 -~ H= Mx D01426=T6.8 AT/m

2x28
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6.8, Force Between Two Parallel Conductons

11} Currents in the sume divection. In Fig. 6.23 are shown two parallel conductors £ and ¢
carrying currents {, and [y amperes in the same direction .¢. upwards, The field strength in the space
between the twu conductors is decressed due to the two fields there heing in opposition 1o cach
other. Hence. the resultant field is as shown in the figure. Obviously. the two conductors are

attracted towards each other. . o

(@ Cwurrents in opposite directions. 1f, as +|. |:+
shown i Fig, 6,24, the parillel conductors carry
currents in opposite directions. then field strength
is incrensed in the space between the two condog-
tors due 10 the 1wo fields bewng in the same direc-
tiem there. Because of the Literal repulsion of the
lines of the force, the two conduciors experience a
muiual force ol repulsion as shown separately in
Fig. 6.24 (b}, L
6.19, Magnitude of Muinal Force

It 15 whvious that each of the two parullel con-
ductors lies in the mognetic field ol the other con-
ductor, For example. conductor P lies in the mag- _
netic field of @ and @ lies in the field of P If 'd" Fig. 61
mielres 15 the distance between them. then flux density ot () due w P is |Art 6,153 (6]

I 1 is the length of conductor (0 lying in thus
fux density, then foree {either of attraction or re-
pulsion’ as given in At 614 js '*'
Mol f
2rd
Obviously, eonductor P will experience an
equil force in the opposite direction.
The above fucts are known as Laws of Paral-
lel Currents and may be stated as follows -
t11 Two parallel conductors attract euch d i
other if currents through them flow in the
same chrection and repel each other if the
currents through them flow in the oppo- ]
sife directions. Fig. 6.24
tiry The force between two such parallel conductors s proporional (o the product of curment
strengths and to the length of the conductors considered and varies inversely as the distance
between them

F=8 newton or F= N

20, Definition of Ampere

If ks been proved i At 6.19 ahove that the force between two infinitely long parallel cor-
rently-camrying conductors 1s given by the expression

o dalibly oo x0T R,

1IN
Ind Ind d
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The force per metre run of the conductors is

b,
F = 2x107 222 N/m
d

11, = I, = | ampere (say) and d = | melre, then F=2x 107" N

Hence, we can define one ampere current as that current which when flowing in each of the two
infinitely fong parallel conductors sitwared i in vucum and separated | metre between centres, pro-
duces on each conductor a force of 2 % 107 N per metre lengifn

Example 6.6. Two infinite paratlel vonductors carry parallel curventy of 10 ang. eacl. Find
the inagnitde and divection af the force berveen the conduciers per metre lengdh §f the distnce
betweent them fx 20 eon (Elect. Engg. Miterial - 1 Punjab Univ, May 199)

Sulution. F=axl0" E’_X.';‘_xln =N
0.

The direction of force will depend on whether the two currents are flowing in the same direction
or in the opposite direction. As per Art, 6.19, it would be a force of attraction in the first case and that
or repulsion in the second case.

Example .7, Two long srraighl parallel wires, standbng tnoatr 2 m aparr, corry cuerenis | are

Iy i the same divection. The magnetic intensine ar g poinr midway benwedn the wires @5 795 ATdm
If the force on edel wire per it fengeh s 2.4 = M5 N, poadaate |, and 1,
¥ [ ! 3

Solution, As seen from Art 6.17, the magnetic intensity of a long straight corrent-carrying
conductor is
H = =L ATm
nr
Also, it is seen from Fig. 6.23 that when the two currents (low in the same direction, net field
strength midway between the two conductors is the difference of the two field strengthe.

Now, H| = 1,/2n and H, = 1,/2n because r = 2/1 = | metre

1 2 ;
L2 =795 . I,-,=35
g I,-1,=50 (i)
Force per unit length of the conductors is F 2% 107" 1 1d newton
24% 107 = 2% 107 12 5 1h, = 2400 ki)

Suhsmuung the value of [, from (i) in (i), we gel
(50 + Ly, = 2400 or [+ 504, - 2400 =0
or (L,+80)(L,—30) = 0 . L=30A and /,=50+30=80A

Tulorial Problems Ne., 6.1

L]
1. The force berween two long parallel conductors is 15 kg/metre. The conductor spacing is 10 cme IF
one conductor carries twice current of the other, ¢alculate the current in each conductor,

[hdield A: 120200 A
»

2 A wire 15 bent into & plane to form a square of 30 cm side and a current of 100 A is passed through it
Calcufate the filed stremgth set up at the centre of the square. | 300 AT/m|

[Electrotechmnics - 1, M5, Univ. Baroda, April 1976)
MAGNETIC CIRCLAT
f.21. Magnetic Cireuit
It may be defined as the route or path which s followed by magnetic flux. The law of magnetic

circuit are quite similar to (but not the same as) those of the electric circuit,

Lmsrder a solenoid or a toroidal iron ring having a magnetic path of | metre, area of cross
section A m” and a coil of N tums carying / amperes wound anywhere on it as in Fig, 6.25,

Then. as seen from An. 6.15, field strength inside the solenoid is
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H = L""_i AT/m
Now B = pp H= u'”':r—’m“’bfml
Total {lux produce D=Fx A= M Wh
- N Wh
T |, A
The numerator ‘N which produces magnetzation in the magnetic
cireuit is known as magnetomotive force (mumuf.). Obviously, its unit 15 Fig. 6.25

ampere-turn (ATI®. It is analogous o eom.f, in an electric cinoul,

The denominator ~ 1 i called the relucrance of the cirewit and is analogous to resistance in
Hpht, A

electne circuits.
reluctance &
Sometimes, the above equution is called the “Ohm’s Law of Magnetic Circuit” because il re-
sembles a similar expression in electric circuits Le.
.ol v
g.ml. i

CATTENl = =—— or
resistance

Duy = =0 . e B B

6.22. Definitions Concerning Magnetic Clreuit

I. Magnetomotive force (mom.f.). I drives or tends to drive flux through a magnetic circuit
and corresponds to eiectromotive force (e.muf.) in an electric circuit.

MMF. is equal w the work done in joules in carrying a unit magnetic pole once through the
entire magnetic circuit. It is measured in ampere-turns.

In fact, as p.d, bevween any two points is measured by the work done in carrying a umit charge
from one points o another, similarly, mom.l between two points is measured by the work done in
joules in carrying a unil magnetic pole from one poeint to another,

1. Ampere-turns (AT} luis the umit of magnetomertre force (mum.f.} and is given by the
product of number of twrns of a magnetic circuit and the current in amperes in those turns.

Y. Reluctance. [t is the name given 1o that property of a material which opposes the creation
of magnetic flux in it. It in fact, measures the opposition offered to the passage of magnetic flux
through a matenal and is analogous to resistance in an electric circuit even,in form.  Its wnits 15
AT Wh,**

i ! /

. resistance = — —

reluctance = ——=
TR T RA T A A aaA

In other words, the reluctance of @ magnetic circoil is the number of amp-lums required per
weber of magnetic flux in the circuit. Since | AT/Wh = Uhenry, the unit of reluctance is “reciprocal
henry.”

4. Permeance. It is reciprocal of reluetance and imphes the case or readiness with which

magnetic flux is develope. It is analogous to conductance in electric circuits. 1t is measured in terms
ol WhIAT or henry.

Simctly speakimg, i should be only “smpere’ because mens have no wnil

& & ¥ 1 5
£+ From be rmon @ = L4 8 obvious thal reluctance = mum. Cidy  Since mumd i L
e buctmimoe

wimpere-tumns ond Max m webars, unit of reluctance s ompere-tumiweber [AT/Wh) or AW,
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5. Reluctivity. It is specific reluctance and corresponds to resistivity which is ‘specific
resistance’,
6.23, Composite Series Magnetic Clrewil

In Fig. 6.26 is shown a composite series magnelic circuil consisting of three different magnetic
materials of different permeabilities and lengths and one air gap (4= 1). Each path will have its
own reluctance, The total reluctance is the sum of individual reluctances as they are joined in series.

total reluctunce = L !
By, A
'lrl 'll"' ||I.:l 2 i
TR, A Tin, A~ oM, A By A,
ﬂuxtb = "LT:"F'
I’l[!“r ,‘1.

f.24. How to Find Ampere-turns |

Il has been shown i Art, 6.15 that H = N AT/mor N =H x|
ampere-turns AT = Hx/
Henr:e following procedure should be sdopted for caleulating
the wotal ampere wms of & composite magnetic path.
(it Find H for each portion of the composite circuit. For air, H = BijL, otherwise H = Bl .
(1) Find ampere-tuims for each path separately by using the relation AT = H = [,
it} Add up these ampere-lums to get the total ampere-turns for the entire circuin

Fig. 6.26

6,25, Comparison Beiween Magnetic and Electric Chrouits.
SIMILARITIES

Magnetic Cirenit Electric Circuit
Endl
Fig. 6.27 Fig. 6.28

L Flug = emb Current = —-ﬁ%m—-—'f' '

reluctance resistance
1. MM.F. (umpere-tums) EM.F, (vohs)
1. Flux @ (webers) Current { {amperes) ;
4. Flux density 8 (Wh/m"} Current denaity (A/m™)
& i [ { ! _ .|'
5. Reluctance 5= — | = resislince R = p—=

pAL Hou A ] A pA
6. Permeance (= l/reluctance) Conductance (= liresistance)
7. Relucitiviy Resistvity
B. Permeahility (= Lireluctivity) Conductivity (= Lfresistivity)
B, Totalmmf=® S5 + PS5 +P5, + .. 9. Towlemf =JR + TR, + IR +.....
DIFFERENCES

. Swictly speaking, flux does not actually *flow” in the sense in which an electric current Nows,
2. If temperatre is kept constant. then resistance of an electric circuil 15 constant and s
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independent of the current strength (or current density). On the other hand, the reluctance of a
magnetic cireuit does depend on flux {and hence flux density} established in it. It is s0 because p
{which equals the slope of B/H curve) is nol constant even for a given material as it depends on the
flux density B. Vauloe of p is large for low value of B and vice-verse. Hence, reluctance is small (§
= {{pA) for small valoes of B and large for large values of B,

3. Flow of current in an electric circuit involves continuous expenditure of energy but in a
mitgnetic circuil. energy is needed only creating the flux initially but not for maintaining it,

6.26. Parallel Magoetic Clreuils

Fig. 6.29 (a) shown a parallel magpetic circuit consisting of two parallel magnetic paths ACB
and ADB acted upon by the same mm.f. Each magnetic path has an average length of 2 (1, + 1)

L '
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Haas $/2 ——-:,"E--*" L ===y H
I |
r 1 I— | T .
L I < -
- T D (2] | 1 - T =w
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Ll lh]B

Fig. £.29

The flux produced by the coil wound on the central core is divided equally ai point 4 between the
two outer parallel paths. The reluctance offered by the two parallel paths is = half the reluctance of
each path.

Fig. 6.29 (&) shows the equivalent elecirical circuit where resistance offered to the voltage
source 15 = R K = R2

It should be noted that reluctance offered by the central core AB has been neglected in the above
treatment.

6,27, Series-Parallel Muagnetic Circuits

—— &y ——p— Bl ——
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Fig, 6,30

Such a circwil 15 shown in Fig. 6.30 (@), Tt shows two parallel magnetic circuits ACE and ACD
conaected aeross the common magnetic path AR which contains un air-gap of length [ As usual,
the flux @ in the common core is divided egually a1 point A between the two parnllel paths which
have equal reluctunce. The reluctance of the path AH consists of () air gap reluctance and (i) the
reluctance of the central core which comparatively negligible. Hence, the reluctanee of the centrul
core AB equals only the air-gap reluctance across which are connected 1wo equal parnllel reluc-
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tances. Hence. the m.m.f required for this circuit would be the sum of {f) that required for the air-gap
and (i} that required for either of two paths (not both) as illustrated in Ex. 6.19, 6.20 and 6.21.

The equivalent electrical circuit is shown in Fig. 6.30 (&) where the total resistance offered to
the voltage source is = R, + R|[R =R, + R2

6.28. Leakage Flux and Hopkinson's Leakage Coefficienti

Leakage flux is the flux which follows a path not intended for it. In Fig. 6.31 is shown an iron
ring wound with a coil and having an air-gap, The flux in the air-gap is known as the useful flux
because it 15 only this flux which can be utilized for various useful
purposes,

It is found that it is impossible to confine all the Nux o the iron path
only, although it is usually possible to confine most of the electric
current to 4 definite path, say a wire, by surrounding it with insulstion.
Unfortunately, there is no known insulator for magnetic fux. Air,
which is a splendid insulator of electricity, is unluckily a fairly good
magnetic condoctor. Hence, as shown, some of the flux leaks through
air surrounding the iron ring. The presence of leakage flux can be
detected by a compass, Even in the best designed dynamos, it 1s found
that 15 o 20% of the total fAux produced leaks away without being
utilised wsefully.

If, @, = total flux produced ; @ = useful flux available in the ar-gap,

then

total flux i @,
useful flux )

In electric machines like motors and generators, magnetic leakage is undesirable, because, al-
though it does not lower their power efficiency, yet it leads Lo their increased wieght and cost of
manufacture. Magnetic leakage can be minimised by placing the exciting coils or windings as close
as possible to the air-gap or to the poinis in the magnetic circuit where flux is to be utilized for useful
purposes.

It i5 also seen from Fig. 6.31 that there is fringing or spreading of lines of flux at the edges of the
gir-gap. This fringing increases the effective area of the air-gap.

The value of & for modem electric machines varies between 1.1 and 1.25.

6.29. Magnetisation Curves
The approximate magnetisation curves of a few magnetic materials are shown in Fig. 6.37.

These curves can be determined by the following methods provided the materials are in the
form of a ring :

leakage coefficient A =

(@) By means of a ballistic galvanometer and (b) By means of a fluxmeter.
6.30. Magnetisation Curves by Ballistic Galvanometer

In Fig. 6.33 shown the specimen ring of uniform cross-section wound uniformly with a coil P
which is connectad 1o a battery B through a reversing switch RS, a variable resistance R, and an
ammeter. Another secondary coil § also wound over a small portion of the ring and is connected
through a resistance R to a ballistic galvanometer BG.

The current through the primary P can be adjusted with the help of ®,. Suppose the primary
current is f. When the primary current is reversed by means of RS, then flux is reversed through §,
hence an induced e.m.f_ is produced in it which sends a current through BG. This current is of very
short duration. The first deflection or “throw” of the BG is proportional to the quantity of electricity
or charge passing through it so long as the time taken for this charge to flow is shorl as compared
with the time of one oscillation.



Magnetism and Electromagnetism

20

&t
th

1.8 =

1.6 7
1.4

12

1.0 —J{ : —

0.6

FLUX DENSITY B IN wh/ni

0.4

02

B{: 2000 4000 6000 B000D 1000 12000 1400
H IN AT/m

Fig. 633

159

If @ = first deflection or ‘throw” of the galvanometer when primary current [ is reversed.

k = hallistic constant of the galvanometer i.e. charpe per unit deflection.
then, charge passing though BG is = k8 coulombs

wli)

Le:d.'--_—ﬂuxinWh;mdumdhyprhnmycmmmoﬁampﬂrﬁ;r:dnnuf;ﬂ:malnfﬂun:thtn

rate of change of flux = -?-ths

If N, is the number of tms ir secondary coil 5, then average e.m.f. induces in it is
= N, 2P v,
!
i)
Secondary current or current through BG = Y%

Rr
where R is the total resistance of the secondary circulL
IN.D N, D
Charge flowing through BG = average curment X time = R+1 Xts= Rﬁ coulomb

. .
Equation (#) and (i7), we get kB = = ":3 s ko8

2

i)
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If A m” is the cross-sectional area of the ring, then flux density is
§ kBE 1
B8 = ==—42L Wbim
A INA
If ¥, is the number of primary tuns and / metres the mean circumference of the ring. then.
magnetising force H = N M/ ATim.

The above experiment is repeated with differemt values of primary current and form the data so
vbtained, the B/H curves or magnetisation curves can be drawn,

f.3. Magnetisation Corves by Fluxmeter

In this method. the BG of Fig. 6.3] is replaced by a fluxmeter which s just o special npe of
ballistic galvanometer, When current through P is reversed, the Mux is also reversed, The deflection
of the fluxmeter is proportional o the change in flux-linkages of the secondary coil. I the flux s
reversed from + @ 1o - @, the change in flux-linkages in secondary S in = 2 © N,

If B = cormesponding deflection of the fluxmeter
C = fMuxmeler constant Le. weber-wirns per unit deflection,
then, change of Mux-linkages in § = (8
o _ CH 2
2N, = vy, p= L= Wh
N, = (8 u:'rﬂb'nmI B 3 INA m

Example 6.8, A fliuometer is vomtected to o sedreft-coil having 600 ems and mean areit of
4 em”. The search coill ts placed at the cenree af am atr-cored solenotd | metre long and wemmd wirh
HKRY purmes. Whrn @ curment of 4 A s reversed. there 5 a deflection of 20 scale divisioms om e
fewmeter. Coleulure the colibration e Wheturmy per veale division
i Measurements-1, Nagpur Univ, 1991
Solution. Magnetising force of the solenoid is H = NI/l AT/m
B= g H o= pg NI = 4= 107 % 1000 % /1 = 16m > 107 Whim’
Flux linked with the search coil is @ = BA = 64n x 107~ Wb
Totul change of flux-linkages on reversal
= 2x64m % 107" % 600 Wh-turns ~Am. 629
= 7.681 % 107 Wh-tums
Change in flus-linkages
deflection produced
= 7.68% x 107120 =1.206 x 10~ Wh-turys/division
Example 6.9, A ballivrie gedvanemerer, vonmected o a seavely codl for measyring flay densin
i d core. gives d teow of KD seale divisioms on reversal of flue The pafvanometer cofl has o

eenistemee of {80 ol The galvanometer censtant (s (00 WC per svale diviision. The searct coil fs
i drrair wf 50 e’ wotingd wAitle FOOND prms hgving g resisiance of 20000hm Cadvidinee B fTux sfenvin

i the care (ElecL. Instro & Measu, Nagpur Liniyv, 1992)

Fluxmeter comstant € is given by =

Solution.  As seen (rom Art. 625,

k) = INWR, or @ = kBR [N, Wb

22 BA = kBR 2N, or B=kBR/INA

Here k = 100 pChdivision = 100 = 107" = 107 Crdivision
B o= I00:A=50cm =5 % 107 m

R, = 180+20=200Q
B o= 107" % 100 % 20002 % 1000 % 5 % 107" =0.2 Whim®
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Exumple 6.80. A ring sample of iean, fitted with « primany and o secomdary winding is to b
texted by the method of reversals o obtain i BAH corve. Give a digram of vonnections expiain
beiefly how the test comdd e corried ol

I sty o test, the primary winding of 400 ey coaeries g cueeend of L8 A, On reversal, o
ihearge of 8 = 107 Wheturna g3 revvorded in the secondary winding of 10 s The ring is made up
ol SO0 fopinationas. daeeh 4.5 o thick with eiter and inner digmeters of 23 and 20 om vespestivedy
Aswateterny seeeiferenet flien distritmelivne. determineg the valies of B H ariel Hoe permeaiility

Solution, Here, change of flux-linkages = 2O N, = 8 x 107 ' Wh-turns
2% 10 = 3x107 o ©=4x10" Wb and A=25x10"m"

A ax10t 2, N _d0x18
- 8 = e = 16 Whim™ ; H = =7 = = o= = 955 AT/m
B B Iﬁ
MNow = =l = —— -— = 1333
Wl = ik J-'uH Arx 107 x955

Example 6,101 An trom ring of 5.3 ¢ " cruss-sectional area with a mean length of 100 cm i
wesiinad with o muagnetising windiog of 70 s A secondary coil of 200 mms of wire ix conpecied
w4 bafficic gafvammneter hoving a constamt of | micre-coulomb per seale division, e rotal resiv
tance of the secomdary circurt being 2000 80 O reverxing a carvent of 10 A fs e magnetising ool
the galvanameter gave a throvw pof 200 scale divisions, Calewlate the Moy densiny i the specimen and

the value of the permeabiline e iy fay dinsiny (Elect. Measure, AMLE Sec.B. 1WW2)
Solution. Reference may please be made 10 Art. 6.28,
Here Ny o= 1005 N,=200:A=35% 10" m . {=100cm = I

k = 107 C/division. 8 = 100 divisions; R, = 2000 £; [ = 10 A

g o= KOR _ 10T x100x2000 0oy

NG A 2% 200%3.5% 107
Magnetising force H = N, [/l = 100 x 1071 = 1000 AT/m
A _ 143 -
Ho= Im-laﬂxlﬂ H/m
Note. The relative permeability isgm:nb}rp,:ufp“-t.4lxiﬂ'!M:xlﬁ'1-l1JT.

_ Example 6.12. An iron ring has o mean digmeter of O.f m and a crogs-section of 335 » ['hg
m". B ivowonnd with o magnerising winding of 320 nns and the secondary winding of 220 nirms
i reversing @ cureend of FOA e the magnetising winding, e ballistic gahvanomedter gives a theow of
272 svale divisiens, while a Hiltherr Magneric stendersd wirh 10 turns and uf.’u.f.yr'."..i < 107~ pves a
regdding of M2 scale divistens, otfer condittons remaining the same. Find the relative permeability

of the specimen, | Elect. Mensu. AMLE. Sec B, 1991)
Solution, Length of the magnetic path /=2 D=0.1am
Magnetising Foree, H = N =320x 10/0.1 n = 10,186 AT/m
Flux density B = i, p, H =45 % 107 % 1, % 10,186 = 0.0128 p, i)

MNiowy, from Hilbert's Mngtwuc standard, we have

2510710 = Kx102. K=245% 107"
Omn reversing a current of 10 A in the magnetising winding, total change in Weber-turns [s
2ON, =245 177 %272 or 2220 xP=245x 107 x 272 or ®=1.51x 10 Wh
L B=®A =151 x107335% 107 = 0.45 Whim’
Substituting this value in Eq. (7}, we have 00128 y =045, - p =351
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Example 6.13. A laminaied sofi iron ring uj"rci:.tnw- permeability 000 s a mean circumfer
ence of 8N mm and o cross-sectional area 500 mm’. A radicl air-gap of | mm width &5 cut in the

ring which is wound with 1000 turms. Calculure the carrant required to produdce an air-gap flux of
b ]

0.5 mWh if leakage factor (5 1.2 and stacking facter 0.9, Neglact fringing

o | ./
Solution.  Total AT reqd. = @, 5, +®, 8= —LL+ —i_
Mo A, HgH, AB

Now. air-gap flux @, =0.5 mWb = 0.5 x 107 Wb./ = | mm = 1 x 10~ m; A, = 500 mm’
=500 10 m”

Flux in the iron ring, ®, = 12x05x 107 Wb

Net cross-sectional area = A, x stacking factor = 500 % 107 x 0.9 m’
0.5x107 7 x1x10” 4 12x05x 107" x800x10°  _

drx 107 x500%10™°  4rx 107 x 1000 (0.9% 500x 10"

I = 164471000 = 1.64 A

Example 6.14. A ring has a diameter of 21 cm and a cross-sectional area of 10 em” The ring
Ly FI'I-I'JHI!' Hr n_l' serrictroular secTiorns Hf ceest orewy dined cast steed, wilh {.’I‘Ii.'f! Jewer ’J'H'I-'“J',l;" @ -I"l"'ﬁli‘lrﬂﬂi'l'

equal to an air-gap of (0.2 mm, Find the ampere-turns required to produce a flux aof § = 1 wh.
The relarive permeabilines of cast steel and can iron are 800 and 166 respectively.

. total AT reqd. =

Negleot fringing and leakage effects, (Flect. Circuits, South Gujarat Univ, 1987)
Solution. ®=8x 10~ Wb ;A =10cm’ = 107 m’; B=8 x 1077107 = 0.8 Wh/m®
Air gap l.'nl_l:lw
H = By, = 0.8/4n x 107 = 6366 x 10° AT/m E
Total air-gap length = 2 x 0.2 = 0.4 mm
= 4x10”m 0.2 mm 21 Cms Eifm
o AT required=H x1=6366x 10°x4x 10" =255 ~f B &
Cast Steel Path (Fig. 6.34)
H = Bly, p = 08M4x % 107 x 800 = 796 AT/m = o
path=n D2 =21 w2=33cm=033m Cast Steel
AT required = H x| = 796 x 0.33 = 263 Fig. 6.34

Cast Iron Path
H=08mx 107 x 166 = 3,835 AT/m ; path=033 m
AT required = 3,835 = 0,33 = 1265
Total AT required = 255+ 263 + 1265 = 1783,
Example 6.15. A mild sieel ring of 30 cm mean circumference has a cross-sectional area of
6 cm and Ay a winding of 300 twms on it The ring i cid theowgh ar a point se ax o provide a
etir-gap of [ i in the magnetic coreait. 1t ix found that a carrent af 4 A in the winding, produces a
flux dengity of 1T in the gir-gap, Find {i] the relative permeability of the mild sreel and (if) irduc-
wnce of the winding. (F.E. Engp. Pune Univ. Nov. 1988)
Solution. (a} Steel ring
H
m.m.f.

ii

Blyg u, = 1/a1 % 1077 %y, AT/m = 0.7957 x 107/, AT/m
Hx[=(0.7957 = 107/ ) % 29.9 % 107" = 0.2379 x 10%y, AT

i

k) Air-gap

H = Bly, = 1i4n x 107'= 0.7957 x 10° AT/m
mmf regd = Hx/=07957 x 10°x(1 %107} =7957 AT
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Total mm.f. = (0.2379 x 10°%,) + 795.7

Total mm.f. available = N =500 x4 = 2000 AT

(M - 2000 = (0.2379 x 10%,) + 795.7 .~ = 1975
N® _ NBA _ S00x1x6x10™

! ] 4

Example 6.16. An wron ring has a X-section af 3 em’ and a mean diameter af 25 e An air-gap
af (b4 mm has been cur across the section of the ring. The ring ix wound with a coil of 200 rns
through wiech a curremt of 2 A is passed. If the total magnenic flux is 0.24 mWh, find the relative
permeadity of iron, assuming ne magnetic leakage (Elect. Engg. &.M.AE.%E.. June 1992)

Solution. ® =0.24 mWb; A =3 em’ =3 x 107 m";

B=®/A=024x%10"73 %107 = 0.8 Wh/m’

AT for iron ring = H % | = (Bfp,p ) x [ = (0.8M4n 107 x p)x025=159x% lﬂ_i.fj.lr

Al for air-gap = H x [ = (Bip) x [ = (0.8/4m % 1077) x 0.4 % 107 = 255

Total AT reqd. = (1.59 % 107y} + 255 ; total AT provided = 200 x 2 = 400

(159 101} + 255 =400 or p, = 1096.

Exampie 6.17. A recrangular iron care ix shown in Fig, 6.35.

{ii) Inductance of the winding =

=0075 H

It has a mean length af magnetic path of 100 cm, cross-section of F——— -I—[—--— 4
12 cm % 2 em), relative permeability of 1400 and an air-gap of | | a GAF Pfs
5 mm cut in the core. The three coils carried by the core have 1$ .%._'
number of turns N = 335, Ny = 600 and N_ = 600 ; and the respec- 4 5 1
tive currents are LA 4 A and 3 A, The directions of the currents { 1
are as shewn. Find the flux in the air-gap, L___++,l'_ — =y
(F.Y. Engg. Pune Univ. Nov, 1987) -
Solution. By applying the Right-Hand Thump rule. it is found Fig. 6.35

that fluxes produced by the current [ and [, are directed in the
clockwise direction through the iron core whereas that produced by current /, is directed i the
anticlockwise direction through the core,

ot mm b =N I +N [, —N1 =335x16+600x4-600=3=1136 AT

A
Reluctance of the nir-gap= —— = — %10 _ 9946 x 10* AT/WD
HoA  4rx107 x4x10
I 100 (0.5) 10~

Reluctance of the iron path= = ' = g —— — = 1414 x 10° AT/Wb
Hol, A 4 )07 x1400x 4 %10

Total reluctance = (9.946 + 1.414) x 10" = 11,36 x 10° AT/Wb
The flux n the air-gap 15 the same as in the iron core.

Air-gap flux = — 2L __ 1136 _ 104 107 Wb = 100 uWh
&P reluctance 1,36 = 10° ’

Exumple 618, A series magnelic circuit comprises of three sections (1) lrn{lh of 80 mmi wiith
cross-sectional area 60 mu”, () length of 70 mun with cross-sectional area 80 mm™ and (1) and air-
gap of length 0.5 mm with cross-sectional area of 60 mm™, Sections (i) and (ii) are i a material
having magnetic characteristics given by the following table

H (ATim) 100 210 A40 300 Lo 1500

8 (Tesla) 2 4 0.4 .8 1.0 1.2

Dhetermiine the cirrent necessary wn a coil of HXX trns wound on section (1f) o produce a fli
dinsity of 0.7 fexta in the wr-gap. Neglect magnetic leakagpe (F.E. Pune Univ. May 1990}
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Selution. Section (11 It has the same cross-sectional area as the air-gap. Hence, it has the same
flux density i.e. 0.7 Telza as in the air-gap. The value of the magnetising force M cormesponding to

this flux density of 0.7 T as read from the B-H plot is 415 AT/m.
m.m.f, reqd = H x [ =415 x (80 x 107") = 332 AT

Section (1) Since its cross-sectional area 15 different from that of the air-gap, its flux density
would also be different even though, being a series circuit, its flux would be the same.

Air-gap flux = Bx L = 0% (60 x 10™%) = 42 x 107" Wb

Flux density in this section =42 » 107°/80 » 10°=0525T

The corresponding valve of the H from the given garph is 285 AT/m
m.m.f. reqd, for this section = 285 x (70 x 107) = 19.95 AT.
Alir-gap

H = Bijly=0.714n 107" = 0,557 x 10° AT/m

= mamf, reqd. = 0,557 x 107 x (0.5 % 107") = 278.5 AT

Total mm.f. reqd. = 33,2+ 19.95 + 278.5 = 331.6

s NI=331.6 or [ =331.6/4000 = 0.083 A

Exomple 6.1%, A meignetie circir

maiutele oof metdel seeed 16 are T el s AT F

fet Fig. 6. 36 The cemtrzd limb 3 wennmd i e - ——— H‘"I.
Wl 3000 perms e Dees @ ¢ resyesectionald |I i L] i
area of SN Eacl of the oures | '—FI mm |

IIIHL!:'H Meew vt « Tooss- e fleild arco oif u17l] E
mpa” | e air-pop hoy o fengri of 1 mm, E
Culowlate the curremt riguired @0 et up =
a flux ol 1.5 mWh ine the central finh 2y
dyseEing o magmenic feakaee and |

fringing. Mild steel required SR ATY
it pvesitiece flwx densine of 1625 T il ?DE

30H mm

SO AT m o povesghonce iy densite of 1.3

{F.Y. Engg. Pune Univ. May 1987) E
Solution. Flux in the central limb

is=13mWh=13x10" Wh
Cross section A
o B

Fig. 6.36

800 mm’ =800 x 10 m’

DA = 13 % 107 /800 % 107
1625T

Corresponding value of H for this flux density is given as 3800 AT/m,

Since the length of the central limb is 120 mou mom 0. required is = Hox (= 3800 > (1) x 1
= 456 AT/m.

Air-gap

Flux density in the air-gap is the same as that in the central limb.

H = Biu, = 1.625/4m x 107 = 0.1293 x 10~ AT/m

Length of the air-gap = | mm = 10" m

m.m.{ reqd. for the air-gap = H x 1 = 0.1293 x 10" x 107 = 1293 AT.

The flux of the central limb divides equally at point A in figure along the two parallel path
ASCH and AFED. We may consider either path, say ABCD and calculae the mum. i, required for i

The sume momf. will also send the flux through the other parallel path AFED,
Flux through ABCD = 1.3 x 10772 = 0.65 = 107" Wb
Flux density B = 0.65 % 107/500 % 107" = 1.3 T
The corresponding value of H for this value of 8 is given at 850 AT/m,
o mumf teqd for path ABCD = H x [ = 850 % (300 x 1071 =255 AT

Aj said above, the this, mom.f, will also send the flux in the parallel path AFED,

Toig) mm.f, reqd. = 456 + 1293 + 255 = 2004 AT
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Since the number of turns is 500, [ = 2004/500 =44

Example 6.20. A cosy sreel oo elecrromeaener slown ue Fig. 637 s o ool of JEORKE ey om s
eerrbral fmb. Deterinie the cirrent thae the coil showld ceariv to predicee @ T of 2.5 meWh in the

fbtr-gap. Neelect leakape. Thmestony wde gived in cm | The sy sedicablon curve for oid steed Lo o
[T
Flay demsity § Wihvim™ | $2 3 7 1 l.2
Mioy-tarmsimetre 1 5410 650 i) 1150

(Electrmtechnics-1, ; MLS. Univ. Baroda 1988)
Solution. Two points should be noted
{f) there are two (equal) paralle] pal]a.sAC‘DE

and AGE across the central path AE. lf“f‘ —— L.
(¢f) flux density in either parallle path is half | | FI T

of that in the central path because Mux divides én o H

o two equal parts at ponint A. I ] ¢ a|l <l
Total mm.{, required for the whole electro- i 5K it

magne! is equal to the sum of the following three b
m.m.fs.
(0} that required for path EF Fig. 6.37
(i} that requried for air-gap
(1if) that required for either of the two parallel paths ; say, path ACDE,
Flux density in the central limb and air gap is
= 2.5x 1077 (5 x 5) x 107" = | Wh/m’
Corresponding value of H as found from the given data is 900 AT/m.
o AT for central limb 900 = 0.3 =270
H in air-gap Biy, = 11'41: x 107 = 79.56 x 10° AT!m
AT required 79.56 10" % 107 = 795.6
Flux density in path ACDE is 0.5 Wb/m" for which corresponding value of H s 540 AT/m.
AT required for path ACDE = 540 = (0.6 = 324
Total AT required = 270 + 7956 + 324 = 1390 :Current required = 1390/1000 = 1,39 A
Example 6.21. A vasr stee] magnetn steactire made fora bar of section 8 om x 2 vm is shewn
i Fig. 635, Determine the corrent W the S0 turn-raigaetising cond om the left Heth shoudd carm
et that it e of 2 mWh iy produced mothe riehe Bmbe Take 1 = 600 and neglect leakage
(Elect, Technology Allahabad Univ, 1993)

Solution. Since path € and D are in parallel with each other w.r.t. path E (Fig. 6.38), the m.m.f.
ucross the two 1s the same.

——25em—— — 15em ——=
@5 = ®,5, | ¥r =11
’ @xl—s--Z‘xz-j- c‘-i-. 1151, & I
' A HA b 1* -:m.l l I
@, = 103 mWb T | |
D = P +D,= 16/ mWb i _,l’i ______ i
Total AT required for the whole circuit is equal to the
sum of Fig. 638
() that required for path E and (if) that required for either of the two paths C or D.
-3
Flax: detity i path £ o0 0

Ix4x10” 3
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40%0.25

ATregd. = =4.420
Ixdnx 107 %600
2x107°
Flux density i D-a =5 Wh/m®
% deiy, I purh axio™
5
AT reqd. = - . —x025=1658
4nx 107" x 600
Total AT = 4,420 + 1,658 = 6,078 ;

Current needed = 6078/500 = 12,16 A
Example 6.22, A ring of cast steel has an external diameter af 24 cm and a sguare cross-section

of 3 cm side.  Inside and cross the ring, an ordinary steel bar 18 cn % 3 cm % 0.4 om s fined with
negligible gap. Calculating the number of ampere-tms required to be applied to one half of the
ring to produce a flux densiry of 1.0 weber per metre” in the other half, Neglect leakge. The B-H
characteristics are as below :

For Cast Steel For Ordinary Plate
8 in Whim™ 1.0 i 1.2 B in Whim® ] {4 145
Amp-turnim G 1020 1226 Amp-turnim 590 1264 | 1650

{Elect. Technology, Indore Univ. 1985)
Selution. The magnetic circuit is shown in Fig. 6.39,
The m.m.f. (or AT} produced on the half A acts scross the parallel magnetic circuit C and D.

First, total AT across C is calculated and since these amp-

lums are also applied across D, the flux density B in P can
be estimated. Next, flux density in A is calculated und there-
fore, the AT required for this flux density, [n fact, the total
AT (or mm.f.) required is the sum of that required for A
and that of either for the two parallel paths C or D,

Value of flux density in C = 1.0 Wh/m®
Mean dizmeter of the ring = (24 + 182 =21 cm
Mean circumference = 1% 2] = 66 cm
Lengthof path Aor C =66 =33 ecm=033Im Fig. 6.39
Value of AT/m for a fiux density of 1.0
Wh/m' as seen from the given B.H characteristics = 900 AT/m .
Total AT for path C = 900 x 0.33 = 297. The same ATs. are applied across path £,
Length of path D= 18 cm=0.18m . AT/m for path D = 297/118 = 1650
Value of B corresponding to this AT/m from given wble s = 1 .45 Wh/m’
Flux through C=BxA=1.0x9x 10" =9 10~ Wb
Flux through D' = 1.45 x (3% 04 % 10 *} = 1.74 % 107" Wb
Total flux through A =9 107" + 1. 74 % 107 = 10.74 x 10~ Wh.
Flux density through 4 = 10.74 % 10779 x 107 = 1.193 Wh/im®
No. of AT/m reqd. to produce this flux density as read from the given table = 1200 {approx. )
5. Amp-turns required for limb A4 = 1200 x 033 = 396
Total AT reguired = 39 + 297 = 693
Example 6.23. Show how the ampere-turns per pole reguired to produce a given flux in d.c

penerator are caleulated
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Find the amp-turny per pole regiived to produce a flux of 40 mWh per pole in a machine with a
smaniith core armeature and foving the following dimensims
Length of air pap = 5 mm Area of air-gap = 500 o
Length af pole = 12 em Sectional area of pole core = 125 em
Relarive permeability of pole core = | 500
Length of magnetic path in voke betwen pole = 65 cm
Cross-sectional area of yoke = 50 em’ : Relative permeability of yoke = 1,200
Leakage coefficienr = 1.2
The ampere-turns for the armature core nuy be neglected.
Solution. Air-gap®=40mWb=4x 107 Wb:A=500x 10~ =5x 10" m’
5 B=4x1075% 107 =0.8 Whim® ; H = Bl = 0.8/4x x 107" = 63.63 x 107 AT/m
Air-gap length = 5 x lﬂ‘!m:ATrqd_zﬁﬂx 10° x5 % 107 = 3181.5
Pole Core
12x4x107=48x 10" Wb; A=325x10"m’
4.8 1077325 x 107" = 1.477 Wivm’
Blug 1, = 147741 x 107 x 1,500 = 783 AT/m
D12m:ATregd =783 x0.12=94

¢
B
H

Pole length

it

Yoke Path
flux = half the pole flux = 0.5 x4 x 107" =2 x 107" Wh
A = 450cm’ =45 107 m’  B=2x 10 /45 x 107 = 4/9 Wivm™
H=—39  _2945 AT/m Yoke length = 0.65 m
arx 10 = 1200
At reqd 294 5 x 0.65, Total AT/pole = 3181.5 + 94 + 191.4 = 3,467
Example 6.24. A shunt field coil s required to develop 1,500 AT with an applied voltage of
&0 V. The rectangulor coil is having o mean length of wum of 50 cm.  Calculate the wire size.
Resistivity of copper may be assumed fo be \Ll-cm at the operating temperature of the coil  Esii-
mate also the number of urny if the coil is o be worked at a current density of 3 Admm’™
{Basis Elect. Machines Nagpur Univ. 1992)

Solution. NI = um{gimmﬁ,%:m%ﬂ.sm
N | _2x10°" x50 N
R = —ﬁnhm AlsoR = P'I=_.___A_
N 4
35 = I“A" arA=25x10"cm’ or A = 0.25 mm’
2
s T = m ND=H-§HM
Currentinthecoil = 3Ix025=075A
Now, NI = 1,500 s N= L5D0/0.75 = 2,000

Exasmple 625 A wooden ring has a circular cross-section of 300 sg. mm and a mean diameter
vr the ring s 200 mon. [1 i5 unifermly wound with 800 rurms.

Calcuwlare
(i} the field vrengrh produced in the coil by a current of 2 omperes “{assume = 1)
{6} the magnetic flux denwity produced by this curvent aned
fif) the current reguired to produce a fluy density of 0.02 wi/m”_
[Nagpur University (Summer 2000)]
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Solution, The question assumes that the Mux-path is through the ring, as shown by the dashed
line. in figure, at the mean diameter, in Fig, 6.40,

ular ring
wthur. smuun

of 3 mm

the ring = 200 mm

Fig. 640

With a current of 2 amp.
Coil mm.f. = 800 = 2 1600 AT

Mean length of path = xx 0.2

= 0628 m
] H = éﬁ. = 2548 amp-lums/meter
(if) B = p,p, H=dnx 107 %1 x 2548

3200 107" Whim'

This Flux densiry is produced by a coil current of 2-amp

i#if) For producing a flux of 0.02 Whim". the coil current required is

a
2% Soga = 125 unp

E'nl_'mple 620, A smorgretne core in the form of o ofoxed cireular ring hos o mean fererh of 300om
anid & crpsg=peeniongl grea of | em”, The refutive prermestndity of tron oz 28000 Whar divect-current
will by needed i the cofl of 20000 momo uniforsmiv waoing around vhe mmg ooceegee a flas of (020
il Wi i scirnr * Al air-eap of T iy Cor thiosgh the core porpendicialr (o the alineerion of it
Jhax, what civerend will now bie meeded i moomn the same flux in the air zap

MNugpur Lniversity Nov W)

Sufaiion. .
k! 3
Reluctance of vore = 1 _LE_ f—.- " KRS |i]"

Holl, @ 10m= 107" = 2400 =10

30107 N .
T — - — = ;)
T 20001 ) M s
0 = 02x 10" Wh
MMF required = ¢ x Rel

= 0.2% 107 % 995223 = 199 amp-tunrs
Direct current required through the 2000 um coil

_ 99
= 5000 00995 amp

Reluctance of | mm air gap
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-1 B
1 L= 00 10 .
= i =— =T961783 MKS units
dn=107 1=x10™  4m

Addition of two reluctances

= G95223 + 7Yal7E3 = 8957006 MKS units
MMF required 1o establish the given flux

= 0.2 10" % 8957006 = 1791 amp turns
Current required through the coil ’

1791

2000

Sote :Due 10 the high permeability of won, which is given here as 2400, | mm of air-gap length 15
equivaleni magnetically @ 2400 mm of length through the core, for comparison of mmf reguired.

