Instructor’s Manual
to accompany

Chapman

Electric Machinery and Power System Fundamentals

First Edition

Stephen J. Chapman
BAE SYSTEMS Australia



Instructor’s Manual to accompany FElectric Machinery and Power System Fundamentals, First Edition
Copyright © 2001 McGraw-Hill, Inc.

All rights reserved. Printed in the United States of America. No part of this book may be used or reproduced in
any manner whatsoever without written permission, with the following exception: homework solutions may be

copied for classroom use.

ISBN: ?2?

il



o 0 9 N N AR W N -

N
W N =D

TABLE OF CONTENTS

Preface

Mechanical and Electromagnetic Fundamentals
Three-Phase Circuits

Transformers

AC Machine Fundamentals

Synchronous Machines

Parallel Operation of Synchronous Generators
Induction Motors

DC Motors

Transmission Lines

Power System Representation and Equations
Introduction to Power-Flow Studies

Symmetrical Faults

Unsymmetrical Faults

il

v

23
27
66
69
103
114
148
178
193
205
256
285



PREFACE

TO THE INSTRUCTOR

This Instructor’s Manual is intended to accompany the third edition of Electric Machinery and Power System
Fundamentals. To make this manual easier to use, it has been made self-contained. Both the original problem
statement and the problem solution are given for each problem in the book. This structure should make it easier to
copy pages from the manual for posting after problems have been assigned.

Many of the problems in Chapters 2, 5, 6, and 9 require that a student read one or more values from a
magnetization curve. The required curves are given within the textbook, but they are shown with relatively few
vertical and horizontal lines so that they will not appear too cluttered. Electronic copies of the corresponding
open-circuit characteristics, short-circuit characteristics, and magnetization curves as also supplied with the book.
They are supplied in two forms, as MATLAB MAT-files and as ASCII text files. Students can use these files for
electronic solutions to homework problems. The ASCII files are supplied so that the information can be used with
non-MATLAB software.

The solutions in this manual have been checked carefully, but inevitably some errors will have slipped through. If
you locate errors which you would like to see corrected, please feel free to contact me at the address shown below,
or at my email address schapmanetpgi.com.au. I greatly appreciate your input! My physical and email
addresses may change from time to time, but my contact details will always be available at the book’s Web site,
which is http://www.mhhe.com/engcs/electrical /chapman/.

Thank you.

e 40—

Stephen J. Chapman
Melbourne, Australia
August 16, 2001

Stephen J. Chapman

276 Orrong Road
Caulfield North, VIC 3161
Australia

Phone +61-3-9527-9372
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Chapter 1: Mechanical and Electromagnetic Fundamentals

1-1.

1-2.

1-4.

1-5.

A motor’s shaft is spinning at a speed of 1800 r/min. What is the shaft speed in radians per second?
SorutioN The speed in radians per second is

1 min)( 27 rad
Ir

= (1800 r/min)( j =188.5rad/s

S

A flywheel with a moment of inertia of 4 kg-m’ is initially at rest. If a torque of 5 N-m
(counterclockwise) is suddenly applied to the flywheel, what will be the speed of the flywheel after 5 s?
Express that speed in both radians per second and revolutions per minute.

SoruTioN The speed in radians per second is:

w=at=|L I=L'mz(55)=6.25rad/s
J 4kg-m

The speed in revolutions per minute is:

n= (6.25 rad/s)( Ir j[ 60 _S ] =59.7 r/min
27 rad/\1 min

A force of 5 N is applied to a cylinder, as shown in Figure P1-1. What are the magnitude and direction of
the torque produced on the cylinder? What is the angular acceleration ¢, of the cylinder?

r=0.5m
J=5kgm?

SorutioN The magnitude and the direction of the torque on this cylinder is:

7.4 =rF sin 8, CCW

7., = (0.5m)(5kg-m?)sin 40° =1.607 N-m, CCW
A motor is supplying 70 N - m of torque to its load. If the motor’s shaft is turning at 1500 r/min, what is
the mechanical power supplied to the load in watts? In horsepower?

SorutioN The mechanical power supplied to the load is

P=1w=(70N-m)(1500 r/min)(l ‘gmj( 2’i radj =11,000 W
S T
P =(11,000 w)( Lhp j =14.7hp
746 W

A ferromagnetic core is shown in Figure P1-2. The depth of the core is 5 cm. The other dimensions of
the core are as shown in the figure. Find the value of the current that will produce a flux of 0.003 Whb.
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1-6.

With this current, what is the flux density at the top of the core? What is the flux density at the right side
of the core? Assume that the relative permeability of the core is 1000.

|~—10cm I 20 cm ISch

15cm

P

P

_______ P 500 turns 15¢cm
D

P

15cm

SoruTioN There are three regions in this core. The top and bottom form one region, the left side forms a
second region, and the right side forms a third region. If we assume that the mean path length of the flux
is in the center of each leg of the core, and if we ignore spreading at the corners of the core, then the path

lengths are /, =2(27.5 cm) =55 cm, /, =30 cm, and /; =30 cm. The reluctances of these regions are:

-l _ 770‘5 > m — 5836 kA - /Wb
pud A (1000)47x107 H/m)0.05 m)0.15 m)

R, =t L 030m =47.75kA - Wb
pd A (1000)47x107 H/m)0.05m)0.10 m)

@, = ! 0.30m =95.49 kA - t/Wb

T ud up A (1000)4zx107 H/m)0.05 m)0.05m)

The total reluctance is thus

Rror =R, +R, + R, =5836+47.75+95.49=201.6 KA-t/Wb
and the magnetomotive force required to produce a flux of 0.003 Wb is
F=¢ R= (0.003 Wb)(201.6 kA~t/Wb) =605 A-t

and the required current is

1= g = % =121 A
N 500t
The flux density on the top of the core is
B:ﬂz 0.003 Wb —04T

A (0.15m)(0.05m)
The flux density on the right side of the core is
[ 0.003 Wb

A (0.05m)(0.05m)

A ferromagnetic core with a relative permeability of 2000 is shown in Figure P1-3. The dimensions are
as shown in the diagram, and the depth of the core is 7 cm. The air gaps on the left and right sides of the
2



core are 0.050 and 0.070 cm, respectively. Because of fringing effects, the effective area of the air gaps is
5 percent larger than their physical size. If there are 300 turns in the coil wrapped around the center leg of
the core and if the current in the coil is 1.0 A, what is the flux in each of the left, center, and right legs of

the core? What is the flux density in each air gap?
| 7 cm |

30 cm |7cm| 30 cm i7cm|
7 cm
[—
—__p
___
[
30cm 0.05 cm (=" "] 300 wrns 0.07 cm —
—
Emm——
7cm
—t

SorutioN This core can be divided up into five regions. Let R, be the reluctance of the left-hand portion
of the core, R, be the reluctance of the left-hand air gap, R, be the reluctance of the right-hand portion
of the core, R, be the reluctance of the right-hand air gap, and R be the reluctance of the center leg of

the core. Then the total reluctance of the core is

(R +R, (R +R,)

Rror =R +
T QAR+ R+ R,
@ =t B =90.1kA-t/Wb
41,4, (2000)(47 %107 H/m)0.07 m)(0.07 m)
R, = = __00005m =77.3kA-t/Wb
1,4, (47x107 H/m)0.07 m)(0.07 m)(1.05)
R=— b= Llim =90.1kA - /Wb
i, 11,4,  (2000)(47x107 H/m)0.07 m)(0.07 m)
! 0.0007 m
R, =—4t = =108.3kA - /Wb
Y4,  (47x107 H/m)0.07 m)(0.07 m)(1.05)
R o=t - 0.37m =30.0kA - t/Wb

T4, (2000)(47x107 H/m)0.07 m)(0.07 m)
The total reluctance is

D - +(<Q1+<Q2)(CQ3+CQ4):300+(90.1+77.3)(90.1+108.3)
TOT 5

R +R, +R, +R, ©90.1+77.3+90.1+108.3

=120.8 kA -t/Wb

The total flux in the core is equal to the flux in the center leg:

F _ (300t)(1.0A)
Ry 120.8kA-t/Wb

¢center = ¢TOT = =0.00248 Wb

The fluxes in the left and right legs can be found by the “flux divider rule”, which is analogous to the
current divider rule.



(R +R,) (90.1+108.3)

= = 0.00248 Wb)=0.00135 Wb
P R +R, + R, + R, Pror 90.1+77.3+90.1+108.3( )
D = (R +®,) Bror = (90.1+77.3) (0.00248 Wb)=0.00113 Wb
R+R, + R, +R, 90.1+77.3+90.1+108.3

The flux density in the air gaps can be determined from the equation ¢ = B4 :

~ Pen _ 0.00135 Wb

B . = = =0.262T
4, (0.07cm)(0.07 cm)(1.05)

_ Bran _ 0.00113 Wb 092207

B.. . =
"4 (0.07cm)(0.07 cm)(1.05)

A two-legged core is shown in Figure P1-4. The winding on the left leg of the core () has 600 turns,
and the winding on the right (N,) has 200 turns. The coils are wound in the directions shown in the
figure. If the dimensions are as shown, then what flux would be produced by currents i; = 0.5 A and i, =
1.00 A? Assume u,;-= 1000 and constant.

|‘—15 cm I 50 cm I ]50m—-|

15cm

______ P Qe
S ———
——————— > <— —————
R R———
——————— > <— —— e ——
qz ~b
>
em 0 fmeeeea o e
50 Q| 600turns 200turns | " 7P
—————— > <— ———— -
(<l b
———————— P> L
<\> N] N2 <’_J>
L e [ (N —— >
P qz

15cm

core depth = [5cm

SorutioN The two coils on this core are would so that their magnetomotive forces are additive, so the
total magnetomotive force on this core is

Fror = Ni, + N,i, =(600t)(0.5A)+(200t)(1.0 A)=500 A -t

The total reluctance in the core is
Ry == _2:60m =92.0kA - t/Wb
41,4 (1000)47x107 H/m)0.15m)(0.15 m)

and the flux in the core is:

_Fror . S00A-E 054w
Ry 92.0kA- /Wb

¢



1-8.

A core with three legs is shown in Figure P1-5. Its depth is 5 cm, and there are 200 turns on the leftmost
leg. The relative permeability of the core can be assumed to be 1500 and constant. What flux exists in
each of the three legs of the core? What is the flux density in each of the legs? Assume a 4% increase in
the effective area of the air gap due to fringing effects.

} 9 cm I 25cm I 1Scm I 25cm } 9cm I
9cm
i
2A
=
=
<:—_—:: 200 turns -~ 0.04 cm 25cm
L
<r_4‘>
d st
"""" >
9cm

SorutioN This core can be divided up into four regions. Let R, be the reluctance of the left-hand
portion of the core, ‘R, be the reluctance of the center leg of the core, ‘R, be the reluctance of the center

air gap, and R, be the reluctance of the right-hand portion of the core. Then the total reluctance of the

core is
CpToT — Cpl + (sz + Cp3 )@4
R, + R, +R,

L _71‘08 i —127.3kA - /Wb
41,4, (1500)(47x1077 H/m)0.09 m)(0.05 m)

R - - _70'34 m =24.0kA - /Wb
1,4, (1500)(47 %107 H/m)0.15m)(0.05 m)

R, == — 0.0004m =40.8 kA - /Wb
1,4, (47x107 H/m)0.15m)(0.05 m)(1.04)

L 1.08 m =127.3kA- /Wb

T A, (1500)47x107 H/m)0.09 m)(0.05m)
The total reluctance is

(R, +R)R, - (24.0+40.8)127.3
R, + R, +R, T 24.0+40.8+127.3

Rpor =R, + =170.2 KA - /Wb

The total flux in the core is equal to the flux in the left leg:

T (200t)2.0A)

= =0.00235 Wb
Ryor  170.2kA-t/Wb

Py = Pror =

The fluxes in the center and right legs can be found by the “flux divider rule”, which is analogous to the
current divider rule.

R, 127.3

= 4 g = 0.00235 Wb)=0.00156 Wb
Penia R, +R, +R, P = 4 0+40.8+1273 ( )
=2ty 2404908 (5 00235 W)= 0.00079 Wb
R, + R, +R, 24.0+40.8+127.3
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The flux density in the legs can be determined from the equation ¢ = BA :

e 0.00235Wb oo

B
4 (0.09cm)(0.05cm)

_Pener __ 000156Wb 0y

B =
4 (0.15cm)(0.05cm)

_ P __ 0.0009Wb oo

B =
"4 (0.09 cm)(0.05cm)

1-9. A wire is shown in Figure P1-6 which is carrying 2.0 A in the presence of a magnetic field. Calculate the

magnitude and direction of the force induced on the wire.
B=035T,
to the right

_ <3

I=1m

an

=]
<
>

l

¥

SorutioN The force on this wire can be calculated from the equation
F=i(IxB)=ilB=(2 A)(1m)(0.35T)=0.7 N, into the page

1-10. The wire shown in Figure P1-7 is moving in the presence of a magnetic field. With the information given
in the figure, determine the magnitude and direction of the induced voltage in the wire.

X X X
X X X
X X X
X X X
X X X
X X X

B =0.2T, into the page

SorutioN The induced voltage on this wire can be calculated from the equation shown below. The
voltage on the wire is positive downward because the vector quantity v XB points downward.

.0 =(vxB)-1=vBl cos 45°=(6m/s)(0.2T)(0.75 m) cos 45°=0.636 V, positive down



1-11.

1-12.

Repeat Problem 1-10 for the wire in Figure P1-8.

v=1m/s

5 (<O

B=05T

|

~
]

0.5m

T

|

B=05T

SorutioNn The induced voltage on this wire can be calculated from the equation shown below. The total
voltage is zero, because the vector quantity vXB points into the page, while the wire runs in the plane of
the page.

e., =(vxB)-1=vBI cos 90°=(1m/s)(0.5T)0.5m)cos 90°=0V

The core shown in Figure P1-4 is made of a steel whose magnetization curve is shown in Figure P1-9.
Repeat Problem 1-7, but this time do not assume a constant value of ;. How much flux is produced in

the core by the currents specified? What is the relative permeability of this core under these conditions?
Was the assumption in Problem 1-7 that the relative permeability was equal to 1000 a good assumption
for these conditions? Is it a good assumption in general?

|—15 cm I 50 cm } ]50m—-|

15cm
i i
—
——————— > <—————__
= ~b
—_—— ——
——————— > <————-——_
7 ~b
——————— > <——————_
| it
50cm 0000 e m———] P e
Qo | 600turns 200turns | 77 7p
——————— > Qe
| E——
______ > e
d77 b
it 2 YA B——
———————— P> S
q b
———————— > <——————_—
15cm

core depth = 15 cm



1-13.

SorutioN The magnetization curve for this core is shown below:

//
1.25 —~
/
/
‘/
1.00 4
v

&= /
2 075 f
E r /
3
E 7
[ 4

0.50 ~

/
/
0.25 —
0.16 ”
.~
_—/
0.0
100 193 1000

Magnetizing intensity, A-turns/m

The two coils on this core are wound so that their magnetomotive forces are additive, so the total
magnetomotive force on this core is

Fror = Nji, + N,i, =(600t)(0.5A)+(200t)(1.0 A)=500 A - t
Therefore, the magnetizing intensity H is
_ E _500A-t
[ 2.60 m

c

=193 A-t/m

From the magnetization curve,
B=0.16T

and the total flux in the core is
$ror =BA=(0.16T)(0.15m)(0.15m)=0.0036 Wb

The relative permeability of the core can be found from the reluctance as follows:

Cp — (afTOT — l
¢TOT ﬂrﬂOA
Solving for u,. yields
’ = Gror | (0.0036 Wb)(2.6 m) 6o

Fror Mo A (500 A-t)(472x107 H/m )0.15 m)(0.15 m)

The assumption that £, = 1000 is not very good here. It is not very good in general.

A core with three legs is shown in Figure P1-10. Its depth is 8 cm, and there are 400 turns on the center
leg. The remaining dimensions are shown in the figure. The core is composed of a steel having the
magnetization curve shown in Figure 1-10c. Answer the following questions about this core:

(a) What current is required to produce a flux density of 0.5 T in the central leg of the core?

8



(b) What current is required to produce a flux density of 1.0 T in the central leg of the core? Is it twice
the current in part (a)?

(c) What are the reluctances of the central and right legs of the core under the conditions in part (a)?
(d) What are the reluctances of the central and right legs of the core under the conditions in part (b)?

(e) What conclusion can you make about reluctances in real magnetic cores?

8cm
ol
= —P
D — -

<:> N =400 turns 16 cm
==
= P>
o— = g—

8 cm

-8 cm I 16 cm I 8 cm I 16 cm I 80m——|

Depth =8 cm

SorutioN The magnetization curve for this core is shown below:

2.8
2.6

24

22

2.0

1.8

L6 —/
1.4

12 Vd
1.0 /

Flux density, T

0.8 v
0.6

AN

0.4 /

/|

02 A

0
10 20 30 40 50 100 200 300 500 1000 2000 5000

Magnetizing intensity H, A-turns/m
(a) A flux density of 0.5 T in the central core corresponds to a total flux of

Gror =BA=(0.5T)(0.08 m)(0.08 m)=0.0032 Wb

By symmetry, the flux in each of the two outer legs must be ¢, =@, =0.0016 Wb, and the flux density

in the other legs must be

_0.0016 Wb
> (0.08m)(0.08m)
The magnetizing intensity H required to produce a flux density of 0.25 T can be found from Figure 1-10c.

It is 50 A-t/m. Similarly, the magnetizing intensity H required to produce a flux density of 0.50 T is 70
A-t/m. Therefore, the total MMF needed is

Fror = H eenter Leenter T H guier !

center ~center outer ~outer

=025T

B =B



Fror = (70 A-t/m)(0.24 m)+(50 A - t/m)(0.72m)=52.8 A -t

and the required current is

l,:CJ’TOT :52.8A-t:0.13A
N 400t

(b) A flux density of 1.0 T in the central core corresponds to a total flux of
Gror = BA=(1.0T)(0.08 m)(0.08 m)=0.0064 Wb

By symmetry, the flux in each of the two outer legs must be ¢, =@, =0.0032 Wb, and the flux density
in the other legs must be
0.0032 Wb
=B, =
(0.08 m)(0.08 m)

=0.50T

The magnetizing intensity H required to produce a flux density of 0.50 T can be found from Figure 1-10c.
Itis 70 A-t/m. Similarly, the magnetizing intensity H required to produce a flux density of 1.00 T is about
160 A-t/m. Therefore, the total MMF needed is

Fror =H oo +Ho

center — center outer ™ outer

Fror = (160 A-t/m)(0.24 m)+(70 A - t/m)(0.72 m)=88.8 A - t

and the required current is

i ror _888A-t
N 400t

(c¢) The reluctance of the central leg of the core under the conditions of part (a) is:

_ o _(0A-Um)024m) g5y,

“ Gor 0.0032 Wb

=022A

The reluctance of the right leg of the core under the conditions of part (a) is:

_ Fror _(50A-tm)(0.72m) _ 22 S KA Wb

R.
o 0.0016 Wb

(d) The reluctance of the central leg of the core under the conditions of part (d) is:

_ Fror _ (160 A-t/m)(0.24 m) _ 6.0 kA W

N or 0.0064 Wb

The reluctance of the right leg of the core under the conditions of part (b) is:

R, = Fror _(0A-Um0T2m) g o000

g 0.0032 Wb

(e) The reluctances in real magnetic cores are not constant.

1-14. A two-legged magnetic core with an air gap is shown in Figure P1-11. The depth of the core is 5 cm, the
length of the air gap in the core is 0.07 cm, and the number of turns on the coil is 500. The magnetization
curve of the core material is shown in Figure P1-9. Assume a 5 percent increase in effective air-gap area
to account for fringing. How much current is required to produce an air-gap flux density of 0.5 T? What
are the flux densities of the four sides of the core at that current? What is the total flux present in the air

gap?
10



10 cm
e -
_______ >
q >
T >
T >
[ N =500 turns 0.07 cm 30 cm
——————— > '
q >
T D
— >
10 cm
}A— 10 cm | 30 cm | |
| [5cml
Depth =5 cm
SorutioN The magnetization curve for this core is shown below:
//
125 —
/
/
4
1.00 y
= /
2075 4
z /
3
E 7
= 050 S
/
/
0.25 —
P!
0.0
100 1000

Magnetizing intensity, A-turns/m
An air-gap flux density of 0.5 T requires a total flux of
¢=BA =(0.5T)(0.05m)0.05m)(1.05)=0.00131 Wb

This flux requires a flux density in the right-hand leg of

_$__00013IWb oo

"4 (0.05m)(0.05m)

The flux density in the other three legs of the core is

B, =B :ﬂ: 0.00131 Wb — 0262 T

B
ot 4 (0.10m)(0.05m)

top =

The magnetizing intensity required to produce a flux density of 0.5 T in the air gap can be found from the
equation B,, = U, H

11



1-15.

B, 0.5T

=398 kA -t/m

Hag = -7
M, 4rx10"" H/m

The magnetizing intensity required to produce a flux density of 0.524 T in the right-hand leg of the core
can be found from Figure P1-9 to be

H.. =410A-t/m

right

The magnetizing intensity required to produce a flux density of 0.262 T in the right-hand leg of the core
can be found from Figure P1-9 to be

HTOP = Hleft = Hbottom =240 A -t/m

The total MMF required to produce the flux is
Fror =H o Ly v H o Lot ¥ H oo Loy + Hyoe Lo +H

ag “ag right “right top “top l

Fror = (398 kA - t/m)(0.0007 m)+ (410 A - t/m)(0.40 m)+3(240 A - t/m)(0.40 m)
Fror =278.6+164+288 =731 A -t

bottom “bottom

and the required current is

1A-
j= Tor _BLAL_y 460
N 500t
The flux densities in the four sides of the core and the total flux present in the air gap were calculated

above.

A transformer core with an effective mean path length of 10 in has a 300-turn coil wrapped around one
leg. Its cross-sectional area is 0.25 in’, and its magnetization curve is shown in Figure 1-10c. If current
0f 0.25 A is flowing in the coil, what is the total flux in the core? What is the flux density?

2.8

2.6

24

22

2.0
1.8

1.6

1.4
12 Vd

1.0 /

03 /

0.6

Flux density, T

AN

0.4 /

/|

02 A

0

10 20 30 40 50 100 200 300 500 1000 2000 5000
Magnetizing intensity H, A-turns/m

SorutioN The magnetizing intensity applied to this core is

=T N B00tJ0.25A) o5,
I. 1. (10in)(0.0254 m/in)

From the magnetization curve, the flux density in the core is

12



B=127T

The total flux in the core is

0.0254 m

¢=BA=(1.27T)0.25 inz)(
lin

2
j =0.000205 Wb

1-16. The core shown in Figure P1-2 has the flux ¢ shown in Figure P1-12.

terminals of the coil.

|——lOcm I 20 cm ISch
15¢cm
e
i
+ — —+
) P
d-=-=-—=-
_______ P 500 turns 15cm
) —P
T P
¢
15cm

0.010f ———————~,

0.005

Sketch the voltage present at the

$. Wb
<

-0.005

-oo00F-----———————————

t, ms

SoLuTioN By Lenz’ Law, an increasing flux in the direction shown on the core will produce a voltage that
tends to oppose the increase. This voltage will be the same polarity as the direction shown on the core, so
it will be positive. The induced voltage in the core is given by the equation

€ind = Nac;_gf

so the voltage in the windings will be

13



Time Nﬁ €
dt
0<t<2 250V
S (SOOt)O.OIOWb
2s
2<t<5 — 333V
S (SOOt) 0.020 Wb
3s
5<t<? 250V
S (500 t)0.010 Wb
2s
7<t<8 500V
S (500 t)0.0110 Wb
S

The resulting voltage is plotted below:

6

Plot of Voltage vs Time

Induced Voltage (V)

1-17.

Time(s)

Figure P1-13 shows the core of a simple dc motor. The magnetization curve for the metal in this core is

given by Figure 1-10c and d. Assume that the cross-sectional area of each air gap is 18 cm® and that the
width of each air gap is 0.05 cm. The effective diameter of the rotor core is 4 cm.

%

gl
N

E—

N turns

[1]]]]

4 cm

/

[

F

4 cm

Depth=4 cm

[,=4cm

™ lg =0.05cm

14
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SorutioN The magnetization curve for this core is shown below:

2.8
2.6

2.4

22

2.0

1.8

1.6

1.4 ]

Flux density, T

1.2 Vd

1.0 /]

0.8 /

0.6

AN

0.4 /

/

02 A

0

10 20 30 40 50 100 200 300 500 1000 2000 5000
Magnetizing intensity H, A-turns/m

The relative permeability of this core is shown below:
7000

6000

N

4000 \\

3000 \

, dimensionless

My

2000 NG

1000

10 20 30 40 50 100 200 300 500 1000
Magnetizing intensity H, A-turns/m

Note: This is a design problem, and the answer presented here is not unique. Other
values could be selected for the flux density in part (a), and other numbers of turns
could be selected in part (c). These other answers are also correct if the proper steps
were followed, and if the choices were reasonable.

SOLUTION

(a) From Figure 1-10c, a reasonable maximum flux density would be about 1.2 T. Notice that the
saturation effects become significant for higher flux densities.

(b) At a flux density of 1.2 T, the total flux in the core would be
¢=BA=(1.2T)(0.04 m)(0.04 m)=0.00192 Wb

(c¢) The total reluctance of the core is:

15



1-18.

1-19.

CQTOT = Cpstator + Cpair gapl + Cprotor + Cpair gap2

At a flux density of 1.2 T, the relative permeability 4, of the stator is 3800, so the stator reluctance is

/ 0.48m W
R — stator — =62.8kA-t/Wb
O oA (3800)47 X107 H/m)0.04 m)(0.04 m)

At a flux density of 1.2 T, the relative permeability 4, of the rotor is 3800, so the rotor reluctance is

rotor lr0t0r = _70'04 = = 52 kA - t/Wb
HyorArer (3800)(472 10”7 H/m)(0.04 m)(0.04 m)
The reluctance of both air gap 1 and air gap 2 is
[
Cpair gapl = CQair gap 2 = e = _700005 m > = 221 kA . t/Wb
o oo Ay (4x107 H/m)0.0018 m?)

Therefore, the total reluctance of the core is

Rior = Runor + Rutraant T Rroor T Rutrgap
Ryor =62.8+221+52+221=510kA-t/'Wb

stator air gap 1 rotor

The required MMF is
Fror = B Rror = (0.00192 WH)(S10KA - t/Wb)=979 A -t
Since F = Ni, and the current is limited to 1 A, one possible choice for the number of turns is N = 1000.

Assume that the voltage applied to a load is V =208£ —30° V and the current flowing through the load
is [=5Z15°A.

(a) Calculate the complex power S consumed by this load.
(b) Is this load inductive or capacitive?
(c) Calculate the power factor of this load?

(d) Calculate the reactive power consumed or supplied by this load. Does the load consume reactive
power from the source or supply it to the source?

SOLUTION

(a) The complex power S consumed by this load is
S=VI' =(208£-30° V)(5£15° A) =(208£-30° V)(5£—-15° A)
S=1040£-45° VA

(b) This is a capacitive load.

(¢) The power factor of this load is
PF = cos(—45°) =0.707 leading

(d) This load supplies reactive power to the source. The reactive power of the load is

QO =VIsin@=(208 V)(5 A)sin(—45°) = —735 var

Figure P1-14 shows a simple single-phase ac power system with three loads. The impedances of these
three loads are

Z,=5/30°Q  Z,=5/45°Q  Z,=5/-90°Q

Answer the following questions about this power system.
16



(a) Assume that the switch shown in the figure is open, and calculate the current I, the power factor, and
the real, reactive, and apparent power being supplied by the source.

(b) Assume that the switch shown in the figure is closed, and calculate the current I, the power factor, and
the real, reactive, and apparent power being supplied by the source.

(c) What happened to the current flowing from the source when the switch closed? Why?
I

— )
+ + +
+
~Nn) Y VA Z, Z,
V=120£0°V

SOLUTION

(a) With the switch open, only loads 1 and 2 are connected to the source. The current I, in Load 1 is

120200V o, 300 A
5/30° A
The current I, in Load 2 is
) =w=244—45° A
5/45° A

Therefore the total current from the source is
I=1+1,=242-30°A + 24£-45° A=4759£-37.5° A

The power factor supplied by the source is

PF = cos @ = cos(—37.5°) = 0.793 lagging

The real, reactive, and apparent power supplied by the source are
P=VIcos&=(120 V)(47.59 A)cos(—37.5°) = 4531 W
QO=VIcos@= (120 V)(47.59 A)sin(—37.5°) =-3477 var
S=VI=(120 V)(47.59 A)=5711 VA

(b) With the switch open, all three loads are connected to the source. The current in Loads 1 and 2 is
the same as before. The current I in Load 3 is

_ 120£0° V
P 5,4-90° A
Therefore the total current from the source is

I=1,+L+1,=242-30° A + 24/ —45° A+ 2490° A =38.08£-7.5° A

=24,90° A

The power factor supplied by the source is

PF = cos @ = cos(—7.5°) = 0.991 lagging
The real, reactive, and apparent power supplied by the source are
P=VIcos&=(120 V)(38.08 A)cos(-7.5°) =4531 W
QO=VIcos@= (120 V)(38.08 A) sin(—7.5°) =—-596 var

17



S=VI=(120 V)(38.08 A) =4570 VA

(¢) The current flowing decreased when the switch closed, because most of the reactive power being
consumed by Loads 1 and 2 is being supplied by Load 3. Since less reactive power has to be supplied by
the source, the total current flow decireases.

1-20. Demonstrate that Equation (1-50) can be derived from Equation (1-49) using simple trigonometric
identities:

p(t)=v(¢t) i(t)=2VI cos wtcos (wrt — 6) (1-49)
p(t)=VIcosO(1+cos2wt)+VIsinGsin 2wt (1-50)

SOLUTION

The first step is to apply the following identity from Appendix D:
1
cosacos f= E[COS(O(—ﬂ) +cos(a+f)]

The result is
p(t) =v(¢) i(t) =2VI cos wt cos(wt — 6) (1-49)

p(t)=2VI {%[cos(a)t —wt+6)+cos(wt + wt — (9)]}

p()=VI [cos 0+ cos(2wt - 0)]
Now we must apply the angle addition identity from Appendix D to the second term:
cos(a— fB) = coscxcos B+sin arsin

The result is

pt)=VI [cos 6+ cos2wt cos @+ sin 2wt sin 9]

Collecting terms yields the final result:

p(t)=VIcos 9(1 +cos 2a)t) + VI sin @sin 2wt

18



Chapter 2: Three-Phase Circuits

2-1.  Three impedances of 4 + ;3 Q are A-connected and tied to a three-phase 208-V power line. Find / 0> 1,
P, O, S, and the power factor of this load.

SOLUTION

240V Z, Z,

Here, V, =V‘/j =208 V, and Z¢ =44 j3Q=5/36.87°Q, so

4
1¢:—¢=M:41.6A

Z, 5Q
1, =31,=3(41.6 A)=72.05 A

2

V¢
P=3—"cosf=3
Z

037 gno—3208Y)
VA

208 V)’
(—)cos 36.87°=20.77 kW

sin 36.87°=15.58 kvar
S =P +0* =2596 kVA
PF = cos 6=0.8 lagging

2-2.  Figure P2-1 shows a three-phase power system with two loads. The A-connected generator is producing a
line voltage of 480 V, and the line impedance is 0.09 + j0.16 Q. Load 1 is Y-connected, with a phase
impedance of 2.5236.87° Q and load 2 is A-connected, with a phase impedance of 5£-20° Q.
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I I
Moo joleQ L2

V,, = 480£-240° V

+ Vo
I¢ 1 _ I‘p;
> - V2
T ~ Zs, Zy,
A\

V,, = 480.£0°

V,. = 480/-120° V 009Q j0.16Q

0090Q 016 Q

T
——N

Generator Load 1 Load 2
Zy, =25236.87°0)
Ly, =5--20°0)

(a) What is the line voltage of the two loads?

(b) What is the voltage drop on the transmission lines?

(c) Find the real and reactive powers supplied to each load.

(d) Find the real and reactive power losses in the transmission line.

(e) Find the real power, reactive power, and power factor supplied by the generator.

SorutioNn To solve this problem, first convert the two deltas to equivalent wyes, and get the per-phase
equivalent circuit.

am1zoev () z, Zoo | Vo

Z, =2.5/36.87°Q
Z, =1.67£-20°Q
(a) The phase voltage of the equivalent Y-loads can be found by nodal analysis.
V¢ load 277400 V V¢ load V¢ load
, N , N :
0.09+70.16Q  2.5/36.87°Q 1.67/-20°Q
(54432~ 60.6°) (V, g —27720°V)+(0.4£ ~36.87°)V,, ., +(0.6£220°)V,,, ., =0
(5.955£-53.34°)V,, ., = 15082 - 60.6°
Vs =2532£-7.3°V
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2-3.

Therefore, the line voltage at the loads is VL\/§ V,=439 V.

(b) The voltage drop in the transmission lines is

AVyo =V, o = Ve = 277200V -253.2£-7.3°=413452°V

line ,gen

(c¢) The real and reactive power of each load is

(253.2V)

VZ
P =3%c059=3 c0s36.87° = 61.6 kW

2

4 2V)
0 = 3%Sin9= 3(253—2\/)

sin 36.87° =46.2 kvar

2

V 2
P, =32 cosf= 3Mcos (-20°)=108.4 kW
Z 1.67Q
v} 2532 V)’
0, =3—‘-sinf= 3¥sin (-20°) = -39.5 kvar
Z 1.67 Q
(d) The line current is
Iline = AVli“e = 413452 V = 2254 - 8.6OA
Z.. 0.09+;0.16Q

Therefore, the loses in the transmission line are
P =3I "R, =3(225A)(0.09Q)=13.7kW

line line *‘line
Oine = 3 Xine =3 (225 A)*(0.16 Q) = 24.3 kvar

line line
(e) The real and reactive power supplied by the generator is

P, =P .+F+P =137kW+61.6kW +108.4kW =183.7kW

gen line

Open = Ohine + O, + 0, =243 kvar +46.2 kvar — 39.5 kvar =31 kvar

The power factor of the generator is

PF = cos| tan™ Geon | _ cos| tan”' Slkvar |_ 0.986 lagging
183.7 kW

gen

The figure shown below shows a one-line diagram of a simple power system containing a single 480 V
generator and three loads. Assume that the transmission lines in this power system are lossless, and
answer the following questions.

(a) Assume that Load 1 is Y-connected. What are the phase voltage and currents in that load?

(b) Assume that Load 2 is A-connected. What are the phase voltage and currents in that load?

(c) What real, reactive, and apparent power does the generator supply when the switch is open?

(d) What is the total line current /, when the switch is open?

(e) What real, reactive, and apparent power does the generator supply when the switch is closed?

(/) What is the total line current /, when the switch is closed?

(g) How does the total line current /, compare to the sum of the three individual currents [, + 1/, + 1,?

If they are not equal, why not?
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Bus 1

1y
— Load1 | 100kW
0.9 PF lagging
Iy
G
L
480 V Load 2 80 kVA .
Y connected 0.8 PF lagging

I Load3 | 80KkW

—_—

I3 0.85 PF leading

SoLutioN Since the transmission lines are lossless in this power system, the full voltage generated by G,
will be present at each of the loads.

(a) Since this load is Y-connected, the phase voltage is

V. =—480V:277V

N

The phase current can be derived from the equation P =3V,/,cos @ as follows:

P 100 kW

® 3W,cos0  3(277V)(0.9)

(b) Since this load is A-connected, the phase voltage is
V=480V

The phase current can be derived from the equation §=3V,1, as follows:

S 80kVA

=—=———-=5556A
3y, 3(480V)

(c¢) The real and reactive power supplied by the generator when the switch is open is just the sum of the
real and reactive powers of Loads 1 and 2.
B =100 kW

0, = Ptan 6= Ptan(cos™ PF) = (100 kW)(tan25.84°) = 48.4 kvar
P, =Scosf=(80 kVA)(0.8) = 64 kW

0, = Ssin6=(80 kVA)(0.6) = 48 kvar

P, =P, + P, =100 kW + 64 kW =164 kW

0; =0, +0, =48.4 kvar +48 kvar = 96.4 kvar

(d)  The line current when the switch is open is given by 7, = N , where 9= tan™ 29 .
NE) V, cos@ P,
0=tan™' Qe = tan”' 964 kvar =30.45°
> 164 kW
P 164 kW

[ = = =228.8 A
k \/5 V, cos@ \/5 480 V)cos(30.45°
L
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2-4.

(e) The real and reactive power supplied by the generator when the switch is closed is just the sum of
the real and reactive powers of Loads 1, 2, and 3. The powers of Loads 1 and 2 have already been
calculated. The real and reactive power of Load 3 are:

P, =80 kW

0, = Ptan@= Ptan(cos™' PF) = (80 kW)] tan(~31.79°) ] = —49.6 kvar

P.=P+P,+ P, =100 kW + 64 kW +80 kW =244 kW

0, =0,+0, +Q, =48.4 kvar +48 kvar —49.6 kvar = 46.8 kvar

(/)  The line current when the switch is closed is given by 7, = __r , where 9= tan™! 9 .
NE) V, cos@ F;
6= tan" 26 = tan 208KV _ 16 g0
P, 244 kW
P 244 kW

=298.8 A

1 = =
3V, cos@ 3(480 V)cos(10.86°
L, V3( )cos( )

(g) The total line current from the generator is 298.8 A. The line currents to each individual load are:

P 100 kW
3V, cosh V/3(480 V)(0.9)
S 80 kVA
I,=—/2—= =962 A
23y, J3(480V)
A SOKW 11324

Il..= =
BBV, cosh,  /3(480 V)(0.85)

The sum of the three individual line currents is 343 A, while the current supplied by the generator is 298.8
A. These values are not the same, because the three loads have different impedance angles. Essentially,
Load 3 is supplying some of the reactive power being consumed by Loads 1 and 2, so that it does not
have to come from the generator.

Prove that the line voltage of a Y-connected generator with an ach phase sequence lags the corresponding
phase voltage by 30°. Draw a phasor diagram showing the phase and line voltages for this generator.

SoruTioN If the generator has an ach phase sequence, then the three phase voltages will be
v, =V,£0°
V,, =V,£-240°
v, =V,£-120°
The relationship between line voltage and phase voltage is derived below. By Kirchhoff’s voltage law,
the line-to-line voltage V,, is given by
Vab = Va - Vb
vV, =V,£0°— V,Z—-240°
(1 B,)) 3 B
Vab = V¢ —L—5V¢ +]7V¢J = Equ —]7V¢
N
2 73]
V,, =3V,£-30°

vV, = \/§V¢{
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Thus the line voltage lags the corresponding phase voltage by 30°.

connection is shown below.

be

an

cn

2-5.
P2-3.

IL1

—_—

ab

The phasor diagram for this

Find the magnitudes and angles of each line and phase voltage and current on the load shown in Figure

V,=120£0°V Vi \E
Ze Zy
- +
Vp=120£-120°V \12
R vl B
Ly 3 v, Zy=10220°0
Ve =120 £ -240°V I, .
I,
y /Iab P
Vv, =120£0°V Va,
Z Z
9 9
- +
V,, = 120/-120° V \Iw
— — % [C
I, Ly Zy=10£20°0
Vbc

V,, = 120£-240° V I

C —s

SorutioN Note that because this load is A-connected, the line and phase voltages are identical.
V,=V, -V, =120£0°V - 120£-120° V =208£30° V
V,.=V,, -V, =120£-120°V - 120£-240° V =208£-90° V

Vca =V,

cn
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vV, 208£30°V

[,=—%= =20.8210° A
Z,  10£20°Q
oY 2LV oo
Z,  10£20°Q
N 2SN e s
Z 10£20° Q

¢

I=1,-1_,=2082£10°A - 20.8£130° A =36/-20° A
I,=1,—1,=208/—-110°A - 20.8£10° A =36/-140° A
I=1_ -1, =20.8/130° A - 20.8£-110° A =36£100° A

2-6.  Figure P2-4 shows a small 480-V distribution system. Assume that the lines in the system have zero

impedance.
Load
1
V=480V |
: Load
I
J— 2
1,1

Capacitor
T bank

Delta connected
Z¢ =10£30° Q2

Wye connected
Z,=4.36.87° Q)

Wye connected
Zy=54-90°Q

(a) If the switch shown is open, find the real, reactive, and apparent powers in the system. Find the total
current supplied to the distribution system by the utility.

(b) Repeat part (a) with the switch closed. What happened to the total current supplied? Why?

SOLUTION

(a) With the switch open, the power supplied to each load is

v, 2
P =3;cos<9=3(480V)
V2 2
0 :3%51119:3%0—\/)
v, 2
P, :3§cos9=3(277v)

2

v 277V
0,= 3%51119: 3(

c0s 30° =59.86 kW
sin 30° = 34.56 kvar
c0s36.87° =46.04 kW

2
4—Q)sin 36.87° =34.53 kvar

Py =P, + P, =59.86 kW +46.04kW =105.9 kW
Oror =0, +0, =34.56 kvar + 34.53 kvar = 69.09 kvar

The apparent power supplied by the utility is

Stor = \/m =126.4 kVA

The power factor supplied by the utility is
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PF = cos| tan™ Qror = cos{tan'1 M} =0.838 lagging
ot 105.9 kW

The current supplied by the utility is

;o B 1059kW
"BV, PE 3 (480 V) (0.838)

(b)  With the switch closed, P, is added to the circuit. The real and reactive power of P, is
(277 V)

V2
1)3:3%(:0&9:3 cos (-90°) = 0 kW

2

V 2
P = 3%sin0= 3—(277 V)

sin (—900) =-46.06 kvar

Py =B +P+P =5986 kW + 46.04 kW + 0kW = 1059 kW
Oror =0, +0, + 0, =34.56 kvar + 34.53 kvar — 46.06 kvar = 23.03 kvar
The apparent power supplied by the utility is

Stor = m =108.4 kVA

The power factor supplied by the utility is

PF = cos| tan™ Gror = cos{tan1 M} =0.977 lagging
ot 105.9 kW

The current supplied by the utility is

P 105.9 kW

I = - =130.4 A
"BV, PF 3 (480 V) (0.977)
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Chapter 3: Transformers

3-1.

The secondary winding of a transformer has a terminal voltage of v (¢) =2828 sin 377t V. The turns

ratio of the transformer is 50:200 (a = 0.25).

If

the secondary current of the transformer is

i (t)=7.07 sin (377t —3687°) A, what is the primary current of this transformer? What are its voltage
regulation and efficiency? The impedances of this transformer referred to the primary side are

R, =005Q R.=75Q
X, =0225Q X, =20Q

SorutioN The equivalent circuit of this transformer is shown below. (Since no particular equivalent
circuit was specified, we are using the approximate equivalent circuit referred to the primary side.)

— eqp

JX,

L
a

eqp —_—

+0 I\/\/\( Y YY"\ o+

Vp §RC Xy

-0
(‘l) chp
Xeap
The secondary voltage and current are
Vi = —282'8 Z£0°V =200£0°V
V2
I, = ML —-36.87° A = 5£-36.87° A

2
The secondary voltage referred to the primary side is
V, =aV, =5020°V
The secondary current referred to the primary side is
I, = 175 —20/-36.87° A

The primary circuit voltage is given by

VP = VS, +IS’(ch +chq)

0 —
— 2
=R +CTRS

=X, +a’Xs

V, =502£0°V+(20£-36.87° A)0.05Q+ j0.225Q)=53.6/3.2°V

The excitation current of this transformer is

_53.6£32°V  53.6£32°V
75Q 7200
1, =2.774-71.9°

I=1.+1I,,

27
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3-2.

Therefore, the total primary current of this transformer is
I,=1; +1,, =20£-36.87°+2.77£-71.9°=223/L-41.0° A

The voltage regulation of the transformer at this load is

Ve—aVy 53.6-50

VR = XlOO%zTXIOO%:7.2%

aVy
The input power to this transformer is
Py =V,I, cos 0=(53.6 V)(22.3 A)cos [3.2°—(-41.0°)]
P, =(53.6 V)(22.3 A)cos 44.2° =857 W
The output power from this transformer is
Py =Vl cos@=(200 V)5 A)cos (36.87°) =800 W
Therefore, the transformer’s efficiency is

800 W

77:@Xmo%: leOO%:93.4%

IN

A 20-kVA 8000/277-V distribution transformer has the following resistances and reactances:

R,=32Q Ry =0.05Q
X,=45Q X, =0.06 Q
R, =250kQ X, =30kQ

The excitation branch impedances are given referred to the high-voltage side of the transformer.
(a) Find the equivalent circuit of this transformer referred to the high-voltage side.

(b) Find the per-unit equivalent circuit of this transformer.

(c) Assume that this transformer is supplying rated load at 277 V and 0.8 PF lagging. What is this
transformer’s input voltage? What is its voltage regulation?

(d) What is the transformer’s efficiency under the conditions of part (c)?

SOLUTION

(a) The turns ratio of this transformer is @ = 8000/277 = 28.89. Therefore, the secondary impedances
referred to the primary side are

RS' =a’R, =(28.89)°(0.05Q)=41.7Q
XS' =a’X, =(28.89)°(0.06Q)=50.1Q
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750.1 0

The resulting equivalent circuit is
f 320 j45Q 41.7Q
‘V\Al f‘Y"‘Y“Y“\_,,_I\NV_fWY\—o +
L

+ &
/
250 kQ 3 /30kQ

|

AV
Wy

AL

IS

—

} WY

primary side is
Lirse = Viase = 8000V =3200Q
1l 25A

base

=Z /Zbase’

78125 = _

el
|
B

(b) The rated kVA of the transformer is 20 kVA, and the rated voltage on the primary side is 8000 V, so
the rated current in the primary side is 20 kVA/8000 V = 2.5 A. Therefore, the base impedance on the

the resulting per-unit equivalent circuit is as shown below:

O

—

transformer:

(c) To simplify the calculations, use the simplified equivalent circuit referred to the primary side of the

[_’n

The secondary current in this transformer is

20kVA
I, =
277V

The secondary current referred to the primary side is
=2.50£-36.87° A

L _7222-3687°A
S a 28.89

Z£-36.87°A=722/-36.87°A



Therefore, the primary voltage on the transformer is

’

V, =V, + (REQ + jXEQ)IS
V, =8000£0°V +(73.7 + j95.1)(2.50£ - 36.87° A) = 8290.£0.55° V

The voltage regulation of the transformer under these conditions is

_8290-8000
8000

(d) Under the conditions of part (c), the transformer’s output power copper losses and core losses are:

Py = Scos @ =(20kVA)0.8) = 16 kW

x100% = 3.63%

N\ 2
P = (18 j Ry, =(2.5)°(73.7) = 461 W
’2
Vs 8290°

FE e S =275W
R. 250,000

The efficiency of this transformer is

7= Pyt < 100% = 16,000
FPyyr + Py + P, 16,000 + 461+ 275

core

x100% = 95.6%

3-3. A 2000-VA 230/115-V transformer has been tested to determine its equivalent circuit. The results of the
tests are shown below.

Open-circuit test Short-circuit test
VOC:230V VSC: 132V
10@20.45 A ISC:6.0A
POC:30W PSC:20.1W

All data given were taken from the primary side of the transformer.

(a) Find the equivalent circuit of this transformer referred to the low-voltage side of the transformer.

(b) Find the transformer’s voltage regulation at rated conditions and (1) 0.8 PF lagging, (2) 1.0 PF, (3) 0.8
PF leading.

(c) Determine the transformer’s efficiency at rated conditions and 0.8 PF lagging.

SOLUTION
(a) OPEN CIRCUIT TEST:
045A
Y.l=IG.—-jB,|= =0.001957 S
| EX| | c—J M| 230V
P
6 =cos” —  =cos™ 0w =73.15°
Vol o (230V)(0.45A)
Yoy =G.—jB,, =0.001957£-73.15° S = 0.000567-j0.001873 S
R. = L =1763Q
GC
X, = L =534 Q
BM
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SHORT CIRCUIT TEST:

Zig] = [Req + 1 = = 2200
6 =cos™ foe _ cos™ _ 201w 75.3°
Vel (132V)(6A)
Zyo = Reg + jXpg = 2.20£75.3°Q = 0.558 + j2.128 Q
Ry =0.558Q
Xy = j2.128Q

To convert the equivalent circuit to the secondary side, divide each impedance by the square of the turns
ratio (@ = 230/115 = 2). The resulting equivalent circuit is shown below:

alp Regs Kegg Ig
+o '\/\/\, Y Y o+
V RC . Xm
wogh o 3 Vs
(b) Reqs = g + RS
X
Xeqq = a—;’ + X
Ryqs =0.140 Q Xpos = j0.532.Q
Rey=4410Q X, s=134Q

(b) To find the required voltage regulation, we will use the equivalent circuit of the transformer referred
to the secondary side. The rated secondary current is

]S:MZSJOA
115V

We will now calculate the primary voltage referred to the secondary side and use the voltage regulation
equation for each power factor.
(1) 0.8 PF Lagging:

’

V, =V, +Z,I; =11520°V +(0.140 + j0.532 Q)(8.7.£-36.87° A)

’

V, =118.8£14°V

VR = %xm% = 3.3%

(2) 1.0 PF:
V, =V +Z I =11520°V +(0.140 + j0.532 Q)(8.7.£0° A)

’

V, =116.3£2.28°V
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3-4.

_1163-115

VR x100% =1.1%

(3) 0.8 PF Leading:

’

V, =V +Z, I =11520°V +(0.140 + j0.532 Q)(8.7£36.87° A)

’

V, =113.3£2.24°V

R = 1133115 1000, 1 50,

(c) Atrated conditions and 0.8 PF lagging, the output power of this transformer is
Py =Vl cos@=(115V)8.7A)0.8) =800 W
The copper and core losses of this transformer are

Py =15 Ry =(8.7A)(0.140Q)=10.6 W

N\ 2
[ij 2
o= (118.8V) 0w

“C T R, 441Q
Therefore the efficiency of this transformer at these conditions is
P,
n= OUT x100% = 800 W =94.9%
Py + Py + P, 800 W +10.6 W+32.0W

A single-phase power system is shown in Figure P3-1. The power source feeds a 100-kVA 14/2.4-kV
transformer through a feeder impedance of 38.2 +j140 Q. The transformer’s equivalent series impedance
referred to its low-voltage side is 0.12 + j0.5 Q. The load on the transformer is 90 kW at 0.85 PF lagging

and 2300 V.
3820 j140 Q) 0120  j05Q

_|_/\/W_NVV\_|_ %_mi
|

| I |
I I "y I Load

T

\" N v 90 kw
soniee C) : : zmg : S‘ \ 0.85 PF lagging
| | AN
| | |
| | |
| | |
— —
Source Feeder Transtormer TLoad

(transmission line)
(a) What is the voltage at the power source of the system?
(b) What is the voltage regulation of the transformer?

(c) How efficient is the overall power system?

SOLUTION

To solve this problem, we will refer the circuit to the secondary (low-voltage) side.

impedance referred to the secondary side is

- (2.4 kV
line —

2
(38.2Q+ j140Q)=1.12 + j4.11Q
14kV
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3-5.

The secondary current I is given by

_ 90kW
* (2300 V)(0.9)
I, =43.48£-258°A

=43.48A

(a) The voltage at the power source of this system (referred to the secondary side) is

’ ’

Voo =V +1.Z

source

V g 2300£0° V +(43.48£ - 25.8° A)(l.12+j4.11 Q) +(43.48£-25.8° A)(0.12+j0.5 Q)

source

line

+1Zy,

’

V =2441£3.7°V

source
Therefore, the voltage at the power source is

V... =(2441£3.7°V) L4 kv
2.4kV

source

=14.24/3.7°kV

(b) To find the voltage regulation of the transformer, we must find the voltage at the primary side of the
transformer (referred to the secondary side) under full load conditions:

V, =V, +1,Z,,

V, =2300£0°V +(43.48£ -25.8°A)(0.12 + j0.5Q)=2314£0.43°V

There is a voltage drop of 14 V under these load conditions. Therefore the voltage regulation of the
transformer is

R = 2314 -2300
2300

(c) The power supplied to the load is Poyr = 90 kW. The power supplied by the source is

x100% = 0.6%

Py =V, 'IS cos @ = (2441 V)(43.48 A)cos 29.5° = 92.37 kW

source
Therefore, the efficiency of the power system is

n=Tour 1000 = 22KV 100% = 97.4%
N 9237 kW

When travelers from the USA and Canada visit Europe, they encounter a different power distribution
system. Wall voltages in North America are 120 V rms at 60 Hz, while typical wall voltages in Europe
are 220-240 V at 50 Hz. Many travelers carry small step-up / step-down transformers so that they can use
their appliances in the countries that they are visiting. A typical transformer might be rated at 1-kVA and
120/240 V. It has 500" turns of wire on the 120-V side and 1000 turns of wire on the 240-V side. The
magnetization curve for this transformer is shown in Figure P3-2, and can be found in file p32.mag at
this book’s Web site.

' Note that this turns ratio was backwards in the first printing of the text. This error should be corrected in all
subsequent printings.
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(a) Suppose that this transformer is connected to a 120-V, 60 Hz power source with no load
connected to the 240-V side. Sketch the magnetization current that would flow in the transformer.
(Use MATLAB to plot the current accurately, if it is available.) What is the rms amplitude of the
magnetization current? What percentage of full-load current is the magnetization current?

(b) Now suppose that this transformer is connected to a 240-V, 50 Hz power source with no load
connected to the 120-V side. Sketch the magnetization current that would flow in the transformer.
(Use MATLAB to plot the current accurately, if it is available.) What is the rms amplitude of the
magnetization current? What percentage of full-load current is the magnetization current?

(c) In which case is the magnetization current a higher percentage of full-load current? Why?
SOLUTION

(a)  When this transformer is connected to a 120-V 60 Hz source, the flux in the core will be given by
the equation

o) =— aI)/]AV4 cos wt (3-104)
P

The magnetization current required for any given flux level can be found from Figure P3-2, or alternately
from the equivalent table in file p32.mag. The MATLAB program shown below calculates the flux
level at each time, the corresponding magnetization current, and the rms value of the magnetization
current.

o\

M-file: prob3 5a.m
M-file to calculate and plot the magnetization
current of a 120/240 transformer operating at

o\

o\
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o°

120 volts and 60 Hz. This program also
calculates the rms value of the mag. current.

o°

o°

Load the magnetization curve. It is in two
columns, with the first column being mmf and
¥ the second column being flux.

load p32.mag;

mmf data = p32(:,1);

flux data = p32(:,2);

o°

o

% Initialize values
S = 1000;

o\°

Apparent power (VA)
Vrms = 120; Rms voltage (V)

VM = Vrms * sqgrt(2); Max voltage (V)

NP = 500; % Primary turns

o\

o\°

% Calculate angular velocity for 60 Hz

freq = 60; % Freq (Hz)

w =2 * pi * freq;

% Calculate flux versus time

time = 0:1/3000:1/30; $ 0 to 1/30 sec
flux = -VM/ (w*NP) * cos(w .* time);

% Calculate the mmf corresponding to a given flux
% using the MATLAB interpolation function.
mmf = interpl(flux data,mmf data, flux);

% Calculate the magnetization current
im = mmf / NP;

% Calculate the rms value of the current
irms = sgrt(sum(im.”2)/length(im)) ;
disp(['The rms current at 120 V and 60 Hz is ', num2str(irms)]) ;

% Calculate the full-load current
i f1 = s / Vrms;

% Calculate the percentage of full-load current

percnt = irms / i f1 * 100;

disp(['The magnetization current is ' num2str (percnt)
'$ of full-load current.']);

$ Plot the magnetization current.

figure (1)

plot (time, im) ;

title ('\bfMagnetization Current at 120 V and 60 Hz');

xlabel ('\bfTime (s)');

ylabel ('\bf\itI {m} \rm(a)');

axis ([0 0.04 -0.5 0.5]);

grid on;

When this program is executed, the results are

» prob3 5a
The rms current at 120 V and 60 Hz is 0.31863
The magnetization current is 3.8236% of full-load current.
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The rms magnetization current is 0.318 A. Since the full-load current is 1000 VA / 120 V = 8.33 A, the
magnetization current is 3.82% of the full-load current. The resulting plot is

Magnetization Current at 120 V and 60 Hz
0.5 T T T T

041 , : ~ .

03 : 4

02+ : B

01r : f 4
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020 ~ .

03+ B

0.5 i I i i I i I
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(b)  When this transformer is connected to a 240-V 50 Hz source, the flux in the core will be given by
the equation

v
o(t) = ——2Lcos ax (3-104)
oN

The magnetization current required for any given flux level can be found from Figure P3-2, or alternately
from the equivalent table in file p32.mag. The MATLAB program shown below calculates the flux
level at each time, the corresponding magnetization current, and the rms value of the magnetization
current.

o\

M-file: prob3 5b.m

M-file to calculate and plot the magnetization
current of a 120/240 transformer operating at
240 volts and 50 Hz. This program also
calculates the rms value of the mag. current.

o° o° o

o\

o\°

Load the magnetization curve. It is in two
columns, with the first column being mmf and
¥ the second column being flux.

load p32.mag;

mmf data = p32(:,1);

flux data = p32(:,2);

o\°

e

% Initialize values
S = 1000;

Vrms = 240;

VM = Vrms * sqgrt(2);
NP = 1000;

o\

Apparent power (VA)
Rms voltage (V)

Max voltage (V)
Primary turns

o° oP

o\

[}

% Calculate angular velocity for 50 Hz
freq = 50; % Freq (Hz)
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w =2 * pi * freqg;

% Calculate flux versus time
time = 0:1/2500:1/25; % 0 to 1/25 sec
flux = -VM/ (w*NP) * cos(w .* time);

% Calculate the mmf corresponding to a given flux
% using the MATLAB interpolation function.
mmf = interpl(flux data,mmf data, flux);

% Calculate the magnetization current
im = mmf / NP;

% Calculate the rms value of the current
irms = sgrt(sum(im.”2)/length (im)) ;
disp(['The rms current at 50 Hz is ', num2str(irms)]);

% Calculate the full-load current
i f1 = s / Vrms;

% Calculate the percentage of full-load current

percnt = irms / i f1 * 100;

disp(['The magnetization current is ' num2str (percnt)
'$ of full-load current.']);

% Plot the magnetization current.

figure (1) ;

plot (time,im) ;

title ('\bfMagnetization Current at 240 V and 50 Hz');
xlabel ('\bfTime (s)');

ylabel ('\bf\itI {m} \rm(a)');

axis ([0 0.04 -0.5 0.5]);

grid on;

When this program is executed, the results are
» prob3 5b

The rms current at 50 Hz is 0.22973
The magnetization current is 5.5134% of full-load current.

The rms magnetization current is 0.318 A. Since the full-load current is 1000 VA /240 V =4.17 A, the
magnetization current is 5.51% of the full-load current. The resulting plot is shown below.
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Magnetization Current at 240 V and 50 Hz
0.5 T T T T

0.4+ : i

03 B B

0.2} ~ : .

01} : .

by (A)

01+ B ,

0.2+~ B B -

OB e

0.4 B -

0.5 i i I i I i i
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Time (s)

(¢) The magnetization current is a higher percentage of the full-load current for the 50 Hz case than for
the 60 Hz case. This is true because the peak flux is higher for the 50 Hz waveform, driving the core
further into saturation.

A 15-kV A 8000/230-V distribution transformer has an impedance referred to the primary of 80 + ;300 Q.

The components of the excitation branch referred to the primary side are R. =350kQ and X, =70kQ.

(a) If the primary voltage is 7967 V and the load impedance is Zj = 3.2 + 1.5 Q, what is the secondary
voltage of the transformer? What is the voltage regulation of the transformer?

(b) If the load is disconnected and a capacitor of —j3.5 Q is connected in its place, what is the secondary
voltage of the transformer? What is its voltage regulation under these conditions?

SOLUTION

(a) The easiest way to solve this problem is to refer all components to the primary side of the
transformer. The turns ratio is @ = 8000/230 = 34.78. Thus the load impedance referred to the primary
side is

ZL, =(34.78)’(3.2+ j1.5Q)=3871+ jI1815Q

The referred secondary current is

! 7967£0°V 7967£0°V

I, _ : = =1.784-282°A
(80+ j300Q)+(3871+ j1815Q) 4481.£28.2°Q

and the referred secondary voltage is
V, =l Z, = (1.784—28.2o A)(3871+j1815 Q) =7610£-3.1°V

The actual secondary voltage is thus

’

V, 7610£-3.1°V

V. =
S oa 34.78

=218.8£-3.1°V
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The voltage regulation is
R = 2077610 16094 = 4.7%

(b)  As before, the easiest way to solve this problem is to refer all components to the primary side of the
transformer. The turns ratio is again a = 34.78. Thus the load impedance referred to the primary side is

Z, =(34.78) (- j3.5Q)=—;4234Q
The referred secondary current is

! 7967£0°V 7967£0°V

I =
* (804 j300Q)+ (- j4234Q) 3935/-88.8°Q

=2.025£88.8° A

and the referred secondary voltage is
V, =1, Z, =(2.25288.8° A)(—/4234 Q)=8573£-1.2°V

The actual secondary voltage is thus

’

V, 8573/-12°V

Vi = =246.54-1.2°V
a 34.78
The voltage regulation is
R = 2078573 L 100% = —7.07%

3-7. A 5000-kVA 230/13.8-kV single-phase power transformer has a per-unit resistance of 1 percent and a
per-unit reactance of 5 percent (data taken from the transformer’s nameplate). The open-circuit test
performed on the low-voltage side of the transformer yielded the following data:

Voe =138 kV I, =15.1A Py =449kW
(a) Find the equivalent circuit referred to the low-voltage side of this transformer.

(b) 1f the voltage on the secondary side is 13.8 kV and the power supplied is 4000 kW at 0.8 PF
lagging, find the voltage regulation of the transformer. Find its efficiency.

SOLUTION

(a) The open-circuit test was performed on the low-voltage side of the transformer, so it can be used to
directly find the components of the excitation branch relative to the low-voltage side.

151 A

Y..|=|G.— jB,|= =0.0010942
[ex|=1Ge = 84| 13.8kV
0 =cos™ foc  _ cos™ 44.9 kW =77.56°
Vol oe (13.8kV)(15.1A)
Y, =G, — jB, =0.0010942/-77.56° S = 0.0002358— j0.0010685 S
R. = 1 w00
GC

1
X, =—=936Q

M

The base impedance of this transformer referred to the secondary side is
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3-8.

Vi, (13.8kVY)’

= —base — =38.09Q
5000 kVA

base
S

base

so R, =(0.01)38.09Q)=0.38Q and X, =(0.05)(38.09Q)=1.9Q. The resulting equivalent
EQ EQ

circuit is shown below:

_..GIP Req s leq S —"IS
+o MN—N o+
\Y R. X
r 2L I Vs
Re(LS =0.38Q Xeq,s =719 Q
RC,S =4240Q XM’S =936Q

(b) If the load on the secondary side of the transformer is 4000 kW at 0.8 PF lagging and the secondary
voltage is 13.8 kV, the secondary current is

_ P . 4000kW
.= -
V. PF (13.8kV)(0.8)
I, =362.3£-36.87° A

=362.3A

The voltage on the primary side of the transformer (referred to the secondary side) is

’

V, =V +1,Z,,
V, =13,800£0° V +(362.3£-36.87° A)(0.38+ j1.9 Q) =14,330£1.9° V

There is a voltage drop of 14 V under these load conditions. Therefore the voltage regulation of the
transformer is

R = 14,330-13,800
13,800

x100% = 3.84%

The transformer copper losses and core losses are

Py =1 Ry =(362.3A)°(0.38Q)=49.9kW

7N 2
() _passovs
_(14330V) _ o w
R, 4240Q

Therefore the efficiency of this transformer at these conditions is

n= Four x100% = 4000 W =97.6%
Poyr + Py + P 4000 W +49.9 W +48.4 W

core

A 150-MVA 15/200-kV single-phase power transformer has a per-unit resistance of 1.2 percent and a per-
unit reactance of 5 percent (data taken from the transformer’s nameplate). The magnetizing impedance is
7100 per unit.
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(a) Find the equivalent circuit referred to the low-voltage side of this transformer.

(b) Calculate the voltage regulation of this transformer for a full-load current at power factor of 0.8
lagging.
(c) Assume that the primary voltage of this transformer is a constant 15 kV, and plot the secondary

voltage as a function of load current for currents from no-load to full-load. Repeat this process for
power factors of 0.8 lagging, 1.0, and 0.8 leading.

SOLUTION

(a) The base impedance of this transformer referred to the primary (low-voltage) side is

Z — vaase2 — (151{\/)2 — 159
base g 150 MVA

base

so Ry, =(0.012)(1.5Q)=0.018Q
Xy =(0.05)(1.5Q)=0.075Q
X, =(100)1.5Q)=150Q

The equivalent circuit is

Vp §RC Xy avVy

—o o—
(a) Regp =R, + a’Rg
Xeqp =X, + X
Ry, =0.018Q Xeop =70.075Q
R, =not specified X, =150Q

(b) If the load on the secondary (high voltage) side of the transformer is 150 MVA at 0.8 PF lagging,
and the referred secondary voltage is 15 kV, then the referred secondary current is

S’:PLOAD __ISOMVA o000
V,PF  (15kV)(0.8)

I, =12,500£-36.87° A

The voltage on the primary side of the transformer is

Vo=V +13Zy,p
V, =15,000£0° V +(12,500£ —36.87° A)(0.018+ j0.075 Q) =15,755£2.24° V

Therefore the voltage regulation of the transformer is

_15,755-15,000
15,000

VR x100% = 5.03%
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(c) This problem is repetitive in nature, and is ideally suited for MATLAB. A program to calculate the
secondary voltage of the transformer as a function of load is shown below:

o°

M-file: prob3 8.m

M-file to calculate and plot the secondary voltage
of a transformer as a function of load for power
factors of 0.8 lagging, 1.0, and 0.8 leading.
These calculations are done using an equivalent
circuit referred to the primary side.

o° o° o° oe

o°

o°

Define values for this transformer

VP = 15000; % Primary voltage (V)
amps = 0:125:12500; % Current values (A)
Req = 0.018; % Equivalent R (ohms)

o\°

Xeq = 0.075; Equivalent X (ohms)

o°

Calculate the current values for the three
power factors. The first row of I contains
the lagging currents, the second row contains
the unity currents, and the third row contains
the leading currents.

o o o°

o°

I(1,:) = amps .* ( 0.8 - j*0.6); % Lagging
I(2,:) = amps .* ( 1.0 ); % Unity
I(3,:) = amps .* ( 0.8 + j*0.6); % Leading

% Calculate VS referred to the primary side
% for each current and power factor.
avs = VP - (Req.*I + j.*Xeq.*I);

Refer the secondary voltages back to the
secondary side using the turns ratio.
VS = avs * (200/15);

o
]
)

]

% Plot the secondary voltage versus load

°

plot (amps,abs(VS(1l,:)), 'b-', 'LineWidth',2.0) ;
hold on;

plot (amps,abs(VS(2,:)), 'k--', 'LineWidth',2.0) ;
plot (amps,abs(VS(3,:)),'r-."', 'LineWidth',2.0) ;

title ('\bfSecondary Voltage Versus Load') ;

xlabel ('\bfLoad (Aa)');

ylabel ('\bfSecondary Voltage (%)');

legend('0.8 PF lagging','1.0 PF','0.8 PF leading');
grid on;

hold off;
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The resulting plot of secondary voltage versus load is shown below:
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3-9. A three-phase transformer bank is to handle 400 kVA and have a 34.5/13.8-kV voltage ratio. Find the
rating of each individual transformer in the bank (high voltage, low voltage, turns ratio, and apparent
power) if the transformer bank is connected to (@) Y-Y, (b) Y-A, (c) A-Y, (d) A-A.

SorutioN For these four connections, the apparent power rating of each transformer is 1/3 of the total
apparent power rating of the three-phase transformer.

The ratings for each transformer in the bank for each connection are given below:
Connection Primary Voltage Secondary Voltage Apparent Power Turns Ratio

Y-Y 19.9 kV 7.97kV 133 kVA 2.50:1
Y-A 19.9 kV 13.8kV 133 kVA 1.44:1
A-Y 345kV 7.97 kV 133 kVA 4.33:1
A-A 34.5kV 13.8kV 133 kVA 2.50:1

3-10. A Y-connected of three identical 100-kVA 7967/277-V* transformers is supplied with power directly

from a large constant-voltage bus. In the short-circuit test, the recorded values on the high-voltage side
for one of these transformers are

Vie =560V I =12.6A P =3300 W

(a) If this bank delivers a rated load at 0.88 PF lagging and rated voltage, what is the line-to-line voltage
on the primary of the transformer bank?

(b) What is the voltage regulation under these conditions?

(c) Assume that the primary line voltage of this transformer bank is a constant 13.8 kV, and plot the
secondary line voltage as a function of load current for currents from no-load to full-load. Repeat this
process for power factors of 0.85 lagging, 1.0, and 0.85 leading.

(d) Plot the voltage regulation of this transformer as a function of load current for currents from no-load
to full-load. Repeat this process for power factors of 0.85 lagging, 1.0, and 0.85 leading.

* This voltage was misprinted as 7967/480-V in the first printing of the text. This error should be corrected in all
subsequent printings.
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SoruTtioN From the short-circuit information, it is possible to determine the per-phase impedance of the
transformer bank referred to the high-voltage side. The primary of this transformer is Y-connected, so the
short-circuit phase voltage is

Vyse = Yse _3233v

3

the short-circuit phase current is

I =12.6A

and the power per phase is

P,

Pose ==5=1100W

9

Thus the per-phase impedance is

1Z 0| =|Req + X eo| = % =25.66 Q2

P, L 1100w

Vel 0 (3233V)126A)
Zuo = Reg + jX 1o =25.66£74.3° Q=694+ j24.7Q
Ry, =6.94Q

Xpo = j247Q

o

6 =cos™

(a) If this Y-Y transformer bank delivers rated kVA at 0.88 power factor lagging while the secondary
voltage is a rated value, then each transformer delivers 33.3 kVA at a voltage of 277 V and 0.88 PF
lagging. Referred to the primary side of one of the transformers, this load is equivalent to 33.3 kVA at
7967 V and 0.88 PF lagging. The equivalent current flowing in the secondary of one transformer referred
to the primary side is

’ 33.3kVA

by == 4184 A
S 7967V

’

I, =4.1842-2836°A

The voltage on the primary side of a single transformer is thus

’

VM = VM +I¢,S ZEQ’P
V,p= 7967 £0° V+(4.1844 —28.36° A)(6.94+j24.7 Q) =8042.20.55° V

The line-to-line voltage on the primary of the transformer is
Vi =3V, =4/3(8042V)=13.93kV

(b) The voltage regulation of each transformer in the bank, and therefore of the entire transformer bank,
is
R = 8042 -7967
7967

x100% = 0.94%
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Note: It is much easier to solve problems of this sort in the per-unit
system, as we shall see in the next problem.

(c)  This sort of repetitive operation is best performed with MATLAB. A suitable MATLAB program is
shown below:

M-file: prob3 10c.m

M-file to calculate and plot the secondary voltage
of a three-phase Y-Y transformer bank as a function
of load for power factors of 0.85 lagging, 1.0,

and 0.85 leading. These calculations are done using
an equivalent circuit referred to the primary side.

o° o o o oP°

o\

o\°

Define values for this transformer

VL = 13800; Primary line voltage (V)

VPP = VL / sqrt(3); Primary phase voltage (V)
amps = 0:0.04184:4.184; Phase current values (A)

Req = 6.94; Equivalent R (ohms)

Xeq 24.7; Equivalent X (ohms)

o° o o o°

o\

% Calculate the current values for the three

% power factors. The first row of I contains

% the lagging currents, the second row contains
% the unity currents, and the third row contains
% the leading currents.

re = 0.85;

im = sin(acos(re)) ;

I(1,:) = amps .* ( re - j*im); % Lagging
I(2,:) = amps .* ( 1.0 ); % Unity
I(3,:) = amps .* ( re + j*im); % Leading

% Calculate secondary phase voltage referred
% to the primary side for each current and

% power factor.

avVSP = VPP - (Req.*I + j.*Xeq.*I);

% Refer the secondary phase voltages back to
% the secondary side using the turns ratio.

% Because this is a delta-connected secondary,
% this is also the line voltage.

VSP = aVvVSP * (277/7967) ;

% Convert secondary phase voltage to line
% voltage.
VSL = sqgrt(3) * VSP;

[}

% Plot the secondary voltage versus load

plot (amps,abs (VSL(1,:)), 'b-', 'LineWidth',2.0) ;
hold on;

plot (amps,abs (VSL(2,:)), 'k--', 'LineWidth',2.0) ;
plot (amps,abs (VSL(3,:)),'r-."', 'LineWidth',2.0) ;

title ('\bfSecondary Voltage Versus Load') ;

xlabel ('\bfLoad (A)');

ylabel ('\bfSecondary Voltage (V)');

legend ('0.85 PF lagging','1.0 PF','0.85 PF leading') ;
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grid on;
hold off;

The resulting plot is shown below:
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(d) This sort of repetitive operation is best performed with MATLAB. A suitable MATLAB program is
shown below:

M-file: prob3 10d.m

M-file to calculate and plot the voltage regulation

of a three-phase Y-Y transformer bank as a function

of load for power factors of 0.85 lagging, 1.0,

and 0.85 leading. These calculations are done

using an equivalent circuit referred to the primary side.

o° o° o o o° o

% Define values for this transformer

VL = 13800; Primary line voltage (V)

VPP = VL / sqgrt(3); Primary phase voltage (V)
amps = 0:0.04184:4.184; Phase current values (A)

Reg 6.94; Equivalent R (ohms)

Xeq = 24.7; Equivalent X (ohms)

o\°

o° o o o?

Calculate the current values for the three
power factors. The first row of I contains
the lagging currents, the second row contains
the unity currents, and the third row contains
the leading currents.

o° o° o° o° o

re = 0.85;

im = sin(acos(re));

I(1,:) = amps .* ( re - j*im); % Lagging
I(2,:) = amps .* ( 1.0 )i % Unity
I(3,:) = amps .* ( re + j*im); % Leading

Calculate secondary phase voltage referred
to the primary side for each current and
power factor.

o o o°
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3-11.

avsSP = VPP - (Req.*I + j.*Xeq.*I);

% Calculate the voltage regulation.
VR = (VPP - abs(aVsSP)) ./ abs(avspP) .* 100;

% Plot the voltage regulation versus load

plot (amps,VR(1,:), 'b-"', 'LineWidth',2.0) ;
hold on;

plot (amps,VR(2,:), 'k--"', 'LineWidth',2.0) ;
plot (amps,VR(3,:),'r-."', 'LineWidth',2.0) ;

title ('\bfVoltage Regulation Versus Load') ;

xlabel ('\bfLoad (&)');

ylabel ('\bfVoltage Regulation (%)');

legend('0.85 PF lagging','1.0 PF','0.85 PF leading') ;
grid on;

hold off;

The resulting plot is shown below:
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A 100,000-kVA 230/115-kV A-A three-phase power transformer has a per-unit resistance of 0.02 pu and a
per-unit reactance of 0.055 pu. The excitation branch elements are R. =110pu and X,, =20 pu.

(a) If this transformer supplies a load of 80 MVA at 0.85 PF lagging, draw the phasor diagram of one
phase of the transformer.

(b) What is the voltage regulation of the transformer bank under these conditions?

(c) Sketch the equivalent circuit referred to the low-voltage side of one phase of this transformer.
Calculate all the transformer impedances referred to the low-voltage side.

SOLUTION

(a) The transformer supplies a load of 80 MVA at 0.85 PF lagging. Therefore, the secondary line
current of the transformer is

S 80,000,000 VA _

= =402 A
V3V, +/3(115,000 V)

I5=
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The base value of the secondary line current is

I = Sbase _ 10090005000 VA =
LS base \/EVLS,base \/5(1 15,000 V)

so the per-unit secondary current is

Lo = s AR 0s1(0.85) =082~ 31.8°
M I S02A

The per-unit phasor diagram is shown below:

0
\ V= 1.0£0°

1=0.84-31.8°
(b) The per-unit primary voltage of this transformer is

V, =V +1Z, =1.0£0°+(0.8£-31.8°)(0.02+ j0.055) =1.037.£1.6°

and the voltage regulation is

VR = %XIOO% =3.7%

(c¢) The base impedance of the transformer referred to the low-voltage side is:

3V, 2
LT 2(115kV)" _ 3970
S,.. 100MVA

Each per-unit impedance is converted to actual ohms referred to the low-voltage side by multiplying it by
this base impedance. The resulting equivalent circuit is shown below:

aIp Reqs IXeqs IS
n c' W\l r'vW\—o' +
7.940) 72180
aly .. l lal
-
_P Vv
a 43.7kQ} § s
7j7.94kQ

Rios =(0.02)397Q)=7.94Q
Xpos =(0.055)(397Q)=21.8Q
R.=(110)(397 Q) =43.7kQ
X, =(20)(397Q)=7.94kQ
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3-12.

3-13.

An autotransformer is used to connect a 12.6-kV distribution line to a 13.8-kV distribution line. It must
be capable of handling 2000 kVA. There are three phases, connected Y-Y with their neutrals solidly
grounded.

(a) What must the N/ Ng; turns ratio be to accomplish this connection?
(b) How much apparent power must the windings of each autotransformer handle?

(c) If one of the autotransformers were reconnected as an ordinary transformer, what would its ratings be?

SOLUTION

(a) The transformer is connected Y-Y, so the primary and secondary phase voltages are the line

voltages divided by \/g . The turns ratio of each autotransformer is given by

V, _No+Ng 13.8kVA3
V,  N.  12.6kV/3
126 N, +12.6 Ny, =13.8 N,
12.6 Ny, =12 N,.

Therefore, N/ Ng. =10.5.

(b) The power advantage of this autotransformer is

S _Ne+Ng _ N +105N. _ s
SW NC NC .

so 1/11.5 of the power in each transformer goes through the windings. Since 1/3 of the total power is
associated with each phase, the windings in each autotransformer must handle

g _ 2000kVA
T (3)(11.5)

(c) The voltages across each phase of the autotransformer are 13.8 kV/~/3 = 7967 V and 12.6 kV/+/3
= 7275 V. The voltage across the common winding (N ) is 7275 kV, and the voltage across the series

winding (N ) is 7967 kV — 7275 kV = 692 V. Therefore, a single phase of the autotransformer
connected as an ordinary transformer would be rated at 7275/692 V and 58 kVA.

=58kVA

A 12.4-kV single-phase generator supplies power to a load through a transmission line. The load’s
impedance is Z, ,, =500£36.87° €2, and the transmission line’s impedance is Z,,, = 60.£60° Q.

line
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" [ ]
@ V=124L0°kV 2 g § % Z10ad
L T

&
(a) 1f the generator is directly connected to the load (Figure P3-3a), what is the ratio of the load
voltage to the generated voltage? What are the transmission losses of the system?

(b) 1f a 1:10 step-up transformer is placed at the output of the generator and a 10:1 transformer is
placed at the load end of the transmission line, what is the new ratio of the load voltage to the
generated voltage (Figure P3-35)? What are the transmission losses of the system now? (Note: The
transformers may be assumed to be ideal.)

SOLUTION

(a) In the case of the directly-connected load, the line current is

12.4£0° kV

tine = Nioad = =2232/-39.3° A
60£60° Q +500£36.87° Q

I

The load voltage is
Vit = Lo Zioaa = (22.32£-39.3° A)(500£36.87° Q) =11.16£ —2.43° kV

load load

The ratio of the load voltage to the generated voltage is 11.16/12.4 = 0.90. The transmission losses in the
system are

P, =1, Ry =(2232 A)’ (30 Q) =14.9 kW

loss line ~“line

(b) 1In this case, a 1:10 step-up transformer precedes the transmission line and a 10:1 step-down
transformer follows the transmission line. If the transformers are removed by referring the transmission
line to the voltage levels found on either end, then the impedance of the transmission line becomes

, 2 2
Z,. = [L] Zine = (l) (60£60° Q) = 0.60.£60° Q
10 10

The current in the referred transmission line and in the load becomes

¢ 12.420° kV

Lie =L = =24.773/-36.90° A
0.60.260° Q +500.36.87° Q

The load voltage is
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3-15.

Vi = Lo Zins = (24.773£-36.90° A)(500£36.87° Q) = 12.386.£ - 0.03° kV

The ratio of the load voltage to the generated voltage is 12.386/12.4 = 0.999. Also, the transmission
losses in the system are reduced. The current in the transmission line is

1 1

L = (—j Lo = [—) (24.77 A)=2.477 A
10 10

and the losses in the transmission line are

P =1 "R

> = L Rine = (2477 A)* (30 Q) = 184 W
Transmission losses have decreased by a factor of more than 80!

A 5000-VA 480/120-V conventional transformer is to be used to supply power from a 600-V source to a
120-V load. Consider the transformer to be ideal, and assume that all insulation can handle 600 V.

(a) Sketch the transformer connection that will do the required job.
(b) Find the kilovoltampere rating of the transformer in the configuration.

(c) Find the maximum primary and secondary currents under these conditions.

SoLuTioN (a) For this configuration, the common winding must be the smaller of the two windings, and
Ng: =4N_ . The transformer connection is shown below:

+
NSE
E——
600 V . *
N, 3
120V

(b) The kVA rating of the autotransformer can be found from the equation

Ny + N, _4N.+ N,

Sio = s, = 5000 VA)=6250 VA
o= Mt lles, <N soova)
(¢) The maximum primary current for this configuration will be
I, :£=—6250VA =104 A
Ve, 600V
and the maximum secondary current is
S _Q50VA_ o)\
Ve 120V

A 5000-VA 480/120-V conventional transformer is to be used to supply power from a 600-V source to a
480-V load. Consider the transformer to be ideal, and assume that all insulation can handle 600 V.
Answer the questions of Problem 3-14 for this transformer.

SoLuTtioN (@) For this configuration, the common winding must be the larger of the two windings, and
N, =4Ng; . The transformer connection is shown below:
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3-16.

NSE
l—e
600 V - +
v 3
¢ 480 V

(b) The kVA rating of the autotransformer can be found from the equation

_ Ny +4Ng

S = N + Ne S, = (5000 VA) = 25,000 VA
N N
(¢) The maximum primary current for this configuration will be
I, =i _ 25,000 VA 4167 A
Ve, 600V
and the maximum secondary current is
) :iz 25,000 VA —5 1A
Vs 480V

Note that the apparent power handling capability of the autotransformer is much higher when there is only
a small difference between primary and secondary voltages. Autotransformers are normally used when
there is a relatively small difference between the two voltage levels.

Prove the following statement: If a transformer having a series impedance Z, is connected as an

autotransformer, its per-unit series impedance Z e’q as an autotransformer will be
Zl — NSE
“ Ng + N
SE c
Note that this expression is the reciprocal of the autotransformer power advantage.

SorutioNn The impedance of a transformer can be found by shorting the secondary winding and
determining the ratio of the voltage to the current of its primary winding. For the transformer connected

as an ordinary transformer, the impedance referred to the primary (V) is:

._Zl ZZ_.
+ +

Vv N,

1 c N \%

SE

2
N,
Zeq = Zl +(N_CJ ZZ

The corresponding equivalent circuit is:
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©q

+
+ o

When this transformer is connected as an autotransformer, the circuit is as shown below. If the output

windings of the autotransformer are shorted out, the voltages V,, (and hence V_) will be zero, and the

voltage V, will be

—>
[N = \%
v H
+ HV I,

€q

v, v ]

C NC

VL = ICZeq

where Z,, is the impedance of the ordinary transformer. However,

=141, =1, + ey, =Nt Ney
SE NSE
or Icz—NSE ;
Ny + N

so the input voltage can be expressed in terms of the input current as:

vV, =1.Z Nse

=__SE_y g7
7 Ng + N,

L™ eq

The input impedance of the autotransformer is defined as Z,, =V, /1, so

Vi Ny

7 —_ "'SE
“ IL NSE+NC “

This is the expression that we were trying to prove.

Three 25-kVA 24,000/277-V distribution transformers are connected in A-Y. The open-circuit test was
performed on the low-voltage side of this transformer bank, and the following data were recorded:

Vineoc =480V Iy oc =4.10A Pyyoc = 945 W
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The short-circuit test was performed on the high-voltage side of this transformer bank, and the following
data were recorded:

Vinesc =1400V I, o =1.80 A Pysc =912 W
(a) Find the per-unit equivalent circuit of this transformer bank.
(b) Find the voltage regulation of this transformer bank at the rated load and 0.90 PF lagging.

(c) What is the transformer bank’s efficiency under these conditions?

SoLutioN (@) The equivalent of this three-phase transformer bank can be found just like the equivalent
circuit of a single-phase transformer if we work on a per-phase bases. The open-circuit test data on the
low-voltage side can be used to find the excitation branch impedances referred to the secondary side of
the transformer bank. Since the low-voltage side of the transformer is Y-connected, the per-phase open-
circuit quantities are:

Vyoe =271V I,oc =4.10A Poc =315W

The excitation admittance is given by

4.10 A
Vel =52 Tooe _A10A _ 01483
Voo 277V
The admittance angle is
( Py ) 1 )
@=—cos”' LLJ —cos” k 315 W ) =-73.9°
Vyoc Looc 277V) (4.10 A)
Therefore,
Y., =G.— jB,, =0.01483£—-73.9°=0.00411- ;0.01425

R, =1/GC _243 Q
X, =1/B,=702Q

The base impedance referred to the low-voltage side is

. ) vy

eSS, 25 kVA

=3.069 Q

so the excitation branch elements can be expressed in per-unit as

243 Q 20
R =282 295 x, =2
3.069 Q 3.069 Q

=229 pu

The short-circuit test data can be used to find the series impedances referred to the high-voltage side,
since the short-circuit test data was taken on the high-voltage side. Note that the high-voltage is A-

connected, s0 V, . =V, =1400 V, [, = I /</3=1.039 A, and Py =PR./3=304W.

s 1400V

VA _Vose _ =1347 Q
| EQ| I,sc 1.039A
(P )
6=cos™’ k“’—scj =cos™ ( 304 W } =77.9°
Vyse Lyse (1400 V) (1.039 A)

Zpo =Ry + jX, =1347£77.9° =282+ j1371 Q
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The base impedance referred to the high-voltage side is

2
V 2
_Ver) _(24000V) =24,040 Q

7 =
s, 25 kVA

The resulting per-unit impedances are
282 Q 1371 Q
=———=0.0117 pu X, =—=0.057 pu
e 24,040 Q P 024,040 Q P

The per-unit, per-phase equivalent circuit of the transformer bank is shown below:

I, I,
—_— REQ jX o —»
+ 0.0117  j0.057 +
Ve R¢ JXy Vs
79.2 j22.9

(b) If this transformer is operating at rated load and 0.90 PF lagging, then current flow will be at an
angle of —cos™(0.9), or —25.8°. The voltage at the primary side of the transformer will be

V, =V +1,Z,, =1.020°+(1.0£—-25.8°)(0.0117 + j0.057) =1.037.£2.65°

The voltage regulation of this transformer bank is

=%x100% =3.7%

(c¢) The output power of this transformer bank is

Py =Vl cos 8=(1.0)(1.0)(0.9) = 0.9 pu

VR

The copper losses are
Py =13 Ryy =(1.0)°(0.0117)=0.0117 pu

The core losses are

v,) (1.067)° 0014 pu

e TR 79.2

C

Therefore, the total input power to the transformer bank is

Py =Py + Py + P, =0.9+0.0117+0.014 = 0.9257

and the efficiency of the transformer bank is
n= hx 100% = 0.9 x100% =97.2%
0.9257

IN
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3-18.

A 20-kVA 20,000/480-V 60-Hz distribution transformer is tested with the following results:

Open-circuit test Short-circuit test

(measured from secondary side) (measured from primary side)
VOC:480V VSC:113OV

]OCZI.SIA ISCZI.OOA

VOC:271W PSC:260W

(a) Find the per-unit equivalent circuit for this transformer at 60 Hz.
(b) What would the rating of this transformer be if it were operated on a 50-Hz power system?

(c) Sketch the equivalent circuit of this transformer referred to the primary side if it is operating at 50 Hz.

SOLUTION

(a) The base impedance of this transformer referred to the primary side is

2 2
Zyer = ) _(20000V) 54
TS 20 kVA

The base impedance of this transformer referred to the secondary side is

(v, (480 V)’
S  20kVA

Zones = =11.52Q

The open circuit test yields the values for the excitation branch (referred to the secondary side):

| | ] $,0C _ 151 A
Vyoe 480V

=0.00315 S

@=—cos” | —%— =—cos'l( 271 W )
LVOC IOCJ L(480 V) (1. 51A)J

Y., =G.-jB,, =0.00315£-68°=0.00118 - j0.00292

RC=1/GC—847Q

L, =1/B,=342Q

=—-68°

The excitation branch elements can be expressed in per-unit as

847 Q 342 Q
R.= =73.5pu XM=11529

=29.7 pu

The short circuit test yields the values for the series impedances (referred to the primary side):

Vee 1130V

1Z,|= ; l.OOA:1130 Q

\_ S_l( 260 W 3 670
Vee SCJ L(mov) 100A)
Zyp =Ry + jX 5, =1130£76.7° =260+ j1100 Q

6= cos(

The resulting per-unit impedances are

260 Q 1100 ©
__2609 61300 x, =998 4655 00
£ = 50,000 Q P £ = 50,000 Q P

The per-unit equivalent circuit is
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I I

P . S
—_ Ry JXpg —
+ 0.013  0.055 +
V., R, X, \£
73.5 J29.7

(b) If this transformer were operated at 50 Hz, both the voltage and apparent power would have to be
derated by a factor of 50/60, so its ratings would be 16.67 kVA, 16,667/400 V, and 50 Hz.

(c¢) The transformer parameters referred to the primary side at 60 Hz are:

R.=Z, R, =(20kQ)(73.5) =1.47 MQ
Xy =Zy Xy o = (20 kQ)(29.7) = 594 kQ
Rig = ZyioRip o = (20 kQ)(0.013) = 260 Q
Xig = Zyo X o pu = (20 kKQ)(0.055) = 1100 Q

At 50 Hz, the resistance will be unaffected but the reactances are reduced in direct proportion to the
decrease in frequency. At 50 Hz, the reactances are

X, =495 kQ
X =917 Q
The resulting equivalent circuit referred to the primary at 50 Hz is shown below:
I I’
+ 260Q 917 Q +
VP RC -]XM VS ’
1.47 MQ 7495 kQ

3-19. Prove that the three-phase system of voltages on the secondary of the Y-A transformer shown in Figure 3-
37b lags the three-phase system of voltages on the primary of the transformer by 30°.

SoruTtioN The figure is reproduced below:
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Assume that the phase voltages on the primary side are given by
vV, =VpZ0° Vy =V, £—-120° Ve =V, £120°

Then the phase voltages on the secondary side are given by
V, =V£0°  Vp, =V, /-120° V. =V, /120°

where Vs =V, /a. Since this is a Y-A transformer bank, the line voltage V,, on the primary side is
V=V, =V, =V, 20°~V,,2~120°=/3V,,£30°

and the voltage V,,, =V, =V, Z0°. Note that the line voltage on the secondary side lags the line
voltage on the primary side by 30°,

3-20. Prove that the three-phase system of voltages on the secondary of the A-Y transformer shown in Figure 3-
37c¢ lags the three-phase system of voltages on the primary of the transformer by 30°.
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SorutioN The figure is reproduced below:

a o O d
+ +
Vi
b o
oc | Vis
c O
Ob’

Assume that the phase voltages on the primary)side are given by
vV, =VpZ0° Vy =V, £—-120° Ve =V, £120°
Then the ’phase voltages on ‘Ehe secondalazhlsjl}glgm are gi}/en by

— o — _ raw Jjll — o
Vi =V d0° Yy =Vl - M AL =, /120

where Vo =V, /a. Since this is a AN ESsformer bank, the line voltage V_, on the primary side is
justequal to V, =V,,Z0°. The line voltage on the secondary side is given by

Vg =V, =V =V, 200V, £120° =3V, £ - 30°
Note that the line voltage on the secondary side lags the line voltage on the primary side by 30 °.

A single-phase 10-kVA 480/120-V transformer is to be used as an autotransformer tying a 600-V
distribution line to a 480-V load. When it is tested as a conventional transformer, the following values are
measured on the primary (480-V) side of the transformer:
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Open-circuit test Short-circuit test

VOC:480 \Y% VSC: 100V
IOC =041 A ]SC: 10.6 A
Voc=38 W Pgc=26 W

(a) Find the per-unit equivalent circuit of this transformer when it is connected in the conventional
manner. What is the efficiency of the transformer at rated conditions and unity power factor? What is
the voltage regulation at those conditions?

(b) Sketch the transformer connections when it is used as a 600/480-V step-down autotransformer.

(¢) What is the kilovoltampere rating of this transformer when it is used in the autotransformer
connection?

(d) Answer the questions in (@) for the autotransformer connection.

SOLUTION

(a) The base impedance of this transformer referred to the primary side is

2 2
Zpp = Vo) 480V 53040
778 T 10kVA

The open circuit test yields the values for the excitation branch (referred to the primary side):

Lyoc _0A41A
Vioe 480V

=0.000854 S

|YEX|=

6=—cos (%} =—cos”' {(480 \3)8 272)741 A)J =-78.87°
oc “oc .

Y., =G.— jB,, =0.000854£—78.87°=0.000165— j0.000838

R.=1/G, = 6063 Q

X, =1/B, =1193 Q

The excitation branch elements can be expressed in per-unit as

6063 Q 1193 Q
RC = = M= =
23.04 Q 23.04 Q

263 pu 51.8 pu

The short circuit test yields the values for the series impedances (referred to the primary side):

Ve 100V

Zppl=—5= =0.943 Q

| EQ| I 106A

6= cos"( Fic ) = cos’l( 26 W ) =75.8°
LVSC ISCJ L(lo.o V) (10.6 A)J

Zyy = Ryy+ jX;, =0.943£75.8°= 0231+ j0.915 Q

The resulting per-unit impedances are

0231 Q 09150
- =0.010 -
20753040 bu 0 =53040

=0.0397 pu

The per-unit equivalent circuit is
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P . S

R REQ ]XEQ —_—
. MN——Y Y Y +——
+ 0.010  ;0.0397 +

V, R, X

263 j51.8

At rated conditions and unity power factor, the input power to this transformer would be P, = 1.0 pu.

The core losses (in resistor R ) would be

r:_(Lo)
263

=0.00380 pu

The copper losses (in resistor Ry, ) would be

Py = I*Ry, =(1.0)7(0.010) = 0.010 pu
The output power of the transformer would be

Py = Pyyr — Py — P, =1.0-0.010—0.0038 = 0.986

and the transformer efficiency would be

0'956 x100% = 98.6%

n= Four x100% =

IN
The output voltage of this transformer is

Vour = Vix =125 =1.0—(1.0£0°)(0.01+ j0.0397) = 0.991£ - 2.3°

The voltage regulation of the transformer is

R = 1.0-0.991
0.991

x100% = 0.9%

(b) The autotransformer connection for 600/480 V stepdown operation is

+
NSE VSE
N
600 V i+ *
N. 3V
¢ % C o480V

(c) When used as an autotransformer, the kV A rating of this transformer becomes:
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3-22.

_ N .+ Ny 4+1

S == 8, =——(10kVA) =50 kVA
SE

(d) As an autotransformer, the per-unit series impedance Zy, is decreased by the reciprocal of the

power advantage, so the series impedance becomes

Ry = &510 =0.002 pu
X, = 2897 _0.00794 pu

while the magnetization branch elements are basically unchanged. At rated conditions and unity power
factor, the input power to this transformer would be £ = 1.0 pu. The core losses (in resistor R.) would

be

y> ?

I)core -5
R

c

—_

1.0)
263

=0.00380 pu

The copper losses (in resistor Ry, ) would be

Py = I*Ry =(1.0)7(0.002) = 0.002 pu
The output power of the transformer would be

Py =Py — Py — P, =1.0—0.002—0.0038 = 0.994

and the transformer efficiency would be

0'934 x100% =99.4%

n= Four x100% =
P

IN
The output voltage of this transformer is

Vour = Vin =12, = 1.0—(1.0.£0°)(0.002 + j0.00794) = 0.998£ — 0.5°

The voltage regulation of the transformer is

~1.0-0.998
0.998

x100% = 0.2%

Figure P3-4 shows a power system consisting of a three-phase 480-V 60-Hz generator supplying two
loads through a transmission line with a pair of transformers at either end.

(a) Sketch the per-phase equivalent circuit of this power system.

(b) With the switch opened, find the real power P, reactive power Q, and apparent power S supplied by
the generator. What is the power factor of the generator?

(c) With the switch closed, find the real power P, reactive power Q, and apparent power S supplied by the
generator. What is the power factor of the generator?

(d) What are the transmission losses (transformer plus transmission line losses) in this system with the
switch open? With the switch closed? What is the effect of adding Load 2 to the system?
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f'Y""Y'\D

A
3
3

YY Y

O

HWW

Generator | T,
480V Line
A0/13800V  Z, = 1.5+ 10Q 138001480y | Loadl Load 2
1000 kVA 500 kVA
R=0.010 pu R=0.008 pu Lyooar = 2y 2=
X = 0.040 pu X=0040pu  0.5/36.87°Q 08330
Y—connected Y—connected
Region 1 Region 2 Region 3
Syuer = 1000 KVA Spa = 1000 KVA S, = 1000 KVA
VL,baseZ =430V VL,base2 = 13’800 \4 VL,baseS =430V

SorutioN This problem can best be solved using the per-unit system of measurements. The power
system can be divided into three regions by the two transformers. If the per-unit base quantities in Region

1 are chosen to be Sy, = 1000 kVA and V, ..., = 480 V, then the base quantities in Regions 2 and 3

basel

will be as shown above. The base impedances of each region will be:
3, 3277 V)

Zppe) = —2— = =0.238 Q
Sper 1000 KVA
;W' _3(96TV) o0
s, 1000kVA
3V 2 2
Zps =2 = 3(277 V) =0.238 Q

TS, s 1000 KVA

(a) To get the per-unit, per-phase equivalent circuit, we must convert each impedance in the system to
per-unit on the base of the region in which it is located. The impedance of transformer 7, is already in

per-unit to the proper base, so we don’t have to do anything to it:
R, =0.010

1,pu

X,,, =0.040

L,pu

The impedance of transformer 7, is already in per-unit, but it is per-unit to the base of transformer 7,, so
it must be converted to the base of the power system.

(Vi 1) (St 2)
R’ X’ Z u on base = Ra X: Z u on base s R (3-66)
( )p e ( )p ’ 1(Vbase2)2 (Sbase])
2
R,,, =0.020 (7967 V)2 (1000 kVA) _ 0.040
’ (7967 V) (1000 kVA)
2
X, = 0‘085(7967 V)2(1000 kVA) _ 0.170
’ (7967 V)~ (1000 kVA)

The per-unit impedance of the transmission line is

Zy.  15+/10Q
Zyoy = Lme 1TTOE 4 00788+ j0.0525
n=7 1904 Q

line

base2

The per-unit impedance of Load 1 is
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_ Ziwai zw: 1.681+ j1.261

Y4 =
oadln 7 0.238 Q

The per-unit impedance of Load 2 is
Ziar _ —J0.833Q

_ “load2

7 =
ez 7 o 0.238Q

-j35

The resulting per-unit, per-phase equivalent circuit is shown below:

0.010  j0.040  0.00788 j0.0525  0.040 _ 0.170
r—— L T r——— - I

(b) With the switch opened, the equivalent impedance of this circuit is

Zyo,=0.010+ 0.040+0.00788 + j0.0525+0.040+ j0.170+1.681+ j1.261
Zyo=1.7389+ j1.5235=2.312£41.2°

The resulting current is

1£0°

=———=04325£-41.2°
2.312£41.2°

The load voltage under these conditions would be

Vigaapn =1 Zy o =(0.4325£-41.2°)(1.681+ j1.261) = 0.909.£ —4.3°

Load,pu
Vived = VicaaoV oases = (0.909) (480 V) =436 V

Load,pu

The power supplied to the load is

Prosipe = 'Ry =(0.4325)° (1.681) = 0.314
Pt = Pros puShase = (0.314)(1000 kVA) = 314 kW

The power supplied by the generator is
P

Gpu = VI cOs 0= (1)(0.4325)cos41.2°=0.325
Oppo = VIsin6=(1)(0.4325)sin41.2° = 0.285
Sgpu = VI =(1)(0.4325) =0.4325

P, =P, . Spa. =(0.325)(1000 kVA) = 325 kW

O = O puSnse = (0.285)(1000 kVA) =285 KVAR
S6 = Sg uSuue = (0.4325)(1000 kVA) = 432.5 kVA

G,pu”™~base

The power factor of the generator is

PF =cos 41.2° = 0.752 lagging
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(c) With the switch closed, the equivalent impedance of this circuit is

1.681+ j1.261)(—,3.5)
1.681+ j1.261— j3.5
Z:,=0.010+ 70.040+0.00788 + 70.0525+0.040+ 0.170+(2.627 — j0.0011)

Zgy =2.685+ j0.261=2.698.£5.6°

Zyo = 0.010+j0.040+0.00788+j0.0525+0.040+j0.170+(

The resulting current is

1£0°

=————=0371£-5.6°
2.69845.6°

The load voltage under these conditions would be

Vi =1 Z g = (0.371£-5.6°)(2.627 - j0011) =0.975£ - 5.6°
Vst =VioaapeVouses = (0.975) (480 V) =468 V

The power supplied to the two loads is

A

Load,pu

P..=F

Load Load,pu

= IR, =(0.371)*(2.627) = 0.361
Shaee =(0.361)(1000 kVA) =361 kW

base
The power supplied by the generator is
P, . =VIcos@=(1)(0.371)cos5.6° =0.369

G,pu
Qgpu =VIsin@=(1)(0.371)sin5.6° = 0.036
Sep = VI =(1)(0.371)=0.371
P, =P, S..=(0.369)(1000 kVA) =369 kW

G,pu’~ base

O = 06 puSeuse = (0.036)(1000 kVA) =36 kKVAR
Sg =S6 ruSuae =(0.371)(1000 kVA) =371 kVA

G,pu™ base

The power factor of the generator is

PF =cos 5.6° = 0.995 lagging

(d) The transmission losses with the switch open are:
P..=IR, . = (0.4325)2 (0.00788) = 0.00147

line,pu
Bie = B uSoae =(0.00147)(1000 kVA) =1.47 kW

line line,pu

The transmission losses with the switch closed are:
P =R, = (0.371)2 (0.00788) =0.00108

line,pu line

Py = Py Sere = (0.00108) (1000 kKVA) = 1.08 kW

line line,pu

Load 2 improved the power factor of the system, increasing the load voltage and the total power supplied
to the loads, while simultaneously decreasing the current in the transmission line and the transmission line
losses. This problem is a good example of the advantages of power factor correction in power systems.
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Chapter 4: AC Machinery Fundamentals

4-1.

4-3.

Develop a table showing the speed of magnetic field rotation in ac machines of 2, 4, 6, 8, 10, 12, and 14
poles operating at frequencies of 50, 60, and 400 Hz.

SorutioN The equation relating the speed of magnetic field rotation to the number of poles and electrical

frequency is

120 f,
" P
The resulting table is

n

Number of Poles  f =50Hz f, =60Hz f, =400 Hz
2 3000 r/min 3600 r/min 24000 r/min
4 1500 r/min 1800 r/min 12000 r/min
6 1000 r/min 1200 r/min 8000 r/min
8 750 r/min 900 r/min 6000 r/min
10 600 r/min 720 r/min 4800 r/min
12 500 r/min 600 r/min 4000 r/min
14 428.6 r/min 514.3 r/min 3429 r/min

A three-phase two-pole winding is installed in six slots on a stator. There are 80 turns of wire in each slot
of the windings. All coils in each phase are connected in series, and the three phases are connected in A.
The flux per pole in the machine is 0.060 Wb, and the speed of rotation of the magnetic field is 3600
r/min.

(a) What is the frequency of the voltage produced in this winding?

(b) What are the resulting phase and terminal voltages of this stator?

SOLUTION

(a) The frequency of the voltage produced in this winding is

_n,P_ (3600 r/min)(2 poles)
120 120

(b) There are six slots on this stator, with 80 turns of wire per slot. The voltage in the coils in one phase
is

fe =60 Hz

E,=27N ¢f =272(80 t)(0.060 Wb)(60 Hz) =1280 V
Since the machine is A-connected, V', =V, =1280V

A three-phase Y-connected 50-Hz two-pole synchronous machine has a stator with 2000 turns of wire per
phase. What rotor flux would be required to produce a terminal (line-to-line) voltage of 6 kV?

Sorution The phase voltage of this machine should be V, =V, / J3=3464V . The induced voltage

per phase in this machine (which is equal to ¥, at no-load conditions) is given by the equation

E, = 27N ¢f

SO
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E, 3464 V

_ - =0.0078 Wb
¢ 27N f 272(2000 £)(50 Hz) 7

Modify the MATLAB in Example 4-1 by swapping the currents flowing in any two phases. What
happens to the resulting net magnetic field?

Sorution This modification is very simple—just swap the currents supplied to two of the three phases.

oe

M-file: mag field2.m
M-file to calculate the net magetic field produced
by a three-phase stator.

oe

oe

[}

% Set up the basic conditions

bmax = 1; Normalize bmax to 1
freqg = 60; 60 Hz

w = 2*pi*freq; angluar velocity (rad/s)

o\°® o\°

o\°

$ First, generate the three component magnetic fields

= 0:1/6000:1/60;

Baa = sin(w*t) .* (cos(0) + j*sin(0));

Bbb = sin(w*t+2*pi/3) .* (cos(2*pi/3) + j*sin(2*pi/3));
Bcc = sin(w*t-2*pi/3) .* (cos(-2*pi/3) + j*sin(-2*pi/3));

ot

% Calculate Bnet
Bnet = Baa + Bbb + Bcc;

% Calculate a circle representing the expected maximum
% value of Bnet
circle = 1.5 * (cos(w*t) + j*sin(w*t));

$ Plot the magnitude and direction of the resulting magnetic
fields. Note that Baa is black, Bbb is blue, Bcc 1is
% magneta, and Bnet is red.
for ii = 1:length(t)
% Plot the reference circle
plot (circle, 'k');
hold on;
% Plot the four magnetic fields

plot ([0 real (Baa(ii))], [0 imag(Baa ( ,'k', 'LineWidth', 2) ;

ii))]
plot ([0 real (Bbb(ii))], [0 imag(Bbb(ii))],'b', 'LineWidth',2);
plot ([0 real(Bcc(ii))], [0 imag(Bcc(ii))], 'm', 'LineWidth',2);
plot ([0 real (Bnet(ii))], [0 imag(Bnet(ii))],'r', 'LineWidth',3);

axis square;
axis([-2 2 -2 21);
drawnow;

hold off;

end

When this program executes, the net magnetic field rotates clockwise, instead of counterclockwise.