Example 6.27. An jron-ring of mean fength 30 om0 madde wp of 3 pieces of cas-iron,  Euil

= 0.8955 amp

prece fras the saere fenetf bl their respeciive digistors gre 3, 2 and 2.5 ome An e et e feniuth
(.3 mn iy cnd i the 2.5 - vne Pivce. IV a cedl of 1000 tierny {.'- worsertel ey the ring. fimad the value of th
carrent iy fo corey fe prisfuce o flue desvite of 0.8 Wi i e alr gap. B-H ewrve data of vasr-
drvan Bx @s feillewy |

B (Whiir) £, 16 (20 i, 40 0,40 fl 501 i) i

H IATHAn : &0 BRI G0 fa0n 2k 2Riu)

Ferieatliliey of frve spewe = 42 1 1 g

Newferr Leakige and fringing effects [Nagpur University, November 199§|

Sulutivn. From the data given, plot the B-H curve for cast-iron

The mugnetic circuit has four parts connected in series

Part 1. Air-gap 0.5 mm length, 8 = 0.5 wh/in®, and

Permeability of free sapee is known

f, = Bliil,=05 x ID?J'HII} = 398 100
AT for gap = (0.5 % 107) x H =199

Part 2, 2.5 cm diameter, 10 - cm long, cast-iron ring portion & and M are 1o be related with the
help of given data. In this, out of 10 cms. (L5 min air-gap is cut, and this portion of ring will have
cast-iron length of 99.5 num

For B = 03 whim®, H,=2000 AT/m

-

AT, = 2000 %995 x 107 = 199

1]
Wi 31 L4

2.3

L 1 | ] i ]
(060 Hiih M0
H ——el AT}

Fig. 6.41
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Part 3. 3 - cm diameter, 10 - cm Jong, cast-iron ring-portion,
Here B = 0.50 x (2.5/3)" = 0.347 Wh/m’
For this B, H is read from B-H curve.
Hy= 1183 AT/m
AT,= 1183 x 10x 107 = 118.3
Part 4. 4 cm. Diameter, 10 cm long, cast-iron ring portion.
Here, B = 0,50 x (2.5 x 4)* x 0.195 Wh/m®
From, B-H curve, corresponding H 15 661
AT, =661 x 10% 107 = 66 AT
Since all these four parts in series, the total m.m.f. required is obtained by adding the above terms.
AT =199 + 199 + 118 + 66 = 582
Coil Current = 582/1000 = 0.582 amp
Additional observations.
(a) The 2.5-cm diameter portion of the ring has A = 2000 for B = 0.5 Wi/m®. From this, the
relative permeability of cast-iron can be foud out.
By B, = 0.5/2000, giving p, = 199
An air-gap of 0.5 mm is equivalent of 99.5 mm of cast-iron length. Hence, the two m.m.fs. are
equal to 199 each.
(b) The common flux for this circuit is obtained from flux-density and the concerned area.
Hence 0 = 0.5x% (1/4) x (2.5 x 1072 =0.02453 x 107
= 0.2453 mWh
Reluctance of total magnetic circuit
= mm.f/flux = 582/(2.453 x 107
= 2372650 MKS units
Example 6.28. A steel-ring of 23 cm mean diameter and of circular section 3 em in digmeler
has a air-gap of 1.5 mm length, 1 is wound uniformly with 700 turns of wire carrving o current of
2 amp, Calculate : (i) Magneto motive force (i) Flix density { i) Manetic flux (iv) Relative perme-
ahilirv. Neglect magnetic leakape and assume that iron path takes 35 % of total megneto motive
ferrce. [Nagpur University, April 1996]
Solution. From the given data, length of mean path in the ring (= L,)) is to be calculated. Fora
mean diameter of 25 cm, with 1.5 mm of air-gap length,
L =(rx025)-(1.5%107)=07835m
Cross-sectional area of a 3 cm diameter ring = 7.065 x 107" sq.m.
Total m.m.f. due to coil = 700 x 2 = 1400 amp-tums
Since iron-path takes 355 of the total mmf, it is 490.
Remaining mmf of 910 is consumed by the air-gap.
Corresponding H for air-gap = 910/(1.5 x 10°) = 606666 amp-turns/m.
If Flux density is B,, we have
B, = jig H, =4 107 x 606666 = 0,762 Wb/m’
Iron-ring and air-gap are in series hence their flux is same. Since the two have some cross-

sectional area, the flux density is also same. The ring has a mean length of 0.7835 m and needs an
mmf of 490. For the ring.

H = 490/0.7845 = 625.4 amp-tums / m
oM, = BIH=0.7526254=1218x 10"
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B,o= (1218x 107) /(4 xx 107) =970
Flux = Flux density » Cross-secuonal area = 0.762 x 7.065 x 10~ = 0.538 milli-webers
Check. p, of 970 means that 1.5 mm of air-gap length is equivalent to (1.5 x 107~ x 970) =
1,455 m of length through iron as a medium. With this equivalent
mmf of ring _ 0.785 —0.35

mmf for (ring + air-gap) 0.785 + 1.455

which means that 35 % of total mmf is required for the ring
Example 6.29. [a) Determine the amp-turns reguired to produce a flux of 0.38 mWhb in an iron-

ring of mean diameter 58 om and cross-sectional area of 3 sg. cm. Use the following daia for the
ring .

B Whini® 0.5 1.0 1.2 1.4

I, 2300 2000 15040 1000

(k) Ifa saw-cut af Tmm width ix made in the ring, calculate the flux density in the ning. with the
mmf remaining same as in (a) above. [Nagpur University, Nov. 1996]

Solotion. Plot the B- p_curve as in Fig. 6.42
(@) Cross-sectional area =3 s5g. cm=3 x 107 5. M.
Flux = 38 mWhb = 0.38 x 10~ Wh
Flux density, B = flux/area = (0.38 % 1073 x 107 = 1.267 Wh/m’

—1 2500
-—rm —

— lm ——

0.0 05 L0 12 14
T

B *  Whim
Fig. 6.42
Looking into the table relating B and i, interpolation is required for evaluating p, for B = 1.267
Whim”. After 1.2 Wh/m’, W, decreases by 500 for a nise of 0.2 in B, Interpolation results mto :

W, = 1500— %ﬂ;;n"xm-mz

For mean diameter of path in the ring as (.58 m, the length of the magnetic path in the ring 1=

{, = px058=18212m
Since B =y H
H = 12674 107 x 1332) = 757
Hence, the required mm.f. is
757 % 1.8212 = 1378 smp-tums

(k) If a saw-cut of | mm is cul in the ring, B is to be calculated with a mm.{_ of 1378, Now the
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magnetic circuit has two components in series : the ring with its B-y, curve in Fig. 6.42 and the air-
gap. Since 8 is not known, g, cannot be accurately known rght in the initial steps. The procedure
to solve the case should be as follows :

Let 8 the flux density as a result of 1378 amp-tums due 1o the coil.

For adr-gap. H, = B /{4mx 1077y = 0.796 % 10° AT/m

AT. = H xJ' =0.796 % 10% % 1 = 107 :nB -?%B

Due 1o the sir-gap, the flux-density is :xpecmd to be between (0.5 and | Wbu"m becuu_u: in (a)
above, u_(for B = | 267 Wh/m') is 1332, One mm air-gap is equivalent o 1332 mm of path added
in iron-mediom. This proportional increase in the reloctance r.rf the magnetic circuit indicates that
flux density should fall to a value in between 0.5 and | Whim®,

Fuor Iron-ring,  'With fAus density expected o be s mentioned shove, interpolation formula for
W, can be written s ;

b, 2500 — 500 [{B‘, = 0500/ 0.50] = 3000 — 1000 B‘
H, = B,/ (g ,) =B,/ (g (3000 — 1000 8)]
Total mm.f. = AT, + AT, = 1378, as previously calculated
18212x B,
g (3000 — 1000 B_)

This is a quadratic equation in 8 and the solution, which gives 8_in between 0.5 & 1.0 Whim®
is acceptable.

Hence, 1378

+ To6 Bl

This results into B, = 0.925 Whim’
Cormresponding B, = 3000 - 1000 x 0.925 = 2075
Example 6.30. An iroh-ring of wmean dicmeter (9.0 e and hoving a cress-seotional area of 4

xgg. cm ix reguered o produce a flux of .44 mWh, Find the coil-mmf reguired.

I er setve-cotbd | oemet vdele (8 meatelee i the pimg, Deow miiy extie aaip-Terns are régpieiredd fee arifatanin
ther suemye fly 7

- L cierisd taoad firlleiaa

B |'”-.‘-'-'h'|'14 s . ’.2 4

Tl 24Kl 2iHH) {6k} 10
[Nagpur University, April 1995

Solution. For a mean-diameter of 19.1 cm, Length of mean path. |_ == 0.191=06m

Cross-sectional area = 4 sqem =4 = 107 m?

Flux, § = D.44 mWh = 0.44 x 107" Wh

Flux density, B = 0.44 x 1074 x 107 = 1.1 Wb/m’ '
For this flux density, 4= 1804, by simple interpolation.

H =Bl u) = 1.1 x 10"/(4x x 1800) = 486.5 amp-turns/m.

m.m.{ required = B % [ =486.5 x 0.60 = 292
A saw-cut of | mm, will need extra mmf.

H =Bju, = 1.1x 10/ 4m) = §75796

AT, =H %1 =875796 % 1.0 x 107 = 876
Thus, additional mmf required due 1o air-gap =
Exsmple 3], ¢

o

876 amp-turns

A ARO-piiret vl @5 s o the centrad limd of a coxt Steel frame oy shown in
A4 tekd sty cell dievewes tomis ton vemess A deetad Ty of 1O mWh s reguired in the aiv-gap, Find thi
{ in the ragnenzing cofl. Asvome warform flux dixiribudon and no leagkage.  Dita for B-H
v o st steel i stiham |Nagpur University, Novemeber 1997|
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Fig. .43 i) Fig. 6.43 ir)
Salution, & = 1.6 mWb through air-gap and central limb
@2 = (.8 mWh through yokes
Corresponding flux densities are :
B =B = L6mWbi(16x 107" = LO Whim® °
B, = 0.8 m Wh/(16 x 10™) = 0.50 Wh/m’
MMF-Calculations :
(a) For Air gap : For B, of | Wh/m’, H, = 1.0/,
AT, = H":q | = (14 x 107)] x (0.1 % 107%)

796 amp wms
l[bJ For Central limb : AT, = H_x[.=900x0.24 =216
For 8, = 1.00, H_ from data = 900 AT/m
Thl:yukcamwuma::ﬂux-dmmty of 0.50 Wh/m®. From the given data and the corre-
sponding plot, interpolation can be done for accuracy.
H, = 500+ [(0.5 - 0.45)(0.775 — 0.45)] x 200

= 530 AT/m
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F, = 530 x0.68 = 360
Total mmf required = 796 + 216 + 360 = 1372
Hence, coil-current = [372/680 = 2.018 A
Example 6.32. For the magnetic circuit sheswn in fig. 6.44 the flux in the right limb is 0.24 mWb

and the number of tirrts wound on the central-limb iy 1000, Caleudate (i) flux in the central limd (10}
the current reguired,

The magnetization curve for the core is given as below : ;

H (AT¢m) : 2on 400 500 o0 SN Tieo 1400

B (Nbvm,) 4 0.8 1.0 I1 1.2 L3 l.4
Neglect Leakage and fringing. [Rajiv Gandhi Technical University, Bhopal, Summer 2001]

fe—— 10em —ple—10em —.l

g -—

2
cm

core thickness = 3 em
Fig. 6.44

Solution. Area of cross-section in side-limbs = 2 x 3 = 6 sq.cm

Area of cross-sectionin core = 3 X 4 = 12 sq.om

Flux in side Limbs = 0.24 mWb

Flux density in side Limbs = (0.24 x 107)/(6 x 107) = 0.4 Wh/im’

Since the coil is wound on the central limb and the magnetic circuit is symmetrical, the flux m
the central limb = 0.48 mWh. Flux density in the central limb = (0,48 x 107012 % 107%) = 0.4 Whim®

For the flux densityof 0.40 Wh/m®, H = 200 AT/m '

Central Limb has a path lengthof 15 cm.

Other part carrying 0.24 mWhb has a total path length of 35 cm.

Total mmf required = (200 x 0.15) + (200 =% 0.35) = 100 AT

Hence, coil current = 100/1000 = (1.1 Amp.

Example 6.33. A ring composed of three sections. The crass-sectional areq is (.00] m’ Sor
euch vection. The mean are lengtharel, = 0.3 m, 1, = 0.2 m {_= 0.1 m. Anair-gap length of 0.1 mm
ix cut in the ring. Mr for sections a, b, ¢ are 3000, 1000, and 10,000 respectively. Flux in the air gap
5 7.5 % 107 Wh, Find (i) mmf (i) exciting current if the coil has 100 turns, (i) reluctances of the
FECTIONS, [Nagpur University April 199%9]

Solution. Area = 0.00] sqm

[,=03m, /, = 02m L,=01m, {,=01x10"m
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B, = 5000, g, = 1000, p_= 10,000 p =4xx 107
$ = 75%107" Wb
{iii) Calculations of Reluctances of four parts of the magnetic circuit :
i - 1 0ax10” 1000
(a) Reluctance of air gap, R,, "Fx 0001 ™ T %0.00] =To618
(k) Reluctance of section ‘a’ of ring
. 1 0.3 10" x 0.3 — 47770

@ = L 0001  4rx47770 x 5000 X 0.001
{c) Reluctance of senction ‘5" of the ring

7
1,02 _ 10 « 0.10

= R = L, 0,001 " axx1000 < 0001 = 92
{d) Reluctance of section ‘¢’ of the ning
sk = L0010 010 oo

(D

(i)

pu,_ 0001 4xx1000 0.001
R, +R,+R,+R, =294585
Flux % Reluctance

7.5 x 107" x 294585 = 221 amp-tumns
Current required = 221/100 = 2.21 amp

Total Reluctance
Total mmf required

]

Tutorial Problems No. 62

An iron specimen in the form of a closed ring has a 350-tum magnetiring winding through which is
pwndzaﬂm“!fliﬁ.. The mean length of the magnetic path is 75 cm and its cross-sectional area is
1.5 cm™. Wound closely over the specimen is a secondary winding of 50 wms, This is connected o
a ballistic glavanometer in series with the secondary coil of 9-mH mutual inductance and a limiting
resisior. When the magnetising current is suddenly reversed, the galvanometer deflection is equal to
that produced by the reversal of a curment of 1.2 A in the primary coil of the mutual inductance.
Calculate the 8 and H values for the iron under these conditions, deriving any formula used.
[L.44 Whim® ; 1865 AT/im] ( London Univ.)
A moving-coil ballistic galvanometer of 150 £ gives a throw of 75 divisions when the Mux through a
search coil, 1o which it is connected, is reversed.
Fi:ndlh:ﬂuxdmmummﬂuhlhnmmdnfﬂumumm;immwgﬂmm
stant is llﬂﬁmﬂﬁ%ﬂ&ﬂﬂmﬂﬂlﬂ“ﬂ.lmmd!ﬂm and a
resistance of 202 [0.1 Wh'm'] (Elect. Mens. & Mewsuring Inst. Gujurat Unive. Oct 1979)
A fluxmeter is connected 1o a search coil having 500 turns and mean area of 5 cm’. The search coil is
placed at the centre of a solenoid one metre long wound with B00 wms. When a curment of 5 A is
reversed, there is a deflection of 25 scale divisions on the flunmeler. Calculale the Mux-meter con-
siant. (107 Wheturn/division] (Floct. Means. & Measuring Insi., M.S. Univ. Baroda, 1977)
An iron ring of mean length 30 ems has an air gap of | mm and 8 winding of 200 twms. Il the
permeability of iron is 300 when a current of 1 A flows through the coil, find the Nux density.
[94.2 mWhim"| (Elect. Enge. ANLAcS.L June 1959
An iron ring of mean length 100 cm with an air gap of 2 mm has a winding of 500 ums. The relative
permeability of jron is 600, mamgunﬂwiﬂmm.mmmmu.
MNeglect fringing. [0.523 Whim”™] (Elerl. Engp. & Electronic Bangalore Univ, 1495940)
Amlumndmfnmtymthimnmmmamlmgﬂulmwmm having & mean
circumference of 40 mm and cross-sectional area of 50 mm”. 1T a current of 25 amps is passed
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through the coil, find 1) mumcd (i relutunce of the ning and () Tlux.
L1 7500 AT o L7 = 10° ATAWD (il BT mWis] i Elect. Engg. & Elcctronics Bamgalore Uniy.
I953)
A specimen nng of transformer stampings has 8 mean circumference of 40 cm and is wound with o
coil of 1000 wrms. Whmﬁm:mmnmltnnughﬂxcmlm[llih, I Aand 4 A the flux densities in
the stampings are 1.08, 1.36 and 1.64 Whim’ respectively, Calcualte the relative permeability for
each curment and explain the differences in the values obtamed. AR mEYRETY

. A magnets circuit consists of an tron nng of mean circumference 80 cm with cross-sectional area |2

em’ throughout A current of 2A in the magnetising coil of 200 wems produces & wtal fluxs of 1.2
mWh mn the won. Caleulate -

) the flux density in the iron ih) the absolute and relastive permieabilities of ron

{ri the reluctonce of the ciruii 1! Wi~ (LD 1,590 ¢ 333 % W ATW h]

- hu‘dlwl'ﬁ(ﬂlmmuldmmmmnmumum!umfmm]ycnanlmnrmgulmmunrtumfmmrm

em and cross-sectional arca 4 cm’, 1 is connected to a 24-V d.c. supply. Under these conditions, the
relative permeability of iron is 800, Calovalte the values of -
{a) the magnetomotve force of the coil ih) the magnetizing force
Ir}h the todal Mus in the ieon (] the reluclance ol the ring

[tars 6000 AT by D200 A Ting dc ) 0483 smWh ooy 1.24 = 10" A T/Wh)
A series magnetc circuit has an mon path of length 50 cm and an air-gap of length 1 mm. The cross-
sectuional area of the iron is 6 cm® and the exciting coml has 400 tums. Determine the current reguired
o produce & Mux of 0.9 mWh in the aarcwit. The following poings are taken from the magnetsation
charncteristic -
Flux density (Wh/m®) : 1.2 1.35 1.45 1.55
Magnetzng force (ATm) S0 1.000 2,000 4,500 [h35 A

- Anirom-ring of mean length 30 cm is made of three picces of cast ron, each lus the same Jength bal

ther respective diameters are 4, 3 and 2.5 crm. An adr-gap of length 0.5 mm is cul In the 25 cm piece

IF a coil of 1.000 turns 15 wound on the ring. find the value of the current it has 1o carry w produce o
fux density of 0.5 Wh/m® in the air gap. B/H chamacteristic of cast-iron may be drawn from the
following -

BiWhim'y: 01 0.2 0.3 0.4 0.5 0.6

i AT/m} : 280 620 990 1,400 2,000 2.B00K0 |58 A
Permeability of free space = 4m % 10 Him. Meglect leakage and fringing.

- The length of the magnetic circuit of a relay is 25 om and the cross-sectional area is 625 e The

length of the mir-gap m the operuted posinon of the relay 18 0.2 mm. Calculate the magnetomaotive
force required w produce o Mux of 1.25 mWb in the air gap. The relative permeability of magnetic
material at this flux density is 2000 Calculate also the reluctance of the magnetic circuit when the
relay is in the unoperated position, thcmrglpth:uhumgﬂmmlﬂug(nssum W, Mimains constant).
(2307 AT, L1 x 107 AT/Wh|

shownin Fig 645, all dimen-
sioms are m cm and all the aor-
gaps are 0.5 mm wide. Nel
thickness of the core is 3.75
cm threighout, The ms are
mrranged on the cenire lunh """I,""']::[
s shown | H

Calcuable the mom.l required 38 J

o produce u NMux of 1.7 mWh

in the centre limh  Neglect Fig. 6.45 Fig. 6.6
the l=ukige i mnpng. The

ragnetisation doth for the material is as follows

LX)




Magnetism and Electromagnefism ry ki

H (AT/m) 400 440 500 60 B
B(Wwm'y: 08 0.9 1.0 1.1 1.2 [1,052 AT)

14. In the magnetic circuit shown in Fig. 6.46 a coil of 500 turns is wound on the centre limb. The
magnete paths A w 8 by way. of the puter limbs have a mean length of 100 cm each and an effective
cross-sectional area of 2.5 cm’. The centre limb is 25 cm long and Sem” cross-sectional area. The air-
gap is 0.8 cm long. A current of 9.2 A through the coil is found to produce a fux of (L3 mWh.

15, The magnetic circuit of & choke is shown in Fig. 647, Tt is designed so thar the flux in the central core
s 0,002 Wh, The cross-section i square and o coil of 300 tams is wound on the central core. Calow-
late the exciting comrent.  Negleat leakage and assume the flux o be uniformly distriboted along the
mean path shown dotted. Dimensions are m ¢m.

The charscleristics of magnelic circuit are as given below
B (Whim') 0.38 0.67 1.07 1.2 126
H(AT/m}: 100 200 6 | (00 1404
iElect. Technmlogy L Gwalior Linive Nov. 19760

I A 680-tum coil is wound on the central Umb of the cast steel sheet frame as shown m Fig. 6.48 where
dimensions are in em, A wial flux of 1.6 mWh is required 1 be in the gap. Find the current required
in the magnetising coil.  Assume gap density is uniform and oll hoes pass straight across the gap
Following dat s given :

H (AT/m) : 300 S0 T G 110K3
B (Whim”") : 0.2 0.45 0.775 10 113
(Elect. Technology ; Indore Univ, Jan. 1%75)

17. Inthe magnetic circuit of Fig. 6.49, the core is composed of annealed sheet steel for which @ stacking
factor of 0.9 should be assumed The core is 5 em thick. When @, = 0,002 Wh, @, = 0.0008 Wb and
D= 00012 Wh. How many amperes much each col carry and in what divection ? Use of the
fallowing magnelisation curves can be made for solving the problem,

#(Whim’j . 02 0.4 06 08 10 14 L6 1.8
H(ATIm"y - 50 | (K} 130 200 320 1200 3800 100,000
{Elect. Technology, Vikoam Univ. 1975)

T e 3 e Y
= | ' 0.1
| ' | l
| : vlo20em | !
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Fig: 6,47 Fig. 648
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A magnetic circuit with a uniform cross-sectional area of 6 cm’ consists of a steel ring with a mean
magnetic length of 80 cm and an air gap of 2 mm. The magnetising winding has 540 ampere-turns,
Estimate the magnetic flux produced in the gap. The relevant points on the magnetization curve of
cast steel are :

B (Wh/m’) : 0.12 0.14 0.16 0.18 0.20

H (AT/m) : 200 230 260 290 320

[0L1128 m Wh H'_'I':ly & Guilds, Lomdon)

ORJECTIVE TESTS — 6

. Relative permeability of vaccum is would
(@ 4nx107 Wm (b 1Hm (a) remain the same
1 d) 14n (k) increase two-fold
Unit of magnetic flux is {b) increase four-fold
(a) weber (k) ampere-tum (d) become half
{c) tesla (d) coulomb 8. The unil of magneto-motive force is
The magnetising force (H) and magnetic flux {a) weber (#) ampere/metre
density (B) are connecied by the relation, {¢) henry (d) ampere-tum/weber
{a) B=pH (b) B =Hipg, 9. Permeability in a magnetic circuit corre-
€) B =y i, (d) B=p i, sponds to—in an electrie circuit,
The force experience by a curreni-carmrying (a) conductivity (b) resistivity
conductor lying parallel 10 a magnetic field is (c) conductance (d) resistance
{a) BH (b) BIisin@ 10. Point out the WRONG statement.
) Hil (d} zero . Magnetic leakage is undersirable in eleciric
Point out the WRONG statement. machines because it
The magnetising force at the centre of a cir- (@) leads to their increased weight
cular coil vanes. (b) increases their cost of manufacture
(a) directly as the number of its tums (c) produces fringing
(b} directly as the current {d) lowers their power efficiency.
(e} directly as its radius 11. Permeability in a magnetic circuit corre-
(d) inversely as its radius ! sponds to—in an electnic circuit.
Both the number of tums of its coil and the (a) reluoctivity  (b) resistivity
@“?‘“““WWTIW Iis (¢c) conductivity (d) conductance
(ah doublod @ hadved 12 i‘umpnbﬂnyﬂfa magnetic material depends
() unaffected {d) quadrupled (@) intensity of magnetisation

. Curreni camried by each of the two long par- (b) magnetising force

tion is also doubled, force between them (d) both (a) and (b)

Pl 2711 P ol
*% 4¢ 9L 29 FE P¥ vE ©Yg 27
SHAMSNY



7 ELECTROMAGNETIC INDUCTION

7.1.  Relation Between Magnetism and Electricity

It is well known that whenever an electric current flows through a conductor, a magnetic field is
immediately brought into existence in the space surrounding the conductor. It can be said that when
electrons are in motion, they produce a magnetic field. The converse of this is also true i.e. when a
magnetic field embracing a conductor moves refative to the conductor, it produces a flow of elec-
trons in the conductor, This phenomenon whereby an e.m.f. and hence current (i.e. flow of elec-
trons) is induced in any conductor which is cut across or is cut by a magnetic flux is known as
electromagnetic induction. The historical background of this phenomenon is this :

After the discovery (by Oersted) that electric current produces a magnetic field, scientists began
to search for the converse phepomenon from about 1821 onwards. The problem they put to them-
selves was how to ‘convent’ magnetism into electricity. 1t is recorded that Michael Faraday* was in
the habit of walking about with magnets in his pockets so as to constantly remind him of the prob-
lem. Afier nine years of continuous research and experimentation, he succeeded in producing elec-
tricity by ‘converting magnetism'. In 1831, he formulated basic laws underlying the phenomenon of
electromagnetic induction (known afier his name), upon which is based the operation of most of the
commercial apparatus like motors, generators and transformers ete.

7.2. Production of Induced EXMF. and Current

In Fig. 7.1 is shown an insulated coil whose terminals are connected to a sensitive galvanometer
G. 1t is placed close to a stationary bar magnet initially at position AB (shown dotted). As seen,
some flux from the N-pole of the magnet is linked with or threads through the coil but, as yet, there is no
deflection of the galvanometer. Now, suppose that the magnet is suddenly brought closer to the coil in
position CD (see figure). Then, it is found that there is a jerk or a sudden but a momentary deflection

Fig. 7.1. Ty Fig. 7.2.
in the galvanometer and that this lasts so long as the magnér is in motion relative to the coil, not
atherwise. The deflection is reduced to zero when the magnet becomes again stationary at its new
position C0. 1t should be noted that due to the approach of the magnet, flux linked with the coil is
increased.

Next, the magnel is suddenly withdrawn away from the coil as in Fig. 7.2. It is found that again
there is a momentary deflection in the galvanometer and it persists so long as the magnet is in
motion, not when it becomes stationary. It is important to note that this deflection is in a direction

*  Michael Faraday (1791-1867), an English physicist and chemist
279
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opposite to that of Fig, 7.1, Obvioosly, due to the withdrawal of the magnet, flux linked with the coil
iy decreased.

The deflection of the galvanometer indicates the production of e.m.f. in the coil. The only cause
of the proxduction can be the sudden approach or withdrawal of the magnet from the coil. It is found
that the actual cause of this e.nm.f. is the change of flux linking with the coil. This e.m.f. exists so
long as the change in flux exists. Stationary flux, however strong, will never induce any e.m.{, in a
stationary conductor. In fact, the same results can be obtained by keeping the bar magnet stationary
and moving the coil suddenly away or towards the magnet.

The direction of this clectromagnetically-indoced e.m.f. is as shown in the two figures given above,

The production of this electromagnetically-induced e.m.f. is further illustrated by considering a
conductor AB lying within a magnetic field and connected to a galvanometer as shown in Fig. 7.3. It
is found that whenever this conductor is moved up
or down, @ momentary deflection is produced in
the gatvanometer, It means that some transient
e.m.f. is induced in AB. The magnitude of this in-
duced em.f. (and hence the amount of deflection
in the galvanometer) depends on the guickness of
the movement of AB.

From this experiment we conclude that when-
ever a conductor cuts or sheary the magnetic flux, L
an e.m.f. is always induced in it. Fig, 7.3

It is also found that if the conductor is moved w
paraliel to the direction of the flux so that it does not cut i, then no e.m.f. is induced in it

7.3. Faraday's Laws of Electromagnetic Induction

Faraday summed up the above Facts into two laws known as Faraday's Laws of Electromagnetic
Induction.

First Law, It states !

Whenever the magnetic flux linked with a circuit changes, an e.m.f. is always induced in it

or

Whenever a conductor cuts magnetic flux. an e.m.f. is induced in that conducter.

Second Law. It states ;

The magnitude of the induced e.m.f. is equal to the rate of change of flux-linkages.

Explanation. Suppose a coil has N tumns and flux through it changes from an initial value of @,
webers to the final value of @, webers in time f seconds. Then, remembering that by fluxd-linkages
is meant the product of number of turns by the flux linked with the coil, we have

Initial flux linkages = N, Final flux linkages = N@,

s induced emf e= EJ—;N—¢1- Wsnrmltnrc:ﬂizz—‘h‘- volt

Putting the above expression in the its differential form, we get

S =n4d
e= it (Nd) = N & wvolt

Usually, a minus sign is given to the right-hand side expression to signify the fact that the
induced e.m.f. sets up current in such a direction that magnetic effect produced by it opposes the
very cause producing it (Art. 7.5}

dd

g = -N'—:ﬁ— volt

Example 7.1. The field coils of a fi-pole d.c. generator each-having 500 furny, are conmecied in
series, When the field (s excited, theve iy a magnetic flux of 002 Whipele, If the field circuir s
apened fn 02 secomd and residucl] magretivm iy 0.002 Whipole, calctilate the average veltage
wihtfch €5 induced across the fleld termingls, In which direction is this volage directed relative to the
direction of the curren!
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Solution. Total number of wms, N = 6 x 500 = 3000
Total initial flux = 6x0.02=0.12=0.12 Wb
Total residual flux = 6 x 0.002 = 0.012 Wb
Change in flux, d® = 012 - 0.012 = 0.108 Wb
Time of opening the circuit, df = 0.02 second
d B 0.108

]

: N —wvolt = 3000 % —— = 16,200 V
Induced e.m.f - Vo 0.02 16,200 v

The direction of this induced e.m.f. is the same as the initial direction of the exciting current.
Example 7.2. A coil of resistance 100 €1 is placed in o magnetic field of I mWh, The coil has
FOK) vy and a gabverometer of 400 2 resistance iy connected i series with it,  Find the averag:
et and the current (f the voll iy mavee in 17100 second fron the given. freld oo field of (.2 mMhb
Solution. Induced emf. = N % volt
Here | d® = 1-02=08 mWb=08x 107" Wh
dr = 1/10=10.1 second ; N = 100
e = 1000810701 =08V
Total circuit resistance = 100 + 400 = 500 0
Current induced = 0.8/500 = 1.6 10~ A = 1.6 mA
Example 7.3, The time variation of the flux linked withoa cafl of 500 tuens during o complete
cvele iy ax follows
Lis (i (1l = 4 uT) Weber N<r<TR
L] 00414 ~ 3 Weber R2<t=?
where T represents time period and equals 004 second.  Sketch the waveforms of the flux and
induced eom £ wnd also determing the mecimum value of the induced e.m f.

2000 V
2
| e 1
i sz 1

Fig. 74.
Soluticn, The variation of flux is linear as seen from the following table.
i (second) : 0 T T 3T F
F (Weber) : (.04 ¥ - 0.04 0 0.04

The induced e.m.f. is given by & = — Nd Dt
Fromi=0tw0t=T2, dPldt=— 0 x4T=—4Whis =~ e=—-500(-4) =200V
Fromi=T2tor=Tdd/di =04 x &/T=4 Whis . e=—300x4=-2000V.
The waveforms are selected in Fig. 7.4.

T4. Direction of induced emf. and corrents

There exists a definite relation between the direction of the induced current. the direction of the
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flux and the direction of motion of the conductor. The direction of the indoced current may be found
easily by applying either Fleming’s Right-hand Rule or Flat-hand rule or Lenz's Law, Fleming's
rule (Fig. 7.5) is used where induced e.m.f. is due to flux-cutting (i.e., dynamically induced e.m.[)
and Lenz's when it is used to change by flux-linkages (ie., statically induced e.m.f),

=

Field =—

2

Fig. 7.5. Fig. 7.6.

Fig. 7.6 shows another way of finding the direction of the induced e.m.f, It is known as Right
Flat-hand rule. Here, the fromt side of the hand is held perpendicular to the incident flux with the
thumb pointing in the dircetion of the motion of the conductor. The direction of the fingers give the
direction of the induced e.m.f. and currenL

7.5. Lenz's Law

The direction of the induced current may also be found by this law which was formulated by
Lenz* in 1835. This law states, in effect, that electromagnetically induced current always flows in
such direction that the action of the magnetic field set up by it lends to oppose the very cause which
produces il

This statement will be clarified with reference to Fig. 7.1 and 7.2. It is found that when N-pole
of the bar magnet approaches the coil, the induced current set up by induced e.muf. flows in the ann-
clockwise direction in the coil as seen from the magnet side. The result is that face of the coil
becomes a N-pole and so tends o oppose the onward approach of the N-Pole of the magnet (like
poles repel each other). The mechanical energy spent in overcoming this repulsive force is con-
veried into electrical energy which appears in the coil,

When the magnet is withdrawn as in Fig. 7.2, the induced current flows in the clockwise direc-
tion thus making the face of the coil (facing the magnet) a S-pole, Therefore, the N-pole of the
magnet has to withdrawn against this attractive force of the S-pole of coil. Again, the mechanical
energy required to overcome this force of atiraction is converted into electric energy.

It can be shown that Lenz’s law is a direct consequence of Law of Conservation of Energy
Imagine for a moment that when N-pole of the magnet (Fig. 7.1) approaches the coil, induced cur-
rent flows in such a direction as to make the coil face a S-pole. Then, due 1o inherent attraction
between unlike poles, the magnet would be automatically pulled towards the coil without the expen-
diture of eny mechanical energy, [t means that we would be able to create electric energy out of
nothing, which is denied by the inviolable Law of Conservation of Energy. In fact, to maintain the
sanctity of this law, it is imperative for the induced current to flow in such a direction that the
magnetic effect produced by it tends to oppose the very cause which produces it. In the present case,
it is relative motion of the magnet with magnet with respect 1o the coil which is the cause of the
production of the induced current. Hence, the induced current always flows in such a direction to
oppose this relative motion Le., the approach or withdrawal of the magnet.

*

After the Russian bom geologist and phygicist Heinrich Friedrich Emil Lens (1808 - 1865),



Electramagnetic Induction 283
7.6. Induced eam.f.

Induced e.m.f. can be either (/) dynamically indaced or (i) statically induced. In the first
case, usually the field is stationary and conductors cul across it (as in d.c. generators). But in the
secundc:m-.,usually the conductors or the coil remains stationary and flux linked with it is changed
by simply increasing or decreasing the current pmducmg this flux (as in transformers).

1.7. Dynamically induced e.m.f.

In Fig. 7.7. a conductor A is shown in cross-sec-
tion, lying within a uniform magnetic field of flux den-
sity B Wh", The arrow attached to A shows its direc- | 1
tion of motion. Consider the conditions shown in Fig.
7.7 {a) when A cuts across at right angles to the flux. j i i
Suppose ‘I is its length lying within the field and bet| | ;
it move a distance dx in time dt. Then area swept by T T Tr i 1 L]
it is = ldx, Hence, flux cut = Ldx x B webers. - ; : :

Change in flux = Bldx weber C (W) ; . (b
Time taken = df second L

Hence, according to Faraday's Laws (Art. 7.3.) the e.m.f. induced in it (known as dynamically

induced e.m.f.) is
" Bldx dx

rate of change of flux linkages = == =Bl & = Blv volt where T =

If the conductor A moves at an angle 8 with the direction of flux [Fig. 7.7 (b)] then the induced
e.mof. is e = Blu sin @ volts = Jux B (i.e. as cross product vector v and B).

The direction of the induced e.m.f. is given by Fleming's Right-hand rule (Art. 7.5) or Flat-hand
rule and most easily by vector cross product given above,

It should be noted that generators work on the production of dynamically induced e.m.f. in the
conductors housed in a revolving armature lying within a strong magnetic field.

Example 7.4. A conductor of length 1 metre moves ar right angles to a uniform magnetic field
of flis density 1.5 Whim™ with a ve lociry of 50 metrefsecomd. . Caleulate the em.f. indwced in it Find
ilsor the value of induced e.m.f. when the conductor moves ar an angle of 30° w the direction of the
freld

Solution. Here B =15Wbm" I=1m v=50mfs; e="?

Now e = Blu=15x1x50=75V.

Inthe secondcase 8=30" .. sm30°=05 - e=75x05=375V¥

Example 7.5. A square coil of 10 em side and with 100 turns is rotated at a uniform speed of
500 rpm about an axis at right angle to a wniform field of 0.5 Whin'. Calculate the instantaneous
value of induced e.m.f. when the plane of the coil is (i) at right angle to the plane of the field. (ii) in
the plane af the field (i) av 45" with the field direction,  (Elect. Engg. AM. Ae. 8.1, Dec, 1991)

Solution. As seen from An. 12.2, e.m.f. induced in the coil would be zero when its plane is at right
Angeles to the plane of the field, even though it will have maximum flux linked with it, However, the
coil will have maximum e.m.f. induced in it when its plane lies parallel to the plane of the field even
though it will have minimum flux linked with it. In general, the value of the induced e.m.f. is given by
e=NDG_sinB=E smﬂw}mrcﬁtsummglebetwmumamsufmemfandth:phmnfﬂmmﬂ.

Hﬂre_(wﬁmi'ﬁﬂ 25/3tps:N=100; B=05Wb/m ; A=(10x10) x 10" = 10" m".

. E,=2%fNBA=27(25/3)% 100 x0.5% 10~ =26.2 V (i) since 8 =0 sin =0 therefore,

e=0. (if)Here, 8=90° ;e =E sin90F=262x1=262V (iii) sin45° = 2 ;e=262% 12
=1B5Y¥Y

Example 7.6. A conducting rod AB (Fig. 7.8) makes contact with metal rails AD and BC which
are 50 cm apart in a uniform magnetic field of B = 1.0 Whim® perpendicular 1o the plane ABCD.
the total resistance fassumed constant} of the circuir ABCD is 0.4 £

fal What is the direciion and magnitude of the e.m.f. induced in te rod when it is moved to the
left with a velociry of 8 mfs ?

in
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fh) What force Iy required o keep the rod in mearion !
te) Compare the rate at which mechanical work is done by the force £ with the rate of develop-
meny of efectrie power in the circuil. g a4
Solution. (a) Since AB moves (o the left, direction b
; s T I
of the induced current, as found by applying Fleming's l
Right-hand rule is from A to B. Magnitude of the in- ., « + it Y
duced em.f. is given by
e=Puvoll = 1x0.5x%8=4volt l - i i Ball 1Y
() Current through AR =404 =10 A C
Forceon AR ie. F=Bll=1x10x05=5N . 7 Beihio s reoviifion w
The direction of this force, as found by applymg Fig. 7.8

Fleming's left-hand rule, is to the right.

{¢) Rate of doing mechanical work: _qurﬁxﬂssm.ﬂs or W

Electric power produced = ei=4x 10=40W

From the above, it is obvious that the mechanical work done in moving the conductor against
force F is converted into electric energy.

Example 7.7 In a 4-pole dvnamo, e fucdpole iy 15 mWh Calenlare the averuge e.m . in-
diced 1n one of the armanre conductors, i armarure (3 driven af 608 r.pom

Solution. It should be noted that each time the conductor passes under a pole (whether ¥ or §)
it cuts 1 flux of 15 mWh. Hence, the flux cut in one revolution is 15 x 4 = 60 mWb. Since conductor
i rotating at 600/60 = 10 r.p.s. time taken for one revolution is 1/10 = 0.1 second.

a
—— It
N o v

average em.l, generated

60 mWh = 6 x 107 Wb ; df = 0.1 second
1 6% 107701 =06V

N:l; d“h
4

1]

Tutorial Problems No. 7.1

1. A conductor of active length 30 cm carries a carrent of 100 A and lies at right angles to a magnetic
field of strength (.4 Whim®. Calculate the force in newtons exerted on it. If the force causes the
conductor o move at a velocity of 10-m/s, calculate (a) the e;m.t. induced in it and (b) the power in
watts developed by it [12 N; L2 Y, 120 W]
A srraight hnnznrntal wire carries u steady current of 150 A and is situated in & uniform magnetic field
of 0.6 Whim” acting vertically downwards, Determine the magnitude of the foree in kg/metre length
of conductor und the direction in which it works, [2.175 kg/m horizontally]
3, A conductor, 10 em in length, moves with a uniform velocity of 2 mifs at rght angles to itself and o

u uniform magnetic field having a fux density of | Wh/m”. Calculate the induced e.m.f. between the

ends of the conductor, (0.2 V]

78. Siatically Induced E.M.F.

It can be further sub-divided into (a) -
ally induced e.m f. and (B) self-induced e.m.f. —

ta) Mutusy-induced e.m.f. Consider two -
coils A and B lying close to each other (Fig. 7.9).

Cuoil A is joined to a batiery, a switch and n
variable resistance R whereas coil B is connected
1o & sensitive volimeter V. When current through A is estublished by closing the switch, its magnetic
field is set up which parily links with or threads through the coil 8. As current through A is changed.
the flux linked with B is also changed. Hence, mutually induce em.f is produced in B whose
magnitude is given by Faraday's Laws (Art 7.3) and direction by Lenz’s Law (ArL 7.5).

If, now, baltery is connected to B and the voltmeter across A (Fig. 7.10), then the situation is
reversed and now a change of current in B will produce mutually-induced e.m.f. in A.