67



4-5.  If an ac machine has the rotor and stator magnetic fields shown in Figure P4-1, what is the direction of the
induced torque in the machine? Is the machine acting as a motor or generator?
BR Bnet

SoLuTioN  Since T, = kB, xB

mn

the induced torque is clockwise, opposite the direction of motion.

net ?

The machine is acting as a generator.
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Chapter 5: Synchronous Machines

5-1.

5-2.

At a location in Europe, it is necessary to supply 300 kW of 60-Hz power. The only power sources
available operate at 50 Hz. It is decided to generate the power by means of a motor-generator set
consisting of a synchronous motor driving a synchronous generator. How many poles should each of the
two machines have in order to convert 50-Hz power to 60-Hz power?

SoruTtioN The speed of a synchronous machine is related to its frequency by the equation
120
. 120/,
P

To make a 50 Hz and a 60 Hz machine have the same mechanical speed so that they can be coupled
together, we see that

_ 120(50 Hz) _ 120(60 Hz)

n =

sync I)l 1)2
H_6_12

P 5 10

Therefore, a 10-pole synchronous motor must be coupled to a 12-pole synchronous generator to
accomplish this frequency conversion.

A 480-V 200-kVA 0.8-power-factor-lagging 60-Hz two-pole Y-connected synchronous generator has a

synchronous reactance of 0.25 € and an armature resistance of 0.03 Q. At 60 Hz, its friction and windage

losses are 6 kW, and its core losses are 4 kW. The field circuit has a dc voltage of 200 V, and the

maximum /, is 10 A. The resistance of the field circuit is adjustable over the range from 20 to 200 Q.

The OCC of this generator is shown in Figure P5-1.

(a) How much field current is required to make V, equal to 480 V when the generator is running at no
load?

(b) What is the internal generated voltage of this machine at rated conditions?

(c) How much field current is required to make V. equal to 480 V when the generator is running at rated
conditions?

(d) How much power and torque must the generator’s prime mover be capable of supplying?
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600

480 pd

360

Open-circuit terminal voltage, V

240 //
120 /’

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
Field current, A

SOLUTION

(a) If the no-load terminal voltage is 480 V, the required field current can be read directly from the
open-circuit characteristic. It is 4.55 A.

(b) This generator is Y-connected, so /, =/,. At rated conditions, the line and phase current in this
generator is

P 200kVA
"3, AB@Esov)
The internal generated voltage of the machine is

E,=V,+R]I, + X1,
E,=277£0°+ (0.03 Q) (240.64 -36.87° A) + j(0.25 Q)(240.64 —36.87° A)
E,6 =322/78°V

1,=1, =240.6 A at an angle of —36.87°

(c) The equivalent open-circuit terminal voltage corresponding to an £, of 322 volts is

Vv, . =~3(322V)=558V

T ,oc
From the OCC, the required field current is 7.0 A.

(d) The input power to this generator is equal to the output power plus losses. The rated output power
is

Py =(200 kVA)(0.8) =160 kW

P, =31 R, =3(240.6 A)’(0.03Q)=52kW

70



5-3.

Pow =6kW
P, =4kW

core

P, = (assumed0)

stray

Py =Pour + Py + Pagw + Pore + Py =175.2kW

core stray

Therefore the prime mover must be capable of supplying 175 kW. Since the generator is a two-pole 60
Hz machine, to must be turning at 3600 r/min. The required torque is

Tarp = Fin = 175i2kw > d =465N -m
®n (3600 t/min) mm)[ rra )
60s Ir

Assume that the field current of the generator in Problem 5-2 is adjusted to achieve rated voltage (480 V)
at full load conditions in each of the questions below.

(a) What is the efficiency of the generator at rated load?

(b) What is the voltage regulation of the generator if it is loaded to rated kilovoltamperes with 0.8-PF-
lagging loads?

(c) What is the voltage regulation of the generator if it is loaded to rated kilovoltamperes with 0.8-PF-
leading loads?

(d) What is the voltage regulation of the generator if it is loaded to rated kilovoltamperes with unity-
power-factor loads?

(e) Use MATLAB to plot the terminal voltage of the generator as a function of load for all three power
factors.

SOLUTION

(a) This generator is Y-connected, so /, = /,. At rated conditions, the line and phase current in this
generator is

P 200kVA
"3, AB@Esov)
The internal generated voltage of the machine at rated conditions is

E,=V,+R]I, + X1,
E, =277£0°+ (0.03 Q) (240.64 —36.87° A) + j(0.25 Q)(240.64 —36.87° A)
E, 6 =322/78°V

I,=1, =240.6 A at an angle of —36.87°

The input power to this generator is equal to the output power plus losses. The rated output power
is

Py =(200 kVA)(0.8) =160 kW

P, =31,R,=3(240.6 A)’(0.03Q)=52kW
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P, = (assumed0)

stray

Py =Poyr + Py + Pagw + Pore + Py =175.2kW

core stray
n=Tour 1000 = LKW 1009 = 91.3%
Py 1752 kW

(b) If the generator is loaded to rated kVA with lagging loads, the phase voltage is
V, =277£0°V and the internal generated voltage is E , = 322/27.8° V. Therefore, the phase voltage

at no-load would be V, =32220° V.. The voltage regulation would be:

322-277

VR x100% =16.2%

(c)  If the generator is loaded to rated kVA with leading loads, the phase voltage is V, = 277£0° V and
the internal generated voltage is

E,=V,+R]I, + X1,

E, =277£0°+ (0.03 Q) (240.64 +36.87° A) + j(0.25 Q)(240.64 +36.87° A)

E, =252/12°V
The voltage regulation would be:

VR = 227277 100% = ~9.0%

277

(d) If the generator is loaded to rated kVA at unity power factor, the phase voltage is
V, =277£0°V and the internal generated voltage is

E,=V,+R]I, + jX I,
E, = 27740°+(0.03 Q)(240.640° A) + j(0.25 Q)(240.6LO° A)
E, =291/12°V

The voltage regulation would be:

VR :Mxloo% =5.1%
277

(e) For this problem, we will assume that the terminal voltage is adjusted to 480 V at no load
conditions, and see what happens to the voltage as load increases at 0.8 lagging, unity, and 0.8 leading
power factors. Note that the maximum current will be 240.6 A in any case. A phasor diagram
representing the situation at lagging power factor is shown below:
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By the Pythagorean Theorem,

E/} =(V¢+RA]ACOS9+XS]ASin9)2+(XS[ACOSH—RA[SSin9)2

V,=\E, = (X,l,cos6—R, I sin6) —R,I,cos6—XI,sin6

A phasor diagram representing the situation at leading power factor is shown below:

By the Pythagorean Theorem,

E/} :(V¢+RAIACOSJ9—XS1Asin¢9)2+(XSIAcost9+RA[Ssin6?)2

v, :\/EAZ—(XSIA cos@+ R, I sin@) —R,I, cos@+ X I, sinb

A phasor diagram representing the situation at unity power factor is shown below:

By the Pythagorean Theorem,
E;l =V +(X,)
V¢ = EA2 _(XSIA)2

The MATLAB program is shown below takes advantage of this fact.

o\°

M-file: prob5 3e.m

M-file to calculate and plot the terminal voltage

of a synchronous generator as a function of load

for power factors of 0.8 lagging, 1.0, and 0.8 leading.

o° oP°

o\°

o\°

Define values for this generator

EA = 277; % Internal gen voltage
I = 0:2.406:240.6; % Current values (A)

R = 0.03; % R (ohms)

X = 0.25; % XS (ohms)

[}

% Calculate the voltage for the lagging PF case
VP _lag = sgrt( EA®2 - (X.*I.*0.8 - R.*I.*0.6)."2 )
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5-4.

- R.*I.*0.8 - X.*I.*0.6;
VT _lag = VP_lag .* sqgrt(3);
% Calculate the voltage for the leading PF case
VP _lead = sqgrt( EA"2 - (X.*I.%*0.8 + R.*I1.*0.6)."2 )
- R.*I.*0.8 + X.*I.*0.6;
VT lead = VP _lead .* sqgrt(3);

% Calculate the voltage for the unity PF case
VP_unity sqgqrt ( EA™2 - (X.*I).%2 );
VT _unity VP_unity .* sqgrt(3);

% Plot the terminal voltage versus load

plot (I,abs (VT _lag), 'b-', 'LineWidth',2.0);
hold on;

plot (I,abs (VT unity),'k--','LineWidth',2.0);
plot (I,abs (VT _lead),'r-.',6 'LineWidth',2.0);

title ('\bfTerminal Voltage Versus Load') ;

xlabel ('\bfLoad (&)');

ylabel ('\bfTerminal Voltage (V)');

legend('0.8 PF lagging','1.0 PF','0.8 PF leading') ;
axis ([0 260 300 5401]);

grid on;

hold off;

The resulting plot is shown below:

Terminal Voltage Versus Load

500

~
[
[=]

Terminal Voltage (V)
5
=]

—— 0.8 PF lagging
=SS0y 1.0 PF 1
0.8 PF leading
300 I 1 i I L
50 100 150 200 250

Load (A)

Assume that the field current of the generator in Problem 5-2 has been adjusted so that it supplies rated
voltage when loaded with rated current at unity power factor. (You may ignore the effects of R, when
answering these questions.)

(a) What is the torque angle o of the generator when supplying rated current at unity power factor?

(b) What is the maximum power that this generator can deliver to a unity power factor load when the field
current is adjusted to the current value?

(c) When this generator is running at full load with unity power factor, how close is it to the static
stability limit of the machine?

74



(d) Plot the torque angle Jas a function of the power supplied by the generator for these conditions.

SoLuTioN  For the purposes of this problem, we will ignore the armature resistance R,, so that the
maximum power can be calculated from Equation (5-18).
3V,E , sin o
P=—— (5-18)

XS
(a) The torque dangle can be found by calculating E , :
E,=V,+R]I, + X1,
E,=27720°+ j(0.25 Q)(240.6.£0° A)
E, =283/12°V
Thus the torque angle o= 12°.

(b) The maximum power that this generator can deliver to a unity power factor load can be found from
Equation (5-18):
P 3V,E,sind
XS
3(277 V)(283 V)sin90°

> = =941 kW
0.25Q

(¢) The current torque angle is 0= 12°, and the maximum angle is 90°, so it is very far from the static
stability limit. In terms of power, the generator is currently supplying

p_ ek sind _ 3(277 V)(283 V)sin12°
X 0.25Q

=196 kW

Therefore the general is supplying about 1/5 of the static stability limit.

(d) A program to plot the torque as a function of dis shown below:

% M-file: prob5 4d.m

$ M-file to calculate and plot the power supplied by
% a synchronous generator as a function of the torque
% angle delta.

% Define values for this generator

EA = 283; % Internal gen voltage
VP = 277; Phase voltage

XS = 0.25; % XS (ohms)

o\°

% Calculate the power vs torque angle

delta = 0:1:90;

P=3*EA* VP / XS * sin( delta * pi / 180 );
% Plot the output power versus torque angle
plot (delta,P/1000, 'b-"', 'LineWidth',2.0) ;

title ('\bfOutput Power Versus Torque Angle') ;
xlabel ('\bfTorque Angle (deg)');

ylabel ('\bfOutput Power (kW)');

grid on;

The resulting plot is shown below:
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Output Power Versus Torque Angle
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Problems 5-5 to 5-14 refer to a two-pole Y-connected synchronous generator rated at 300 kVA, 480 V, 60 Hz, and
0.85 PF lagging. Its armature resistance R, is 0.04 Q. The core losses of this generator at rated conditions are

10 kW, and the friction and windage losses are 13 kW. The open-circuit and short-circuit characteristics are
shown in Figure P5-2.
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Field current, A

5-5.  (a) What is the saturated synchronous reactance of this generator at the rated conditions? () What is the
unsaturated synchronous reactance of this generator? (c) Plot the saturated synchronous reactance of this
generator as a function of load.
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SoLuTION
(a) The rated armature current for this generator is

S 300kVA

a=le= V3V, 3(480V)

The field current required to produce this much short-circuit current may be read from the SCC. It is 2.58
A. The open circuit voltage at 2.58 A is 435 V, so the open-circuit phase voltage (= £ ,) is 435/ NE)

251 V. The approximate saturated synchronous reactance X is

1

x, =21V 6950
361A

(b) The unsaturated synchronous reactance X, is the ratio of the air-gap line to the SCC. At [,
2.58 A, the air-gap line voltage is 447 V, and the SCC is 361 A.

IV s
361 A

(c)  This task can best be performed with MATLAB. The open-circuit characteristic is available in a file
called p52 . occ, and the short-circuit characteristic is available in a file called p52 . scc. Each of these
files are organized in two columns, where the first column is field current and the second column is either
open-circuit terminal voltage or short-circuit current. A program to read these files and calculate and plot
X is shown below.

oe

M-file: prob5 5c.m

M-file to calculate and plot the saturated
synchronous reactance of a synchronous
generator.

o o

o°

oe

Load the open-circuit characteristic. It is in
two columns, with the first column being field
current and the second column being terminal

s voltage.

load p52.occ;

if occ = p52(:,1);

vt _occ = p52(:,2);

o oP

o

oe

Load the short-circuit characteristic. It is in
two columns, with the first column being field
current and the second column being line current
(= armature current)

load p52.scc;

if scc = p52(:,1);

ia_scc = p52(:,2);

o° o

o

% Calculate Xs
If = 0.001:0.1:10;

o\°

Current steps

vt = interpl(if occ,vt occ,If); % Terminal voltage
ia = interpl(if scc,ia scc,If); % Current
Xs = (vt ./ sqgrt(3)) ./ ia;

% Plot the synchronous reactance
figure (1)
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5-6.

5-7.

plot (If,Xs, 'LineWidth',2.0);

title ('\bfSaturated Synchronous Reactance \itX {s} \rm');
xlabel ('\bfField Current (A)');

ylabel ('\bf\itX {s} \rm\bf (\Omega)');

grid on;

The resulting plot is:

Saturated Synchronous Reactance X
0.75 T T T T T

07

0.65

06

Xs Q)

0.55

05

0.45-

0.4 i i i i i i i i i
0

Field Current (A)

(a) What are the rated current and internal generated voltage of this generator? () What field current
does this generator require to operate at the rated voltage, current, and power factor?

SOLUTION
(a) The rated line and armature current for this generator is

_7 = S _ 300 kVA
By, 3480 V)

The power factor is 0.85 lagging, so I, =361£—-31.8° A. The rated phase voltage is V,, =480 V /

1 =361 A

\/5 =277 V. The saturated synchronous reactance at rated conditions was found to be 0.695 Q in the
previous problem. Therefore, the internal generated voltage is

E,=V,+R]I, + jX,I,

E, =277£0°+(0.04 Q)(361£-31.8° A)+ j(0.695 Q)(361£-31.8° A)

E, =469426°V
(b) This internal generated voltage corresponds to a no-load terminal voltage of \/g (469) =812 V.
From the open-circuit characteristic, the required field current would be 5.64 A.
What is the voltage regulation of this generator at the rated current and power factor?

SorutioN The voltage regulation is

Vin =V, -
VR = L0 0T 01 00% = %x 100% = 69.2%

T
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5-8.

5-9.

5-10.

5-11.

5-12.

5-13.

If this generator is operating at the rated conditions and the load is suddenly removed, what will the
terminal voltage be?

SoLuTioN From the above calculations, }V, will be 812 V.

What are the electrical losses in this generator at rated conditions?
SorutioN The electrical losses are
Py =31R,=3(361 A)’(0.04 Q) =15.6 kW
If this machine is operating at rated conditions, what input torque must be applied to the shaft of this
generator? Express your answer both in newton-meters and in pound-feet.

SorutioN To get the applied torque, we must know the input power. The input power to this generator is
equal to the output power plus losses. The rated output power and the losses are

Py =(300 kVA)(0.85) = 255 kW

P, =31R,=3(361A)(0.04Q)=15.6kW
Py =13kW

P, =10kW

core

P =(assumed0)

stray

Py =Pyyr + Py + Pogyy + P + P =293.6 kW

core stray
Therefore, the applied torque is
P 293.6 kW

Typp = —- = — =779 N-m
, (3600 r/min)(zﬁ rad) (1 mlnj
lr 60 s
. 7.04 (293.6 kW
or TAPP=7O4P= ( )2574lb-ft

3600 r/min

What is the torque angle o of this generator at rated conditions?
SoLuTION From the calculations in Problem 5-6, o= 26°.

Assume that the generator field current is adjusted to supply 480 V under rated conditions. What is the
static stability limit of this generator? (Note: You may ignore R, to make this calculation easier.) How
close is the full-load condition of this generator to the static stability limit?

SoLuTioN At rated conditions, E , = 469£26° V. Therefore, the static stability limit is

_3V,E, 3(277V)(469 V)

=561 kW
VA X 0.695 Q

The full-load rated power of this generator is less than half of the static stability limit.

Assume that the generator field current is adjusted to supply 480 V under rated conditions. Plot the power
supplied by the generator as a function of the torque angle o. (Note: You may ignore R, to make this
calculation easier.)
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SorutioN We will again ignore R, to make this calculation easier. The power supplied by the generator
is
3V, E 3 (277 V)(469 V)

P,=""t"1gins=
X, 0.695 Q

sind=(561 kW) sind

The power supplied as a function of the torque angle 0 may be plotted using a simple MATLAB program:

o°

M-file: prob5 13.m

M-file to plot the power output of a
synchronous generator as a function of
the torque angle.

o° o

o°

% Calculate Xs
delta = (0:1:90); Torque angle (deg)
Pout = 561 .* sin(delta * pi/180); % Pout

o\

% Plot the output power

figure (1)

plot (delta, Pout, 'LineWidth',2.0) ;

title ('\bfOutput power vs torque angle \delta');
xlabel ('\bfTorque angle \delta (deg)');

ylabel ('\bf\itP_ {0OUT} \rm\bf (kW)');

grid on;

The resulting plot is:

Output power vs torque angle §
600 T T T T T

500 : : : ‘ s

400 - : : I -

200} : g : .

100 .

0 i i i i i
o] 10 20 30 40 50 60 70 80 90

Torque angle & (deg)

Assume that the generator’s field current is adjusted so that the generator supplies rated voltage at the
rated load current and power factor. If the field current and the magnitude of the load current are held
constant, how will the terminal voltage change as the load power factor varies from 0.85 PF lagging to
0.85 PF leading? Make a plot of the terminal voltage versus the impedance angle of the load being
supplied by this generator.

SoruTtioN If the field current is held constant, then the magnitude of E, will be constant, although its

angle dwill vary. Also, the magnitude of the armature current is constant. Since we also know R ,, X,
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and the current angle 6, we know enough to find the phase voltage V,, and therefore the terminal voltage

Vr . Atlagging power factors, V; can be found from the following relationships:

By the Pythagorean Theorem,

E}=(V,+R,I,cos6+XI,sin6) +(X,I,cos6~R,Isin6)

Va,:\/EAZ—(XSIAcosH—RAISsine)2 —R,I,cos@— X I, sin@

At unity power factor, ¥, can be found from the following relationships:

E,

i > >—p
IA V¢ RAIA
By the Pythagorean Theorem,
2 2 2
E =V, +(X,)

V¢ = EA2 _(XS1A>2

At leading power factors, ¥, can be found from the following relationships:

By the Pythagorean Theorem,
E] =, +R1, cos6— X, sin6f +(XI,cos0+R,Isin@)

v, =\/EA2—(XSIA cos@+R I sin@) —R,[,cos@+ X, sinf
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If we examine these three cases, we can see that the only difference among them is the sign of the term
sin@. If @is taken as positive for lagging power factors and negative for leading power factors (in other
words, if @is the impedance angle), then all three cases can be represented by the single equation:

V,=\E}—(X,l ,cos0-R I sin8) —R,I,cos6— X,1,sin@

A MATLAB program that calculates terminal voltage as function of impedance angle is shown below:

oe

M-file: prob5 14.m

M-file to calculate and plot the terminal voltage

of a synchronous generator as a function of impedance
angle as PF changes from 0.85 lagging to 0.85
leading.

o° o o

o

o

Define values for this generator

EA = 469; % Internal gen voltage
I = 361; % Current (A4)

R = 0.04; % R (ohms)

X = 0.695; % XS (ohms)

% Calculate impedance angle theta in degrees
theta = -31.8:0.318:31.8;
th = theta * pi/180; % In radians

% Calculate the phase voltage and terminal voltage

VP = sqgrt( EA®2 - (X.*I.*cos(th) - R.*I.*sin(th)).”2 )
- R.*I.*cos(th) - X.*I.*sin(th);
VI = VP .* sqgrt(3);

$ Plot the terminal voltage versus power factor
figure (1) ;

plot (theta,abs (VT), 'b-', 'LineWidth',2.0) ;

title ('\bfTerminal Voltage Versus Load') ;
xlabel ('\bfImpedance Angle (deg)');

ylabel ('\bfTerminal Voltage (V)');

$axig ([0 260 300 540]);

grid on;

hold off;

The resulting plot of terminal voltage versus impedance angle (with field and armature currents held
constant) is shown below:
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Terminal Voltage Versus Load
950 T T T
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1 1 1 1 1
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450 L L

A 100-MVA 11.5-kV 0.8-PF-lagging 50-Hz two-pole Y-connected synchronous generator has a per-unit
synchronous reactance of 0.8 and a per-unit armature resistance of 0.012.

(a) What are its synchronous reactance and armature resistance in ohms?

(b) What is the magnitude of the internal generated voltage E, at the rated conditions? What is its
torque angle O at these conditions?

(c) Ignoring losses in this generator, what torque must be applied to its shaft by the prime mover at full
load?

SoLution The base phase voltage of this generator is V. =11,500/ 3 =6640V . Therefore, the

base impedance of the generator is

5 3 Vowe __ 3(6640 V)’
base g 100,000,000 VA

base

=132 Q

(a) The generator impedances in ohms are:

R,=(0.012)(1.32 Q) =0.0158

Xg= (0.8)(1.32 Q) =1.06 Q
(b) The rated armature current is

oo = S 10OMVA oo

“ v, BILskY)

The power factor is 0.8 lagging, so I, =5020£ —36.87° A. Therefore, the internal generated voltage
is

E, =V, +R]I,+ X,
E, = 6640.£0°+(0.0158 Q)(5020.£—36.87° A)+ j(1.06 Q)(5020£ —36.87° A)
E, =10,750£23°V
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5-16.

Therefore, the magnitude of the internal generated voltage £, = 10,750 V, and the torque angle o= 23°.
(c) Ignoring losses, the input power would equal the output power. Since

Py =(0.80)(100 MVA) =80 MW

and
120(50 H
n =2 (50H2) _ 3000 r/min
P
the applied torque would be
80,000,000 W

_ s = 255,000 N -
Farp = Tina (3000 r/min) (27 rad/r)(1 min/60 s) "

A three-phase Y-connected synchronous generator is rated 120 MVA, 13.8 kV, 0.85 PF lagging, and 60
Hz. Its synchronous reactance is 0.7 €, and its resistance may be ignored.

(a) What is its voltage regulation?

(b) What would the voltage and apparent power rating of this generator be if it were operated at 50 Hz
with the same armature and field losses as it had at 60 Hz?

(c) What would the voltage regulation of the generator be at 50 Hz?

SOLUTION
(a) The rated armature current is

S _ 120MVA _ 0

=I= =
T 3y, J3(13.8kV)

The power factor is 0.85 lagging, so I, =5020£ —31.8° A. Therefore, the internal generated voltage is

/

E,=V,+R]I, + X,
E, =7967£0°+ j(0.7 Q)(5020£-31.8° A)
E, =10,260£16.9°V

The resulting voltage regulation is

R = 10,260 - 7967
7967

(b) If the generator is to be operated at 50 Hz with the same armature and field losses as at 60 Hz (so
that the windings do not overheat), then its armature and field currents must not change. Since the
voltage of the generator is directly proportional to the speed of the generator, the voltage rating (and
hence the apparent power rating) of the generator will be reduced by a factor of 5/6.

VT,rated :%(138 kV) = 115 kV

x100% = 28.8%

5
S rated = g

(120 MVA) =100 MVA

Also, the synchronous reactance will be reduced by a factor of 5/6.
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X = %(0.7 Q)=0.583 Q

(c) At 50 Hz rated conditions, the armature current would be
_7 = S 100 MVA
By, B(115kY)

The power factor is 0.8 lagging, so I, =5020£ —31.8° A. Therefore, the internal generated voltage is

1 =5020 A

E, =V, +R]I,+ X,
E, = 6640.£0°+ j(0.583 Q)(5020£ —31.8° A)
E, =8550£16.9°V

The resulting voltage regulation is

R = 8550- 6640
6640

Because voltage, apparent power, and synchronous reactance all scale linearly with frequency, the voltage
regulation at 50 Hz is the same as that at 60 Hz. Note that this is not quite true, if the armature resistance

R, is included, since R, does not scale with frequency in the same fashion as the other terms.

x100% = 28.8%

A 25-MVA three-phase 13.8-kV two-pole 60-Hz synchronous generator was tested by the open-circuit
test, and its air-gap voltage was extrapolated with the following results:

Open-circuit test

Field current, A 320 365 380 475 570
Line voltage, kV 13.0 13.8 14.1 15.2 16.0
Extrapolated air-gap voltage, kV 15.4 17.5 18.3 22.8 27.4

The short-circuit test was then performed with the following results:

Short-circuit test
Field current, A 320 365 380 475 570
Armature current, A 1040 1190 1240 1550 1885

The armature resistance is 0.24 € per phase.
(a) Find the unsaturated synchronous reactance of this generator in ohms per phase and in per-unit.

(b) Find the approximate saturated synchronous reactance X at a field current of 380 A. Express the
answer both in ohms per phase and in per-unit.

(¢) Find the approximate saturated synchronous reactance at a field current of 475 A. Express the answer
both in ohms per phase and in per-unit.

SOLUTION

(a) The unsaturated synchronous reactance of this generator is the same at any field current, so we will
look at it at a field current of 380 A. The extrapolated air-gap voltage at this point is 18.3 kV, and the
short-circuit current is 1240 A.  Since this generator is Y-connected, the phase voltage is

V¢ =18.3 kV/\/g =10,566 V and the armature current is /, =1240 A. Therefore, the unsaturated

synchronous reactance is
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L =106V _¢ 50
1240 A

The base impedance of this generator is

3 Ve 3(7967 V)’
base T g 25,000,000 VA

base

=7.62 Q

Therefore, the per-unit unsaturated synchronous reactance is

_8.52Q
S 7 62.Q

(b) The saturated synchronous reactance at a field current of 380 A can be found from the OCC and the
SCC. The OCC voltage at [, =380 A is 14.1 kV, and the short-circuit current is 1240 A. Since this

generator is Y-connected, the corresponding phase voltage is 7, =14.1kV//3=8141V and the

=1.12

armature current is / , =1240 A . Therefore, the saturated synchronous reactance is
_ 8141V

1240 A

and the per-unit unsaturated synchronous reactance is

_657Q
Sp 7 62 Q

(c) The saturated synchronous reactance at a field current of 475 A can be found from the OCC and the
SCC. The OCC voltage at /. =475 A is 15.2 kV, and the short-circuit current is 1550 A. Since this

generator is Y-connected, the corresponding phase voltage is V, =15.2 kV/v/3=8776V and the

=6.57Q

=0.862

armature current is /, =1550 A . Therefore, the saturated synchronous reactance is
8776V

M 1550 A

and the per-unit unsaturated synchronous reactance is

5.66Q
S 7 62.Q

A 480-V, 60 Hz, six-pole synchronous motor draws 80 A from the line at unity power factor and full load.
Assuming that the motor is lossless, answer the following questions:

=5.66Q

=0.743

(a) What is the output torque of this motor? Express the answer both in newton-meters and in pound-
feet.

(b) What must be done to change the power factor to 0.8 leading? Explain your answer, using phasor
diagrams.

(c¢) What will the magnitude of the line current be if the power factor is adjusted to 0.8 leading?
SOLUTION

(a) If this motor is assumed lossless, then the input power is equal to the output power. The input
power to this motor is

Py =3 V,1,cos 6=~/3(480 V)(80 A)(1.0) = 66.5 kW
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Since this motor is assumed to be lossless, F,;; = Py . The output torque would be

Tioap = Four = 66.15 kW 27 tad =529 N-m
@ (1200 r/min)( mmj( a j
60 s Ir
In English units,
04 P 7.04)(66.5 kW
TLOAD:7O OUT:( )( )23901b-ft

n (1200 r/min)

m

(b) To change the motor’s power factor to 0.8 leading, its field current must be increased. Since the
power supplied to the load is independent of the field current level, an increase in field current increases

|E A| while keeping the distance £, sin 0 constant. This increase in £, changes the angle of the current

I,, eventually causing it to reach a power factor of 0.8 leading.

« P
~—

Q1 sind

(¢) The magnitude of the line current will be

;P 665kW
" 3V, PF J3(480V)(0.8)

=100 A

A 480-V, 60 Hz, 400-hp 0.8-PF-leading eight-pole A-connected synchronous motor has a synchronous
reactance of 1.0 Q and negligible armature resistance. Ignore its friction, windage, and core losses for the
purposes of this problem.

(a) If this motor is initially supplying 400 hp at 0.8 PF lagging, what are the magnitudes and angles of
E,and I,?

(b) How much torque is this motor producing? What is the torque angle 87 How near is this value to the
maximum possible induced torque of the motor for this field current setting?

(c) If |E A| is increased by 15 percent, what is the new magnitude of the armature current? What is the

motor’s new power factor?

(d) Calculate and plot the motor’s V-curve for this load condition.

SOLUTION

(a) If losses are being ignored, the output power is equal to the input power, so the input power will be
Py = (400 hp)(746 W/hp) =298.4 kW

This situation is shown in the phasor diagram below:
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The line current flow under these circumstances is

P 298.4 kW

I, = = =449 A
LBV, PF O /3(480 V)(0.8)

Because the motor is A-connected, the corresponding phase current is [, =449/ J3=259A. The

angle of the current is —cos'(0.80)=—36.87°, so I, =259/ —36.87° A . The internal generated
voltage E | is

E, = V¢ —JX1,
E, = (480400 V) - j(l.O Q)(259Z —-36.87° A) =385/4-32.6°V

(b)  This motor has 8 poles and an electrical frequency of 60 Hz, so its rotation speed is #,, = 900 r/min.
The induced torque is

T4 = Four = 2981'4 I?W 7 tad =3166 N-m
@, (900 r/min)( mm)( ra )
60 s Ir

The maximum possible induced torque for the motor at this field setting is

o 3B _ 3(480 V)(385 V)
o = X 1 minj (275 rad

" o ](1.09)

(c) If the magnitude of the internal generated voltage E, is increased by 15%, the new torque angle

=5882 N-m

(900 r/min)(
0s

can be found from the fact that £, sind o P = constant .

E,=115E,=1.15(385V)=443V

8, =sin™' hsiné‘1 = sin‘l(g'g5 v
E, 443V

The new armature current is

V _E o _ _ o
1= Yo B _480£0°V-443L-019°V 0o oy oy
JX jl1.0Q

sin(— 32.6°)j =-27.9°

The magnitude of the armature current is 225 A, and the power factor is cos (-23.1°) = 0.920 lagging.
(d) A MATLAB program to calculate and plot the motor’s V-curve is shown below:

oe

M-file: prob5 19d.m
M-file create a plot of armature current versus Ea
for the synchronous motor of Problem 5-19.
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o°

First, initialize the field current values (21 values
in the range 3.8-5.8 A)
_f = (38:1:58) / 10;

o°

[

% Initialize values

Ea = (1:0.01:1.70)*385; % Magnitude of Ea volts

Ear = 385; % Reference Ea

deltar = -32.6 * pi/180; % Reference torque angle
Xs = 1.0; % Synchronous reactance

Vp = 480;

% Phase voltage at 0 degrees
Ear = Ear * (cos(deltar) + j * sin(deltar));

% Calculate delta2
delta2 = asin ( abs(Ear) ./ abs(Ea) .* sin(deltar) );

% Calculate the phasor Ea
Ea = Ea .* (cos(delta2) + j .* sin(delta2));

% Calculate Ia
Ia = (Vp -Ea) / (3 * Xs);

% Plot the v-curve

figure (1) ;

plot (abs(Ea) ,abs(Ia),'b', 'Linewidth',2.0);
xlabel ('\bf\itE {A}\rm\bf (V)');

ylabel ('\bf\itI {A}\rm\bf (a)');

title ('\bfSynchronous Motor V-Curve') ;
grid on;

The resulting plot is shown below
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5-20. A 2300-V 2000-hp 0.8-PF leading 60-Hz two-pole Y-connected synchronous motor has a synchronous
reactance of 1.5 Q and an armature resistance of 0.3 Q. At 60 Hz, its friction and windage losses are 50
kW, and its core losses are 40 kW. The field circuit has a dc voltage of 200 V, and the maximum 7, is
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10 A. The open-circuit characteristic of this motor is shown in Figure P5-3. Answer the following
questions about the motor, assuming that it is being supplied by an infinite bus.

(a) How much field current would be required to make this machine operate at unity power factor when
supplying full load?
(b) What is the motor’s efficiency at full load and unity power factor?

(c¢) If the field current were increased by 5 percent, what would the new value of the armature current be?
What would the new power factor be? How much reactive power is being consumed or supplied by
the motor?

(d) What is the maximum torque this machine is theoretically capable of supplying at unity power factor?
At 0.8 PF leading?

3000

2750 o
L~

2500

2250 ”

2000 /
1750
1500 /
1250 /
1000

750 /
500
250 /

0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Field current, A

Open-circuit terminal voltage, V

SOLUTION

(a) At full load, the input power to the motor is
Py =Fyur + Poeen T Poye + Py

mech core

We can’t know the copper losses until the armature current is known, so we will find the input power
ignoring that term, and then correct the input power after we know it.

B =(2000 hp)(746 W/hp) +50 kW +40 kW = 1582 kW
Therefore, the line and phase current at unity power factor is
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P 1582 kW

L= = R T B (2300 V) (10)

=397 A

The copper losses due to a current of 397 A are
P, =317R,=3(397 A)’ (0.3 Q) =142 kW
Therefore, a better estimate of the input power at full load is

B, =(2000 hp)(746 W/hp) +50 kW +40 kW +142 kW =1724 kW

and a better estimate of the line and phase current at unity power factor is

P 1T4kW
LBV, PE /3(2300 V)(1.0)

The phasor diagram of this motor operating a unity power factor is shown below:

I, =433 A

y v,
]XSIA

E, R1

A A

The required internal generated voltage is
E,=V,-R,], - jXlI,
E, =1328£0° V—(O.2 Q)(433LO° A) —j(1.5 Q)(433LO° A)
E,=1410£-27.6° V

This internal generated voltage corresponds to a terminal voltage of V3 (1410) = 2442 V. This voltage
would require a field current of 4.7 A.

(b) The motor’s efficiency at full load an unity power factor is

P 1492 kW
n=-"2"Lx100% = ———x100% = 86.5%
Py 1724 kW
(c) To solve this problem, we will temporarily ignore the effects of the armature resistance R,. If R,
is ignored, then E sind is directly proportional to the power supplied by the motor. Since the power

supplied by the motor does not change when /. is changed, this quantity will be a constant.

If the field current is increased by 5%, then the new field current will be 4.94 A, and the new value
of the open-circuit terminal voltage will be 2475 V. The new value of E, will be 2475 V / \/§ = 1429
V. Therefore, the new torque angle o will be

o, =sin {hsin 51) =sin"' (1410 v sin(—27.6°)) =-27.2°
E, 1429 V

Therefore, the new armature current will be
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= YomE, _132820° V-1429£-272°V

A= : : = 428.6£6.3° A
R, + jX, 0.3+ ,/1.5Q

The new current is about the same as before, but the phase angle has become positive. The new power
factor is cos 6.3° = 0.994 leading, and the reactive power supplied by the motor is

Q=13 ¥, I,sin 6=+/3(2300 V)(428.6 A)(0.110) =187 kVAR

(d) The maximum torque possible at unity power factor (ignoring the effects if R ) is:

3V, E 3(1328 V)(1410 V)
o —4
Tind,max = = T = 9940 N ‘m
@, Xs (3600 r/min)[1 Igm) [2’i md) (15 Q)
S r

At a power factor of 0.8 leading, the current flow will be

Py 1724 kW

Li=l=7 v, PF <J3(2300 V)(0.8)

=541 A

so I, =541£36.87° A . The internal generated voltage at 0.8 PF leading is
E, :V¢—RAIA—jXSIA
E, =132820°V—(0.2 Q)(541£36.87° A) - j(1.5 Q)(541£36.87° A)
E,=1870£-224°V

Therefore, the maximum torque at a power factor of 0.8 leading is

3V, E 3(1328 V)(1870 V)
¢ 4
Tind,max = = . = 13,180 N -m
@, Xs (3600 r/min)(lggmj (21 rad] (15 Q)
S r

Plot the V-curves (/, versus I, ) for the synchronous motor of Problem 5-20 at no-load, half-load, and

full-load conditions. (Note that an electronic version of the open-circuit characteristics in Figure P5-3 is
available at the book’s Web site. It may simplify the calculations required by this problem. Also, you

may assume that R, is negligible for this calculation.)

SorutioN The input power at no-load, half-load and full-load conditions is given below. Note that we are
assuming that R, is negligible in each case.

Py =S0kW +40 kW =90 kW
Pyar = (1000 hp) (746 W/hp) + 50 kW + 40 kW = 836 kW

Py = (2000 hp) (746 W/hp)+ S0 kW + 40 kW = 1582 kW

If the power factor is adjusted to unity, then armature currents will be

j2 90 kW
A3, PR 4/3(2300 V)(1.0)
J2 836kW o

la=7 V. PF_ +3(2300 V)(1.0)
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;oo P 1582kW
M3V, PF O /3(2300 V)(1.0)
The corresponding internal generated voltages at unity power factor are:
E, =V, - X,
E, ., =132820°V - j(1.5Q)(22.6£0° A)=1328.4£—-1.46°V
E, . =132820°V — j(1.5Q)(210£0° A)=1365£-13.3°V
E, . =132820°V - j(1.5Q)(397£0° A)=14552-24.1°V

=397A

These values of E, and & at unity power factor can serve as reference points in calculating the
synchronous motor V-curves. The MATLAB program to solve this problem is shown below:

M-file: prob5 21.m

M-file create a plot of armature current versus field
current for the synchronous motor of Problem 5-20 at
no-load, half-load, and full-load.

o o o oP

First, initialize the field current wvalues (21 values
in the range 3.8-5.8 A)
If = 2.5:0.1:8;

o° oP

% Get the OCC
load p53.occ;
if values = p53(:,1);
vt _values = p53(:,2);

—

% Now initialize all other wvalues
Xs = 1.5; % Synchronous reactance
Vp = 1328; % Phase voltage

The following values of Ea and delta are for unity
power factor. They will serve as reference values
when calculating the V-curves.

o° o° o

d nl = -1.46 * pi/180; delta at no-load
d half = -13.3 * pi/180; delta at half-load
d full = -24.1 * pi/180; delta at full-load

Ea at no-load
Ea at half-load
Ea at full-load

Ea nl = 1328.4;
Ea_half = 1365;
Ea_ full = 1455;

o° o o° o o° o

o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\°
o\
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Calculate the actual Ea corresponding to each level
field current
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First, calculate delta.
delta = asin ( Ea_ nl ./ Ea .* sin(d nl) );
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Calculate the phasor Ea

o
%

.* sin(delta)) ;

]

(cos (delta) +

Ea .*

Ea2

Now calculate Ia

o
o

(j * Xs);

/

Calculate the armature currents associated with

each value of Ea for the half-load case.

o
%

o
o
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calculate delta.

First,
delta

o
o

) ;

.* gin(d half)

./ Ea

( Ea half

asin

Calculate the phasor Ea

o
o

.* sin(delta)) ;

]

(cos (delta) +

Ea .*

Ea2

Now calculate Ia

o
o

(3 * Xs);

/

= (Vp - Ea2 )

Ia half
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Calculate the armature currents associated with

each value of Ea for the full-load case.

)
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)
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calculate delta.

First,
delta

)
)

) ;

.* gin(d full)

./ Ea

( Ea_ full

asin

Calculate the phasor Ea

)
]

.* sin(delta)) ;

]

(cos (delta) +

Ea .*

Ea2

Now calculate Ia

o
]

(3 * Xs);

/

= ( Vp - Ea2 )

Ta_full
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Plot the wv-curves
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plot (If,abs(Ia _nl), 'k-', 'Linewidth',2.0);

hold on;

', 'Linewidth',2.0) ;

plot (If,abs(Ia half), 'b--', 'Linewidth',2.0);
plot (If,abs(Ia full), 'r:

xlabel ('\bfField Current

(A) ")

(A) ')

('"\bfSynchronous Motor V-Curve') ;

ylabel (' \bfArmature Current
grid on;

title

The resulting plot is shown below. The flattening visible to the right of the V-curves is due to magnetic

saturation in the machine.
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5-23.

Synchronous Motor V-Curve
600 x T T T
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If a 60-Hz synchronous motor is to be operated at 50 Hz, will its synchronous reactance be the same as at
60 Hz, or will it change? (Hint: Think about the derivation of X .)

SoruTioN The synchronous reactance represents the effects of the armature reaction voltage E_ . and the

stat

armature self-inductance. The armature reaction voltage is caused by the armature magnetic field B,

and the amount of voltage is directly proportional to the speed with which the magnetic field sweeps over
the stator surface. The higher the frequency, the faster B, sweeps over the stator, and the higher the

armature reaction voltage E_  is. Therefore, the armature reaction voltage is directly proportional to

stat
frequency. Similarly, the reactance of the armature self-inductance is directly proportional to frequency,
so the total synchronous reactance X is directly proportional to frequency. If the frequency is changed

from 60 Hz to 50 Hz, the synchronous reactance will be decreased by a factor of 5/6.

A 480-V 100-kW 0.85-PF leading 50-Hz six-pole Y-connected synchronous motor has a synchronous
reactance of 1.5 € and a negligible armature resistance. The rotational losses are also to be ignored. This
motor is to be operated over a continuous range of speeds from 300 to 1000 r/min, where the speed
changes are to be accomplished by controlling the system frequency with a solid-state drive.

(a) Over what range must the input frequency be varied to provide this speed control range?
(b) How large is E, at the motor’s rated conditions?
(c) What is the maximum power the motor can produce at the rated conditions?

(d) What is the largest £, could be at 300 r/min?

(e) Assuming that the applied voltage V¢ is derated by the same amount as £ ,, what is the maximum
power the motor could supply at 300 r/min?

() How does the power capability of a synchronous motor relate to its speed?

SOLUTION

(a) A speed of 300 r/min corresponds to a frequency of
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_n, P (3001/min)(6)
‘120 120
A speed of 1000 r/min corresponds to a frequency of
_n,P (1000 /min)(6)
‘120 120
The frequency must be controlled in the range 15 to 50 Hz.

=15Hz

=50Hz

(b) The armature current at rated conditions is

P 100kW
LT3V, PE /3(480 V)(0.85)

I, =1415A

so I, =141.5£31.8° A . This machine is Y-connected, so the phase voltage is V, =480/ \/5 =277 V.

The internal generated voltage is
E,=V,-R,I,-jX,I,
E,=277£0° V- j(1.5Q)(141.5£31.8° A)
E, =429/4-249°V

So E, =429V at rated conditions.

(c) The maximum power that the motor can produce at rated speed with the value of £, from part (b)
is
_WE, _3(277V)(429V)
e X 1.5Q

=238 kW

(d) Since E, must be decreased linearly with frequency, the maximum value at 300 r/min would be

15 Hz
E, = (ﬁ]@w V)=129V

(e) If the applied voltage V, is derated by the same amount as £, then V, = (15/50)(277) = 83.1 V.

Also, note that X ¢ = (15/50)(1.5 Q) = 0.45 Q. The maximum power that the motor could supply would
be

_3V,E, _3(83.1V)(129V)

max = 715 kW
X, 0.45Q

(f/)’ As we can see by comparing the results of (¢) and (e), the power-handling capability of the
synchronous motor varies linearly with the speed of the motor.

A 208-V Y-connected synchronous motor is drawing 50 A at unity power factor from a 208-V power
system. The field current flowing under these conditions is 2.7 A. Its synchronous reactance is 0.8 Q.
Assume a linear open-circuit characteristic.

(a) Find the torque angle o.
(b) How much field current would be required to make the motor operate at 0.78 PF leading?

(c) What is the new torque angle in part (b)?
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SOLUTION

(@) The phase voltage of this motor is ¥, = 120 V, and the armature current is I, =50£0°A.

Therefore, the internal generated voltage is
E,=V,-RJI,—jXI,
E,=120£0° V- (0.8 Q)(50£0° A)
E,6 =12652-18.4°V

The torque angle ¢ of this machine is —18.4°.

(b) A phasor diagram of the motor operating at a power factor of 0.78 leading is shown below.

Since the power supplied by the motor is constant, the quantity /, cos @, which is directly proportional
to power, must be constant. Therefore,
1,,(0.78)=(50 A)(1.00)
I, =64.1£38.7°A
The internal generated voltage required to produce this current would be
E,= V¢ -R,1,, - jX,1,,
E,, =120£0° V- (0.8 Q)(64.1£38.7° A)
E, =157£-147°V
The internal generated voltage £, is directly proportional to the field flux, and we have assumed in this
problem that the flux is directly proportional to the field current. Therefore, the required field current is
E 157V
Ip, = 21 )i nie——
E 126.5V

(2.7A)=335A

(¢) The new torque angle ¢ of this machine is —14.7°.

A synchronous machine has a synchronous reactance of 2.0 € per phase and an armature resistance of 0.4
Q per phase. If E, =460£-8° V and V, = 480£0° V, is this machine a motor or a generator? How

much power P is this machine consuming from or supplying to the electrical system? How much reactive
power (Q is this machine consuming from or supplying to the electrical system?

SorutioN This machine is a motor, consuming power from the power system, because E , is lagging V¢ .

It is also consuming reactive power, because E , cosd < V¢. The current flowing in this machine is
_ V,—-E, _480£0°V —-460£—-8°V

TR, +jX, 0.4+ 2.0Q
97
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5-27.

Therefore the real power consumed by this motor is

P=3V,I, cos6=3(480 V)(33.6 A)cos9.6° = 47.7 kW

and the reactive power consumed by this motor is
Q=3V,1,sinf= 3(480 V)(33.6 A) sin9.6°=8.07 kVAR

Figure P5-4 shows a synchronous motor phasor diagram for a motor operating at a leading power factor
withno R, . For this motor, the torque angle is given by

Xl ,cos@
Vy+Xsl,siné

S = tan” X, cos@
Vy+ Xgl,sin@

tan o =

Derive an equation for the torque angle of the synchronous motor if the armature resistance is included.
\
\

A
IA A

\ Xl sin @
/ Vo', '

Xl cos 6

Xl cos @
—an1] Xsla E
8 =tan (V¢+XSIAsin0) 4

SorutioN The phasor diagram with the armature resistance considered is shown below.

Therefore,

Xl ,cos@+R, I, sind

tano =

Vy+ Xl sin@—R,I, cos

S = tan”! Xl ,cos@+R,I, sind
Vy+ Xgl,sin@—R,I, cosO

A 2300-V 400-hp 60-Hz eight-pole Y-connected synchronous motor has a rated power factor of 0.85
leading. At full load, the efficiency is 85 percent. The armature resistance is 0.4 €2, and the synchronous
reactance is 4.4 Q. Find the following quantities for this machine when it is operating at full load:
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(a) Output torque
(b) Input power
(©) n,

@ E,

(e) ‘IA‘

m PCOI]V
(@ Py + Py + P

core stray

SOLUTION
(a) Since this machine has 8 poles, it rotates at a speed of
L 1207, _ 120(60 Hz)

" P
If the output power is 400 hp, the output torque is
P (400 hp)(746 W/hp)

— out __

Tload - - :
@ (900 t/min) [”i md) (16%““]
T S

=900 r/min

=3166 N-m

(b) The input power is

P = Four _ (400 hp)(746 W/hp) 351 kW
n 0.85

(¢) The mechanical speed is

n, =900 r/min

(d) The armature current is

P 351kW

] :[ = =
T BY,PF 3(2300V)(0.85)

=104 A

I,=104£31.8°A
Therefore, E , is
E,=V,-R,], - jXlI,
E, = (1328400 V) - (0.4 Q)(104L31.8° A) — j(4.4 Q)(104431.8° A)
E, =1588£-15°V
(e) The magnitude of the armature current is 104 A.

(/) The power converted from electrical to mechanical form is given by the equation P,

conv PIN _PCU
P, =31R,=3(104 A) (0.4 Q) =13 kW

P, =Py — P, =351kW-13kW = 338 kW

conv
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(g¢) The mechanical, core, and stray losses are given by the equation

Pt T Poe T Piay = Poone — Pour =338kW -298kW =40 kW

mech core stray conv

A 440-V three-phase Y-connected synchronous motor has a synchronous reactance of 1.5 Q per phase.
The field current has been adjusted so that the torque angle o is 28° when the power supplied by the
generator is 90 kW.

(a) What is the magnitude of the internal generated voltage E , in this machine?

(b) What are the magnitude and angle of the armature current in the machine? What is the motor’s power
factor?

(c) If the field current remains constant, what is the absolute maximum power this motor could supply?

SOLUTION

(a) The power supplied to the motor is 90 kW. This power is give by the equation
3V, E
P="""2ging§
s

so the magnitude of E , is
X, P (1.5Q)(90 kW)

4 3,sind  3(254 V)sin28°

(b) The armature current in this machine is given by

_V,-E, 254/0°V-377/£-28°
X jL.s

=129224° A

A

The power factor of the motor is PF = cos 24° = 0.914 leading.
(¢) The maximum power that the motor could supply at this field current
_3VLE,  3(254V)(377V)
e X 1.5Q

=191.5kW

A 100-hp 440-V 0.8-PF-leading A-connected synchronous motor has an armature resistance of 0.22 Q
and a synchronous reactance of 3.0 Q. Its efficiency at full load is 89 percent.

(a) What is the input power to the motor at rated conditions?

(b) What is the line current of the motor at rated conditions? What is the phase current of the motor at
rated conditions?

(c) What is the reactive power consumed by or supplied by the motor at rated conditions?

(d) What is the internal generated voltage E , of this motor at rated conditions?

(e) What are the stator copper losses in the motor at rated conditions?

(/) Whatis P__ atrated conditions?

conv

(g) If E, is decreased by 10 percent, how much reactive power will be consumed by or supplied by the
motor?

SOLUTION

(a) The input power to the motor at rated conditions is
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p_ Four _ (100hp)(746 W/hp)

= =83.8kW
N 0.89

(b) The line current to the motor at rated conditions is
I, = P _ 83.8kW

V3V, PF /3(440V)(0.8)

The phase current to the motor at rated conditions is

I, 137A

NS

(c¢) The reactive power supplied by this motor to the power system at rated conditions is

Qe =V, 1, sin6 =3(440 V)(79.4 A)sin 36.87° = 62.9 kVAR

=137A

1 =794A

(d) The internal generated voltage at rated conditions is
E,=V,-R,], - jXI,
E, =440£0°V —(0.22Q)(79.4£36.87° A) - j(3.0Q)(79.4£36.87° A)
E, =603£-19.5°V

(e) The stator copper losses at rated conditions are

P, =31 R,=3(79.4A)(0.22Q)=4.16kW

(/) P.__ atrated conditions is

conv

P, =Py —P.,=838kW-416kW =79.6kW

conv

(g) If E, is decreased by 10%, the new value if £, = (0.9)(603 V) =543 V. To simplify this part of

the problem, we will ignore R,. Then

8, =sin™ hsin 8, |=sin™ 603V sin(—19.5°) | = —21.8°
E 543V

A2
Therefore,

_V,-E, 440£0°V-543£-21.8°

4 : : =70.5£17.7° A
JX j3.0

and the reactive power supplied by the motor to the power system will be
Q=3V,I,sin@=3(440 V)(70.5 A)sin17.7° = 283 kVAR

Answer the following questions about the machine of Problem 5-29.
(a) If E, =430£13.5° V and V, =440£0° V, is this machine consuming real power from or supplying

real power to the power system? Is it consuming reactive power from or supplying reactive power to
the power system?

(b) Calculate the real power P and reactive power O supplied or consumed by the machine under the
conditions in part (a). Is the machine operating within its ratings under these circumstances?
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(c) If E, =470£-12° V and Vq) =440£0° V, is this machine consuming real power from or supplying

real power to the power system? Is it consuming reactive power from or supplying reactive power to
the power system?

(d) Calculate the real power P and reactive power Q supplied or consumed by the machine under the
conditions in part (c). Is the machine operating within its ratings under these circumstances?

SOLUTION
(a) This machine is a generator supplying real power to the power system, because E , is ahead of V¢ .

It is consuming reactive power because £, cosd <V,.

(b) This machine is acting as a generator, and the current flow in these conditions is

_E, -V, 430/£13.5°-440£0°V

- =34.2/16.5° A
R, + jX, 0.22+ j3.0

A

The real power supplied by this machine is
P=3V,, cos0= 3(440 V)(34.2 A)cos(—16.5°) = 43.3 kW
The reactive power supplied by this machine is

O =3V,1,sind =3(440 V)(34.2 A)sin(- 16.5°) = ~12.8 kVAR
(c)  This machine is a motor consuming real power from the power system, because E ; is behind V.
It is supplying reactive power because E , coso > V.
(d) This machine is acting as a motor, and the current flow in these conditions is

_ V,—E,  44020°V-470£-12°
R, +jX, 0.22 + j3.0

=33.1£15.6° A

A

The real power consumed by this machine is
P=3V,, cos0= 3(440 V)(33.1 A)cos(15.6°) =42.1 kW
The reactive power supplied by this machine is

Q=3V,I,sin@=3(440 V)(33.1 A)sin(15.6°) = +11.7 kVAR

102



Chapter 6: Parallel Operation of Synchronous Generators

6-1.

A 480-V 400-kVA 0.85-PF-lagging 50-Hz four-pole A-connected generator is driven by a 500-hp diesel
engine and is used as a standby or emergency generator. This machine can also be paralleled with the
normal power supply (a very large power system) if desired.

(a) What are the conditions required for paralleling the emergency generator with the existing power
system? What is the generator’s rate of shaft rotation after paralleling occurs?

(b) If the generator is connected to the power system and is initially floating on the line, sketch the
resulting magnetic fields and phasor diagram.

(c) The governor setting on the diesel is now increased. Show both by means of house diagrams and by
means of phasor diagrams what happens to the generator. How much reactive power does the
generator supply now?

(d) With the diesel generator now supplying real power to the power system, what happens to the
generator as its field current is increased and decreased? Show this behavior both with phasor
diagrams and with house diagrams.

SOLUTION
(a) To parallel this generator to the large power system, the required conditions are:
1. The generator must have the same voltage as the power system.

2. The phase sequence of the oncoming generator must be the same as the phase sequence of the
power system.

3. The frequency of the oncoming generator should be slightly higher than the frequency of the
running system.

4. The circuit breaker connecting the two systems together should be shut when the above
conditions are met and the generator is in phase with the power system.

After paralleling, the generator’s shaft will be rotating at

_120f, _120(50 Hz)

. =1500 r/min
P
(b) The magnetic field and phasor diagrams immediately after paralleling are shown below:
B B, E, .
4 f > ,! J XSIA
B A V¢

net

(c) When the governor setpoints on the generator are increased, the emergency generator begins to
supply more power to the loads, as shown below:
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Note that as the load increased with |E A| constant, the generator began to consume a small amount of
reactive power.
(d) With the generator now supplying power to the system, an increase in field current increases the

reactive power supplied to the loads, and a decrease in field current decreases the reactive power supplied
to the loads.

A VT
=
-
] :
% Q3 QZ Ql sts
27
|
. A
QG QIQZ sts 0

6-2. A 13.5.kV 20-MVA 0.8-PF-lagging 60-Hz two-pole Y-connected steam-turbine generator has a
synchronous reactance of 5.0 € per phase and an armature resistance of 0.5 Q per phase. This generator
is operating in parallel with a large power system (infinite bus).

(a) What is the magnitude of E, at rated conditions?
(b) What is the torque angle of the generator at rated conditions?

(c) If the field current is constant, what is the maximum power possible out of this generator? How much
reserve power or torque does this generator have at full load?

(d) At the absolute maximum power possible, how much reactive power will this generator be supplying
or consuming? Sketch the corresponding phasor diagram. (Assume /. is still unchanged.)
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6-3.

SoLuTION
(a) The phase voltage of this generator at rated conditions is

p L 3SRV gy

BNl

The armature current per phase at rated conditions is
2 A
I,= S _ 0,000,000 V —855 A
V3V, 3(13,500 V)

Therefore, the internal generated voltage at rated conditions is
E,=V,+R]I, + X1,
E, =779420°+(0.5 Q)(855£-36.87° A)+ (5.0 Q)(855£-36.87° A)
E, =11160£16.5°V

The magnitude of £, is 11,160 V.
(b) The torque angle of the generator at rated conditions is 6= 16.5°.
(c) Ignoring R, the maximum output power of the generator is given by

_VE, _3(7794 V)(11,160 V)
MAX XS 5 Q

=522 MW

(d) The phasor diagram at these conditions is shown below:
E

Under these conditions, the armature current is

E, -V, 11650£90°V-7794.£0°V

= . . =2790£39.5° A
R, + jX; 0.5+ j5.0Q

A

The reactive power produced by the generator is
Q=3V,1I,sin =3(7794 V)(2790 A) sin (0°-39.5°) =—41.5 MVAR

The generator is actually consuming reactive power at this time.

A 480-V 200-kW two-pole three-phase 50-Hz synchronous generator’s prime mover has a no-load speed
of 3040 r/min and a full-load speed of 2975 r/min. It is operating in parallel with a 480-V 150-kW four-
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pole 50-Hz synchronous generator whose prime mover has a no-load speed of 1500 r/min and a full-load
speed of 1485 r/min. The loads supplied by the two generators consist of 200 kW at 0.85 PF lagging.

(a) Calculate the speed droops of generator 1 and generator 2.
(b) Find the operating frequency of the power system.
(c¢) Find the power being supplied by each of the generators in this system.

(d) If V, is 460 V, what must the generator’s operators do to correct for the low terminal voltage?

SorutioN The no-load frequency of generator 1 corresponds to a frequency of

fo= n, P _ (3040 r/min)(2) — 50.67 Hy
120 120

The full-load frequency of generator 1 corresponds to a frequency of

£ P (29751/min)(2)
"0 120

The no-load frequency of generator 2 corresponds to a frequency of

P P (1500 r/min)(4)
"0 120

The full-load frequency of generator 2 corresponds to a frequency of

_n, P (14851/min)(4)

=49.58 Hz

=50.00 Hz

= =49.50Hz
T =50 120
(a) The speed droop of generator 1 is given by
SD, = My =M 100% = 3040r/m1n-2975 r/min < 100% = 2.18%
ngy 2975 r/min

The speed droop of generator 2 is given by

SD, :MXIOO% _ 1500 r/m1n-14$5 r/mmxlOO% ~1.01%
ng 1485 r/min

(b) The power supplied by generator 1 is given by
P =sp (fnll - fsys)

and the power supplied by generator 1 is given by
P, =5, (fan - fsys)

The power curve’s slope for generator 1 is

P 200 kW

Spi = = =0.185 MW/Hz
fu—Jfa 50.67Hz-49.58Hz
The power curve’s slope for generator 1 is
= ’ 150 kW =0.300 MW/Hz

Spo =
fu—Jfa 50.00Hz-49.50 Hz
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The no-load frequency of generator 1 is 50.67 Hz and the no-load frequency of generator 2 is 50 Hz. The
total power that they must supply is 200 kW, so the system frequency can be found from the equations

Pow =P + P
Poap =5p (fnll - fsys)"‘ Spa (fan - fsys)
200 kW = (0.185 MW/Hz)(50.67 Hz - £, )+ (0.300 MW/Hz)(50.00 Hz - £, )

200 kW = 9374 kW - (0.185 MW/Hz) ., +15,000 kW - (0.300 MW/Hz)

ys

(0.485 MW/Hz)f,,, = 9374 kW +15,000 kW - 200 kW
fie = _24174kW 49.843 Hz
*0.485 MW/Hz

(c) The power supplied by generator 1 is
P, =5 (fun = fiys)= (0.185 MW/HZ)(50.67 Hz - 49.843 Hz) = 153 kW

The power supplied by generator 2 is
P, =5, (fu = fiys) = (0.300 MW/HZ)(50.00 Hz - 49.843 Hz) = 47 kW

(d) If the terminal voltage is 460 V, the operators of the generators must increase the field currents on
both generators simultaneously. That action will increase the terminal voltages of the system without
changing the power sharing between the generators.

Three physically identical synchronous generators are operating in parallel. They are all rated for a full
load of 3 MW at 0.8 PF lagging. The no-load frequency of generator A is 61 Hz, and its speed droop is
3.4 percent. The no-load frequency of generator B is 61.5 Hz, and its speed droop is 3 percent. The no-
load frequency of generator C is 60.5 Hz, and its speed droop is 2.6 percent.

(a) If a total load consisting of 7 MW is being supplied by this power system, what will the system
frequency be and how will the power be shared among the three generators?

(b) Create a plot showing the power supplied by each generator as a function of the total power supplied
to all loads (you may use MATLAB to create this plot). At what load does one of the generators
exceed its ratings? Which generator exceeds its ratings first?

(c) Is this power sharing in (@) acceptable? Why or why not?
(d) What actions could an operator take to improve the real power sharing among these generators?
SOLUTION

(a) Speed droop is defined as

SD = ™M o 100% = Lo = Sn o 1000
ny fl
S0 fa =—S]§“1
—+1
100

Thus, the full-load frequencies of generators A, B, and C are
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fnl,A _ 61 Hz

Joa = SD, =32 - 59.0Hz
+1 —+1
100 100
_ fnl,B _615HZ_
Jus = SD, =30 =59.71Hz
+1  —+1
100 100
_ fnl,C _ 60.5Hz _
Jac = SD, =56 =58.97 Hz
+1 —+
100 100
and the slopes of the power-frequency curves are:
Sp, = SMW =1.5MW/Hz
2Hz
g = 3MW =1.676 MW/Hz
1.79 Hz
e = 3SMW =1.961 MW/Hz
1.53Hz

(a) The total load is 7 MW, so the system frequency is

Poap = Spy (fnlA _fsys)+SPB (fnlB - fsys)+ SPC(fnlC _fsys)

7MW =(1.5)(61.0+,, ) +(1.676)(61.5+£,,,) +(1.961)(60.5-1,,,)

TMW =91.5-1.5/, +103.07-1.676,  +118.64-1.961f,
5.137f,. =306.2

sys
Sy =59.61 Hz
The power supplied by each generator will be

Py =5,,(fux = f,s)= (1.5 MW/HZ)(61.0 Hz - 59.61 Hz) = 2.09 MW
Py =55 (fos = f,.) = (1.676 MW/HZ)(61.5 Hz - 59.61 Hz) = 3.17 MW
P = 5,c(foc = £,.) = (1.961 MW/Hz)(60.5 Hz - 59.61 Hz) = 1.74 MW

(b) The equation in part (a) can be re-written slightly to express system frequency as a function of load.

Pronn = (1.5)(61.0- £, )+ (1.676)(61.5- £, )+ (1.961)(60.5- £, ,)

Poxp =91.5-1.5f +103.07-1.676 f_  +118.64-1.961f,

yS

5137/, =313.2 P
go=3132= Ao
o 5.137

A MATLAB program that uses this equation to determine the power sharing among the generators as a
function of load is shown below:

% M-file: prob6_4b.m
% M-file to calculate and plot the power sharing among
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[}

[}

fnlA
fnlB
fnlcC
SpA =
SpB =
spC =
Pload

B R

.5;
.676;
.961;

o° o° o° o o° o

o\°

% three generators as a function of load.

% Define values for this generator
61.0;
61.5;
60.5;

No-load freq
No-load freq
No-load freq
Slope of Gen
Slope of Gen
Slope of Gen
Load in MW

of Gen A
of Gen B
of Gen C
(MW/Hz)
(MW/Hz)

A
B
C (MW/Hz)

0:0.05:10;

% Calculate the system frequency
fsys = (313.2 - Pload) ./ 5.137;

% Calculate the power of each generator

PA = spA .* ( fnlA - fsys);
PB = spB .* ( fnlB - fsys);
PC = spC .* ( fnlC - fsys);

[}

% Plot the power sharing versus load

plot (Pload,PA, 'b-"', 'LineWidth',2.0) ;
hold on;

plot (Pload, PB, 'k--"', 'LineWidth',2.0) ;
plot (Pload,PC, 'r-."', 'LineWidth',2.0) ;
plot ([0 10],[3 3]1,'k', 'LineWidth',1.0);

plot ([0 101,[0 0], 'k:"');

title ('\bfPower Sharing Versus Total Load');

xlabel ('\bfTotal Load (MW)');

ylabel ('\bfGenerator Power (MW)') ;

legend ('Generator A', 'Generator B', 'Generator C', 'Power Limit');
grid on;

hold off;

The resulting plot is shown below:

Power Sharing Versus Total Load
5 T T T T T

. =
£
5
H
o 2
=
=
I
g -
>
] R
[P
B Generator A
P Generator B
PR R A Generator C
0 - ——  Power Limit [
R
-
”"’rrl
-
-1 e i i I L L ! ‘ : :
0 1 2 3 4 5 6 7 8 9 10

Total Load (MW)

This plot reveals that there are power sharing problems both for high loads and for low loads. Generator
B is the first to exceed its ratings as load increases. Its rated power is reached at a total load of 6.45 MW.

109



6-5.

On the other hand, Generator C gets into trouble as the total load is reduced. When the total load drops to
2.4 MW, the direction of power flow reverses in Generator C.

(c) The power sharing in (a) is not acceptable, because Generator 2 has exceeded its power limits.

(d) To improve the power sharing among the three generators in (a) without affecting the operating
frequency of the system, the operator should decrease the governor setpoints on Generator B while
simultaneously increasing them in Generators A and C.

A paper mill has installed three steam generators (boilers) to provide process steam and also to use some
its waste products as an energy source. Since there is extra capacity, the mill has installed three 5-MW
turbine generators to take advantage of the situation. Each generator is a 4160-V 6250-kVA 0.85-PF-
lagging two-pole Y-connected synchronous generator with a synchronous reactance of 0.75 € and an
armature resistance of 0.04 Q. Generators 1 and 2 have a characteristic power-frequency slope s, of 2.5

MW?/Hz, and generator 3 has a slope of 3 MW/Hz.

(a) 1f the no-load frequency of each of the three generators is adjusted to 61 Hz, how much power will the
three machines be supplying when actual system frequency is 60 Hz?

(b) What is the maximum power the three generators can supply in this condition without the ratings of
one of them being exceeded? At what frequency does this limit occur? How much power does each
generator supply at that point?

(c¢) What would have to be done to get all three generators to supply their rated real and reactive powers
at an overall operating frequency of 60 Hz?

(d) What would the internal generated voltages of the three generators be under this condition?

SOLUTION

(a) If the system frequency is 60 Hz and the no-load frequencies of the generators are 61 Hz, then the
power supplied by the generators will be

P =sp,( fun = fon) =(2.5 MW/HzZ) (61 Hz - 60 Hz) =2.5 MW
P, =5, fun = fis) = (2.5 MW/Hz) (61 Hz - 60 Hz) = 2.5 MW

P, =555 ( fus = fin) = (3.0 MW/HzZ) (61 Hz - 60 Hz) = 3.0 MW

Therefore the total power supplied by the generators is 8 MW.

(b) The maximum power supplied by any one generator is (6250 kVA)(0.85) = 5.31 MW. Generator 3
will be the first machine to reach that limit. Generator 3 will supply this power at a frequency of

5.31 MW = (3.0 MW/Hz)(61 Hz - £, )

[y = 5923 Hz

At this point the power supplied by Generators 1 and 2 is
P =P =su(f ~ f,.)= (2.5 MW/Hz)(61 Hz - 59.23 Hz) = 4.425 MW

The total power supplied by the generators at this condition is 14.16 MW.

(c) To get each of the generators to supply 5.31 MW at 60 Hz, the no-load frequencies of Generator 1
and Generator 2 would have to be adjusted to 62.12 Hz, and the no-load frequency of Generator 3 would
have to be adjusted to 61.77 Hz. The field currents of the three generators must then be adjusted to get
them supplying a power factor of 0.85 lagging. At that point, each generator will be supplying its rated
real and reactive power.
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6-7.

(d) Under the conditions of part (c), which are the rated conditions of the generators, the internal
generated voltage would be given by

E, =V, +R,I, +jX,

The phase voltage of the generators is 4160 V / \/g = 2402 V, and since the generators are Y-connected,
their rated current is

S 6250kVA
= = =867 A
V3V, 34160 V)

The power factor is 0.85 lagging, so I, =867£ —31.8° A. Therefore,

I,=1,

E, =V, +R]I,+ X,
E, =2402/0°+(0.04 Q) (8672 —31.8° A)+j(0.75 Q) (8674 —31.8° A)
E, =2825/10.9°V

Two identical 300-kVA 480-V synchronous generators are connected in parallel to supply a load. The
prime movers of the two generators happen to have different speed droop characteristics. When the field

currents of the two generators are equal, one delivers 200 A at 0.9 PF lagging, while the other delivers
180 A at 0.75 PF lagging.

(a) What are the real power and the reactive power supplied by each generator to the load?

(b) What is the overall power factor of the load?

(c) In what direction must the field current on each generator be adjusted in order for them to operate at
the same power factor?

SOLUTION

(a) The real and reactive powers are
P.=~3V, I, cos 8=~/3(480 V)(200 A)(0.9) =150 kW

) )
0, =~/3 ¥, I, sin 9=1/3(480 V)(200 A)sin[ cos™ (0.9) ] = 72.50 kVAR
) )

(
( (

P, =3V, I, cos 6=1/3(480 V)(180 A)(0.75) =112 kW
( (

0, =13 ¥, I, sin §=~/3(480 V)(180 A)sin| cos™ (0.75) | = 99 kVAR

(b) The overall power factor can be found from the total real and reactive power supplied to the load.

Pyor = P+ P, =150 kW +112kW =262 kW
Oror =0, +0, = T2.5kVAR +99 kVAR =171 5kVAR

The overall power factor is

PF = cos {[an‘l @} =0.837 lagging

TOT

(c¢) The field current of generator 1 should be increased, and the field current of generator 2 should be
simultaneously decreased.

A generating station for a power system consists of four 120-MVA 15-kV 0.85-PF-lagging synchronous
generators with identical speed droop characteristics operating in parallel. The governors on the
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generators’ prime movers are adjusted to produce a 3-Hz drop from no load to full load. Three of these
generators are each supplying a steady 75 MW at a frequency of 60 Hz, while the fourth generator (called
the swing generator) handles all incremental load changes on the system while maintaining the system's
frequency at 60 Hz.

(a) At a given instant, the total system loads are 260 MW at a frequency of 60 Hz. What are the no-load
frequencies of each of the system’s generators?

(b) If the system load rises to 290 MW and the generator’s governor set points do not change, what will
the new system frequency be?

(c) To what frequency must the no-load frequency of the swing generator be adjusted in order to restore
the system frequency to 60 Hz?

(d) If the system is operating at the conditions described in part (c), what would happen if the swing
generator were tripped off the line (disconnected from the power line)?

SOLUTION

(a) The full-load power of these generators is (1 20 MVA) (0.85) =102 MW and the droop from no-
load to full-load is 3 Hz. Therefore, the slope of the power-frequency curve for these four generators is

Sp =102ﬂ: 34 MW/Hz
3Hz

If generators 1, 2, and 3 are supplying 75 MW each, then generator 4 must be supplying 35 MW. The no-
load frequency of the first three generators is

P =sp (fnll _fsys)
75 MW = (34 MW/Hz)( f,, - 60 Hz)
S =62.21Hz

The no-load frequency of the fourth generator is
Py =55 (fou = /i)
35 MW = (34 MW/Hz)( f,,, - 60 Hz)
f. =61.03Hz

(b) The setpoints of generators 1, 2, 3, and 4 do not change, so the new system frequency will be
Piono = $m s = Lo )+ 802 (o = S )+ 803 s = Fi) 4 50 s = 1350)
290 MW = (34)(62.21- £, )+ (34)(62.21- £, )+ (34)(62.21- £, )+ (34)(61.03- £,,,)
8.529 = 247.66—4f

sys
f,. =59.78 Hz

(c) The governor setpoints of the swing generator must be increased until the system frequency rises
back to 60 Hz. At 60 Hz, the other three generators will be supplying 75 MW each, so the swing
generator must supply 290 MW — 3(75 MW) = 65 MW at 60 Hz. Therefore, the swing generator’s
setpoints must be set to

P, :SP4(fnl4 _fsys)
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65 MW = (34 MW/Hz)( f,, - 60 Hz)
S =61.91Hz

(d) 1If the swing generator trips off the line, the other three generators would have to supply all 290 MW
of the load. Therefore, the system frequency will become

P oap = Spi (fnll - fsys)+ Spa (fnl2 - fsys)+ Sp3 (fnl3 - fsys)
290 MW = (34)(62.21- £, )+ (34)(62.21- £, )+ (34)(62.21- £,,)

8.529 =186.63 -3/,

sys
Sy =59.37Hz

Each generator will supply 96.7 MW to the loads.

Suppose that you were an engineer planning a new electric co-generation facility for a plant with excess
process steam. You have a choice of either two 10 MW turbine-generators or a single 20 MW turbine
generator. What would be the advantages and disadvantages of each choice?

SorutioN A single 20 MW generator will probably be cheaper and more efficient than two 10 MW
generators, but if the 20 MW generator goes down all 20 MW of generation would be lost at once. If two
10 MW generators are chosen, one of them could go down for maintenance and some power could still be
generated.
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Chapter 7: Induction Motors

7-1.

7-2.

A dc test is performed on a 460-V A-connected 100-hp induction motor. If V. =21 Vand I, =72 A,
what is the stator resistance R, ? Why is this so?

Sorution If this motor’s armature is connected in delta, then there will be two phases in parallel with one
phase between the lines tested.

Therefore, the stator resistance R, will be

VDC: RI(R1+R1) :ER
IDC Rl+(R1+R1) 3 l
2 3V _ 3[21\/

! 2072A

= j: 0.438Q
21, 2

A 220-V three-phase six-pole 50-Hz induction motor is running at a slip of 3.5 percent. Find:
(a) The speed of the magnetic fields in revolutions per minute

(b) The speed of the rotor in revolutions per minute
(c) The slip speed of the rotor
(d) The rotor frequency in hertz

SOLUTION
(a) The speed of the magnetic fields is

Ropne = 12gfe = 120(560 Hz) =1000 r/min

(b) The speed of the rotor is
n, =(1-s) ng, =(1-0.035)(1000 r/min) = 965 r/min

(c) The slip speed of the rotor is
= sn___ =(0.035)(1000 r/min) = 35 r/min

slip — sync

n

(d) The rotor frequency is
_ng,P (35 t/min)(6)

120 120

Answer the questions in Problem 7-2 for a 480-V three-phase four-pole 60-Hz induction motor running at
a slip of 0.025.

=1.75Hz

SoLuTioN
(a) The speed of the magnetic fields is
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_120f, 120(60 Hz)
nsync - P -
(b) The speed of the rotor is

n, =(1-s) ng, =(1-0.025)(1800 r/min) = 1755 r/min

sync

=1800 r/min

(c¢) The slip speed of the rotor is

ng, = sn,. =(0.025)(1800 r/min) = 45 r/min

slip =
(d) The rotor frequency is

_ ng, P (45 r/min)(4)
TT1200 120

=1.5Hz

7-4. A three-phase 60-Hz induction motor runs at 715 r/min at no load and at 670 r/min at full load.
(a) How many poles does this motor have?
(b) What is the slip at rated load?
(c) What is the speed at one-quarter of the rated load?
(d) What is the rotor’s electrical frequency at one-quarter of the rated load?
SOLUTION
(a) This machine has 10 poles, which produces a synchronous speed of
Mg = 122]’2 = 120(?8 He) =720 r/min
(b) The slip at rated load is
5= e s 100% = 720070 1009 = 6.94%
e 720
(c) The motor is operating in the linear region of its torque-speed curve, so the slip at ¥4 load will be
s =0.25(0.0694) = 0.0174
The resulting speed is
n, =(1-s) ng,, =(1-0.0174)(720 r/min) = 707 r/min
(d) The electrical frequency at % load is
f.=sf,= (0.0174)(60 HZ) =1.04 Hz
7-5. A 50-kW 440-V 50-Hz two-pole induction motor has a slip of 6 percent when operating at full-load

conditions. At full-load conditions, the friction and windage losses are 520 W, and the core losses are 500
W. Find the following values for full-load conditions:

(a) The shaft speed n,,
(b) The output power in watts

(c) The load torque 7, ,, in newton-meters
(d) The induced torque 7, in newton-meters
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(e) The rotor frequency in hertz

SOLUTION
(a) The synchronous speed of this machine is
120/, 120(50 Hz)

Mpne 7 =3000 r/min

Therefore, the shaft speed is

n, =(1-s) ng, =(1-0.06)(3000 r/min) = 2820 r/min

S

(b) The output power in watts is 50 kW (stated in the problem).
(c) The load torque is

Tiona = Four _ S0kW =169.3N-m

@n (2820 r/min)( 27 rad j{l mm}
Ir 60s

(d) The induced torque can be found as follows:

P =FPour + Pegw T Poe T Priie =50kW +520 W +500 W =51.2kW

de=P°°““= Sl'ékwd T =173.4N-m
P (2820 r/min)( 7ra j[ mmj
Ir 60s

(e) The rotor frequency is
/. =sf,=(0.06)(50 Hz) = 3.00 Hz

7-6. A three-phase 60-Hz two-pole induction motor runs at a no-load speed of 3580 r/min and a full-load
speed of 3440 r/min. Calculate the slip and the electrical frequency of the rotor at no-load and full-load
conditions. What is the speed regulation of this motor [Equation (4-57)]?

SorutioN The synchronous speed of this machine is 3600 r/min. The slip and electrical frequency at no-
load conditions is

n —n -
g = Mane TPt g0, = 390073380 000 — 0.56%
3600

nl
n sync

fow =sf. =(0.0056)(60 Hz) = 0.33 Hz
The slip and electrical frequency at full load conditions is

5y = ome Ty 0094 = %xm% — 4.44%
n

sync

fo.a =sf. =(0.0444)(60 Hz) = 2.67 Hz

The speed regulation is
ngy 3580 —-3440

SR =0 T 0 100% = 222 T2 S 100% = 4.1%
ny 3440
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7-7.
circuit components are
R, =0.220Q
X, =0.430 Q
P . =300 W

mech

R, =0.127Q
X, =0.430Q
P.. ~0

misc

X, =150Q

P . =200W

core

A 208-V four-pole 60-Hz Y-connected wound-rotor induction motor is rated at 15 hp. Its equivalent

For a slip of 0.05, find

(a) The line current /,

(b) The stator copper losses Py

(c) The air-gap power P,

(d) The power converted from electrical to mechanical form P,
(e) The induced torque T, ,

(/) The load torque T, 4

(g) The overall machine efficiency

(h) The motor speed in revolutions per minute and radians per second

SorutioN The equivalent circuit of this induction motor is shown below:

|
A . )
- R, JX, X, R,
—— MN— Y Y Y T Y Y Y Y MWAN—
i 022Q j043Q Jj043Q  0.127Q
3 > 1-s
v N5 3%y S R|—>
4 p; 5

2413Q

(a) The easiest way to find the line current (or armature current) is to get the equivalent impedance Z,

of the rotor circuit in parallel with jX,, , and then calculate the current as the phase voltage divided by
the sum of the series impedances, as shown below.

I
A . .
-5 R, JX, JXr R,
—— AMN— YV Y Y Y Y ——MWA—
* 0220 j043Q
V¢

The equivalent impedance of the rotor circuit in parallel with jX,, is:

1 1
ZF_1+1_1+ 1

X, J15Q 254+ j0.43

=2.337+ j0.803=2.47£19°Q

ZZ
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The phase voltage is 208/ \/5 =120V, so line current /, is

_ V, _ 120£0°V

TR 4JX, AR+ X, 022Q+ j0.43Q+2.337Q+ /0.803Q
I, =1,=423£-257°A

I, =1,

(b) The stator copper losses are
B = 31/,2Rl = 3(42.3 A)2 (0.22 Q) =1180 W

R
() The air gap power is P, =31, =2 =3I 'R,
s

R
(Note that 3/ AZR - is equal to 3/ 22 —2, since the only resistance in the original rotor circuit was R, /s,
s
and the resistance in the Thevenin equivalent circuit is R,. The power consumed by the Thevenin
equivalent circuit must be the same as the power consumed by the original circuit.)
R
P =312 =31R, =3(42.3 A)’(2.337 Q) = 12.54 kW
s

(d) The power converted from electrical to mechanical form is

P, =(1-s)Pg =(1-0.05)(12.54 kW) =11.92 kW

conv

(e) The induced torque in the motor is

2P 12.5241<V\i1 ____gs5N-m
Psne (1800 r/min)( r1a )( mm)
Ir 60s

(f)  The output power of this motor is

POUT:P _Pech_P _P

conv m core misc

=11.92kW =300 W -200 W -0 W =11.42kW

The output speed is

n, =(-s)n, =(1-0.05)(1800r/min)=1710 r/min

Therefore the load torque is
P .
Tload == H 422 k“; 1 mi =63.8N-m
©n (1710 r/min)( rra j( mmj
It 60s

(g) The overall efficiency is

n= Four x100% = _for x100%

Py V,I,cos0
11.42 k
n= W x100% =83.2%

3(120 V)(42.3 A)cos25.7°

(h) The motor speed in revolutions per minute is 1710 r/min. The motor speed in radians per second is
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w, =(1710 r/min)(zn radj (1 =

] =179 rad/s
60 s

1r

For the motor in Problem 7-7, what is the slip at the pullout torque? What is the pullout torque of this

SorutioN The slip at pullout torque is found by calculating the Thevenin equivalent of the input circuit
from the rotor back to the power supply, and then using that with the rotor circuit model.

j2¢ R
Y Y Y VV\I . o
X
V. T Y,
- THT R + X, +iXy ¢
@ Vs Xu Vi
— _ XM
Vig= ———V,
TH 5 > ¢

\/Rl + (X1 + Xpp)
. &
(@

X Ry
e a'a'a W\’ - o
X _ Xy Ry +/Xy)
M THZ R +iX + Xy
g 0
)
Ry fXTH I'Xz
IM Y YY"\ Y YY"\

(©
Xy (R + X)) (j159Q)(022Q + 0.43 Q)

Zoy = -
TOR+j(X+X,) 022Q +(043Q+15Q)

=0.208+ j0.421 2 =0.470£63.7° Q

e (j159Q)

TR (X, +X,) Y 0220+ j(043Q+15Q)

(120£0°V)=116.7£0.8°V

The slip at pullout torque is

S = &
\/RTH2 +( Xy + X,)
~ 0.127 Q

5, = : _ = 0.145
(0208 Q)’ +(0.421 @ +0.430 Q)

The pullout torque of the motor is
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k]2

=
" o, [RTH Ry + (X + XZ)Z}
. 3(116.7 V)’
201885 rad/s)[o.zos Q+4/(0.208 Q)* +(0.421 Q +0.430 Q)z}
z,..=100N -m

(a) Calculate and plot the torque-speed characteristic of the motor in Problem 7-7. (b) Calculate and plot

the output power versus speed curve of the motor in Problem 7-7.

SOLUTION

(a) A MATLAB program to calculate the torque-speed characteristic is shown below.

o°

M-file: prob7 9a.m
M-file create a plot of the torque-speed curve of the
induction motor of Problem 7-7.

o°

oe

% First, initialize the values needed in this program.

rl = 0.220; % Stator resistance

x1 = 0.430; % Stator reactance

r2 = 0.127; % Rotor resistance

x2 = 0.430; % Rotor reactance

xm = 15.0; % Magnetization branch reactance

o\°

v_phase = 208 / sqrt(3);
n_sync = 1800;
w_sync = 188.5;

Phase voltage
Synchronous speed (r/min)
Synchronous speed (rad/s)

o\°

o\°

% Calculate the Thevenin voltage and impedance from Equations

% 7-38 and 7-41.

v_th = v _phase * ( xm / sgrt(rl”™2 + (x1 + xm)”"2) );
z th = ((j*xm) * (rl + j*x1)) / (rl + Jj*(x1 + xm));
r th = real(z_th);
x th = imag(z_th);

% Now calculate the torque-speed characteristic for many
% slips between 0 and 1. Note that the first slip value
% is set to 0.001 instead of exactly 0 to avoid divide-
% by-zero problems.

s = (0:1:50) / 50; $ Slip
s(1l) = 0.001;
nm = (1 - s) * n_sync; $ Mechanical speed

[}

% Calculate torque versus speed
for ii = 1:51
t ind(ii) = (3 * v_th™2 * r2 / s(ii)) / ...
(w sync * ((r_th + r2/s(ii))”*2 + (x_th + x2)72)
end

% Plot the torque-speed curve
figure (1) ;

plot (nm,t ind, 'k-', 'LineWidth',2.0);
xlabel ('\bf\itn {m}');

ylabel ('\bf\tau {ind}');
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title ('\bfInduction Motor Torque-Speed Characteristic');

grid on;

The resulting plot is shown below:

100 :

Induction Motor Torque-Speed Characteristic
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i i I i
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M

(b) A MATLAB program to calculate the output-power versus speed curve is shown below.

M-file: prob7 9b.m

o® o o?°

M-file create a plot of the output pwer versus speed
curve of the induction motor of Problem 7-7.

% First, initialize the wvalues needed in this program.

rl = 0.220;
x1 = 0.430;
r2 = 0.127;
x2 = 0.430;
xm = 15.0;

v_phase = 208 / sgrt(3);

n_sync = 1800;
w_sync = 188.5;

o° o

7-38 and 7-41.

o\

o o o° o o o° oP°

v_th =

z_th = ((j*xm) * (rl + j*x1))
r th = real(z_th);

x_th = imag(z_th);

% slips between 0 and 1. Not
% is set to 0.001 instead of
% by-zero problems.

s = (0:1:50) / 50;
s(1) = 0.001;

nm = (1 - s) * n_sync;
wm = (1 - s) * w_sync;

Stator resistance

Stator reactance

Rotor resistance

Rotor reactance

Magnetization branch reactance
Phase voltage

Synchronous speed (r/min)
Synchronous speed (rad/s)

Calculate the Thevenin voltage and impedance from Equations

v_phase * ( xm / sgrt(rl”2 + (x1 + xm)”"2) );

/ (rl1 + j*(x1 + xm));

Now calculate the torque-speed characteristic for many

e that the first slip value
exactly 0 to avoid divide-

o\°

Slip

Mechanical speed (r/min)
Mechanical speed (rad/s)

o° o°
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7-10.

% Calculate torque and output power versus speed
for ii = 1:51
t ind(ii) = (3 * v_th"2 * r2 / s(ii)) / ...
(w_sync * ((r_th + r2/s(ii))”*2 + (x_th + x2)72)
p out(ii) = t_ind(ii) * wm(ii);
end

% Plot the torque-speed curve

figure (1) ;

plot (nm,p_out/1000, 'k-', 'LineWidth',2.0);

xlabel ('\bf\itn {m} \rm\bf (r/min)');

ylabel ('\bf\itP_ {OUT} \rm\bf (kW)');

title ('\bfInduction Motor Ouput Power versus Speed');
grid on;

The resulting plot is shown below:

Induction Motor Quput Power versus Speed
18 T T T T T

Poyr (kW)

0 1 Il Il Il Il Il Il Il
0 200 400 600 800 1000 1200 1400 1600 1800
n,, (r/min)

For the motor of Problem 7-7, how much additional resistance (referred to the

inserted.

stator circuit) would it be
necessary to add to the rotor circuit to make the maximum torque occur at starting conditions (when the
shaft is not moving)? Plot the torque-speed characteristic of this motor with the additional resistance

SoruTioN To get the maximum torque at starting, the s, must be 1.00. Therefore,

s = &
- \/RTH2 (X + X, )
1.00= __% :
J(0208 Q)’ +(0.421 Q@ +0.430 Q)
R, =0.876Q

Therefore, an additional 0.749 Q must be added to the rotor circuit. The resulting torque-speed

characteristic is:
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Induction Motor Torque-Speed Characteristic
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7-11.  If the motor in Problem 7-7 is to be operated on a 50-Hz power system, what must be done to its supply
voltage? Why? What will the equivalent circuit component values be at 50 Hz? Answer the questions in
Problem 7-7 for operation at 50 Hz with a slip of 0.05 and the proper voltage for this machine.

Sorution If the input frequency is decreased to 50 Hz, then the applied voltage must be decreased by 5/6
also. If this were not done, the flux in the motor would go into saturation, since

¢=%ITV dt

and the period 7 would be increased. At 50 Hz, the resistances will be unchanged, but the reactances will
be reduced to 5/6 of their previous values. The equivalent circuit of the induction motor at 50 Hz is
shown below:

|
A . .
- R, JX, JX, R,
———MWAN— Y Y Y T Y Y Y ——MWA—
+ 0220 j0358Q j0358Q  0.127Q
- . > 1-s
v, 1250 97Xy SR —

(a) The easiest way to find the line current (or armature current) is to get the equivalent impedance Z,.

of the rotor circuit in parallel with jX,, , and then calculate the current as the phase voltage divided by
the sum of the series impedances, as shown below.
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- R, JX, JX. R,
—— AMN— Y Y Y Y Y Y Y Y— WA —

0220 j0358Q

The equivalent impedance of the rotor circuit in parallel with jX,, is:

Zp= = =2310+ j0.804=2452192°Q

Xy 2,

4_
j12.5Q 254+ j0.358

The line voltage must be derated by 5/6, so the new line voltage is V, =173.3 V. The phase voltage is
173.3 /4/3 =100 V, so line current I, is

Vv, 100£0°V
TR+ X, +R, + X, 022Q+0358Q+2310Q+ /0.804Q
1,=3592-247°A

IL ]A

I,
(b) The stator copper losses are
P, =31, R =3(35.9A)(0.22Q)=851W

R
(c) The air gap poweris P, =31, =% =3I R,
s

(Note that 37 AZR ~ is equal to 37 22 —2, since the only resistance in the original rotor circuit was R, /s,
s

and the resistance in the Thevenin equivalent circuit is R,. The power consumed by the Thevenin
equivalent circuit must be the same as the power consumed by the original circuit.)

2R2

P, =3I, == 31,°R, =3(35.9A)*(2.310Q)=8.93kW

(d) The power converted from electrical to mechanical form is

P, =(-s)P,=(1-0.05)(8.93kW)=8.48kW

conv

(e) The induced torque in the motor is

Ting = Fr = 8.43 de Tmi =54.0N-m
Pane (1500 r/min)( rra )( mm)
Ir 60s

() In the absence of better information, we will treat the mechanical and core losses as constant despite
the change in speed. This is not true, but we don’t have reason for a better guess. Therefore, the output
power of this motor is

POUT:P _Pech_P _P

conv m core misc

=8.48kW —-300W —-200 W -0 W =7.98 kW
The output speed is
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7-12.

n, =(1-s) ng,, =(1-0.05)(1500 r/min) = 1425 r/min
Therefore the load torque is

Tload = POUT = 79§ de 1 mi =535N'm

@ (1425 r/min)( rra j[ mmj
Ir 60s

(g) The overall efficiency is

n= Four x100% = _for x100%

Py 3V,I,cos0
98k
n= 7.98 kW x100% =81.6%

3(100 V)(35.9 A)cos24.7°
(h) The motor speed in revolutions per minute is 1425 r/min. The motor speed in radians per second is

2z rad \( 1 min
1r

w, = (1425 r/min)( j =149.2 rad/s

60s

Figure 7-16a shows a simple circuit consisting of a voltage source, a resistor, and two reactances. Find
the Thevenin equivalent voltage and impedance of this circuit at the terminals. Then derive the
expressions for the magnitude of V., and for R, given in Equations (7-38) and (7-42).

O
+
O )
0
(@)

SorutioN The Thevenin voltage of this circuit is
TH — . ¢
R, +j (X Xy )

The magnitude of this voltage is
XM

V. =
" \/R12 +(X1 +XM)2

Vs

If X, > X,, then R’ + (X, + X, ) =(X,+ X, ), so

X
Vig = ——"— ¢
X, +Xy,

The Thevenin impedance of this circuit is
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TH

— jXM(Rl +jX1)[R1 _j(Xl +XM)]
" [R1+j(X1+XM)][R1_j(X1+XM)]

— [_RIXIXM +R1X1XM +R1XM2]+j[R12XM +X12XM +X1XM2]
R]2+(X1+XM)2

ZTH

RX,’ L R’X, +X’X, +X X,

Loy =Ry +jX1y =
S SR N R R i

IQI)(M2
R’ +(X, +X,,)
R +(X,+X, )V =(X,+X,),s0

2
X
B = & [ﬁ]
1 M

The Thevenin reactance is X, =

The Thevenin resistance is Ry, = > If X, >>R,, then

R’X, +X’X,+X X,
Iel2 +(X1 +XM)2

If X,,>>R, and X,, >> X, then X, X,>>>R’X,, +X,’X,, and (X, +X,, ) = X,,” >R, s0

XX’
KXoy z%:Xl

M

7-13. Figure P7-1 shows a simple circuit consisting of a voltage source, two resistors, and two reactances in
series with each other. If the resistor R, is allowed to vary but all the other components are constant, at

what value of R, will the maximum possible power be supplied to it? Prove your answer. (Hint: Derive
an expression for load power in terms of V, R;, X, R, and X, and take the partial derivative of that

expression with respect to R, .) Use this result to derive the expression for the pullout torque [Equation
(7-52)].

(© EL

O
O

SoruTtioN The current flowing in this circuit is given by the equation

~ \%
R+ jX +R, +jX,

I
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e

I, = 2 2
VR + R, + (X +X,)

The power supplied to the load is
V'R,

(Ry+R, ) +(X,+X,)

op  |(Ro+R) +(X;+X,) | V2 =V°R,[2(R;+R,)]

P=1"R =

L L

2

R, (Ro+R) +(X,+X,) ]
To find the point of maximum power supplied to the load, set dP/dR, =0 and solve for R, .

[(Ry+R) +(Xg+X,) | V2 =VR,[2(R +R,)] =0

[(RS +R,) +(X, +XL)2J =2R, (Ry+R,)

RS +2RR, +R,” +(Xs+X,)" =2RR, +2R,’

RS +R+(Xg+X,) =2R,

R +(Xo+X,) =R}

Therefore, for maximum power transfer, the load resistor should be

R, =R + (X, + X, )

7-14. A 440-V 50-Hz six-pole Y-connected induction motor is rated at 75 kW. The equivalent circuit
parameters are

R =0.082Q R, =0.070 Q X, =72Q
X, =019Q X, =018Q
Py = 1.3kW P.. =150 W P, =14kW

For a slip of 0.04, find

(a) The line current /,

(b) The stator power factor

(c) The rotor power factor

(d) The stator copper losses Py,
(e) The air-gap power P,

(f) The power converted from electrical to mechanical form P

(g) The induced torque 7,
(h) The load torque 7,4

(i) The overall machine efficiency 7,
127



(7) The motor speed in revolutions per minute and radians per second

SorutioN The equivalent circuit of this induction motor is shown below:

1
A . )
—> Rl le sz R2
—— MN—T Y Y Y T Y Y Y Y MWAN—
00820 j019Q 0.18Q 0070 l L
3. > 1-s
\% 720 <Xy 3 R|—2
¢ S
1.68Q

(a) The easiest way to find the line current (or armature current) is to get the equivalent impedance Z,

of the rotor circuit in parallel with jX,, , and then calculate the current as the phase voltage divided by
the sum of the series impedances, as shown below.

-5 R, JX, JXr R,

0.082Q 0.19Q

The equivalent impedance of the rotor circuit in parallel with jX,, is:

Z, = I 1 =1 1 I =1.557+ j0.550=1.67£19.2°Q
+

iX, Z, j12Q 175+ j0.18

The phase voltage is 440/ \/g =254V, so line current /, is

_ V, _ 25420°V

TR+ jX,+R.+ X, 0.082Q+ /0.19Q+1.557Q+ j0.550Q
I, =1,=141£-243°A

IL ]A

(b) The stator power factor is
PF =c0s24.3°=0.911lagging

(c) To find the rotor power factor, we must find the impedance angle of the rotor

0, =tan”' X 88 5 gy
R,/s 1.75

Therefore the rotor power factor is
PF, =c0s5.87° =0.995 lagging

(d) The stator copper losses are

P =31R =3(141 A)’(0.082 Q) = 4890 W
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R
(e) The air gap power is P, = 3122 —*= 31A2RF
s

(Note that 37 AZR - is equal to 3/ 22 —2, since the only resistance in the original rotor circuit was R, /s,
s

and the resistance in the Thevenin equivalent circuit is R,. The power consumed by the Thevenin
equivalent circuit must be the same as the power consumed by the original circuit.)

P = 3122% =31 R, =3(141 A)*(1.557 Q) =92.6 kW

() The power converted from electrical to mechanical form is

P, =(1-5)Pg =(1-0.04)(92.6 kW) =88.9 kW

(g) The synchronous speed of this motor is

Ny = 12;)3f e = 120(560 H2) _ 1000 t/min

O, = (1000 r/min)(

2 rad] ( 1 min

) =104.7 rad/s
60 s

1r

Therefore the induced torque in the motor is

=P 92.6 kW 8N

@, (1 000+ /min) 27z rad \( 1 min
Ir 60s

(h)  The output power of this motor is

Py =P, —P. . —P.,. —P. =889kW-13kW—14kW—300W =85.9kW
The output speed is
n, =(1-s)n,, =(1-0.04)(1000 r/min) = 960 r/min

Therefore the load torque is

Py 85.9 kW

Fload = © 2z rad \( 1 min =854N-m
m (960 t/min) (
Ir 60s
(i)  The overall efficiency is
n=Tour 10006 = —Lour . 100%
By 3V, ,cos0
n= 83.9 kW x100% =87.7%
3(254 V)(141 A)cos24.3°

(7)) The motor speed in revolutions per minute is 960 r/min. The motor speed in radians per second is

2 radj(l min
60s

w, = (960 r/min)[ j =100.5rad/s

Ir
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7-15. For the motor in Problem 7-14, what is the pullout torque? What is the slip at the pullout torque? What is
the rotor speed at the pullout torque?

SoruTtioN The slip at pullout torque is found by calculating the Thevenin equivalent of the input circuit
from the rotor back to the power supply, and then using that with the rotor circuit model.

X, (R +X)  (j7.29)0.082Q+ j0.19Q)
MOR+j(X, +X,) 0082Q+ (0.19Q+72Q)

=0.0778 + j0.1860 Q = 0.202.£67.3° Q

_ X, _ (j72Q)
MOR (X, +X,) Y 0.082Q+(0.19Q+72Q)

(254.£0°V)=247.520.6°V

The slip at pullout torque is
Sy = %
max 2 2
\/RTH +(XTH+X2)
0.070 Q

_ =0.187
J(0.0778 Q) +(0.186 Q+0.180 Q)

The pullout torque of the motor is
VL
2a)sym[Rm + R + (X + X, )2}
3(247.5V)
2(104.7 rad/s)[0.0778 Q+ \/ (0.0778 Q) +(0.186 2 +0.180 Q)’ }

T =

max

T =

max

T =1941N-m
7-16. If the motor in Problem 7-14 is to be driven from a 440-V 60-Hz power supply, what will the pullout
torque be? What will the slip be at pullout?

SorutioN If this motor is driven from a 60 Hz source, the resistances will be unchanged and the
reactances will be increased by a ratio of 6/5. The resulting equivalent circuit is shown below.

T0082Q 02280 jo216Q - 007Q l L
X > R 1- S
v, 8640 Xy SR —
1.68 Q

The slip at pullout torque is found by calculating the Thevenin equivalent of the input circuit from the
rotor back to the power supply, and then using that with the rotor circuit model.

X (R+X) (/8.64Q)(0.082 Q + j0.228 Q)
MURAJ(X +X,,) 0.082Q +,(0.228Q+8.64 Q)
iX,, j8.64 Q
Viu = . V¢ = .
R+j(X,+X,) * 0082Q + (0228 Q+8.64 Q)
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=0.0778+ j0.223 Q= 0.236£70.7° Q
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7-17.

The slip at pullout torque is

s_= R,

- \/IQTH2 + (XTH + XZ )2

_ 0.070 Q ~0157
J0.0778Q) +(0.223Q+0.216 Q)
The synchronous speed of this motor is

Ao = 1201, = 120(60 Hz) =1200 r/min

Y P 6
w,,.. = (1200 r/min 27 rad [1 mlnj =125.7rad/s

Y Ir 60s

Therefore the pullout torque of the motor is
3VT2H
2a)sync |:RTH + \/R]%H + (XTH + XZ )2 i|
3(247.5V)
2(125.7 rad/s)[0.0778 Q+ \/ (0.0778 Q)" +(0.223Q +0.216 Q) }

T =

max

T =

max

7. =1396N-m

Plot the following quantities for the motor in Problem 7-14 as slip varies from 0% to 10%: (a) T, (b)
P.. (c) P, (d) Efficiency n. At what slip does P,

out

equal the rated power of the machine?

ut

SorutioN This problem is ideally suited to solution with a MATLAB program. An appropriate program
is shown below. It follows the calculations performed for Problem 7-14, but repeats them at many values

of slip, and then plots the results. Note that it plots all the specified values versus 7, , which varies from
900 to 1000 r/min, corresponding to a range of 0 to 10% slip.

o\

M-file: prob7 17.m

M-file create a plot of the induced torque, power
converted, power out, and efficiency of the induction
motor of Problem 7-14 as a function of slip.

o o

o\

% First, initialize the values needed in this program.

rl = 0.082; % Stator resistance

x1 = 0.190; % Stator reactance

r2 = 0.070; % Rotor resistance

x2 = 0.180; % Rotor reactance

xm = 7.2; % Magnetization branch reactance
v_phase = 440 / sqrt(3); % Phase voltage

n _sync = 1000; % Synchronous speed (r/min)

o\°

Synchronous speed (rad/s)
Mechanical losses (W)
Core losses (W)
Miscellaneous losses (W)

w_sync = 104.7;
p_mech = 1300;
p_core = 1400;
p _misc = 150;

o° oP

o\

[}

% Calculate the Thevenin voltage and impedance from Equations
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% 7-38 and 7-41.

v_th = v_phase * ( xm / sgrt(rl™2 + (x1 + xm)”"2) );
z th = ((j*xm) * (rl + j*x1)) / (rl + j*(x1 + xm));
r th = real(z_th);
x_th = imag(z_th);

o\°

Now calculate the torque-speed characteristic for many
slips between 0 and 0.1. Note that the first slip value
is set to 0.001 instead of exactly 0 to avoid divide-
by-zero problems.

o o°

o\°

s = (0:0.001:0.1); % Slip
s(1) = 0.001;
nm = (1 - s) * n_sync; % Mechanical speed

wm = nm * 2*pi/60;

oe

Mechanical speed

% Calculate torque, P_conv, P out, and efficiency
% versus speed
for ii = 1l:length(s)

% Induced torque
t ind(ii) = (3 * v_th"2 * r2 / s(ii)) / ...
(w sync * ((r th + r2/s(ii))”"2 + (x_th + x2)72) );

% Power converted
p conv(ii) = t _ind(ii) * wm(ii);

% Power output
p_out(ii) = p conv(ii) - p mech - p core - p misc;

% Power input
zf =1/ ( 1/(3*xm) + 1/(r2/s(ii)+3j*x2) );
ia = v_phase / ( rl + j*x1 + zf );
p_in(ii) = 3 * v_phase * abs(ia) * cos(atan(imag(ia)/real(ia)));
% Efficiency

eff(ii) = p out(ii) / p_in(ii) * 100;
end
% Plot the torque-speed curve
figure (1) ;
plot (nm,t ind, 'b-', 'LineWidth',2.0);
xlabel ('\bf\itn {m} \rm\bf (r/min)');
ylabel ('\bf\tau {ind} \rm\bf (N-m)');
title ('\bfInduced Torque versus Speed');
grid on;
% Plot power converted versus speed
figure(2) ;
plot (nm,p conv/1000, 'b-', 'LineWidth',2.0);
xlabel ('\bf\itn {m} \rm\bf (r/min)');
ylabel ('\bf\itP\rm\bf {conv} (kW)');
title ('\bfPower Converted versus Speed') ;
grid on;

% Plot output power versus speed
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figure (3);

plot (nm,p_out/1000, 'b-', 'LineWidth',2.0);
xlabel ('\bf\itn {m} \rm\bf (r/min)');
ylabel ('\bf\itP\rm\bf {out} (kW)');
title ('\bfOutput Power versus Speed');
axis ([900 1000 0 1601);

grid on;

% Plot the efficiency

figure (4) ;

plot (nm,eff, 'b-', 'LineWidth',2.0) ;
xlabel ('\bf\itn {m} \rm\bf (r/min)');
ylabel ('\bf\eta (%)');

title ('\bfEfficiency versus Speed') ;
grid on;

The four plots are shown below:
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7-18.

Efficiency versus Speed
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This machine is rated at 75 kW. It produces an output power of 75 kW at 3.4% slip, or a speed of 966
r/min.

A 208-V, 60 Hz, six-pole Y-connected 25-hp design class B induction motor is tested in the laboratory,
with the following results:

No load: 208 V,22.0 A, 1200 W, 60 Hz
246 V,64.5 A, 2200 W, 15 Hz
135V, 64 A

Locked rotor:
DC test:
Find the equivalent circuit of this motor, and plot its torque-speed characteristic curve.