P
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If is -:rbviuus that in the examples considered S
flux 'n.nriammr. being brought about by xranatluns in
current strength only, Suchfne.m.l. induced in one .-"5";/'
¢oil by the influence of the other coil is called (stati-
cally but) mutually induced e.m.f} i

i) Self-induced emJd. This is the em.f. in- Fig. 7.10
duced in a coil due to the change of ity own fluxd linked with it 1f current through the coil (Fig. 7,11)
is changed, then the flux linked with its own tums will also change, which will prodirce in it what is
called self-induced e.m{. The direetion of this induced e mf. (as given by Lenz's law) would he
such as to oppose any change of flux which is, in fact, the very cause of its production. Henee, it is
also known as the opposing or counter e.m.f. of self-
induction.

7.9, Self-inductance

fmagine a coil of wire similar to the one shown in
Fig. 7.11 connected to a battery through a rheostat, 1t~
is found that whenever an effort is made to increase
curment {and hence flux) through it, itis always opposed Fig. 7.11
by the instantaneous production of counter e.m.f. of
self-induction. Energy required (o overcome this opposition is supplied by the battery. As will be
fully explained later on, this energy is stored in the additional Mux produced.

If, now an effort is made to decrease the current (and hence the flux), then again it is delayed due
w the production of self-induced e.m.f., this time in the opposite direction, (This property of the coil
due to which it opposes any increase or decrease or current of flux through it is known as self-
induciance. I is quantitatively measured in terms of coefficient of self induction L. This property is
analogous o inertia in a material body. We know by experience that initially it is difficult to set u
heavy body into motion, but once in motion, it is equally difficult to stop it. Similarly, in a coil
having large self-induction, it is initially difficult 1o establish a cwrrent through it, but once estab-
lished, it is equally difficult to withdraw it, Hence, self-induction is sometimes analogously called
electrical inertia or electromagnetic inertia.

7.10. Coefficient of Self-induction (L)

It may be defined in any one of the three ways given below ;
{1 First Method for L
The coefficient of self-induction of a coil is defined as
the weber-turns per ampere in the coil
By “weber-tums’ is meant the product of flux in webers and the number of ms with which the
flux is linked. In other words, it is the flux-linkages of the coil.
Consider a solenoid having N turns and carrying a current of [ amperes. If the flux produced is

O webers, the weber-turns are Ny Hence, weber-turns per ampere are N @1,
By definiuon, L A N—f The unit of self-induction is henry®,
If in the nbove relation, N® = | Wh-tum, /= | ampere, then L = | henry (H)
Heniw a cotl is said to have o self-inductance aof ene henry if a carrent of 1 ampere when flowing

through it produced fluc-linkages of 1 Wh-tuwrn in ir.

Therefore, the above relation becomes [ = N—;:. henry

*  Afler the Amencan scientist Joseph Heney (1797 - 1878), 0 commpany of Famulay.
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Example 7.8. The field winding of @ d.c. electromagner is woimd with 960 toms and has
resistance of 50 0 when the exciting voltages 15 230 V, the magnetic flux linking the coil &5 0,005 Wb,
Calewlare the seff-inductance of the cotl and the energy siored in ithe magnetic field,

N

Solution. Formulaused : L = A —H
Current through coil = 230/50=46 A ® = 0.005 Wb ; N = 960
s gﬁ“:_‘;ms = 1.0435 Fl Encrgy stored = 5 L 17 =14x1.0435x4.6” = 11.04)

Second Method for L

‘We have seen in Art. 6.20 that flux produced in a solenoid is
NI & N_

& N
= ——— = Nowl=N—=N.———H
g A I Hpg,A I Tipg, A
2 2 2
! G

& LI:.” rA—SH or L:MLIA_N_H
It gives the value of self-induction in terms of the dimensions of the solenoid®,
Example 7.9, An iron ring 30 cm mean dicmeter is made of square of iron of 2 cm % 2 cmi cross

section and is uniformiy wound with 400 wrns of wire of 2 mm® cross-seetion. Caleulate the value
of the self-inductance of the coil. Assume p_= 800, (Elect. Technology. 1, Gwalior Univ, 1988)
Solution. L = g, ANL Here N=400; A=2x2=4em’ =4% 107 m’: =03 xm =
L = 4::x]ﬂ'TxBll]x4xlﬂ"{m)zfu.tﬁ&3mH
Note. The cross-section of the wire is not relevant to the given question.
Third Method for L
ND

hwiﬂh:muﬁmﬁn?.lﬂ[ﬂabuwﬂm{.=—!— s NO=Llor-Nb=—L1

o e mgﬂ_% (W}'-“_L‘% (assuming L to be constant) ;

N 4o odl

di Tdi
dd dl
As seen from Art. 7.3, —N g = self-induced e.m . Sy = L:ﬂ'
dl
If ar ™ | ampere/second and ¢; = | voli, then L=1H

Hence, a coil has a self-inductance af one henry if one volt is induced in it when current through
it changes ar the rate of one ampere/second, '

Example 7.10. {f a cotl of {30 tumy iy linked with a Tux of 0.00 Wh when carrying carrent af
10 A, caloulate the inductance of the coil.  If this current iy uniformly reversed in 004 second,
calculating the induced efectromotive force.

Solution. L = NO/I=150x001/10=0.15H
Now, e, = Ldildt;dl=—10~(-10)=20 A
g = 0.15x20/0.01 = 300 V

Example 7.1L An iron rod, 2 cm in diamerer and 20 cm long in bent into a closed ring and is
wound with 3000 nwrns of wire. It is found that when a current of 0.5 A is passed through this coil,
the flux density in the coil is 0.5 Whim'. Assuming that all the flux iz linked with every tum of the
coil, what is {a) the B/H ratio for the tron (b) the indiciance of the cail ? What veltage would be
developed across the coil if the carrent throagh the coil is interrupted and the flix fn the fron falls 1o
10 % aof its former value in 0001 second ? {Principle of Elect. Engg. Jadavpur Univ. 1986)

*  Inpractice, the induciance of 2 short solenoid 1s given by L = K, u,..'if'-’?'.l'f where K is Magaoka's comstant.
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Selution. H = NIi=3000x 0.2 = 7500 AT/m B = 0.5 Wh/m®

(@) Now, =22~ = 6,67 x 107" Him. Also =Bl H =667 x 10"z x 107 = 53

N® _ 300X 1 (0.02)° x0.5 _
() L= 3= xS =094 H

v
e,=N 22 volt ; d = 90 % of original flux = “'9“"{3”-’-1 X035 _ 045 rx 10 Wh

dt = 0.001 second . e, = 3000 x 0.45% x 1070001 = 424 V

Example 7.12. A circuit hay 00 muerns enclosing a magnetic circuit 20 cm” in section. With
4 A, the flux density is 1.0 Whim' and with 94, itis 1.4 Wom®. Find the mgan value of the inductance
berween these current limits and the induced e.mf. if the current falls from 9 A 1o 4 A in 0.05
seceonds. {Elect. Engineering-1, Dethi Univ. 1987)
%‘1=N%(BA}=NA ijrﬁ heary = 1000 % 20 % 107 (1.4 — 1(9—4) = 0.16 H

Now, e, = Ldlldt ;d1=(9-4)=5A.dr=005s .. e, =016x5005=16V

Example 7.13. A direct current of one ampere is passed through a ceil of 5000 nms and
produces a flux of 0.1mWb. Assuming thatr whole of this flux threads all the turns, what is the
inductance of the coil 7 What would be the voltage develpped across the cail if the curremi were
interrupted in 10~ second ? What would be the maximum veltage developed acrass the coil if a
capacitor of 10\ F were connected across the switch breaking the d.c. supply 7

df  0.5x1
Solution. [.=N®/=5000%10""=0.5H : Induced em.f. = L . & 100 =500

Solution. L=N

'[heenergysmredinshemi]is=%LF:%xﬂjxf’zﬂ.ﬁJ ¢

When the capacitor is connected, then the voltage developed would be equal 1o the p.d. devel-

oped across the capacitor plates due to the energy stored in the coil. If Vis the value of the voltage,
1 i ] 1

then 5 CV -2->~:Lf2:Exlunxnr“'.f1 =0.25 or V = 224 volt

Example 7.14. (a) A coil of 1000 mirns is wound on a torreidal magnetic core having a reluc-
farnce of 10" AT/WB. When the cail current is 5 A and is increasing af the rare of 200.A7%5, determine.
(i} energy stored in the magnetic circuit {ii) voltage applied across the coil
Assume coil resistance as zero.
(h) How are your answers affected if the coil rexistance is 2 Q '
(Elect. Technology, Hyderabad Univ, 1991)
N/8 = 10007/10° = 1 H

(i) Energy stored = %U":é-xlxszzlij.l

(if) Voltage applied across coil = self-induced e.m.f. in the coil = L.dlidr = 1 x 200 =200 V

(b) Though there would be additional energy loss of 5° x 2 = 50 W over the coil resistance,
energy stored in the coil would remain the same. However, voltage across the coil would increase
by an amount =5 x 2= 10 V¥ ie., now its value would be 210 V.

7.01. Mutoal Inductance

In Art. 7.8 (Fig. 7.9) we have that any change of current i coil A is always accompanied by the
production of mutually-induced e.m.f. in coil B. Mutual inductance may, therefore, be defined ns
the ability of one coil (or circuit) to produce an e.m.f. in a nearby coil by induction when the current

Solution. (g) L
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in the first coil changes. This action being reciprocal, the second coil can also induce an e.m.f. in the
first when current in the second coil changes. This ability of reciprocal induction is measured in
terms of the coefficient of mutual induction M.

Example 7.15. A single element hay the curvent and voltage functions graphed in figure 7.1 2.
fir) eined th) Determine the element. [Bombay University 2001

T {4, 1)

(2, 10}

g

i 24
2
il

&, 1)
Fig. 7.12 (ui
b
b 6 3
: - T | —
: / Timsec.
304 e Y |
Fig. 7.12 (h)
Solution. Observations from the graph are tabulated below.
Sr. No.  Between time difels v L
amp/sec
1 0-2mSec 5000 15 1 5/5000 = 3mll
2 2-4 m Sec 0 0 -
3 4 -6 m Sec - 10,000 - 30 =30/ (= 10000) =3 mH
4 6 -8 m Sec 0 0 -

The element 15 a 3-mH inductor.
712, Coefficient of Mutual Inductance (M)

It can also be defined in three ways as given below

il First Method for M !

Let there be two magnetically-coupled coils having N, and N, tums respectively (Fig. 7.9).
Coefficient of mutual inductance between the two coils is defined as

the weber-turns in one coil due to one ampere current in the other.

Let a current /, ampere when flowing n the first coil produce a flux @, webers in it [/t is
supposed thar whole of this flux links with the turns of the second coil*, Then, flux-linkages ie.,
webers-turns in the second coil for unit current in the first coil are N, @ /1,. Hence, by definition

M = E.}_“*L
i

If weber-turns m second coil due to one ampere current in the firss coil Le. N, @ /1, = | then, as
seen from above, M = 1H.

Henee, two coils ave said to have a mutuaal inductance of I henry is one ampere current when
flowing in one coil produces flux-linkages of one Wh-turn in the other,
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Exumple 7.16. Twe identical coils X and ¥ of 1000 nims each e in parallel planes sich thar
80% of fMox precwliaced by eme coll lnks with the offer. [fa clierent of 3 A flowing In X produces a flis
of 0.3 mWh in ft, find the mutural inductance berween X and ¥, (Elect. Engg. A M.AeS.1. 1988)

Solution. Formula used M = E}ﬁ H ; Flux produced in X=05mWb=05x 10" Wb
1

Fluc linked with ¥ =05 % 16  x08 =04 107" Wb : M= =008 H

1000x0.4x107"
3

Exanmple 7.17. A long single luver solenvid has an effectove diameter of 10 cn and ix weournd
with 2500 AThnetre. There is o xmapll concenprafed coil having its plune lving in the centre ¢ross-
vevtional plang of the velenedd. Calewlare the mutral inductance Between the twe coifs In each case
if the concentruted coll feey 120ty on an effective divmeter of () 8 conand (b)) 12 cme

{Elect. Science - Il Allahabad Univ. 1992)
Solution. The two cases (a) and (b) are shown in Fig. 7.13 (a) and (b) respectively.
{a) Let{, be the current flowing through the solenoid. Then
B = poH = pNi /= 2500 pf, Whim'’ wI=1m
Area of search coil A, = %xf’xlﬂ"‘:l&xxlﬂ"m’
Flux linked with search coil is
® = BA, = 2500 pl, x 16 x 107" = 1579 1, x 10°° Wb

M= ﬁ#‘c—‘—'“W =1B9S x 107 H
i |

{b) Since the field strength outside the solenoid is negligible, the effective area of the search
coil, in this case. equals the area of the long solenoid. .

b G P
‘T cooo o—T- '

0.1'm 0.08 m 0.12m 0.1m

[ " -~

e 7
(a) )

[

Fig. 7.13 :
n x
Ay = 3 =10'x10" = L 107m’;
@ = BA,=2500 pyfy X 7 % 107 =24.68 1, % 10°° Wb
&
M= ’mm‘ﬁff‘xm =2962x 107 H
1

Example T.18. A fluc of 0.5 mWh (5 produced by g coil of 900 tarny wound on o ring with a
current of 3 A in i Caleulate (i) the inductance of the coil (if) the e.nuf. induced in the coil when a
current ef 3 A i switched off, exsuming the current to foll to zere in | milll second and (i) the
murel fifaerance berween the colls, if a second cotl of 600 twrns i wniformily weound over the firm
eoil. (F. E. Pune Univ, May 1987)

* I while of this fux does not link with s of the second codl, ten oaly that pan of the flux which is
actusily linked is taken lnstead, (B 709 2nd 707 i general, M = NI,
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Solution. () Indacince of the first coil = M@ =

=3
900x05x107 _ 1o
! 3
i _ di (53-0)
= L% -5 =
(if} e.m.f. induced £ dt xlxlﬂ" e
N, I
i H_iﬁ e %35“'“__,3.1 H
i

(i} Second Method for M

We will now deduce an expression for coefficient of mutual inductance in terms of the dimen-
sions of the rwo coils,

| . Nyl @
. W . A
Flux in the first coil @, ”"nl-tr"‘%' Flux/ampere = 7 “"ul-"r
Assuming that whole of this flux (1t usually 15 some percentage of it) is linked with the other coil
having N, wrns. the weber-turns in it due to the flux/ampere in the first coil is

N2¢1 = f‘-’zM i _ EQFrA N1N}_
pom i NN NN NN

HHUJ.I,A reluctance  §

Example 7.19. If a coild of 150 tmmy ix linked with a flux of .00 Wb when carryving @ current
af 10 A | calculare the inductance of the coil. If this current is uniformly reversed in 0.0 second,
ralculate the induced e.m.f. If @ second coil of 100 urns is uniformly wound over the first coil, find
the mutual inductance between the coils (F. E. Pune Univ. May 1989)

Salution. L, = N®/ =150%001/10 =0.15 H
L difdt = 0.15 % [10 = (~10)}0.1 = 1 =30 V
M = N,®/, =100 x 0.01/10=0.1 H

r

(éii) Third Method for M

1]

N
As seen from Al 702 () M - ::5- N:¢]mm or —N,®, =—MI,

dl|
Diﬂ'erenlinlingbmhsides.w:gct:—umz ,]——MI (assuming M to be constant)
o dl,
Now, =+ (Vy®,} = mutually-induced e.m.f. in the second coil = £y, .- _ME
L]

IFdlfdr=1| Afs . e, =1 volt, then M=1H.

Hence, wo coils are said 1o have a mutual inductance of one henry if current changing at the
rare of | ampere/second in one coil induces an e.m.f. of one volt in the other.

Example 7.20. Two coils having 30 and 600 noms respectively are wound side-by-side on a
cloxed vron circuit of area of cross-section K sq.em. and mean length 200 cm. Estimate the mu-
tual inductance between the coils if the relative permeability of the iron is 2000, If a current of zern
ampere growy to 20 A in a time of 0.02 second in the first coil, find the e m.f. induced in the second

coil (Elect. Engg. I, INT Univ, Warangal 1984)
: NN .
Solution. Formula used : M = Flud—l#iﬂ.ﬁ, =30: N, =600:A=100x 107" = 107w’ I =
M = A NN/ =4rx 107 x 2000 x 107 x 30 x 600/2 =0.226 H

dl, = 20-0=20A;dr=0025:ey,=Mdl/di —0.226 x 200.2 =226 V
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Example 7.21. Two cpily A amd B vachk having {200 s are placed near each other: Wihen
coil B ix open-circuited and cofl A carries a curremt af 5 A, the flux produced by coil A ix 0.2 Wh and
A% of this fTux finks with all the turns of coil B. Determine the voltage induced in coil B on epen-
circuit when the curremt in the coil A iy changing ar the rate of 2 A/

Solution. Coefficient of mutual induction between the two coils is M = N,DJI
Huahnkadwnhmﬂﬂm!ﬂpmmmufﬂ!%u 0.06 Wb

M = 1200 x 0.06/5 =144 H
Mumuﬂy—mdumde.m.immlﬂueu-ﬂdl,ﬁﬂ-M&xl:H.S\’

Example 722, Two coils are wound side by side on a paper-tube former. An e f of 0.25 V iy
induced in coll A when the flix linking it changes af the rate of 100 Whis, A currenr of 2 A in coil B
couses o fTur of 107 W to link coil A. What is the mutimal inductance between the cuils ?

{Elect. Engg-1, Bombay Univ. 1985)
Solution. Indl.lmdcm.f.inmﬁﬁisr:ﬂl% where N, is the number of tums of coil A.

025 = N)clﬂ & Ny =250
Huwnuxlinkagﬁmcmlﬁ;dumza.mmlmmlﬂ 250 % 107°

ﬂuxlmh;ummﬂd

— =250 % 107°/2 = 1.25 mH
cuwrrent in coil B

M =

7.13. Coellicient of Coupling

Consider two magnetically-coupled coils A and B having N, and N, tumns respectively. Their
individual coefficients of self-induction are,

- 2
b= Tiga ™ " Tgia
The flux @, produced in A due 1o a current /, ampere is @, = ”E‘A
Suppose a fraction k, of this flux i.e. k®, is linked with coil B.
Then M= —m where k< 1.
Subsumﬂnguwmumfm,.wehmun,x Wolta D)
11pg, A

Similarly, the flux @, produced in B due o /, ampere in it is ®. =ﬂ‘;:';‘:=:“I
Suppose a fraction k, of this flux Le. k,®, is linked with A.
Then P e L T i)

Lo Ly Hght, A
Multiplying Eq. (/) and (i), we get

Nz Ny’
i SR -
= '*‘prﬁua Hpg, A M = kiboliLy

Puuingﬂ:k.w:haw.u:t LL, or k:vf_lq.-

The constant k is called the coefficient of coupling and may be defined as the ratio of murial
inductance actually present between the two coils te the maximum possible valwe. 1f the flux due w
one coil completely links with the other, then value of & is unity. [T the flux of one coil does not at all
link with the other, then k =0. In the first case, when & = 1, coils are said 1o be tightly coupled and
when k = 0, the coils are magnetically isolated from each other.
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Example 7.2}, Two identical 750 torn colls A and B lie in praflel planes. A eurrent changing
al the rate of 1500 Ads in A induces anemf. of 1125 V in B. Calewdate the muinal mductance of the
arrangement. {f the self~induciunce of each cotl is 15 mH, caleulate the flux prodisced in coil A per
anpere and the percentage of this Tux which lisks the nerns of B,

Solution. Now, €y = Ml Jdt AR 7,12
- w1125 3
M= =Ty = 15X 107 H=7.5 mH
N e L isa?
Now, L, = A Al A T =2x 107 WhiA A 710
=5 =3
Now, bl o I5%10 TSN _oq. ot (0 L wl, =) ARTAD

N TN PR TIT

Example 7.24. Twe coils. A of 12,500 turns and B of 16,000 turens, lie in parallef planes so thar
6t % wof flux produced in A links cail B, It is found that a current of 5A in A produces a flux of 0.6
mWh swhile the same carrent in 8 produces 0.8 mWh, 'Determine (i) smtnal thnductance and (1)
conipling coefficient

Solution. (/) Flux/ampereind = 0.6/5 =0.12 mWb
Flux linked with B = 0,12 x 0.6 = 0,072 mWh

M = 0072 x 107 x 16,000 = 115 H

Now, L='200%08 _ 450107 H ; L= 220X0R _ss6 107 n
@ k = MiJLL =115/ J15% 2,56 = 0.586

Note. We could find k i another way also, "u’lll.l:nfh=ﬂ.ﬁ.ﬂntnflzmﬂdlhuhfmd.lt£nk=,iil’,k: ‘

Exumple 7.25. Two magneticallv-couprled cotls have o mutial indictance of 32 mH, What i
the average e.m.f. induced in one, if the currenr through the other changes from 3 10 15 mA in 0,004

second P Given that ene coil has iwice the mumber of turns inthe other, calcwalte the inductance of
each ceil. Negleot leakage.

Solution. M=32x 10" Hdl, = 15-3=12mA=12x 107 A : dr =0.004 second
. dl;  32x107 x12%107 3
Avernge em.f. induced = H‘#- 0008 =96 x 107V
Now L, = PNANl = k N where k= pAll (aking p, = 1)
RN A o0 L uN
b= T TV T =T ¢ he2

Now M= JLL, = 20, x &, =32, 1, = 32/J2 = 16//2mH : ;=2 x16/V2 =322 mH

Example 7.26. Twa coils, A and B, have self inductances of 120 pH and 300 (W respectively.
A current af | A through coil A produces flux Hnkages af 100 gWh turny in coll B. Calculate (§) the
mutual inductance besween the coils (if) the coupling coefficient amd (fii) the average e.m.f,
induced i coil B if a curvert of | A i coil A 15 reversed at-a uniform e in 0.1 yee

(F. E. Pune Univ. Nov, 1989)
flux-linkages of coil 8 _ 100x10™

Solution. (0} M = s 1 = 100 pH

: M 1ox10™®

(i) M= i,fl,f.z Lok= = =1.527
JLly  J120% 107 x300x 107

(i) ey

M x difds = (100 x 107%) x 20.1 = 0.002 V or 2 mV,
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7.14. Inductances in Series
(f) Letthe two coils be so joined in series that their uxes
{or m.m.fs) are additive Le., in the same direction (Fig. 7.14), %
Let coefficient of mutual nductance .
= coefficient of self-inductance of 1st coil
coefficient of self-iductance of 2nd coil.

]

R
I

Then, self induced em.f.inAise =-L,.—

Mumally-induced e.m.f. in A due 1o change of current in 8
Y |
ise = M'd.‘

Self-induced e.m f. inﬂis::._,=-{,1,%'

Mutually-induced e m.f. in # due to change of current inA is = e," = -M. g{.‘

LAll have —ve sign, because both self and mutally induced e.m.[s. are in opposition 1o the sp-
plied e.m.f ), Total induced e m.f. in the combination = -g{ (L, + L, + 2M) L0

If L is the equivalent inductance then total induced e.m.f. in that single coil weuld have been

o g i e
= —Lm Ll

Equating (i) and (ii) shove, we have L=1L, + L, + 2M
(if} When the coils are 50 joined that their fluxes are in opposite directions (Fig. 7.15).

As before e = =p

| 1dr

o) = & M% (mark this direction)

- 4 ‘ i
£y = —L,d' and e, =+M'd'.l‘
Total induced em.f. = *%uﬂuﬂ—zm
Eqguivalent inductance Fig. 745
L= Li+L,—2M
In general. we have | L =1IL+L,+2IM «e if mLLES are additive
and L =L +L,-IM ... if m.m.fs. are subtractive

Example 7.27. Twn coils with a coefficient of coupling of 0.3 berween them, are connected in
FeTies 5o a5 fo magnetise (a) in the same divection (b) in the opposite directlon. The corresponding
values af total inductances are for ta) 1.9 H and forth) 0.7 K. Find the self-inductances of the two
cobls and the mutial inductance beoween them,

Solution. {(a) L=L+L+2M or 19=L +L,+2M A1)
(B Here L=L+L,-2M or 0.7=L +L,-2M A1)
Substracting (i) from (7). we gel

1.2 = 4M e M=03H

Puming this value in (1) above, weget L, + L, =13 H .. £}
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We know that, in general, M

Jit,

From (i), we get (I + L)’ ~ 4L L=l ~ L)'
(-Ly) =025 or L,—L,=05 wliv)
Fm[m‘}and{m].wegﬂ L, = 09H and L,=04H
Example 7.28. The combinied inductance of two coily connected in sevies is 0.6 H or 0.0 H
depending on the relative directions of the currents in the coifs. If one of the coils when [solated hay
a self-inductomee of 0.2 H, caleulate (a) mutual inductance and (b) coupling coefficient
(Elect. Technology, Univ. of Indore, 1987)

I
Fal
fﬂ
o,

Solution. (i) L=L+L,+2M or 0b6=L +L,+2M (i)
and 0.0 = L +L,-2M i)
(@) From (i) and (i) we getM = 0125 H

Let L, = 0.2 H, then substituting this value in (i) above, we get L, = .15 H
(b) Coupling coeffieient &k = M LL, =0.125/,/02x0.15 = 0.72

Exumple 7.29. Twe similar coily have a coupling coefficient of 0.25, When they are connecied
in series comularively, the oral inductance (s 80 mB. Calculare the self inductance of each coil,
Alsor calculate the total inductance when the cotly are commected in series differentiallv.

(F. E. Pune Univ. 1988)

Solution. If each coil has an inductance of L henry, then L, = L= L: M=k JL L, = k\/Lx L =kL

When connected in series cummulatively, the total inductance of the coils is

s L+L,+2M = 2L + 2M =20 + 2kl = 2L (1 + 0.25) = 2.5L
25L =80 or L=31mH

Whﬂlcmmndmmmd:ﬂmma!ty the total inductance of the coils is

=L +L,—2M = 2 -2M=2L -2%kL=2L(1 -k)=2L (1 -0.25)
AL x075 = 2x32x075=48mH.

Emmplt 7.30. Two coils with terminals T, T, and Ty, T, respectively are placed side by side.
Wiken measured separately, the inducrance of r.’w first i
coil 5 1200 mH and thar of the second iy 8iN) mH, e rrer
With T, juined to T, the inductance between T and =
T iy 2500mH. Whay is the muiual inductance berween

: , ; -Tl T: K T
the two coils ? Also, determine the inductance between

T, und T, when T, ix joined to T, {Electirical (i
Circuit, Nagpur Univ. 1991) Fig. 7.16
Solution. L, = 1200 mH, L, = 800 mH
F"lg T7.16 {a) shows additive series.
L=L+L,+2M
or M=]M+W+M;H=Z§ﬂmﬂ
Fig. 7.16 (b) shows the case of subiractive or opposing series.
Here, L =L +1,—2M=1200+ 800 —2 x 250 = 1500 mH

Example 7.31. The total inductance of two coils, A and B, when commected in series, is U5 H or
(1.2 H, depending on the relative directions of the curvent in the cotls. Coil A, when isolated from
cord B, has a self~inductanee of 0.2 B, Cafeulate

(a) the mutual inductance between the twa coils

B the self-inductance of coill B

() rthe coupling factor between the coils.

id) the two possible values of the induced e, in coil A when the current iy decreasing ar
JENKY A per second in the seriex cirewit, (Elect. Technology, Hyderabad Univ. 1992)
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bututmn. {a) Combined inductance is givenby L=L, + L, + 2M

05 = L, + L, +2M (i), 02=L +L,-IM wlii}
Suhstm:tmg (if) from (f), we have 4M =03 or M 0075 H
(b) Adding (/) and (if) we bave 0.7T=2x02+2L, =015 H
(c) Coupling factor or coefficient is k = M/ JL L, =0.075/02x0,15 = 0433 or43.4%
i
tdh g = f_!a‘iu di
e, = (02+0075)x 100 =275V .. ‘cumulative connection’
= (0.2-0075) > 1000 =125V . differential connection’
Example 7.32. Find the equivalent inductance L, in Fig. 7.17
060 H
—'l:l—"ffm
oI .
A : » .
e L LLLLIA L
030 H
Fig. 7.17 %

{(Bombay University, 2001)

Solution. Series Parallel combination of Inductors has to be dealt with. Note that there s no
mutual coupling between coils.

Ly, =05+[06=x03(03+03)]=07H
7.15. Inductance in Parallel

In Fig. 7.18, two inductances of values L, and L, henry “
are connected in parallel. Let the coefficient of mutual al @ ' B
inductace between the two be M. Let { be the main supply —= e
current and i, and #, be the branch currents | & _
Obviously, =i+ : -##ll-:-“!-'ﬂ_
di di :
a "~ at %‘ i Fig. 7.18

In each coil, both self and mutually mduced e.m.fs.

are produced. Since the voils are in parallel, these e.m.fs. are equal. For a case when self-induced
e.m.f. assists the mutually-induced e.m.f, assists the mutually-induced e. m.f we g:t

Aoyl Byt B Sk
e= LG Mok = L d'..LM Hd;j’" +M—
di i, i, i
or M = - s [ﬁj}j Aif)
di _ |[La—-M ﬁ g
Hence, (i)} above becumzsm = [[L‘—H ]+Ij| i wd 1)
If L is the equivalent inductnnce.llu:nr=£_g' = induced e.m.f. in the parallel combination
_ ; ; di | o diy
= induced e.m.f, in any one coil = L,, d'.r+M i
._. = _.[leﬁ_ MﬂlJ Ll fv)

1 -M il
Substituting the value of di /dt from (if) in (iv), we gct E’- = I[Ll [i‘: M ]"’ ‘“] E;‘ )



Hence, equating (iif) 10 (iv), we have ﬂ_ |l = % [ﬁ_—u—]+ M]

L+L,—2M _ [uq -M ]

or L-M
f‘%mmﬁcﬂmﬂ:mﬁcﬂn
e _ Lo~ -M?

Similarly, L T+L+2M when the to fields oppose each other.

Example 7.33. Two coils of inductances 4 and 6 herney are connected in parallel. I their
mistueel inductance ix 3 henrv, caleaalte the eguivalent inductance of the combination if {{) il
inductance assisiy the self-inductance (i) mutaal inductance opposes the self-inductiance,

[ bk M® _ 4x6-3 15
'JL|+4[.2 M 4+6-2x3 4

-M 24-9
] L= L,I.}I-IE,+1H= 6 =%=&94H{nppmx.il

Solution. (i) =375H

Tutorial Problems No. 7.2

1. Two coils are wound close wogether on the same paxolin wbe. Current is passed through the first coil
and is varied sl & uniform rate of 500 mA per second, inducing an e.m.f. of 0.1 ¥ in the second coil.
The second coil has 100 wms, Calculate the number of tums in the first coil if it inducmnce is 0.4 H.
{200 turns)
Two coils have 50 and 500 tums respectively are wound side by side on a closed iron circuit of section
S0 cm” and mean length 120 cm. Estimate the mutual inductance between the coils if the permeabil-
ity of iron is 1000. Also, find the self-indoctance of each coil. [Fthe current in one coil grows steadily
from zero 1o 5A in 0.01 second, find the e.m.f. induced in the other coil.
=013 H Ly = 00030, B, Ly = 121 H,E =634 ¥|
3 Anhm-cuudchnhu:hlgmdmhuummﬁmmufmﬂwhmmm;unﬁudmshynf
I Whim’, the corresponding relative permeability of iron core is 4000. Determine the number of
hnmhlb:windmmgwu'lhnﬂtmgnmﬂmgﬂhhsnmnlm@uiﬂnminlheuunmr:and
of | mm in air-gap that its cross-section is 10 em®. Neglect leakage and fringing. EILLH
4. A non-meganetic ring having a mean diameter of 30 cm and a cross-sectional area of 4 cm” is uni-
formly wound with two coils A and H, one over the other. A has 90 tums and 8 has 240 tums.
Calculate from first principles the mutual inductance between the coils,
Also, calculate the e.m.f. induced in B when a current of 6 A in A is reversed in 0.02 second.
[11.52 juH, 6.912 mV)
5. Two coils A and B, of 600 and 100 wms respectively are wound uniformly around 2 wooden ring
having a mean circumference of 30 cm. The cross-sectional area of the ring is 4 cm’. Calculate (a)
the mutiual inductance of the coals and (&) the e.m.f. induced in coil B when & cument of 2 A m coil A
is revemed in (L0 second. e} 1005 uH ib) 40.2 mV]
6, A coil consists of 1,000 wms of wire uniformty wound on a non-magnetic ring of mean diameter 40
cin and cross-sectional area 20 cm’,
Caleolate () the inductance of the coil (b) the energy stored in the magnetic field whien the coil is
carrying a current of 15 A () the em.f induced in the coil if this current s completely imerrupted in
(.01 second. [t} 2mB (&) 0225 joule {c} V]
7. A coil of 50 twms heving & mean diameter of 3 cm is placed co-axially at the cenire of a solenoid 60
em long, wound with 2,500 mms and carrying a cument of 2 A, Determine mutual inductance of the
arrangement. |0.1B5 mH]
A coil having a resisiance of 2 {2 and an inductance of 0.5 H has a current passed through 1t which
varies in the following munner ; (@) o uniform change from zero to 50 A in | second (#) constant at 50
A for | second ic) a uniform change from 50 A 1o zero in 2 seconds. Plot the current graph o a time
base. Tabulate the pad. applied to the coil during each of the above periods and plot the gmph of p.d.
o & time hase. ) 25t 123 Vil 1MV ic) 575V in— 125 V)

L

K
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9.

T

b

A primary coil having an inductance of 100 pH is connected o—  rrpmr————
in series with & secondary coil of 240 pH and the 1otal in- A
ductance of the combination is measured as 146 pH. Deter-

mine the coefficient of coupling.

Find the total inductance measured from A-B terminals, in
Fig. T19.062.6% | (Circuit Theory, Jadavpur Univ. {987)
[Hint : L= 100 + 50 — (2 x 60) = 30 pH, due 10 opposite
senses of coments with respect to dot-markings. |
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100 ph

'ﬂmh ,,,/"g

50.4ih

Qw

Fig. 7.19

OBJECTIVE TESTS -7

With the switch § open in Fig. 7.20) as the
magnet is moved to and fro

Fig. 7.20

{e) cuwment reverses through the galvanom-
eler

ib) energy is needed to mvoe the magnet
toward or away from the coil

(¢1  magnet s repelled as it approaches the
eoil

() galvanometer needle does not move,

According to Faraday s Laws of Electromag-

netic Indoction, an e.m.f. is induced in a con-

ductor whenaver it

(u) les in a magnetic field

{F) culs magnetic flux

() moves parallel to the direction of the
magnetic field .

() Tes perpendicular to the magnetic flux,

The magnitude of the induced e.m.f. in a con-

ductor depends on the

(o} amount of flhux cut

(#) mmount of flux linkages

(e} rate of change of fux-linkages

{d) fiux density of the magnetic field

The direction of induced e.m,f. can be found
with the help of

(a} Lenz's law

i(#} Fleming's right-hand rule

{¢) Kirchhoff's voltage law

(e} Laplace’s law.

o Lo FL 179

g

5.

1},

If a current of 5A flowing ina coil of indue-
tance 0.1 H is reversed in 10 ms, e.m.f in-

duced in it is volt.
()] 100 {b) 50
@ 1 () 10,0080

Higher the self-inducetance of a ooil,

{a) lower the el induced in v

(b} longer the delay in establishing steady
current through it

() - greater the flux produced by it

fd) lesser its weber-tums

Mutual inductance between two magneti-
cally-coupled coils depends on

(a) the number of their tums

(&) permeability of the core

(£) cross-sectional area of their common
core

{d) all of the above

Bath the number of turns and the eore length
of an inductive coil are doubled. Its self-
trductince will be

fa) doubled (b) quadrupled

(e} halved () unaffected

Two coils having self inductance of 0.6 H
and 0.4 H and a mutgal inductance of 0.2 H
are connected in seres. What is their com-
bined self-inductance 7

(@) 14H (b 06 H

{cd 13H () either (a) or (&,
Two similar coils have a coupling coefficient
of 0.25 and a mutual inductance of (0.9 H.
The self-inductance of each coil 1s
henry.
(@) 04
ey 02

By 0.6
{d) 036

vy Y F P

SHAMSENY



8 MAGNETIC HYSTERESIS

8.1. Magnelic Hysteresis

It may be defined as the lagging of magnetisation or induction flux density (&) behind the
miagnetising force (). Alternatively. it may be defined as that quality of a magnetic subsiance, due
Lo which energy is dissipated in it. on the reversal of its magnetism.

Let us take an unmagnetised bar of iron AR and magnetise it by placing it within the field of a
sodenoid (Fig. 8.1), The field H (= NI/ produced by the solenoid is called the magnetising force,
The value of H can be increased or decreased by increasing or decreasing current through the coil.
Let H be mcreased in steps from zero up to a certain maximum value and the corresponding values
of flux density (H) be noted. If we plot the relation between H and B, a curve like DA, as shown in
Fig. 8.2, is obtained. The material becomes magnetically saturated for # = OM and has at thal ume
o maximum flux density of & established through it,

e

=

il e

Bmax

Fig. 8.1 Fig. 8.2

It H is now decreased gradually (by decreasing solenoid carrent), flux density B will not decrease
ulong AQ, as might be expected, but will decrease less rapidly along AC. When H is zero, 8 is not
but has a defimite value = OC. It meuns that on removing the magnetising force H, the iron bar is
not completely demugnetised. This value of B (= OC) measures the retentiviny or remanence of the
material and is called the remanent or resadual flux density 8,

Ter demagnetise the iron bar, we have o apply the magnetising force in the reverse direction,
When J is reversed (by reversing current through the solenoid), then 8 s reduced (o zero at point D
where H = 0D, This value of H required 10 wipe off residual magnetism is known as coercive force
(M) and is a measure of the coercivity of the material Le. its “tenacity’ with which it holds on to its
Mg netism

11, after the magnetisation has been redeced 10 zero, value of H is further increased in the “nega-
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tive' Le. reversed direction, the iron bar again reaches a state of magnetic saturation, represented by
point L. By taking H back from its value commesponding to negative saturation, (= OL) to its value for
positive saturation (= OM), a similar curve EFGA is obtained. If we again starl from G, the same
curve GACDEFG is obtained once again *

It 1s seen that 8 always lage behind H. The two never attain zero value simultaneously. This
lagging of & behind H is given the name “hystereis” which lierally means ‘to lag behind’. The
closed loop ACDEFGA which is obtained when iron bar is taken through one complete cycle of
magnetisation is known as “hypothesis loop’.

By one cycle of magnetisation of a magnetic material is meant its being carried through one
reversal of magnetisation, as shown in Fig. 8.3,

LINMAG- LUNMAG- LINMAG-
NETISED 8 N NETISED N § NETISED 8 N

E==n | [E==] | IREEE

L— ONE CYCLE '_'II

Fig. 8.3

8.2, Aren of Hysteresis Loop

Just as the area of an indicator diagram measures the energy made available in a4 machine, when
tiken through one cycle of operation, so also the area of the hysteresis loop represents the net energy
spent in taking the iron bar through one cycle of magnetisation.

According to Weber's Molecular Theory of magnetism, when a magnetic matenial is magnetised,
its molecules are forced along a straight line. So, energy is spent in this process. Now. if iron has no
retentivity, then energy spent in straigthening the molecules could be recovered by reducing H 1o
zero in the same way as the energy stored up in a spring can be recovered by allowing the spring to
release its energy by driving some kind of load. Hence, in the case of magnetisation of a material of
high retentivity, all the energy put into it originally for straightening the molecules 15 nol recovered
when H is reduced (o zero. We will now proceed o find this loss of energy per cycle of magnetisation,

Let /= mean length of the iron bar ; A = jts area of cross-section; N = No. of tumns of wire of the
solenoid.

If B is the flux density at any instant, then @ = BA,

When current through the solenoid changes, then flux also changes and so produces an mduced
e.m.f. whose value is

d g d dB

e =N 2 volt =N = (B4)= NA 275 valt {peglecting —ve sign)
Now H = % or I= %{
The power or rate of expenditure of energy in maiumhﬁr‘llf the current *I" against induced e.m.f,
‘e s = ¢ fwall= %XNAZ—I:MH% wall

Energy spent in time i = ALH %?X di = ALH.dB joule
Total net work done for one cycle of magnetisation is W= al L#H dB joule

where § stands for integration over the whole cycle. Now, ‘H dB' represents the shaded area in Fig.
8.2. Hence, § HdR = area of the loop i.e. the area between the B/H curve and the B-axis

¥

I fet, when A s vared a nwmber of times between Axed positive amd negative maxinm, the size of the Joop
becomes smaller and smaller Wil the material is cyclically magnetised. A material is sad 10 be cyelically
magnetsed when for each mereasing (or decrensing) value of H, § has the same value m successive cyveles
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work dﬁne.h:ycle = A, x (area of the loop) joule. Now Al = volume of the matenal
v et work donefcycle/m’ = [Imp area) joule, or W, = (Area of B/H loop) joule m Yeyele
Precaution

Seele of B and H showld be taken into consideration while calcularing r.":e actual leop area, For
example, if the scales are, 1 crn=x ATim  ~for Hand lTem=y Wb!rn —for #
then W, = xy {urea of B/H loop) joule/m Yeyele

In the above expression, loop area has 1o be in em’.

Ay seen from above, hysteresis loop measures the energy dissipated due (o hysteresis which
appears in the form of heat and so raises the temperature of that portion of the magnetic cireuit which
is subjecied to magnetic reversal.  The shape of the hysteresis loop depends on the nature of the
magnetic material (Fig, §.4),

Loop | is for hard steel. Due to its high
retentivity and collectivity, it is well suited for
making permanent magnets. But due to large
hvsteresis loss (as shown by large loop area) it
is not suitable tor rapad reversals of magne-
tisapnon.  Certan allovs of aluminiom, nickel
and steel called Alnico alloys have been found
extremely suttable for making permanent mag-
nels.

Loop 2 is for wrought iron and cast sieel,

It shows that these materials have high perme-

ahility and fairly good coercivity, hence !
muking them suitable for cores of electromag-

nes,

Loop 3 is for ulloyed sheet steel and it s e
shows high permeability and low hysteresis Ioss, Hence. such materials are mest suited for making
prinamure and wransformer cores which are subjected to ropid reversals of magnetisation.