SoruTioN From the DC test,

op, =133V R =0.105Q
64 A
]DC
—
+
R

In the no-load test, the line voltage is 208 V, so the phase voltage is 120 V. Therefore,

%
X, +X, :_‘/’_M

- =5.455Q @ 60Hz
I,, 220A
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In the locked-rotor test, the line voltage is 24.6 V, so the phase voltage is 14.2 V. From the locked-rotor
test at 15 Hz,

V, 142V
Z =R + X | = —2—= =0.2202Q
| LR | LR T JA R Iyn 645 A
6/, =cos” Br _ o5 2200 W =36.82°
Sia V3(24.6 V)(64.5A)
Therefore,
Rix =|Z{z|cos 6, =(0.2202Q)cos36.82° = 0.176 Q

= R +R,=0.176Q
= R, =0071Q

Xix =|Z1|sin6 =(0.2202Q)sin36.82°=0.132Q

At a frequency of 60 Hz,
60Hz) _,
LR — (m] XLR = 0528 Q

For a Design Class B motor, the splitis X, =0.211Q and X, =0.317 Q. Therefore,
X, =5455Q-0.211Q2=5.244Q

The resulting equivalent circuit is shown below:
-5 R, X, X, R,
——MAN— Y Y Y < T Y Y Y T——MWA—
01050 j02110 j0317Q  0.071Q ilz

. > 1-s
Y /5244 Q inM 2 Rz(_j

A MATLAB program to calculate the torque-speed characteristic of this motor is shown below:

o\

M-file: prob7 18.m
M-file create a plot of the torque-speed curve of the
induction motor of Problem 7-18.

o\°

o\°

% First, initialize the values needed in this program.

rl = 0.105; % Stator resistance
x1l = 0.211; % Stator reactance
r2 = 0.071; % Rotor resistance
x2 = 0.317; % Rotor reactance

o\

xXm = 5.244;

v_phase = 208 / sqrt(3);
n_sync = 1200;

w_sync 125.7;

Magnetization branch reactance
Phase voltage

Synchronous speed (r/min)
Synchronous speed (rad/s)

o° oP

o\

% Calculate the Thevenin voltage and impedance from Equations
7-38 and 7-41.

o\
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v_th = v_phase * ( xm / sgrt(rl™2 + (x1 + xm)”"2) );
z th = ((j*xm) * (rl + j*x1)) / (rl + j*(x1 + xm));
r th = real(z_th);
x_th = imag(z_th);

o°

Now calculate the torque-speed characteristic for many
slips between 0 and 1. Note that the first slip wvalue
is set to 0.001 instead of exactly 0 to avoid divide-
by-zero problems.

o° o

o°

s = (0:1:50) / 50; % Slip
s(1) = 0.001;
nm = (1 - s) * n_sync; % Mechanical speed

% Calculate torque versus speed
for ii = 1:51

t ind(ii) = (3 * v_th"2 * r2 / s(ii)) / ...

(w_ sync * ((r_th + r2/s(ii))”*2 + (x_th + x2)%2) );

end
% Plot the torque-speed curve
figure (1) ;
plot (nm,t ind, 'b-', 'LineWidth',2.0) ;
xlabel ('\bf\itn {m}');
ylabel ('\bf\tau {ind}');
title ('\bfInduction Motor Torque-Speed Characteristic');
grid on;

The resulting plot is shown below:

Induction Motor Torque-Speed Characteristic
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7-19. A 208-V four-pole 10-hp 60-Hz Y-connected three-phase induction motor develops its full-load induced
torque at 3.8 percent slip when operating at 60 Hz and 208 V. The per-phase circuit model impedances of
the motor are

R =033Q X, =16Q
X, =042Q X,=0420Q
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Mechanical, core, and stray losses may be neglected in this problem.
(a) Find the value of the rotor resistance R, .

() Find 7__, s

max > “max

and the rotor speed at maximum torque for this motor.

(c) Find the starting torque of this motor.
(d) What code letter factor should be assigned to this motor?

SorutioN The equivalent circuit for this motor is

I
A . .

—> R X R,
———AM— Y Y Y Y— A —
To0ke joaQ 042Q MO l 1

. iX < 1_ S
v, jleQ $JXy, 2R -

The Thevenin equivalent of the input circuit is:

Xy (R+JX) (/16 9)(0.33Q +0.42 Q)
MURAJ(X+X,) 033Q +,(042Q+16Q)

=0.313+,0.416 Q=0.520£53° Q

MOR+ (X, +X,) 7 033Q+(042Q+16Q)

(120£0°V)=116.921.2°V

(a) If losses are neglected, the induced torque in a motor is equal to its load torque. At full load, the
output power of this motor is 10 hp and its slip is 3.8%, so the induced torque is

n, =(1-0.038)(1800 r/min) = 1732 r/min

(10 hp)(746 W/hp)

(1732 r/min)(z’i rad)[ 60 s j

r 1 min

=41.1N-m

Tind = Tload =

The induced torque is given by the equation
VAR, s
2 2
Oy (Ruy + Ry 15) + (X + X,)' |

Tind =

Substituting known values and solving for R, /s yields

2
AN -me 3(116.9 V) R;/s 2
(188.5 radss)| (0.313+ R, /) +(0.416+0.42) |
7747240997 Rils
(03134 R, /5)" +0.699 |

(03134 R, /5) +0.699 |=5.292 R, /s
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0.098+0.626R, /s +(R, /s)’ + 0.699} =5292 R /s

2
&J - 4.666(&j +0.797=0
s s

iJ =0.178, 4.488
s

R, =0.0067Q, 0.17Q

These two solutions represent two situations in which the torque-speed curve would go through this
specific torque-speed point. The two curves are plotted below. As you can see, only the 0.17 Q solution
is realistic, since the 0.0067 € solution passes through this torque-speed point at an unstable location on
the back side of the torque-speed curve.

Induction Motor Torque-Speed Characteristic
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(b) The slip at pullout torque can be found by calculating the Thevenin equivalent of the input circuit
from the rotor back to the power supply, and then using that with the rotor circuit model. The Thevenin
equivalent of the input circuit was calculate in part (a). The slip at pullout torque is

R,
\/RTH XTH+X )

0.17 Q

=0.190
J(0313Q) +(0.416 @ +0.420 Q)’

N

The rotor speed a maximum torque is

=(1-5) ng,,

pullout

=(1-10.190)(1800 r/min) = 1457 r/min

and the pullout torque of the motor is

3 VT2H

T

max

20 Sync[RTH R, +

(X + X, ) }
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3(116.9 V)
2(188.5 rad/s)[0.313 Q++(0.313Q) +(0.416Q+0.420 Q)z}

max

T =902N-m
(c¢) The starting torque of this motor is the torque at slip.s = 1. It is
VAR, /s
o [(RTH + R, /5) +(Xpy +X2)2J

Tind =

~ 3(116.9 V) (0.17 Q) 33N

(188.5 rad/s)| (0.313+0.17 Q)" +(0.416+0.420)’ |

Tind

(d) To determine the starting code letter, we must find the locked-rotor kVA per horsepower, which is
equivalent to finding the starting kVA per horsepower. The easiest way to find the line current (or

armature current) at starting is to get the equivalent impedance Z, of the rotor circuit in parallel with

JX,, at starting conditions, and then calculate the starting current as the phase voltage divided by the

sum of the series impedances, as shown below.
I

A, start

- 5 R, JX, JX R,

0330 jo420

The equivalent impedance of the rotor circuit in parallel with jX,, at starting conditions (s = 1.0) is:

Zpsan = 1 1 =1 ! I =0.161+;0.411=10.442£68.6° Q
+

— +
iX, Z, j16Q 0.17+ j0.42

The phase voltage is 208/ V3 =120 V, so line current I, ., is
_ v, _ 120£0°V
R +jX,+R.+jX, 033Q+;042Q+0.161Q+ j0.411Q

=1,=124/-594°A

.. =1,

L start

I

L start

Therefore, the locked-rotor kVA of this motor is
S=3V, I, e =V3(208 V) (124 A) = 44.7kVA

and the kVA per horsepower is
kVA/hp = m =4.47kVA/hp
10 hp

This motor would have starting code letter D, since letter D covers the range 4.00-4.50.
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7-20. Answer the following questions about the motor in Problem 7-19.
(a) If this motor is started from a 208-V infinite bus, how much current will flow in the motor at starting?

(b) If transmission line with an impedance of 0.50 + j0.35 Q per phase is used to connect the induction
motor to the infinite bus, what will the starting current of the motor be? What will the motor’s
terminal voltage be on starting?

(c) If an ideal 1.2:1 step-down autotransformer is connected between the transmission line and the motor,
what will the current be in the transmission line during starting? What will the voltage be at the motor
end of the transmission line during starting?

SOLUTION

(a) The equivalent circuit of this induction motor is shown below:

|
A . )
—> Rl .]Xl ]X2 R2
——— MN—T Y Y Y T Y Y Y T MWAN—
* 033Q  j042Q j0.42Q 0.17Q l I,
. | | .
v, 16Q $JXy 3 R, —

The easiest way to find the line current (or armature current) at starting is to get the equivalent impedance
Z . of the rotor circuit in parallel with jX,, at starting conditions, and then calculate the starting current
as the phase voltage divided by the sum of the series impedances, as shown below.

-5 R, JX, JX, R,
—— AMN—T Y Y Y Y Y Y Y Y—MWA—

* 033Q 0420

The equivalent impedance of the rotor circuit in parallel with jX,, at starting conditions (s = 1.0) is:

Zy= = 201614 0411 0442 £68.6°Q
o +

iX, Z, jl6Q 0.17+ j0.42

The phase voltage is 208/ \/g =120V, so line current I, is

_ v, _ 120£0°V

TR+ X, 4R+ jX, 033Q+042Q+0.161Q+ j0.411Q
I, =1,=1242-594°A

I, =1,

(b) If a transmission line with an impedance of 0.50 + j0.35 Q per phase is used to connect the
induction motor to the infinite bus, its impedance will be in series with the motor’s impedances, and the
starting current will be

V¢,bus

I, =1
Lo +R + jX, + R, + jX,

Rline + leine
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7-21.

~ 120£0° V
0.50Q +/035Q+033Q +,042Q+ 0.161 Q+ j0.411 Q
I, =1,=77.84-50.0° A

I =1,

The voltage at the terminals of the motor will be
V, =1,(R + jX, +R. + jX,)
V,=(77.8£-50.0° A)(0.33 Q +0.42 Q+ 0.161 Q+ j0.411 Q)
V,=75.1£9.4°V

Therefore, the terminal voltage will be V3 (75.1 V) =130 V. Note that the terminal voltage sagged by
37.5% during motor starting, which would be unacceptable.

(c) 1If an ideal 1.2:1 step-down autotransformer is connected between the transmission line and the
motor, the motor’s impedances will be referred across the transformer by the square of the turns ratio a =
1.2. The referred impedances are

R/=a’R =1.44(033Q)=0475Q
X/=a’X,=1.44(0.42 Q) =0.605 Q
R, =a’R, =1.44(0.161 Q)=0.232 Q
X, =a’X,=144(0411 Q)=0.592 Q

Therefore, the starting current referred to the primary side of the transformer will be
’ ’ V¢ bus
IL = IA = . ’ : 4 ’ 4
Rt X TR +jX + R + jX,
I =1 = 120£0° V
050 Q4 j0.35Q40.475 Q+ j0.605 Q+0.232 Q+ j0.592 Q
II=1,=612£-52°A

line line

The voltage at the motor end of the transmission line would be the same as the referred voltage at the
terminals of the motor

Vo =T, (R{+ jX[+ R} + jX7)
V, =(612£-52° A)(0.475 Q + j0.605 Q+0.232 Q + j0.592 Q)
V,=85.0.7.4°V

Therefore, the line voltage at the motor end of the transmission line will be \/§ (85 V) =147.3 V. Note

that this voltage sagged by 29.2% during motor starting, which is less than the 37.5% sag with case of
across-the-line starting. Since the sag is still large, it might be possible to use a bigger autotransformer
turns ratio on the starter.

In this chapter, we learned that a step-down autotransformer could be used to reduce the starting current
drawn by an induction motor. While this technique works, an autotransformer is relatively expensive. A
much less expensive way to reduce the starting current is to use a device called Y-A starter. If an
induction motor is normally A-connected, it is possible to reduce its phase voltage V; (and hence its

starting current) by simply re-connecting the stator windings in Y during starting, and then restoring the
connections to A when the motor comes up to speed. Answer the following questions about this type of
starter.
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7-22.

(a) How would the phase voltage at starting compare with the phase voltage under normal running
conditions?

(b) How would the starting current of the Y-connected motor compare to the starting current if the motor
remained in a A-connection during starting?

SOLUTION

(a) The phase voltage at starting would be 1/ \/g = 57.7% of the phase voltage under normal running
conditions.

(b) Since the phase voltage decreases to 1 / \/g = 57.7% of the normal voltage, the starting phase
current will also decrease to 57.7% of the normal starting current. However, since the line current for the

original delta connection was \/g times the phase current, while the line current for the Y starter
connection is equal to its phase current, the line current is reduced by a factor of 3 in a Y-A starter.

For the A-connection: [, , = V3 1,

For the Y-connection: [ Ly = I oY

But I,, =31, ,s0|l,, =3I,y

A 460-V 50-hp six-pole A-connected 60-Hz three-phase induction motor has a full-load slip of 4 percent,
an efficiency of 91 percent, and a power factor of 0.87 lagging. At start-up, the motor develops 1.75
times the full-load torque but draws 7 times the rated current at the rated voltage. This motor is to be
started with an autotransformer reduced voltage starter.

(a) What should the output voltage of the starter circuit be to reduce the starting torque until it equals the
rated torque of the motor?

(b) What will the motor starting current and the current drawn from the supply be at this voltage?
SOLUTION

(a) The starting torque of an induction motor is proportional to the square of V7,

T

2 2
start2 — (VTHZ ] — (VTZ j
Tstartl VTH] VT]
2 2
TstartZ — (VTHZ J — (VTZ j
Tstartl VTHI VT 1

If a torque of 1.75 7, is produced by a voltage of 460 V, then a torque of 1.00 7., would be

produced by a voltage of
100 Trated _ ( VTZ jz
1.757 .4 460V
2
Vi, = M =348V
1.75

(b) The motor starting current is directly proportional to the starting voltage, so

_(348V
2460V

rated

j 1,,=(0.756)1,, =(0.756) (71 ,..,) = 5.296 I
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The input power to this motor is

p_ Four _ (50hp) (746 W/hp)

3 = 40.99 kW
n 0.91

The rated current is equal to
L= P __ (40.99 kW)
V3V, PE /3(460 V)(0.87)
Therefore, the motor starting current is

I,,=5.8431_,=(5296)(59.1A)=313A

=59.1A

rated
The turns ratio of the autotransformer that produces this starting voltage is

Ng+N. 460V

= =1.32
N, 348V

so the current drawn from the supply will be
L. = Ly = 313A =237A
.32 1.32

7-23. A wound-rotor induction motor is operating at rated voltage and frequency with its slip rings shorted and
with a load of about 25 percent of the rated value for the machine. If the rotor resistance of this machine
is doubled by inserting external resistors into the rotor circuit, explain what happens to the following:

(a) Slip s
(b) Motor speed n,,

(c) The induced voltage in the rotor

(d) The rotor current
() Ting

) B

© B

(h) Overall efficiency

SOLUTION

(a) The slip s will increase.
(b) The motor speed 7, will decrease.

(¢) The induced voltage in the rotor will increase.
(d) The rotor current will increase.

(e) The induced torque will adjust to supply the load’s torque requirements at the new speed. This will
depend on the shape of the load’s torque-speed characteristic. For most loads, the induced torque will
decrease.
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Induction Motor Torque-Speed Characteristic
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(/)  The output power will generally decrease: P =7, 2 a, l

(g) The rotor copper losses (including the external resistor) will increase.
(h) The overall efficiency 7 will decrease.

7-24. Answer the following questions about a 460-V A-connected two-pole 100-hp 60-Hz starting code letter F
induction motor:

(a) What is the maximum current starting current that this machine’s controller must be designed to
handle?

(b) If the controller is designed to switch the stator windings from a A connection to a Y connection
during starting, what is the maximum starting current that the controller must be designed to handle?

(c) If a 1.25:1 step-down autotransformer starter is used during starting, what is the maximum starting
current that will be drawn from the line?

SOLUTION

(a) The maximum starting kVA of this motor is

S, = (100 hp)(5.60) = 560 kVA
Therefore,
I S _ S60kVA _ ...

~ 37, B@sov)

(b) The line voltage will still be 460 V when the motor is switched to the Y-connection, but now the
phase voltage will be 460 / \/g =265.6 V.

Before (in A):
] = 460V
o (RTH+R2)+J(XTH+X2)
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7-25.

797V
[ . =431, , =
s =V = e s S T X))

After (in Y):
7 = 265.6 V
o (RTH+R2)+j(XTH+X2)

Therefore the line current will decrease by a factor of 3! The starting current with a A-Y starter is

1 =¥=234A

start

(c) A 1.25:1 step-down autotransformer reduces the phase voltage on the motor by a factor 0.8. This
reduces the phase current and line current in the motor (and on the secondary side of the transformer) by a
factor of 0.8. However, the current on the primary of the autotransformer will be reduced by another
factor of 0.8, so the total starting current drawn from the line will be 64% of its original value. Therefore,
the maximum starting current drawn from the line will be

I =(0.64)(703A)=450A

start

When it is necessary to stop an induction motor very rapidly, many induction motor controllers reverse
the direction of rotation of the magnetic fields by switching any two stator leads. When the direction of
rotation of the magnetic fields is reversed, the motor develops an induced torque opposite to the current
direction of rotation, so it quickly stops and tries to start turning in the opposite direction. If power is
removed from the stator circuit at the moment when the rotor speed goes through zero, then the motor has
been stopped very rapidly. This technique for rapidly stopping an induction motor is called plugging.
The motor of Problem 7-19 is running at rated conditions and is to be stopped by plugging.

(a) What is the slip s before plugging?
(b) What is the frequency of the rotor before plugging?

(c) What is the induced torque 7, , before plugging?
(d) What is the slip s immediately after switching the stator leads?
(e) What is the frequency of the rotor immediately after switching the stator leads?

What is the induced torque 7. . immediately after switching the stator leads?
q ind y g

SOLUTION

(a) The slip before plugging is 0.038 (see Problem 7-19).
(b) The frequency of the rotor before plugging is f, = sf, = (0.03 8) (60 HZ) =2.28 Hz

(¢) The induced torque before plugging is 41.1 N-m in the direction of motion (see Problem 7-19).

(d) After switching stator leads, the synchronous speed becomes —1800 r/min, while the mechanical

speed initially remains 1732 r/min. Therefore, the slip becomes

Rgne =N, —1800—-1732
n —1800

sync

=1.962

S =

(e) The frequency of the rotor after plugging is f, = sf, = (1.962) (60 HZ) =117.72 Hz

(f)  The induced torque immediately after switching the stator leads is
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VLR, /s
o [(RTH +R, /s)2 +( Xy +X2)2]

z-ind -

3(116.9 V)’ (0.17 Q/1.962)

Tin B

" (188.5 radss)| (0.313+0.17 Q/1.962)" +(0.416+0.420)' |
3(116.9 V)’ (0.0866)

(0.313+0.0866)" +(0.416 + 0.420)2}

Tind

(188.5 rad/s)|

7.4 = 21.9 N - m, opposite the direction of motion
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Chapter 8: DC Motors

8-1.  The following information is given about the simple rotating loop shown in Figure 8-6:

B=04T V, =48V
/=05m R=04Q
r=0.25m @ =500rad/s

(a) Is this machine operating as a motor or a generator? Explain.

(b) What is the current i flowing into or out of the machine? What is the power flowing into or out of the
machine?

(c) If the speed of the rotor were changed to 550 rad/s, what would happen to the current flow into or out
of the machine?

(d) 1f the speed of the rotor were changed to 450 rad/s, what would happen to the current flow into or out
of the machine?

Current into
c-d page

B
I;)D\ . Current out of page

Fab, ind

\

~

~

r ~
G’/\B

a-b

(b

SOLUTION
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8-2.

(a) 1If the speed of rotation w of the shaft is 500 rad/s, then the voltage induced in the rotating loop will
be

e =2rlBw
€yq =2(0.25m)(0.5 m)(0.4 T)(500 rad/s) =50 V

Since the external battery voltage is only 48 V, this machine is operating as a gemnerator, charging the

battery.

(b) The current flowing out of the machine is approximately

e —Vy (50V-48V
R 0.4Q

1=

sz.OA

(Note that this value is the current flowing while the loop is under the pole faces. When the loop goes
beyond the pole faces, e, , will momentarily fall to 0 V, and the current flow will momentarily reverse.

Therefore, the average current flow over a complete cycle will be somewhat less than 5.0 A.)

(c) If the speed of the rotor were increased to 550 rad/s, the induced voltage of the loop would increase
to

e, =2rlBw
€,q =2(0.25m)(0.5 m)(0.4 T)(550 rad/s) =55V
and the current flow out of the machine will increase to

e —V, (55V-48V
R 0.4Q

1=

)=17.5A

(d) 1If the speed of the rotor were decreased to 450 rad/s, the induced voltage of the loop would fall to
e  =2rlBw
€,q =2(0.25m)(0.5 m)(0.4 T)(450 rad/s) =45V

Here, e, is less than V,, so current flows into the loop and the machine is acting as a motor. The
current flow into the machine would be
. Vey—en (48V-45V
R 0.4Q

j=7.5A

The power converted from one form to another within a dc motor was given by

P :EA]A :Tinda)m

conv

Use the equations for £, and 7, [Equations (8-30) and (8-31)] to prove that £,/, = 7, ,@,, ; that is,

prove that the electric power disappearing at the point of power conversion is exactly equal to the
mechanical power appearing at that point.

SOLUTION

P, =E,lI,

Substituting Equation (8-30) for £,
P = (K ¢ w) I,

conv
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P.=K¢l,)w

conv

But from Equation (8-31), 7,, =K ¢ 1, so

Py = Ting @

Problems 8-3 to 8-14 refer to the following dc motor:
P..qa =30hp I} g =110 A
V, =240V N, =2700 turns per pole
Mopeq = 1200 r/min Ng = 12 turns per pole
R, =0.19Q R, =75Q
Rg =0.02Q R,;; =100 to 400 Q

Rotational losses = 3550 W at full load

Magnetization curve as shown in Figure P§-1
320

300
Speed = 1200 r/min

||
280

260 S
/

240
/
220 /|

200

180 /
160 /
140 /

120 /

Internal generated voltage E4, V

100
/
80 /

60 /
40 /'
20

0

0 01 02 03 04 05 06 07 08 09 10 1.1 12 13 14

Shunt field current, A
In Problems 8-3 through 8-9, assume that the motor described above can be connected in shunt. The equivalent
circuit of the shunt motor is shown in Figure P§-2.
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8-4.

I, R, I
MWy —o
0.190
Ragj
Ir |

R
E, 75 Q F Vp=240V

LF

0

If the resistor R, is adjusted to 175 Q what is the rotational speed of the motor at no-load conditions?

SoLUTION At no-load conditions, £, =V, =240V . The field current is given by

V, 240V 240V

- - = =0.96 A
Ry+R, 175Q+75Q 250Q

F

From Figure P8-1, this field current would produce an internal generated voltage £, of 277 V at a speed

n, of 1200 r/min. Therefore, the speed n with a voltage of 240 V would be

Ei_n

EA() no

n= £y n, = (M) (1200 r/min) = 1040 r/min
E, 277V

Assuming no armature reaction, what is the speed of the motor at full load? What is the speed regulation
of the motor?

SoLuTioN At full load, the armature current is
l,=1,-1,=110A-096A=109 A
The internal generated voltage E , is
E,=V,—I,R,=240 V-(109 A)(0.19 Q)=2193V
The field current is the same as before, and there is no armature reaction, so £, is still 277 V at a speed
n, of 1200 r/min. Therefore,

n= Ea n, = 2193V (1200 r/min) = 950 r/min
E 277V

Ao
The speed regulation is

SR = =M 00% = 1040 r/min - 9?0 r/min % 100% = 9 5%
ng 950 r/min
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8-5.

8-6.

8-7.

If the motor is operating at full load and if its variable resistance Radj is increased to 250 Q, what is the
new speed of the motor? Compare the full-load speed of the motor with R, = 175 € to the full-load

speed with R,;; =250 Q. (Assume no armature reaction, as in the previous problem.)
SoLutioN If R, is set to 250 €, the field current is now

V, 240V 240V

I, = - = =0.739 A
Ry+R, 250Q+75Q 2500

Since the motor is still at full load, £, is still 219.3 V. From the magnetization curve (Figure P8-1), this
current would produce a voltage £, of256 V ataspeed n, of 1200 r/min. Therefore,

n=|£a n, = (Mj (1200 r/min) = 1028 r/min
E, 256 V

Note that R, has increased, and as a result the speed of the motor 7 increased.

Assume that the motor is operating at full load and that the variable resistor Radj is again 175 Q. If the

armature reaction is 1200 A-turns at full load, what is the speed of the motor? How does it compare to the
result for Problem 8-57?

SorutioN The field current is again 0.96 A, and the motor is again at full load conditions. However, this
time there is an armature reaction of 1200 A-turns, and the effective field current is
AR 1200 A - turns

I, =1, ———==096A-——"——"=0516A
N, 2700 turns

From Figure P8-1, this field current would produce an internal generated voltage £, of 210V at a speed

n, of 1200 r/min. The actual internal generated voltage £, at these conditions is
E,=V,—1,R,=240V-(109A)0.19Q)=219.3V
Therefore, the speed n with a voltage of 240 V would be

n= £ n,= (Mj (1200 r/min) = 1253 r/min
E, 210V

If all other conditions are the same, the motor with armature reaction runs at a higher speed than the motor
without armature reaction.

If R,y can be adjusted from 100 to 400 €2, what are the maximum and minimum no-load speeds possible

with this motor?

SorutioN The minimum speed will occur when R, = 100 €, and the maximum speed will occur when
R,;; =400 Q. The field current when R, =100 Q is:

oo Ve 240V 240V _
" Ry+R, 100Q+75Q 175Q

1.37A

From Figure P8-1, this field current would produce an internal generated voltage £, of 289 V at a speed

n, of 1200 r/min. Therefore, the speed n with a voltage of 240 V would be
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8-8.

8-9.

n=|La n, = (Mj (1200 r/min) = 997 r/min
E, 289V

The field current when R, =400 Q is:

V, 240V 240V

= - = =0.505 A
Ry+R, 400Q+75Q 475Q

F

From Figure P8-1, this field current would produce an internal generated voltage £, of 207 V at a speed

n, of 1200 r/min. Therefore, the speed n with a voltage of 240 V would be

Ei_n

EA() no

n= £, n, = (M) (1200 r/min) = 1391 r/min
E, 207V

What is the starting current of this machine if it is started by connecting it directly to the power supply
V. ? How does this starting current compare to the full-load current of the motor?

SoruTioN The starting current of this machine (ignoring the small field current) is

V., 240V

I n =L = =1263 A
BER,0.19Q

The rated current is 110 A, so the starting current is 11.5 times greater than the full-load current. This
much current is extremely likely to damage the motor.

Plot the torque-speed characteristic of this motor assuming no armature reaction, and again assuming a
full-load armature reaction of 1200 A-turns.

SorutioN This problem is best solved with MATLAB, since it involves calculating the torque-speed
values at many points. A MATLAB program to calculate and display both torque-speed characteristics is
shown below.

o\

M-file: prob8 9.m
$ M-file to create a plot of the torque-speed curve of the
% the shunt dc motor with and without armature reaction.

% Get the magnetization curve. This file contains the
% three variables if value, ea value, and n 0.

load p8l.mat

% First, initialize the values needed in this program.

v_t = 240; % Terminal voltage (V)

r £ = 75; % Field resistance (ohms)

r adj = 175; % Adjustable resistance (ohms)

r a=0.19; % Armature resistance (ohms)

i1l =0:2:110; % Line currents (A)

n £ = 2700; % Number of turns on field

f ar0 = 1200; % Armature reaction @ 110 A (A-t/m)
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% Calculate the armature current for each load.
a=11-vt/ (r f + r adj);

[

Now calculate the internal generated voltage for
each armature current.
_a=v_ t - 1ia*r_a;

o° o

(0]

Calculate the armature reaction MMF for each armature
current.
_ar = (i_a / 110) * f ar0;

o° o

H

Calculate the effective field current with and without
armature reaction. Ther term i f ar is the field current
with armature reaction, and the term i f noar is the
field current without armature reaction.

far =v t / (r f + r adj) - £ ar / n £f;

_f noar = vt / (r f + r_adj);

o° o° o° oe

H- -

Calculate the resulting internal generated voltage at
1200 r/min by interpolating the motor's magnetization
curve.

~a0_ar = interpl(if values,ea values,i f ar);

a0 noar = interpl (if values,ea values,i f noar) ;

D (D o° o° o°

oe

Calculate the resulting speed from Equation (8-38).
nar = (ea ./ eald ar ) * n 0;

n noar = ( e a ./ e a0 noar ) * n 0;

Calculate the induced torgque corresponding to each
speed from Equations (8-28) and (8-29).

t ind ar = e a .* i a ./ (nar * 2 * pi / 60);

t ind noar = e a .* i a ./ (n noar * 2 * pi / 60);

o o

% Plot the torque-speed curves

figure (1) ;

plot (t_ind noar,n noar, 'b-', 'LineWidth',2.0);
hold on;

plot (t_ind ar,n ar, 'k--', 'LineWidth',2.0);

xlabel ('\bf\tau {ind} (N-m)');
ylabel ('\bf\itn {m} \rm\bf (r/min)');
(
(

title ('\bfShunt DC Motor Torque-Speed Characteristic');
legend ('No armature reaction', 'With armature reaction') ;
axis([ 0 250 800 1250]) ;

grid on;

hold off;
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The resulting plot is shown below:

Shunt DC Motor Torque-Speed Characteristic
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For Problems 8-10 and 8-11, the shunt dc motor is reconnected separately excited, as shown in Figure P8-3. It has
a fixed field voltage V. of 240 V and an armature voltage }/, that can be varied from 120 to 240 V.

Ip

—

iy i

+0
Ragj
Vp=240V Rp=75Q
Ly
— O

RA
-— M -

0 +
0.19
+
C)EA V4y=12010240V
o—

8-10. What is the no-load speed of this separately excited motor when Radj =175Qand (@) V, =120V, (b)

V,=180V,(c) V, =240 V?

SoLuTioN At no-load conditions, £, =V, . The field current is given by

Ve 240V

_ 20V _ 0.96 A

J. = = =
" ORy+R, 175Q+75Q 250Q

From Figure P8-1, this field current would produce an internal generated voltage £, of 277 V at a speed

n, of 1200 r/min. Therefore, the speed n with a voltage of 240 V would be

155



8-11.

(@) IftV,=120V,then £, =120V, and

= [m) (1200 r/min) =520 r/min
277V
(@) 1IfV, =180V, then E, =180V, and
= (M) (1200 r/min) = 780 r/min
277V
(@) IfV,=240V,then E, =240V, and
n= (M) (1200 r/min) =1040 r/min
277V

For the separately excited motor of Problem 8-10:

(a) What is the maximum no-load speed attainable by varying both V/, and Radj ?

(b) What is the minimum no-load speed attainable by varying both V', and R, ?

SOLUTION

(a) The maximum speed will occur with the maximum V, and the maximum R, ;. The field current
when R, =400 Q is:

V, 240V 240V

I, = - = =0.505A
Ry+R. 400Q+75Q 475Q

From Figure P8-1, this field current would produce an internal generated voltage £, of 207 V at a speed

n, of 1200 r/min. At no-load conditions, the maximum internal generated voltage £, =V, =240 V.

Therefore, the speed n with a voltage of 240 V would be

Ei_n

EAO no

n= £, n, = (M) (1200 r/min) = 1391 r/min
E, 207V

(b)  The minimum speed will occur with the minimum V/, and the minimum R ;. The field current
when R, =100 Qis:

;o Ve _ 240V _240V
" Rg+R, 100Q+75Q 175Q

=137A
From Figure P8-1, this field current would produce an internal generated voltage £, of 289 V at a speed

n, of 1200 r/min. At no-load conditions, the minimum internal generated voltage £, =V, = 120 V.

Therefore, the speed n with a voltage of 120 V would be
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n= £. n, = (Uﬂ) (1200 r/min) = 498 r/min
E, 280V

8-12.  If the motor is connected cumulatively compounded as shown in Figure P8-4 and if R, =175 Q, what is

its no-load speed? What is its full-load speed? What is its speed regulation? Calculate and plot the
torque-speed characteristic for this motor. (Neglect armature effects in this problem.)
Iy Lg

=AW —

o = Cumulatively compounded

0210 =R, +R; = = Differentially compounded

SOLUTION At no-load conditions, E , =V, =240 V. The field current is given by

V, 240V 240V

= = = =0.96 A
Ry+R, 175Q+75Q 250Q

F

From Figure P8-1, this field current would produce an internal generated voltage £, of 277 V at a speed

n, of 1200 r/min. Therefore, the speed n with a voltage of 240 V would be

n= (5:0} n,= [%} (1200 t/min) = 1040 r/min
At full load conditions, the armature current is
l,=1,-1,=110A-096A=109 A
The internal generated voltage E , is
E,=V,—1,R,=240V-(109A)(0.21Q)=217.1V
The equivalent field current is

N 1 —096 A+ 2N (109 A)=1.44 A

N, 2700 turns

I, =1, +

From Figure P8-1, this field current would produce an internal generated voltage £, of 290 V at a speed
n, of 1200 r/min. Therefore,

n=|La n, = (Mj (1200 r/min) = 898 r/min
E, 290 V

The speed regulation is
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SR = =M 1 00% = 1040r/m1n—8?8 r/mmxlOO% —15.8%
ny 898 r/min

The torque-speed characteristic can best be plotted with a MATLAB program. An appropriate program is
shown below.

M-file: prob8 12.m

M-file to create a plot of the torque-speed curve of the
a cumulatively compounded dc motor without
armature reaction.

o° o o° o

Get the magnetization curve. This file contains the
three variables if values, ea values, and n 0.
load p8l.mat

o° oV

o\

First, initialize the values needed in this program.

v_t = 240; $ Terminal voltage (V)

r £ = 75; % Field resistance (ohms)

r adj = 175; $ Adjustable resistance (ohms)

r a=0.21; % Armature + series resistance (ohms)
il =0:2:110; % Line currents (A)

n £ = 2700; % Number of turns on shunt field

n se = 12; % Number of turns on series field

% Calculate the armature current for each load.

ia=11-v.t / (r f + r_adj);

% Now calculate the internal generated voltage for

% each armature current.

ea=vt-1a*rzr a;

$ Calculate the effective field current for each armature
% current.

if=vt/ (rf+radj) + (nse/nf) *i a;

% Calculate the resulting internal generated voltage at
% 1200 r/min by interpolating the motor's magnetization
% curve.

e a0 = interpl(if values,ea values,i f);

% Calculate the resulting speed from Equation (8-38).
= (ea ./ ead ) *n 0;

B

o\°

Calculate the induced torgque corresponding to each
speed from Equations (8-28) and (8-29).
t ind=ea .*1ia ./ (n*2 *pi/ 60);

o\°

[}

% Plot the torque-speed curves

figure (1) ;

plot(t_ind,n, 'b-', 'LineWidth',2.0);

xlabel ('\bf\tau {ind} (N-m)');

ylabel ('\bf\itn {m} \rm\bf (r/min)');

title ('\bfCumulatively-Compounded DC Motor Torque-Speed Characteristic');
axis ([0 250 800 1250]);

grid on;
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8-13.

8-14.

The resulting plot is shown below:

Cumulatively-Compounded DC Motor Torque-Speed Characteristic
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Compare this torque-speed curve to that of the shunt motor in Problem 8-9. (Both curves are plotted on
the same scale to facilitate comparison.)

The motor is connected cumulatively compounded and is operating at full load. What will the new speed
of the motor be if R, is increased to 250 Q? How does the new speed compared to the full-load speed
calculated in Problem §8-12?

SorutioN If R

; 1s increased to 250 €2, the field current is given by

V, 240V 240V

I, = - = =0.739 A
Ry+R, 250Q+75Q 325Q

At full load conditions, the armature current is
I,=1,-1.=110A-0.738A=109.3 A
The internal generated voltage £, is
E,=V,-1,R, =240V -(109.3A)(0.21Q)=217V
The equivalent field current is

Nee 1 —0739 A+ 120 (109 3A)=1.06 A

- 2700 turns

I, =1, +

From Figure P8-1, this field current would produce an internal generated voltage £, of 288 V at a speed
n, of 1200 r/min. Therefore,

n= [ £y J n,= [M) (1200 t/min) = 904 r/min
EA()

288V
The new full-load speed is higher than the full-load speed in Problem §-12.

The motor is now connected differentially compounded.
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(a) If Radj =175 Q, what is the no-load speed of the motor?
(b) What is the motor’s speed when the armature current reaches 20 A? 40 A? 60 A?
(c) Calculate and plot the torque-speed characteristic curve of this motor.

SOLUTION

(a) At no-load conditions, E , =V, =240V . The field current is given by

;oo Ve _ 240V 240V
" RgtR. 175Q+75Q 250Q

=0.96 A

From Figure P8-1, this field current would produce an internal generated voltage £, of 277 V at a speed

n, of 1200 r/min. Therefore, the speed n with a voltage of 240 V would be

E, n

EAo no

n=|La n, = (M) (1200 r/min) = 1040 r/min
E, 277V

(b) At I, =20A, the internal generated voltage £, is
E,=V,-1,R,=240V-(20A)(0.21Q)=2358V
The equivalent field current is

Ny 7,=0.96A— 12 turns
N, 2700 turns

I, =1, - (20A)=0.871A

From Figure P8-1, this field current would produce an internal generated voltage £, of 271 V at a speed
n, of 1200 r/min. Therefore,

n=| La, = (M) (1200 t/min) = 1044 r/min
E, 271V

At I, = 40A, the internal generated voltage F£, is
E,=V,-1,R,=240V-(40A)(0.21Q)=231.6V
The equivalent field current is

N 1 —0.96 A——21UMS (46 A)=0.782 A

2700 turns

I F* =1, -

F

From Figure P8-1, this field current would produce an internal generated voltage £, of 261 V at a speed
n, of 1200 r/min. Therefore,

n= £, n,= (Mj (1200 r/min) = 1065 r/min
E, 261V

At I, = 60A, the internal generated voltage £, is

E,=V,—I1,R,=240V-(60A)(0.21Q)=227.4V
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The equivalent field current is

Ne 1 —0.96 A—— 21U (66 A)=0.693 A

I, =1, -
S 2700 turns

From Figure P8-1, this field current would produce an internal generated voltage £, of 249 V at a speed
n, of 1200 r/min. Therefore,
E, 0 = 2274V
E ’ 249V

n=

j (1200 r/min) = 1099 r/min

Ao

(c) The torque-speed characteristic can best be plotted with a MATLAB program. An appropriate
program is shown below.

o°

M-file: prob8 14.m

M-file to create a plot of the torque-speed curve of the
a differentially compounded dc motor withwithout
armature reaction.

o° o

o°

o°

Get the magnetization curve. This file contains the
three variables if value, ea value, and n 0.
load p8l.mat

o°

oe

First, initialize the values needed in this program.

v_t = 240; % Terminal voltage (V)

r £ = 75; % Field resistance (ohms)

r adj = 175; % Adjustable resistance (ohms)

r a=0.21; % Armature + series resistance (ohms)
il =10:2:110; % Line currents (A)

n £ = 2700; % Number of turns on shunt field

n se = 12; % Number of turns on series field

% Calculate the armature current for each load.
‘a=11-v.t / (r f + r adj);

H-

Now calculate the internal generated voltage for
each armature current.

o o

ea=v.t-1ia*ra;

$ Calculate the effective field current for each armature
% current.

if=vt/ (rf+radj) - (nse/nf) *1ia;

% Calculate the resulting internal generated voltage at

% 1200 r/min by interpolating the motor's magnetization

% curve.

e a0 = interpl(if values,ea values,i f);

% Calculate the resulting speed from Equation (8-38).
= (ea ./ ead) *n 0;

B

Calculate the induced torque corresponding to each
speed from Equations (8-28) and (8-29).
t ind=ea .*1ia ./ (n*2 *pi/ 60);

o° o
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8-15.

[}

% Plot the torque-speed curves

figure (1) ;

plot(t_ind,n, 'b-', 'LineWidth',2.0);

xlabel ('\bf\tau {ind} (N-m)');

ylabel ('\bf\itn {m} \rm\bf (r/min)');

title ('\bfDifferentially-Compounded DC Motor Torque-Speed Characteristic');
axis ([0 250 800 13501]);

grid on;

The resulting plot is shown below:

Differentially-Compounded DC Motor Torque-Speed Characteristic
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Compare this torque-speed curve to that of the shunt motor in Problem 8-9 and the cumulatively-
compounded motor in Problem 8-12. (Note that this plot has a larger vertical scale to accommodate the
speed runaway of the differentially-compounded motor.)

A 7.5-hp 120-V series dc motor has an armature resistance of 0.2 € and a series field resistance of 0.16
Q. At full load, the current input is 58 A, and the rated speed is 1050 r/min. Its magnetization curve is
shown in Figure P8-5. The core losses are 200 W, and the mechanical losses are 240 W at full load.
Assume that the mechanical losses vary as the cube of the speed of the motor and that the core losses are
constant.
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Series field current, A
(a) What is the efficiency of the motor at full load?

Intemal generated voltage E,, V

(b) What are the speed and efficiency of the motor if it is operating at an armature current of 35 A?
(c) Plot the torque-speed characteristic for this motor.
SOLUTION
(a) The output power of this motor at full load is
P, = (7.5hp)(746 W/hp) = 5595 W
The input power is
Py =V,I, =(120V)(58 A) = 6960 W
Therefore the efficiency is

Povr oy 5595 W

n= 00% = ————x100% = 80.4%
6960 W

IN

(b) If the armature current is 35 A, then the input power to the motor will be
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Py =V, I, =(120V)(35A) = 4200 W
The internal generated voltage at this condition is
E,=V,—1,(R,+R;)=120V-(35A)(020Q+0.16Q)=107.4V
and the internal generated voltage at rated conditions is
E,=V,—I,(R,+R;)=120V-(58A)(0.20Q+0.16Q)=99.1V
The final speed is given by the equation

E, _ K ¢, o, _ E,.n
E, K¢, o, EAmlm

since the ratio £, , / E,,, is the same as the ratio @, / @, . Therefore, the final speed is

E EA 1
:i—a’n
EAI EAO,Z

2 1

The internal generated voltage £, , for a current of 35 A and a speed of n, = 1200 r/minis £, , =115

V, and the internal generated voltage E | for a current of 58 A and a speed of n, = 1200 r/minis £ |
=134 V.

E
n, :ﬁﬂnl = (107'4\/][134\]](IOSOr/min): 1326 r/min
E, E,, 99.1V U115V

The power converted from electrical to mechanical form is

P, =EJ,=(074V)35A)=3759W

conv

The core losses in the motor are 200 W, and the mechanical losses in the motor are

3 . 3
P =|22| (240 W)= (Mj (240 W) = 483 W
n, 1050 r/min

Therefore, the output power is

Py =P, — P, —P.. =3759 W-483W-200 W =3076 W

conv m core
and the efficiency is

P
7 =T %100% :MXIOO% =73.2%
4200 W

IN

(c) A MATLAB program to plot the torque-speed characteristic of this motor is shown below:

o°

M-file: prob8 15.m
M-file to create a plot of the torque-speed curve of the
the series dc motor in Problem 8-15.

o°

oe

o°

Get the magnetization curve. This file contains the
three variables if value, ea value, and n 0.
load p85.mat

o°

[

% First, initialize the values needed in this program.
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o\

<
o
|

120;
0.36;
ia=9:1:58;

Terminal voltage (V)
Armature + field resistance (ohms)
Armature (line) currents (A)

o\

K
Q
|

o\

% Calculate the internal generate voltage e _a.
_a=v_ t - 1ia*r_a;

(0]

o°

Calculate the resulting internal generated voltage at
1200 r/min by interpolating the motor's magnetization
curve.

e a0 = interpl(if values,ea values,i a, 'spline');

o°

o°

% Calculate the motor's speed from Equation (8-38).
= (e.a ./ e al) * n 0;

B

% Calculate the induced torque corresponding to each
speed from Equations (8-28) and (8-29).
t ind =ea .*ia ./ (n*2 * pi/ 60);

o°

[}

% Plot the torque-speed curve

figure (1) ;

plot (t_ind,n, 'b-', 'LineWidth',2.0);

hold on;

xlabel ('\bf\tau {ind} (N-m)');

ylabel ('\bf\itn {m} \rm\bf (r/min)');

title ('\bfSeries DC Motor Torque-Speed Characteristic');
grid on;

hold off;

The resulting torque-speed characteristic is shown below:

Series DC NMotor Torque-Speed Characteristic
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2500 -

{r/min)

E

n

2000

1500 -

1000 -

500 i i i i i i
o] 10 20 30 40 50 60 70

Ting (N-M)

8-16. A 20-hp 240-V 76-A 900 r/min series motor has a field winding of 33 turns per pole. Its armature
resistance is 0.09 Q, and its field resistance is 0.06 2. The magnetization curve expressed in terms of
magnetomotive force versus E 4 at 900 r/min is given by the following table:

E,,V | 95 150 | 188 | 212 | 229 | 243
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J, A-turns | 500 | 1000 | 1500 | 2000 | 2500 | 3000

Armature reaction is negligible in this machine.

(a) Compute the motor’s torque, speed, and output power at 33, 67, 100, and 133 percent of full-load
armature current. (Neglect rotational losses.)

(b) Plot the terminal characteristic of this machine.

SoLuTioN Note that this magnetization curve has been stored in a file called prob8 16.mat. The
contents of the file are an array of mmf values, an array of ea values, and the term n_0. Because
the data in the file is relatively sparse, it is important that interpolation be done using smooth curves, so be
sure to specify the ' spline’' option in the MATLAB interpl function:

Eao = interpl (mmf values,ea values,mmf, 'spline')
(a) This calculation must be performed for armature currents of 25.3 A, 50.7 A, 76 A, and 101.3 A.
If 1, =233 A, then

E,=V,—1,(R,+Rs)=240V-(253A)(0.09Q+0.06Q)=2362V

The magnetomotive force is F = NI, = (33 turns)(25.3 A) = 835 A - turns, which produces a voltage
E,, of 134V at n, =900 r/min. Therefore the speed of the motor at these conditions is

E,, 2362V

n, 900 r/min) = 1586 r/min
E, 134V

n=

The power converted from electrical to mechanical form is

P, =EJ,=(236.2V)(253A)=5976 W

conv
Since the rotational losses are ignored, this is also the output power of the motor. The induced torque is

£y = o = DTOW =36N-m

ind .
@ (1586 r/min) (2”1 radj (lgng
T S

If I, =50.7 A, then
E,=V,—1I,(R,+R;)=240V-(50.7A)(0.09Q+0.06Q)=232.4V

The magnetomotive force is F = NI, = (33 turns)(50.7 A) = 1672 A - turns , which produces a voltage
E, of197 Vat n, =900 r/min. Therefore the speed of the motor at these conditions is

n=La n, = 2324V (900 r/min) = 1062 r/min
E 197V

Ao

The power converted from electrical to mechanical form is

P, =EJ,=(2324V)(50.7A)=11,780 W

conv

Since the rotational losses are ignored, this is also the output power of the motor. The induced torque is
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> 11,780 W

Tind = - 5
“n (1062 r/min) (2”1 rad} [lggmj
r S

=106 N-m

If I,=76A, then
E,=V,—1,(R,+Rs)=240V-(76 A)(0.09Q+0.06Q)=228.6V

The magnetomotive force is F = NI, = (33 turns) (76 A) = 2508 A - turns, which produces a voltage
E,, of229 V at n, =900 r/min. Therefore the speed of the motor at these conditions is

E,, 286V

n, 900 r/min) = 899 r/min
E,, 229V

n=

The power converted from electrical to mechanical form is

P, =E,=(228.6V)(76A)=17370W

conv

Since the rotational losses are ignored, this is also the output power of the motor. The induced torque is

Tg =0 = 17’:;70“(]1 Tmi =185N-m
O (899 r/min)( rra )( mm)
Ir 60s

If I, =101.3 A, then
E,=V,—I,(R,+R;)=240V-(101.3A)(0.09Q+0.06Q)=2248V

The magnetomotive force is F = NI, =(33turns)(101.3 A)=3343 A - turns, which produces a
voltage £, of 252 V at n, =900 r/min. Therefore the speed of the motor at these conditions is

n= E, n, = 2248V (900 r/min) = 803 r/min
E, 252V

The power converted from electrical to mechanical form is

P, =EJ,=(2248V)(101.3A)=22770 W

conv

Since the rotational losses are ignored, this is also the output power of the motor. The induced torque is

de:Pcm: 22,;70:1 ____iNem
@y (803 r/min)( 7 ra ][ mm)
1r 60 s

(b) A MATLAB program to plot the torque-speed characteristic of this motor is shown below:

o

M-file: prob8 16.m
M-file to create a plot of the torque-speed curve of the
the series dc motor in Problem 8-16.

o

o\

o\

Get the magnetization curve. This file contains the
three variables mmf values, ea values, and n 0.
load prob8 16.mat

o

[}

$ First, initialize the values needed in this program.
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240;
0.15;

n Y O
]

33;

15:1:76;

o° o o o?

% Calculate the MMF for each load
f=ns*ia;

o°

(0]

o° o° o° oe

(0]

oe

B

o° o

o+

ind = e a

% Plot the torque-speed curve

figure (1) ;

Calculate the
a=v .t -1ia*r a;

and

(line)

(8-29) .

plot (t_ind,n, 'b-', 'LineWidth',2.0);

hold on;

xlabel ('\bf\tau {ind}

(N-m) ') ;

ylabel ('\bf\itn {m} \rm\bf (r/min)');
title ('\bfSeries DC Motor Torque-Speed Characteristic');
$axis ([ 0 700 0 5000]);

grid on;
hold off;

Terminal voltage
Armature + field resistance
Armature
Number of series turns on field

(V)

currents

internal generate voltage e _a.

Calculate the motor's speed from Equation (8-38).
= (e.a ./ e al) * n 0;

The resulting torque-speed characteristic is shown below:

Series DC NMotor Torque-Speed Characteristic

2400

(A)

Calculate the induced torque corresponding to each
speed from Equations (8-28)
i a ./ (n* 2 *pi/ 60);

(ohms)

Calculate the resulting internal generated voltage at
900 r/min by interpolating the motor's magnetization
curve. Specify cubic spline interpolation to provide
good results with this sparse magnetization curve.
a0 = interpl (mmf values,ea_values, f, 'spline');

2200 -

2000 -
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1, (timin)
N
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8-17.

A 300-hp 440-V 560-A, 863 r/min shunt dc motor has been tested, and the following data were taken:

Blocked-rotor test:

V,=163V exclusive of brushes V,=440V

I,=500A I, =886 A
No-load operation:

V,=163V including brushes 1.=876 A

1,=231A n =863 r/min

What is this motor’s efficiency at the rated conditions? [Note: Assume that (1) the brush voltage drop is 2
V; (2) the core loss is to be determined at an armature voltage equal to the armature voltage under full
load; and (3) stray load losses are 1 percent of full load.]

SorLuTioN The armature resistance of this motor is

v
R, == 163V _ 03260
1,,, S00A

Under no-load conditions, the core and mechanical losses taken together (that is, the rotational losses) of
this motor are equal to the product of the internal generated voltage £, and the armature current [/,

since this is no output power from the motor at no-load conditions. Therefore, the rotational losses at
rated speed can be found as

E,=V,~Vyu—1,R, =442V -2V —(23.1 A)(0.0326 Q) =439.2 V

P, =P, =E,,=(439.2V)(23.1 A)=10.15 kW

rot — Lconv
The input power to the motor at full load is

By =V,1, =(440 V)(560 A) = 246.4 kW
The output power from the motor at full load is

Bour = Pn = Bov = Bot = Busn ~ Py
The copper losses are

Py =1R,+V.I,=(560 A)(0.0326Q)+ (440 V)(8.86 A) = 14.1kW

The brush losses are

Pbrush = VbrushIA = (2 V) (560 A) = 1 120 W
Therefore,
Four =B = Fey = Py = Bousn — Pstray

Pyyr =246.4kW-14.1 kW-10.15kW -1.12kW -2.46 kW =218.6 kW

The motor’s efficiency at full load is

n= POUT x100% = MXIOO% =88.7%
~ 246.4 kW

Problems 8-18 to 8-21 refer to a 240-V 100-A dc motor which has both shunt and series windings. Its
characteristics are
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R, =0.14Q N, =1500 turns
Rg =0.05Q Ny =10 turns
R, =200 Q n,, = 1800 r/min
R, =010 300 €, currently set to 120 Q

This motor has compensating windings and interpoles. The magnetization curve for this motor at 1800 r/min is
shown in Figure P8-6.

300 T
Speed = 1800 r/min o
|
/
250 o
> 200 /
150

Internal generated voltage F 4,

100 /

50

0

0.0 0.25 0.50 0.75 1.00 1.25 1.50
Field current, A

8-18. The motor described above is connected in shunt.
(a) What is the no-load speed of this motor when Radj =120 Q7

(b) What is its full-load speed?
(¢) Under no-load conditions, what range of possible speeds can be achieved by adjusting R, ?

SOLUTION

(a) 1If Raclj =120 Q, the total field resistance is 320 Q, and the resulting field current is

v, 240V

= - =0.75A
R, +Ry 200Q+120Q

F

This field current would produce a voltage £, of 256 V at a speed of n, = 1800 r/min. The actual £,
is 240 V, so the actual speed will be
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8-19.

E, 240V

n, = (1800 r/min) = 1688 r/min
E, 256V

n=

(b) Atfullload, [, =1, -1, =100A-0.75A=99.25A, and
E,=V,—1,R, =240V -(99.25A)(0.14Q)=226.1V
Therefore, the speed at full load will be

n= E, n, = 226.1V (1800 r/min) = 1590 r/min
E 256V

Ao

(c) If R,

i is maximum at no-load conditions, the total resistance is 500 Q, and

v, 240V

= = = 0.48 A
R.+R, 200Q+300Q

F

This field current would produce a voltage £, of 200 V at a speed of n, = 1800 r/min. The actual £,
is 240 V, so the actual speed will be

E, 240V

n, = (1800 r/min) = 2160 r/min
E, 200V

n=

If R is minimum at no-load conditions, the total resistance is 200 €2, and

lj
=1 o 2OV 154
R, +Ry 200Q+0Q

This field current would produce a voltage £, of 287 V at a speed of n, = 1800 r/min. The actual £,

is 240 V, so the actual speed will be

E, 240V
n, = (

E, 287V

n= 1800 t/min) = 1505 r/min

This machine is now connected as a cumulatively compounded dc motor with R,;; = 120 €.
(a) What is the full-load speed of this motor?

(b) Plot the torque-speed characteristic for this motor.

(c) What is its speed regulation?

SOLUTION

(@ Atfullload, I, =1, -1, =100A-0.75A=99.25A , and
E,=V,—1,(R,+R;)=240V-(99.25A)(0.14Q+0.05Q)=221.1V

The actual field current will be

v, 240V

= - =0.75A
R, +Ry 200Q+120Q

F

and the effective field current will be
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o=+ N 075 A+ —SMS (99 554)=1.28 A
» 1500 turns

This field current would produce a voltage £, of 288 V at a speed of n, = 1800 r/min. The actual £,

is 240 V, so the actual speed at full load will be

E 221.1V
n, = (

E, 288V

n= 1800 r/min) = 1382 r/min

(b) A MATLAB program to calculate the torque-speed characteristic of this motor is shown below:

o\

M-file: prob8 19.m
M-file to create a plot of the torque-speed curve of the
a cumulatively compounded dc motor.

o\°

o\

o\°

Get the magnetization curve. This file contains the
three variables if values, ea values, and n 0.
load p86.mat

o\°

o\

First, initialize the values needed in this program.

v_t = 240; % Terminal voltage (V)

r £ = 200; % Field resistance (ohms)

r adj = 120; % Adjustable resistance (ohms)

r a=0.19; % Armature + series resistance (ohms)
i1l =0:2:100; % Line currents (A)

n £ = 1500; % Number of turns on shunt field

n se = 8; % Number of turns on series field

% Calculate the armature current for each load.

ia=11-vt/ (r f + r adj);

% Now calculate the internal generated voltage for

% each armature current.

ea=vt-1ia*r a;

% Calculate the effective field current for each armature
% current.

if=vt/ (rf+radj) + (nse/nf)*1ia;

% Calculate the resulting internal generated voltage at
% 1800 r/min by interpolating the motor's magnetization
% curve.

e a0 = interpl(if values,ea values,i f);

% Calculate the resulting speed from Equation (8-38).
= (ea ./ ead ) *n 0;

)

o\°

Calculate the induced torque corresponding to each
speed from Equations (8-28) and (8-29).
t ind = e a .*1ia ./ (n*2 * pi / 60);

o\°

[}

% Plot the torque-speed curves
figure (1) ;
plot(t_ind,n, 'b-', 'LineWidth',2.0);
xlabel ('\bf\tau {ind} (N-m)');
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8-20.

ylabel ('\bf\itn {m} \rm\bf (r/min)');

title ('\bfCumulatively-Compounded DC Motor Torque-Speed Characteristic');
axis ([0 160 1000 20001) ;

grid on;

The resulting torque-speed characteristic is shown below:

Cumulatively-Compounded DC Motor Torque-Speed Characteristic
2000 T T T T T T T
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(¢) The no-load speed of this machine is the same as the no-load speed of the corresponding shunt dc
motor with Radj =120 Q, which is 1688 r/min. The speed regulation of this motor is thus

n 1688 r/min - 1382 r/min

SR = "M 100% = : x100% = 22.1%
ng 1382 r/min

The motor is reconnected differentially compounded with R,; = 120 Q. Derive the shape of its torque-

speed characteristic.

SoLutioN A MATLAB program to calculate the torque-speed characteristic of this motor is shown below:

o\

M-file: prob8 20.m
M-file to create a plot of the torque-speed curve of the
a differentially compounded dc motor.

o\

o\°

o\°

Get the magnetization curve. This file contains the
three variables if values, ea values, and n 0.
load p86.mat

o\°

% First, initialize the values needed in this program.

v_t = 240; % Terminal voltage (V)

r £ = 200; % Field resistance (ohms)

r adj = 120; % Adjustable resistance (ohms)

r a=0.19; % Armature + series resistance (ohms)
i1l = 0:2:45; % Line currents (A)

n £ = 1500; % Number of turns on shunt field

n se = 8; % Number of turns on series field

% Calculate the armature current for each load.
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ia=11-v t / (r f + r_adj);

Now calculate the internal generated voltage for
each armature current.
_a=v_ t - 1ia*r_a;

o° o

(0]

Calculate the effective field current for each armature
current.
f=vt/ (rf+radj) - (nse/nf) *ia;

o° o

[

Calculate the resulting internal generated voltage at
1800 r/min by interpolating the motor's magnetization
curve.

a0 = interpl(if values,ea values,i f);

o o o°

(0]

% Calculate the resulting speed from Equation (8-38).
= (ea ./ ead ) *n 0;

B

Calculate the induced torque corresponding to each
speed from Equations (8-28) and (8-29).
t ind =ea .*ia ./ (n*2 * pi/ 60);

o° o

% Plot the torque-speed curves

figure (1) ;

plot (t_ind,n, 'b-', 'LineWidth',2.0);

xlabel ('\bf\tau {ind} (N-m)');

ylabel ('\bf\itn {m} \rm\bf (r/min)');

title ('\bfDifferentially-Compounded DC Motor Torque-Speed Characteristic');
axis ([0 160 1000 2000]);

grid on;

The resulting torque-speed characteristic is shown below:

Differentially-Compounded DC Motor Torque-Speed Characteristic
2000 T T T T T T T
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This curve is plotted on the same scale as the torque-speed curve in Problem 8-19. Compare the two
curves.
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8-21.

A series motor is now constructed from this machine by leaving the shunt field out entirely. Derive the
torque-speed characteristic of the resulting motor.

SoruTtioN This motor will have extremely high speeds, since there are only a few series turns, and the
flux in the motor will be very small. A MATLAB program to calculate the torque-speed characteristic of

this motor 1s shown below:
M-file: prob8 21.m

a series dc motor.

o° o° o° o° o

of Problem 8-19.

o° o°

load p86.mat

o°

First, initialize the
t = 240;

f = 200;

= 120;

0.19;

20:1:45;

1500;

8;

I
Q
[N
[y

o
Il

B B R RRJ

0
()
|

B oo
O N
)
=
Q
=
| =
)
~
()
o
a3
()

o oP

0}

a=v .t -1a*r a;

o° o o° o° oP°

shunt field current.

-

o° o o

curve.

0}

M-file to create a plot of the torque-speed curve of the

This motor was formed by removing

the shunt field from the cumulatively-compounded machine

Get the magnetization curve. This file contains the
three variables if values, ea values, and n 0.

values needed in this program.

% Terminal voltage (V)

Field resistance (ohms)

Adjustable resistance (ohms)
Armature + series resistance (ohms)
Line currents (A)

Number of turns on shunt field
Number of turns on series field

o o o° o° o o o

armature current for each load.

Now calculate the internal generated voltage for
each armature current.

Calculate the effective field current for each armature
current. (Note that the magnetization curve is defined
in terms of shunt field current, so we will have to
translate the series field current into an equivalent

f = (nse / nf) *xia;

Calculate the resulting internal generated voltage at
1800 r/min by interpolating the motor's magnetization

a0 = interpl(if values,ea values,i f);

% Calculate the resulting speed from Equation (8-38).

B

Calculate the induced
speed from Equations

o° oV

= (ea ./ eald ) *n_

0;

torque corresponding to each

(8-28) and (8-29).

t ind =ea .*1ia ./ (n*2 *pi/ 60);

[}

% Plot the torque-speed curves
figure (1) ;
plot (t_ind,n, 'b-', 'LineWidth',2.0);

xlabel ('\bf\tau {ind} (N-m)');
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8-22.

ylabel ('\bf\itn {m} \rm\bf (r/min)');
title ('\bfSeries DC Motor Torque-Speed Characteristic');
grid on;

The resulting torque-speed characteristic is shown below:

Series DC Motor Torque-Speed Characteristic
9000 T T

8000

7000

m,, (rimin)
(2]
Q
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(=]
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4000

3000 | L L L
5 10 15 20 25 30
Ting (N-M)

The extreme speeds in this characteristic are due to the very light flux in the machine. To make a

practical series motor out of this machine, it would be necessary to include 20 to 30 series turns instead of
8.

An automatic starter circuit is to be designed for a shunt motor rated at 20 hp, 240 V, and 80 A. The
armature resistance of the motor is 0.12 €, and the shunt field resistance is 40 . The motor is to start
with no more than 250 percent of its rated armature current, and as soon as the current falls to rated value,
a starting resistor stage is to be cut out. How many stages of starting resistance are needed, and how big
should each one be?

SorutioN The rated line current of this motor is 80 A, and the rated armature currentis [, =1, — 1, =

80 A —6 A =74 A. The maximum desired starting current is (2.5)(74 A) = 185 A. Therefore, the total
initial starting resistance must be

Rye Ry =20V 1200

=1.297Q-0.12Q=1.177Q

The current will fall to rated value when E , rises to

E,=240V-(1.297Q)(74 A) =144V

R

start, 1

At that time, we want to cut out enough resistance to get the current back up to 185 A. Therefore,

R,+R,., :M =0.519Q
’ 185 A
R =0.519Q-0.12Q=0.399Q

start,2
With this resistance in the circuit, the current will fall to rated value when E , rises to

E,=240V-(0.519Q)(74 A)=201.6 V

At that time, we want to cut out enough resistance to get the current back up to 185 A. Therefore,
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R +R, < 2OV-2016V (o600
’ 185 A
Ry =0208Q-0.12Q=0.088Q

start,3

With this resistance in the circuit, the current will fall to rated value when E , rises to

E,=240V-(0.208Q)(74 A)=224.6V
If the resistance is cut out when £, reaches 224.6 V, the resulting current is
;= 240V -2246V
’ 0.12Q

so there are only three stages of starting resistance. The three stages of starting resistance can be found
from the resistance in the circuit at each state during starting.

Rstart,l = Rl +R2 +R3 =1.177Q
Ry =R, +R; =0.399Q
Rstart,3 = R3 =0.088Q

=1283A<I185A,

Therefore, the starting resistances are

R =0.778Q
R, =0311Q
R, =0.088Q
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Chapter 9:  Transmission Lines

9-1.

9-2.

Calculate the dc resistance in ohms per kilometer for an aluminum conductor with a 3 cm diameter.

SorutioN The resistance per meter of aluminum conductor is given by Equation (9-2):
L _P_ P
4 ot

where p=2.83 x 10® Q-m. This value is

oo = (283x107 Q;m) =4.004x10° Q/m
7(0.015 m)

Therefore the total DC resistance per kilometer would be

Ry =(4.004x10° Q/m)[looo mj =0.040 Q/km
I'km

Calculate the dc resistance in ohms per mile for a hard-drawn copper conductor with a 1 inch diameter.
(Note that 1 mile = 1.609 km).

SorutioN The resistance per meter of hard-drawn copper conductor is given by Equation (9-2):
L _P_ P
LR
where p=1.77 x 10* Q-m. Note that the radius in this equation must be in units of meters. This value is

(1.77x10™ Q-m) .
e = 5 =3.493x107° Q/m

rz[(o.s in)[o.olzfjmﬂ

Therefore the total DC resistance per mile would be 1000 7, = 0.03367 Q.

1609 m
1 mile

Ry =(3.493x107 Q/m)( ) =0.0562 Q/mile

Problems 9-3 through 9-7 refer to a single phase, 8 kV, 50-Hz, 50 km-long transmission line consisting of two
aluminum conductors with a 3 cm diameter separated by a spacing of 2 meters.

9-3.

Calculate the inductive reactance of this line in ohms.

SorutioN The series inductance per meter of this transmission line is given by Equation (9-22).

z:ﬁ(lﬂng) H/m (9-22)
7\4 r

where 4= i1, =47x107 H/m.

-7
z:&[lﬂn 20 m ) _ 4zx10 H/m[lﬂnz'o—m] =2.057% 10" H/m
4" 00l5m 4" 70015m

T T

Therefore the inductance of this transmission line will be
L=(2.057x10" H/m)(50,000 m) =0.1029 H

The inductive reactance of this transmission line 1s
X = joL = j2zfL = j2z(50 Hz)(0.1029 H) = j32.3 Q
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9-4.

9-S.

9-6.

Assume that the 50 Hz ac resistance of the line is 5% greater than its dc resistance, and calculate the series
impedance of the line in ohms per km.

SorutioN The DC resistance per meter of this transmission line is given by Equation (9-22).
L _P_ P
DC A 7Z7"2

where p=2.83 x 10®* Q-m. This value is

(2.83%10™ Q-m) §
e = —=4.004x10"° Q/m
7(0.015 m)

Therefore the total DC resistance of the line would be
Ry =(4.004x107° Q/m)(50,000 m) = 2.0 Q
The AC resistance of the line would be

Ry =(2.0 Q)(1.05)=2.1Q

The total series impedance of this line would be Z =2.1 + j30.5 Q, so the impedance per kilometer
would be

Z= (2.1 +j32.3 Q)/(SO km) =0.042 + j0.646 Q/km
Calculate the shunt admittance of the line in siemens per km.

SoruTtioN The shunt capacitance per meter of this transmission line is given by Equation (9-41).

e (9-41)

7(8.854x10™ F/m)

€= ( 2.0 j
In| =2
0.015

Therefore the capacitance per kilometer will be

c=5.69x10" F/km

The shunt admittance of this transmission line per kilometer will be

Yy = j2mfe= j271(50 Hz)(5.69 x10™ F/km) = j1.79x 10 S/km
Therefore the total shunt admittance will be

Y, =(j1.79%107 S/km)(50 km) = j8.95x10~ S

=5.69%x107" F/m

The single-phase transmission line is operating with the receiving side of the line open-circuited. The
sending end voltage is 8 kV at 50 Hz. How much charging current is flowing in the line?

SoruTtioN  Although this line is in the “short” range of lengths, we will treat it as a medium-length line,
because we must include the capacitances if we wish to calculate charging currents. The appropriate
transmission line model is shown below.

&» EL Z=R+ joL i
+ ._J\Mm__. +
Iy l I l
\d g Yy - v
s T2 > T R
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The charging current can be calculated by open-circuiting the output of the transmission line and
calculating I:

A/ VS1
2 Z+——
Y/2
| (/8.95x107 S)(8000£0° V) 8000.£0° V
= +
> 1

(2.1 +,/323Q)+

j8.95%x107 S/2
I, =0.358290° A +0.358290° A =0.716290° A

9-7.  The single-phase transmission line is now supplying 8 kV to an 800 kVA, 0.9 PF lagging single-phase
load.
(a) What is the sending end voltage and current of this transmission line?
(b) What is the efficiency of the transmission line under these conditions?
(c) What is the voltage regulation of the transmission line under these conditions?

SorLuTtioN At 50 km length, we can treat this transmission line as a “short” line and ignore the effects of
the shunt admittance. The corresponding equivalent circuit is shown below.

The transmission line is supplying a voltage of 8 kV at the load, so the magnitude of the current flowing
to the load is

S 800 kVA
Vo 8kV

=100 A

(a) If we assume that the voltage at the load is arbitrarily assigned to be at 0° phase, and the power
factor of the load is 0.9 lagging, the phasor current flowing to the load is I=100£—25.8° A. The
voltage at the sending end of the transmission line is then

V.=V, +7
V, =8000£0° V+(2.1 + 323 Q)(100£—-25.8° A)
V, =10000£16.4° V

(b) The complex output power from the transmission line is

Sour = VeI = (8000.£0° V) (100£ —25.8° A)" =800,00025.8° VA
Therefore the output power is

P, ;r =800 co0s25.8° =720 kW
The complex input power to the transmission line is

S = VSI* = (10000416.4O V) (1004 —25.8° A)* =1,000,000£42.2° VA
Therefore the input power is

P, =1000 cos42.2° =741 kW
The resulting efficiency is

n:@xloo% :MXmO% =97.2%
P 741 kW

IN
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(c) The voltage regulation of the transmission line is

VR:MXIOO%:WXIOO%zﬁ%

R

Problems 9-8 through 9-10 refer to a single phase, 8 kV, 50-Hz, 50 km-long underground cable consisting of two
aluminum conductors with a 3 cm diameter separated by a spacing of 15 cm.

9-8.

9-9.

The single-phase transmission line referred to in Problems 9-3 through 9-7 is to be replaced by an
underground cable. The cable consists of two aluminum conductors with a 3 cm diameter, separated by a
center-to-center spacing of 15 cm. As before, assume that the 50 Hz ac resistance of the line is 5% greater
than its dc resistance, and calculate the series impedance and shunt admittance of the line in ohms per km
and siemens per km. Also, calculate the total impedance and admittance for the entire line.

SorutioN The series inductance per meter of this transmission line is given by Equation (9-22).

l:£(1+ln2j H/m (9-22)
7\ 4 r

where 4= 41, =47x107 H/m.

-7
&[1+ln O.lSm):47L'><10 H/m(l+l 0.15m

[= n j:1.021><10_6 H/m
V4 V4 4 0.015m

4 0.015m

Therefore the inductance of this transmission line will be

L=(1.021x10" H/m)(50,000 m) =0.0511 H

The inductive reactance of this transmission line is
X = joL = j2zfL = j27(50 Hz)(0.0511 H) = j16.05 Q
The resistance of this transmission line is the same as for the overhead transmission line calculated

previously: R,.=2.1 Q. The total series impedance of this entire line would be Z =2.1 + j16.05 €, so
the impedance per kilometer would be

Z=(2.1 +j16.05Q)/(50 km) =0.042 + j0.321 Q/km

The shunt capacitance per meter of this transmission line is given by Equation (9-41).
e

7(8.854x10™" F/m)

[ 0.15 j
In| ——
0.015
Therefore the capacitance per kilometer will be

c=121%x10" F/km

The shunt admittance of this transmission line per kilometer will be
Yy = j2mfe= j27(50 Hz)(1.21x 10 F/km) = j3.80x 10 S/km
Therefore the total shunt admittance will be

Y, =(j3.80x10° S/km)(50 km) = j1.90x10™* S

sh —

(9-41)

CcC =

c= =1.21x10™" F/m

The underground cable is operating with the receiving side of the line open-circuited. The sending end
voltage is 8 kV at 50 Hz. How much charging current is flowing in the line? How does this charging
current in the cable compare to the charging current of the overhead transmission line?
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9-10.

SorutioN Although this line is in the “short” range of lengths, we will treat it as a medium-length line,
because we must include the capacitances if we wish to calculate charging currents. The appropriate
transmission line model is shown below.

I Ly Z=R+joL Iy
+ @ I J\M_MI— ® +
Cll czl
\d g Yy - v
s T3 T T R

The charging current can be calculated by open-circuiting the output of the transmission line and
calculating I:

I, = Vs 4 VSI
L S
Y/2
| _ (719010 5)(8000£0° V) 8000.£0° V
= +
2 (2.1 +,/323 Q)+ 1

j1.90x107* S/2
I, =0.760.£90° A +0.762.290° A =1.522./90° A

Since the shunt admittance of the underground cable is more than twice as large as shunt admittance of
the overhead transmission line, the charging current of the underground cable is more than twice as large.

The underground cable is now supplying 8 kV to an 800 kVA, 0.9 PF lagging single-phase load.
(a) What is the sending end voltage and current of this transmission line?
(b) What is the efficiency of the transmission line under these conditions?
(c) What is the voltage regulation of the transmission line under these conditions?

SoruTioN At 50 km length, we can treat this transmission line as a “short” line and ignore the effects of
the shunt admittance. (Note, however, that this assumption is not as good as it was for the overhead
transmission line. The higher shunt admittance makes its effects harder to ignore.) The transmission line
is supplying a voltage of 8 kV at the load, so the magnitude of the current flowing to the load is

;S _B800KVA _
Vo 8kv

(a) If we assume that the voltage at the load is arbitrarily assigned to be at 0° phase, and the power
factor of the load is 0.9 lagging, the phasor current flowing to the load is I =100£—-25.8° A. The
voltage at the sending end of the transmission line is then

V=V, +7Z1

V, =8000£0° V+(2.1 + j16.05 Q)(1004—25.8° A)

V, =89904£8.7° V
(b) The complex output power from the transmission line is

Sour = VRI* = (800040o V)(1004—25.8° A)* =800,000£25.8° VA
Therefore the output power is

PByr =800 cos25.8° =720 kW

The complex input power to the transmission line is
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S = VI =(8990.£8.7° V)(100£ —25.8° A)" =899,000£34.5° VA
Therefore the input power is
By =899 c0s34.5° =740.9 kW

The resulting efficiency is

P 20 k
n= OUT + 100% = Mx 100% = 97.2%
PIN 740.9 kW

(c¢) The voltage regulation of the transmission line is

VR 2 5=V o 100% = %xm% —12.4%

R

9-11. A 138 kV, 200 MVA, 60 Hz, three-phase, power transmission line is 100 km long, and has the following
characteristics:

r=0.103 Q/km
x=10.525 Q/km

y=3.3x10°S/km

(a) What is per phase series impedance and shunt admittance of this transmission line?

(b) Should it be modeled as a short, medium, or long transmission line?

(c) Calculate the ABCD constants of this transmission line.

(d) Sketch the phasor diagram of this transmission line when the line is supplying rated voltage and
apparent power at a 0.90 power factor lagging.

(e) Calculate the sending end voltage if the line is supplying rated voltage and apparent power at 0.90
PF lagging.

(f) What is the voltage regulation of the transmission line for the conditions in (e)?

(g) What is the efficiency of the transmission line for the conditions in (e)?

SOLUTION

(a) The per-phase series impedance of this transmission line is

Z =(0.103+ j0.525 /km)(100 km) =10.3+ j52.5 Q

The per-phase shunt admittance of this transmission line is

Y =(3.3x10"° S/km)(100 km) = ;0.00033 S

(b) This transmission line should be modeled as a medium length transmission line.

(c) The ABCD constants for a medium length line are given by the following equations:

A:%H B=7

c=Y £+1 D=£+1
4 2

_Zr (10.3+ j52.5 ©)(j0.00033 S)
2 2
B=2Z=103+52.5Q=53.5£78.9° Q
10.3+,/52.5 Q)(j0.00033 S) | 1}
4

(9-73)

A +1=0.9913£0.1°

C= Y[Z4—Y+1j =(j0.00033 s){(
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9-12.

C=3.286x107"290° S
zY (10.3+ j52.5 ©)(j0.00033 S)

D=—+1= +1=0.9913£0.1°
2 2
(d) The phasor diagram is shown below:
A\
ﬂj&l
S Vo
I RI

(e) The rated line voltage is 138 kV, so the rated phase voltage is 138 kV / \/§ = 79.67 kV, and the
rated current is

S

out

o _ 200,000,000 VA _
b, 3(138,000 V)

If the phase voltage at the receiving end is assumed to be at a phase angle of 0°, then the phase voltage at
the receiving end will be V, =79.67£0° kV, and the phase current at the receiving end will be

TA

I,=8374£-25.8° A. The current and voltage at the sending end of the transmission line are given by
the following equations:

V, = AV, + BI,
V, =(0.9913.£0.1°)(79.67.£0° kV) +(53.5£78.9° Q)(837£ - 25.8° A)
V, =111.8£18.75° kV
I, =CV,+ DI,
I, =(3.286 107 £90° S)(79.67.£0° kV) +(0.9913.20.1°) (8372 - 25.8° A)
I, =818.7£-24.05° A
()  The voltage regulation of the transmission line is
— 111.8 kV-79.67 kV

x100% = 29671V x100% = 40.3%

R

(g) The output power from the transmission line is
Py =S PF=(200 MVA)(0.9) =180 MW

The input power to the transmission line is

By =3V, sl,5c0s0=3(111.8 kV)(818.7 A)cos(42.8°) =201.5 MW

The resulting efficiency is

n=ix100% :Mxloo% =89.3%
T 201.5 kW

If the series resistance and shunt admittance of the transmission line in Problem 9-11 are ignored, what
would the value of the angle dbe at rated conditions and 0.90 PF lagging?

Sorution If the series resistance and shunt admittance are ignored, then the sending end voltage of the
transmission line would be
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9-13.

9-14.

Vs =V, + jXI,
Vi =79.67£0° kV +(j52.5 Q)(837£-25.8° A)
V, =106.4£21.8° kV

Since O is the angle between V¢ and V,, 0 =21.8°.

If the series resistance and shunt admittance of the transmission line in Problem 9-11 are not ignored,
what would the value of the angle dbe at rated conditions and 0.90 PF lagging?

SoLuTioN From Problem 9-11, V, =111.8£18.75° kV and V, =79.67£0° kV, so the angle J is

18.75° when the series resistance and shunt admittance are also considered.

Assume that the transmission line of Problem 9-11 is to supply a load at 0.90 PF lagging with no more
than a 5% voltage drop and a torque angle 6 < 30°. Treat the line as a medium-length transmission line.
What is the maximum power that this transmission line can supply without violating one of these
constraints? Which constraint is violated first?

SoLuTioN A MATLAB program to calculate the voltage regulation and angle ¢ as a function of the
power supplied to a load an a power factor of 0.9 lagging is shown below.

o°

M-file: prob9 13.m
M-file to calculate the voltage drop and angle delta
for a transmission line as load is increased.

o°

o°

o°

First, initialize the values needed in this program.

v_r = p2r(79670,0) ; % Receiving end voltage

v.s = 0; % Sending end voltage (will calculate)
r = 0.103; % Resistance in ohms/km

x = 0.525; % Reactance in ohms/km

y = 3.3e-6; % Shunt admittance in S/km

1 = 100; % Line length (k)

o°

Calculate series impedance and shunt admittance

Z = (r + j*x) * 1;

Y=y *1;

% Calculate ABCD constants
A= Y*Z/2 + 1;

B = Z;

C = Y*(Y*Z/4 + 1);

D = Y*Z/2 + 1;

o°

Calculate the transmitted power for various currents
assuming a power factor of 0.9 lagging (-25.8 degrees).
This calculation uses the equation for complex power
P=3*vr* conj(i r).

= (0:10:300) * p2r(l,-25.8);
power = real( 3 * v.r * conj(i r));

- o° o oP

H
I
|

oe

Calculate sending end voltage and current for the
various loads

=A *vr+B*i1ir;

=C*v.r+D=*ir;

oe

- <

S
_S
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% Calculate VR for each current step
VR = ( abs(v_s) - abs(v r) ) ./ abs(v_r);

[+

% Calculate angle delta for each current step

[v.r mag, v_r angle] = r2p(v_ r);
for ii = l:length(i_r)
[v_s mag, v_s angle] = r2p(v_s(ii));
delta(ii) = v_s_angle - v_r_angle;
end

% Which limit is reached first?
for ii = l:length(i_r)
if VR(ii) > 0.05

% VR exceeded first--tell user

str = ['VR exceeds 5% at ' num2str (power (ii)/le6) ' MW'];
disp(str);

break;

elseif abs(delta) > 30

% Delta exceeded first--tell user

str = ['delta exceeds 30 deg at ' num2str (power(ii)/le6) ' MW'];
disp (str);

break;

end
end

% Plot the VR and delta vs power

figure (1) ;

plot (power/1le6,VR*100, 'b-"', 'LineWidth',2.0) ;
xlabel ('\bfPower (MW)') ;

ylabel ('\bfVoltage Regulation (%)');

title ('\bfVoltage Regulation vs Power Supplied');
grid on;

figure(2) ;

plot (power/le6,delta, 'b-"', 'LineWidth',2.0) ;
xlabel ('\bfPower (MW)') ;

ylabel ('\bfAngle \delta (deg)');

title ('\bfAngle \delta vs Power Supplied');
grid on;

When this program is executed, the results are as shown below. Note that the voltage regulation is the
first limit to be exceeded by this transmission line of the load is at 0.9 PF lagging. Try the same
calculation with other power factors. How does the maximum power supplied vary?

>> prob9 13
VR exceeds 5% at 25.8222 MW
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Voltage Regulation vs Power Supplied
14 T T T T

Voltage Regulation (%)

0 I i i i | I
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Power (MW)

Angle 5 vs Power Supplied
9 T T

Angle 3 (deg)

0 I i i i i I
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Power (MW)

9-15. The transmission line of Problem 9-11 is connected between two infinite busses, as shown in Figure P9-1.
Answer the following questions about this transmission line.

Infinite Bus 1 Infinite Bus 2

Figure P9-1 A three-phase transmission line connecting two infinite busses together.

(@)

(b)

If the per-phase (line-to-neutral) voltage on the sending infinite bus is 80£10° kV and the per-phase
voltage on the receiving infinite bus is 76.£0° kV, how much real and reactive power are being
supplied by the transmission line to the receiving bus?

If the per-phase voltage on the sending infinite bus is changed to 82.210° kV, how much real and
reactive power are being supplied by the transmission line to the receiving bus? Which changed
more, the real or the reactive power supplied to the load?
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9-16.

(c) If the per-phase voltage on the sending infinite bus is changed to 80£15° kV, how much real and
reactive power are being supplied by the transmission line to the receiving bus? Compared to the
conditions in part (a), which changed more, the real or the reactive power supplied to the load?

(d) From the above results, how could real power flow be controlled in a transmission line? How could
reactive power flow be controlled in a transmission line?

SOLUTION

(a) If the shunt admittance of the transmission line is ignored, the relationship between the voltages and
currents on this transmission line is

V, =V, +RI+ jXI

where I, =1, =I. Therefore we can calculate the current in the transmission line as

= Ys—Ve
R+ jX
[ = 30,000210°-76,000£0° _ 5 o 5o o
103+ j52.5Q

The real and reactive power supplied by this transmission line is
P=3V,,I,cos0=3(76 kV)(265 A)cos(0.5°) = 60.4 MW
Q=3V,,1,sin0=3(76 kV)(265 A)sin(0.5°) = 0.53 MVAR

(b) If the sending end voltage is changed to 82.£10° kV, the current is

_ 82,000£10°—76,000£0° — 980/ —77° A

10.3+ j52.5Q
The real and reactive power supplied by this transmission line is

P=3V,,1,cos0=3(76 kV)(280 A)cos(7.7°) = 63.3 MW

Q=3V,,1,sin0=3(76 kV)(280 A)sin(7.7°) =8.56 MVAR

In this case, there was a relatively small change in P (3 MW) and a relatively large change in Q (8
MVAR) supplied to the receiving bus.

(c) Ifthe sending end voltage is changed to 82.£10° kV, the current is
_ 80,000£15°—-76,000£0 _388/70° A

103+ j52.5Q

The real and reactive power supplied by this transmission line is

P=3V,,1,cos0=3(76 kV)(388 A)cos(-7.2°) =87.8 MW

Q=3V,,1,sin0=3(76 kV)(388 A)sin(-7.2°) = -11 MVAR

In this case, there was a relatively large change in P (27.4 MW) and a relatively small change in Q (11.5
MVAR) supplied to the receiving bus.

(d) From the above results, we can see that real power flow can be adjusted by changing the phase angle
between the two voltages at the two ends of the transmission line, while reactive power flow can be
changed by changing the relative magnitude of the two voltages on either side of the transmission line.

A 50 Hz three phase transmission line is 300 km long. It has a total series impedance of 23+ ;75 € and
a shunt admittance of j500 4S. 1t delivers 150 MW at 220 kV, with a power factor of 0.88 lagging.
Find the voltage at the sending end using (a) the short line approximation. (b) The medium-length line

188



approximation. (¢) The long line equation. How accurate are the short and medium-length line
approximations for this case?

SOLUTION

(a) In the short line approximation, the shunt admittance is ignored. The ABCD constants for this line
are:

A=1 B=Z

9-67
C=0 D=1 ( )

A=1
B=Z=23+j75Q=784,73°Q

C=0S
D=1

The receiving end line voltage is 220 kV, so the rated phase voltage is 220 kV / \/g =127 kV, and the
current is

S

out

~ ~ 150,000,000 W _

1, = - =394 A
b3y, V3(220,000 V)

If the phase voltage at the receiving end is assumed to be at a phase angle of 0°, then the phase voltage at
the receiving end will be V, =127£0°kV, and the phase current at the receiving end will be

I, =394,-28.4° A. The current and voltage at the sending end of the transmission line are given by
the following equations:

V, =4V, + Bl,

V, =(1)(127£0° kV) +(78.4£73° Q) (3942 - 28.4° A)

V, =151£8.2° kV

I, =CV,+DI,

I, =(0S)(133£0° kV)+(1)(394£ -28.4° A)

I, =394/-28.4° A

(b) In the medium length line approximation, the shunt admittance divided into two equal pieces at
either end of the line. The ABCD constants for this line are:

Azzz—Y+1 B=7

(9-73)

C:Y(zﬂj D:QH
4 2

23+ 775 Q)( jO.

A= ZY (B475Q)(J0.000SS) |\ oeis 0340
2 2

B=Z=23+/75Q=784/73°Q

C= y(%ﬂj ~ (j0.0005 S){(Z3+]75 Qi(;o.ooos S) +1}
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C=4.953x107"2£90.2° S
zY (23+ 75 €)(,70.0005 S)
2

+1=0.9813£0.34°

The receiving end line voltage is 220 kV, so the rated phase voltage is 220 kV / \/§ =127 kV, and the
current is

S

out

; 150,000,000 W _
b3, 3(220,000 V)

=394 A

If the phase voltage at the receiving end is assumed to be at a phase angle of 0°, then the phase voltage at
the receiving end will be V,=127£0°kV, and the phase current at the receiving end will be

I,=394,-28.4° A. The current and voltage at the sending end of the transmission line are given by
the following equations:

V, = AV, + BI,,
V, =148.4/8.7° kV
I,=CV,+DI,

I,=361£-192° A

(¢) In the long transmission line, the ABCD constants are based on modified impedances and
admittances:

7' = 7 Sinhyd (9-74)
yd
tanh (yd /2
Y = YM (9-75)
yd /2

and the corresponding ABCD constants are

A= % +1 B=7

Z/Y/ Z/Y/ (9-76)
C=Y|—+1| D="+1
4 2
The propagation constant of this transmission line is ¥ = \/;
(j500x107 S) (23+ 775 Qj
= = =0.00066£81.5°

4 \/; \/L 300 km J 300 km

yd = (0.00066481.50)(300 km) =0.198£81.5°
The modified parameters are

i inh(0.198£81.5°
77 =73 _ (934 175 )" ( ) 17973 @
0.198£81.5°
tanh (yd /2
yroy B2 g0 5000 s
yd /2

and the ABCD constants are
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9-17.

zYy’

A= +1=10.983£0.33°

B=27'=779/73°Q
C:Y(ZY

+ 1) =4.97/90.1° S

zYy’

D= +1=0.983£0.33°

The receiving end line voltage is 220 kV, so the rated phase voltage is 220 kV / \/§ =127 kV, and the
current is

S

out

150,000,000 W

I =
Y3y, /3(220,000 V)

If the phase voltage at the receiving end is assumed to be at a phase angle of 0°, then the phase voltage at
the receiving end will be V,=12720°kV, and the phase current at the receiving end will be
I, =394,-28.4° A. The current and voltage at the sending end of the transmission line are given by
the following equations:

V, = AV, +BI,
V, =148.2/8.7°kV
I, =CV, +DI,

I, =361.2£-19.2° A

The short transmission line approximate was rather inaccurate, but the medium and long line models were
both in good agreement with each other.

A 60 Hz, three phase, 110 kV transmission line has a length of 100 miles and a series impedance of
0.20+ j0.85 Q/mile and a shunt admittance of 6 x10™° S/mile. The transmission line is supplying 60

MW at a power factor of 0.85 lagging, and the receiving end voltage is 110 kV.
(a) What are the voltage, current, and power factor at the receiving end of this line?
(b) What are the voltage, current, and power factor at the sending end of this line?
(c) How much power is being lost in this transmission line?
(d) What is the current angle ¢ of this transmission line? How close is the transmission line to its
steady-state stability limit?

SorutioN This transmission line may be considered to be a medium-line line. The impedance Z and
admittance Y of this line are:

Z=(0.20+ ;0.85 Q/mile)(lOO miles) =20+ /85 Q
Y =(j6x10"/mile)(100 miles) = ;0.0006 S

The ABCD constants for this line are:

e ZZ_Y - (20+ /85 Q;( ;j0.0006 S)

B=7=20+ j85Q=87.3£76.8°Q

C= Y(Z4—Y+1j =(,j0.0006 s){(zoﬂ i QZ(J 0:00065) 11 _0,00059.90.2° s

+1=0.9745£0.35°
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zy (20+ 85 Q)(,j0.0006 S)

D=—~+I1= +1=0.9745£0.35°
2 2

(a) Assuming that the receiving end voltage is at 0°, the receiving end phase voltage and current are.

V,, = 110£0° kV/y/3 = 63.5£0° kV
;P 60MW
* B cosd  3(110kV)(0.85)

I,=370£-31.7° A

=370 A

The receiving end power factor is 0.85 lagging. The receiving end line voltage and current are 110 kV
and 370 A, respectively.

(b) The sending end voltage and current are given by
V= AV, +Bl, = 4(63.5£0°kV)+ B(370£-31.7° A)
V, =87.8£15.35° kV
I; =CV,+ DI, = C(63.5£0°kV)+D(370£-31.7° A)
I,=34242-26° A

The sending end power factor is cos[15.35°—(~26°) | = cos(41.4°) = 0.751 lagging . The sending end line
voltage and current are +/3(87.8 kV) =152 kV and 342 A, respectively.

(¢) The power at the sending end of the transmission line is

Py =3V, l,cos0=3(87,800)(342)(0.751) = 67.7 MW

The power at the receiving end of the transmission line is
By =3V, 41, cos8=3(63,500)(370)(0.85) =59.9 MW
Therefore the losses in the transmission line are approximately 7.8 MW.

(d) The angle ¢ is 15.35°. It is about 1/4 of the way to the line’s static stability limit.
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Chapter 10: Power System Representation and Equations

10-1.  Sketch the per-phase, per-unit equivalent circuit of the power system in Figure 10-2. (Treat each load on
the systems as a resistance in series with a reactance.) Note that you do not have enough information to
actually calculate the values of components in the equivalent circuit.

Load A ﬁ:]_m_2 E_D—[:ﬁ Load B

Bus 1 Bus 2

SorutioN The per-phase, per-unit equivalent circuit would be:

Bus 1 T Line T, Bus %

10-2. A 20,000 kVA, 110/13.8 kV, Y-A three phase transformer has a series impedance of 0.02 + j0.08 pu.
Find the per-unit impedance of this transformer in a power system with a base apparent power of 500
MVA and a base voltage on the high side of 120 kV.

SorutioN The per-unit impedance to the new base would be:

per-unit Z, = per-unit Z,; k ;lve“j k S J (10-8)

glven

110 kV] [500,000 kVA

] =0.42 + j1.68 pu
120 kv/ {20,000 kVA

per-unit Z,,, =(0.02 + j0.0S)(
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10-3. Find the per-phase equivalent circuit of the power system shown in Figure P10-1.

[ [
Region 1 | Region 2 | Region 3
| |
| |

ﬂ—@\g
ooifo—ojolgg

L, impedance:

’ R=5Q '
X=20Q
G ratings: T ratings: T, ratings: M, ratings: M3 ratings:
30 MVA 35 MVA 30 MVA 20 MVA 10 MVA
13.8kV 13.2/115kV 120/12.5 kV 12.5kV 125kV
R=0.1pu R=0.01pu R =0.01pu R=0.1pu R=0.lpu
Xg=1.0pu X=0.10pu X = 0.08 pu X¢=11pu X¢=1.1pu

SoruTioN The per-phase equivalent circuit must be created on some system base voltage and apparent
power. Since this problem has not specified the system base values, we will use the ratings of generator
G, as the system base values at that point. Therefore, the system base apparent power is S, =30 MVA,

and the system base voltages in each region are:

Viase: = 13.8 kV
Viser = (Mj Vot = [ﬂ) (13.8kV) =120 kV
< \132kv/ ™ \13.2kV
Vbase3 = [M} Vbas62 — (M} (120 kV) =12.5kV
120 kV “ \120kV

The base impedance of Region 2 is:
2
(Miwe2) (120,000 V)
~ 30,000,000 VA

=480 Q

base,2 S
30, base

The per unit resistance and reactance of G, are already on the proper base:
Z:;=0.1+ ;1.0 pu

The per unit resistance and reactance of T | are:

. _ _ . glven new
per-unit Z . = per-unit Z, k v J ( J

glven

13.2 kV] (30, 000 kVA

j =0.00784 + j0.0784 pu
13.8kV/ (35,000 kVA

:(0.01+j0.10)(

The per unit resistance and reactance of the transmission line are:
Z 5+j20Q
Z, =——=2TJ22_ 00104 + j0.0417 pu
Z 480 Q

base
The per unit resistance and reactance of 7, are already on the right base:

Z,,=0.01+ j0.08 pu

The per unit resistance and reactance of M, are:
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10-4.

12.5 kvj2 [30, 000 kVA

j =0.15+ j1.65 pu
12.5kV./ 120,000 kVA

Zy, =(0.1+j1.1)(

The per unit resistance and reactance of M, are:

2, =014 /1 1)(12.5 kvjz(m,ooo kVA
w2 T 125 kv (10,000 kVA

j =0.30+ j3.30 pu

The resulting per-phase equivalent circuit is:

T,

Line T

j0.0784 0.00784 ;0.0417 0.0104 j0.08 0.01

0.1 0.15 0.30

1.0

/ /1.65 73.30
G M M

Two 4.16 kV three-phase synchronous motors are connected to the same bus. The motor ratings are:

Motor 1: 5,000 hp, 0.8 PF lagging, 95% efficiency, R = 3%, X =90%
Motor 2: 3,000 hp, 1.0 PF, 95% efficiency, R = 3%, X, = 90%

Calculate the per-unit impedances of these motors to a base of 20 MVA, 4.16 kV. (Note: To calculate
these values, you will first have to determine the rated apparent power of each motor considering its rated
output power, efficiency, and power factor.)

SorutioN The rated input power of Motor 1 is

(5,000 hp) [ 7‘1‘6hWJ
B =t o P2 _303kw
n 0.95
The apparent power rating is
=B 3BV g1 kva
PF 0.8

The per-unit impedances of Motor 1 are specified to the motor’s own base. The impedances converted to
the specified base are:
it Z it Z (Ve ) (S (10-8)
er-uni = per-unit Z — -
p new p given k Vnew LS J

given

4.16 kvj2 ( 20,000 kKVA

) =1.22+ j36.7 pu
4.16kV/) \ 491 kVA

Z,=(0.03+ j0.90)(

The rated input power of Motor 2 is
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10-5.

ey
P =t o P2 _236kw
n 0.95
The apparent power rating is
= b DKW _p36kva
PF 1.0

The per-unit impedances of Motor 2 are specified to the motor’s own base. The impedances converted to
the specified base are:

2
per-unit Z, = per-unit Z,; . [%} (?‘&J (10-8)

given

2
4.16 ij (20,000 kVAj =2.54+ j76.3 pu

Z,=(0.03+ j0'90)£4 16kv/ \ 236 kVA

A Y-connected synchronous generator rated 100 MV A, 13.2 kV has a rated impedance of R = 5% and
X, = 80% per-unit. It is connected to a j10 € transmission line through a 13.8/120 kV, 100 MVA, A-Y

transformer with a rated impedance of R = 2% and X = 8% per unit. The base for the power system is 200
MVA, 120 kV at the transmission line.

(a) Sketch the one-line diagram of this power system, with symbols labeled appropriately.

(b) Find per-unit impedance of the generator on the system base.

(c) Find per-unit impedance of the transformer on the system base.

(d) Find per-unit impedance of the transmission line on the system base.

(e) Find the per-phase, per-unit equivalent circuit of this power system.

SorutioN The base quantities for this power system in Region 2 are:

S,.. =200 MVA
Ve = 120 KV
2
(Viwsea) (120,000 V)
bue2 T g 200,000,000 VA

30, base

The base quantities for this power system in Region 1 are:

S,.. =200 MVA
base, 1 :(Mj base,2 :(m] (120 kV):138 kV
’ 120 kV ’ 120 kV

(Vi) (13,800 V)’

Zy = = =0.952 Q
1T Subee 200,000,000 VA
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(a) The one-line diagram for this power system is shown below:

Region 1 Region 2

|
!
!
!
!
|
Gl Tl Ll

¥y o0 -

L, impedance:

/
AY X=;10Q
G, ratings: T ratings:
100 MVA 100 MVA Base Values:
13.2kV 13.8/120 kV 200 MVA
R=0.05pu R=0.02pu 120 kV

X;=0.8 pu X=0.08 pu

(b) The per-unit impedance of the generator on the system base is:

er-unit Z = per-unit Z_, gwe“\ [ S ) (10-8)
p new — P given L I/n B J ( SgivenJ
Zo = (0.05+j0.80)(13'2 kV) (200 MVA) =0.0915+ j1.464 pu
13.8kV 100 MVA

(c¢) The per-unit impedance of the transformer on the system base is:

per-unit Z = per-unit Z, L ngcnj ( S J (10-8)

glven

13.8 ij (200 MVA

] =0.04+ j0.16 pu
13.8kV/ {100 MVA

Zp =(0.02+ j0.0S)(

(d) The per unit resistance and reactance of the transmission line are:
VA 110 Q
Zye=——=L""2=j0.139 pu
VA 72 Q

base

(e) The resulting per-phase equivalent circuit is:

T, Line

jO.16 0.04  ;0.139 0.00

0.0915

71.464
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10-6.

10-7.

Assume that the power system of the previous problem is connected to a resistive Y-connected load of
200 Q per phase. If the internal generated voltage of the generator is E , =1.10£20° per unit, what is the

terminal voltage of the generator? How much power is being supplied to the load?

SorutioN The Y-connected load is connected to the end of the transmission line in Region 2, so
Z,.n =72 Q, and the per-unit impedance of the load is

Liad = ZL = 2702% =2.78 pu
base

The resulting current flow is
E
L. = .

Lo+ 2, +7Z

+Zload
1.10£20°
Lie = : . .
(0.0915+ j1.464)+(0.04 + j0.16) +(j0.139) +(2.78)
I. =0.323£-11.2°

line

line

The per-phase terminal voltage of the generator will be
V,=E,-L,R,—jI, X

V, =1.10£20°—(0.323£-11.2°)(0.0915) - j(0.323£ ~11.2°)(1.464)
V,=0917£-5.14°

Therefore, the terminal voltage will be (0.917)(13.8 kV)=12.7kV. The per-unit power supplied to the
load is
2
P,=1R=(0.323)"(2.78) = 0.290

Therefore, the total power supplied to the load is (0.290)(200 MVA) =58 MW .

Figure P10-2 shows a one-line diagram of a three-phase power system. The ratings of the various
components in the system are:

Synchronous Generator 1: 40 MVA, 13.8kV, R=3%, X, = 80%
Synchronous Motor 2: 20 MVA, 13.8kV, R=3%, X, = 80%
Synchronous Motor 3: 10 MVA, 13.2kV, R=3%, X, = 100%
Y-A Transformers: 20 MVA, 13.8/138 kV, R=2%, X=10%
Line 1: R=10Q,X=50Q

Line 2: R=5Q, X=30Q

Line 3: R=5Q X=30Q

The per-unit system base for this power system is 40 MVA, 128 kV in transmission line 1. Create the
per-phase, per-unit equivalent circuit for this power system.
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!
L
! Region 2 |

VAN 4 YA
Y O 1Y%
Region 1 I I Region 3

. Bus 3
Region 6

Y

SorutioN This power system has been divided into regions at the transformers, with the base voltage and
apparent power specified in Region 2 to be 128 kV and 40 MVA. The base quantities for this power
system in all regions are:

S.... =40 MVA
13.8k 13.8k
I/basel = (M) I/vbase2 :( 3 8 Vj (128 kV) = 128 kV
1138 kV 2 138kV
2 2
V0L base 12,800 V
base,1 = ( =L ’1) = ( ) = 4096 Q
’ Sy e 40,000,000 VA
Viwor = 128 KV
(Vi) (128,000 V)’
base,2 = : : = = 4096 Q
: S 40,000,000 VA

3¢, base

. =(13.8kV)mez=(13.8kvj(128kv)=12'8kv
P18k ™ 138 kV

2 2
Z (VLL,base,S) — (12, 800 V)
e S3¢, base 403 000, OOO VA

Vi, = ( 138 kV] V= ( 138 kV) (12.8 kV) =128 kV
“\i3sev) e "B s kv

2
Viowes) _ (128,000 V)’
Swbee 40,000,000 VA

=4.096 Q

N
Il

=409.6 Q
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(138 kV) (138 kV
base,3

= ](12.8 kV)=128kV
13.8 kV 13.8 kV

V

base,5 =

(Viioes) (128,000 V)’

Z, .. = =409.6 Q
7T Sy 40,000,000 VA

Vo = (13'8 kvj V.= [13'8 kvj (128 kV) = 12.8 kV
N ETIR M GETIRY
2 2
v, 12,800 V
base,6 ( - b3536) = ( : ) = 4096 Q
S 40,000,000 VA

30, base

The base quantities for this power system in Region 1 are:

Siase =200 MVA
Vs = (M] Vier = (13‘8 kvj (128 kV) =12.8 kV
’ 138 kV ’ 138 kV
2 2
Vil vase 128,000 V
base,] ( - ’1) = ( ) = 4096 Q
’ S3¢, base 40,000,000 VA
The per-unit impedances of the various components to the system base are:
er-unit Z__ = per-unit Z_. gwe"\ S (10-8)
P - P e k Vnew J k glvenJ

13.8 kV) [40 MVA
12.8 kV/ \40 MVA

13.8 kvj2(4o MVA
12.8kV/ \20 MVA

13.8 ij2(40 MVA
12.8kV/) 10 MVA

Zg, =(0.03+ j0.80)£ ) =0.0349 + j0.930 pu

Z,,=(0.03+ j0.80)( j =0.0697 + j1.860 pu

_ (0.03+j1.00)( ] =0.140+ j4.65 pu

13.8 kV)’ (40 MVA
ZTI:(O.O2+j0.10)( 5.8 V) ( oMV j:0.0465+j0.233 pu
12.8Kkv/ \20 MVA
7, =2 100800444 j0.1221 pu
Zon.  40960Q

7, =2 3030961954 70,0732 pu
Zon. 40960

=2 22086 61904 0.0732 pu
Zor.  4096Q

base

All transformers in this figure are Y-A, and the base quantities are the same for all of them, so the per-unit
transformer impedances are:

Zy =2y =2y =2y, =Zys = Zy = 0.0465+ j0.233 pu

The resulting per-phase, per-unit equivalent circuit is shown below:
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j0.233  0.0465 ;0.122 0.0244 j0.233  0.0465

0.0349 0.0697
j0.233  0.0465 j0.233  0.0465
J0.930 j0.0732 j0.0732 J1.86
. L2 L3 .
0.0122 0.0122
6, A »
j0.233 j0.233
TS T6
0.0465 0.0465
0.140
j4.65
M3

10-8. Calculate the bus admittance matrix Y, and the bus impedance matrix Z, . for the power system shown
in Figure P10-2.

SorutioNn The voltage sources can be converted to current sources, and the series impedances between
each bus can be replaced by a single admittance, resulting in the system shown below. Note that we have
labeled each bus with a number.
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The admittances in this circuit are:

1 1

Y = =
 Zn+Z,+Z,, (0.0465+ j0.233 pu)+(0.0244 + j0.122) +(0.0465+ j0.233 pu)
Y, =0.3265— j1.6355 pu
1 1

N = Zps+Z,,+ 25 (0.0465+ 0.233 pu)+(0.0122 + j0.0732) +(0.0465 + j0.233 pu)
Y, = 0.3486— j1.7866 pu
v 1 _ 1

© Zp+Z,+Zy  (0.0465+ j0.233 pu)+(0.0122+ 0.0732) +(0.0465 + j0.233 pu)
Y. =0.3486 — j1.7866 pu

1 1

Y, =— = : =0.3537 — j0.9425 pu
Z, 0.0349+ j0.930
1 L 0.0064 — j0.2149 pu
Z,, 0.140+ j4.65
1 1

=0.0201 — j0.5369 pu

Y, ~ :
Z,, 0.0697+ j1.860

The bus admittance matrix Y, is:

Y, +Y,+Y, -7, -7,
Yo, =| Y, Y, +Y. +Y, -7,
-7, -7, Y, +Y 47,

[ 1.0288— j4.3646 —0.3265+ j1.6355 —0.3486+ j1.7866
=|-0.3265+j1.6355 0.6952—;73.9590 -0.3486+ j1.7866
| —0.3486+ j1.7866 —0.3486+ j1.7866  0.7036— ;3.7881

bus

The bus impedance matrix Z,  is:
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bus = Ybus_1
0.1532+ 0.6048 0.1068+ j0.4875 0.1181+ j0.5172
=10.1068+ j0.4875 0.1251+ j0.7046 0.1045+ ;j0.5642

0.1181+;0.5172 0.1045+ j0.5642 0.1479 + j0.7670

Z

Z

bus

10-9. Assume that internal generated voltages of the generators and motors in the per-unit equivalent circuit of
the previous problem have the following values:

E, =1.15£22°
E,, =1.00£-20°

E, =0952£-15°

(a) Find the per-unit voltages on each bus in the power system.

(b) Find the actual voltages on each bus in the power system.

(c) Find the current flowing in each transmission line in the power system.

(d) Determine the magnitude and direction of the real and reactive power flowing in each transmission
line.

(e) Are any of the components in the power system overloaded?