=J
Led

8.3, Properties and Applications of Ferromagnetic Materials

Ferromagnetc matenals having low retentivines are widely used in power and communication
apparatus. Since silicon wen has high permeability and saturation flux density, it is extensively used
in the magnetc circuits of electrical machines and heavy current apparatus where a high flux density
is desirabie in order o limit the cross-sectional area and, therefore, the weight and cost. Thin sili-
con-ren liminations (clamped together bt insulated from each other by varnish, paper or their own
stirface scale) are used in the construction of transformer and aramature cores where it is essential to
intiimize hysteresis and eddy-current logses

In Neld systems (where flux remains constant), s linle residual magnetism is desirable. For such
systems, high permeability and high saturation flux density are the only inlportant reguirements
which wre ndeguately met by Tabricated rolled steel or cast or forged steel,

Freguencies used in line communication extend up to 10 MHz whereas those used in radio vary
trom abogt 100 kHz 10 10 GHz. Hence, such material which have high permeability and low losses
are very desirable. For these apolicanons. nickel-rron alloys contamng up to 80 per cent of mickel
and & small perceniige nl malybderum or copper, cold rolled and annealed are very suitable.

8.4, Permanent Magnet Malerials

Pertnanent magnets find wide applicanion in clectrical measuring instrumients, magnetos. mag.
netic chucks and moving-coil loudspeakers ete. In permanent magnets, high retentivity as well as
high coercivity are most desirable in order to resist demagnetisation. In fact, the product 8./ is the
hest criterion for the merit of a permanent magnez, The material commonly used for such purposes
are carban-free iron-nickel-alumimum copper-cobalt alloys which are made anisotropic by heating
1o o very high lemperature, and then conling i & strong I'I'I.dgllt.'llL Feld. This alloy possesses B_H,
value of about 40,000 Jm’' as compared with 2500 Jm” for chromium-steel
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Example 8.1 [l hyvieresis loop of a sample of sheet steel subjected to o meximum flies densiey
af 1.3 Whim® has an area af 93 en, the scales being | em = (L1 Whim® and | em = 50 AT/m
Calouliate the hyseeresis loss fr watts when 1500 e’ of the same material is subjected 1o or alternat
i flus dingary of 1.3 Whim™ peak value of o frequency of 63 Hz

iEleciromechanics, Allahabad Univ, 1992}

Solution, Loss = xy (arcu of 8/H loop) Jh;ljfcyclc
= 0.1 = 50 x 93 = 465 Jm feycle
Volume = 1500 cm’ = 15 % 107 m" ; No. of reversals/second = 65

. W, = 465x 15x 107 x 65 Jfs = 45.3 W
Note. The given value of B = 1.3 Wh/m® is not required for salution,

Example 8.2, Calcwlure the hourly losy qf"am.'rg".' i kWH i ¢ specimen af iron, the hvsteresis
Lo of whivch v vquivalent in area to 250 . Frequency 50 He ; specific graviry of iron 7.3 -
wetfgit oof specimen 10 kg, iElectrical Engi. Materials, Nagpur Univ, 1991

Solution. Hysteresis loss = 250 Hm"fuycltﬁ Mass of iron = 10 kg
Volume of iron specimen = 10/7.5 % 10° m’ = 107775 m’
No. of cycles of rversals/hr = 60 = 50 = 3000 "
loss/hour = 250 X (1077.5) 3000 = 1000 1 = 1000/36 x 107 = 27.8 x 107" kWh

Example 8.3, The livsreresis loop for a cerfom muagnend material is drawn to the firlleswin g
scales © Fem = 200 AT/m and | o = 0.0 Whim'. The arca of the loop is 48 cm™. Asswming the

dfenyiry ef the materinl fo be 7.9 % 1 kg.-"m']. cofiuliste e fysteresis Joss I wandkg w 50 He
(Elect. Cireuits & Fields, Gujorat Univ, 1985)

Solutiom. Hysteresis loss = v (area of A7H loop) ]!m!'a’u_',rnzle

Now., lem = 200 AT/ 2 | om = 0.1 Whim
: + = 200, v =01, area of Joop = 48 cm’ ) X
loss = 200 % 0 | x 48 = 960 Jm'feveles, Denstiy =7.8 = 107 kgim”
Volume of 1 kg of material = mass/idensily = 1778 % 10" m’
: loss = 960 x 1/7.8 % 10" Jeycle No. of reversalsisecond = 5)
loss = 960 x 50 % 107/7.8 = 6.15 Js or wan

6.15 waltt/kg.

Example 8.4, Determune the hvsterests loss {n an iren core weighing 50 kg having a densiny of

TR = NP kb wihen the area of the hvsteresis loop is 50 it frequency s 30 Hz and seales on X
and ¥ wxes are ' 1 em = 30 ATem and ) om = 0.2 Whin™ respectivelv.

{Elements of Elect. Engg-1, Bungalore Univ. 1987)

xy (aren of BIH loop) Mm'fcycle

hysteresis loss

Solution. Hysieresis loss

lem = 30 AT/em = 3000 AT/m ; | em =02 Whim”
x = 3000, y=02, A=150cm’
loss = 3000 x 0.2 x 150 = 90,000 ﬂm-‘{cycl-_;
YVolume of 50 kg of imn = mip = 5O/T.H = 107 =64x 107" m’
loss = 90.000 % 6.4 % 1072 % 50 = 28,800 Jis or wats = 288 kW

Example 8.5, fn o rransformer core of volume .16 m, the total iron loss was found to be 2,170
W at 50 Hz. The livsteresis loop of the core material, taken 10 the same meximinm (lux density, had
an areda of 9.0 em” when drawn 1o scales of 1 em = 0.1 Whim™ and | em = 250 ATim. Calewlate the
witerd from foxs i the transformer core §f it iy energlsed to the same mocimen flux densivy but at o
fresgeeney af 60 Hz

Solution. W

At 50 Hiz i
Hystersis loss = 225 % 0,16 x 50 = 1,800 W ; Eddy-current loss = 2170 = 1800 = 2370 W
Al 60 Hz
Hysleresis loss = 1800 % 60/50 = 2,160 W ; Eddy-current loss = 370 « (6/50)" = 533 W
Total iron loss = 2,160+ 533 = 2693 W

xy % (area of hysteresis loop) where x and y are the scale fucton.
9 % 0.1 % 250 = 225 Jim'feycle

nou
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Tutorial Problems No. 8.1

L. The area of n hysteresis loop of a material {5 30 cm®, The scales of the co-ordinates are ; | cm = 0.4
Whim® and | ¢m =400 AT/m. Determine the hysteresis power loss if 1.2 % 107 m’ of the material is
subjected 1o olternating flux density at 50 He | 288 W) (Elecr. Engg., Aligarh Uniy 1980)
Calculate the loss of energy caused by hysieresis in one hoor in 50 kg of iron when subjected 1o C'_t,ll,.hu_
magnetic changes. The frequency ls 25 Ha. the area of the hysteresis loop represents 240 joules/m’
and the density of iron is 7800 kg/m®. [138.240] (Principles of Elect. Engg. 1, Juduup.t.rr Univ. 1979)
4. The hysteresis loop of o spectmen weighing 12 kg 1s eciuwnlenl to 300 joules/m”. Find the loss of
energy per hour at 50 Hz. Density of iron is 7500 kgim™.
[86,400] { Electrotechnics — L Gauhati Untv. 1981
4. The aren of the hysteresis loop for a steel specimen is 3.84 cm’. If the ordinates are to the sc?Ics |
cm =300 AT/m and | om =05 Whim”, determine the power loss due (o hysteresis in 1,200 cm® of the
steel if it is magnetised from a supply having & frequency of 5!} Hz. [46.08 W]
5. The urmature of o 4-pole d.c. motor has u volume of 0.012 m’, In a test on the steel iron used in the
armature carnied out (o the same value of maxinum Tux dcnsaty is exists in Lthe armature, the area of
the hysteresis loop obtained represented a loss of 200 Jim'. Determine the hvsteresis loss in watts

r-l

when the armature rotates ar o speed of 900 rpom. [72 W]
fi.  In a magnetisation test on a sample of 1ron, the following values were obtained,
H AT LO00 2000 3000 40W 4500 30000 )00 u —LAO0 196N
B (Whim™) i .2 .58 0.7 173 072 0.63 (.54 138 ]

Draw the hysteresis loop and find the loss in watts if the volume of iron is (0.1 m’ and frequency is
50 He |22 kW]
B.5. Steinmetz Hysteresis Law

It was experimentally found by Steinmetz that hysteresis loss per m* per cycle of magnetisation
of @ magnetc meterial depends on () the maximum flux density established in it Le. B, and (i) the
magnetic quality of the material,

. Hysteresis loss W, o B,m joule/m Yeyele =1 H,',.‘L joule/m” eycle

where 1) is a constant depending on the nature of the magnetic material and is known as Steinmetz
hysteresis coefficient. The index 1.6 is empirical and hnlds good if the value of B, lies between 0.1
and 1.2 Whim”®. If B, is vither lesser than 0.1 Wh/m” or greater than 1.2 Wbm®, 'the index 1s greater
than |.6.

FIRELY

W, = nBLe. fV Ms or wat

whem fis frequency of reversals of magnetisation and Vis the volume of the magnetic material.

The armatures of electric motors and generators and tranformer cores efc. which are subjected
to rapid reversals of magnetisation should, obviously, be made of substances having low hysteresis
coefficient in order to reduce the hysteresis loss, .

Example 8.6. A cylinder of iron aof volume 8 < 10 i’ revolves Sor 20 minutes ar a speed of
3,000 r.pm in a two-pole field of flax density 0.8 Whon®. I the hysteresis coefficient of iron 15 751.6
iouledm”, specific hear of iron is 0.1 1, the loss due io eddy current is equal 1o thar due o hysteresis
and 25% of the htu!prrhi'ufml ix lost by radiarion, find the remperature rise of iven, Take density of
iron as 7.8 % 10 kgdm (Elect. Engineering-1, Osmania Univ. 1987)

Solution. Ap armature revolving in a multipolar field undergoes one magnetic reversal after
passing under 4 pair of poles. In other words, number of magnetic reversals in the same as the
number of padr of poles. 1F P is the number of poles, the magnetic reversals in one revolution are
P2 1f speed of armature rotation is N r.p.m, then number of revolutions/second = N/6(),

Mo, of reversals/second = reversals in one revolutions » No. of revolutions/second

= 'P N_PN reversals/second

2 60 120
3000 rpm;P=2 . f= “]:];;ﬂﬂ = 50 reversals/second

Here N
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Accortding to Steinmetz’s hysteresis law, W, = 'qBrlr':'. fV wal

Mote that f here stands for magnetic reversals/second and not for mechanical frequency of arma-
ture rotation.

W, = 753ﬁxmm”’xsuxsxm =211 Vs

Loss in 20 minutes = 211 I ZDD 2532 % 1071

Eddy current loss = 253.2 x |0° I; Total loss = 506.4 x 10° 1

Heat produced = 506.4 x IO].MEDGI = [2(.57 kcul Heat utilized = 120.57 x 0,75 = 90,43 keal

Healubsmbedbvtmn 8x 10 % T8 % 107) x 011 £ keal

Lo Bx10 T xT8x 10 x 011 xr=9043 o 1= 1317°C

Example 8.7. The area of the hysterexis loop abtained with o certain specimen of iromm wa
UF e, The coordinates were such thear | em = LOGO AT m and | o = (12 Wivm'  Calculate
(e0) thae hiysteresis bogs per r:r";u'r eviely fmdlh] the hysterexix foss per m "at u.frt'gm'm v f 30 Hz if the
muiirtin ey denviny were 1.5 Wivm® () calewlare the hvsteresis loxs per e for a maximum (o
densiry af 1.2 Whin® and a frequency of 30 Hz, assuniing the loss to be propartional w 8"

A

i Elect. Techmology, Allahabad Univ. 1991)
Salution. W, = xv x (ares ol B/H loop) .
(a) 10000 % (0.2 = 9.3 = 1860 J/m fovele
th)y W, = 1860 x 50 J/s/m® = 93,000 W/m’
(¢) W, = nBLL fVW Foragiven specimen, W, a Bo, f
In (b) above, 93,000 o 1.5'* x 50 and W, & 1.2 x 30

]

93,000 1.5 50°
Example 8.8. Caleulate the loss of energy cauve o by hysteresis fn one fonre in 30 kg af ivon if
the pe u.i. density redched iy 1.3 Wivm® mrd e .fi equency iv 25 Hz Assime Steinmets cocfficient as
628 Jim and densiry of iron as 7.8 x 10 h,fm
Wit will be the area of BFH corve of this specimen if | em = 124 AT and | em = (1] Wim'.
(Elect. Engg. ;: Madras Univ. 1987)

0 —641x107 '
Ax10
: W, = 623x|3mx25x154|xlﬂ = 152 Ifs
Lms in one hour = 153 x 3,600 = Siljﬂﬂfh
As per Steinmetz law, hysteresis loss = 18, J/im’ Yeycle
Also, hysteresis loss = xy (wra of B/H loop)
Equating the two, we get

628 x 1.3"% = 125 x 0.1 = loop area

loop area = 628 x 1.3'%/1.25 = 764.3 em’

Tuterial Problems No. 8.2

L. In s certain transformer, the hysteresis loss is 300 W when the maximum flux density is 0.9 Whim’
und the frequency 30 Hrz What wonld be the hysteresis loss if the maximoam flux density were
increased 10 1.1 Whim” and the frequency reduced to 40 Hz, Assume the hysteresis loss over this

M [-'-1-] x 30 W =93,000%0.669% 0.6 = 37,360

Solution. W, T'IEL; FV wall ; volume V =

ﬁ =

range to be propartional to B [337 W]
2 in o trunsformer, the hysteresis loss is 160 W when the vajue of B = |.1 Whim’ and win:n wupply
frequency 11 60 Hz. What would be the loss when the valee of 8_ l". reduced (o 0.9 Wivim” and the
supply frequency w reduced 10 50 He 197 W) | Elect ﬁngg 11, Bunigalore Uiy, Jar. {950)

8.6, Energy Stored in a Magnetic Field

For establishing o magnetic field, energy must be spent, though no energy it required o maitiain
it Take the example of the exciting coils of an ¢leciromagnet. The energy supplied ta it is spent in
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two ways (/) part of it goes to meet IR loss and is lost once for all (i) part of its goes o create Mux
and is stored in the magnetic field as potential energy and is similar 1o the potential energy of 4 raised
weight. When a weight W is raised through a height of h, the potential energy stored in it is W
Work is done in raising this weight but once raised to a certain height, no further expenditure of
energy is required to maintain it at that position. This mechanical potential energy can be recovered,
s0 cun be the electrical energy stored in the magnetic field,

When current through an inductive coil is gradually changed from zero to maximum value /,
then every change of it is opposed by the self-induced e.m.f. produced due to this change. Energy is
needed to overcome this opposition. This energy is stored in the magnetic field of the coil and is,
later on, recovered when that field collapses. The value of this strored energy may be found in the
following two ways :

(i} First Method. Let, at any instant,

i = instantaneous vilue of current ; e = induced e.m.f. al thal instant = L di/dr

Then, work done in time df in overcoming this opposition is

AW = m'd:=1.iixsxdr=udi

Total work done in establishing the maximum steady current of [ is

W i
| aw < [ tidi=e® ow=tor
[ il 2

This work is stored as the energy of the magnetic field -, E = % L7 joules
(i} Second Method
If current grows uniformly from zero value to its maximum steady value /, then average current
is /2. 1f L 1s the inductance of the circuit, then self-idcued e.m .l is ¢ = LIt where *1* is the time for
the current change from zero to [,
Average power absorbed

induced e.m.{’ = average current

2

P22
, ; B , LEF o0 T i
Total energy shsorbed = power x lime = p kr_ELF

energy stored £ % L1 joule

It may be noted that in the case of series-aiding coils, energy stored is
E = %:L,+£2+2MH*=%LLF+%LQH+MJ1
Similarly, for series-opposing coils, E=1 £, 1*+ L1, 1" - p 1

Example 8.9. Reluctance of @ magnenc circuit is known 1o be 100 AT/Whb and excitation coil

fieas 206 turns. Current in the coil 15 changing wniformiv ar 200 A%, Caleuatle (a) inductance of the
el [0 volrage induced across the cofl and () energy stared on the coil wheln (nstanimeous oo
art={ yevond el Al Negleot resistance of the cofl  (Eleet. Technology, Univ. of Indare, 1987)

Solution. {a) L= NIS=200010" = 04 o

by e = Ldlidi=04=200=80V
(e} E = %LJ:=H.5:¢D.4>¢J1_—.“‘1J

Example 810, An ivon ring of 20 cm mean diameter having a cross-section of 100 cm i
vigh A s af wive, Calenlate the exciting ciirrent reguired to establich a fluy densiry of

if the relative permeability of iren i JHHXL What is the value af energy stoved 7
(Elect, Engg-1, Nagpur Univ, 1993)
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Solution. B =y, u, NIl Whim’
: | = 4;x 1077 = 1000 x 400 /021 or /= 125 A

Now, L o= pop, AN =4 1077 % 107 x (100 % 107 %) x (400/°/0.2n = 32H
E = L7 =1x32x125 =25

8.7. Rate of Change of Stored Energy

As seen [rom Art. 8.6, E=]E.LJ'1. The rate of change of energy can be found by differentiating

the above equation

di dt di 2 i

Exampie B.11. A relay (Fig. 8.3) has a0 coil of 1000 turns and an arr-gap of area (0 cm” and
lempth 1.0 mm. Calcwlate the rute of change of xtorgd eneryy in'the air-gap of the relay when

® - '—[LzJ “’+r‘ﬂ-] L

(f) ervmmuture €3 stcticerary e 1.0 moy froon the core and carreat 510 mA but B3 incrcasing arn e
e af 25 Afs,

(Y csreent (s somsforg o 200 mA bt indutemce iy chonymy af et rate of (00 Hy

NiA
Salution. L = EET‘ | ...jl']:
-7 -4 P
_dAmx 107 x (10°)* xlﬂxll] L3k T ._.__.__-_-IE E_,..w-_E
1% P N=1000 o

(1} Here, dldr = 25 Afs, dl/dt = (0 because armature 15 '—u_i
stationary. 2
%=L1%=llﬁxlﬂxlﬂ_]xl_‘.zu_ms w Fig. 85
{if) Here, dLfde = 100 HYs; dlfde = 0 because currenl is constant.
dE 1 ,24dL _ 1

2 -3 2
= 1= 220107 %100 = 0.02 W

8.8, Energy Stored Per Unil Voluome
It has already been shown that the energy stored mnmagnﬂucﬁzbdn[lcnglhinttmanduf

cross-section A m” is E-ul~.f_4l"_1}11;1uii:1;:r!:'-m:-ci---—ﬁmIr 1* joule

Now H=N . E= [MJx MG, Af—i-i.l.np.rh' x Al joule

I i
Huw.ﬂ:vu!unun[ltmnngmﬂnﬁcﬂmm
energy stored/m” = %unu,fﬁ =% BH joule (Mo, H=B)
. . :
= oule — in a medium
20,1,
a8 . i i
= —— joule =
or lyﬂm in atr

8.9. Lifiting Power of a Magnet
In Fig. 8.6 let, P = pulling force in nmsmwemmmluandd=pnhmalnml

If one of the poles (say, upper one) is pulled spart against this attractive force through a distance
of dv metres, then work done = P = dx joule i)
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This work goes to provide energy for the additional volume of the magnetic field so created
Additional volume of the magnetic field created is

= Axdem’ |
1 I
Rate of energy requirement 15 = TF-— jmﬂﬂ'ml N
I, .,\_\___JI\
. g dx N L\..'l!
energy required for the new volume W-‘* 1 LA = I‘-"
0 \ X
Equating (/) and (ii), we get,
Pdx = B’ xAdx N
21y
B'A B’
: —=N=d4,00,000 — N
s P = 1'-1“ m A 5
! )
or P = B4 Nim? =4,00,000 B Nim?
2, :
Also p=—BA . B4 L w Fig. 8.6

9.81x2p, 19.62p,

Example B.12 A horse-shoe magnet s formed ot of @ bar of wrought fron 45.7 cm fone,
faiving a corss-sectfon of 6,45 4 m'. Exciting coils of 500 mey ared placed on each limb and con-
neicted in yeries.  Find the exciting current neces-,
sury for the magnet to lift a load of 68 kg asmoming

thar the load hoy negligible reluctarce amd moakes Ir :
clase rontact with the magner  Relative permeatnl- E | |
irv iof frem = T8 E il I :
(Elect. Engz. AM.Ae. S.1., June, 1992y  E :
Solution. Horse-shoe magnet is shown in Fig. [ ]
8.7, 1
Force of atiraction of each pole = 68/2 = 34 kg 68 kg
=M x98] =3315N Fig. 8.7
A=645cm’ =6.45% 107" m’
2
: BA
Since F = =—=N
2Hg
2 =
331§ = w,— - B=41.3=1.14 Wh/m®
: 2xdnx 10 '
and H = Blu, p, = 11441 x 1077 x 700 = 1296 AT/m

Length of the pate = 45.7 cm = 0.457T m

2 AT required = 1296 x 0457 = 592.6

MNo. of urns = 500 x 2= 1000 . current required = 592.6/1000 = 0.593 A

Example B.13. The pale foce area of an electromagnet i3 0.5 ﬂ‘l!?.':rlffh' It v tee BT aon drom ingent
wedglng [O00 kg, If the pole faces are paratlel to the surface of the mgor at a distance of | nallimetre,
determune the cod mom [ required. Assume permeability af fron 1o be infinary w the permeability of
free space is 4t = 10 Him. (Elect. Technology, Univ. of Indore, 1985

Solution. Since wron has a permeability of infinity, it offers zero reluctance to the magneuc flux,

Force al two poles = 2 x B°A2p, = B'Al,

B % 0.5 mx 1077 = 1000 x 9.8, B=0.157 Wh/m’



Magnenic Hysteresis 37

s H=015Tdnx 100 =125 10" AT/m. /=2%x 1=2mm=2x 10" m

= AT required = 125 x 10" x 2 x 107" = 250,

Example 8.14. A soft iron ring having o mean circumference af 40 cm and cross-sectrional
area of 3 omt” has two raadiol seow cats made at diametrically opposite pointe. A brass plate 005 o

thick iy inserted in each gap. The cing &y wound with 80U tums, Colewlate the magnetic leakage anid
fringing, Assume the fellowing datea for saft iron

B (Whin' ) 0.76 113 131 141 1.5
H (A TVm) 50 1l 150 2Nl 250
{Elect. Enginecring-1, Delhi Univ. 1984)

Solution. It should be noted that brass is o non-magnetic material,

ﬁmmuncsep:mﬁm:ﬂzaﬂpu newton,

Force ut both separations = BJMLI.“ newton,

Now F=12kgwi=12x981 =117.7 N

L N7 =B x3% 10 Y4xx 1077 ; B =0.7 Wbim®

If BIH curve is drawn. it will be found that for 8 = 0.7 Wh/m'". value of H =45 AT/m.

Now. length of iron path = 40 cm = 04 m. AT required for iron path = 45 x 0.4 = |8

Valuc of H in the non-magnetic brass plates = B, = 0.7/4m »« 107 7= §57,M2 AT/m

Total thickness of brass plates = {5 x 2 = | mm

AT required = 557,042 = | = 10" * = 557. Total AT needed = 18 + 557 = 575

& magnetising current required = 557/800 = 0,72 A

Exumple B.15. The arm of a d.c. shunt motor starter is held in the "ON' position by an eleciro-
magnet having o pole face area of 4 om” and air gap of 0.6 mm, The targue exerted by the spring &

12 Nom and effective radius ar which the force bs exerted is 15 cm. Whar ix the mintmum number of
AT required to keep the arm in the "ON' position ?

Solution. The arm is shown in Fig. 8.8 -

Let F be the force in newions exerted by the two poles of the EMRG“F
electromagnel.
Torque = Force = radius a1
12 = Fx015; F=80N
Force per pole = 8W2=40N
2 -a 15¢cm
Now F = BAy . 4o B xaxiC EARIN,
T 2 de o 10
B = 05Whm' - H=05/mx 107" AT/m h
| I
Total air-gap = 2%x06x10 " =12x10"m @
05%12x10™"
s AT = Hls=—m————=477 Fig. 8.8
Pocel dmx 1077

Example B.16. The following perticaudars are taken from the magnetic circuit of a relay; Mean
length af tron circwit = 20 con; lengeh of air gap = 2 mm, number af turng on core = SO0, current
threugh ceil = 50 mA, relative permeability of iron =15EE.'. Neglecting leakage, whar is e Ty
denaity in the air-gap * If the area of the core (5 0.5 em”, what ix the pul] exerted on the armatiare 7

NI
Iifp,p, A
Now, m.m.f = NT = BODO x 50 107" =400 AT

Solution. Flux ¢ =
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Total circuit relcutance = —2t _ _ATWb or H~'
EI'I'IZIF'I'J"HI \
o 02 =100
S00x4r =107 x03 10°° 4xx10 " x05x<107"
400 ) iy 400m
b= Wh - Flux density B="-= — +=0.21 Wh/m®
12x10 /o A 12x107 xnjxm“ "
: o
The pull on the armature = 'ﬂ‘q'w=ﬂth x0.5x107¢ =087 N

2y, Ixdmxll]

Tutorial Problems No. §.2

An mir-cored solenoid has a length of 50 cm and a dismeter of 2 cm. Caleulste s inductance (F it has
1 00 s and also find the energy stored in it if the current rises from zero o 5 A,
0.7 mH: 8.7 mJ|(Elecs, Engy. and Electronic Bangalore U, 1998)
An air-cored solenoid | m in length and 10 cm in dismeter bas 5000 wms.  Calcuate (1) the self
inductance (if) the energy stored in the magnetic figld when a corrent of 2 A flows in the solenoid.
116} 02468 H tif) 04936 J) (F.E Pune Univ. Nov. /986)
Determine the force reguired 1o separeate tw um,gmm surfaces with contact ares of 100 cm” if the
mmgnetic Mux density across the surface is 0.1 Whim’. Derive formula used. if any.
398 N} (Elect. Engg. AMAcSL June 1990}
In 4 telephons receiver, dl:mufwh-flhnm'ﬂpduutlm = (0.2 cm and the Aux berween each
pole and the diaphragm is 3 < 10 * Wh; with what force is the disphragm attracted 1o the poles 7
0125 N] (Elect. Engg. AMAeS/S Tune [997)
A Tifuing magnet is required to mise a load of 1,000 kg with o factor of safety of 1.5 11 the Mux density
across the pole faces is I Whim™, caleulate the area of each pole [577 em”]
Magnetic material having a surface of 100 cm” are in eontact with esch other They are in o magnetic
crreun of flux. (b1 Wh uniformly distabuted across the surface.  Caloulare the force reguired o
detuch the two surfaces. 13,978 N| (Elect. Engg. Kerala Univ. 1976)
A steel nng having a mean diameter of 35 em and a cross-sectional area of 24 cm” is broken by a
pamallel-sided air-gap of length 1.2 cmu Stm‘_pm pieces of neghgible reluctance extend the effective
crins-sectionul ares of the mr-gap to 12 cm™  Takong the relative permb:.liw of steel as X0 and
neglecting leakage, detemine (6 the comen! necessary in 300 tums of wire would on the nng o
produce a flux density in the sir-gap of (125 Whim” (b) the tractive force between the poles,
[ia} 1316 A (B) 29.9 N|
A cam tron ring having a mean circumference of 40 om mnd 2 cross-sectional ares of 3 cm” has two
radial saw-cus ar diametrically opposite points. A brass plate is insenied in each gap (thickness 0.5
mmij. Il the ring is wound with BO0 mns, caleulate the magnetising curment 1o exen o totd pull of 3
kg berween the rwo halves. Neglect any magnetic leakage and fringing and assume the magnetic data
for the cast mum o be :
B (Whim') ; 0.2 03 i 03
HIATY: RS0 1150 1500 {300 [1.04 A

A magnetic cirowit in the form of an mverted U has an air-gap between each pole and the armature of

0.05 em. The cross-section of the magnetic crewi 15 3 cm”  Neglecting magnetic leakage nnd fring-
ing, calcultste the necessany exciting ampere-tums in order that the armatore may exert 2 pull of 15
kg The ampere-tums for the fron portion of the magnetc cmucit may be taken as 20 percent of those
required for the double air-gap.

. =L g @
Jem ‘3‘-3 km!g T Elﬂﬂ
L T— - o 1tem a o
| oo itom g oo™
———— A7 iy ————a]
W
fal fed
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In Fig. 8.9 {a) is shown the overload wip for a shunt motor starter. The force required 1o lift the
armature s equivalent to a weight of W = (L8165 kg positionned as shown. The air-gaps in the
l:m,u_nclic cirouil are equivalent to 4 single gap of 0.5 om. The cross-sectional area of the circuitis 1.5
em” throughout and the magnetisation curve is as follows :

HA{ATIm) : [ICLY 2004 30065 4000
8 (Whim'} 0.3 0.5 0.62 0.68
Calcuate the pumber of mms required if the trip is (0 operate when 80 A passes through the coil,

121 turms]

The armature of a d.c, motro starter is held in the "ON" position by means of an electromagnet [Fig
B9 (k)] A spiral spring exerts a mean counter torque of 8 N-m on the armature in this position after
making allowance for the weight of the starter arm.  The length between the centre of the armature
ind the prvol on the starter arms is 20 em and cross sectonal area of each pole face of the electromag:
net 3.3 cm”

Find i cmom number of AT required on the electromagnet o keep the arm in the *ON' position
when the wr-gap between the armature and the eleciromagnet is 0.5 mm. (Meglect the AT needed for
the irm of hte electromagnet). [3 AT

A cylindrical lifting magnet of the form shown in Fig. 8.9 () has a winding of 200 tums which carries
acurrent of 3 A Calculate the maximum lifting force which could be exerted by the magnet on a flat
irom sheet 5 om thick. Why would this value not be renlized 1 practice ? The relative permeability of
the ron can be taken as SO0 [o%E M)

8.10. Rise of corrent in an Indoctive Cirenit

In Fig. 810 is shown u resistance of R in series with i coil of self-inductance L henry, the two
being put across a battery of V volt The R.L combination becomes conpected w battery when swich
8 is connected o terminud o' and is short-cireuited when § bs connected o *h°, The inductive coil is
assurned o be resistanceless, its actual small resistance being included in &

When § is connected w 'a” the R-L combnation is suddenly put across the valtage ol Vvoll Lel

us take the instant of closing 5 us the starting wero time,

A

It is easily explained by recalling that the coil as R i

possesses electrical inertia ce. self-indoctance and o

hence, due to the production of the counter e.mul, of B I_v —ﬂl-l-\' _pdi

self-inductance, delays the instantaneous full éstablish 3 o

ment of current through e
We will now inverstigate the growth of current /¥ "= ¥

through such an inductive cireuit o
The applied voltage V must, at any instanl, supply

not only the ohmice drop iR over the resistance R but

L

must @lso overcome the em.l. of sell inductance ie Fig. §.10
Ladtfeht.
V = vp+v, =ikt %
ar (V-if) = L% V‘i—!rﬁ' =% wAi)
Muluplying both sides by (- R, we get (= R) ﬁ = —% df
Integrating hoth sides, we get :%f—'lg—; = Jdr Iugf " =—%.r + K b

where ¢

is the Mapienan loganthmic base = 2,718 and K is constant of integration whose value can

be found from the imual known conditions,
Ta begin with, when 1 = (), 1 = 0, hence prtting these values in (i) above, we pel

]ug:' =K
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Substituting this value of K in the above given equation, we have

g, " = %;Hngf or log % ~log! =—ERr
or log, R = -%f - '% where L/R = A "time constant”
VVJ'R =£—rﬂﬂr‘,5%“_f—lﬂ-] T ImnWR
Now, VR represents the maximum b __”"' &
steady value of current / that would eventu- o 3-..' ot
11i13|-r be established through the £-L circuit, = 8 é@#‘
i=n0-¢™ L B %2 "——.E‘;f*—l i =Fu(l=e")
This is an exponential equation whose — © ! |
graph is shown in Fig. § 11. It is seen from it é m _g,.,"r E
that current rise is rapid at first and then 5 i I
decreases until at 1 = ==, 1t becomes zero. g ok |
Theoretically, current does not reach its :
maximum stady value / until infinite time. 1
However, in practice, it reaches this value in  Switch /o — Time

o relatively shorl time of about 5A. Closed e *-I
The rate of rise of current dildr at any
stage can be found by differentiating Eq. (if)
ghove w.orl ume. However, the /nirial rate
of rise of current can be obtained by putting ¢ = 0 and 7 = () in (i}* above.
2 di o odi ¥V
V = U"‘R‘*‘Ld or il
The constant A = /R is known as the time-constant of the circeit. 1t can be varjously defined
as
{i) Itisthe fime during which current would have reached its maximum value of I (= VIR) had
it maintained its initial rate of rise.

Fig. 8.11

iy _VIR _ L
initial rate of rise  VIL R
But actoally the current takes more time because its rate of rise decreases gradually. In actual
practice, in a rime equal to the time constant, it merely reaches 0.632 of its maximum values as
shown below : '

LIR = & in Eq. (iii) above, we get

ey | o | | b
I (¢ 1_.1,_[1 E]-:.fm[l 2_”8]_0.632;“

(ii) Hence, the time-constant A of an R-L circuit may also be defined as the time during which
the current actually rises o 0,632 of its maximom steady value (Fig. 8.11),

Time waken =

Putting t

* ndtinl vilue of difet can also be foumd by differentioiing Eq, (i amd putting ¢ =0 in il In fact, the three
gueatities V, L. R give the following varoes combinations |
ViR = | —the maximum final steady Current,
ViL = initinl rate of rise of curvent
LR = e constiant ol the ciecuil.
The frst rule of switching s thar the curem fowing through an mductance cannot change instontancously.
Thir seeond mle ol switching is that the voltage across a capacitor cannot change nstuntneosly
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This delayed rise of current in an inductive circuit is utilized in providing time lag in the opery-
tion ol electric realys and trip coils etc.

B.1L Decay of Current in an Inductive Circuit

When the switch § (Fig- 8.10) is connected to point *A", the R-L circuit is short-circuited. [ is
found that the current does not cease immediately, as it would do in a non-inductive circuit. but
continues 1o flow and is reduced to zero only after an appreciable time has elapsed since the instant
of short-cirecuit.

The equation for decay of current with ume is found by putting V' = 0 in Eq. (i) of Art. 8.10

i di _ R
0= 1R+Lm or 7 Ld.'
Integrating both sides, we have J'ﬂf = f I,f,- o logi= ? I+ K f)
i i

Now. at the instant of switching off current, i = /_ and if time is counted from this instani, then
r=10
k1 log 1, = 0+ K
Putting the value of K in Eq (i) above, we get,

Il'.'l'g!,f = _I=1ﬂgp ":m
log, i, = ~ 1 1
E
d o i
.. Ft
or i=re™ i)

It is decaying exponential function and is plot-
ted in Fig. 8.12. It can be shown again that theo-
retically, current should take mfinite time to reach
zero value although. in actual practice, it does so
in a relatively short time of about 5,

Again, putting { = A in Eq. (i) above, we get

% OF MAX. CURRENT,

I !
el Lo I, 1]
{ e 2178 a7 w TS
Hence, time constant () of an R-L circuit may Fig. 8.12

ilso be defined as the ime during which current
falls to 0.37 or 37% of its maximum steady value while decaying (Fig. 8.12)!

Example 8.17. A coil having an effective rexitance of 20 £ and an inductance of 5 H. i
suddenty connecied acrosy a 50-V de supply, What s the rate ar which energy s srored in the field
af the coil when curpent (s (@) 0.5 A (b} 1O A and () steady ? Also find the induced EMF i the coil
wnder the above conditions,

Sulution. {g) Power input =50 1.5=25W

Power wasted as heat = 'R =0.57 x 25 = 6.25 W. Hence, rate of energy storage in the coil field
1525 - 6,25 = 1875 W or Ms. (k) Power input = 50 = 1 = 50 W

Power lost as heat = 17 x 25 = 25 W. ~. Rate of energy storage in field =50 - 25 =25 W or J/s.

() Steady value of current = 50023 = 2 A, Power input = 50 % 2 = 100 W

Power lost as heat = 2° x 25 = 100 W

Rate of energy storage in filed = 100 — 100 = 0; Now, V=iR + ¢, = V- iR

(a) 6, =50—-05%x25=375V(b)eg; =50-1%x25=25V(che, =50-2x25=0V,
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Example 8.18. A coil having a resistance of 10 8 and an inductance of 4 H s switched across
u 20-W e sonrce, Culewluring L) time regnived by the carvent to reach 505 of (s final steacdy vealue

aref Vi) verliee of the current wfier 0.3 second

Solution, The rise of current through an inductive circuit 15 given by the equaiton i =/(1 — ¢ ",

It may be writien as

I=i f I - el !
— 1 A - =
bt == or N or e T
Taking logs of both sides. we hayve
i # - !
! oog' = L L
i log I, T
Ri ) _ Ly T
P AT iy Sy
{a) Now [=VR=20MID=2 A
e Ay 2 _ 3 ,0603=02777s

In™"{a-1n 10
ih) A=lR=410=04sand =055
i=2(-¢"™

Example 8.19. With reference to the circuit showe i Fig, 8,013, caloulate

(1) the cirvent aken from the d.o. supply al the insiant of closing the switch
(i) e rate af Increase of curvent dn the cofl at the tnstat of swircl
Urtd the suppdy and cotl carvents after the swincdh hay been closed for a long time
(i) the miacimam energy Stoved in the coil

(v) e et induced in the codl when the ywdtel ix opened.

Solution. ({1 When switch 5 is closed (Fig. 8.13), the supply d.c. voltage of 120 V is applied
across both arms. The current in R, will immediately become 120/30 =4 A. However. due to high
inductance of the second arm, there would be no imstantaneous flow of current in it Hence current
takeen from the supply at the instant of switching on will be 4 AL 151

{if) Since at the instans of switching on, there is no current

through the inductor arm, no potential drop will develop across R,. T §
The whole of the supply voltage will he applied acorss the inductor.
If difdt is the rate of increase of current through the inductor at the 120V
instant of switching on, the back em.f. produced in it is L. dildi.
This e.an.f, is equal and opposite to the applied voltage.

120 = Lditdt or  dildr = 12002 = 60 Afs Fig. 8.13

{rii} When switch has been closed for a sufficiently long time, iz
current through the inductor arm reaches a steady value = [20/R, = 120M15 =8 A
Current through R, = 120/30 =4 A : Supply current = 8 + 4= 12 A
(i) Maximum energy stored in the inductor arm
Lt =1x2x8 = )

{v) When switch 15 opened, current through the inductor arm cannot change immediately because
of hgh self-inductance of the inductor. Hence, inductance current remains al 8 A, But the current
through &, can change immediately. After the switch is opened, the inductor current path lies through
R, and R,. Hence, em.f. inducted in the inductor at the instant of switching off is =8 x (30 + 15) =
nh V.

Example 8.20. A coil b ot constant af 1 second and an inducranee of § Ho If the conl o
cemmected rooa 100V ele. vovirce, deternmne !
() the rate af rise of cirrent at the (nstanr of switcfing (i) the sready vadue of the curveni anad
(fiy the time maken by the current o reach 60% of the steady value of the currenl,
{ Electrotechmics-1. MLS. Univ. Baroda 19585)
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Solution. A= [/R:R=L1/ =81 =8ochm
(f) Imitial difdr VL = 10008 = 12.5 AJs (if) Iy = VIR = 100/8 = 125 A
{iiiy Here, i % of 125=75 A
Now, P=t(l—e™ o 75=125(0-¢"), =095 second
Example 8. 21. A do. voltage of 80V is applied o a corewit contaming d reststance of 8080 in
sartes with an indwcranee of 20 H. Calonlate the grovah of vierrenn ar the insiant (1) of completing

the circutt (i) when the currenr i .5 A and (i) when the current ix | A

{Circoit Theory, Jadavpur Univ. 19861

1l

It

Solution. The voltage equation for an R-L circuit is
di

-

; di di _ v di o1 e
vV = r.'?+i.ﬂ_F or Ld: V—iR or T L{V iRy

(1) when i = U':$=II{V—EXRJ=%=—-§2=-I.-UE

di  BO—-0.5=80
- s 05 g B ST VS X
(ify when i SA.‘# 20 2 Ads

di  BO—HO=1

s — L s — = ],
{iff}y when i = Iﬂ'dr 20 1]

In other words, the current has become steady at | ampere,

Example 8.22. The oo circuis of Fig. 8 84 have the same tme corsteont of C005 secomd. With the
seetve el vollaye applied i the twe cdrose, i 0 fomd thare the steady stare correnn of crreuit (al o 20000
s e sl corrent of cirenie thy, Find B L, and C. (Elect. Engg.-1. Bombay Univ, 1985

Solution. The time constant of circuit 8.14 (a) is A = L/R, second, and that of circuit 8.14 (b)
is A = CR, second.

L /R, = 0.005
Cx2x%10" = 0.005, C=0.0025x 107 = 0.0025 ¥
pl'l L] Rl o
—WA—r—— VW——~ |
M0
0V — 10V
(a) (b ;
Fig. 8.14
Steady-state carrent of circuit 8.14 (a) is = VIR| = 10/R, amperes.
Initial current of circuit 8.14 (b) = VIR, = 10/2 % 10° =5 % |07% A*
Now /R, = 2000 % 5x 107 o, R, = 1000 Q.
Also LR, = 0005 = L, =1000x0005=5H

Example B.23. A constant voltelge iy applicd o serfes RE ctreudt @ 1= 0 by closing o swiieh
The voftgire aoross £ i 25 Vet = € gnd .fr'upn Her 5 Vo 1 = 0025 seeemndd Hf =2 H, whad muxt b
the velure of B 7 {Elect. Engg.-l Bombay Univ. 1987}

Solution. At r=10, i =0, hence there is no iR drop and the applied voltage must equal the back
e.m.l. in the coil. Hence, the voltage across L at = 0 represents the applied voltage.

' Becouse just gt the tme of siring (he cumenl. there s no patential deop across © so thsd the gpplied voltpe
is dropped across .. Mence, the nitial charping cumemt = VR
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At r=0.025 second, voltage across L is 5 V, hence voltage across
R=25-5=20V . iR=20V —ats=0025second, Nowi=/, (/—e"™

25 b
-4

Here 1_ = 25/R ampere, t = 0.025 second . i= % {1- b

Rx%f- 1=e®h 220 or =5 ;00254 =23 log, 5 = 1.6077

S h=0025/1.6077 Now A=LUR=2R . 2UR=002516077 .. R=I12R510

Example 8.24. A circuit of resistance B ofmns and tedvuciance Lo henries s o divees veltage of
230 V apphied to . 0.3 secemd second after switehing on, the caerent i the oiroult was found oo e
3 A, After the current had reached iy fined steady value, the circutt was suddenly shori-cireniteil,
The current was ageain found 1o be 3 A ar 0.3 second second after short-circuiting the cotl. Find the

valfue of R and L. {Basic Electricity, Bombay Univ, 1984)
Solution. For growth ; 5 =4,0= e AT
For deeay; 5=1, F
Equating the two. we get, .fme'" Wzl —e '}"!"""_Hm
or 26 2 s Mo 05 0r A =0.4328

Putting this value in (7}, we get,
§ = [ =" o ) o5 0B o522 10A
Now, I,=VR - 10=230R or R=230/10=23 1 (approx.)
As A= LR=04328:L=04328x23=985H
Exumple B.25, A relay hay a coll resistance of 20 L and an inductance of 0.5 H. 1t is energized
by e direct voltage pulse which rses from - 500V fnstanianeously, remains constand for (L25 second
and then fally instantaneously to zero, If the relay contacts elose when the carvent (s 200 mA (in-

creasing b and open when it (8 10 mA {decreasing ), find the toral time during which the contaces are
cloged,

Solution, The lime constant of the relay coil is
A o= /R =05720=0025 second

Now, the voltage pulse remaims constant at 10 V for 0.25 second which is long enough for the
relay coil current o reach s steady value of VR = 1020 =05 A

Let us now find the value of time required by the relay coil current to reach a value of 200 mA
=02 A. Now(={, (l—e™) s 02=0501-™ . =53

¢ = 001276 second '

Hence, relay contacts close at ¢ = 0.01276 second and will remain closed till current fulls o 100
mA. Let us find the time required by the current to fall from (L5 A to 0.1 A,

Al the end of the voltage pulse, the relay current decays according (o the relation
. — ok 40025 4y
=1 ¢ &S Bl=05e S8 =8
r = 004025 second after the end of the voltage pulse.
Hence, the time for which contacts remain closed is
= {0.25 — 0.01276) + 0.04025 second = 277.5 milli-second (approx)

8.12. Details of Transient Current Rise in an R-L Circuit

As shown in Fig. 8.15 {a), when switch § is shified 1o position a, the R-L circuit is suddenly
energised by V. Since a coil opposes uny change in corrent, the initial value of current is zero at 1 =10
and bt then it rises exponentially, although its rate of rise keeps decreasing, After some time, it
reaches o maximum value of £ when it becomes constant Le, 1S rate of rise becomes zero. Hence,
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Just at the start of the transient state, i = 0, V, = 0 and V, = V with its polarity opposite to that of
battery voltage as shown in Fig. 8.15 (). Both { and V}, rise exponentially during the transient state,
as shown in Fig. 8.15 (b) and (c) respectively. However V, decreases exponentially to zero from its

initial maximum value of V=1 R, It does not become negative during the transient rise of current
through the circuit.

] 5 i Vi -
T A "
R L
1}
ly pr—————————— — — —
=
"—— 1 i ”
" L i
fers thi
i
| ENEE T T T L
¥
N ¥,
T 1‘ ¥,
4] —_—
ek i — ]
)
Fig. 8.15

Hence, during the transient rise of current, the following equations hold good :
i= % M=) =f (=™ V= iR= V(1 =™ =1 R(1- ™0, = Ve ™

If § remains at "a’ long enough, i reaches a steady value of I and V, equals [, R bul since
dildt =0, v, =1.

Example B.26. A voltage as shown in Flg, 816 is applicd to an inductor of 0.2 1, find the
vurrent tn the inducior at t = 2 s

v —————————— 10amp

Lt} |

Fig. 8.16

Solution. L{difdr) = 2 volts, for 1 between 0 and | sec, and corresponding value of difdr = 2/0.2
= ) amp/sec, uniform during this period.

After t = | voltage is zero, hence difdi = 0
Current variation is marked on the same diagram,

+
2 r(Seconds)

8.13, Details of Transien! Current Deeay in an R-1L Circait

Mow, let us consider the conditions during the transient decay of current when § is shifted 1o
paint *h'. Just at the sturt of the decay condition, the following values exist in the circuit.

i=1,=WR vy=1 R=Vand since initial di/dt 15 maximom, v, = - V=— I, R
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Fig. 8.17

The change in the polarity of voltage across the coil in Fig, 8.17 (a) is worth noting. Due to its
property of sell-induction, the coil will not allow the circuit current to die immediately, but only
gradually. In fact, by reversing the sign of its voltage, the coil tends to maintain the Mlow of currrent
in the origmal direction. Hence, as the decay continues § decreases exponentially from its maximum
value 10 zero, as shown in Fig. 8.17 (k). Simularly, v, decreases exponentially from s maximum
value 10 zero, as shown in Fig. 8.17 i), However, v Ve 15 reversed in polarity and decreases exponen-
tally From its minal value of — ¥V 1o zero as shown in Fig, 8.17 (d).

During the transient decay of cumrent and voltage. the following relations hold good |
¥ o11A

i ==l = R
Vp = 'r"t'_m‘=1mﬂt'_m
b= -VePr=—g Re™

8.14. Automobile Ignition System

Practical application of mu-
tual induction is found in the @ TUMARY  SECONDARY
single-spurk petrol-¢ngine 1gni-
tion system exiensively employed
in automobiles and air-engines,
Fig. 8.18 shows the circuit dia-
gram of such a system as applied
o ad-cylinder aulomobile engine.

1 MAKE AND

BREAK COMTACT
DISTRIBLTOR e s

I'MER
CAM

It has a spark coll (or induc- — =
tion coit) which consists of a pri- ] I :
mary winding (of a few wrns) and =
a secondury winding (of a large TO SPARK PLUGS

number of wrns) wound on a com- Fig. 8.18
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mon iron core (for increasing mutual induction), The primary circuit (contmning battery B) ncludes
a ‘'make and break contact’ actuated by a umer cam. The secondary circut includes the rotating
blade of the distributor and the spark gap in the spark plug as shown in Fig. 8.17. The timer cam and
the distributor are mounted on the same shaft and are geared to rotate at exactly half the speed of the
engine shaft. It means that in the case of automobile engines (which are four-cycle engines) each
cylinder Is fired only once for every two revolutions of the engine shafi.

Waorking

When timer cam rotates, it alternately closes and opens the primary circuit. During the time
primary clrcuit is closed, current through it rises exponentially after the manner shown in Fig. 8,11
and so does the magnetic field of the primary winding, When the cam suddenly opens the primary
circuil, the magnetic field collapses rapidly thereby producing a very large e.m.f. in secondary by
mutual induction. During the time this large e.m.f. exists, the distnbutor blade rotates and connects
the secondary winding across the proper plug and so the secondary cirouit is completed except for
the spart gap in the spark plug. However, the induced em.l. is large enough o make the current
Jump across the gap thus producing a spark which ignites the explosive mixture in the engine cylin-
der.

The function of capacitor C connected across the "'make and break” contact is two-fold :

(i1 to make the break rapid so that large e.m.f. is induced n secondary and

(&) o reduce sparking und buming at the ‘make-and-break’ contact thereby prolonging their
life

Tutoriyl Problems No. 8.3

L. A refay has o resistanee of 300 £ and is switched onto o 110V d.e. supply. If the current reaches 63.2
per cent of its final steady value in 0,002 second, determine
{a) the time-constant of the circuil {hy the inductance of the circui
() the final steady value of the circuil () the initiad mate of rise of current,
[ter) 0002 second (5) (L6 H (o) 0.366 A () 183 Adsecond]

A conl with a self-inductance of 2.4 M and resistance 12 £0 is soddenly switched ncross o 1200V de.
supply of negligible intemal resistance. Determine the time constant of the coil, the mstantaneous value
of the current after (0.1 second, the final steady valee of the curment and the time taken Tor the current 10
resch 5 AL [ty 0.2 second; 394 A; 10 A; 0,139 second |
A A circwn whose resistunce 18 20 £2 and inductance 10 H has a steady voltage of 100V suddenly

applied o . For the mstant 0.5 second after the voltage is applied, determine (a) the wtal power

input  the cucwt (h) the power dissipated in the resistance.  Explain the reason for the difference

between (a) omd (b, [ier) 306 W (b 2400 W)
4, A lighting cireant is operated by a relay of which the coil has o resistance of 3 {1 and an inductance of
(5 H. The relay coil is supphed from a 6V d.c source through a push-button switch.  The relay
operates when the coment in the relay coll attaing a value of 500 mA, Find the time [nterval berween
the pressing of the push-button and the closing of lighting circuit. |53.8 |
The ficld winding of a separately-excited d.c. generator has an mductance of 600 H and a resistance of
02 A discharge resistance of S 02 is permanently connected in parallel with the winding which is
excited from a 200-% supply.  Find the valug of decay current 0.6 second after the supply has been
switched off [3.0 A
. The field winding of a dynamo may be wken o have a constant inductance of 120 H and on effective
resistunce o 30 EL When 1 is carrying o current of 5 A, the supply is imermupted and a resistance of
SHEY b comnected aeross the winding. How long will il take for the curment to fall e 140 ] 2.415 5|
A 2OV e supply 15 soddenly switched (o a relay coil which has & ome constant of 3 muilh-second.
I the current in the cail reaches 0.2 A after 3 milb-second, determine the final steady volue of the
current wnd the resitance of the coil. (030 A: 632 £ 1.8% H|

b

n
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OBIECTIVE TESTS - 8

. Permanent magnets are normally made of

i) wrought ron
{df) alnico alloys

{a) aluminium
{¢) cast iron
Those magnetic materials are best suited for
making armature and transformer cores
which have—permeability and-hysteresis
lass.

fa) low, high
(e} low, low

() high, low
() high, high

. Those materials are well-suited for making

permanent magnets which have—retentivity

and—ucoercivity,

tal high, high ih) high, low

) low, low () low. high

In a magnetic material, hysteresis loss tokes

place primarily due to

ta)  flux density lagging behind magnetising
force

by moleclar friction

) its high retentivity

{d) rapid reversals of its magnetisation

. Energy stored by 4 coil is doubled when its

current {s increased by—per cent,
ta) 10K (B) 41.4
(ch 50 id) 25

. The imital rate of nse of current throwgh a

coil of L= 5 H when suddenly connected to
ade supply of 100 Y s — Als.

# o

L R e I R

10,

ta) 300 {b) 005

ey 20 ) 50

When both the inductance and resistance of
a coil are doubled, the value of

ta) final steady current is doubled

(&) inital rave of nse of cument is doubled
(¢} time constant is halved

(¢f) tme constant remains uncharged

The rate of current through an inductive coil
15 MEEXImum

{a) after one time constant

(B at the start of current flow

{c}  near the final maximom value of cur
Tenl

() a1 63.2 % of its maxamum steady value
The lifting power of an electromagnetic de-
peiuls on

(@} its pole area

(k) magnetic flux density

ich its shape

ey both (a) and (b)

During the transient rise of current through
an R-L circuit. which of the following has
maximum inital value T

{ef) circuil curment

(k) resistive drop

() coil encrgy

() coil veltage

2% DY GT P

SHAMSNY



9 ELECTROCHEMICAL POWER SOURCES

01. Faraday's Laws of Electrolvsis

From his experiments, Faraday deduced two fundamental laws which govern the phenomenon
of electrolysis, These are ;

(i1 First Law. The mass of ions liberated at an electrode is directly proportional to the quan-
tity of electricity i.e. charge which passes through the electrolyie.

(if} Second Law, The masses of ions of different substances liberated by the same quantity of
electricity are proportional 1o their chemical equivalent weights.

Explanation of the First Law

I m = mass of the irons liberated. O = quntity of electricity = 7 = ¢ where [ is the current and ¢ {5
the time, then aecording o the first liwm o Qorm=ZQorm=2Z K
where Z is a constant and is known as the electrochemical equivalent (E.C.E.) of the substance,

IfQ =1 coutomb e 7= | ampere and 1 = 1 second. thenm = Z.

Hence, ECE of a substance is equal to the mass of its fons liberared by the passage of one
ampere current for one second throueh (15 electrolviic selution or by the passage of a charge of one
conlomh

In fact, the constant Z is composile and it depends on the valency and atomic welght of the

substance concerned.  Tts value is given by Z = [% : HT] where a 15 the atomic weight, v the va-
lency and F is Faraday's constant. It is so because m is proportional to atomic weight, sicne each ion
curries o definite charge, Obviously, the charge carried by an jon is proporiional to its valency.
Now, consider the molecules of sulphuric acid and copper sulphate. The sulphion SO, in the acid
molecule is combined with two positve hydrogen ions, whereas in CuS0, molecule, it is combined
only with one positive (bivalent) Cu™ fon. It is seen that a copper ion being bivalent carries (wice
the charge of a hydrogen ion which is univalent (monovalent). 1t means thal in onder to transfer 4
given quantity of electricity, only one-half as many bivalent copper ions as univalent hydrogen ions
will be requited. In other words, greater is the valency of an ion, smaller is the number of lons
needed to carry a given guantity of electricity or charge which means that the'mass of an ion liber-
ated s inversely proportional 1o its valency.
| u | «

5 N A (s 1
oo (E2)i(b 2)e-0

where £ is the chemical equivalent weight (= a/v).

The constant F 15 known as Faraday's constant. The vulue of Faraday's constant can be found
thus. Tt is found that one coulomb liberates 0001118 gram of silver. Moreover, silver 1s univalent
and its atomic weight is 10788, Hence. substituting these values above, we find that

0001118 = %.lﬂ?_ﬂsxl
F= 10788 I 00118 = 96,500 coulomb = 96, 5(0V3600 = 26,8 Ah

Faruday's comstant is defined ay the charge required to fiberate one pram-equivalent of any

substance, =
39
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chemical equivalent (E)
electrochemical equivalent (£)

For all substances,

or F=FEZ
Explanation of the Second Law

Suppose an electric current is passed [or the same time through acidulated water, solution of
CuS0, and AgNO,, then for every 1.0078 (or 1.008) gram of hydrogen evolved, 107.88 gram of
silver and 3154 gram of Cu are liberated. The values 10788 and 31.54 represent the equivalent
weighis* of silver and copper respectively Le. their atomic weights (as referred 1o hydrogen) divided
by their respective valencies.

Exumple 9.1, Cofcwlare the tine tuken to depoyit o cogting of mivtel OLOF pm thick on o oe'tal

= Faraday’s constant {F) = 96,500 coulomb

surfoce dy weany of o varrent of B A perom’ of yarfoee. Nickel b w divedent metal of aloendc welygin

S8 i of desadty B prnsd . Sifer by an olonsi vt aof TN qoeed an ELCF. of 10018
Solution. Wi, of nickel to be deposited per cm’ of surface = 1% 005 x 9=045¢

EC.E of Ni  chemical equivalent of Ni

How ECE.of Ag = chemical equivalent of Ag
ECE of Ni = 1118107 x{";ﬁ" = 0.0003053 g/C

{chemical equvalemt = atomic wi/valency)
Nowm=Zfr - 045=00003053x B x1:¢=184 second = 3 min. 4 secoml
Exmaple $.2. {f {8258 g of mickel are deposired By DTN amp flowirg for (0 miingtes. fom
minch capper wonld be depecited iy SU wmgp for 6 mpnites = Avemic weight of nickel = 380 and thai
of copper 61 T8 Valency of Dot is 2 i Eleciric Power AMIE Sec. Summer 19910

F’
If m, is the mass of mickel deposited and m, that of copper, then
= _{.1l 386 | 63.18
= IEEE-[F = ]xlm (10 = 60), [.F 5 ]xﬁﬂx{ﬁxﬁﬂl
my _ 3159 18,000
18.258 293 60,000
Example 93, The cvlinedrival sorfoce of o vhaft of diameter 12 o and Tength 24 cm i5 12 b

repurred By electreddeposttion of (L1 cm thick nickel on it Calewlute the time taken {f the Curremt
wied o 10 A The following dara may be used

Sulution. From Faraday's first law, weget m=Zlr=m [-I- - ]h

ooy =5905 gm

Spevific gravipy of sckel = B8 Awmone weight of mcke! = 587 h.‘nui'furll EC.E of silier =
1.2 medC Admnic weipin of sifver = HO07.9 {Elect. Engg. AM. Ae. S, June, 1991)

Solution. Curved surface of the salt RO x| =mx 12 x 24 cm’
Thickness of nickel layer 0.1 em

Volume of nickel to be deposited 12/ % 24 % 0.1 = 90.5 cm’

i

Mass of nikel deposited =005xB9=8054p
Ihe electro-chembcnl eyuivilonts snd chemicnl equovalents of diffenmt sibstance are itesrdluled this
ELCE of A vhemical l:\.|un alem of A
ECE of # ~ chemical equividen of B

Further, of s, and e, are maisses of wns deposited of or liberated from an elecuode. £ and £ thar chemicnl
cgurvalents and Z, and Z, thewr electrochemical eguivalent weghts. then

mifm, = EJE, =ZJE,
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y . . atomic wemhl 58.7
Chemical equivalent of Ni = == 2 = 29.35

Now ECE. of Ni _ chemical equivalent of Ni
ECE of Ag “chemical equivalent of Ag

) EC.E of Ni 2935

" 1.12 107.9

ECEof Ni = 1.12 x 22.35/107.9 = 0305 mg/C

Now m = Zly

L BOSA=0305x 107 % 100x1 -

i = 26,406 second or 7 hr, 200 min 7 5

Exnmp[L Y4, The wornm-ont part of @ circolar shaft 15 omin dicmieter ard 30 om long i te by
repaired by depositing on it .15 cm of Nicke! by an electro-depoyiting process. Estimete the otz

af electricity reguired and the tne if the curvent dersiny fx ro be 25 mA%m’
Take E.CE for nieke!

il the process wiay be taken ax 95 per pent,
density of nickel ax 8.9 wom™
solution, Curved surface area of shafl
Thickness of nickel layer
Volume of nickel o be deposited
Mass of nickel to be deposited

Now, m=Z0; O =mlZ
Mow, current density

Since Q=10 ..
Example 9.5,
wned and the voltage per cell o .25 vole

airmial output of refined copper and the emegy consumption in kWh per tonne

equitvalent of copper w1 1844 kg/TO00 Ah

The enrvent efficiency
oy 0303 inpdeenalonnd e e
(Elect. Power-1, Bangalore Univ. 1987)

= gDxl=nx15%30= 1414 cm’.
= D.15cm

= 1414 x 0.15 = 212 em”

= EIExE.EI:lEETgmm

= 1887/0.343 x 107 Y262 107 C
= 15107 A.i'-:m A= 1414 cm®

= 25x 10 "% 1414=3535 A

I
t=62x%10°3535=1.7 x 10° = 47.2 hr.

\ refining plant empleres 1O cells for copper refining, A current of 5000 A 1x

it the planr weorks for 1060 howrshweek. determine the

The electrodcfemicul

{Electric Drives and Utilization, Punjab Univ. Jan, 199])

Solution. Total cell voliage = 0.25 x 1000 = 250 V; 7= 5000 A; plant working time = 100 hour/
week = 100 x 52 = 5200 hourfyear; Z= 1.1844 kg}l['ﬂ}hh I Ah = | % 60 % 60 = 3600 C;

L= 11844 kg/1000 = 3600 = 0.329 » 10

“ke/C.

According to Faraday” s law of Electrolysis, the amount of refined copper produced per year is
m=2Z11=0329x 107 x 5000 x (5200 x 3600) = 3079 kg = 3.07% tonne.
Hence, annual output of refined copper = 3.079 tonne

Energy consumed per year = 250 x 5000 = 5200/1000 =

6500 kWh

This is the energy consumed for refining 3.079 tonne of copper
. Energy consumed per tonne = 6500/3,079 = 2110 kWh/tonne, !

Example 9.6, A sheet of iron hoving a toml surface area of 036 w0 i to be elecrroplared with
gyt thickness of (00254 mm. What squantite of eleetricity will be reqiired ¥ The tron will be
made the cathode and fmmersed, together with an anode of pure capper, woa solution of copper

wielpplcrte

AsKume e sy c!tfn.l.'i'rllr' of copper = 8,96 % 10 kg m
’ (AMIE Sec. B Ulilisation of Electric Power Summer 1992

Current density = 300 Am™ ")

CECE of copper —329 % J0 " hg O

Solution. Area over which copper is to be deposited = 0.36 m”
Thickness of the deposited copper = (L0254 = 1) ‘m

Volume of deposited copper =
Mass of copper deposited

1]

Nowm=ZQ .. Q=mZ

0.36 % (L0254 x 1)
volume % density

9|44 % 10"
0.0819/32.9 % 107

=9 144 % 10 "m’

% 896 x 107 = 0.0819 kg
¥ = 248936 C
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Tutorial Problems No. 9.1

I. A steady curmrent was passed for |0 minutres theough an ammeter in series with a silver voltameter and
3,489 grams of silver were deposited, The reading of the ammeter was SA. Calculate the percentage
error. Electrochemical equivalent of silver = L1138 mg/C. 385 %] (Ciry and Guilds, London)
Calculate the ampere-hours required to deposit o conting of sifver 0,05 mm thick on a sphere of 5 cm
mhu:. Assume elecrrochemical equivalent of silver = (L0011 18 and density of silver 1o be 10.5 g
em’, [Utflizaston of Elect. Power, AMLE Sumper, 1979

9.2, Polarisation of Back E.NLF,

Let us consider the case of two platinum electrodes dipper in dilute sulphuric acid solution.
When a small potential difference is applied across the electrodes, no current is found w flow
When, however, the applied voltage is increased, a ime comes when a temporary flow of current
takes place. The H” jons move towards the cathodes and O jons move towards the anode and are
absorbed there. These absorbed jons have a lendency o go back into the electolytic solution, thereby
leaving them as oppositely-charged electrodes. This tendency produces an e.m.f, that is in opposi-
tion to the applied voltage which is consequently reduced.

This vpposing e.m.f. which is produced in an electrolyvte due to the abserption of gaseous jons
by the electrofvte from the two electrodes is known as the back e.m.f. of electelysis or polarisation.

The value of this back emf is different from different electrolytes. The minimum voltage
required 10 decompose an electrolyte is called the decompaositon voltage for that electrolyte.

9.3, Valoe of Back E.MLF.

For producing elecrolysis, it is necessary that the applied voltage must be greater than the back
ean.f. of elecrolysis for that clectrolyte. The value of this back e.m.f. of electrolysis can be found
thus :

Let us, Tor example, find the decomposition voltage of water. We will assume that the energy
tequired o separate waler into its constituents (f.e. oxygen and hydrogen) is equul to the energy
liberated when hydrogen and oxygen combine o form water. Let H keal be the amount of heat
energy absorbed when 9 kg of water are decomposed into | kg of hydrogen and 3 kg of oxygen. If
the electro-chemical equivalent of hydrogen is Z kg/coulomb, then the passage of ¢ coulomb liber-
ates Zg kg of hydrogen. Now, H is the heat energy required to release 1 kg of hydrogen, hence for
releasing Zg kg of hydrogen, heat energy required is HZg keal to JHZg joules. 1F £ is the decompo-
sition voltage, then energy spent in circulating ¢ coulomb of charge is Ey joule. Equating the two
amounts of energies, we have

I

Eqg = JHZg or £ = JTHZ
where J 15 4200 joule/keal.

The e.m.f, of a cell can be calculated by determining the two electrode potentials. The electrode
potential is calculated on the assumption that the electrical energy comes entirely from the heat of
the reactions of the constituents. Let us take o zinc electrode. Suppose it is given that | kg of zine
when dissolved liberates 540 keal of heat and that the electrochemical equivalent of zince is (L3358 =
107" kg/coulomb, As caleulated above,

= JHZ = 4200 % 540 % 0.338 x 107" = 0.76 volt

The electrode potentials are usually refered to in terms of the potential of & standard hydrogen
electrode Le. an electrode of hydrogen gas at normal atmosheric pressure and in contact with a
normal acid solution. In table No. 9,1 are given the cletrode potentials of various elements as referred
1o the standard hydrogen electode. The elements are assumed to be in normal solution and at
atmospheric pressure.

in the case of Daniel cell having copper and zinc electodes, the copper electrode potential with
respect o hydrogen ton is + 0,345 V and that of the zine electrode is — 0.758 V. Hence, the cell e 1,
is (1,345 — (- 0.758) = |.103 volt. The e.m.f. of other primary cells can be found in o similar way,
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Table No. 9.1
Electrode Paotential {volt) Electrode Ptential (volr)

Cadmium —(1.398 Mercury + 0.799
Copper + 0.345 Nickel - 0.231
Hydrogen 0 Potassium —2922
Iron - 0.441 Silver + (.80

Lead -0122 Zine —{.758

Exmaple 9.7, Calenlate the werghr of zine and Mn(), required to produce 1 ampere-hoar in o
lecfanche cell
Atomic weights © Mn. 55 20, 16 - Zn, 65. EC.E. of hvdrogen = 1.04 = 10 " kg/C

Solution. | ampere-hour = 3600 A-s = 3600 C
W of hydrogen liberated = Zg = 1.04 x 107" = 3600 = 37.44 x 107" kg
Now, the chemical reactions in the cell are
Zn + 2NH,Cl = ZnCl, + INH, + H,
It is seen that | atom of zinc is used up in liberating o atoms of hydrogen. In other words, to
produce 2 kg of hydrogen, 63 kg of zinc will lmw: to 2o into chemical mrnhlmu-:m
2. Zine required to produce 37.44 x 107° kg l::—fhychugm 37.44 x 107" x 6572
= 1217 % 10" kg
The hydrogen liberated rombi.nes with manganese dioxide as under :
Il'v'ln'ﬂz + H'.! = Hzﬂ + MJ]:DJ
Atomic weight of MnO, = 2(55+ 16x 2) =174
It 15 seen that 174 kg ul' Mun(), combine with 2 kg of hydrogm hence Wt of Mn{] needed to
combine with 37.44 x 10°° kg of h}'dmgm =3744 x 10 % 17472=3 238 x 10 kg
Hence, for | ampre-hour, L217 = [0 " kg of zince and 3.258 x 107 kgﬂfh-'hlﬂ-,mnmiﬂd-

9.4. Primary and Secondary Batieries

An electric battery consists of a number of electrochemical cells, connected either in series or
parallel. A cell. which is the basic unit of a battery, may be defined as a power generating device,
which is capable of converting stored chemical energy into electical energy, If the stored energy is
inherently present in the chemical substances, it 15 called a primary cell or a non-rechargeable cell.
Accordingly, the battery made of these cells is called primary battery. The examples of primury
cells are Leclanche cell, zinc-chlorine cell, alkaline-manganese cell and metal air cells eic.

If, ome the other hund, energy is induced in the chemical substances by applying an extemal
source, it is called a secondary cell or rechargeable cell. A battery made out of these cells is called
a secondary battery or storage battery or rechargeable battery, Examples of secondary cells are lead-
acid cell, nickel-cadmium cell, nickel-iron cell, mckel-zine cell, nickel-hydrogen cell, silver-zinc
cell and high temperature cells like lithium-chlorine cell, lithium-sulphur cell, sodium-sulphur cell
elc.

9.5, Classification of Secondary Batteries based on their Lise

WVarious types of secondary batteries can be grouped in to the following categories as per their use ©

I, Awtomotive Batteries vr SLI Batteries or Poriable Bartieries,

These are used for starting, lighting and ignition (SLf} in internal-combustion-engined vehicles.
Examples are: lead-acid batteries, nickel-cadmium batteries etc.

2 Vahicle Traction Basteries or Marive Power Batteries or Industrial Barteries

These are used as a motive power source for 4 wide variety of vehicles. Lead-acid batteries.
nickel-iron batteries. silver-zine batteries have been used for this purpose. A pumber of advance
batteries including high-temperature batteries are under development for electnic vehicle (EV) usc.
These high-temperature batteries like sodium-sulphur and lithium-iron sulphide have energy densi-
ties in Lhe range of 100-120 Whikg.

'\,f
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3. Srationary Batteries.

These fall into two groups () standby power system which is used intermittently and () load-
levelling system which stores energy when demand is low and. later on, uses it to meet peak demand,
9.6, Classification of Lead Storage Batteries

Lead storage batteries may be classified according to the service which they provide,

I. SLI Barteries

The primary purpose of these batteries is to supply power for engine starting, lighting and
ignition (SLN of vehicles propelled by IC engines such as sutomobiles, buses, lomes and other
heavy road vehicles and motor eyceles ete. Usually, these batteries provide 12 V and consist of six
series-connected lead-acid cells with capacity of the other of 1) Ah. Their present-day energy
density is about 45 Whikg and 75 Whidm'.

These days “maintenance-free’ (MF) SLI batteries have been designed, which do not require the
addition of water throughout their normal service life of 2-5 years. MF versions of the SLI batteries
are constructed of such material that no gassing occurs during charging. In MF batieries, the electri-
lyie is either absorbed within the microporous separaiors and the plates or is immobilized with
suitahle gelling agenis.

These days the SLI battereis are charged from an altemator (AC generator) and not from dynamo
(DC generator). The aliemating current produced by the alternator is converted into direct current
by & full-wave bridge rectifier, which uses semi-condurtor diodes, In this arrangement, no cutout is
needed and the transistorised voltage controller regulates the alternator outpul to suil the electrical
load and the state of charge of the battery. The battery is charged under constant-voltage conditions.

1. Vehicle Traction Batteries

The recent universal concern uver the levels of toxic gases (particularly in urban areas) emitted
by the I engines has revived interest in electric traction, There has been great development m the
use of battery-powered vehicles, primarily industrial trucks and commercial road vehicles of various
types like ‘milk floats’ (Le. bottled-milk delivery trucks), fork lift trucks, mining. airport trnctors,
aircrifi service vehicles, electric cars and. more recently, in robotics and guided vehicles,

Traction baticreis are of higher quality than 5L batteries. They provide constant outpui voli-
age, high volumetric capacity, good resistance to vibration and a long service life. They can with-
stanil prolonged and deep discharges followed by deep recharges usually on a daily basis. The
wulllage of traction battenes varies from 12 V o 240 V and they have a cycle life of 1000-1500
cycles,

A number of advanced batteries and under development for EV use ({) room temperature batter-
ies like zinc-nickel oxide battery (75 Whikg) and zinc-chlorine hydrate battery (20 Whikg) and
(i} high-temparture batteries like sodium-sulphur battery (120 Wihvkg) and lithium-iron sulphide
battery { 100 Whikg).

3. Smanonary Baneriex

Their use falls into two groups :

far) as standby power system and (5) as lowd-levelling system,

[n the standby applications, the battery is used to power essential equipment or to provide alamms
or emergency lighting, in case of break-dowan in the main power supply. Stanlby applications have
increased in recent years with increasing demand for uninlcnud:ln e power systems (I/PS) and a
tremendous growth in new telecommunication networks, The Zﬁ;m\ridm “‘clean’ ac supply free
of sage or surges in the line voltage, frequency variations, spikes transients o modern computer
and electronic equipment. Banks of sealed lead-acid ($L4) standby batteries have been recently
used in telecommunication systems and for /PS8 applications.

Recently, advanced lead-acid batteries have been used for load-levelling purpose in the elecine
generating plants. A 100 M Wh lead-acid battery Jn&d-!tvc]ling system could occupy a building two
and a half storey high and an area of aboui 250,000 m".

9.7, Parts of 4 Lead-acid Battery
A batiery consists of a number of cells und each cell of the battery-consists of (a) positive and

negative plunis () separators and (¢} electolyte, all contained in one of the many compartments of
the battery contniner.* Different pans of o lead-acid battery are as under -

*

The most common form of lead-acid cell used for manne applicalions i the ubule cell which conststs of
‘nrovnired  tubular posiive phae of standard M negative plate
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() Plates. A plate consists of a lattice type of grid of cast antimonial lead alloy which is covered
with active material (An. 9.8). The grid not only serves as a support for the fragile active materiul
but also conducts electric current. Grid for the positive and negative plates are often of the same
design although negative plate grids are made somewhat lighter. As discussed in An. 9.10, positive
plates are usually Plante plates whereas negative plates are generally of Faure or pasted type.

(ify Separators. These are thin sheets of a porous material placed between the positive and
negative paltes for preventing contact between them and thus avoiding internal short-circuiting of
the battery. A separator must, however, be sufficiently porous to allow diffusion or circulation of
electrolyte between the plates. These are made of especially-treated cedar wood, glass wool mat,
microporous rubber (mipor). microporous plastics {plastipore, miplast) and perforated p.v.c. as shown
in Fig. 9.1, In addition to good porosity, a separator must possess high elecirical resistance and
mechanical strength.

AT

i
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™
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W e

a) (b} fe)
Miplast Perforated p.v.c.

Fig. 9.1

Uiy Electrotyre, 1t is dilute sulphuric acid which fills the cell compartment to immerse the
plates completely,

i) Comtainer. It may be made of vulcanised rubber or moulded hard rubber (ebonite ), moulded
plastic, ceramics, glass or celluloid. The vuleanised rubber containers are used for car service. while
glass containers are superior for lighting plants and wireless sets.
Celluloid containers ure mostly used for portbable wireless set
batteries. A single monoblock type container with 6
compartments generally used for starting batterics is shown in
Fig. 9.2 Full details of o Russian [2-CAM-28 lead-acid battery
parts are shown in Fig, 9.3, Details of some of these parts are as
follows -

(0} Boltom Grooved Support Blocks, These are raised ribs,
cither fitted in the bottom of the container or made with the con-
tainer itself. Their function is to support the plates and hold them
in position and at the same time protect them from shor-circuits
that would otherwise occur as a result of fall of the active mate-
rial from the plales onte the bottom of the container,

(b) Connecting Bar. It 1s the lead alloy link which joins the cells together in series connecting
the positve pillar of one cell to the negative piller of the next one.

(e} Terminal Poste or Pillar. 11 is the upward extension from each connecting bar which passes
through the cell cover for cable connections (o the outside circuits.  For easy indentification, the
negative lerminal post is smaller in diameler than the positive terminal post.

(e} Vent Plugs or Filler Caps. These are made of polystyrene or rubber and are psually serewed
in the cover. Their function is to prevent escape of electrolyte but allow the free exit of the gas.
These can be easlly removed for topping up or taking hydrometer readings,

(e) Edernal Connecting Straps. These wre the antimonial Tead alloy Aal bars which connect the
positive terminal post of one cell to the negative of the next across the top of the cover. These are of
very solid construction especially in starting batteries because they have 1o carry very heavy currents,
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Fig. 9.3. (Courtesy MIR Publishers. Moscow)

1. = ve plate 2, separator 3. + ve plate, 4, + ve group 5, = ve group 6. — ve group
grooved support block 7, lug & plale group 9. guard sereen 10, goard plate 11,
cell cover 12, plug washer 13, vent plug 14, monoblock jar 1 5. supporting prisms
of + ve group 16, inter-cell connector |7, terminal lug 18, screw 19, washer 20,
nut 21, rubber packing 22. sealing compoumnd.

9.8, Active materials of a Lead-aicd Cell

Those substances of the cell which wke setive part in chemical combination and hence absorb
or porduce electricity during charging or discharging, are known as active marerials of the cell.

The active materials of a lead-acid cell are

I. Lead peroxide (PbO,) for + ve plate 2. Sponge Lead (Pb) for — ve plate 3. Dilute Sulphurie
Acid (H,80,) as electrolyte.

l. Lead Peroxide

It is a combination of lead and oxygen, is dark chocolate brown in colour and is quite hard but
brittle substance, It is made up of one atom of lead (Pb) and two atoms of oxygen (O,) and ity

chemineal formula is PbO,. As said earlier, it forms the positive active material,

2. Sponge Lead

L

It Is pure lead in soft sponge or porous condition. Its chemical formula 15 Ph and forms the
negative active material.
3. Dilute Sulphuric Acid

It is approximately 3 parts water and one part sulphuric acid, The chemical formula of the acid
is H,50, The positive and negative plates are immersed in this solution which is known as electro-
Iyte. It is this medium through which the current produces chemical changes.

Henee, the lead-acid cell depends for ity action on the presence of two platey covered with PBO,
and P tn a soletion of dilute H,80, of specific gravity 121 or nearabont,

Lead in the form of PhO, or sponge Pb has very little mechanical strength, hence it is supported
by plates of pure lead. Those plates cavered with or otherwise supporting PhO, are known as + ve
plates and those supporting sponge lead are called —ve plates. The + ve and —ve plates are armanged
aliernutely and are connected 1o two common +ve and —ve terminals. These plates are assembled in
o suitable jar or container 1o make a complete cell as discussed in Ari. 9.4 above.



Electrochemical Power Sources kK )

9.9. Chemical changes
i{} DISCHARGING (Fig. 9.4}

When the cell is fully charge, its positive plate or anode is PbO, (dark chocolate brown ) and the
negative plate or cathode is Pb (slate grey). When the cell dm.harges i.e, it sends current through the
external load, then H,S0, is dissociated into positive H, and negarive SO, ions. As the current

within the cell is ﬂnwmg from cathode to anode, H; ions ‘move to anode und 50, ions move to the
cuthod,

Fig, 9.4 Fig. 9.5
At anode (PhO),), H, combines with the oxygen of PbO, and H,S0, mitacks lead to form PbSO,.
PbO, + H, + H,80, — PbS0, + ZH,0
Al the cathode (Pb), 50, combines with il lo form PhSO,
Pb + 30, — PbSO,
It will be noted that during discharging :
(i) Both anode and cathode become PBSO, which is somewhat whitish in colour,
(i) Due to formation of water, specific gravity of the acid decreases.
(iif) Voltage of the cell decreases. (iv) The cell givey out energy.
lil} CHARGING (Fig. 9.5)
When the cell is recharged, the H, ions move to cathode and SO, ions go 1o anode und the
following changes take place :
At Cathode PbS0O, + H, —— Pb + H,50,
Al Anode PhS0, + }]—[ ﬂ —3 PbO, + 2H, 50,
Hence, the anode and cathode again become PbO, nnd Pb respectively.
(i) The anode hecomes dark chocolate brown in colour (PbO.) and ca:hnn'# becomes gray
metallic lead (Ph)
(i} Due to consumption of water, specific gravity of H,850, i increased.
ihif) There is arise inm voltage, (iv) Energy is absorbed by the cell.

The chargimg and discharging of the cell can be represented by a single reversible eqution given
below :

Pos. Plate Neg. Plate Discharge  Pos. Plate Meg. Plate
PbO, + 2H,80, + Pb == PbSO, + ZH.O  + PhSO,
Charge

For discharge, the equation should be read from left 1 right and for charge from right o lefL
Example 9.8, Estimate the necessar wel (gl of active material (n the positive and negaiive

plates of a lead-veid secondary u'H per damprere-lotie putpnt Gelontic wedeht of lead 207, valenoy 2,
E.C.E of hvdrogen 0.0104-x 107 ° kpiC),

Solution. W1 of hydrogen evolved per ampere-hour = 0.0104 x 167 x 3,600
= 3744 % 107 kg
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During discharge, reaction at cathode is Pb + H,50, = PbSO, + H,
As seen, 207 kg of lead react chemically to liberate 2 kg of hydrogen.
Hence, weight of Pb needed per ampere-hour = 37.44 x 10 x 207/2 = 3.876 x 10™ kg
At anode the reaction is - PO, + H,——— PbO + H,0
Atomic weight of PbO, = (207 + 32) =239
~. Wt of PbiO, going into combination per ampere-hour = 37.44 x 107° % 23972 = 4474 x 107" kg

‘Ihm:fom quantity of active material required per ampere-hour is : lead 5876 « 1) " kg and
lead peroxide 4.474 = 110 kg

9.10. Formation of Plates of Lead-acid Celly

There are. in general, two methods of producing the active materials of the cells and attaching
them 1o lead plates. These are known after the names of their inventors. (1) Plante plates or formed
plates (2) Faure plates or pasted plates,

9.11. Plante Proces

In this process, two sheets of lead are taken and immersed in dilute H,SO,. When a current is
passeed into this lead-acid cell from a dynamo or some other external source of supply. then due o
clectrolysis, hydrogen and oxygen are evolved, At anode, oxygen attacks lead converting it into
PhO), whereas cathode is unaffected because hydrogen can form on compound with Pb.

If the cell is now discharged (or current is reversed thorugh it), the peroxide-coated plate becomes
cathode, so hydrogen forms on it and combines with the oxygen of PO, to form water thus |

PbO, + 2H, — Pb + 2H,0

At the same time, oxygen goes 10 anode (the plate previously unattacked) which is lead and
reacts to form PbO,. Hence, the anode becomes covered with a thin film of PbO,.

By continuous reversal of the current or by charging and discharging the above electrolytic cell,
the thin film of PbO, will become thicker and thicker and the polarity of the cell will take increas-
ingly longer time to reverse. Two lead plates after being subjected to hundreds of reversals will
acquire a skin of PbO, thick enough to possess sufficiently high capacity. This process of making
positive plates is known as formation. The negative plates are also made by the same process. They
are turned from positive to negative plates by reversing the current through them until whole PhO, 1s
converted into sponge lead. Although Plante positives are very commonly used for stationary wnrk.
Plante negatives have been completely replaced by the Feaure or pasted type plates as discussed in
Art. 9.13, However, owing to the length of time required and enormous expenditure of electrical
energy. this process is commercially impracticable. The process of formation can be accelerated by
forming agents such as acetic, nitric or hydrochloric acid or their salts but still this method is expen-
sive and slow and plates are heavy.

9.12. Siructure of Plunte Plates

It is seen that since active material on a Plante plate consists of a thin layer of PbO, formed on
and from the surface of the lead plate. it must be made of large superficial area in order to gel an
appreciable volume of i An ordinary lead plate subjected to the forming process as discussed
above will have very small capacity. Its superficial area and hence its capacity, can be increased by
grooving or laminating. Fig. 9.6 shows a Plante positive plate which consists of a pure lead grid with
finely laminated surfaces. The construction of these plates consists of a large number of thin vertical
laminations which are sirengthened at intervals by horizontal binding ribs. This results in an in-
crease of the supenfical area 10 to 12 times that possessed by a plain lead sheet of the same overall
dimensions. The above design makes possible the expansion of the plate structure to accommodate
the merease in mass and the value of the active material (PbO,) which takes place when the cell goes
through a series of chermical changes during each cycle of charge or discharge. The expansions of
the plate structure takes place downwards where there is room left for such purpose. Usually, a
Plante positive plate expands by wbout 10% or so of its length during the course of its useful life.