SorutioN The Norton equivalent currents associated with each voltage source are:

E 1.15£22°

[ =—4= D227 _ (7830~ j0.8526=1.158/ —47.4°
Z., 0.0349+ j0.930
E 1.00£ — 20°

= Be 1002720 60 i05114=053732-107.9°
Z,, 0.0697+ j1.86

E, 095/-15°
Z,, 0.14+j4.65

=—0.0469 — j0.1988 =0.204£—-103.2°

3

The nodal equations for this power system are:
Y V=I

bus

1.0288 — j4.3646 —0.3265+ j1.6355 —0.3486+ ;1.7866 - 0.7832 — j0.8526
V =|-0.3265+ j1.6355 0.6952— j3.9590 —0.3486+ j1.7866 —0.1647—- j0.5114
—0.3486+ j1.7866 —0.3486+ j1.7866 0.7036— j3.7881 —0.0469 — j0.1988
0.9646 + j0.1604 0.978£9.4°
V =10.9463+ j0.0635 |=| 0.948.£3.8°
0.9503+ ;0.0926 0.955/5.6°
(a) The per-unit voltages at each bus in the power system are:
V,=0.978£9.4°
V, =0.948/3.8°
V, =0.95545.6°

(b) The actual voltages at each bus in the power system are:
Vi=V, Ve =(0.978)(12.8 kV) =12.5kV

I,pu” base
V, =V, Viwe =(0.948)(12.8 kV) =12.1 kV
=(0.955)(12.8 kV) =12.2 kV

2,pu’ base

v,=V, V.

3,pu’ base

203



(c) The current flowing in Line 1 is: (start here)
I, =Y,(V,-V,)=(03265—j1.6355)(0.978.£9.4° - 0.948.£3.8°)

I,,=0.1645+ j0.0017 = 0.165£0.6°
The current flowing in Line 2 is:
I,,=Y,(V,-V,)=(0.3486— j1.7866)(0.978.£9.4°— 0.955.£5.6°)
I,,=0.1263— j0.0029 = 0.1269.£ — 0.9°
The current flowing in Line 3 is:
I,=Y(V,-V,)=(0.3486— j1.7866)(0.948.£3.8° - 0.955.£5.6°)
I,, =-0.0533+ 0.0029 = 0.0534/ —177°

(d) The real and reactive power flowing from Bus 1 to Bus 2 in Line 1 is:
S, = VIILI* = (0.97849.4")(0.16540.6")*
S,,=0.159+ ;0.0248 = 0.161.£8.9°
P, =SB0 = (40 MVA)(0.159) = 6.4 MW

base” Ll,pu

0,1 = 84001 = (40 MVA)(0.0248) =1.0 MVAR

The real and reactive power flowing from Bus 1 to Bus 3 in Line 2 is:
S,,= VIILZ* = (0.97849.40)(0.12694 - 0.9°)*
S,,=0.1215+ ;j0.0221=0.124.£10.3°
P, =8P = (40 MVA)(0.1215) = 4.86 MW

base™ L2,pu

015 = Spe01a e = (40 MVA)(0.0221) = 0.88 MVAR

The real and reactive power flowing from Bus 2 to Bus 3 in Line 3 is:
S,;= V3IL3* = (0.95545.60)(0.05344 - 1770)*
S,; =-0.0509 - ;0.0021=0.051£-178°
P.=S8 .Pi.= (40 MVA)(—0.0509) =-2.04 MW

base™ L3,pu

0, = Selis e = (40 MVA)(~0.0021) = ~0.09 MVAR

The negative power here means that the power is really flowing from Bus 3 to Bus 2.

(e) None of the components in the power system are even close to being overloaded.
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Chapter 11: Introduction to Power-Flow Studies

11-1. Find the per-unit currents and the real and reactive power flows in each transmission line in the power
system of Example 11-2. Also, calculate the losses in each transmission line.

SorutioN The power system is shown in below:

)

@®
Table of Busses:
Bus 1 Slack bus
Bus 2 Load bus
I — Bus 3 Load bus
Load 4 ® Load 2 Bus4  Load bus
©)
®
l Load 3

Table 11-1:  Per unit series impedances and the corresponding admittances of the
transmission lines.

Transmission Line From / To Series impedance Series admittance
Number (bus to bus) Z, pu Y, pu
1 1-2 0.10 +;0.40 0.5882 -2.3529
2 2-3 0.10 +;0.50 0.3846 - j1.9231
3 2-4 0.10 +0.40 0.5882 -2.3529
4 3-4 0.05+,0.20 1.1765 - j4.7059
5 4-1 0.05 +;0.20 1.1765 - j4.7059

The impedances of each transmission line are given in Table 11-1, and the resulting bus admittance matrix
(ignoring the shunt admittance of the transmission lines) was given in Equation (11-1).

1.7647 — j7.0588 —0.5882 + j2.3529 0 —-1.1765 + j4.7059
| —0.5882 + ;23529 1.5611 — j6.6290  —0.3846 + j1.9231 —0.5882 + ;2.3529 (11-1)
bus 0 —0.3846 + j1.9231 1.5611 — j6.6290 —1.1765 + j4.7059

-1.1765 + j4.7059 —0.5882 + ;2.3529 —1.1765 + j4.7059 2.9412 — j11.7647

From Example 11-2, Bus 1 is the slack bus with a voltage V, =1.0£0° pu. The per-unit real and
reactive power supplied to the loads from the power system at Busses 2, 3, and 4 are P, =0.20 pu, O, =
0.15 pu, A =0.20 pu, O, =0.15 pu, P, =0.20 pu, and Q, =0.15 pu. The resulting voltages at each bus

were:
V.. (1) =1.00000£0° pu
Vs (2)=0.89837£—5.355° pu
Vs (3) =0.87191£ - 7.749° pu
V.. (4) =0.91346£ — 4.894° pu
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The per-unit current flowing in transmission lines can be calculated from the following equations

_(V,—V,)  1.00000£0°-0.89837£ —5.355°
el sz 0.10+ ;0.40

=0.32694£-37.5°

V,-V . —5. °_0. —17. o
_(V,—V,) _0.89837/-5355°-0.87191£—7.749 00892/ —30.8°

BT Z e 0.10+ j0.50
V,-V,) 0. ~5.355° 0. _4.894°

Imﬁ( ,—V,) _ 0.89837£-5.355 0.91346£ =4.894° _ 16 /12470
Zines 0.10+ ;0.40
V,-V,) 0. —7.749° . _4.894°

Ium4=( - V,) _0.87191£-7.749 091346 = 4898 _ 00 /14470
ZLine4 005+]020
V,-V,) 091346/ —4.894°—1, £0°

ILmes=( .~ Vi) _ 091346 894 100000207 _ ) 5770.£145.00
Zyes 0.05+ j0.20

The per-unit power flows entering each transmission line are:

Siier = Vil oo, = (1.00000.£0°)(0.3269£ —37.5°)” = 0.2594 + j0.1990
P. . =0.259 pu
QLine 1 = 01990 pu

Syies = Vo, = (0.89837.2 —5.355°)(0.08922 — 30.8°) = 0.0723+ j0.0344
P. ,=0.0723pu
0,..,=0.0344 pu

Stines = VoIl s = (0.89837.£ —5.355°)(0.0406.£124.7°) = -0.0235 - ;0.0280
P,.,=-0.0235pu
O\ines = —0.0280 pu

Stinea = Vilies = (0.87191£-7.749°)(0.2952.£144.7°) = —0.2281— j0.1192
B .. =-0.2281 pu
Olies =—0.1192 pu

Siies = Vil s = (0.91346.£ — 4.894° pu) (0.5770£145.0°) = —0.4558 — j0.2647
P, .=-0.4558 pu
0,..s =—0.2647 pu

The losses in each transmission line are:

PLossl = Ime 1 RLlnc 1 (0 3269)2 (O 1) = 00107 pu

PLOSSZ = ILine 22RLine2 = (00892)2 (0 1) 0 0008 pu

v

> s = ey Rines = (0.0406)° (0.1) = 0.00016 pu
) (

)

Loss 4 = ILine42RLine4 = (02952 O 05) = 00044 pu
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11-2.

Pows=1. s Ry s =(0.5770)7 (0.05) = 0.0166 pu

Assume that a capacitor bank is added to Bus 4 in the power system of Example 11-2. The capacitor bank
consumes a reactive power of Q__ =—0.25 pu, or alternately, the capacitor supplies a reactive power of

cap —

+0.25 pu to Bus 4. Determine the per-unit bus voltages in the power system after the capacitor is added.

SorutioN The MATLAB program given in Example 11-2 can be modified by adding the capacitive load
to Bus 4, and re-running the program. The modified program is shown below:

M-file: probll 2.m

M-file to solve the power-flow problem of Problem 11-2.
This is a modification of the program used to solve
Example 11-2.

o° o o° o

o

Set problem size and initial conditions
_bus = 4;
swing bus = 1;

B

[}

% Create Y-bus

Ybus =

[ 1.7647-3*7.0588 -0.5882+3%2.3529 0 -1.1765+3%4.7059;
-0.5882+j*2.3529 1.5611-j*6.6290 -0.3846+3*1.9231 -0.5882+j*2.3529;
0 -0.3846+3%1.9231 1.5611-j%6.6290 -1.1765+j*4.7059;

-1.1765+3%4.7059 -0.5882+3%2.3529 -1.1765+3*%4.7059 2.9412-*11.7647 1;

Initialize the real and reactive power supplied to the
power system at each bus. Note that the power at the
swing bus doesn't matter.

P(2) = -0.2;
P(3) = -0.3;
P(4) = -0.2;
Q(2) = -0.15;
Q(3)
Q(4)

o° o o

—
|

= -0.15;

= -0.10+0.25; % This is the modified line!
$ Initialize the bus voltages to 1.0 at 0 degrees
for ii = 1:n bus

Vbus (1ii) = 1;

end
% Set convergence criterion
eps = 0.0001;

% Initialize the iteration counter
n iter = 0;

% Create an infinite loop

while (1)

% Increment the iteration count

n iter = n iter + 1;

[}

% Save old bus voltages for comparison purposes
Vbus_old = Vbus;
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[}

% Calculate the updated bus voltage
for ii = 1:n bus

% Skip the slack bus!
if ii ~= swing bus

% Calculate updated voltage at bus 'ii'. First,

sum

% up the current contributions at bus 'ii' from all

% other busses.

temp = 0;
for jj = 1:n bus
if i1 ~= jj
temp = temp - Ybus(ii,jj) * Vbus_old(jj);
end
end

[}

% Add in the current injected at this node

temp = (P(ii) - j*Q(ii)) / conj(Vbus_old(ii)) + temp;

)

% Get updated estimate of Vbus at 'ii'
Vbus (ii) = 1/Ybus(ii,ii) * temp;
end
end

% Compare the old and new estimate of the voltages.

% Note that we will compare the real and the imag parts
% separately, and both must be within tolerances.

test = 0;

for ii = 1:n bus

% Compare real parts

if abs( real(Vbus(ii)) - real(Vbus_old(ii)) ) > eps
test = 1;

end

% Compare imaginary parts
if abs( imag(Vbus(ii)) - imag(Vbus_old(ii)) ) > eps
test = 1;
end
end

$ Did we converge? If so, get out of the loop.
if test == 0
break;
end
end

[}

$ Display results

for ii = 1:n bus
[mag, phase] = r2p(Vbus(ii));
str = ['The voltage at bus ' int2str(ii) ' =
num2str (mag) '/' num2str (phase)];
disp(str) ;
end

[}

% Display the number of iterations
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11-3.

str = ['Number of iterations = ' int2str(n_iter) 1;
disp(str) ;

When the program is executed, the results are as shown below. Note that the bus voltages have increased
as a result of the capacitor being added to the bus.

>> probll 2

The voltage at bus
The voltage at bus
The voltage at bus 0.91235/-7.826
The voltage at bus 0.95653/-5.2766
Number of iterations = 24

1/0
0.9262/-5.498

W N R
o

Calculate the per-unit currents and the real and reactive power flows in each transmission line in the
power system of Problem 11-2 after the capacitor has been added. Did the currents in the lines go up or
down as a result of the addition of the capacitor?

SorutioN The voltages at each bus after the capacitor was added were:

V,.. (1) =1.0000£0° pu

V,..(2)=0.92622-5.50° pu
V,..(3)=0.91242 - 7.83° pu
V,.(4)=0.95632£-5.28° pu

The per-unit current flowing in transmission lines can be calculated from the following equations

_(V,=V,) _1.00000£0°-0.89837£ —5.355°
Bl 0.10+ ;0.40

=0.2866£—-27.3°

(V,-V,)  0.9262/-5.50°-0.9124/ —7.83°

I..= , =0.0781£—-15.7°
ZLine2 010+ _]050

(V,—V.) 092624 -5.50°-0.9563/ —5.28°

Is= : =0.0741£105.5°
ZLinc} 010+]040

C(V;—V,)  0.91242-7.83°-0.9563£ —5.28°

Lies = , =0.2942./140.7°
Zies 0.05+ j0.20

_(V,—V)) 095632 —5.28°—1.00000.£0°

Lies = , =0.4850£165.7°
ZLineS 005+]020

The per-unit power flows entering each transmission line are:

Siier = Vil 1 = (1.00000.£0°)(0.2866.£ — 27.3°)" = 0.2547 + j0.1315
B .1 =0.2547 pu
QLincl = 01315 pu

*

= V,I},.., =(0.9262£ -5.50°)(0.0781£ —15.7°) = 0.0712+ j0.0128

S Line 2 Line2 —

P..,=0.0712pu
QLineZ = 00128 pu

%

Spines = Vol ey =(0.9262.£ —5.50°)(0.0741.£105.5°)" = —0.0246 — j0.0641

Line3 —
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B3 =-0.0246 pu
Olines =—0.0641 pu

*

Syies = Villio, = (0.9124.2 —7.83°)(0.2942.£140.7°) = —-0.2291— ;0.1400
P..,=-02291pu

O\ ies =—0.1400 pu

*

Siies = Vallies = (0.95634 —5.28° pu)(0.48504165.7°)* =—-0.4581—-0.0731
B,.s=-0.4581 pu
Olines =—0.0731 pu
The current produced by the generator, and the currents in lines 1, 2, and 5, have dropped significantly,
because some of the reactive power needed by the loads is being supplied by the capacitor bank at Bus 4.

Problems 11-4 through 11-8 refer to the simple power system with five busses and six transmission lines
shown in Figure P11-1. The base apparent power of this power system is 100 MVA, and the tolerance on
each bus voltage is 5%. The bus data for the power system is given in Table 11-7, and the line data for
the power system is given in Table 11-8.

Load 2 Load 3

@ - @ ®

Table of Busses:
Bus 1 Slack Bus
Bus 2 Load Bus
Bus 3 Load Bus
Bus 4 Load Bus
@ i | @ Bus 5 Generator Bus
Load 4 Load 5
Figure P11-1 The power system of Problems 11-4 to 11-8.
Table 11-7:  Bus data for the power system in Figure .
Bus Type V (pu) Generation Loads
Name
P (MW) 0 (Mvar) P (MW) 0 (Mvar)
1 SL 1£0°
2 PQ 1£0° 60 35
3 PQ 1£0° 70 40
4 PQ 1£0° 80 50
5 PV 1£0° 190 40 30
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Table 11-8:  Line data for the power system in Figure P11-1. The shunt admittances
of all lines are negligible.

Transmission Line From /To Series impedance Rated MVA
Number (bus to bus) Z, pu
1 1-2 0.0210 +;0.1250 50
2 1-4 0.0235 +;0.0940 100
3 2-3 0.0250 +;0.1500 50
4 2-5 0.0180 +;0.0730 100
5 3-5 0.0220 +;0.1100 70
6 4-5 0.0190 +;0.0800 100

11-4. Answer the following questions about this power system:
(a) Find the voltages at each bus in this power system.

(b) Find the real and reactive power flows in each transmission line.
(c) Are any of the bus voltages out of tolerance in this power system?

(d) Are any of the transmission lines overloaded?

SoLuTioN We can solve this problem using program power flow.m. The input file prob_11 4 input
to calculate the power flows in this power system is given below:

$ File describing the base case for the power system of
% Problem 11-4.

% System data has the form:
$SYSTEM name baseMVA Voltage Tolerance
SYSTEM Base case 100 0.05

% Bus data has the form:

$BUS name type volts Pgen Qgen Pload Qload Qcap
BUS One SL 1.00 0 0 0 0 0
BUS Two PQ 1.00 0 0 60 35 0
BUS Three PQ 1.00 0 0 70 40 0
BUS Four PQ 1.00 0 0 80 50 0
BUS Five PV 1.00 190 0 40 30 0

% Transmission line data has the form:

$LINE from to Rse Xse Gsh Bsh Rating (MVA)
LINE One Two 0.0210 0.1250 0.000 0.000 50
LINE One Four 0.0235 0.0940 0.000 0.000 100
LINE Two Three 0.0250 0.1500 0.000 0.000 50
LINE Two Five 0.0180 0.0730 0.000 0.000 100
LINE Three Five 0.0220 0.1100 0.000 0.000 70
LINE Four Five 0.0190 0.0800 0.000 0.000 100

When this program is executed, the results are as shown below:
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input

Input summary statistics:

>> power flow prob 11 4

23 lines in system file

1 SYSTEM lines
5 BUS lines

6 LINE lines

Results for Case Base case

| --Generation--|------Load-----|--Cap-- | To |----Line Flow---

Volts / angle

Bus

Bus

(pu) (deg) (MW)  (MVAR) (MW)  (MVAR) (MVAR)

Type

Name

19.76

26.52
36.03

-26.29

Two
Four

1.000/ 0.00 62.55 44 .63 0.00 00 00

SL

One

24 .88
-18.39

One
Three

00

35.00 0.

60.00

.00

0

.00

0.970/ -1.71 0

PQ

Two

10.10
-26.74

15.97
-49.52

Five

-9.54
-30.47

-15.87

Two
Five

00

40.00 0.

70.00

.00

0

.00

PQ 0.951/ -3.04 0

Three

3

-54.07

-23.07

-35.58

One
Five

00

50.00 0.

80.00

.00

0

.00

PQ 0.969/ -1.66 0

Four

-26.95

-44 .34

29.20

50.13
55.01

Two
Three

00

1.000/ 0.14 190.00 123.56 40.00 30.00 0.

PV

Five

35.16

29.24

44 .88

Four

00

168.19 250.00 155.00 0.

252.55

Totals

Line Losses

Ploss

To
Bus

From

Bus

no.

.37
.80
212

.23

Two
Four

One
One

.45

0



.57

0.09
0.61

0
0

Three

Two
Two
Three

Five
Five
Five

.46
.69

.94
.55

.30

Four

13.18

.86

2

Totals:

Alerts

Done in 12 iterations.
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11-5.

(a) The voltages in this power system are:

V, =1.000.£0.00°
V,=0.970£-1.71°
V,=0.951£-3.04°
V, =0.969.£ —1.66°
V, =1.000£0.14°

(b) The real and reactive power flows in each transmission line are given in the output listing above.
(c) No voltages are out of tolerance.
(d) No transmission lines are overloaded.

Suppose that transmission line 3 in the previous problem (between Busses 2 and 3) is open circuited for
maintenance. Find the bus voltages and transmission line powers in the power system with the line
removed. Are any of the voltages out of tolerance? Are any of the transmission lines overloaded?

SorutioN We can solve this problem using program power flow.m. The input file prob 11 5 input
to calculate the power flows in this power system is given below, with the changes highlighted.

o°

File describing the the case of deleting transmission line 3 from the
power system of Problem 11-4.

o° of

oe

System data has the form:
$SYSTEM name baseMVA Voltage Tolerance
SYSTEM Line 3 out 100 0.05

Bus data has the form:

o° o o

BUS name type volts Pgen Qgen Pload Qload Qcap
BUS One SL 1.00 0 0 0 0 0
BUS Two PQ 1.00 0 0 60 35 0
BUS Three PQ 1.00 0 0 70 40 0
BUS Four PQ 1.00 0 0 80 50 0
BUS Five PV 1.00 190 0 40 30 0

Transmission line data has the form:

o° o o

LINE from to Rse Xse Gsh Bsh Rating (MVA)
LINE One Two 0.0210 0.1250 0.000 0.000 50
LINE One Four 0.0235 0.0940 0.000 0.000 100
SLINE Two Three 0.0250 0.1500 0.000 0.000 50
LINE Two Five 0.0180 0.0730 0.000 0.000 100
LINE Three Five 0.0220 0.1100 0.000 0.000 70
LINE Four Five 0.0190 0.0800 0.000 0.000 100

When this program is executed, the results are as shown below:
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input

Input summary statistics:

>> power flow prob 11 5

23 lines in system file

1 SYSTEM lines
5 BUS lines

5 LINE lines

3_out

Results for Case Line

| --Generation--|------Load-----|--Cap-- | To |----Line Flow---

Volts / angle

Bus

Bus

(pu) (deg) (MW)  (MVAR) (MW)  (MVAR) (MVAR)

Type

Name

14 .66

23.61

Two
Four

0.00 00 00

1.000/ 0.00 62.90 38.85

SL

One

24 .19
-13.69

39.29
-23.45

One
Five
Five

00

35.00 0.

60.00

.00

0

.00

0.977/ -1.55 0

PQ

Two

-21.33

-36.46

-40.01

-69.95

00
00

40.00 0.

.00 70.00
.00

0
0

.00
.00

0
0

-4.40
-1.85

PQ 0.934/
0.969/

PQ

Three

3

-38.79 -22.19

One
Five

50.00 0.

80.00

Four

-27.83

-41.14

22.69
48.20
29.93

36.80
71.59

41.63

Two
Three

00

1.000/ -0.21 190.00 130.78 40.00 30.00 0.

PV

Five

Four

00

169.63 250.00 155.00 0.

252.90

Totals

Line Losses

Ploss

To
Bus

From

Bus

no.

.97
.00
.36
.19
215

.16
.50

Two
Four

One
One
Two

Three

0
0
1

Five
Five

.34
.64



.50 .10

0

Five

Four

14 .63

.14

3

Totals:

Alerts

Voltage on bus Three out of tolerance.

ALERT
ALERT

80.58 MVA > 70.00 MVA.

Rating on line 4 exceeded:

Done in 10 iterations.
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11-6.

The voltages in this power system are given in the listing above. This time, V; is out of tolerance, and
line 4 is overloaded.

Suppose that a 40 MVAR capacitor bank is added to Bus 3 of the power system in Problem 11-5. What
happens to the bus voltages in this power system? What happens to the apparent powers of the
transmission lines? Is this situation better or worse than the one in Problem 11-5?

SoLuTiON We can solve this problem using program power flow.m. The input file prob_11 6 input
to calculate the power flows in this power system is given below, with the changes highlighted.

o°

File describing the the case of deleting transmission line 3 and
adding 40 MVAR of capacitance to Bus 3 in power system of
Problem 11-4.

o°

o° o° of

System data has the form:
$SYSTEM name baseMVA Voltage Tolerance
SYSTEM Line 3 out cap 100 0.05

Bus data has the form:

o° o o

BUS name type volts Pgen Qgen Pload Qload OQcap

BUS One SL 1.00 0 0 0 0 0

BUS Two PQ 1.00 0 0 60 35 0

BUS Three PQ 1.00 0 0 70 40 40

BUS Four PQ 1.00 0 0 80 50 0

BUS Five PV 1.00 190 0 40 30 0%

% Transmission line data has the form:

$LINE from to Rse Xse Gsh Bsh Rating (MVA)
LINE One Two 0.0210 0.1250 0.000 0.000 50
LINE One Four 0.0235 0.0940 0.000 0.000 100
SLINE Two Three 0.0250 0.1500 0.000 0.000 50
LINE Two Five 0.0180 0.0730 0.000 0.000 100
LINE Three Five 0.0220 0.1100 0.000 0.000 70
LINE Four Five 0.0190 0.0800 0.000 0.000 100

When this program is executed, the results are as shown below:
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input

Input summary statistics:

>> power flow prob 11 6

24 lines in system file

1 SYSTEM lines
5 BUS lines

5 LINE lines

3 _out_cap

Results for Case Line

| --Generation--|------Load-----|--Cap-- | To |----Line Flow---

Volts / angle

Bus

Bus

(pu) (deg) (MW)  (MVAR) (MW)  (MVAR) (MVAR)

Type

Name

14.70

23.38

Two
Four

00 00

0.00

1.000/ 0.00 62.41 38.94

SL

One

24 .24
-13.74

39.03
-23.22

One
Five
Five

00

35.00 0.

60.00

.00

0

.00

0.977/ -1.53 0

PQ

Two

-21.27

-36.71

-0.01
-22.26

-69.95

40.00 40.00

.00 70.00
.00

0
0

.00
.00

0
0

-4.68
-1.83

PQ 0.981/
0.969/

PQ

Three

3

-38.53

One
Five

00

50.00 0.

80.00

Four

-27.76

-41.40

22 .65

37.05
71.07

Two
Three

00

1.000/ -0.19 190.00 88.09 40.00 30.00 0.

PV

Five

.60

5
29.88

41.90

Four

127.03 250.00 155.00 40.00

252.41

Totals

Line Losses

Ploss

To
Bus

From

Bus

no.

.95
.98
.38
.59
218

.16
.50

Two
Four

One
One
Two

Three

0
0
1

Five
Five

.34
.12



.50 .12

0

Five

Four

12.02

2.62

Totals:

Alerts

Done in 10 iterations.

219



11-7.

The bus voltages are now back in tolerance, and the apparent powers flowing in the transmission lines
have decreased. The power system can not function properly even with transmission line 3 open
circuited.

Assume that the power system is restored to its original configuration. A new plant consuming 20 MW at
0.95 PF lagging is to be added to Bus 4. Will this new load cause any problems for this power system? If
this new load will cause problems, what solution could you recommend?

SoLuTioN We can solve this problem using program power flow.m. The real power added to Bus 4 is
20 MW, and the reactive load added to Bus 4 is

Q= Ptan 6= Ptan(cos™' PF) = (20 MW)tan| cos™ (0.95) | = 6.6 MVAR

The input file prob_11 7 input to calculate the power flows in this power system is given below, with
the changes highlighted.

% File describing the base case plus adding loads to Bus 4.
% System data has the form:
$SYSTEM name baseMVA Voltage Tolerance

SYSTEM Plus_loads 100 0.05

% Bus data has the form:

%¥BUS name type volts Pgen Qgen Pload Qload Qcap
BUS One SL 1.00 0 0 0 0 0
BUS Two PO 1.00 0 0 60 35 0
BUS Three PO 1.00 0 0 70 40 0
BUS Four PQ 1.00 0 0 100 56.6 0
BUS Five PV 1.00 190 0 40 30 0

% Transmission line data has the form:

$LINE from to Rse Xse Gsh Bsh Rating (MVA)
LINE One Two 0.0210 0.1250 0.000 0.000 50
LINE One Four 0.0235 0.0940 0.000 0.000 100
LINE Two Three 0.0250 0.1500 0.000 0.000 50
LINE Two Five 0.0180 0.0730 0.000 0.000 100
LINE Three Five 0.0220 0.1100 0.000 0.000 70
LINE Four Five 0.0190 0.0800 0.000 0.000 100

When this program is executed, the results are as shown below:
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input

Input summary statistics:

>> power flow prob 11 7

22 lines in system file

1 SYSTEM lines
5 BUS lines

6 LINE lines

Results for Case Plus loads

| --Generation--|------Load-----|--Cap-- | To |----Line Flow---

Volts / angle

Bus

Bus

(pu) (deg) (MW)  (MVAR) (MW)  (MVAR) (MVAR)

Type

Name

18.93
27.65

-17.20

32.01
51.07
-31.72

Two
Four

00 00

.00

1.000/ 0.00 83.08 46.59 0

SL

One

One
Three

00

35.00 0.

60.00

.00

0

.00

0.970/ -2.13 0

PQ

Two

.95

9
-27.77

17.15
-45.30

Five

-9.32
-30.69

-17.05

Two
Five

00

40.00 0.

70.00

.00

0

.00

PQ 0.951/ -3.57 0

Three

3

-52.90

-24 .48

-50.28

One
Five

00

56.60 0.

100.00

.00

0

.00

PQ 0.963/ -2.47 0

Four

-32.13

-49.65

29.96

45.84

Two
Three

00

1.000/ -0.47 190.00 130.31 40.00 30.00 0.

PV

Five

35.24
35.15

53.81
50.36

Four

00

176.89 270.00 161.60 0.

273.08

Totals

Line Losses

Ploss

To
Bus

From

Bus

no.

.29 .73

Two
Four

One
One

.17
221
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.63
.19

.10

0
0
0
0

Three

Two
Two
Three

Five
Five
Five

.54

.55
.02

.91
.72

Four

15.28

.35

3

Totals:

Alerts

Done in 15 iterations.

222



11-8.

This new load caused the voltage to decrease at Bus 4 and the load on the transmission lines to increase,
but neither limit was exceeded. The system could operate indefinitely under these conditions.

Write your own program to solve for the voltages and currents in the power system instead of using
program power flow. You may write the program in any programming language with which you are
familiar. How do your answers compare to the ones produced by power flow?

SoLutioN To solve this problem, we must first generate the bus admittance matrix Y, , and then iterate

to a solution using Equation (11-8) for the load busses, and Equations (11-8) and (11-21) for the generator
busses.

_B-JO N (11-8)
\ vV k;Y,ka
(ki)
*N
0, =—1m[v,- ZY,-kaj (11-21)
k=1

The admittance equivalent to the series impedance of each transmission line is given below.

Transmission Line From /To Series impedance Series admittance
Number (bus to bus) Z, pu Y, pu
1 1-2 0.0210 +,0.1250 1.3071 —;7.7804
2 1-4 0.0235 +;0.0940 2.5031—,10.013
3 2-3 0.0250 +;0.1500 1.0811 —;j6.4865
4 2-5 0.0180 +;0.0730 3.1842 ;12914
5 3-5 0.0220 +;0.1100 1.7483 —j8.7413
6 4-5 0.0190 + ;0.0800 2.8102 —j11.833

Now the bus admittance matrix Y, must be built.

The on-diagonal elements are the sum of the

admittances of all lines attached to the particular bus, while the off-diagonal elements are the negative of
the admittances between the two busses. For example, the on-axis admittance Y], is

Y, =Y, +Y, . ,=38102—17.7929

ine 1

and the off-axis admittance Y, between Bus 1 and Bus 2 is —1.3071 + ;7.7804. The complete bus
admittance matrix is

3.8102—17.7929  -1.3071+ ;7.7804 0
-1.3071+ 7.7804  5.5723- j27.1804 —1.0811+ j6.4865 O —3.1842 + j12.9135
Y,.=|0 —1.0811+6.4865 2.8293— j15.2277 0 —1.7483+ j8.7413
—2.5031+,10.0125 0 53134 ;21.8451 —2.8102+ ;j11.8326
0 =3.1842 + j12.9135 —-1.7483+ j8.7413 —-2.8102+ ;j11.8326 7.7426— j33.4873

-2.5031+,10.0125 0

Once we have created Y, , we can write a program that iteratively calculates the bus voltages until it

converges to an answer. As stated above, the program can be in any language that you wish to use.
However, it is easiest to write such a program in MATLAB or Fortran, because those languages include a
native complex number type. Languages such as C are much harder to use, because the programmer must
manually perform all complex calculations. A MATLAB version of the program is shown below:

o\

M-file: probll 8.m

M-file to solve the power-flow problem of Problem 11-8.
This set of equations includes a slack bus, a generator
bus, and three load busses.

o° oV

o\

o\

Set problem size and initial conditions
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n bus = 5;
swing bus = 1;
acc_fac = 1.3;

Specify which busses are generator busses with flags.

Note that 1 is "true" and 0 is "false" in MATLAB. In

this example, Bus 5 is a generator bus, and the others
are not.

gen bus = [0 0 0 0 1];

o° o° o° o°

% Create Y-bus

Ybus =

[ 3.8102-j*17.7929 -1.3071+j*7.7804 0 -2.5031+3j%10.0125 O;
-1.3071+j*7.7804 5.5723-j%27.1804 -1.0811+j*6.4865 0 -3.1842+j*%12.9135;
0 -1.0811+j*6.4865 2.8293-j%15.2277 0 -1.7483+j%8.7413;
-2.5031+3j%10.0125 O 0 5.3134-j*21.8451 -2.8102+j*11.8326;
0 -3.1842+3%12.9135 -1.7483+j*8.7413 -2.8102+j*11.8326 7.7426-3%33.4873];

Initialize the real and reactive power supplied to the
power system at each bus. Note that the power at the
swing bus doesn't matter, and the reactive power at the
generator bus will be recomputed dynamically.

-0.6;

3) = -0.7;
4) = -0.8
5) = 1.5
2) = -0.3
3) 4
4) 5
5) 3

o° o° o° o°

N
Il

= -0.
= -0.
= -0.

(O O O2N ONL VI v BLIvILv

% Initialize the bus voltages to 1.0 at 0 degrees
for ii = 1:n bus

Vbus (ii) = 1;
end

% Set convergence criterion
eps = 0.00001;

% Initialize the iteration counter
n iter = 0;

Set a maximum number of iterations here so that
the program will not run in an infinite loop if
it fails to converge to a solution.

for iter = 1:100

o° o o

[}

% Increment the iteration count

n iter = n iter + 1;

% Save old bus voltages for comparison purposes
Vbus_old = Vbus;

% Calculate the updated bus voltage

for ii = 1:n bus
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% Skip the swing bus!
if ii ~= swing bus

$ If this is a generator bus, update the reactive

% power estimate.
if gen bus(ii)

temp = 0;

for jj = 1:n _bus

temp = temp + Ybus(ii,jj) * Vbus(jj);

end

temp = conj (Vbus(ii)) * temp;

Q(ii) = -imag(temp) ;
end
% Calculate updated voltage at bus 'ii'. First, sum
% up the current contributions at bus 'ii' from all
% other busses.
temp = 0;
for jj = 1:n bus

if ii ~= jj

temp = temp - Ybus(ii,jj) * Vbus(jj);

end
end
% Add in the current injected at this node
temp = (P(ii) - j*Q(ii)) / conj(Vbus(ii)) + temp;

[}

% Get updated estimate of Vbus at 'ii'
Vnew = 1/Ybus(ii,ii) * temp;

% Apply an acceleration factor to the new voltage estimate
Vbus (1ii) = Vbus_old(ii) + acc_fac * (Vnew - Vbus old(ii));

)
]
)

]

voltage to keep it constant.
if gen bus(ii)
Vbus (ii) = Vbus(ii) * abs(Vbus_ old(ii))
end
end

end

o° o o

If this is a generator bus, update the magnitude of the

/ abs (Vbus (ii)) ;

Compare the old and new estimate of the voltages.
Note that we will compare the real and the imag parts

separately, and both must be within tolerances.

test = 0;

% Compare real parts

if abs( real (Vbus(ii)) - real (Vbus_old(ii)) )
test = 1;

end

$ Compare imaginary parts

if abs( imag(Vbus(ii)) - imag(Vbus_ old(ii)) )
test = 1;

end
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end

% Did we converge? If so, get out of the loop.
if test == 0
break;
end
end

% Did we exceed the maximum number of iterations?
if iter == 100

disp('Max number of iterations exceeded!');
end

[}

% Display results

for ii = 1:n bus
[mag, phasel = r2p(Vbus(ii));
str = ['The voltage at bus ' int2str(ii) ' = '
num2str (mag) '/' num2str (phase)l];
disp(str) ;
end

% Calculate the current flowing and power transmitted
% between each pair of busses

Sline = zeros(n bus,n bus);
Pline = zeros(n bus,n bus);
Qline = zeros(n bus,n bus);
for ii = 1:n bus

for jj = 1:n bus

% Skip own bus
if ii == jj

continue;
end

% Calculate line current
Iline(ii,jj) = Ybus(ii,jj) * ( Vbus(ii) - Vbus(jj) );
% Calculate complex power flow
Sline(ii,jj) = Vbus(ii) * conj( Iline(ii,3jj) );
% Calculate real and reactive components
Pline(ii,jj) = real(Sline(ii,jj));
Qline(ii,jj) = imag(Sline(ii,jj));
end
end
$ Display currents
for ii = 1:n bus
for jj = 1:n bus

$ Skip own bus
if i1 == jj

continue;
end

[mag, phase] = r2p(Iline(ii,jj));
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str =

disp(str) ;
end
end
% Display powers
for ii = 1:n bus
for jj =

1:n_bus

% Skip own bus

if ii == jj

end

str =

disp(str) ;
Str =

disp(str) ;
end
end

continue;

['The real

['The current from '
num2str (mag)

l/l

power from '

num2str (Pline (ii, j3j))1;

['The reactive power from '

num2str (Qline (ii, jj))1;

% Display the number of iterations

str =
disp(str) ;

["Number of iterations = '

When this program is executed, the results are

>> probll 8
The voltage
The voltage
The voltage
The voltage
The voltage
The current
The current
The current
The current
The current
The current
The current
The current
The current
The current
The current
The current
The current
The current
The current
The current
The current
The current
The current
The current
The real

at
at
at
at
at
from
from
from
from
from
from
from
from
from
from
from
from
from
from
from
from
from
from
from
from

bus
bus
bus
bus
bus

G Ooo e R D DdWwWwWwWwNNNNRE BB R

power

U W N
I o

o
0}
N

o+
0
B W NP UWNDRE U NDRE U WRE oW

to

rh
[a]
o
3

1/0
0.9
0.9
0.9
1/0

7017/-1.725
5069/-3.0578
6855/-1.6666
.1266
0.33185/143.5077
0/0
0.43888/145.5187
0/0
0.33185/-36.4923
0.1949/145.9913

0/0
0.58021/-30.086
0/0
0.1949/-34.0087
0/0

0.65308/-32.4387
0.43888/-34.4813
0/0

0/0

0.53533/-33.0002
0/0

0.58021/149.914
0.65308/147.5613
0.53533/146.9998
to 2 = -0.26679
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num2str (ii)
num2str (phase) ] ;

to

int2str(n_iter)

num2str (ii)

num2str (ii)

1;

num2str(jj)

to

to

num2str(jj)

num2str(jj)



11-9.

The reactive power from 1 to 2 = -0.19736
The real power from 1 to 3 = 0

The reactive power from 1 to 3 = 0

The real power from 1 to 4 = -0.36178
The reactive power from 1 to 4 = -0.24847
The real power from 1 to 5 = 0

The reactive power from 1 to 5 = 0

The real power from 2 to 1 = 0.26447

The reactive power from 2 to 1 = 0.18359

The real power from 2 to 3 = -0.15985
The reactive power from 2 to 3 = -0.10099
The real power from 2 to 4 = 0

The reactive power from 2 to 4 = 0

The real power from 2 to 5 = 0.49534

The reactive power from 2 to 5 = 0.26739

The real power from 3 to 1 = 0

The reactive power from 3 to 1 = 0

The real power from 3 to 2 = 0.15891

The reactive power from 3 to 2 = 0.095294
The real power from 3 to 4 = 0

The reactive power from 3 to 4 = 0

The real power from 3 to 5 = 0.54102

The reactive power from 3 to 5 = 0.30461

The real power from 4 to 1 = 0.35725

The reactive power from 4 to 1 = 0.23036

The real power from 4 to 2 = 0

The reactive power from 4 to 2 = 0

The real power from 4 to 3 = 0

The reactive power from 4 to 3 = 0

The real power from 4 to 5 = 0.44288

The reactive power from 4 to 5 = 0.26963

The real power from 5 to 1 = 0

The reactive power from 5 to 1 = 0

The real power from 5 to 2 = -0.5014

The reactive power from 5 to 2 = -0.29197
The real power from 5 to 3 = -0.5504

The reactive power from 5 to 3 = -0.35153
The real power from 5 to 4 = -0.44832
The reactive power from 5 to 4 = -0.29256
Number of iterations = 12

These results agree with the answers calculated in Problem 11-4 to the accuracy with which we calculated
Y, Note that the power outputs are in per-unit. They must be converted to MW and MVAR by

bus *
multiplying system base MV A before comparing with the printout in Problem 11-4.

Figure P11-2 shows a one-line diagram of a simple power system. Assume that the generator G, is
supplying a constant 13.8 kV at Bus 1, that load M, is consuming 20 MVA at 0.85 PF lagging, and that
load M, is consuming 10 MVA at 0.90 PF leading. Calculate the bus admittance matrix Y, for this

system, and then use it to determine the voltage at Bus 2 in this power system. (Note: assume that the
system base apparent power is 30 MVA.)
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[

Region 1 | Region 2 Region 3
|
|

ﬂ—@\g
ooifo—ojolgg

L, impedance:

’ R=5Q '
X=200Q
G ratings: T ratings: T, ratings: M, ratings: M3 ratings:
30 MVA 35 MVA 30 MVA 20 MVA 10 MVA
13.83 kV 13.2/115kV 120/12.5 kV 12.5kV 12.5kV
R=0.1pu R=0.01pu R =0.01pu R=0.1pu R=0.lpu
X¢=1.0pu X =0.10pu X = 0.08 pu X¢=1.1pu X¢=1.1pu

Figure P11-2 One-line diagram of the power system in Problems 11-9 and 11-10.

SoLutioN The system base apparent power is S, =30 MVA, and the system base voltages in each

ase

region are:
Viasen = 13.8 kV
115k 115k
I/base2:( 5 V)Vbaselz( 5 V)(138 kV):120 kV
| 13.2kV ’ 13.2kV
Visos = [—12‘5 kvj Viser = (12'5 kv) (120 kV)=12.5kV
’ 120 kV ' 120 kV

The base impedance of Region 2 is:

2
_ (Vi) _ (120,000 V)’ 4800
30,000,000 VA

base,2 S
3¢, base

The per unit resistance and reactance of G, are already on the proper base:

Z; =0.1+j1.0 pu

The per unit resistance and reactance of T | are:

: — : glven new
per-unit Z = per-unit Z . k v J ( J

glven

13.2 ij [30,000 kKVA

j =0.00784 + j0.0784 pu
13.8kV/ L35,000 kVA

Z, :(0.01+j0.10)(

The per unit resistance and reactance of the transmission line are:

z 20 Q
2 3472086104 4+ j0.0417 pu
Z 480 Q

base

The per unit resistance and reactance of 7, are already on the right base:
Z,,=0.01+;0.08 pu

The per unit resistance and reactance of M, are:
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12.5 kvj2 [30, 000 kVA

j =0.15+ j1.65 pu
12.5kV./ 120,000 kVA

Zy, =(0.1+j1.1)(

The per unit resistance and reactance of M, are:

2= (0141 1)(12.5 kV)2(30,000 kVA
w2 = 25 kv) (10,000 kva

j =0.30+ j3.30 pu

The resulting per-phase equivalent circuit is:

T,

Line T.

j0.0784 0.00784 ;0.0417 0.0104 j0.08 0.01

0.1 0.15 0.30

1.0

/ /1.65 73.30
G M M

If the impedances of the transmission line and the transformers are combined, all voltage sources are
converted to their Norton equivalents, and all impedances are converted to admittances, the resulting

circuit is:
) T, Line T, @
 — oo S ;
— | | e S
Y, = 0.6915 - j4.8999
Yyep = 0.0990 - j0.9901 Y, = 0.0546 - j0.6011 Yy, = 0.0273 - j0.3005

o O " (?] O

For power flow studies, we ignore the self admittances of each node. There are only two busses in this
circuit, so the bus admittance matrix will appear as follows:

[ 06915~ j4.8999  ~0.6915+ j4.8999
b 70,6915+ j4.8999  0.6915— j4.8999

The loads on this power system are:

P,,=(20 MVA)(0.85)=17 MW =0.567 pu
O, =(20 MVA)sin[ cos™ (0.85) | =10.5 MVAR = 0.350 pu

P,,=(10 MVA)(0.9) =9 MW =0.300 pu
230



QO,; = (10 MVA)sin| —cos™(0.9) | =—4.36 MVAR =—0.145 pu
The voltages on the busses can be calculated by iteration. A simple program to do so follows:

M-file: probll 9.m

M-file to solve the power-flow problem of Problem 11-9.
This set of equations includes a slack bus and a single
load bus.

o° o o° o

oe

Set problem size and initial conditions
_bus = 2;

swing bus = 1;

acc_fac = 1.3;

ja}

[}

% Create Y-bus

Ybus =

[ 0.6915-j*4.8999 -0.6915+3*4.8999;
-0.6915+j*4.8999 0.6915-7*4.8999] ;

Initialize the real and reactive power supplied to the
power system at each bus. Note that the power at the
swing bus doesn't matter, and the reactive power at the
generator bus will be recomputed dynamically.

(2) -0.867;

(2) -0.205;

o° o o° o

O o

[}

$ Initialize the bus voltages to 1.0 at 0 degrees
for ii = 1:n bus
Vbus (ii) = 1;
end
% Set convergence criterion
eps = 0.00001;

% Initialize the iteration counter
n iter = 0;

Set a maximum number of iterations here so that
the program will not run in an infinite loop if
it fails to converge to a solution.

for iter = 1:100

o° o° o

% Increment the iteration count

n iter = n iter + 1;

% Save old bus voltages for comparison purposes
Vbus_old = Vbus;

% Calculate the updated bus voltage

for ii = 1:n bus

% Skip the swing bus!
f ii ~= swing bus

H-

Calculate updated voltage at bus 'ii'. First, sum
up the current contributions at bus 'ii' from all
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[}

% other busses.

temp = 0;
for jj = 1:n_bus
if i1 ~= jj
temp = temp - Ybus(ii,jj) * Vbus(jj);
end
end

[}

% Add in the current injected at this node

temp = (P(ii) - j*Q(ii)) / conj (Vbus(ii)) + temp;

% Get updated estimate of Vbus at 'ii'

Vnew = 1/Ybus(ii,ii) * temp;

% Apply an acceleration factor to the new voltage estimate
Vbus (ii) = Vbus_old(ii) + acc_fac * (Vnew - Vbus_old(ii));

end
end

% Compare the old and new estimate of the voltages.

% Note that we will compare the real and the imag parts
% separately, and both must be within tolerances.

test = O;

for ii = 1:n bus

% Compare real parts

if abs( real (Vbus(ii)) - real(Vbus old(ii)) ) > eps
test = 1;

end

% Compare imaginary parts
if abs( imag(Vbus(ii)) - imag(Vbus_old(ii)) ) > eps
test = 1;
end
end

% Did we converge? If so, get out of the loop.
if test == 0
break;
end
end

% Did we exceed the maximum number of iterations?
if iter == 100
disp('Max number of iterations exceeded!');
end
% Display results
for ii = 1:n bus
[mag, phase] = r2p(Vbus(ii));
str = ['The voltage at bus ' int2str(ii) ' = '
num2str (mag) '/' num2str (phase)];
disp(str) ;
end

When this program is executed, the results are:
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11-10.

>> probll 9
The voltage at bus 1 = 1/0
The voltage at bus 2 = 0.91101/-10.6076

The per-unit voltage at Bus 2 is 0.911£—10.6°. Since the base voltage at Bus 2 is 12.5 kV, the actual
voltage at Bus 2is 7, =(0.911)(12.5kV) =11.4 kV

Suppose that a 10 MVAR capacitor bank were added to Bus 2 in the power system of Figure P11-2.
What is the voltage of Bus 2 now?

SoruTtioN The addition of a 10 MV AR capacitor bank at Bus 2 increases the reactive power Q supplied to
that bus by (10 MVAR)/(30 MVAR) = 0.3333 pu. This term is added to the reactive power load at Bus 2
in the program that we created for Problem 11-9, as follows:

oe

Initialize the real and reactive power supplied to the
power system at each bus. Note that the power at the
swing bus doesn't matter, and the reactive power at the
generator bus will be recomputed dynamically.

P(2) = -0.867;

Q(2) = -0.205 + 0.333; % Add capacitive loads

o° o°

o°

When this modified program is executed, the results are:

>> probll 10
The voltage at bus 1 1/0
The voltage at bus 2 = 0.98485/-10.3598

The voltage at Bus 2 increases to 0.9849.2—10.4° pu, or ¥, =(0.9849)(12.5kV)=12.3kV.

Problems 11-11 through 11-15 refer to the simple power system with six busses and six transmission lines
shown in Figure P11-3. The base apparent power of this power system is 100 MVA, and the tolerance on
each bus voltage is 5%. Typical daytime bus data for the power system is given in Table 11-9, typical
nighttime bus data for the power system is given in Table 11-10. The line data for the power system is
given in Table 11-11.

Load 2 Load 3 Load 4
@ - @-I_Lr @ Table of Busses:
@ Bus 1 Slack Bus
Bus 2 Generator Bus
Bus 3 Load Bus
Bus 4 Load Bus
Bus 5 Load Bus
| Bus 6 Load Bus
Load 6 Load 5

Figure P11-3 The power system of Problems 11-11 to 11-15.
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Table 11-9:  Typical daytime bus data for the power system in Figure P11-3.

Bus Type V (pu) Generation Loads
Name
P (MW) 0 (Mvar) P (MW) 0 (Mvar)

1 SL 1£0°

2 PV 1£0° 100 60 35
3 PQ 1£0° 40 25
4 PQ 1£0° 60 40
5 PQ 1£0° 30 10
6 PQ 1£0° 40 25

Table 11-10: Typical nighttime bus data for the power system in Figure P11-3.

Bus Type V (pu) Generation Loads
Name
P (MW) 0 (Mvar) P (MW) 0 (Mvar)

1 SL 1£0°

2 PV 1£0° 100 40 25
3 PQ 1£0° 30 20
4 PQ 1£0° 50 35
5 PQ 1£0° 15 5
6 PQ 1£0° 30 15

Table 11-11: Line data for the power system in Figure P11-3. The shunt admittances
of all lines are negligible.

Transmission Line From / To Series impedance Rated MVA
Number (bus to bus) Z, pu
1 1-2 0.010 +,0.080 200
2 2-3 0.010 +,0.080 200
3 3-4 0.008 +0.064 200
4 4-5 0.020 +0.150 100
5 5-6 0.008 +0.064 200
6 6-1 0.010 +;0.080 200

11-11. The bus data given in Table 11-9 represent typical daytime loads on the power system.
(a) Find the voltages at each bus in this power system under typical daytime conditions.

(b) Find the voltages at each bus in this power system under typical nighttime conditions.
(c) Find the real and reactive power flows in each transmission line in each case.
(d) Are any of the bus voltages out of tolerance in this power system?

(e) Are any of the transmission lines overloaded?

SorutioN We will solve this problem using program power flow.m.

(a) The input file prob 11 1la input to calculate the power flows in this power system is given
below.

o\

File describing the base case for the power system of
Problem 11-11.

o° o

o\°

System data has the form:
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%$SYS
SYST

o° o o\

BUS
Us
BUS
BUS
BUS
BUS
BUS

w

o°® o o\

=
—
Z
=

TEM
EM

name
One
Two
Three
Four
Five
Six

name
Daytime

Bus data has the form:

type volts
SL 1.00
PV 1.00
PQ 1.00
PQ 1.00
PQ 1.00
PQ 1.00

from to

One Two
Two Three
Three Four
Four Five
Five Six
Six One

O O O O o o

baseMVA
100

Voltage Tolerance
0.05

Pgen
0
100
0

0
0
0

Rse
.010
.010
.008
.020
.008
.010

Qgen

O O O O o o

Transmission line data has the form:

Xse
.080
.080
.064
.150
.064
.080

O O O O o o

Pload Qload OQcap

o O O O o

0
60
40
60
30
40

Gsh

.000
.000
.000
.000
.000
.000

When this program is executed, the results are as shown below:
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0
35
25
40
10
25

Bsh
.000
.000
.000
.000
.000
.000

O O O O o o

Rating (MVA)
200
200
200
100
200
200



input

Input summary statistics:

>> power flow prob 11 1lla

24 lines in system file

1 SYSTEM lines
6 BUS lines

6 LINE lines

Results for Case Daytime

| --Generation--|------Load-----|--Cap-- | To |----Line Flow---

Volts / angle

Bus

Bus

(pu) (deg) (MW)  (MVAR) (MW)  (MVAR) (MVAR)

Type

Name

-4.72
54 .92

44 .21

Two

00 00

00

1.000/ 0.00 132.71 50.20 0.

SL

One

88.50
-44 .01

Six
One
Three

.30

6
67.76

-58.42

00

1.000/ -2.05 100.00 109.02 60.00 35.00 0.

PV

Two

84 .14
-82.98

Two
Four
Three

00

25.00 0.

40.00

.00

0

.00

PQ 0.939/ -5.75 0

Three

3

33.46
-31.30

43.11
-42.84

00

PO 0.913/ -7.41 0.00 .00 60.00 40.00 0.

Four

Five
Four

-8.68

-17.13

.35

9
-19.33

17.22
-47.17

00

0.00 30.00 10.00 0.

.00

0.932/ -5.80 0

PQ

Five

Six
Five

21.25
-46.24

47.41
-87.41

00

25.00 0.

40.00

.00

0

.00

0.949/ -3.94 0

PQ

Six

One

00

159.22 230.00 135.00 0.

232.71

Totals

Line Losses

Ploss

To
Bus

From

Bus

no.

.58
.34

.20
236

Two
Three

One
Two

.17
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.16
.66
.92
.68

.27
.09
.24
.08

0
0

Four

Three

Five

Four

Five

Six
One

Six

24 .34

.05

3

Totals:

Alerts

Voltage on bus Three out of tolerance.

ALERT
ALERT
ALERT
ALERT

Voltage on bus Four out of tolerance.

Voltage on bus Five out of tolerance.

Voltage on bus Six out of tolerance.

Done in 21 iterations.
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The voltages on Busses 3, 4, 5, and 6 are out of tolerances, but no power lines are overloaded.
(b) The input file prob 11 11b input to calculate the power flows in this power system is given
below.

% File describing the nighttime case for the power system of
% Problem 11-11.