Another type of Plante positive plate is the ‘rosette’ plate which consists of a perforated cast
grid or framework of lead alloy with 5 to 12 per cent of antimony holding rosettes or spirals of
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corrugated pure lead tape. The roseties (Fig. 9.7) provide the active material of the positve plate
and. during formation, they expand in the holes of the grid which are countersunk on both sides of
the grid. The advantages of such plates are that the lead-antimony grid is itself unaffected by the
chemical action and the complete plate is exceptionally strong,

Fig. 9.6 Fig. 9.7 Fig 9.8
Other things being equal, the life of a Plante plale is in direct proportion to the weight of |ead
metal in it, because as the original layer of PhO, slowly crumbles away during the routing charging
and discharging of the cell, fresh active material is formed out of the underlying lead metal. Hence,
the capacity of such a plate lasts as long as the plate itself. 1F this respect. Plante plate is supernior o
the Faure or pasied plaie.

9.1). Faure Process

In the making of Faure plates, the active material 15 mechanically applied instead of being
electrochemically produced out of lead plate itself as in Plante process. The active material which is
in the form of red lead (Pb,0,) or litharge PbO or the mixture of the two in various propations, is
pressed into the interstices of a thin lead grid or lattice work of intersecting ribs which also serves as
conductor of current. The plates after being thus pasted are allowed to dry and harden, are then
assembled in weak solution of H,50, of specific gravity 1.1 to 1.2 and are formed by passing an
electric current between them. If plates are meani to be positive. they are connected up as anodes, il
negative, then as cathodes. The oxygen evolved at the anode converts the lead oxide (Pb,O,) into
peroxide (PbO,} and at cathode the hydrogen reduces PhO to sponge lead by abstracting the oxyzen.

0.14. Positve Pasted Plates

Formation of positive plate involves converting lead oxide into PhO,. A high lead oxide like
PO, is used for economy both in current and time, although in practice, a mixture of Pb,0, and
PhO is taken-the latter being added to assist in the setting or cementation of the plate.

9.15. Negative Pasied Plales

Faure process 1s much betier adopied for making o negative rather than a positive plate. The
negative malerial ¢, sponge lead is quite tough instead of being hard and brinle like PO, and,
moreover, it undergoes o compamtively negligible change in volume during the charging and dis-
charging of the cell. Hence, it has no tendency 1o disintegrate or shed out of the grid although it does
tend 1o lose is porosity and become dense and so lose capacity. Hence, in the manufaciure of the
pasted negatives, a small percentage of certain substances like powdered pumic or graphite or mag-
nesium sulphate or barium sulphate is added to increase the porosity of the material. I properly
handled, a paste made with H,50,, glycerine and PbO (or mixture of PbO and Pb,0,) results in a
very good negative, because glycerine is carbonised duning formation and so helps in keeping the
Pasie POrous.
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Feaure plates are in more general use because they are cheaper and have a high (capacity/
weight) ratio than Plante plates. Because of the lightness and high capacity/weight ratio, such plates
are used practically for all kinds of portable service like electric vehicles, train lighting, car-lighting
and strating etc. But their life is shorted as compared o Plante plates.

9 16, Structure of Faure Plales

Usually, the problem of Faure type gnid is relarively simple as compared to the Plante type. In
the case of Faure plates, the grid serves simply as a support for the active material and a conductor
for the current and as a means for distributing the corrent evenly over the active material. Unlike
Plante plates. it is not called upon to serve as a kind of reservoir from which fresh active material is
continuouly bing formed for replacing that which is lost in the wear and tear of service. Hence, this
miakes possible the use of an alloy of lead and antimony which, as pointed out earlier, resists the
anack of acid and ‘forming” effect of curment more efféctively than pure lead and is additionally
much harder and stiffer,

Because of the hardening effect of antimony, it is possible to construct very thin ligh plates
which possess sufficient rigidity to withstand the expensive action of the positive active material.
Simplest type of grid consists of a meshwork of veriteal and horizontal ribs intersecting each other
thereby forming a number of rectangular spaces in which the paste can be pressed and allowed 1o set.
Such a thin grid has the disadvaniage that there is not much to ‘key’ in the paste and due to a great
shock or vibration the pellets are easily ‘started’ and so fall out

A much better support 1o the active miterial can be given by the construction illustrated in Fig,
9.9 which is known as ‘basket” type or screened grid. The paste instead of bing is isolated pellets
forms a continuous sheet contained and supported by the horizontal ribs of the gird. With this
arrungement the material can be very effectively keyed in.

Another type of grid structure used in pasted plates is shown in Fig. 9.10,
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9.17. Comparison : Plante and Faure Plates

. Plante plates have a longer life and can withstand rapid discharging (as in traction work}
better than Faure's.

. They are less liable to disintegration when o use then Faure's plates,

. They are heavier and more expensive than Faure plaies,

. Plante plates have less capacity-to-weight ratio, values being 12 1o 21 Ah per kg of plate,
the comesponding values for Faure plate being 65 1o 90 Ah/kg.

918, Internal Resistance and Capacity of a Cell

The secondary cell possesses internal resistance due to which some voliage is lost in the form of
petential drop across it when current is floiwng. Hence, the internal resistance of the cell has to be
kept 10 the minimum,

COine obvious way 10 lessen internal resistance 15 10 increase the size of the plates. However,
there 15 @ limit to this beécause the cell will become too big o handle. Hence, in practice, it is usual

o Tad b
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to muliiply the number of plate inside the
cell and to join all the negative plates
together and all the positives ones logether
as shown in Fig. 9.11.

The effect is equivalent to joining
many cells in parallel. At the same time,
the length of the electrolyte between the
electrodes is decreased with a consequent
reduction in the internal resistance.

The ‘capacity’ of a cell is given by
the product of current in amperes and the
ume in hours during which the cell can
supply current until its e.m.f. falls to 1.8
volt. It is expressed in ampere-hour (Ah).

The interlacing of plates not only
decreases the internal resistance but
additionally increases the capacity of the cell also. There is always one more negative plate than the
positive paltes fe. there is a negative plae at both ends. This gives not only more mechanical
strength but also assures that both sides of a positive plate are used.

Since in this arrangement, the plates are quil close to each other, something must be done 1o
make sure that a positive plate does not touch the negative plate otherwise an interal shon-circuit
will take place. The separation between the two plates is achieved by using separators which, in the
case of small cells, are made of wreated cedar woed. glass, wool mat, microporous rubber and
mocroporous plastic and in the case of large stationary cells, they are in the form of glass rods.
9.19. Two Efficiencies of the Cell

The efficiency of a cell can be considered in two ways -
L. The quantity or ampere-hour (AR) efficiency

2. The energy or wan-four (Wh) efficiency

The Ah efficiency does not take into account the varying voltages of charge and discharge. The
Wh efficiency does so and is always less than Ah efficiency because average p.d. during discharging
is less than that during charging. Usually, during discharge the el falls from about 2.1 V to
1.B ¥V whereas during charpe it rises from 1.8 volt 1o about 25 V.
amp-hour discharge

amp-hour charge

The Ah efficiency of a lead-acid cell is normally between 90 to 95%, meaning that aboul
100 Ah must be put back into the cell for every 90-495 Ah taken out of it. Because of gassing which
lakes place during the charge, the Ah available for delivery from the bnlter‘y decreases. [t also
decreases (1) due (o self-discharge of the plates caused due to local reactions and (i) due 1o leakage
of current because of faulty insulation between the cells of the battery.

The Wh efficiency vanes between 72-80%.

If Ah efficiency is given, Wh efficiency can be found from the following relation :

Wh efficiency = Ah efficiency = EEE—EE RuAD CLSHIE

average volis on charge

From the above, it 15 clear that anything that increases the charge volts or reduceds the discharge
volts will decrease Wh efficiency, Because high charge and discharge rates will do this, hence it is
advisable 10 avoide these.
9.20. Electrical Characteristics of the Lead-acid Cell

The three important features of an accumulator, of interesis o an engineer, are { 1] voltage
i2) capacity and (3) efficiency.

1. Voltage ;

The open-circuit voltage of a fully-charged cell 1s approximately 2.2 voll. This value is not

Fig. 9.11

Ah efficiency =
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fixed but depends on (a) length of ime since it was last charged (b) speaific gravity-voltage increas-
ing with increases in sp. gravity and 25

vice versa. If sp. gravity comes near
to density of water i.e. 1.00 then voli- 24
age of the cell will disappear l 23
althogether (¢) temperature-voltage Charging -
incercases, though not much, with 22 —
increase in temperature. 3
The variations in the terminal = 21
p.d. of a cell on charge and discharge  § 54 \F_L
are shown in Fig. 9.12. The voltage- Discharging
fall depends on the rate of discharge. 1.9
Rates of discharge are generally i \"\

specified by the number of hours
during which the cell will sustain the
rale in guestion before falling to
18 V. The voltage falls rapidly in Fig. 9.12
the beginning (rate of fall depend-
ing om the rate of discharge|, then vary slowly up to .85 and agamn suddenly 1o 1.8V,

The voliage should not be allowed o fall 1o lower than 1.8 V, otherwise hard insoluble lead
sulphate is formed on the plate which increases the intemal resistance of the cell.

The peneral form of the voltage-time curves

i 1 2 3 4 35 6 7 g 9 1o
Time (hours) ——=

corresponding 1o 1-, 3- 50 and 10 hour rates of 13

corresponding 1o the steady currents which would 291

discharge the cell in the above mentioned tmes 5 208

{in hour). 10 will be seen (it both the wernungd 5 .00 JoHm

voltage and the rate at which the voltage and the = (i

rite at which the voltage falls, depnd on the rate é 195 \ =

of discharge. The more rapid fall in voliage at 109 b~ e

higher rates of discharge is due to the rapid é &S N o N, -

increase in the imternal resistance of the cell. E 08 > ~F ﬂmi}iﬁ‘mﬁ OLFS
During charging, the pid. increases (Fig = R /ﬁﬁ“&, | | |

9.12). The curve is stmilar o the discharge curve TR A % % £ 7 X 98

reversed bul is everywhere higher due w the TIME OF DICHARGE 1N HOLUR

increased density of H,80, in the pores of the i

positive plute. Fig. 9.13

2. Capacity

It 15 measured m amp-hours (Ah). The capacity is always given at a specified rate of discharge
i 10-hour discharge 1n UK, K-hour discharge in U.S.A.). However. motor-cycle batiery capacity is
based on a 20-hour rate (w1 30° CL. The capacity depends upon the following :

{al Rare of discharge. The capaciy of a cell, as measured mm Ah, depends on the discharge rate.
It decresses with increased rate of discharge. Rapid rute of dishcarge means greater fall in p.d. of the
cell due 1o internal resistance of the cell  Mureover, with rapid discharge the weakenimg of the acid
in the pores of the plaes is also greater.  Hence, the chemical change produced at the plates by
| ampere for 10 hours 1s not the same as produced by 2 A for 5 hours or 4 A for 2.5 hours. 1t is found
that & cell having a 100 Ah capacity w10 hour discharge rase, has its capacity redoced to 82.5 Ah at
S-hour rate and 30 °Ah ot |-hoor rate. The vananon of capacity with discharpe rate is shown in Fig.
914,
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(b) Temperature. At high lemperature, 100
(i) chemical reactions within the cell take
pliace more vigorously. i _‘1/
(i) the resistance of the acid is decreased il
and Z
(iif) there is a benery diffusion of the elec- r 60
trodyre. g
Hence. high temperature increases the E 40
capacity of the lead-acid cell, Apparently, it is
better 1o operate the battery at a high temperi-
ture, However. at high emperatures 20
(a) the acid acttacks the antimony-lead 0 .. A
alloy grid, terminal posts and wooden separa- ATBLT IR ORI HOURS
Lors, Fig. 9.14

(b) the paste 15 rapidly chanped into lead
sulphate. Sulphation is always accompaind by expansion of paste particularly at the positive plates
and results in buckling and cracking of the grid.

Hence, it 1s not advisable to work batteries above 40° C,

As temperature 15 lowered, the speed of chemical reactions is decreased, Moreover, cell resistance
also increases, Consequently, the capacity of the cell decreases with decreases in temperature till at
freezing point the capacity is reduced to zero even though the batiery otherwise be fully charged.

{c) Density of electrofyte. As the density of electrolyte affects the intemal resistance and the
vigour of chemical réaction, it has an important effect on the capeity. Capeity increases with the
density,

(d) Quantity of active material. Since production of elctricity depends on chemical action
taking place within the cells, it is obvious that the capacaity of the battery must depend directly upon
the kind and amount of the active material employed. Consider the following calculations:

The gram-equivalent of lead is 103.6 gram and Faraday's constant is 96,500 coulombs which i
= 96500/3600 = 26.8 Ah. Hence, during the delivery of one Ah by the cell, the quantity of Tead
expended to form lead sulphate at the negative plate 1s 103.6/26.8 = 3.86 gram.

Similarly, it can be calculated that, at the sume time, 4.46 gram of PbO, would be converted into
lead sulphute at the positive plate while 3.66 gram of acid would be expended to form 0.672 gram of
water. [t 1s obvious that for obtaining a cell of a greater capeaity, it is necessary to provide the plates
with larger amounts of active material.

A Efficiency

It has already been discussed in Art. 9.19
9.21. Baitery Ratings

Following standards have been adopted, both by industry and government organisations to get
a fair picture of battery quantity :

I.  Ampere-hour Capacity

It is a function of the total plate area i.e. size of the individual plate multiplied by the number of
plates. For measuring this capacity, the battery is discharged continuously for 20 hours and s
current output supplied to a standard Joad is measured. Suppose that a battery delivers 4A curment
for 20 hours. Hence, its rating is 80 A h which is stamped on the battery case.

2. Reserve Capacity

It is one of the newly-developed rating standards and is more realistic because it porvides a
double-check on the Ah figures. The capacity is given by the number of minutes a batery will
tolerate a 25 A drain without dropping below 10.5 V. Higher this rating, better the batiery.
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3. Zero Cranking Power

It was the first cold weather rating and is applicable in relation to crafts which ply in freezing
weather. This zero-degree performance test gives a valuable insight into batiery quality. Large
hatteries are tested at a 300 A drain with battery chilled 10 — 18°C (0°F) whereas smaller sizes are
tested at half this value.

This test consists of two part (@) the battery is first chilled o — [8°C (0°F) and the load applied
for 5 second. Meanwhile, the voltage output is recorded. It is the first part of the zero-cranking-
power rating. (b) The test is continued further till voltage drops to 5 V. The number of minutes it
takes 1o reduce the voltage 10 5 V forms the second half of the rating. Higher both the digits, batter
the battery quality.

4, Cald Cranking Power

This simple rating is applied to all 12-V storage batteries regardless of their size. The battery is
loaded at - 18°C (0°F) till the total voltage drops to 7.2 V. The outpul current in amperes is mei-
sured for 30 seconds. Higher the output, better the battery.

Exumple 9.9, An adkaline cell s discharyed ot o steady current of 4 A for 12 owrs, the average
terminafs voliage being 1.2 V. To restore it (o ity origingl state of charge, a steady current at 3 A for
‘EJ J'rm.rn ix wqu.r'n ul' n’:. e *.r.u,.:* .'ﬁmlfnu.l’ I.tme'l,ft-' being 144 V., Calewlate the ampere-hour (AR)

!Pnncipli:ﬁ of Elect. Engg.-1. Jadavpur Univ, 1987)

Solution, As discussed in Art. 9.19

Ah of discharge _ 12x4 _
Ah efficiency = Ab ofcharge 20 %3 =08 or BO0%

Wh efficiancy = Al e g Yolsondischmge 08132 g cer o 678
“Av. volts on charge 1.44

Example 9.10. A dischrged battery is charged ar 8 A for 2 howrs after which it &3 discharged
through a resisior of R $& If discharge period is 6 honrs and the terminal voliage remains fived a
[2 W, findd the vedue 2f R assaming the Al efficiency of the battery as 80%.

Solution. Input amp-hours = 8x2=16 "

Efficiency =08 o Abhoutput 16 % 08=128

Discharge current - 126 A - R=-J2_ _6x12 —560
128/6 128 '

9.22. londications of a Full-charged Cell

The indications of a fully-charged cell are :

(i) gassing (i) voltage (10} specific gravity and (iv) colowr of the plaies,

(i) Gassing

When the cell is fully charged, it freely gives off hydrogen at cuthode and axygen at the anode,
the process being known ns “Gassing”. Gassing al borh plates indicates that the current is no longer
doing any useful work and hence should be stopped, Moreover, when the cell is fully charged, the
electrolyte assumes o milky appearance.

(ifl Voliage

The voliage ceases to rise when the cell becomes fully-charged. The value of the valtage of a
fully-charged cell is # variable quantity being wffected by the rte of charging. the emperature dnd
specitfic gravity of the electolyte ete. The approximate value of the em.f. is 2.1 Y or so.

(i) Specific Gravity of the Electrolyte

A third indication of the state of charge of a batlery is given by the specific gravity of the
clectrolyte. We have seen from the chemical equaitons of Art. 9.9; that during discharging | the
density of electrolyte decreases due 1o other production of water, whereas it increases during charg-
ing due 1o the absorption of water. The valie of density when the cell is fully charged is 1.21 and
|.18 when discharged vp 10 1.8 V. Speafic gravity can be measured with a suituble hydrometer
which consists of n floai, o chamber for the electiole and a squeeze bulb,
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iv) Colour

The celour plates, on full charge is deep chocolale brown for positive plate and clear slate gray
for negative plate and the cell looks quite brisk and alive.

923, Applications of Lead-acid Baiteries

Storage batteries are these days used for a great variety and range of purposes, some of which
are summarnised below :

I. In Central Stations for supplying the whole load during light load periods, also to assist the
generating plant during peak load periods, for providing reserve emergency supply during periods
of plant breakdown and finally, to store encrgy al times when load is light for use at time when load
15 af its peak value, _

2. In private generating plants both for imndustrial and domestic use, for much the same pur-
pose as im Central Stations.

3. In sub-siations, they assisi in maintaining the declared voltage by meeting a part of the
demand and so reducing the load on and the voltage deop in, the feeder during peak-load periods.

4. As a power source for industrial and mining battery locomotives and for road vechicles like
cars and trucks, !

5. As a power source for submarines when submerged.

6. Marine applications include emergency or stand-by duties in case of failure of ship’s elec-
iric supply, nomal operations where battereis are subjected o regular cycles ol charge and discharge
and for supplying low-voltage current to bells, telephones, indicators and warming systems etc.

7. For petrol motor-car starting and ignition etc.

5. Asalow voliage supply for operating purposes in many different ways such as high-tension

switchgear, automatic telephone exchange and repeater stations, broadeasting stations and for wireless
receiving sets.
hattery

The voltage control systems may be hand-operated or

The above sysiem can be designed for automatic operiion as shown in.JFig. 9.16. A rise in
voltage results in the release of pressure on the carbon block rheostat. thereby increasing its resis-
9.25. End-cell Control System

The use of rheostat for controlling the battery
regulator switches which cut one or more of a selected number of cells out of the circuit when the
battery is fully charged and into the circuit again a- the discharge continues. To make the process of

o
S

—iiEAl

9.24. Volluge Regulators

As explained in Art. 9.20. the voliage of a batiery varies over a considerable range while under
discharge. Hence, it is necessary o find some means to conirol RHEOSTAT -
the batiery voltage upto the end so as to confine varialions
within reasonable limits — these limits being supplied by the
aumtomatic, The simplest form of hand-opersted control consists 5
of a rheostat haivog a sufficient number of steps so that
assistance can be inserted in the circuit when battery is fully J
charged and gradually cut out as the discharge continues, as Bty T
shown in Fig. 9.15. ko
tance whereas a fall in voliage resulis in mcreasing Carbon Block
the pressure on the block thereby decreasing its re- Rheostal
sistance. By this automatic variation of control re-
sistance, variations in battery voltage are automati-
cally controlled.

' &

voltage is objectionable especially in large-capacity
installations where the ™R loss would be considerable.
Hence other more economicial systems have been
developed and put into use. One such system is the Fig. 9.16
end-cell control system. Lt consists of suitable

—|||}—;—-a|||—|

Load
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cutting cells in and out at the battery circuit
LAMP simple, the group of cells selected for this
control is situated at one end of the battery
whereform is derives the name end cell. By
moving the contact arm of the switch o the
left or right. cells are cut in or out of the
discharge circuit and so the voltage is varied
LOAD accordingly.

For making the end-cell switch operate
without opening the circuit or shortcircuiting
the cells during its passage from one cell Lo

Fig, .17 another, an auxiliary constraint S, is employed.

$, prevents the circuit from being open entirely

but has sufficeint resistnace R between it and the main contact arm 5, to prevent any objectionably

large current to flow on short-circuit.  The above mechanism usually imcroporates devices for
preventing the stoppage of the switch in the short-circuit position.

9.26. Number of End-cells

For maintaining a supply voltage of V volts from a battery of lead-acid cells when the latter are
approaching their discharge voliage of 1.83 (dependmg on the discharge rate), the number of cells
required is V/1.83. When the battery is fully charged with each cell having an e.m.f. of 2.1 W, then
the number of cells required Is V/2.1, Hence, the number of end-cells required is (V/1.83 — V2.1,
These are connected to a regulating switch which adds them in series with the battery one or (wo at
a timie, as the discharge proceeds.

End
Cells

9.27. Charging Systems

In various installations, batteries are kept floating on the line and are so connected that they are
being charged when load demands are light and automatically discharged during peak periods when
load demands are heavy or when the usual power supply fails or is disconnected. In some other
installations, the battery is connected to the feeder circuit as and when desired, allowed Lo discharge
io a certain point, then removed and recharged for further requirements.

For batteries other than the ‘floating” and ‘system-governed' type, following two general methods
(though there are some variations of these) are employed.

{(iy The Constant-cirrent System and (i} The Constant-voltage System.
9.28. Constani-current System

In this method, the charging current is kept constant by varying the supply, voltage to overcome
the increased back e.m.f. of cells. 1f a charging booster (which is just a shunt dynamo directly driven
by a motor) is used, the current supplied by it can
be kept constant by adjusting its excitations. 1f

B
fi A
charged on a d.c. supply. the current is controiled
by varying the rheostat connected in the circuit,
The value of charging current should be so cho- b \{
sen that there would be no excessive gassing dur-
ing final stages of charging and, also, the cell tem- ot = l|||||||||!|
H

perature does not excees 45°C. This method takes
a comparatively longer time. Fig, 9.18

I

9,29, Constani-voltage System

In this method, the voltage is kept constant but it results in very large charging cumrent in the
beginning when the back e.m.f. of the eells is low and a small current when their back é.m.{. increases
on being chargad,



Electrochemical Power Sourees Ay

With this method, time of charging iy alomst reduced to
half. It increases the capacity by approximately 209 bur
reduces the effeciency by 10% or so.

Calculations

When a secondary cell or a battery of such cells is being
charged, then the emf of the cells acts in opposition to the
applied voltage. If V is the supply voltage which sends a
charging current of 7 against the back e.m £ E,, then input is Fig. 9.19
VI bul the power spent in overcoming the opposition (Fig.

9.19) is E;l. This power E, [ is converted into the chemical energy which is stored in the cell. The
charging current can be found from the following equation :
V-E,
R
where R = total circuit resistance including internal resistance of the battery

{ = charging curreni
By varying R, the charging current can be kept constant throughout.

I =

Example 901, A battery of accunmidators of eom,f. 50 vorl and intermal resistance 2 €3 s charged
om0 et dlivect means. What series resistance will be required to give a charging current of 2 A}

If the price of energy is 50 paize per KW whear will it cost 1o clarge the battery for 8 oy and
whatt percentage of energy supplicd will be used in the form of hear ?

Sotution, Applied voltage 100 V; Back e.m.f. of the battery = 50 V

Net charging voltage 100 -50=50V

Let R be the required resistance, then 2 = 50/R + 2); R=46/2 =23 (L

Input for eight hours = [0 = 2= 8= 1600 Wh=16kWh

Cost = 50 % 1.5 = 80 paise; Power wasted on total resistance = 25 x 2% = 100 W

Total input = 100 % 2 =200 W : Percentage waste = 100 = 100/200 = 50 %

Exumple 912, A Gecell 12-V battery 15 to be charged at @ constant rare of 10 A from a 24V
do. supgrly, If the e of cach cell ar the begnaing and end of the charge &5 1.9 Vand 2.4 V. wher
vhoslil be the value of maximon resisiance o be conmected in series with the batterv. Revistance of
the bartery 15 negligibie.

Solution. Beginning of Charging

Total buck em.f. of battery = 6x 1.9= 1.4 voll

Net driving volige 4-114=126V;R,, =12610=1260
End of Charging

Back e.m.f. of batiery Hx24=144vol

Net driving voliage = 24-144=96V. R, =96/10=109 0

Example 9. 13, Thirty accumafators have to he charged feom their indtiad voltage of 1.8 V uxing
d divect curvent supply of 36 velt. Eaeh cell has an imterual resivtance of 0.02 £ and can be charged
adf 5 amperes, Sketeh g ciecuit by which this can be done. calenlating the value of any resistace or
resistances used. What will be the curvenr taken from tie moims towards the end of the charging
pertod when the voltage hox risen to 200 volt per cell *

Solution. Since the supply voltage (36 V) is less than the back e.m.f. of the 30 cell battery
{34 V). bence the cells are divided into two equal groups and placed in parallel across the supply for
charging as shown in Fig. 9,20, It would be economical to use a separte resitance R in series with
each group.

]

i
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Here V=36VE=I5x18=27V i
Internal resistance of each parallel group T‘}—.—iﬁ.—_‘ SA
= [5=x002=030
Charging current = 5A . 5= ?;5_'__”2: R R
R =150 e v l.,.
Now, when the voltage per cell becomes 2.1 V, then P E 29N 3
back e.m.f, of each parallel group=15x2.1=315 V¥ ! !
36 - 31.5 = =

Charging current = 15703 154 'I: ]‘

Example 9. 04, A bartery of 60 celly ts charged from a +
supply of 250 V. Each cell has an eom f of & velts ar the G
viarrt of charge and 2.5 V ai the end. If tnternal resuidance of
each cell 5 0.0 L and if there by an oxtertal resistance of 19 CLin the corcuir, coloulare (a) the anttial
clarging current (8} e firal charging careent and fo) the addivional resisiance which must be
atcllered Ser v @ Amishinge charpe of 2 A rate;

Salution. () Supply voltge V=250 V
Back e.m.f. of the battery £, at stat =60 x 2= 120 Vand at theend =60 x 25 = 150 V
Internal resistance of the battery =60x0.1=61€

Fig. 9.20

Total circuit resistance =19+6=250

(a) Net charging voltage at stan =250 120=130V i

o Inmitial charging current = 325 =52 A *
(b) Final charging current = 100/25= 4 A Vo= 250 Eh”
ic) Let B be the external resistance, then .?'-
B ng':'ﬁ © R=882=4Q P

Additional resistance required = 44 — 19 = 25 {L

Exumple 905, Twer hutedred and renty lamps of T W each are to b raed o o Batte ey supply
at 40V, The cells of the battery when fully cluorged hove on em 0 of 20V eoch and when dis-
charged 183 V cach. |If the internal reststance per celf is Q00015 QL () find the mumber af cells in
the battery and (i) the number of end cells. Take the resistunce of the conmecting wires ay 5.005 €1

Solution. Current drawn by lamps = 220 « 100/110 = 200 A ]

Voltage drop on the resistance of the connecting wires = 0L005 x 200 = 1.O YV

Battery supply voltage = 110+ | =111 V

Terminal voltage/cell when fully charged and =L

LAMP
supplying the load
=21 - (200 x D.00015) =2.08 V B i
Terminal volige/cell when discharged .
= .83 - (200 = 0.00015) = LBV =

() No. of cells in the battery = 111/2.08 LOoAD
=534 auy, 54 To="

(11 No. of cells required when discharged
=111/1.8 =62

Hence, number of end cells =62 - 54 = 8

foesmua

END CELLS
I

)

Fig. 9.22
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The connections are shown in Fig. 9.22,

Example %.16. A storage buttery consisty of 35 sereiv-connected celly cach of internal resistance
0000 gl ¢, m f2 2.1 V. Each vcell consists of 21 plates, ten positive and eleven negative, each plate
measnring 20 « 25 em. I full-load curvenr per cell is 001 A per e’ of positive plate surface, find
U full-load terminal voltage of the bartery and (if) power wasted in the battery {f the connectors
harve a total resistence of 00025 L1

Solution. Since both sides of & positive plate are utilized, the area of both sides will be taken
mto consideration.

Total area (both sides) of ten positive plates = 2 x 20 x 25 x 10 = 10,000 cm’

Full Joad current = 10,000 = 0.01 = 100 A

Voltage drop in battery and scross connectors = 100 (55 x 0.001) + 0.025] =8 V

Battery em.].=55x 12=1155V

(7} Buttery terminal voltage on full-load = 1155 -8 = 1075 v

(i) Total resistance = (55 x 0.001) + 0,025 = 0.08 £ Power loss = 1007 x 0.08 =800 W,

Example 9.17. A charging booster (shund genergtori is to charge a storgge battery of 100 cells
each of imternal resistunce 0008 £L Terminal p.d. of each vell at completion of charge is 235 V.
Calciulere the e.of, which the booster must generate 1o give a charging current of 20 A ar the end of
charge  The armature urd shunt field resistances of the generaror are 0.2 and 258 L1 respecnvely
and the rexistance of the cable connectors 1x .05 L1

Solution. Terminal p.d. per cell = 2.55 volt

g Ot a0 x

The charging volinge across the battery must be capable & AWA 1
of overcoming the back e.m.1. and also 1 supply the voltage : L=21A 1 T
drop scross the miermal resistance of the battery. 2580 a6 v o

Back e.m.f, = 100 x 2.55 = 2.55 V : l —.]‘.—

Voltage drop on internal resistance B

= 100 x 0.00] x 20=2V T
o PD. across poimts A nnd B =255+ 2=257 V
P.D. across terminals € and D of the generator Fig. 9.23

=157+ (=005 =25V
I, = 258258=1A:] =20+ 1=2] A
IR, =21x02=42V
o Generated emf = 258+4.2=2622YV

Tutorial Problems No. 9.2

1. A 6l-cell storage hattery having a capacity of 360 Ah mkes 8 hours when charged by a do genmtor at
a voltage of 220 V. Calculate the charging current and the range: of the rheostal required 1o ensure a
constant charging curmenl. The emf of each cell is 1.8 ¥ al the beginning of charging and 2.7 ¥ at the
end of the charging lgnore the internal resistance of the cell. [45 A; 245 0 129 Q2]

2. A storage battery consists of 53 series connected cells each of internal resistance 0,001 £ and em.f,
21 V. Each cell comsists of 21 plates, ten positive and eleven negative, each plate measuring 20 = 25
cm. If full-load curment per cell 1s 0LO1 A per am’ of positive plate surface, find i) full-load terminal
valtage of the battery and () power wasted in the battery if the connectors have a total resistance of
0025 [} 1075 ¥ (d) BOD W]

9.30. Trickle Charging

When a storage battery 15 kept entirely as an emergency reserve, it is very essential that it should
be found fully charped and ready for service when an emergency arises. Due 1o Jeakapge action and
other open-circuit losses, the battery deteriorates even when idle or on open-circuit. Hence, o keep
it fresh, the battery is kept on a trickle charge. The rate of trickle charge is small and is just sufficien
t balance the open-circuit losses.  For eaample, a standby battery for station bus-bars, capable of
giving 2000 A for | howur or 400 Ah ot the 10-hr rate, will be having o normal charging rate of
555 A, but & continuous ‘trickle” charge of | A or so will keep the cells fully charped (without any
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gassing) and in perfect condition, When during an emergency, the baltery gets discharged, it is
recharged at its normal charging rate and then is kept on a continuous trickle charge.

B.31. Sulphation-Causes and Cure

If & cell is left incompletely charged or is not fully charged periodically, then the lead sulphate
formed during discharge, is not converted back into PbO, and Pb. Some of the unreduced PbSO,
which is left, gets deposited on the plates which are then said to be sulphated. PbS0, is in the form
of minute crystals which gradully increase in size if not reduced by thoroughly charging the cells. It
increases the internal resistance of the cell thereby reducing its efficiency and capacity. Sulphation
also sets in if the battery is overcharged or left discharged for a long time,

Sulphated cells can be cured by giving them successive overcharges, for which purpose they ure
cul out of the battery dunng dischurge, so that they can get two charges with no intervening dis-
charge. The other method, in which sulphated cells need not be cut out of the battery, is to continue
charging them with a “milking booster’ even after the battery as o whole has been charged. A
milking booster is o motor-driven low-voltage dynamo which can be connected direcly across the
terminals of the sulphated cells.

9.32. Maimtenance of Lead-acid Cells

The following important points should be kept in mind for keeping the battery in good condition:

I. Discharging should not be prolonged after the mimimum value of the voltage for the par-
ticular rute of discharge is reached.

2. It should not be left in discharged condition for Jong.

3. The level of the electrolyte should always be 10 to 15 mm above the top of the plates which
must not be lefi exposed 10 air. Evaporation of electrolyte should be made up by adding
distilled water occasionally.

4. Since acid does not vaporise, none should be added.

5. Vent openings in the filling plug should be kept open 1o prevent gases formed within from
building a high pressure.

fi. The acid and corrosion on the battery top should be washed off with a cloth moistened with
baking soda or anumeonia and water.

7. The battery terminals and metal supports should be cleaned down to bare metal and covered
with vaseling or petroleum jelly.

9.33. Main Operated Battery Chargers

A bauery charger is an electrical device that is used for putting energy mto a battery.  The
battery charger changes the a.c. from the power line into d.c. suitable for charger. However, d.c.
generator and altermators are also used as charging sources for secondary baneries,

In general, a mains-operated banery charger consists of the following elements :

I. A step-down transformer for reducing the high a.c. mains voltage w a low a.c. voltage.

2. A half-wave or full-wave rectifier for converting alternating current into direct current.

3. A charger-current limiting element for preventing the flow of excessive charging current
o the battery under charge.

4, A decice for preventing the reversal of current ie. dischorging of the battery through the
charging source when the source voltage happens (o fall below the battery voltage.

In addition o the above, a battery charger may also have circuitry to monitor the battery voltage
and automatically adjust the charging current. |1 may also terminate the channg process when the
hattery becomes fully charged. However. in many cases, the charging process is not totally termi-
nated but only the charging rate is reduced 5o us to keep the battery on trickle charging, These
requirements have been illustrated in Fig. 9.24.

Most of the modern battery chargers are fully protected against the following eventualives

{a) They are able 10 operate into & short-circuit.

{b) They are not damaged by a reverse-connected battery,

{e) They are operate o a totally flat battery,
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(«f) They can be regulated both for current and voltage,

Overcharge
Trickle oL
Chisrping:
. ,
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Step-down Recifier Current Chusrging
Trataforter Limiter Current 1
Conducior
Battery
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Fig. 9.24

9.34. Car Battery Charger Using SCR

Fig. 9.25 shows the circuitry of a very simple lead-acid battery charger which has been provided
protection from load short-circuit and from reverse battery polarity. The SCR is used as a half-wave
rectifier ay well as switching element to terminate the high-current charging process when battery
gets fully-charged.

Working

The SCR acts as a hall-wave rectifier during only the positive half-cycles ol the sccondary
voltage when point M in Fig. 9.25 is at a positive potential.  The SCR does not conduct during the
negative half-cycle of the secondary voltage when point M achieves negative potential. When M is
at positive potential, the SCR is triggered into conduction because of the small gets current /, passing
via & and diode D, In this way, the charging current [ after passing through R enters the battery
which is being charged.

In the initial state, when the battery volige is low, the potential of point A is also low (remember
that Ry, R, and presel resistor R, are connected across the battery via B} which means that the
forward bias on the base of transistor T is not sufficient to make il condoct und thereby stop the
conduction of SCR, Hence, SCR keeps conducting the consequently, keeps charging the battery
through the current limiting resistor K.

=20V
ac SLPPLY

Fig. 9.25
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As the baltery gets progressively charged, its voltage rises and when it becomes fully charged,
the potential of point A increases thereby increasing the forward bias of T which starts conducting.
In that case, T bypasses the triggering gate current of the SCR via R, and D,. Since the SCR can no
longer be triggered, the charging process stops. However, a 5I1'LE.|| tn-::ldc charging current keeps
flowing via. R, and D,. The function of diode [, is to prevent reverse flow of the curreni through
the battery when point ‘M has negative potential dunng the negative cycle of the secondary voltage.
The value of trickle charging current is determined by R, because R, has a fixed but small value. The
resistor K, also limits the flow of excessive charging current when the charger is connected to a
completely dead battery.

The charger described above 1s not suitable for fast charging because it utilizes half-wave recti-
fication. Most of the mains-operated chargers working on a single-phase supply use a full-wave
rectifier consisting of a center-tapped tmsformer and two diodes or a bridge circuil using for di-
odes,

9.35. Automaobile Battery Charger using Full-wave Rectifier

The battery charger shown in Fig, 9.26, is used to recharge run-down lead-acid batieries in
automobiles without removing them from their original mountings and without any need for constant
attention. When the battery is fully charge, the circuit automatically switches from charging current
to trickle charging and an indicator lamp lights up to provide a visual indication of this condition.
D R,

—— O

Y
aE
SUPPLY

Fig. 9.26
As shown in Fig. 9.26, diodes I, und D, form a full-wave rectifier to provide pulsating direct
current for charging the battery, The battery is charged through the SCR which is also used as switch
to terminate the charging process when the battery becomes fully charged. The two transistors T,
and 7, together form an electronic switch that has two stable states i.e. the ON state in which T, anu:l
T, conduct and the OFF state in which T, and 75 do not conduct. The ON-OFF state of this swuch
is decided by the battery voltage and M’:llmg of the “current adjust”™ potentiometer £,

Working .

When switch § is turned on, the full-wave recufied output of D, and D, charges capacitor O
through R, lamp L and R;. In a very short time, capacitor voltage l'l‘pE".b high enough to make diode
3, Lnnducl the paie current thereby triggering SCR into conduction during each half-cycle of the
uiuitput voltage. Hence, full charging current is passed through the cathode K of the SCR 1o the
positive terminal of the battery whose negative terminal is connected directly fo the center tap of the
step-down transforemer. Resistor R, limits the charging current to a safe value in order to protect the
rectifier diodes £2; and £, in case the load happens 1o be a “dead” batiery

When the battery is being charged and has low voltage, the two transistors T, and T, remuin in
Lhe non-comducting state. However, when the battery voliage rises and finally the battery becomes
fully-charged, the two transistors 7, and T, (which from a regenerative switch) are mwiggered into
conduction at a point set by K. In this way, T and T, provide a low-impedance discharge path for
C. Hence. C discharges through R, and the 7| — T, switch, thereby cutting off the gate current of the
SCR which stops conducting thereby terminating the battery charge. Thereafier, small wickle charge
current keeps on flowing into the battery via L and the regenerative switch formed by 7', and 7, A
lowime lamp L indicates that the battery 13 under trickle chareing.
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Fig. 9.27 showy the same circuit as shown in Fig. 926 except that the two-diode full-wave
rectifier has been replaced by a full-wave bridge rectifier using four diodes.

20V

Be
SUPPLY

Fig, 9.27
9.3, Static Uninterruptable Power Systems (UPS)

The function of a 7P 15 (o ensure absolute continuity of power to the computerised control
systems thereby protecting critical equipment from electrical supply failure. A U/PS makes it pos-
sible to provide a ‘clean’ reliable supply of alternating current free of sags of surves in the line
voltage, frequency variation, spikes and transients. UPY systems achieve this by rectifying the
standard mains supply, using the direct current to charge the standby battery and 1o produce “clean’
alternaing current by passing through an inverter and filter system.

Components of a 'PS System

The essential components a UPS system as shown in Fig. 9.28 are as under :

1. A rectifier and thyristor-controlled batiery charger which converts the AC input into regu-
lated D€ ontput and keeps the standby battery fully changed.
2. A standby battery which provides DC input power to inverter during voltage drops or on
failure of the normal mains AC supply.
3 Aninverter which converts DC 1o clean AC thus providing precisely regulated output voll-
age and frequency to the load as shown,
Working
As shown in Fig. 9.28 the main flow of energy is from the rectifier to the inverier with the standby
battery kept on ‘float’. If the supply voltage falls below a certain level or fails completely, the battery
output to the inverter maintains a clean a.c. suppy, When the mains power supply is resorted, the main
energy flow against starts from the rectifier to the inverter but, in addition, the rectifier recharges the
battery. When the standby battery gets fully charged, the charging current is automatically throttled
back due 1o steep nise in the back e.m.(. of the battery . An automatic/manual bypass switch is used to
connected the load either directly to the mains a.c. supply or to the inverter a.c. supply.

Inverier
AC o
Ma:g.-. e I:l_f‘ = gy~ 2] Clean Te
=S —~- AC Loaid
Switch
Rectifier =
Charger
Fig. 9.28

Depending on the application, the voltage of the U/PS standby battteries may be anywhere between
12V and 400 V. Typical values are 24 V, 48 V, 110V and 220 V with currents ranging from a few
amperes to 2000 A. Fig. 2.28 shows Everon 4-kVA on-line UPS system which works on 170 ¥-270
V a.c. input and provides an a.c. output voltage of 230 V at 50 Hz frequency with a voltage stability
of £ 2% and frequency stubiliy of £ 1%, It has zero change over time and has audio beeper which
indicates mains fail and battery discharge. N provides 100% protection against line noise, spikes,
surges und radio {requency interference. Tt is manufactured by Everon Electro Systems Pyt Lud,
Mew Delhi.
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9.37. Alkaline Batteries

Such batteries are ideally suited for portable work. Like lead-acid cells, the alkline cells also
consist of positive and negative plates immersed in an electrolyte. The plates and the electrolyte are
placed in a suitable-container,
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Fig. 9.29

The two types of alkaline batteries which are in general use are

(i} nickel-iron type of Edison type.

(i} mickel-cadmium type of Jungnor type which is commercially known as NIFE batery.

Another alkaline battery which differs from the above only in the mechanical details of its plates
is known as Alkum battery which uses nickel hydroxide and graphite in the positive plates and a
powdered alloy of iron and chromivm in the negative plates.

Silver-zine type of alkaline batteries are also made whose active matenal for the positive plate is
sifver oxide {Ag,0) and for negative plate is zine oside and zinc powder. The electrodes or plates of
the alkaline cells are designed to be either of the enclosed-pocket type or open-pocket type. In the
case of enclosed-pocket type plates, the active malerial is inside perforated metal envelopes wheres
in the other type, the active material is outside directly in contact with the electrolyte. As shown in
Fig. 9.29, the active material of the enclosed-pocket type plates is enclosed in nickel-plated perfo-
rated steel pockets or packs which are pressed into the steel frames of the plates.

The open-pocket type plates are made of the following three materials

() metal-ceramic plate-the frame of the plate is a nickel-plated steel grid with the active mate-
rial pressed in under a pressure of 800 to 1900 kg/cm”.

(i) foil plate-the base of such a plate is a thin nickel foil coated with a layer of mickel suspen-
sion deposited by a spray technique.

iy pressed plates—the base member of these plates is o nickei—yim&d pressed steel grid, The
active material is pressed into them at a pressure of about 400 kg/em™.

938, Nickel-iron and Edison Batteries

There is revived interest in the nickel-iron battery becaue it seems to be one of the few systems
which may be developed into a high-energy density battery for electric vehicles. Since long the two
main designs for this battery have been the whular positive type and the flal pocket plate type although
cells with sintered type negative are also being manufactured.
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The active materials in a nickel-iron cell are :

(i} Nickel hydroxided Ni(OH), or apple green nickel peroxide NiO, for the positive plate.
About 17 per cenl of graphite is added 1o increase conductivity. I also contains an activating addi-
tive barium hydroxide which is about 2 per cent of the active material. This additive increases the
service life of the plates.

Fig. 9.30 Plates groups of an alkaline cell
{a) + ve group (b) — ve group, 1-terminal post 2—connecting sirap, 3—plates.
d-plates side members. S—ebonite spacer sticks. 6-pockets.

{if} powederd iron and its oxides for the negative plate. Small quantities of nickel sulphate and
ferrous sulphide are added to improve the performance of the coil.

(1ii) the electrolyte 15 21 per cent solution of caustic potash KOH (potassium hydraie} to which
is added a small quantity of lithium hydrate LiOH for increasing the capacity of the cell.

As shown in Fig. 9.30, plates of the same polarity with their pockets filled, are assembled into
cells groups for which purpose they are welded to a common strap having a threaded post.

The number of negative plates is one more than the positive plates. The extreme negative plates
are electrically connected 1o the continer. Ebonite separating sticks are placed berween the positive
and negative plates to prevent any short-circuiting.

The steel containers of the batteries are press-formed from steel and the joints are welded. The
body and the over are nickel-plated and have a dull finish. However. it should be kept in mind that
since these containers are electrically alive, no loose wires should touch them owing 1o the danger of
severe sparking from short-circuits.

9.3, Chemicnl Changes

The exact nature of the chemical changes taken place in such a cell is not clerly undersiood
because the exact formula for the nicke! oxide is not yet well established but the action of the cell can
be understoond by assuming the peroxide NiQ, or its hydrated from Ni{OH),,

First, let us assume that at posiive plate, nickel oxide is in 1ts hydrate form Ni{OH),. Dunng
discharge, electrolyte KOH splits up into positive K ions and negative OH ions. The K ions go 1o
anode and reduce NifOH), to NI{OH),. The OH ions travel towards the cathode and oxidise iron.
During charging, just the opposite reactions take place i.e. K ions go to cathode and OH jons go
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anode. The chemical rections can be written thus -

KOH —— K+0H
During discharge

Positive plate ; Ni{OHl, + 2 K —— Ni{OH), + 2 KOH
Negative plate ; Fe+20H —— Fe(OH),
During Churging

Positve plate : Ni{OH), + 20H —— Ni(OH),

MNegative plate - Fe(OH), + 2K —— Fe + 2 KOH

The charging and discharge can be represenied by u single reversible equation thus ;
Pos. Plae Neg. Plae Discharge  Pos. Plate Meg. Plae

Ni(OH); + KOH + Fe =— Ni{OH), + KOH + Fe(OH),
Churge

It will be observed from the above equation that as no water is formed, there is no overall
change in the strength of the electralyte. Its function is merely to serve as & conductor of as a vehicle
for the transfer of OH ions from one plate to another. Hence, the specific gravity of the electrolyte
remains practically constant, both during charging and discharging. That is why only 4 small amount
of electrolyte is required which fact enables the cells to be small in bulk.

Note. L however, we assume the nickel oxide to be in the form NiQ,. then the above reactions can be
represented by the following reversible equation .

+ ve Plate —v¢ Plate Discharge  +ve Plate ~ve Plate
6Ni0, + BKOH + 3Fe = N0, + BKOH + Fe,0,
Charge

940, Electrical Characteristics

The e.m.f. of an Edison cell, when fully charged. is nearly 1.4 ¥V which decreases rapidly to
1.3V and then try slowly on 1,1 or 1.0V on discharge. The average discharge voltatge for a S-hour
discharge rale is 1.2 V. Hence, for the same average value of the voltage, an alkali sccumulator will
consist of 1.6t 1,7 times as many cells as in a lead-acid batery. Internal resistance of an alkali cell
is nearly five times that of the lead-acid cell. hence there is a relatively greater difference between its
terminal voltage when chargimg and discharging.

The average charging voltage for an alkali cell is about 1.7 V. The general shapes of the charge
and discharge curves for such cells are, however, similar to those for lead-acid cells. The rated
capacity of nickel sccumulators usually refers w either 5-hour or B-hour discharge rate unless stated
otherwise.

The plates ol such ¢ells have greater mechanical strength because of all-#ieel construction. They
ure comparatively lighter because (i) their plates are lighter and () they require less quantity of
electrolyle. They can withstand heavy charge and discharge currents and do not deteriorate even if
left discharged for long periods.

Dwue o its relatively higher internal resistance, the efficiencies of an Edison cell are power than
those ol the lead seid cell. On the pverage, its Ah efficiency is about B0% and Wh efficiency 6l or
50%. It has an average density of 50 Whikg.

With increase in lempersture, ean.f. is increased slightly bul capacity increases by an appre-
cinble amount. With decrease i lemperature, the capacity decreases becoming practically zero at
47C even through the cell is fully charged. This is serious drawback in the back in the case of
electrically driven vehicles in cold weather and previous have 1o be tuken o heat up the battery
hefore starting, though, in practice, the 7 R loss in the internal resistance of the battery is sufficient
to Keep the hattery cells warm when running.

The principal disadvaniage of the Edison battery on nickel-iron battery is its high initial cos)
{which will prohably be sufficienly reduced when patents expire). At present, an Edision battery
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costs approximately twice as much as a lead-acid
battery designed for similar service. But since the
alkaline battery outlasts an indeterminate number
of lead-acid batteries, it is cheaper in the end.

Because of their lighiness, compact construc-
tion, increased mechanical srength, ability 1o with-
stand rapid charging and discharging withouwt
injury and freedom from comosive liguids and
fumes, alkaline batteries are ideally suited for trac-
tion work such as propulsion of electric factory
trucks. mine locomotives. miner’s lamps, light-
ing and starting of public service vehicles and other
services involving rough usage eic.

941, Nickel-Cadmium Balteries

The reactive materials in a mickel-cadmium
cell (Fig. 9.31) are :

({1 Ni(OH), for the positive plate exactly as
in the ickel-iron cell.

(i) a mixture of cadmium or cadmium oxide
and iron mass 1o which is added about 3 per cent
of solar oil for stabilizing the electrode capacity.
The use of cadmium resulis in reduced internal
resistance of the cell

(7if} the electrolyte 15 the same as in the nickel-
iron cell,

The cell grouping and plate arrangment is Fig. 9:31. Pans of Nickel-cadium alkaline cell
wdentical with nickel-iron batteries except that the | -active material 2—ebonite spacer sticks 3-pocket
number of positive pliates is more than the nega-  element 4—positive plates S—positive terminal post
tive plates. Such bauteries are more suitable than  6-vent plug T-negative terminal post #—cover
nickel-iron batteries for floating duties in conjunc-  @-container |O-negative plaes | 1 —ebonite plate.
tion with a charging dynamo because, in their case,
the difference between charging and discharging e.m.f.s is not as great as in nickel-iron batieries.

Nickel-cadmium sintered plate batteries were first manufactured by Germans for military aircrafis
and rockets. Presently, they are available in a variety of designs and sizes and have energy density
going upio 55 Whikg. Their capacity is less affected by high discharge rtes and low operating
temperalure than any other rechargeable baneries. Since such balteries have very low open-circuit
losses. they are well-suited for pleasure yatches and launches which may be laid up for long periods.
They are also used in commercial airliners, military aeroplanes and helicoptérs for starting main
engines or auxiliary turbines and for emergency power supply.

9.41. Chemical Chunges

The chemical changes are more or less similar to those wking place in nickel-ron cell, As
before. the electrolyte s split up into positive K ions and negative OH ions. The chemical reactions
al the two plates are as under
During discharge

Positive plate - Ni(OH), + 2K = Ni(OH), + 2 KOH
Negative plate Cd+20H = Cd(OH)

During Charging
Positve plate NEKOH), + 20H = NI{OH),

MNegative plate : CdiOHL + 2K = Cd+ 2 KOH
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The above reaction can be represented by the following reversible equation
Ni(OH), + KOH + Cd == Ni(OH), + KOH + Cd{OH},

943 Comparison ; Lead-acid and Edison Cells
The relative strong and weak points of the cells have been sumansed below ;

Particulars Lead-acid cell Edison cell
l. Positive Plate PbO, lead peroxide Nickel hydroxide Ni(OH), or
NiO,
2. Negative Plate Sponge lead Iron
1. Electrolyte diluted H,SO, KOH
4. Average em.f. 2.0 Vieell 1.2 Vicell
5. Internal resistance | Comparatively low Comparatively higher
6. Efficiency : 90-95% nearly 80%
amp-hour watt-hour | 72-80% about 60%
7. Cost Comparatively less than almost twice that of Pb-acid cell
alkaline line cell Easy maintenance
B. Life gives nearly 1250 charges and | five years ot least
discharges
9. Strength Needs much care and | robust, mechnically strong, can
maintenance, Sulphation | withstand vibration. is light. unlim-
occurs often due to incomplete | ited rates of charge and discharge.
charge of discharge. Can be lefit discharged, free from
corrosive liquids and fumes.

Moreover, as copmpared to lead-acid, the alkaline cells operate much better at low temperature,
do not emit obnoxious fumes, have very small self-discharge and their plutes do not buckle or smell,

9.44. Silver-Zinc Batteries

The active material of the positive plates is silver oxide which is pressed into the plate and then
subjected to a heat tremment. The active material of the negative plates 1s 6 mixiue of zinc powder
and zinc oxide.

The chemical changes taking place within the cell can be represented by the following single
E{.]LEBUDH H

+ ve plate —ve plate  discharge + ve plate —ve plate
Ag, 0+ Zn == 2Az  +  Zo0
Charge

A silver-rinc cell has a specific capacity (Le capacity per unil weight) 4 10 5 times greater than
that of other type of cells. Their ground applications are mainly military f.e. communications equip-
ment. portable radar sets and night-vision equipment.  Moreover, compuratively speaking, their
efficiency is high and self-discharge is small. Silver-zine batteries can withstand much heavier
discharge currents than are permissible for other types and can operate over a lemperature range of
= 2F C o+ 60°C. Hence, they are used in hevey — weight torpedoes und for submarine propulsion.
1t has energy density of 150 Whikg, T life ime in wel condition 15 -2 years and the dry storage life
is upto 5 years. However, the only disadvaniage of silver-zine banery or cell s its higher cost,

9.45. High Temperature Batteries

It 15 a new group of source which requires operating lemperatures above the embient. They
possess the advantages of high specific energy and power coupled with low cost. They are particu-
larly suitable for vehicle traction and load levelling purpose in the electric supply industry. We will
beiefly describe the following cell from which high-temperature batteries are made.



Electrochemical Power Sotrces 349

. Lirhium/Chlorine Cell

It has an emf of 3.5 V. a theoretical specific energy of 2200 Whikg ot 614°C and operating
temperature of 630°C.

2. Lithium/Sulphur Cell

It has an emf of 2.25 V. specific energy of 2625 Wihvkg and an operating temperature of 365°C.
3. Lithiwime-Aluminivm/dron-Sulphide Celly

The emf of these cells is 1.3 V and a theoretical specific energy of 450 Whikg.
4. SodiwrySulphur Cells

It utilises liguid sodium as negative electrode and sulphur us positive electrode and employs
polycrystalline beta alumina as solid electrolyte. It was conceived in the 1960s by 1.T. Kummer and
N. Weber. The cell reaction can be written as 2 Na + 3 § = Na,5,, The announcement of sodium/
sulphur battery based on beta aluming was made by Ford Motor Cumpuuy of USA in 1966, The
open-circuit voliage of the cell is 2.1 ¥ and it has a specific energy of 750 Wh/'kg with an operating
temperature of 350°C. The two unigue features of this cell are (1) & Faradaic efficiency of 100%: and
an ampere-hour capacity which is invarient with discharge rate and (2) high sell-life {which is criti-
cal for certain space applications).

9.46. Secondary Hybrid Cells

A hybrid cell may be defined as a galvanic electrotechnical generator in which one of the active
reagents is in the gaseous state Le, the oxygen of the air. Such cells take advantage of both battery
and fuel cell technology, Examples of such cells are ;

I Metal-air cells such as iron axygen and zine exvgen cells,

The Zn/O, cell has an open-circuit voltage of 1.65 V and a theoretical energy density of 10590
Whikg. The Fe/O, cell has an OCV of 1.27 V and energy density of 970 Whikg.

2 Meral-halogen cells such as zinc-chlorine and zinc-bromine cells,

The zinc-chlorine cell has an OCY of 2,12 V at 25°C und a theoretical energy density of 100
Whikg. Such batteries are being developed for EV and load levelling applications. The zinc-bro-
mine cell has an OCV of 1.83 V ut 25°C can energy density of 400 Whikg,

3. Meml-hvdrogen cells such as nickel-fivdrogen cell,

Such cells have an OCV of 1.4 V and u specific energy of about 65 Whikg. Nickel-hydrogen
battenes have caputred large share of the space bamery market in recem years and are rapidly replac-
ing Nickel/cadmium baneries as the energy storage system of choice. They are acceptable for geo-
synchronous orbit applications where not many cycles are required over the life of the system (1000
cycles, 10 years).

The impetus for research and development of metal-air cells has anisen from possible EV appli-
cations where energy density 18 & critical parameter. An interesting application supgested for a
secondary zinc-oxygen battery is for energy storage on-board space craft where the cell could be
installed inside one of the oxygen tanks thereby eliminating need [or gas supply pipes and valves etc.
These cells could be reacharged using solar converters,

Some uf the likely future developments for nickel-hydroen batenies are { 1) imcrease in cycle life
for low earth orbit applications upto 40,000 cycles (7 years) (2) increase in the specific energy upto
1060 Wikg for geosynchronous orbit apphcations and (3) development of a bipolar nickel-hydrogen
battery for high pulse power applications.

947, Fuel Cells

As discussed earlier. o secondary battery produces electric current by  oxidation-reduction
chemical reaction.  Similar chemical reactions ke place in fuel cells but there 15 a basic difference
hetween the two. Whereas in secondary hattenes the chemical energy is stored mn the positive and
negative electrodes, in fuel cells the oxidant and the fuel are stored outside the cells and must be fed
1 the electrodes continuously during the time the fuel cell supplies eleciric current. This gives an
advantage o the fuel cells over the storage battery because fuels can be quickly replenished which i
similar to filling up w the petrol tank of o car. Moreover, storage batteries when fully discharped
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take several hours o be recharged.
9.48. Hydrogen-Oxygen Fuel Cells

The first fuel battery was designed by F.T. Bacon in 1959, The construction of a simple fuel cell
s shown in Fig. 9.32. The electrodes are made from sintered nickel plagues having a coamse pore
surface and a fine pore surface, the two sutfiuces being for gas and electrolyle respectively. The
elecirolyte used in KOH is of about 8BS per cent concentration. The water vapour formed as a byproduct
of the reaction is removed by condensation from the stream of hydrogen passing over the back of
the fuel.

The two electrodes of the fuel cell are fed with a continuous stream of hydrogen und oxygen
{or air) as shown. The oxygen and hydrogen ions react with the potassium hydroxide electrolyte at
the surface of the electrodes and produce water. The overall cell reaction is

2H, + Oy = 2H,0
The basic reaction taking place in the cells are shown in more details in the Fig, 2.32.
Fuel cell batteries have been used in the
manned Apollo space mission for on-board LOAD
power supply and also for power supply in un- { }
manned satellites and space probes. These hat-
teries have also been used for tractors, fork-lift
trucks and golf cans etc. Research is being car-
ried out to run these batteries with natural gas
and alcohol. Fuel cell systems are particularly
useful where electrical epergy is required for
long periods. Such applications include (1) road Hy—*—
and rail traction (2% industrial trocks (3) naval

-— ()

craft and submarine {4) navigational aids and
9.49. Batteries for Alrcralt
The on-board power requirements in aircraft Fig. 932

have undergone many changes during the lasi

three or four decades. The jet engines of the

gircraft which require stuting currents of abour 1000 A, impose a heavy burden on the batteries.
However, these days this load is provided by small wurbogenerator sets and since balteries are needed
only to start them, the power required is much less. These batleries possess good high-rate capabili-
ties in order to supply emergency power for upto | h in the event of the generator failure. However,
their main service is as a standby power for miscellaneous on-board equipment.  Usually, bateries
having 12 cells (of 4 nominal voltage of 24 V) with capacities of |8 and 34 Ah at the 10 h rate are
used. In order 1o reduce weight, only light-weight high-impact polystrene containers and covers are
used and the cells are fitted with non-spill ventplugs to ensure complete unspillability in any aircrafi
position during acrobatics. Similarly, special plastic manifolds are moulded into the covers 1o pro-
vide outlet for gases evolved during cycling.

9.50. Batteries for Submarines

These batteries are the largest units in the traction service. In older types of submarines, the lead
storage banery was the sole means of propulsion when the submarine was fully submerged and,
sdditionally supplied the “hotel Joad' power for lights, instruments and other electric eguipment.
When the inroduction of the snorkel breathing whbe made it possible 1o use diesel engines for pri-
pulsion, hantery was kept in reserve for emergency use only. Even modemn nuclear-powered subma-
nines use storage batteries for this purpose.  These lead-acid batieries may be flal, pasied plate or
tubular positive plate type with 5 h capacities ranging from 10,000 w0 12,000 Ah. One critical
requirement for this service is that the rue of evolution of hydrogen gas on open-circuit should not
exceed the specified low limiL
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Double plate separtion with the help of felted glass fibre mats and microscoporous separators is
used in order 10 ensure durability, high performance and low standing losses.

’d
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OBJECTIVE TESTS - %

Active materials of o lead-acid cell ans

{a) lead peronide ik} sponge lead
() dilwe sulphuric scid  (d) all the above
Dhiring the charging of & lead-acid cell .

(a} s cathode becomes dark chocolate brown
in calour

(&) s volisge incroaics

{e) it gives out energy

{d) specific gravity of H;50, is decreased
The ratioof Ah efficiency o Wh efficiency of a
lentd-aeid cell is ;-

{a) always less than one - (b)) just one

{cl always grester than one

{d) erther {u) or (b)

The capaciiy of a cefi ix measured in :
(@) wat-hours (b) watls
(] mmperes {d)  ampere-hours

The capacity of a lead-acid cell does NOT
depend on its ;

{a) vute of charge

b)) rate of discharge

) temperalurne

(d) guantity of active muterial

As compared o constant-current sysiem, the
constant-voltage system of charging a lead-acid
cell has the advantage of :

lu) svoiding excessive gussing

ib) reduocing time of charging

ir) increasing cell capacity

(d) both (b) and (c).

. Sulphation in & lead-aciud banery occurs dueto

la) trickle charging

ib) incomplete charging

ic) heavy discharging («f) fast charging
The active materials of a nickel-on battery are.
ta) nickel hydroxide

ib) powdered won and us oxides

e I1% solutkon of caustic potash

i) all of the above.

During the charging and discharging of a nickel
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{a) its e.m.f. remains constant

(5) water is neither formed nor absorbed

ic) cormosive fumes are produced

id) nickel hydroxide remains unsplit

As compared 1o a lead-acid cell. the efficiency
of a nickel-iron cell is less due 1o its

i@l lower emf.

&) smaller quantity of eletrolyte used

Ae) higher intemnal resistance

Trickle charging of a storage battery helps to
fa) prevent sulphation

iB) keep it fresh and fully charged

{c) maintain proper electrolyte level

(d) increase its reserve capacity

A dead storge hattery can be revived by :
{a) a does of H,S0,

i} adding so-called battery restorer

ic) adding distilled watcr

(d) none of the above

The sediment which accumulies ot the bollom

of a lead-acid battery consists largely of -
() lead-peroxide ib) lead-sulphate
(c) antimony-lead alloy () graphite

The reduction of battery capacity at high rutes
of discharge is primarily due o :

(a) increase in its intemal resistnce

(5} decrease in its werminal voltage

(€ sapid.fogmition of PhSO), on the plates

(d) non-diffusion 6f-acid to the inside active
minteriails.

Floating bantery systems are widely used for

ia) power stations "

(h) emergency lighting

tr) telephone exchange instailation

idy all of the above

Any charge given io the baliery when iaken off

the vehicle is called :

{a) bench charge

() Moat charge

i#) step charge
(o) trickie charpe

Pg Py ¢ 9T P



10 ELECTRICAL INSTRUMENTS AND
MEASUREMENTS

1L Absolute and Secondary Instruments

The various electrical instruments may, in a very broad sense, be divide into (i) absoluze nstru-
ment and (i) secondary instrumenis. Absolute instruments are those which give the value of the
quantity to be measured, in terms of the constants of the instrument and their defilection only, No
previous calibration or comparision is necessary in their case. The example of such an instrument is
tangent galvanometer, which gives the value of current, in terms of the tangent of deflection pro-
duced by the current, the radius and number of turns of wire used and the horizontal component of
earth’s field.

Secondary instruments are those, in which the value of electncal quantity 1o be measured can be
determined from the deflection of the instruments, only when they have been pre-calibrated by
compartison with an absolute instrument. Without calibration, the deflection of such instruments is
meaningless.

It is the secondary instruments. which are most generally used in everyday work; the use of the
absolute instruments being merely confined within labomtories, as standardizing instruments.

102 Electrieal Principles of Operation

All electrical measuiring instruments depend lor their action on one of the many physical effects
of an electric current or potential and are generally classified according 1o which of these effects is
utilized in their operation. The effects generally utilized are :

I, Magnetic effect - for ammeters and voltmeters usually.

2. Electrodynamic effect - for ammeters and voltmeters usually,

3. Electromagnenc effect - for ammeters, voltmeters, wattmeters and waithour meters.
4. Thermal effect - for ammeters and volimeters.

5. Chemical effect - for d.c. ampere-hour meters.

6. Elecrrostatic effect - for voltmeters only.

Another way 1o classify secondary instruments is 1o divide them into (1) md.‘rﬂ.*me instruments
fef) recording instruments and (iil) integrating instruments.

Indicating instruments are those which indicate the instantaneous value of the electrical guan-
tity being measured ar the time al which it is being measured. Their indications are given by pointers
maving over calibrated dials. Ordinary ammeters, volimeters and wattmeters belong to this class,

Recording instruments are those, which, instead ol indicating by means of a pointer and a scale
the instantaneous value of an electrical quantity, give a confinuous record or the variations of such a
quantty over a selected period of time. The moving system of the instrument carries an inked pen
which rests lightly on o chart or graph, that is moved at a uniform ond low speed. in o direction
perpendicular to that of the deflection of the pen. The path traced out by the pen presents u continu-
ous record of the varianons in the deflection of the instrument.

Integrating instruments are those which measure and register by o set of dials and pointers cither
the tetal quantity of electricity (in amp-hours) or the tetal amount of electrical energy (i watt-hours
or kWh) supplied 1o a circuit in a given time, This summation gives the product of time and the

3s2
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electrical quantity bul gives no direct indication as 1o the rare a1 which the quamtity or energy is
being supplied because their regisirations are independent of this rate provided the current flowing
through the instrument is sufficient to operate it.

Ampere-hour and watt-hour meters fall in this class.

103, Essentials of Indicating Instruments

As defined above, indicating instruments are those which indicate the value of the quantity that
is being measured at the time at which it is measured. Such instruments consist essentially of a
pointer which moves over a calibrated scale and which is attached to a moving system pivoted in
jewelled bearings. The moving system is subjected to the following three torques ;

I. A deflecting (or operating) torgue 2. A controlling (or restoring) torque 3. A damping torque.
10.4. Deflecting Torgue

The deflecting or operating torque (T} is produced by utilizing one or other effects mentioned
n Ari 10,2 i.e. magnetic, electrostatic, electrodynamic, thermal or inductive ¢tc. The actual method
of torque production depends on the type of instrument and will be discussed in the succeeding
paragraphs. This deflecting torque causes the moving system (and hence the pointer attached 1o i)
to move from its *zere” position Le. its position when the instrument is disconnected from the supply.
10.5. Conirolling Torgue

The deflection of the moving system would be indefinite if there were no controlling or restor-
ing torque. This torgue oppose the deflecting torque and increases with the deflection of the moving
system. The pointer is brought to rest al a position where the two opposing torgues are equal. The
deflecting torque ensures that currents of different magnitudes shall produce deflections of the mov-
ing system in proportion to their size. Without such at torque, the pointer would swing over to the
maximum deflected position irrespective of the magnitude of the curreni 10 be measured. Moreover,
in the absence of a restoring torque, the pointer once deflected, would not return to its zero position
on removing the current. The controlling or restoring or balancing torque in indicating instruments
15 obtained either by a spring or by gravity as described below :

) Spring Control

A hair-spring, usually of phosphor-bronze, 1s attached to the moving system of the instrument
as shown in Fig. 10.1 {a).

With the deflection of the pointer,
the spring is twisted in the opposite e
direction. This twist in the spring i
produces restoring torgue which is
directly proportional to the angle of
deflection of the moving system. The
pointer comes 1o a position of rest (or
equilibrium) when the deflecting torgque
(T ) und controlling torque (T} are equal.
For example, in permaneni-magnet,
moving-coil type of instruments, the
deflecting torque is proportional o the
current passing through them.

& Ty

antd for spring control T_ e @ i

As T =T, {a) {b)
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Since deflection 8 is directly proportional 1o current /, the spring-conrolled instruments have a
uniform or equally-spaced scales over the whole of their range as shown mn Fig. 10,1 ().
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To ensure that controlling torque is proportional o the angle of deflection. the spring should
have u fairly larpe number of turns so that angular deformation per umit length, on full-scale deflec-
tion, 15 small. Moreover, the stress in the spring should be restneted to such a value that it does not
produce & permanent set in iL

Springs are made of such muterials which

{f) @re non-magnetic

i#f) are not subject 1o much fatigue

(ifi) have low specific resistance-especially in cases where they are used for leading current in
or oul of the msurument

(iv) have low temperature-resisiance coefficient,

The exact expression for controlling torque is T_= CB where C is spring constant. 1ts value is

Ebt

given by C= —— N-mérud. The angle 8 15 in radians.

(b} Gravity Control

Ciravity control 1s obtmned by attaching a small adjusiable weight 1o some part of the moving
system such that the two exert torgues in the opposite directions. The usual arrangements is shown
in Fig. 10. 2{u).

It is seen from Fig. 10.2 () that the con-
trolling or restoring torque is propoctional
to the sine of the angle of deflection i.e.

T =sm#b

The degree of control is adjusted by
screwing the weight up or down the carry-
ing system

It T, =1
then for position of rest
fa) Ta =1,
Fig. 10.2 ir I oo sin B inot 8)

It will be seen from Fig. 10.2 (b) that as & approaches 90°, the distance AB inCreases by a
relafively small amount for a given change in the angle than when B 15 just increasing from its zero
value. Hence, grovity-controlled instruments have scales which are not uniform but are cramped or
crowded at their lower ends as shown in Fig, 10.3. %

As compared to spring conirol, the disadvantages of grav-
1ty conirnl are : Volts

I, gives cramped scale Mﬁn
2. the instrument has to be kepl vertical. uzq"”-

However, gravity control has the following advantages ;
1. itis cheap

2. it is unaffected by temperature Fig. 10.3
3. it is not subject 1o fatigue or deterioration with time.

Example 10.1 The torgue of an ammeter varies as the square of the current through i If o
current af 5 A produces a deflection of W%, what deflection will pocur fir a current of 3 A when the
smxtrument (s (1) spring-controlled and (i) gravirv-comrolled

{Elect. Meas. Inst and Meas, Jadavpur Univ. 1981)
Solution. Since deflecting torque varies as (current)’, we have Ty= r
For spring control. T.=8 . 0= r
For gravity control, T = sin 8 =, sin 6 = r
iy For spring comirol 90° = S and 8 = 3,0 =90° x 35" = 32.4°
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(i) For gravity control sin %0° = 5° and sin 6 = 3°
sin B =9/25=0.36 8 =sin"' (0.36) =
liL6. Damping Torgue

A damping force is one which acts on the moving system of the nstrument only when it ix
maoving and always opposes its motion. Such stalizing or demiping force is necessary to bring the
pointer to rest guickly, otherswise due to inertia of the Under
moving syslem, the pointer will oscillate about its [\ n S—pes
final deflected position for quite some time before com- uf\
ing to rest in the steady position. The degree of damp-
ing should be adjusted to a value which is sufficient to

3

enable the pointer to rise quickly w its deflected posi- g Citically 2 £
ton without overshooting  In that case, the instrument = '§ 2
is said to be dead-beat. Any increase of damping above § &= §
this limit Le. overdamping will make the instruments er-damped

slow and lethargic, In Fig. 10.4 is shown the effect of
domping on the vanation of position with time of the
moving system of an instrument. - Tire
The damping force can be produced by (i) air fric-
tions (i) eddy currents and (i) fluid friction (used
occasionally).
Two methods of air-friction damping are shown in Fig, 10.5 {a) and 10.5 (b} 1n Fig., 105 (a),
the hght aluminium piston attached 1o the moving system of the instrument is arranged 1o travel with

Fig. 104

ial ib)

Fig. 10.5 :
a very small clearance in a fixed air chamber closed at one end. The cross-section of the chamber 15
either circulur or rectangular. Damping of the oscillation is affected by the compression and suction
actions of the piston on the air enclosed in the chamber. Such a system of damping is not much
favoured these days, those shown in Fig. 1.5 (b) and (c) being preferred. In the laner method. one
ot twe light alumimium vanes are mounted on the spmdle of the moving system which move in o
closed sector-shaped box as shown,

Fluid-friction is similar in action to the air friction. Due w greater viscosity of oil. the damping
i= more effective. However. oil damping is not much vsed because of severnl disadvanages such as
objectionable creeping of oil, the necessity of using the instrument always in the venical position
and its obvious unsuitability for use in portnble instruments.

The eddy-current form of damping is the most efficient of the three. The two forms of such &
damping are shown in Fig. 10.6 and 107, In Fig. 10,6 () 18 shown a thin dise of & conducting but
nom-magnetic material like copper or aluminium mounted on the spindle which carmies the moving
sysiem and the pomter of the instrument.  The disc is so positioned that its edges. when in roEnon,
cut the magnetic flux between the poles of & permanent magnet. Hence, eddy currents nre produced
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in the disc which flow and so produce a damping force in such a direction as 1o oppose the very cause
producing them (Lenz's Law Art. 7.5). Since the cause producing them is the rotation of the disc,
these eddy current retard the motion of the disc and the moving system as a whole.

{a} (k)
Fig. 10.6
In Fig. 10.7 is shown the second type of
eddy-current damping generally employed in
permanent-magnet moving coil instruments
The coil is wound on a thin light aluminium
former in which eddy currents are produced
when the coil moves in the field of the per-
manent magnet. The directions of the
induced currents and of the damping force
prodoced by themn are shown in the fgure.
The various types of instruments and the
arder in which they would be discussed in
Fig. 10.7 this chapter are given below.
Ammeters and voltmeters
I.  Moving-iron type (both for D.CJA.C.)
{a) the artraction tvpe
ih) the repulsion vpe
Moving-caoil type
ia) permanent-magnet type (for DUC. only)
by elecrrodynamic or dynamometer type (for D.CAAC)
3. Hot-wire type (both for DLCJ/A.C)
4.  [Induction type {for A.C. only)
(a) Split-phase type
(h) Shaded-pole tpe
5. FElectrostatic type-for voltmeters only (for D.C/A.C.)
Wattmeter
6. Dynamowmerer rvpe (both for DC/AC),
7. Induction hpe (for AC. only)
8. Electrostatic type (for D.C. only)
Energy Meters
9. Electrolytic type (for D.C. only)
10, Motor Meters
(1) Mercury Motor Meter. For d.c. work only. Can be used as amp-hour or watt-hour meter.
(11 Commutator Motar Meter. Used on D.C/A.C, Can be used as Ah or Wh meter.

T
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(i) Induction rype. For A.C. only,
11. Clock meters {as Wh-meters),
10.7. Moving-iron Ammeters and Voltmeters

There are two basic forms of these instruments Le. the attraction type and the repulsion type.
The operation of the attraction type depends on the attraction of a single piece of soft iron into a
magnetic field and that of repulsion type depends on the repulsion of two adjacent pieces of iron
magnetised by the same magnetic field. For both types of these instruments, the necessary magnetic
field is produced by the ampere-turns of a current-carrying coil. In case the instrument is to be used
as an ammeter, the coil has comparatively fewer turns of thick wire so that the ammeter has low
resistance because it is connected in series with the circulr. In case it is 1o be used as a volimeter, the
coil has high impedance so as to draw as small a current as possible since it is connected in parallel
with the circuil,  As the current through the coil is small, it has large number of turns m order to
produce sufficient ampere-turns.

LR, Adttraction Type M.L Insturments

The basic working principle of an attraction-type moving-iron instrument is illustrated in Fig.
10.8. 1t is well-known that if a piece of an unmagnetised soft iron is brought up near either of the two
ends of o corrent-carrying coil, it would be T
attracted into the coil in the same way as it Ik Section
would be attracted by the pole of a bar magnet.
Hence. if we pivot an oval-shaped disc of soft sooesas £
iron on it spindle between bearings near the coil
{Fig. 10.8), the iron disc will swing into the coil
when the latter has an electric current passing
through it As the field strength would be stron-
gest b the centre of the coil, the ovalshaped
from dise is pivoted in such a way that the great-
est bulk of iron moves into the centre of the
coil. IF a pointer is fixed w the spindle corry-
ing the disc. then the passage of current through
the coil will cause the pointer 1o deftect. The
amount of deflection produced would be greater
when the curreni producing the magnetic field
is greater. Another point worth noting is that
whatever the direction of current through the
conl, the tron dise would always be magnetised =
in suech o way theat it 18 pulled inwards, Hence, & ¥
such instruments can be used both for direct as Fig. 10.§
well as alternating currents.

A sectional view of the actual instrument is shown in Fig. 10,9, When the current o be mea-
sured is passed through the coil or solenoid. a magnetic field is produced, which attracts the eccen-
trically-mounted dise inwards, thereby deflecting the pointer, which moves over a calibrated scale,

Deflecting Torque

ety
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Let the axis of the iron disc. when in zero position, sublend an angle of ¢ with a direction
perpendicular to the direction of the field B produced by the coil, Let the deflection produced be 8
corresponding (o a curreent / through the coil. The magnetisation of iron disc is proportional to the
component of H acting along the axis of the disc f.e. proportional to & cos [90 — (¢ + 0] or M sin (6
+ ). The force £ pulling the disc inwards in proportional to MH or H sin (8 + 6). I the permeabil-
ity of iron is assumed constant, then, H = I, Hence, F =< " sin (6 + ¢). If this force acted st o distance
of { from the pivot of the rotating dise, then deflecting torque T, = Fl cos (8 + @). Putting the vulue
of F, we get
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eylindrical form, the moving iron also consists of another sheet of iron and is so mounted as to move
parallel o the fixed iron and towards its narrower end [Fig. 10,13 (b)),

Deflecting Torqgue

The deflecting torque is due to the repulsive force between the two similarly magnetised iron
rods or sheets.

Movahle tatonary
Vane
Movable
Vane
e o] Cloil
] Statio
] Vaae - Adr
5 Chambe:
' Fixed
S Coli
fa) i )
Fig. 10,13
Instantaneous torque = repulsive force = mm, .product of pole strengths

Slnce pole strength are [rrn];ummnal to the magnetising force A of the coil,
instantaneous lorgue s: H

Since H itsell 15 proportional 1o current {assuming constant permeability) passing through the
coil. o instantaneous lorgue s

Hence. the deflecting torque. which i1s proportional 1o the mean torque is, in ¢ffect, propartional
1o the mean value of /', Therefore, when used on a.c. circuits, the instrument reads the r.m.s. value
of cumrent.

Scales of such instruments are uneven if rods are used and uniform if sunable-shaped preces of
imn sheet are used.

The instrument is either gravity-controlled or as in modemn makes, is spring-controlled.

Damaping is ppeumatic, eddy current damping cannot be employed because the presence of a
permanent magnet required for such a purpose would affect the deflection and hence, the reading of
the msiroment,

Since the polarity of both iron rods reverses simultaneously, the instrument can be used both for
a.c. and d.e. cireuits e, instrument belongs Lo the unpolurised class,

10,11, Sources of Error

There are two types of possible errors in such instruments, firstly, those which occur both in a.c,
and d.c. work and secondly, those which ocour in a.c. work alone,

e} Errors with boih d.c. and a.c. work

() Error due to hvsteresis, Because of hysteresis in the iron pants of the moving system,
readings are higher lor descending values but lower lfor ascending values,

The hysteresis error is almost completely eliminated by using Mumetal or Perm-alloy, which
have negligible hysteresls loss.

i) Error due to stray fields. Unless shielded effecuvely from the effects of strav external
fields. it will give wrong readings. Magnetic shielding of the working parts is obtained by using n
covering case ol cast-rion,

{#) Errors with ae, work only

Changes of frequency produce (1) change in the impedance of the coil and (i) change m the
magnitude of the eddy currents. The increase in impedance of the coil with increase in the frequency
of the alternating current is of importance n voltmeters (Ex. 10.2). For frequencies hgher than the
ome used for calibration, the instrument gives lower values. However, this error can be removed by
connecting a capacitor of suitable value in parallel with the swamp resistance R of the instrument, i
can be shown tha the mtpLd-mu. of the whaole circuit of the instrument becomes independent of
frequency if C = LIk where € is the capacitance of the cupacitor,
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10.11. Advantages and Disadvaniages

Such instruments are cheap and robust, give a reliable service and can be used pulli v a. and
d.c. circuits, although they cannot be calibrated with a high degree of precision with d.c. on account
of the effect of hysteresis in the ron rods or vanes. Hence, they are usually calibrated by comparison
with an alternating current standard.

10,12, Deflecting Torgue in terms of Change in Self-induction

The value of the deflecting torque of a moving-iron instrument can be found in terms of the
variation of the self-inductance of its coil with deflection 6.

Suppose that when a direct current of [ passes through the instrument, its deflection is 8 and
inductance L. Further suppose that when current changes from { to (/ + 4}, deflection changes from
B 1o (8 + d8) and L changes ln (L+dL). Then the increase in the :n:rgy stored in the magnetic field

1

is dE"d{—LI} = —LZI:EH SFdL=11. dl + —ﬁ dL joule,

ir T%N-m is the controlling torque for deflection 8, then extra energy stored m the control

sysiem is T x o8 joules. Hence, the total increase in the stored energy of the system is
|

Lidl+ E"!' dL+TxdB i)
The e.m.f. induced in the coil of the instrument is ¢ = N.% volt
where di = change in flux linked with the coil due to change in the posi-

tion of the disc or the bars

di = tme taken for the above change ; N Mo, of turns in the coil
or , d®_1 d
~ Now L = NFl . ®©=LKN = g N ﬁ,rtl-ﬁ
el d
Induced e.m.f, ¢ =N N dr (Lf) = P (LI
The energy drawn from the supply 1o overcome this back e.m.f is
= eddr= L (LiJdt = 1AL = KLdl + LdL) = LLd] + dI + L i)
Equating ({) and (i) above, we get LLdl + —; PdL+ T.do=Lldl+ FdlL - T= %F d—‘; N-m

where dL/d8 is henry/radian and | in amperes.
10,13, Extension ol Range by Shunis and Multipliers

(i1 As Ammeter. The range of the moving-iron instrument, when used as an ammeter, can be
extended by using a suitable shunt across its terminals, So far as the operation with direct current is
concerned, there is no trouble, but with aliernating current, the division of current between ihe
instrument and shunt changes with the change in the applied frequency. For a.c. work, both the
inductance and resistance of the instrument and shunt have to be taken into account.
current through instruments, i R, + jol, Z,
current through shunt, [, TR+ jul.  Z

where R. L = resistance and mductance of the instrument

R, L, = resistance and inductance of the shunt

It can be shown that above ratio f.e. the division of current between the instrument and shunt
would be independent of frequency il the time-constants of the instrument coil and shunt are the
same Le, if L/R = L /R, The multiplying power (N) of the shunt is given by

| R

N==|+=—
i K

i
where I=line current ;i = full-scale deflection current uf the instrument.

Obviously,
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(i) As Voltmeter. The runge of this instrument, when used as a volimeter, can be extended or
multiplied by using a high non-inductive resistance R connected in series with il, as shown in Fig.
10.14. Thiia aciics resistance is known as "multiplier’ when used on d.c. circuits. Suppose, the range
of the instrument is to be extended from v to V. Then obviously, the excess voltage of (V —v) is to
bedmppedacmssk. If i is the full-scale deflection current of the instrument, then

o O o O
Moving Coil Moving Coil
Instrismasnt Instrument
¥ v
(I-’- R .|_C
o-1 -0 o—1 o
Fig. 10.14 Fig. 10.15
R=V=yi = g=¥zy ¥-Ir ¥V .
i i i
i ) ~ : iR _V
Voltage magnification = Viv., Since iR=V-v, .. i |
R_V _ . V_{.R
or i 1 Ve g —(I+T)

Hence, greater the value of K, greater is the extension in the voliage range of the instrument.
For d.c. work. the principal requirement of R {s that its value should remain constanmt i.e 1t
should have low lemperature-coefficient. But for a.c. work it is essential that (otal impedance of the
volimeter and the series resisiance R should remain as nearly constant as possible at differem
frequencies. That is why & is made as non-inductive as possible in order Lo keep the indoctance of the
whole circuit to the minimum. The frequency error introduced by the inductance of the instrument coil
can be compensated by shunting K by a capacitor C as shown in Fig. 10.15. In case r < R, the impedance
of the voltmeter circuit will remain practically constant (for frequencies upto 1000 Hz) provided.
c= —L _-oul
(14++/2)R R
Example 10.2, A 250-volt moving-iron wilimeter tokes o curmed of 0L05 A when connected o
a 230wolt d.c. supply. The coil has an mdwctance af 1 henry.  Determine the reading on the meter
when connected tooa 230-volt, 100-MHz ac supply. {Elect. Engg., Kernla Univ. 1987)
Solution. When used on dc. supply, the instrument offers ohmic resistance only. Hence,
resistance of the instrument = 250/0.05 = 5000 £1.
When used on a.c. supply, the instrument offers impedance instead of ohmic resistance.

impedance at 100 Hz = /5000 + 2rx100x1)° =50393Q
instrument = 250 x SO0(/5039.3 = 248

Ex,nmplc 103 A spring-cantrolled maving-iron voltmeter reads correcily an 230V d.e, Calew
late the scale reading when 250.V a.c. is applied at 50 Hz, The mstrument coil has a rexistanee of
500 £ wnd an inductonce of I H and the series {non-reactive) resistance is 2000 £1.

{Elect. Instru. & Measure, Nagpur Univ, 1992)
Solution. Total circuit resistance of the voltmeter is
= (r+ K) =500+ 2,000 = 2,500 Q

Simce the voltmeter reads correctly on direct current supply, its full-scale deflection current is
= 25072500 = 0.1 A.

When used on a.c. supply. instrument offers an impedance

Z=J?-5ﬂﬂ:+(2mx5ﬂxlf = 252000 - [=0009A

I
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~ Volumeter reading on a.c. supply = 250 x D.099/] =248 v*

MNote. Since swamp resistance R = 2,000 £, capacitor required for compensating the frequency error is

= 041 LR =041 % 12000° = 0] pF,

Example 104, A L50-V meving-iron voltmeter imended for 50 Hz has an inductance of (0.7 H
and a resistance of 3 kW, Find the series resistance requived ro extend the range of the insrrumen
ter 3060 V. 0f thix 30N0-V, S0-Hz tnxtrument v wied to meavare o doe) voltage, find the doe. voltage wiem
the scafe reading is 200 V. {Elect. Measur, AMLE. Sec B. 1991}

Solution. Voeltmeter reactance = 2x x 50 % (1.7 = 220 0)

Impedance of voltmeter = Iﬁﬂm-l-jﬂﬂ} 3008 £

When the voltmeter range is doubled, its impedance has also to be doubled in order to huw: tJ'm
-;am:nm:mfurl’ullﬂ.a}:dnﬂmuon Ifﬁlsih:mquutdmmrcsmancc.uun{}ﬂﬂﬂ+ﬂ] =220°
=(2x 3008 . R=30120Q

When used on d.c, supply, il the voltmeter reads 200V, the actual applied d.c. voltage would be
= 200 x (0016/6012) = 200,134 V

Example 5. The coil of a susang-prem vplteter has a resisiance of 5000 € ar 15°C ar
which temperatare it reads correctiv whon connected 0 o aupply of 2000V, If the coil is womnd with
wire whose teenperature copfficient at 15°C iy (068, find the perventage ervor in the reading wien
the tempicraitare 11 S0MC

I the abwvr instrument, e coil iy reploced by one of 2.000 L) but Jeving the samie number of
turres ond the full 5000 (3 resistance iy obtained by connecting in seriey o 3000 L resistor of
neglipible temperature-coefficient.  if thes instrament reads correctly at 15°C, whad will be its per
centiege error af 360

Solution. Cumrent mt 15°C = 200/5,000 = 0.04 A

Rusmmm: at 50°C is R = R (J+a,x35)
= 5.000 (1 + 35 < 0.004) = 53,700 £}

cu:rmu_wt: = 200/5,700
2000 {20005, 700

reading at 30°C = {nm ) = 1754 ¥V or = 200 = 5000/53700 = 1754 V
175.4 =200

. = ———— X100 =123

& % error 300 123%

In the second case, swamp resistance 1s 3,000 £1 whereas the resistance of the instrument is only
2,000 £3.

Instrument resistance ot S0°C = 2,000 (1 + 35 » 0.004) = 2,280 £)

total resistance at S0°C = 3,000 + 2,280 = 5,280 1

current at 50°C = 200/5.280 A

instrument reading = 200 x 223280 _ 493 v ,
percentage error = E-?%xim ==54 %

Example 10.6. The change of inductance for o moving-iren gmmeter iv 2utiidegree, The
vontral spring constant i 3 x 100 N-midegrer,
The mucimum deflection of the poimer ix 10", what s the carrent corvesponading o mecimunm

deflection ? iMeasurement & Instrumentation Nugpur Univ. 1993)
Solution.  As seen from Arn. 1012 the deflecting lorgue is given by
TR | J,: il
T, 2 48 N-m

Control spring constant = § x 107 N—mfd:grn:
Deﬂmmn torgue for 100* deflection =5 % 107 % 100.81 = 5 % 107 N-m ; dL/d® = 2 uH/degree
=2% 107" i-l.i'dr.glw

Sx 107 x"xlﬂ s 1=50A.

*  orreadimg = 290 = 25002520 = 248 ¥,
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Example W.7. The mducrance of attraction type insrnent iy given by L = (10 + 58 - & jpH
B . . i
where 8 15 the defleciion in redian from zero posivien, The spring constant 5 12 = 10 N-etirad
Find our the defleciion for a cirrem of 5 A,

(Elect, and Electronics Measuremenis and Measuring Instroments Nagpur Univ. 1993}

Solution, L=(10+58-8)x 10H
% =(04+5-2x8) = (5-20)x 10 Hirad

Let the deflection be 8 radians for a current of 3A, then deflecting torque,
T, = 2x107° %8 N-m
l ,idL

Also, r = -=-1— st

¢ 2 do
Equating the two torques, we gel
1210 % 0= 2x5"x (5= 200 10 . .= 1689 radian

Tutorial Problems No. 0.1

I. Derive an expression for the worgue of a moving-iron ammeter, The inductance of a certain moving-
iron ammeter is (8 + 48 — %3 67) M where 8 is the deflection in radians from the zero position. The control-
spring torgue is 12 % 107" N-m/rad. Calaculate the scale position in radians for a current of 3A.

(108 rad] (LE.E Landon)

2, An ac. voltmeter with a maximum scale reading of 50-V has a resistance of 500 £ and an inductance
of 0,09 henry, The magnetising coll is wound with 50 wms of copper wire and the remainder of the circuil is a
noo-inductive resistance in series with it What additional apparatus is necded o make this instrument resd

cormectly on both d.c. circuits or frequency 60 7 [0.44 uF in puraliel with series resistunce|
A A 0-Y moving-iron ammeter has a full-scale deflection of 40 mA on d.o, circot. Tt reads 0.8% low
on 50 Hz e, Hence, calculie the inductance of the ammeter, [115.5 mH]

4, Ivis proposed 1o use 4 non-inductive shunt o increase the range of a [0-A moving iron ammeter o

100} A, The resistance of the instrument, including the leads to the shunt, is 0.06 £ and the inductance is 15 pH
at full scale. If the combination is correct on ad.e circait, find the error at full scale on a 50 Hz ac. circuit,

(1.5 % N Londan Limiv)

10,14, Moving-coil Instruments

There are two types of such instruments (§} permaneni-magnet rype which can be used for d.c.
wark only and (if) the dynamomerter rype which can be used both for ac. and d.e. work,
115, Permuanent Magnel Tyvpe Instruments

The operation of a permanent-magnet moving-coil type instrument 15 be based upon the prin-
ciple that when a current-carrying conductor is placed in a magnetic field, it is acted upon by a force
which tends to move it to one side and out of the field.

Construction

As s name indicates, the instrument consists of a permanent magnet and a rectangular coil of
many truns wound on a light aluminium or copper former inside which is an iron core as shown in

Pole Piece ﬁ Magnet :
o = r/l I .

Fig. 10.16. " Fig. 10.17
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Fig. 10.16. The powerfull U-shaped permanent magnel is made of Alnico and has soft-iron end-pole
pieces which are bored out cylindrically. Between the magnetic poles is fixed a soft iron (;.;tllndcr
whose function is ({) 1o make the field rachal and umiform and (i) to decrease the reluctance of the air
path between the poles and hence increase the magnetic flux. Surmounding the core is a rectangular
coil of many twms wound on a light aluminium frame which is supported by delicate bearings and to
which is attached a light pointer. The aluminium frame not only provides support for the cotl but
also provides damping by eddy currents induced in it. The sides of the coll are free 1o move in the
iwir air-gaps between the poles and core as shown in Fig. 10,16 and Fig. 1017, Contral of the coil
movement is affected by two phosphor-bronze hair springs, one above and one below, which addi-
tionally serve the purpose of lending the current in and out of the coil. The two springs are spiralled
in opposite directions in order o neutralize the effects of emperature changes.

Deflecting Torgue

When current is passed through the coil, force acts upon its both sides which produce o deflect-
ing torgue as shown in Fig. 10018, Let

8 = flux density in Whim®

{ = length or depth of the coil in metre

B = beeadth of coil m metre

N = number ol tums in the coil

If I ampere is the current passing through the coil, then
the magnitude of the force experienced by each of its sides
is = Bl newton

For N turns, the force on each side of the coil is = NBI newton

; deflecting torque T, = force x perpendicular distance
= NBHI % b=NBlil = b) = NBIA N-m

Fig. 10.18

where A is the face area of the coil,

It 15 seen that if B 1s constant. then T is proportional to the current passing through the coil ie.
T, e[

’ Such instruments are invariable spring-controlled so that T_ = deflection 8,

Since at the final deflected position, T, =T ., Be{

Hence, such instruments have uniform scales. Damping is electromagnetic e, by eddy cuments
induced in the met frame over which the coll is wound. Sine the frame moves in an intense
magnetic field, the mduced eddy currents are large and damping is very effective.

1016, Advantage and Disadvantages

The permanent-magnet moving-coil (PMMUO) type instruments have the following advantages
and disadvantages
Advantages

They have low power consumption, ’
their scales are uniforin and can be designed 1o extend over an arc of 170° or so.
they possess high (torque/weight) ratio.
they can be modified with the help of shunts and resistances to cover a wide range of
currents and voltages.
they have na hysteresis loss,
fi. they have very effective and efficient eddy-current damping.
7. since the operating fields of such instruments are very strong, they are not much affected by
stray magnetic felds.
Disadvaniages
l. due 1o delicate construction and the necessary accurate machining and assembly of various
parts, such instruments are somewhat costlier as compared to moving-iron instruments,
1. some errors are set in due 1o the ageing of control springs and the parmaneni magnets.

Such instruments are mainly used for d.c. work only. but they have been sometimes used in
conjunction with rectifiers or thermo-junctions for a.c, measuremenis over o wide range or frequencies,

e el bl =—

L
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Permanent-magnet moving-coill instruments can be used as ammeters (with the help of a low
resistunce shunt) or as voltmeters (with the help of a high series resistance).

The principle of permanent-magnet moving-coll type instruments has been utilized in the con-
struction of the following :

. Fora.c. galvanometer which can be used
for detecting extremely small d.c. cur-
rents. A galvanometer may be used
either as an ammeter (with the help of a
low resistance) or as o voltmeter (with
the help of a high series resistance). Such
a galvanometer (ol pivoted type) is
shown in Fig. 10.19.

2. By eliminating the control springs, the
instrument cun be used for measuring the
quantity of electricity passing through the
coil. This method is used for fluometers.

3. Il the control springs of such an instru-
menl are purposely made of large
moment of inertia, then it can be used os
ballistic galvanometer

10.17. Extension of Range

{1 As Ammeter

When such an instrument is used as an wmineter, its range can be exlended with the help of u
low-resistance shunt as shown m Fig- 10.12 (a). This shunt provides a bypath for extra current
because it is connected across (Le. in parallel with) the instrument. These shunted instruments can

be made o record currents many times greater than their normal
_I - Jn ﬁ __'_ full-scale deflection currents. The ratio of maximum current [with

v shunt) to the full-scale deflection current (without shunt) is known
b1, =(1 —Tgen ) | as the ‘muloplying power™ or ‘multiplying factor” of the shunt.
Let R, = instrument resistance
"_'_""g"“—'_' 8§ = shunt resistance
Fig. 10.20 (a) 1, = [ull-scale deflection current of the instrument

! = line cumrent lo be measured
As seen from Fig. 10.20 {a), the voliage across the instrument coil and the shunt 15 the same
since both are joined in parallel.

I
1B =851 =S{1-1) s 5= ':'_R"’ . Also L:[Hﬁn]

multiplying power = [|+;§E‘-.] '

Obviously, lower the value of shumt rlmstam:l: greater its multiplying power.

(i) As voltmeter

The range of this imstrument when used as a voltmeter can be increased by using a high resis-
tance in series with it [Fig. 10.20 (b)].

v
Lat 1, = full-scale deflection current Voltmeter
R, = galvanometer resistance !
v = R_I_ = full-scale p.d. across it \
V = voliage 10 be measured R
R = senes resistance required 1 ""t

Then it 15 seen that the voltage drop pcross Ris V=

R=YNor Rp=V-v

o

Fig. 10.20 (&)
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Dividing both sides by v. we get

M. - ¥ RI, v v R
—n = —=1 —_— & == =
v v % TR v [' R,_]

. voltage multiplication = [“‘%]

Obviously, larger the value of R, greater the voltage multiplication or range. Fig. 10.20 (k)
shown a voltmeter with a single multiplier resistor for one range. A mulii-range volimeter requires
on multiplier resistor for each additional range.

Example 10.8. A stervineg cofl ammerer fues a fived shoant of (002 £ with o cofl cirewit rievistonee
af B = | kLY ard need pevential difference of 0.5 V acroar i frr filll-seale deflection

(1) Teo what toml currens doex this correspond *

(2} Caleulate the vilue of sham to give full scale deffection when the total current 15 10 A aud

75A (Mensurement & Instrumentation Nogpur Univ. 1993)
Solution. It should be noted that the shunt and the meter coil are in paralle] and have a common
p.d. of 0.5 V applied across them.
(1) o 1, =051000=00005A: /], =05002= 25 A
£ line corrent = 25.0005 A
(2) When total current is 10 A, 1, =(10 - 0.0005) =9.9995 A
] .
5= luRy 000051000 _ )

1 9.9995
When total current is 75 A, J, = (75-0,0005) = 74.9995 A
s §=0.0005 = 1000/74.9995 = 0.00667 L1

Example 10.%. A moving-coil instroment has a resistance af 160 (3 and gives full-seale deflec
tion when carrying o carrent of 30 mA. Show how i1t can be adopted to measure veltage up to 750

and currents upto TOO0 A, {Elements of Elect. Engg.l, Bangalore Univ, 1987)
Solution. {a) As Ammeter. ol r=1010)
As discused above. current range of n—-——@ﬂu—o ¥ o
the meter can be extended by using 99954 f o asv
a shunt across it [Fig. 10.21 (@)). = A
Obviously, ' s Lowd 750V oosA foud
10x005=5=9995 RZ T495V
5= 0L005 0 . | .
(h) As Voltmeter. In this © fa) i
case, the range can be extended by
asing » high resistance R in serles Fig. 101,
with it
|Fig. 1021 {b}]. Obviously, R must drop a voliage of (750-0.5) = 7495 V while carrying (.05 A.
i O005R = 7495 or R=149900

Example 1.1, How will vou uve ¢ PMM.C instrament wiich pives full seale deflection
SV pd and 1O mA curmel as
i1y Ammeter - [0 A range
(2) Vadmeter 0-250 V range (Elect. Instruments & Measurements Nagpur Univ. 1993)
Solution. Resistance of the instrument 8 =50 mV/10 mA =5
Uy As Ammeter
full-scale meter current, /_ = 10 mA = 0.01 A
shunt current /, =/ —1_=10-001 =999 A

Regd. shuni resistance, § = F;s_‘%m 0OIXS _ 00005 @
e
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ifi} As Volimeier
Full-scale deflection voltage, v=50mV =005V, V=250V

Reqd series resistance, R = Y :_"' = Eﬁﬂn—ﬂlii.nj = 24,995 (}

Example 10.11. A cuwrent galvanometer s the following pavameiers

B=10x 10" Whim' ; N = 200 turnx, | = V6 nan.

d =16 mm; k= 12 % W07 Newradian,
Calcwlare the deflection of the galvamometer when a cwrent aof 1 pA flows throwgh ir.

{Elect. Measurement Nagpur Univ. 1993)
Solution. Deflecting torque 7,,= NBIA N-m =200 x (10 x 107 % (1 % 107" x (1 % 1077 % (16
% 1077 Nem = 512 % 107" Nem

Controlling torque T, = controlling spring constant x deflection = 12 x 10) " %8 N-m
Eqummg the deflecting and conrolling 1orgues. we have 12 x 1Mo xe=512x 10"
7 8 = 0,0427 radian = 245"

Example HLIZ, The coil of a moving coll permanent magnet volrmeter {5 40w dong and
3t mm wide and has 106 s em it. The control spring exerts a torgue of 120 % 10 ° Nom when the
deflectian s 10 diviviony on full seale.  If the flur density of the magnetic field m the air gag o
0.5 Wivin', estmuate the reviviance that mst be st i sertes with the coil o give one volt per divinem
The reststance af the volmmeter coil may be neglecred. | Elect. Mesur, AMIE Sec. B Summer 1991

Solution. Let f be the current for full-scale deflection. Deflection torgue T = NBIA

=100 % 0.5 % I % (1200 % 10" = 0.06 / N-m

Controlling torque T, = 120 % 107" N-m

Inlhn:uqm]ihmtmpnslmn ﬂ:ewnmrqtmmaqunlrr T,=T.

Lo D06I=120% 10" - I=2x10" A

Since the instrument is meant to read | volt per division, its full-scale reading is 100V,

Total resistance = 100/2 x 10 "= 500,000 Q

Since voltmeter coil resistance is negligible. it represents the additional required resistance,

Example 10.13. Show that the torgue produced m a permorent-magnet moving-coil instru-
el o5 proportional fo the area of the moving coil.

& moving-cotl volrmeter gives full-seale deflecrion with a currenr of 5 mA. The codl hay fti
turny, effective depth af 3 oo and width of 25 em. The controlling torgue of the spring o (0L.5 cm for
full-scale deflection. Estimate the fliee dimsiny in the gap. (Elect, Meas, Murathwads Univ. 1985)

Solution. The full-scale deflecting torgque is 7, = NBIA N-m

where 115 the full-scale deflection current , /=S mA = 0.005 A :
T,= 100 x B> 0005 x(3%25% 107)=375% 107" & N-m
The controlling rorque is

T =05gem = 05g wiem=0.5x m'*x 107 kg wi-m
=05% 107 % 9.8 =49 107 Non
Furequﬂhnmuntwﬂmm;.mmequﬂmwm

4.9 107 315x10'B . B=0.13 Whim®
Example 10,14, A moving-coil milijammeter has a resistance of 58 and o fil-scale deflection
of M} mA. Determine the rexixtance of a shant fo be weed sp that the fnstrament could measure
currents wpto 500 mA w 20° C. What is the porcentage error in the instroment operating of o

temperature of #°C P Temperature co-¢ffician of copper = (UK39 per *C.
{Mensu. & fostrumentstion, Alluhabad Univ. 1991)

Solution. Let Ry, be the shunt resistance at 20°C. When the emperature 15 20°C, line current
is 300 mA and shunt current is = (500-20) = 480 mA.

3 Sx20 = Ryx480, R,=1480
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If Ry, is the shunt resistance at 40°C, then

Ry (14200) = <= (1400039 x20)= 19078 g

4.8
i 3x20

Shunt curment a 40Cis = TOTWAE

Line current = 445 4+ 20 = 465 mA

Although, line current would be only 465 mA, the instrument will indicate 500 mA.

error = 35/500 = 0.07 or 7%

Example 1005, A moving-coll millivaltmeter has a resistance af 2000 and full-seale deflection
of 1207 iy reached when o potennal difference of 10 mV s gpplied acroay ity terminals, The meving
coll has the effeciive dimenyions of 3 1 cm < 2.6 cm and s wound with 120 turns, The flux density in
the gap is 0.15 Whim™ Determine the control constant of the spring and switable diamerer of copper
wire for coil winding if 553% of total instrument resistance 13 due to coil winding. p for copper = (.74
< 107" Q om (Elect. Inst. and Meas. M.S. Univ. Baroda, 1985)

Solution. Full-scale deflection current is = (V20 =5 mA

Deflecting torque for full-scale deflection of 120° is

T,=NBIA =120 0.15 % {5 x 107"} % (3.1 x 26 % 10*) =725 x 107 N-m

Control constant is defined as the deflecting torque per radian (or degree) or deflection of mov-
mg coil. Since this deflecting IUITH: 15 for 120" deflection.

Conrol constant = 72.5 x 1077120 = 6.04 x 107 N-m/degree

Now, resistance of copper wire =33% of 202 =11 0Q

Total length of copper wire = 120% 2 (3.1 + 2.6) = 1368 cm

Now R=plUA & A=173x10°x1368/11 =2152x 10" em’

Rd/4 = 2152 % 107°

d = [215%4x10*m =16.55% 107 cm = 0.1655 mm
10,18, Veltmeter »ensitivity

It is defined in terms of resistance per voli (£V). Suppose a meter movement of 1 k£ internal
resistance has s full-scale deflection current of 50 p A. Obviously. full-scale voltage drop of the
meter movemet is = 50 y A x 1000 = 50 mV. When used as a volumeter, ils sensitivity would be
1000/50 x 107" = 20 kEUV. It should be clearly understood that a sensitivity of 20 kQ/V means that
the total resistance of the circuil in which the sbove movement is used shouold be 20 k£ for a full-
scale deflection of | V.

10,19, Multi-range Voltmeter

It is a voltmeter which measures a number of voltage ranges with the help of different series
resistances. The resistance required for each range can be easily calculated provided we remember
one basic fact that the sensitivity of a meter movement is a always the same regardless of the range
selected. Moreover, the full-scale deflection current is the same in every range. For any range, the
1otal circuil resistance is found by multiplying the sensitivity by the full-scale voliage for that range.

For example, in the case of the above-mentioned 50uA, 1 k) meter movement, tolal resistance
required for 1 V full-scale deflection is 20 k€2. It means that an additional series resistance of 19 k{1
is required for the purpose as shown in Fig. 10.22 {a).

1441 1k £}

19 02 180k £ by £03
1y v
A
= fad - - b

’ °
. Fig. 10.22

18mO (80K 1902

oV
muvj :

1k}

fel
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For 10-V range, total circoit resistance must be (20 kEYV) (10 V) = 200 kL2, Since total resis-
tance for 1 V range is 20 k€. the series resistance R for 10-V range = 200 — 20 = 180 k£2 as shown
m Fig. 10.22 (b).

For the range of 100 V, total resistance required is (20 kiZ/V) (100 V) = 2 M{L The additional
resistance required can be found by subtracting the existing two-range resistance from the total
resistance of 2 ML s value is _

. =2MOQ-1B0kQ— 19k - | k£2=18MQ

Itis shown in Fig. 10.22 (c).

Example 10,86, A fasic ' Arsomval imovement with imtermal resistance R, = 100 L and full

seale deflection curvent I = [ A {5 to be converted into a multirange due. volimeter with voltage
Fatges of 0=V, (=50 V, =250V g (=500 V. Draw the necessary clrenit arrameement goned find
the values of siitalle multipliers tInstromentation AMIE Sec. B Winter 1991

Solution. Full-scale voltage drop = (1 mA) (100 €) = 100 mV. Hence, sensitivity of this
movement is 100/100 x 107 = | kQ/V.

(i} O=10V range

Total resistance required = (1 kKLYV) (10 V) = 10 k). Since meter resistance is | k€2 additional
series resistance required for this range B, = 10— 1 =9 ki)

(i) 8-50 V runge

Re= (1 kEYV) (50 V)= 50 kiX; R, = 50-9-1 = 40 k02

|i'1':' ) 8=250 V range

= (1 kEMYV) (250 V) = 250 kX, Ry = 250 - 50 = 200 kQ2

Lm =500 V range

Ry= (1 k&¥V) (500 V) = 500 k€2 ; R, = 500 — 250 = 250 k)

The circuit arrangement is similar to the one shown in Fig. 10.22

'l'uluriu] problem No., 10.2

The Mux density in the gap of a 1-mA (full scale) moving “-coil” ammeter is (0.1 Whin, The rectan-
gular mvmg—r.ul] is B mm wide by | cm deep and 15 wound with 30 wens, Cﬂlqmlu.h: the full-scale wrgue which
must be provided by the springs. [4 = i M-t | (App. Elee, Londen [iniv)

2. A moving-coil instrument has 100 wms of wire with a resistance ol 1(} £ an active length in the gap
of 3 cm and mdl.h of 2cm. A pad. of 45 mV produces full-scale deflection. The control spring exerts a wrque
of 490.5 x 107" N-m at full-scale deflection. Calculate the flux density in the gap.

[0.1817 Whim®| (LEE London)

X A moving-coil mstrument, which gives full-scale deflection with 0.015 A has a copper coil having a
resistance of 1.5 £ at = 15°C and » temperature coetficient of 1/234.5 at (PC in series with a swamp resistance
of 3.5 £} having a negligible lemperature coefficient.

Determing (a) the resistance of shun! required for 4 full-scale deflection of 20 A and (b) the resistance
required for o full-scale deflection of 250 V.

If the instrument reads correctly at 15°C, dmnﬂne the percentage error in each case when the emperaiure
is 25°C. [la) 000376 L2 ; T (b} 16,662 £, negligihle| (App. Elect. London [aiv)

4. A direct current ummeter and leads ha.va a tc:li:ll resistance of 1.5 £2. The instrument gives a full-scale
deflection for a current of 50 mA. Culculate the resistance of the shunts necessary to give full-scale ranges of
2.5, 5.0 and 25.0 amperes (00306 ; | 001515 ; 0,00301 ) (LEE. London)

5. The following duta refer 1w & moving-coil voltmeter © resistance = 10,000 £1, dimensions of coil = 3
cm % 3 em ; number of ums on coil = 100, flux density in air-gap = 0.08 Whim’, stiffness of springs = 3 x
107° N-m per degree. Find the deflection produced by (10 V. [48.2") (Laondon Univ.)

. A moving-coil instrument has a resistance of 1.0 £ and gives a full-scale deflection of 150 divisions
with a pd, of 0,15 V. Calculate the extra resistance required and show  how it is connected o enable the
instnument o be used as o volimetér reading upto 15 volts. 1f the moving coil has a negligible temperature
coefficient but the added resistance has a temperature coefficient of 0.004 2 per degree C. what reading will a
pad. of 10V give at 15°C, assuming that the imstrumenlt reads correctly at (PC. (9% {1, 4.45]

10.21. Electrodynamic or Dynamomeier Type Instrumenis

An electrodynamic instrument is a moving-coil instrument in which the operating field is pro-
duced, not by a permanent magnet but by another fixed coil. This instrument can be used either as an
ammeter or a voltmeter but is penerally vsed as a wattmeter,
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As shown in Fig. 10.23. the fixed coil is usually arranged in two equal sections F and F placed
close together and parallel to each other. The two fixed coils are air-cored to avoid hysteresis effects
when used on ac, circuits, This has the effect of making the magnetic field in which moves the
moving coil M, more umiform. The moving coil is spring-controlied and has a pointer attached to it
as shown

Fig. 10,23

Deflecting Torgue®

The production of the deflecting torque can be understood from Fig. 10.24. Let the current
pusssing through the fixed coil be /| and that through the moving coil be ;. Since there is no iron,
the Mield strength and hence the flux density 15 proportional © /.

B=KI, where K is a constant

Let us assume for simplicity that the moving coil is rectangular (it can be circular also) and of
dimensions [ = b, Then, force on each side of the coil having A wrns is (NBLT newton

The tuming moment or deflecting torgue on the coil is given by

T, = NBl,lb = NKI /,lb N-m

MNow, putting NKib = K|, we have T, = K\ /|1, where K| is another constant.
L Lol | * i e
F F Ll F F LA ——
= N Shuni
— b = —
= g = 2
g' wad = .|
@ . @
Fig. 10.25 Fig. 10.26

It shows that the deflecting torque 1s porportional to the product of the currents {lowing in the
fixed coils and the moving coil. Since the instrumne tis spring-controlled, the restoring or control
troque is proportional W the angular defletion 8.

Ax shown am Art 1L 1D, thar value of torgue of @ moving-coll instrumenl is
7= =l N —m

The equivalem nducwnce of the fined and moving ouls of the electrodynamic instroment |8
L = L+ 1L;+1IM
whete M is the mutual inducmnee between the two coils and £, and L. ae thelr individool self4nductances
Simce L, aned L are fixed and only M vancs.
AL = LMD s Ty 7 2dMId8= 1 AMIY

If the currenis in the fixed ond moving cous pre different. say M aod 12 then
T, = [ 4, dMidB N-m
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e T e<=K,8 » KllL= Kzﬂ or B e I
When the instrument is used as an ammeter, the same current

passes through both the fixed and the moving coils as shown in
Fig. 10.25.

In that case f, =/, =f hence 8 == Forl = J/8. The connections

5

=

Fjgi s o of Fig. 10.24 are used when small currents are to be measured. In
%R

Supply

the case of heavy currents, a shunt 5 is used to limit current through
the moving coil as shown in Fig. 10.26,

When used as a voltmeter, the fixed and moving coils are joined
in series along with a high resistance and connected as shown in

Fig. 10.27 Fig. 1027, Here, again /, = Iy = I, where 1 =% in d.c. circuits

and f = V/Z in a.c. circuits,

S o BeVxV oor 8=V or VeoB

Hence, it is found that whether the instrument is used as an ammeler or voltmeter. its scale is
uneven throughout the whole of its range and is particularly cramped or crowded near the zero,

Damping is pneumatic, since owing to weak operating field, eddy current damping is inadmis-
sible. Such instruments can be used for both ac. and d.c. measurements. Bul it is more expensive
and inferior to a moving-coil instrument for d.c. measurements,

As mentioned earlier, the most important application of electrodynamic principle is the waltme-
ter and is discussed in detail in Ar. 10,34,

Errors

Since the coils are air-cored, the operating field produced is small. For producing an appre-
ciable deflecting torque, a large number of wrns is necessary for the moving coil. The magnitude of
the current is also limited because two control springs are used both for leading in and for leading out
the current. Both these factors lead to a heavy moving system resulting in frictional losses which are
somewhat larger than in other types and so frictional errors tend to be relatively higher. The current
in the field coils is limited for the fear of heating the coils which results in the increase of their
resistance. A good amount of screening is necessary to avoid the influence of siray fields.

Advantages and Disadvantages

1. Such instruments are free from hysteresis and eddy-current errors.

2. Since (orque/weight) ratio is small, such instruments have low sensitivity.

Example 10,17, The muenel induceance of a 25-A electrodwmamic ammeter vhange l.‘.'mr_lru.'mr'\.-
ar g fare of 0035 pHdegree. The torsion constiont of the contralling sprig i 407 N-m per
degree. Determine the angulir deflection for full-scale

(Elect. Measorements, Poona Univ, 1985,

Solution. By torsion constant is meant the deflecting torque per degree of deflection. If full-
scale deflecting is @ degree, then deflecting torque on full-scale is 107 % x 8 Nom.

Now, T, = I’dMId®  Also, I =25 A

dM/de = 0.0035 = 107° Hidegree = 0.0035 x 107" x 18(0/r Hiradian
107"%x0 =257 % 00035 107 %< 180/ - O=I254

Example 10.18. The spring constant of a [0-A dynamemeter wattimeter iy 105 x 307" Nom per
reelian.  The varigifon of inductance with anouwloar position of moving sysiem i practically Hnear
over e dperating range, the rate of change being 0078 mA per radian. I the full-seale deflection
of i (nxtrument is 83 degrees, calvalate the current reguired in the volige cofl at full scale om oy
iR, {Elect, Inst. and Means. Nagpur Univ. 1991}
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Solution. As seen from foot-note of Art. 10.20, T, = 1,1, dM/dB N-m

Spring constant = 10,5 x 107" N/m/rad = 10.5 x 107" x /180 N-m/degree

T, = spring constant x deflection = (10.5 x 107 x w/180) x 83 = 15.2 x 10™ N-m
152 % 107" = 10 x 1, x 0.078 : 1, = 19.5 pA.

10.21. Hot-wire Instruments

The working parts of the instrument are shown in Fig. 10.28. It is based on the heating effect of
current. It consists of platinum-iridium (It can withstand oxidation at high temperaiures) wire A8
stretched between o fixed end 8 and the tension-adjusting ;
screw at A, When current is passed through AB, it expands
according o I'R formula. This sag in AB produces a slack
in phosphor-bronze wire CD attached o the centre of AB.
This slack in CD s tuken up by the silk fibre which after
passing round the pulley is artached to a spring 5. As the
silk thread s pulled by 5, the pulley moves, thereby deflect-
ing the pointer. |t would be noted that even a small sag in
AR 15 magnified (Art. 10.22) may times and 15 conveyed (o
the pointer. Expansion of AR is magnified by €D which is
further magnified by the silk thread

It will be seen that the deflection of the pointer is pro-
partional to the extension of AR which is itsell proportional to . Hence, deflection is == . 1f spring
control is used, then T = 8.

Hence B

So, these mstruments have a "squre law’ type scale. They read the r.m.s. value of current and
their readings are independent of its form and frequency,

Damping

A thin tight aluminium disc 15 atiached to the pulley such that its edge moves between the poles
of a permanent magnet M. Eddy currents produced in this dise given the necessary damping.

These mstruments are primarily meant for being used as ammeters but can be adopied as volt-

meters by connecting a high resistance is series with them. These instruments are suited bath for a.c.
and d.c. work.

Advantages of Hot-wire Instrumenis :
|.  As their deflection depends on the rmus, value of the alternating current, they can be used

on direct current also,
2, Their readings are independent of waveform and frequency.
3. They are unaffected by stray fields,

- Fig, 10.28

Disadvantages ,
1. They are sluggish owing 1o the time taken by the wire 1o heat up.
e

2. They have a high power consumption as compared jo moving-coil instruments, Current
consumption 15 200 mA at full load.
3. Their zero positon needs frequent adjustment. 4. They are fragile
10.22. Magnification of the Expansion
As shown in Fig. 10.29 (a), let L be the length of the wire AR and JL ils expansion alter steady
wemperature is resched. The sag 8§ produced in the wire as seen from Fig, 10.29 (a) is given by
) [ L+dL ]: L L ]’ 2L dI + (dL)’
5‘“ Nl = —4'_

1

3

1l
1:-..
g
pd

Meglecting (dL)’, we have §

Magnification produced is = =4 "= J L
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As shown in Fig. 10.29 (b}, in the case of double-sag instru- - L

A
ments, this sag 15 picked up by wire €D which is under the constant e il
pull of the spring. Let L, be the length of wire CD and let it be W B ﬂ-“g‘“-
pulled at its center. so as to take up the slack produced by the sag §
of the wire AB, Pull
by 42 1 1 faf
1 { -5 2L §-8§° :
Sb‘ = =L | = L' = Ll B i .
2 2 -l 3= " -
MNeglecting 5 as compired to 21,8, we have 5, = L §/2 “H‘]'f'ﬁ
[
L /
Substituting the value of ¥, we get §, = % L‘;‘L EL!
2 s
e s Wi Pull -n—%-— (1,-8)
242 \
A
Exumple 10,19, The warking wire of a simgle-sap hot wire "'.,l.
instrumment 18 13 cm fong and s made up of platimem-silver with a o
coefficienr of linear expansion of 16 x 17 " The temperatuire rige it
of the voire 1s 83°C and the sag is raken up af the center, Find the Fig. 10.29

magnification
(r) wath ne imitial sag and ) with an inital sag of § mm.
{Elect, Meas and Meas. Inst,, Calcutta Univ, 1987)

Solution. (i) Length of the wire at room temperature = 15 em
Length when heated through SS“C is. = 151+ 16 % 107" x 85) = 15.02 em
Im:rmmh:uglh = 1502 - 15=0.02

Magnification || =, || g ::14 1936

(i) When there is an mmul sag of 1 mm, the wire is in the
position ACE (Fig. 10.30). With rise in lemperature, the new posi-
tion becomes ADB. From the right-angled A ADE,

P
we have (5 +0.1)2 =[L+2"1] - AE?

. | il 2 .
Now AR = AC"’vEC':[_% -U.II:%-[}.I‘
P Ly L.dh |12 2 mf,:n L.dL [
s+0 =Ly Lodl (L g L @y Ll Loy
G2 Tt [4 st 3 gt
- % 0.01 neglecting (dL)*/4
"1
_ 15—"5%+u,n|=n,m A (S+0.1)=04 - §=03cm

Magnification

SldL =0.3/0.02= 15
10,23, Thermocouple Ammeter

The working principle of this ammeter 15 based on the Seebeck effect, which was discovered in
1821, A thermocouple, made of two dissimilar metals (usually bismuth an antimony) is used in the
construction of this ammeter, The hot yjunction of the thermocouple is welded w 4 heawr wire AR,
both of which are kept in vacuwm as shown in Fig. 1031 (4). The cold junction of the thermocouple
is connected o a moving-coil ammeter.
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When the current to the measured is passed through the heater wire AB, heat is generated, which
raises the temperature of the thermocouple junction ], As the junction temperature rises, the generated

Thermocouple

L]

Fig. 10.31
thermoelectric EMF increases and derives a greater current through the moving-coil ammeter. The
amount of deflection on the MC ammeter scale depend on the heating effect, since the amount of
heal produced is directly proportional to the squre of the current. The ammeter scale is non-linear so
that, it is cramped at the low end and open at the high end as shown in Fig, 10,31 (b). This type of
“current-squared: ammeter is suitable for reading both direct and alternating currents. 1t 1s particu-
larly suitable for measuring radio-frequency currents such as those which occur in antenna system of
broadeast transmitters. Onee calibrated properly, the calibration of this ammeter remains accurate

from dec upto very high fequency currents.
10.24, Megger
Itis a portable instrument used for testing the insulation resistance of a circuit and for measuring

resitances of the order of megohms which are connected across the outside terminals XY in Fig.
10,32 (h),

fb) .

Fig. 10.32

1. Working Principle

The working principle of a ‘corss-coil’ type megger may be understood from Fig. 10.32 (a)
which shown two coils A and B mounted rigidly at right angles to each other on a common axis and
free 1o rotate in a magnetic field. When currents are passed through them, the two coils are acted
upon by torques which are in opposite directions. The torque of coil A is proportional to f, cos 8 and
that of B 15 proportional to £, cos (90 —8) or 1, sin 8. The twao coils come to a position of equilibrium
where the two torques are equal and opposite Le, where

fieos® = Lisin® or an8=1/

In practice, however, by modifying the shape of pole faces and the angle between the two coils,
the ratio /1, is made proportional to 8 instead of tan 8 in order to achieve a linear scale.

Suppose the two coils are connected across a common source of voltage fe. batlery C, as shown
in Fig. 10.32 (). Coil A. which is connected directly across V, is called the voltage (or control) coil.
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lts current {, = VR, The coil B ealled current or deflecting coil, carries the current I, = VR, where

R is the axtama] resistance (o be measured, This resistance may vary from infimity {for good insula-
tion or open circuit) to zero (for poor insulation or a shori-circuit}). The two coils are free 1o rotate in
the field of a permanent magnet. The deflection 8 of the instrument is proportional to { /4, which |s
equalto R/R . If R, is fixed, then the scale can be calibrated to read R directly (in practice, a current-
fimiting resistance is connected in the circuit of coil 8 butl the presence of this resistance can be
allowed for m scaling), The value of V is immaterial so long as it remains constant and is large
enough o give suitable currents with the high resistance to be measured.

21, Construction

The essential parts of & megger are shown in Fig. 10.33. Instead of battery C of Fig. 10.32 (),
there i5 o hand-driven d.c. generator. The crank tums the generator armature through a clutch mecha-
nism which s designed 1o slip at o pre-determined speed.  In this way, the generator speed and
voltage are kept conswant and at their correct values when testing.

The generator voilage is applied across the voltage coil A through a fixed resitance K, and
across deflecting coil B through a current-limiting resitance B and the external resistance is con-
nected across testing terminal XY, The two coils. in fact, constitule a moving-coil voltmeter and an
ammeler combined into one instrument.

(f} Suppose the terminals XV are open-circulted. Now, when crank is operited, the generator
voltage so produced in applied across coil A and current 1, flows through it but no current Nows
through coil 8. The torque so produced rotates the moving element of the megger until the scale
points to ‘infinity’, thus indicating that the resistance of the external circwit is too large for the
instrument (o measure.

(if) When the testing terminals XY are closed through a low resistance or are shori-circuoited.
then o large current (limited only by R') passes through the deflectng coil B, The detlecting worque
praduced by coil B overcomes the small opposing torque of coil A and rotates the moving element
unti] the needle points 1o ‘zero’, thus shown that the exiernal resistance is oo small for the instru-
MEN| 10 TNERsre.

X
- % =R, L/;“MP?J Ifinicy
i = |

Fig. 10.33
Although, 8 megger can measure all resistance lying beiween zero und infinity, essentially it is
i high-resistance measuring device. Usually, zero is the first mark and 10 k2 is the second mark on
ils scale, so one can appreciate that it is impossible to accurately measure small resistances with the
help of & megger,
The instrument described above is simple to operate, portable, very robust and independent of
the external supplies.

10.25. Indoction type Volimeters and Ammeters

Tnduction bipe instriments are used only for a.c. measurements and can be used either as ammeter,
volmeter or wattmeter. However, the induction principle finds its widest application as a watt-hour
or energy meter, In such instruments, the deflecting torque is produced due to the reaction hetween
the Mux of an a.c. magnet and the eddy currents induced by this flux. Before discussing the two
types of most commonly-used induction instrumnents, we will first discuss the underlying principle
of their operation.
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Principle

The operation of all induction instruments depends on the production of torque due to the reac-
tion between a flux @, (whose magnitude depends on the current or voltage to be measured) and
eddy currents induced in a metal disc or drum by another flux @, (whose magnitude also depends on
the current or voltage to be measured). Since the magnitude of eddy currents also depend on the ux
producing them, the instantaneous value of toque is proportional to the square of current or voliage
under measurement and the value of mean torque is proportional to the mean square value of this
current or voltage.

I o8
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Fig. 10.34

Consider a thin aluminium or Cu dise D free to rotate about a