% System data has the form:
$SYSTEM name baseMVA Voltage Tolerance
SYSTEM Nighttime 100 0.05

% Bus data has the form:

%¥BUS name type volts Pgen Qgen Pload Qload Qcap
BUS One SL 1.00 0 0 0 0 0
BUS Two PV 1.00 100 0 40 25 0
BUS Three PO 1.00 0 0 30 20 0
BUS Four PO 1.00 0 0 50 35 0
BUS Five PO 1.00 0 0 15 5 0
BUS Six PO 1.00 0 0 30 15 0

% Transmission line data has the form:

$LINE from to Rse Xse Gsh Bsh Rating (MVA)
LINE One Two 0.010 0.080 0.000 0.000 200
LINE Two Three 0.010 0.080 0.000 0.000 200
LINE Three Four 0.008 0.064 0.000 0.000 200
LINE Four Five 0.020 0.150 0.000 0.000 100
LINE Five Six 0.008 0.064 0.000 0.000 200
LINE Six One 0.010 0.080 0.000 0.000 200

When this program is executed, the results are as shown below:
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input

Input summary statistics:

>> power flow prob 11 11b

24 lines in system file

1 SYSTEM lines
6 BUS lines

6 LINE lines

Results for Case Nighttime

| --Generation--|------Load-----|--Cap-- | To |----Line Flow---

Volts / angle

Bus

Bus

(pu) (deg) (MW)  (MVAR) (MW)  (MVAR) (MVAR)

Type

Name

-0.94
35.65

.71
58.54
-7.71

67.81
-67.09

Two

0.00 00 00

1.000/ 0.00 66.25 34.71

SL

One

Six
One
Three

.99

0
51.54

-45.73

00

1.000/ -0.36 100.00 77.50 40.00 25.00 0.

PV

Two

Two
Four
Three

00

0.00 30.00 20.00 0.

.00

PQ 0.953/ -3.31 0

Three

3

25.75
-24 .31

37.20
-37.02

00

.00 50.00 35.00 0.

.00

PQ 0.933/ -4.71 0

Four

Five
Four

-10.68

-12.95

11.17
-16.16

13.02
-27.98

00

15.00 5.00

.00

0

.00

0.953/ -3.60 0

PQ

Five

Six
Five

16.89
-31.89

28.07
-58.07

00

0.00 30.00 15.00 0.

.00

0.967/ -2.57 0

PQ

Six

One

00

112.21 165.00 100.00 0.

166.25

Totals

Line Losses

Ploss

To
Bus

From

Bus

no.

.05
.80
239

.01
.73

Two
Three

One
Two

0



.44
.49

.18
.06
.09
.47

0
0

Four

Three

Five

Four

Five

.74
.76

Six
One

Six

12.27

1.54

Totals:

Alerts

Voltage on bus Four out of tolerance.

ALERT

Done in 20 iterations.
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11-12.

Only the voltage at Bus 4 is out of tolerance under nighttime conditions.

(c) The real and reactive power flows in each line were already calculated as a part of the solutions
above.

(d) The voltages out of tolerance were calculated as a part of the solutions above.
(e) No transmission lines were overloaded.

If there are any problems with the bus voltages under typical daytime loads, propose a solution for this
problem. Define a set of capacitors at various busses in the system to compensate for out-of-tolerance
voltage variations.

SoruTtioN There are many possible solutions to this problem, and no single one can be said to be “right”.
In the daytime configuration, the lowest voltage is at Bus 4. Therefore, as a first cut, we could try to put
enough capacitance on that bus to counteract the reactive loads there, and see what happens. The file
containing this version of the power system is shown below:

o°

File describing adding capacitors to the power system of
% Problem 11-12.

% System data has the form:
$SYSTEM name baseMVA Voltage Tolerance
SYSTEM Day+Cap 100 0.05

% Bus data has the form:

%BUS name type volts Pgen Qgen Pload Qload OQcap
BUS One SL 1.00 0 0 0 0 0
BUS Two PV 1.00 100 0 60 35 0
BUS Three PQ 1.00 0 0 40 25 0
BUS Four PQ 1.00 0 0 60 40 40
BUS Five PQ 1.00 0 0 30 10 0
BUS Six PQ 1.00 0 0 40 25 0

Transmission line data has the form:

o° o o

LINE from to Rse Xse Gsh Bsh Rating (MVA)
LINE One Two 0.010 0.080 0.000 0.000 200
LINE Two Three 0.010 0.080 0.000 0.000 200
LINE Three Four 0.008 0.064 0.000 0.000 200
LINE Four Five 0.020 0.150 0.000 0.000 100
LINE Five Six 0.008 0.064 0.000 0.000 200
LINE Six One 0.010 0.080 0.000 0.000 200

When this program is executed, the results are as shown below:
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input

Input summary statistics:

>> power flow prob 11 12

24 lines in system file

1 SYSTEM lines
6 BUS lines

6 LINE lines

Results for Case Day+Cap

| --Generation--|------Load-----|--Cap-- | To |----Line Flow---

Volts / angle

Bus

Bus

(pu) (deg) (MW)  (MVAR) (MW)  (MVAR) (MVAR)

Type

Name

-4.70
39.94

43.90

Two

0.00 00 00

1.000/ 0.00 132.12 35.25

SL

One

88.21
-43.71

Six
One
Three

.26

6
37.67
-30.92

00

1.000/ -2.04 100.00 78.90 60.00 35.00 0.

PV

Two

83.81
-82.97

Two
Four
Three

00

25.00 0.

40.00

.00

0

.00

PQ 0.964/ -5.81 0

Three

3

.94

5
-4.63

43.08
-42.92

PQ 0.956/ -7.49 0.00 .00 60.00 40.00 40.00

Four

Five
Four

.64

4
-4.13

-5.86

-17.05

17.12
-47.08

0.00

10.00

30.00

.00

0

.00

0.953/ -5.82 0

PQ

Five

Six
Five

.44

7
-32.44

47 .27
-87.27

00

25.00 0.

40.00

.00

0

.00

0.962/ -3.97 0

PQ

Six

One

114.15 230.00 135.00 40.00

232.12

Totals

Line Losses

Ploss

To
Bus

From

Bus

no.

.56
.76

.19
242

Two
Three

One
Two

0.84



.30
.51

0.16
0.07
.20

Four

Three

Five

Four

Five

.59

Six
One

.50

.94

Six

19.22

.41

2

Totals:

Alerts

Done in 22 iterations.
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11-13.

This choice appears to have worked, since all of the voltages are now in tolerance. However, some of the
voltages are pretty marginal—they are just barely in tolerance. Perhaps another solution would be better.
Feel free to experiment and see what you come up with.

What happens to the bus voltages under nighttime conditions of the capacitors proposed in Problem 11-12
are left attached to the system at night? Is it ok to permanently connect the capacitors to the power
system, or must they be switched?

SoLuTioN As before, there are many “right” answers to this problem. If the same 40 MVAR capacitive
load is added to Bus 4 and night, the resulting power system file is:

o°

File describing the nighttime case for the power system of
Problem 11-13.

o° o°

o°

System data has the form:
$SYSTEM name baseMVA Voltage Tolerance
SYSTEM Night+Cap 100 0.05

oe

o°

Bus data has the form:

%BUS name type volts Pgen Qgen Pload Qload OQcap
BUS One SL 1.00 0 0 0 0 0
BUS Two PV 1.00 100 0 40 25 0
BUS Three PQ 1.00 0 0 30 20 0
BUS Four PQ 1.00 0 0 50 35 40
BUS Five PQ 1.00 0 0 15 5 0
BUS Six PQ 1.00 0 0 30 15 0

Transmission line data has the form:

LINE from to Rse Xse Gsh Bsh Rating (MVA)
LINE One Two 0.010 0.080 0.000 0.000 200
LINE Two Three 0.010 0.080 0.000 0.000 200
LINE Three Four 0.008 0.064 0.000 0.000 200
LINE Four Five 0.020 0.150 0.000 0.000 100
LINE Five Six 0.008 0.064 0.000 0.000 200
LINE Six One 0.010 0.080 0.000 0.000 200

When this program is executed, the results are as shown below:
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input

Input summary statistics:

>> power flow prob 11 13

24 lines in system file

1 SYSTEM lines
6 BUS lines

6 LINE lines

Results for Case Night+Cap

| --Generation--|------Load-----|--Cap-- | To |----Line Flow---

Volts / angle

Bus

Bus

(pu) (deg) (MW)  (MVAR) (MW)  (MVAR) (MVAR)

Type

Name

-0.92
21.35

.58
58.20
-7.58
67.70

-67.19

Two

00 00

00

1.000/ 0.00 65.79 20.43 0.

SL

One

Six
One
Three

.97

0
22.50

-18.43

00

1.000/ -0.35 100.00 48.45 40.00 25.00 0.

PV

Two

Two
Four
Three

00

0.00 30.00 20.00 0.

.00

PQ 0.977/ -3.40 0

Three

3

-1.56

37.32
-37.20

.50
.51

2

2
-2.24

-2.75

PQ 0.975/ -4.84 0.00 .00 50.00 35.00 40.00

Four

Five
Four

-12.76

12.80
-27.75

00

15.00 5.00

.00

0

.00

0.974/ -3.66 0

PQ

Five

Six
Five

.28

3
-18.28

27.82
-57.82

00

0.00 30.00 15.00 0.

.00

0.978/ -2.60 0

PQ

Six

One

68.87 165.00 100.00 40.00

165.79

Totals

Line Losses

Ploss

To
Bus

From

Bus

no.

.05
.07

245

.01
.51

Two
Three

One
Two

0



.94
.27
.52

.12
.04
.07
.38

0
0

Four

Three

Five

Four

Five

Six
One

.07

Six

.92

.12

1

Totals:

Alerts

Done in 20 iterations.
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11-14.

In the case that we created in Problem 11-12, the capacitors required for daytime voltage correction could
be left in for the typical nighttime load. This is not always the case. If you made a different assumption
about the size and distribution of capacitors in Problem 11-12, you might need to switch some or all of the
capacitors out ant night. Also, if the nighttime loads can fall well below the “typical” nighttime levels,
you might need to switch some capacitors out.

Suppose that the power system is operating under typical daytime loads, and the transmission line
between Bus 4 and Bus 5 open circuits. What happens to the voltages on each bus now? Are any of the
transmission lines overloaded?

SorutioN In this case, we will start with the typical daytime loads, and remove the transmission line
between Busses 4 and 5. The resulting input file is shown below:

o°

File describing the case where the line between busses
4 and 5 open circuits.

o° o

o°

System data has the form:
$SYSTEM name baseMVA Voltage Tolerance
SYSTEM Open line 100 0.05

o°

oe

Bus data has the form:

%BUS name type volts Pgen Qgen Pload Qload OQcap
BUS One SL 1.00 0 0 0 0 0
BUS Two PV 1.00 100 0 60 35 0
BUS Three PQ 1.00 0 0 40 25 0
BUS Four PQ 1.00 0 0 60 40 0
BUS Five PQ 1.00 0 0 30 10 0
BUS Six PQ 1.00 0 0 40 25 0

Transmission line data has the form:

o° o o

LINE from to Rse Xse Gsh Bsh Rating (MVA)
LINE One Two 0.010 0.080 0.000 0.000 200

LINE Two Three 0.010 0.080 0.000 0.000 200

LINE Three Four 0.008 0.064 0.000 0.000 200
SLINE Four Five 0.020 0.150 0.000 0.000 100
LINE Five Six 0.008 0.064 0.000 0.000 200

LINE Six One 0.010 0.080 0.000 0.000 200

When this program is executed, the results are as shown below:
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input

Input summary statistics:

>> power flow prob 11 14

24 lines in system file

1 SYSTEM lines
6 BUS lines

5 LINE lines

Results for Case Open line

| --Generation--|------Load-----|--Cap-- | To |----Line Flow---

Volts / angle

Bus

Bus

(pu) (deg) (MW)  (MVAR) (MW)  (MVAR) (MVAR)

Type

Name

-6.21
41.06

62.44
70.76
-62.04

Two

0.00 00 00

1.000/ 0.00 133.19 34.85

SL

One

Six
One
Three

.35

9
83.03

-69.17

00

1.000/ -2.90 100.00 127.36 60.00 35.00 0.

PV

Two

102.15
-100.42

Two
Four
Three

00

25.00 0.

40.00

.00

0

.00

PQ 0.926/ -7.44 0

Three

3

44.18
-39.99

60.53
-60.00

00
00
00

40.00 0.

60.00

.00
.00
.00

.00

0
0
0

-9.89
-4.28
-3.13

0.891/
0.952/
0.962/

PQ
PQ
PQ

Four

-10.00

-30.00

Six
Five

30.00 10.00 0.

40.00

0
0

.00
.00

Five

10.71
-35.71

30.09
-70.09

0.

25.00

Six

One

00

162.21 230.00 135.00 0.

233.19

Totals

Line Losses

Ploss

To
Bus

From

Bus

no.

.15
13.86

.39
.73

Two
Three

One
Two

Three

1
0

.19

.52
.09

Four

Five

.71
248

Six



.35

.67

One

Six

27.26

.41

3

Totals:

Alerts

Voltage on bus Three out of tolerance.

ALERT
ALERT

Voltage on bus Four out of tolerance.

Done in 24 iterations.
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11-15.

When the line between Bus 4 and Bus 5 is open circuited, all real and reactive power flow to Bus 4 must
be through Bus 3. This causes the voltages at both Bus 3 and Bus 4 to drop substantially.

Suppose that a new transmission line is to be added to the power system between Bus 1 and Bus 4. The
line is rated at 200 MV A, and its series impedance is 0.008 + j0.064 pu. Assume that no capacitors have
been added to the system, and determine the daytime and nighttime voltages at every bus. Did the new
transmission line resolve the voltage problems?

SorutioN We will add the new transmission line to the power systems of Problem 11-11 (a) for daytime
conditions and 11-11 (b) for nighttime conditions, and see what effect that the new line has on the
voltages in the system. The two resulting power system files are shown below:

o°

File describing the daytime case with a new transmission
line between Busses 1 and 4.

o° o

o°

System data has the form:
$SYSTEM name baseMVA Voltage Tolerance
SYSTEM Day+Line 100 0.05

o°

o°

Bus data has the form:

%BUS name type volts Pgen Qgen Pload Qload OQcap
BUS One SL 1.00 0 0 0 0 0
BUS Two PV 1.00 100 0 60 35 0
BUS Three PQ 1.00 0 0 40 25 0
BUS Four PQ 1.00 0 0 60 40 0
BUS Five PQ 1.00 0 0 30 10 0
BUS Six PQ 1.00 0 0 40 25 0

Transmission line data has the form:

o° o o

LINE from to Rse Xse Gsh Bsh Rating (MVA)
LINE One Two 0.010 0.080 0.000 0.000 200
LINE Two Three 0.010 0.080 0.000 0.000 200
LINE Three Four 0.008 0.064 0.000 0.000 200
LINE Four Five 0.020 0.150 0.000 0.000 100
LINE Five Six 0.008 0.064 0.000 0.000 200
LINE Six One 0.010 0.080 0.000 0.000 200
LINE One Four 0.008 0.064 0.000 0.000 200

o°

File describing the nighttime case with a new transmission
line between Busses 1 and 4.

o° o° of

System data has the form:
$SYSTEM name baseMVA Voltage Tolerance
SYSTEM Night+Line 100 0.05

Bus data has the form:

o° o o

BUS name type volts Pgen Qgen Pload Qload OQcap
BUS One SL 1.00 0 0 0 0 0
BUS Two PV 1.00 100 0 40 25 0
BUS Three PQ 1.00 0 0 30 20 0
BUS Four PQ 1.00 0 0 50 35 0
BUS Five PQ 1.00 0 0 15 5 0
BUS Six PQ 1.00 0 0 30 15 0

)
]
)

)

Transmission line data has the form:
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$LINE from to Rse Xse Gsh
LINE One Two 0.010 0.080 0.000
LINE Two Three 0.010 0.080 0.000
LINE Three Four 0.008 0.064 0.000
LINE Four Five 0.020 0.150 0.000
LINE Five Six 0.008 0.064 0.000
LINE Six One 0.010 0.080 0.000
LINE One Four 0.008 0.064 0.000

When these programs are executed, the results are as shown below:
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.000
.000
.000
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.000
.000
0.000

O O O O o o

Rating (MVA)
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input

Input summary statistics:

>> power flow prob 11 15a

25 lines in system file

1 SYSTEM lines
6 BUS lines

7 LINE lines

Results for Case Day+Line

| --Generation--|------Load-----|--Cap-- | To |----Line Flow---

Volts / angle

Bus

Bus

(pu) (deg) (MW)  (MVAR) (MW)  (MVAR) (MVAR)

Type

Name

-0.60
35.88

.89

59.38

Two

00 00

0.00

1.000/ 0.00 131.14 78 .64

SL

One

Six
Four

43.36

66.88

.62

0
31.54

-29.13

-4.88

44 .97
-44 .67

One
Three

00

1.000/ -0.23 100.00 67.13 60.00 35.00 0.

PV

Two

Two
Four
Three

00

25.00 0.

40.00

.00

0

.00

PQ 0.971/ -2.17 0

Three

3

.15
-4.13

4.73
-4.73
11.13

-66.37

00

40.00 0.

60.00

.00

0

.00

PQ 0.968/ -2.33 0

Four

Five

.44

3
-39.30

One
Four

-3.22
-6.75

-11.10

00

30.00 10.00 0.

.00

0

.00

0.960/ -3.32 0

PQ

Five

-18.86

Six
Five

.03

7
-32.03

18.90
-58.90

00

25.00 0.

40.00

.00

0

.00

0.966/ -2.60 0

PQ

Six

One

00

145.77 230.00 135.00 0.

231.14

Totals

Line Losses

Ploss

To
Bus

From

Bus

no.



.02
.41
.03
.22
.28
.85
.07

.00
.30
.00
.03
.03
.48
.51

Two
Three

One
Two
Three

0
0
0

Four

Five

Four

Five

Six
One
Four

Six
One

0

10.87

.36

1

Totals:

Alerts

Done in 12 iterations.

Input summary statistics:

>> power flow prob 11 15b input

25 lines in system file

1 SYSTEM lines
6 BUS lines

7 LINE lines

Results for Case Night+Line

| ----Line Flow---

To
Bus

| --Generation--|------Load-----|--Cap-- |

Volts / angle

Bus

(pu) (deg) (Mw) (MVAR) (Mw) (MVAR) (MVAR)

Type

Name

no.

.33

2
22.23

-17.65

Two

0.00 00 00

1.000/ 0.00 65.51 59.06

SL

One

39.27

Six
Four

34.49

43.89

-2.08

23.97
-22.08

17.68

One
Three

00

1.000/ 0.82 100.00 46.86 40.00 25.00 0.

PV

Two

42 .42
-42.18

Two

00

PO 0.977/ -1.03 0.00 .00 30.00 20.00 0.

Three

3
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.10

2
-1.99

-0.49
-32.50

12.25
-12.24

Four
Three

00

PQ 0.975/ -1.49 0.00 .00 50.00 35.00 0.

Four

Five

.92
-43.65

One
Four

.55

0
-5.53

-5.91
-9.05

00

00

15.00 5.

.00

0.00

0.974/ -2.03

PQ

Five

Six
Five

.61

-20.60

.06
-39.06

00

30.00 15.00 0.

.00

0

.00

0.979/ -1.71 0

PQ

Six

One

00

105.92 165.00 100.00 0.

165.51

Totals

Line Losses

To
Bus

From

Bus

no.

.25
.90
.10

.03
.24
.01
.01
.01

.20

Two
Three

One
Two

Three

0
0
0

Four

Five

.06
.08
.63

Four

Five

Six
One
Four

Six
One

.99

.25

0

.01

.75

0

Totals:

Alerts

Done in 11 iterations.
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For both daytime and nighttime cases, the addition of the new transmission line made significant
improvements in the voltages at each bus. Now the voltages are in tolerance day or night, and no
transmission lines are overloaded day or night.
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Chapter 12: Symmetrical Faults

12-1. A 200 MVA, 20 kV, 60 Hz, three-phase synchronous generator is connected through a 200 MVA, 20/138
kV, A-Y transformer to a 138 kV transmission line. The generator reactances to the machine’s own base
are

X¢=140 X’'=0.30 X"=0.15

The initial transient dc component in this machine averages 50 percent of the initial symmetrical ac
component. The transformer’s series reactance is 0.10 pu, and the resistance of both the generator and the
transformer may be ignored. Assume that a symmetrical three-phase fault occurs on the 138 kV
transmission line near to the point where it is the transformer.

(a) What is the ac component of current in this generator the instant after the fault occurs?

(b) What is the total current (ac plus dc) flowing in the generator right after the fault occurs?

(¢) What is the transient fault current / ; in this fault?

(d) What is the steady-state fault current 7, in this fault?

SorutioN We will define the base values at the location of the generator. as

Spaes =200 MVA

base, 1

14

base, 1

=20kV

I _ S3¢,base _ 200, 000, 000 VA
et \/SVLL,base 1 \/5(20: OOO V)

Therefore the base values on the high-voltage side of the transformer will be

Spaen =200 MVA

=5774 A

I/base:Z = 20 kv(138 kV
’ 20 kV

j=138k\/

;= Ssmse _ 200,000,000 VA
P 3 s V3(138,000 V)

In this case, the per-unit values of both the synchronous generator and the transformer are already at the
right base, and the resulting equivalent circuit is shown below.

=836.7 A

X, =j0.10 R, =0

jX=1.00
JX'=0.25
JX"=0.12
G, EA
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12-2.

(a) The per-unit ac fault current immediately after the fault occurs will be the current flowing through the
subtransient reactance X" .

, E, 1£0°

FTUX"+ X, 012+ /0.10

=4.545/-90° pu

The actual ac component of current is (4.545)(836.7 A) =3803 A
(b) The total current (ac + dc) right after the fault occurs is (1.5)(3803 A) =5705 A .

(c) The per-unit transient fault current will be the current flowing through the transient reactance X’ .
I = E, _ 1£0°
X'+ X, j0.25+50.10

=2.857£-90° pu

The actual transient fault current is (2.857)(836.7 A) =2390 A

(d) The per-unit steady-state fault current will be the current flowing through the synchronous reactance
Xs.
E, 1£0°

I, =— —— = — : =0.909£-90° pu
JX¢+jX,,  j1.00+;0.10

The actual steady-state fault current is (0.909)(836.7 A) =761 A

A simple three-phase power system is shown in Figure P12-1. Assume that the ratings of the various
devices in this system are as follows:

Generator G;: 250 MVA, 13.8kV,R=0.1 pu, X, =1.0pu, X" =0.18 pu, X’ =0.40 pu
Generator G, : 500 MVA, 20.0kV,R=0.1 pu, X, =1.2pu, X" =0.15pu, X" =0.35pu
Generator G;: 250 MVA, 13.8kV,R=0.15pu, X, =1.0 pu, X" =0.20 pu, X" =0.40 pu
Transformer 7 : 250 MVA, 13.8-A/240-Y kV, R =0.01 pu, X=0.10 pu

Transformer 7, : 500 MVA, 20.0-A/240-Y kV, R = 0.01 pu, X = 0.08 pu

Transformer 7 : 250 MVA, 13.8-A/240-Y kV, R =0.01 pu, X=10.10 pu

Each Line: R=8Q,X=40Q

Assume that the power system is initially unloaded, and that the voltage at Bus 4 is 250 kV, and that a//
resistances may be neglected.

(a) Convert this power system to per-unit on a base of 500 MVA at 20 kV at generator G, .
(b) Calculate Y,

s and Z, - for this power system using the generator subtransient reactances.

(c) Suppose that a three-phase symmetrical fault occurs at Bus 4. What is the subtransient fault
current? What is the voltage on each bus in the power system? What is the subtransient current
flowing in each of the three transmission lines?

(d) Which circuit breaker in the power system sees the highest instantaneous current when a fault
occurs at Bus 4?

(e) What is the transient fault current when a fault occurs at Bus 4? What is the voltage on each bus in
the power system? What is the transient current flowing in each of the three transmission lines?

(f) What is the steady-state fault current when a fault occurs at Bus 4?7 What is the voltage on each bus
in the power system? What is the steady-state current flowing in each of the three transmission
lines?

(g) Determine the subtransient short-circuit MV A of this power system at Bus 4.
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Region 1 | Region 2 | Region 3
| |
G, " : @ @l @ : K G,
M
£ 3e | l
JAN & ¥ A
®
o Y
T, A
Gy
Region 4

Figure P12-1 The simple power system of Problem 12-2.

SoLutioN The base quantities for this power system are 500 MVA at 20 kV at generator G, , which is in
Region 3. Therefore, the base quantities are:

Sones = 500 MVA

V

base,3

=20kV

Sipmse 500,000,000 VA

I = = 14,430 A
e \/§VLL,base 3 \/5(20’ 000 V)
2
7 _ (VLL,base3) — (20’ OOO V)2 = O 80 Q
T S 500,000,000 VA
Sbase,Z = 500 MVA
I/baseZ =20 kV(240 kvj =240kV
; 20kV
I _ S3¢,base _ 500’ OOO’ 000 VA =1203 A
base,2 \/gVLL,base 5 \/5(240, 000 V)
2
_ (VLL,baseZ) — (240’ 000 V)2 =1152 Q
base,2 S3¢,base 500, 000, 000 VA .
Sbase,l =500 MVA
V. =240 kv(13'8 kvj ~13.8kV
: 240 kV
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S5 base _ 500,000,000 VA

I =20,910 A
el B, s 313,800 V)
2
;- (Viwer) (13,800 V)" o
L S 500,000,000 VAT
Sues =500 MVA
Vyoea = 240 k\/(B'8 kvj =13.8kV
’ 240 kV
S
[ = e _ _ 500,000,000 VA _ 1 o10 o
\/_VLL base 4 \/5(13’800 V)
2 2
_Vied) __(13800V) oo

7 — =
base,4 S3¢,base 500’ 000, 000 VA

(a) The per-unit impedances expressed on the system base are:

er-unit Z = per-unit Z_, gwe“\ [ S ) (10-8)
p e p glven L I/new J (SglvenJ
R, =(0.10 pu)(13'8 kV) (500 MVA] ~0.20 pu
13.8kV/ \250 MVA
X7 (018 (13 8 kvj (500 MVA] ~ 036 pu
13.8kV/ \250 MVA
(040 (13 8 kvj (500 MVA] ~0.80 pu
13.8kV/ \250 MVA
13.8kV)’ (500 MVA
X 1.00 [ ] [ jzz.oo
sor =100 )l o) S50 Mva pu
20.0 kV)’ (500 MVA
0.10 pu
20.0kV/ 500 MVA
X2, =(0.15p (20.0 kvj [500 MVA] ~0.15 pu
20.0kV/ \500 MVA
2
X2, =(0.35p (20.0 kvj (500 MVA] ~035 pu
20.0kV/ \500 MVA
20.0 kV)’ (500 MVA
(120 )20V (OMVA)
sor = (120 ) 2= T | SooMvA pu
2
Re=(0.15 pu)(13.8 k\/j [500 MVA) ~ 030 pu
13.8kV/ L250 MVA
2
X7, =(0.20 pu)[w.s kV) (500 MVA) ~0.40 pu
13.8kV./ L250 MVA
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, 13.8 kV)? (500 MVA
e =040 pu )[13 8kv) (250 MVAjZO'go pu
13.8 kV)’ (500 MVA
X5.0=(1.00 pu )(138ij [250MVA]:2'OOPU
2
~(0.01p (13.8 kV) (500 MVA] - 0.02 pu
13.8kV/ (250 MVA
~(0.10p [13.8 kvj [500 MVA) 020 pu
13.8kV/ L250 MVA
_(001p (20.0 kV) (500 MVA] 0.01 pu
20.0kV/ {500 MVA
— (008 p (20.0 kvj [500 MVA]:Q08 o
20.0kv./) {500 MVA
13.8kVY’ MVA
)[ 3.8 Vj (500 \Y% ):0.02pu
13.8kV/ 250 MVA
2
~(0.10p (13.8kV] [500 MVA]:OQOpu
13.8kV/ (250 MVA
R
Ripops == 52 0.0694 pu
mzo o 11520
X,
Xy = —me = 09 _ 347 pu
mz 1152 Q

base

The assumption that the voltage at Bus 4 is 250 kV with an unloaded system means that the internal
generated voltages of all generators are (250 kV/240 kV) = 1.042.£0° before the fault. The resulting per-

unit equivalent circuit of the power system is shown below. Note that all three generator reactances are
shown for each generator.
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0.0694

7036
70.80
72.00

j0.3472

1.042.£0°

0.30

70.40
70.80
72.00

1.042£0°

©)

j0.3472  0.0694

1Loa2200 OO G

(b) For fault current studies, we include the generator impedances in Y, and Z, . Also, this problem

specified that we exclude the resistance in the calculation and use the subtransient reactances of the
generators. If resistances are ignored and the impedances are converted to admittances, the resulting

power system is:

| ]

|
| I | I |
-2.880 -2.880

@ ®

1.786 -2.880

.
G, "g 1.042.£0°

1.667

G, 1.042.£0°

-j4.348

G, @ 1.04220°

The resulting bus admittance matrix is:
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—j4.666  j2.880 0 0

| j2.880 —j8.640 j2.880  2.880
L j2.880 —;7.228 0

0 j2.880 0 — j4.547

The resulting bus impedance matrix is:

j0.3128  j0.1589  j0.0633 0.1007
7 vy - j0.1589  j0.2572 j0.1025 ;0.1629
bus s j0.0633  j0.1025 j0.1792 j0.0649
70.1007  j0.1629 j0.0649  j0.3231

(c) 1f a symmetrical three-phase fault occurs at Bus 4, the subtransient fault current will be

V o
=L L0205 005/ 900
Z,  j0.3231

The actual fault current is

I7=(3.225)(1203 A) = 3880 A

The voltages at each bus in the power system will be

Zl
NEIEAN
Z

] l. 04240") =0.7172£0°

(7 \ 70.1007
V, = U_ v, =1-
j0.3231
V,=(1- 22 :[ 101629] (1.042.£0°) = 0.5156.£0°
Z, j0.3231
V,=(1-Zn :( /0. 0649] (1.042.£0°) = 0.8327.£0°
Z, j0.3231
vV, =(1-Z81v =000
Z44

The actual bus voltages are

V,=(0.7172)(240 kV) =172 kV
V,=(0.5156)(240 kV) =124 kV
V, =(0.8327)(240 kV) =200 kV
V,=0kV

The subtransient current in the transmission lines will be

(12-23)

Line I: I, =-Y,(V,—-V,)=(—,2.880)(0.7172.£0°-0.5156.£0°) = 0.581£ — 90°
Line2: I, =-Y,(V,-V,)=(-,2.880)(0.5156.£0°-0.8327.£0°) = 0.913.£90°
Line3: L, =-Y,(V,-V,)=(-,2.880)(0.5156.£0°—0.0£0°) =1.4852 - 90°

The actual line currents are
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Lo, =(0.581)(1203 A) =699 A

Lo, =(0.913)(1203 A)=1099 A
L., =(1.485)(1203 A)=1787 A

(d) The circuit breakers are all located on either side of the transmission line. In this case, the circuit
breakers on Line 3 (between Bus 2 and Bus 4) will see the highest subtransient fault current.

(e) This problem specified that we exclude the resistance in the calculation and use the transient
reactances of the generators. If resistances are ignored and the impedances are converted to admittances,

the resulting power system is:

| ]

G, @ 1.042.£0°

|
| I | I
‘ 52.880 -j2.880 ‘
® ® ®
|:| +j1.000 |:| +j2.880
+2.326 |:|
G,@ 1.04220°
) —t—®
-/1.000
G, AD) 10420
The resulting bus admittance matrix is:
—j3.880  ;2.880 0 0
| j2.830 —,8.640 ;j2.830  2.880
N B j2.880 —j5.206 0
0 j2.880 0 —73.880
The resulting bus impedance matrix is:
j0.4565 j0.2678 ;0.1482 ;0.1988
7 -y = j0.2678 j0.3608 ;0.1996 ;0.2678
bus T The 50,1482 j0.1996  j0.3025  j0.1482
j0.1988 j0.2678 ;0.1482 ;0.4565

If a symmetrical three-phase fault occurs at Bus 4, the transient fault current will be

V, 1.042£0°

I, =
'z, j0.4565

The actual fault current is

=2.283£-90°
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17, =(2.283)(1203 A) =2746 A

The transient voltages at each bus in the power system will be

z
v, {I_Z_JV' (12-23)
V, = (1o Zuly [y 01988 (1.042.£0°) = 0.5882.£0°
44 -]
WAL 10.4565
V,=(1- 2%y [ /9 2768] (1.042.£0°) = 0.4307.£0°
Z, j0.4565
V,=(1- 2 :[ /0 1482] (1.042.£0°) = 0.7037.£0°
Z, j0.4565

V= 1-2% 1V, =0£0°
Z44

The actual bus voltages are
¥, =(0.5882)(240 kV) =141kV
v, =(0.4307)(240 kV) =103 kV
v, =(0.7037)(240 kV) =177 kV
V,=0kV
The transient current in the transmission lines will be
Line I: I, =-Y,(V,-V,)=(—,2.880)(0.5882.£0°-0.4307.£0°) = 0.454.£ — 90°
Line2: I,=-Y,(V,-V,)=(-,2.880)(0.4307.£0°-0.7037.£0°) = 0.786.£90°
Line3: I,,=-Y,(V,-V,)=(-,2.880)(0.4307.£0°-0.0£0°) =1.240£ - 90°

The actual line currents are

L., =(0.454)(1203 A) =546 A
L., =(0.786)(1203 A) =946 A
L5 =(1.240)(1203 A) =1492 A

() This time we will use the synchronous reactances of the generators. If resistances are ignored and the
impedances are converted to admittances, the resulting power system is:
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| | — 1 |
‘ -2.880 +2.880 ‘
® ® ®
|:] -j0.455 +2.880
-0.781 |:]
Gl® 1.04220°
) ——@®
G, @/ 1.042.£0°
|:] -j0.455
Gsé|\/>lAO42ZO°
The resulting bus admittance matrix is:
—j3.335  ;2.880 0 0
| j2.830 —;8.640 j2.880  ;2.880
N j2.880 —3.661 0
0 j2.880 0 —-j3.335
The resulting bus impedance matrix is:
j0.8324 j0.6167 ;0.4852 ;0.5326
7 -y - j0.6167 j0.7142 ;0.5618 ;0.6167
bus Tl 04852 j0.5618  j0.7151 j0.4852
j0.5326 j0.6167 ;0.4852 ;0.8324

If a symmetrical three-phase fault occurs at Bus 4, the steady-state fault current will be

V,  1.042£0°

’z,  j0.8324

The actual fault current is

1.2518£-90°

I, =(1.2518)(1203 A) =1506 A

The steady-state voltages at each bus in the power system will be

zZ,
Vv, = T \Z

SEA

f
Zy

j0.5326
j0.8324
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v, =(1-Z2 Vf=[1—M](1.04240°)=0.270040°
Z,) j0.8324

V,=|1-Zx Vf=[1—Mﬁ}(1.04240"):0.4346400
Z,, j0.8324

V=1 Zs V, =0£0°
2&4

The actual bus voltages are

¥, =(0.3753)(240 kV) =90 kV
¥, =(0.2700)(240 kV) = 65 kV
V,= (0.4346)(240 kV) =104 kV
V,=0kV
The steady-state current in the transmission lines will be
Line I: I,=-Y,(V,-V,)=(-,2.880)(0.3753£0°-0.2700.£0°) = 0.303£ - 90°
Line 2: I,,=-Y,(V,-V;)=(-,2.880)(0.2700£0° - 0.4346.£0°) = 0.474.£90°
Line3: L, =-Y,(V,-V,)=(-,2.880)(0.2700.£0°—-0.0£0°) = 0.778.£ — 90°
The actual line currents are
., = (0.303)(1203 A) =365 A
L., =(0.474)(1203 A) =570 A
Ii.;= (0.778)(1203 A) =936 A
(g) The per-unit short-circuit MVA at Bus 4 is just equal to the per-unit fault current at that bus.

Short-circuit MVA | = I =2.283

Therefore, the subtransient short-circuit MVA at Bus 4 is
Short-circuit MVA = (Short—circuit MVA , ) (Spuce)
Short-circuit MVA = (2.283)(500 MVA) =1142 MVA

Note: This problem could also be solved using program faults, it we treat the terminals of each
generator as an additional bus. The input file for this power system is shown below.

o

File describing the power system of Problem 12-2.

o\

o\

System data has the form:
$SYSTEM name baseMVA
SYSTEM Probl2 2 500

o\

% Bus data has the form:

%BUS name volts
BUS One 1.042
BUS Two 1.042
BUS Three 1.042
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BUS Four 1.042
BUS G1 1.042
BUS G2 1.042
BUS G3 1.042

% Transmission line data has the form:

$LINE from to Rse Xse Gsh Bsh X0 Vis
LINE One Two 0.0000 0.3472 0.000 0.000 ©0©0.000 O
LINE Two Three 0.0000 0.3472 0.000 0.000 ©0©0.000 O
LINE Two Four 0.0000 0.3472 0.000 0.000 ©0©0.000 O
LINE Gl One 0.0000 0.2000 0.000 0.000 ©0©0.000 O
LINE Three G2 0.0000 0.0800 0.000 0.000 ©0.000 O
LINE Four G3 0.0000 0.2000 0.000 0.000 ©0.000 O

% Generator data has the form:

$GENERATOR bus R Xs Xp Xpp X2 X0
GENERATOR  G1 0.00 2.00 0.80 0.36 0.00 0.00
GENERATOR G2 0.00 1.20 0.35 0.15 0.00 0.00
GENERATOR  G3 0.00 2.00 0.80 0.40 0.00 0.00

oe

% type data has the form:
$FAULT bus Calc Type Calc _time (0=all;l=sub;2=trans;3=ss)
FAULT Four 3P 0

The resulting outputs are shown below. Note that the answers agree well with the calculations above.
The slight differences are due to round-off errors in our manual calculation of the bus admittance matrix
Y,

bus *

>> faults prob 12 2 fault

Input summary statistics:
34 lines in system file

SYSTEM lines

BUS lines

LINE lines

GENERATOR lines

MOTOR lines

TYPE lines

P O WwWo 3K

Results for Case Probl2 2

Symmetrical Three-Phase Fault at Bus Four
Calculating Subtransient Currents

|====================Bus Information============|=====Line Information=====|
Bus Volts / angle Amps / angle | To | Amps / angle |
no. Name (pu) (deg) (pu) (deg) | Bus | (pu) (deg) |
e P S Y
1 One 0.718/ 0.00 0.000/ 0.00 Two 0.579/ -90.00
Gl 0.579/ 90.00
2 Two 0.517/ 0.00 0.000/ 0.00 One 0.579/ 90.00
Three 0.910/ 90.00
Four 1.489/ -90.00
3 Three 0.833/ 0.00 0.000/ 0.00 Two 0.910/ -90.00
G2 0.910/ 90.00
4 Four 0.000/ 0.00 3.225/ -90.00 Two 1.489/ 90.00
G3 1.737/ 90.00
5 Gl 0.834/ 0.00 0.000/ 0.00 One 0.579/ -90.00
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Symmetrical Three-Phase Fault at Bus Four
Calculating Transient Currents

Bus

no Name
1 One
2 Two
3 Three
4 Four
5 Gl
6 G2
7 G3

Symmetrical Three-Phase Fault at Bus Four
Calculating Steady-State Currents

0.906/ 0.00 0.000/ 0.00 Three 0.910/ -90.00
0.347/ 0.00 0.000/ 0.00 Four 1.737/ -90.00
B e CEEIE Y

Results for Case Probl2_2
=====Bus Information============|=====Line Information====
Volts / angle Amps / angle | To Amps / angle
. (pu) (deg) (pu) (deg) | Bus (pu) (deg)
| =m=mmmmmmmmmmmmmmmmmmmmeomemeemmmecmcsmssmsmessmemsecsmeoeeee
0.588/ 0.00 0.000/ 0.00 Two 0.454/ -90.00
Gl 0.454/ 90.00
0.431/ 0.00 0.000/ 0.00 One 0.454/ 90.00
Three 0.787/ 90.00
Four 1.240/ -90.00
0.704/ 0.00 0.000/ 0.00 Two 0.787/ -90.00
G2 0.787/ 90.00
0.000/ 0.00 2.282/ -90.00 Two 1.240/ 90.00
G3 1.042/ 90.00
0.679/ 0.00 0.000/ 0.00 One 0.454/ -90.00
0.767/ 0.00 0.000/ 0.00 Three 0.787/ -90.00
0.208/ 0.00 0.000/ 0.00 Four 1.042/ -90.00
B et STIEEE SRR
Results for Case Probl2 2
=====Bus Information============|=====Line Information====
Bus Volts / angle Amps / angle | To Amps / angle
no. Name (pu) (deg) (pu) (deg) | Bus (pu) (deg)
e I ey
1 One 0.375/ 0.00 0.000/ 0.00 Two 0.303/ -90.00
Gl 0.303/ 90.00
2 Two 0.270/ 0.00 0.000/ 0.00 One 0.303/ 90.00
Three 0.474/ 90.00
Four 0.778/ -90.00
3 Three 0.435/ 0.00 0.000/ 0.00 Two 0.474/ -90.00
G2 0.474/ 90.00
4 Four 0.000/ 0.00 1.251/ -90.00 Two 0.778/ 90.00
G3 0.474/ 90.00
5 Gl 0.436/ 0.00 0.000/ 0.00 One 0.303/ -90.00
6 G2 0.473/ 0.00 0.000/ 0.00 Three 0.474/ -90.00
7 G3 0.095/ 0.00 0.000/ 0.00 Four 0.474/ -90.00

Calculate the subtransient fault current at Bus 4 if the power system resistances are not neglected.

much difference does including the resistances make to the amount of fault current flowing?

SorutioN This time, we will use program faults to calculate the subtransient currents. The input file
for this power system is shown below.
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File describing the power system of Problem 12-3.

o o o°

System data has the form:
%SYSTEM name baseMVA
SYSTEM Probl2 3 500

Bus data has the form:

o o o°

BUS name volts
BUS One 1.042
BUS Two 1.042
BUS Three 1.042
BUS Four 1.042
BUS G1 1.042
BUS G2 1.042
BUS G3 1.042

Transmission line data has the form:

o o o°

LINE from to Rse Xse Gsh Bsh X0 Vis
LINE One Two 0.0000 0.3472 0.000 0.000 ©0©0.000 O
LINE Two Three 0.0000 0.3472 0.000 0.000 ©0.000 O
LINE Two Four 0.0000 0.3472 0.000 0.000 ©0.000 O
LINE Gl One 0.0000 0.2000 0.000 O0.000 ©0.000 O
LINE Three G2 0.0000 0.0800 0.000 0.000 ©0.000 O
LINE Four G3 0.0000 0.2000 0.000 0.000 ©0.000 O
% Generator data has the form:
$GENERATOR bus R Xs Xp Xpp X2 X0
GENERATOR Gl 0.00 2.00 0.80 0.36 0.00 0.00
GENERATOR G2 0.00 1.20 0.35 0.15 0.00 0.00
GENERATOR G3 0.00 2.00 0.80 0.40 0.00 0.00

)
]
o

]

type data has the form:
$FAULT bus Calc Type Calc_time (0=all;l=sub;2=trans;3=ss)
FAULT Four 3P 0

The resulting outputs are shown below. Note that the answers agree well with the calculations above.
The slight differences are due to round-off errors in our manual calculation of the bus admittance matrix
Y,

bus *

>> faults prob 12 3 fault

Input summary statistics:
34 lines in system file

1 SYSTEM lines

BUS lines

LINE lines

GENERATOR lines

MOTOR lines

TYPE lines

P O WwWo

Results for Case Probl2 3

Symmetrical Three-Phase Fault at Bus Four
Calculating Subtransient Currents

|====================Bus Information::::::::::::|=====Line Information=====|
Bus Volts / angle Amps / angle | To | Amps / angle |
no. Name (pu) (deg) (pu) (deg) | Bus | (pu) (deg) |
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Gl 560/ 104.70

2 Two 0.510/ 3.13 0.000/ 0.00 One 560/ 104.70
Three 882/ 104.27

Four 442/ -75.57

G2 882/ 104.27

4 Four 0.000/ -14.04 2.953/ -68.54 Two 442/ 104.43

0
0
0
0
1
3 Three 0.823/ 3.07 0.000/ 0.00 Two 0.882/ -75.73
0
1
1
0
0
1

When resistances are included, the per-unit three-phase subtransient fault current at Bus 4 is
2.953/ —68.5°, and the actual current is

17=(2.953)(1203 A) =3553 A

Suppose that a three-bus power system has the subtransient bus impedance matrix given below, and that
the power system is initially unloaded with a pre-fault bus voltage of 0.98 pu. Assume that a symmetrical
three-phase fault occurs at Bus 1, and find:

(a) The current flowing in the transmission line from Bus 2 to Bus 1 during the subtransient period.

(b) The current flowing in the transmission line from Bus 3 to Bus 1 during the subtransient period.

j0.20 j0.10 ;O.15
=|;0.10 ;0.50 ;0.30| per unit
j0.15 j0.30 ;0.80

Z

bus

SorutioN The first step in solving this problem is to determine the per-unit subtransient three-phase
current flowing in the fault at Bus 1.

oV _09820°

vl =T 24904 -90°
Z,  j0.20

The per-unit subtransient voltages at the three busses are:

Z,
Vis| =7V (12-23)

ii

( Z,) j0.20 . .
V, = Ll— JV [ 70 20](09840) 0.0£0

V,= [1—@] \Z [—ﬂ](0.98400)=0.49040°

j0.20
(. Z,) _[ j0.15

Vv, = 1—— 0.98.£0°) = 0.245.£0°
- 4 jO.ZOJ( )=

To find the current flow in each transmission line, we can invert the bus impedance matrix Z.  _ to get the

bus

bus admittance matrix Y, . The cross terms of Y, = will contain the admittances of the lines between

each pair of busses in the system.
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—j5.9903  j0.6763  0.8696
=7, =| j0.6763 —j2.6570 ;j0.8696 | per unit
j0.8696  j0.8696 —;1.7391

bus

I, =-Y,, (V, - V,) =(~,0.6763)(0.490.£0° - 0.0.£0°) = 0.3314£ — 90°

I, =Y, (V, - V,) = (-,0.8696)(0.245.20° — 0.0.£0°) = 0.2131.£ — 90°

12-5. A 500 kVA, 480 V, 60 Hz, Y-connected synchronous generator has a subtransient reactance X ” 0f 0.10
pu, a transient reactance X~ of 0.22 pu, and a synchronous reactance X of 1.0 pu. Suppose that this

machine is supplying rated load at rated voltage and 0.9 PF lagging.
(a) What is the magnitude of the internal generated voltage E, of this machine?

(b) A fault occurs at the terminals of the generator. What is the magnitude of the voltage behind
subtransient reactance E”, of this machine?

(¢) What is the subtransient current / ;’ flowing from this generator?
d) What is the magnitude of the voltage behind transient reactance E’, of this machine?
g g 4
e) What is the transient current /’. flowing from this generator during the transient period?
f g g g p

(f) Suppose that we ignore the loads on the generator and assume that it was unloaded before the fault
occurred. What is the subtransient current [ ; flowing from this generator? How much error is

caused by ignoring the initial loading of the generator?

SoLuTioN Since this machine is Y-connected, its phase voltage is (480 V)/ J3=277V.

Base values of this generator are

Sbase = 500 kVA
VLL,base = 480 V
V(D,base =277V
Ibase :£2w2602 A

\/§V¢,base \/5(480 V)

2
_ (VLL,base) — (480 V) = 04608 Q
base S3¢,base 500’ 000 VA

(a) The power factor is 0.9 lagging, so the impedance angle 8= cos™ (0.9) =25.84°. Therefore, the
per-unit phasor current is

I,=1.0£-25.84°
The internal generated voltage E , of this machine is given by

E, =V, + X, =1£0°+ (jl.O)(lL—25.84°) =1.695232.1° pu
or E, =(1.695£32.1°)(277 V) = 469.5£32.1° V
Therefore, the magnitude £, is 469.5 V.

(b) The voltage behind subtransient reactance £’ is given by
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E} =V, + X", =1£0°+(0.10)(1£—-25.84°) =1.048.£4.9° pu
or E” =(1.048£4.9°)(277 V) =290£4.9° V

(c¢) The per-unit subtransient fault current / }' is given by

E7  1.048/4.9°
X7~ jo.10

I7 = =10.48£-85.1° pu

Therefore, the actual subtransient fault current is /7 = (10.48 pu)(602 A) = 6309 A .
(d) The voltage behind transient reactance E’, is given by
E =V, +jXT,=1£0°+ (j0.22)(14 - 25.840) =1.136£10.2° pu
or E’ =(1.136£10.2°)(277 V) =315£10.2° V
(¢) The per-unit subtransient fault current /7 is given by
_ E’, _ 1.136£10.2°

I =- ,
JX’ j0.22

=5.164£—-79.8° pu

Therefore, the actual subtransient fault current is /7 = (5.164 pu)(602 A)=3109 A

(f) If we assume that the generator was initially unloaded before the fault, the per-unit subtransient fault
current /7 is given by

E7  1.00£0°

Ill _ A

TTx” T j0.10

=10.0£-90° pu

The error caused by ignoring the initial loads is (10.48 — 10) / 10 x 100% = 4.8%.

A synchronous generator is connected through a transformer and a transmission line to a synchronous
motor. The rated voltage and apparent power of the generator serve as the base quantities for this power
system. On the system base, the per unit subtransient reactances of the generator and the motor are 0.15
and 0.40 respectively, the series reactance of the transformer is 0.10, and the series reactance of the
transmission line is 0.20. All resistances may be ignored. The generator is supplying rated apparent
power and voltage at a power factor of 0.85 lagging, when a three-phase synchronous fault occurs at the
terminals of the motor. Find the per-unit subtransient current at the fault, in the generator, and in the
motor.

SorutioN It simplify this solution, we will assume that the power system was initially unloaded. This
will make a small error due to ignoring the voltages behind subtransient reactance in the generator and the
motor, but the differences will be small. A per-phase, per-unit equivalent circuit for this power system is
shown below.
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j0.40

+ +

1.00£0° 1.00£0° M

We will define two busses in this system, one at the terminals of the generator and one at the terminals of
the motor. The resulting bus admittance matrix can be found by converting the impedances in the system

into admittances.
0 (2)

| — |

I e I
3.333
6.667 -2.500
G 1.00.£0° 1.00£0° M.

The bus admittance matrix is
v - [—710.000 /3.333
o 73333 —5.833
and the corresponding bus impedance matrix is

z _[0.1235 j0.0706
] j0.0706 j0.2118

The current in the fault is

V. o
1=t L0201 000
177, joalis

The voltages at the two busses are

z,
V= 1=V, (12-23)

ii

v[1-Z2ly, [1_M](1.00400):o.66740°
=Uz)Y 702118

v, = (I_Z\ v, [p&](mozoo):o.ozm
= j02118

The subtransient current flowing in the generator is
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E, .-V, 1.00£0°-0.667£0°

I7 = — = =2.222/-90°
JX¢ jO.15
The subtransient current flowing in the motor is
E,,—-V, 1.00£0°-0.0£0°
I, == 2o LD 0020 5 500,000
JX 4 j0.40

12-7. Assume that a symmetrical three-phase fault occurs on the high-voltage side of transformer 7, in the
power system shown in Figure P12-2. Make the assumption that the generator is operating at rated
voltage, and that the power system is initially unloaded.

(a) Calculate the subtransient, transient, and steady-state fault current, generator current, and motor
current ignoring resistances.

(b) Calculate the subtransient, transient, and steady-state fault current, generator current, and motor
current including resistances.

(c) How much effect does the inclusion of resistances have on the fault current calculations?

| |
Region 1 : Region 2 : Region 3
| |
| |
| |
T, L, T, M,
%% L, impedance: gg
R=15Q
x-750 ¥A |
G, ratings: M, ratings:
100 MVA T, ratings: T, ratings: 50 MVA
13.8kV 100 MVA 50 MVA 13.8kV
R=0.1pu 13.8/110 kV 120/144kV. R=0.1pu
X;=09pu  R=0.01 pu R=0.01pu X;=1.1pu
X'=020pu X=0.05pu X=0.05pu X'=0.30 pu
X"=0.10 pu X"=0.18 pu

Figure P12-2 One-line diagram of the power system in Problem 12-7.

SorutioN To simplify this problem, we will pick the base quantities for this power system to be 100
MVA and 13.8 kV at generator G,, which is in Region 1. Therefore, the base quantities are:

Spees =100 MVA
Viases =13.8 kV
Siomwe __ 100,000,000 VA _ o
base 1 \/7VLL base 1 \/5 (1 3’ 800 V)
2 2
Z, = Viaer) __(13:800V) =1.904 Q
T S 100,000,000 VA
Sbase,Z = 100 MVA
Vs =138k (O30 4y
’ 13.8kV
Sipoue 100,000,000 VA _ o

basc ’ \/7 LL base 2 \/7(1 10’ 000 V)
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2 2
_Vwe) __(110,000V)"
2 S 100,000,000 VA
Spases =100 MVA
Vises =110 kV(114'411:\\//) =132 kV
S
e Seme 100,000,000 VA _ .
’ \/§VLL,base3 \/5(13’ 200 V)
2
Vit base 13,200 V)’
base,3 = ( g’b 3) = ( ) = 1742 Q

3¢,base

100,000,000 VA

The per-unit impedances expressed on the system base are

(s )
per-unit Z, = per-unit Z,, ., ngcn} L; - ) (10-8)
new given
R, =0.10 pu
X7 =0.10 pu
X/, =0.20 pu
X =0.90 pu
R, =0.01pu
X, =0.05pu
2
(001 p (120 ij (100 MVA):O‘OBg ou
110kV/ \ 50 MVA
120 kV\?
u)( 0 Vj (1001\/{\/13,}0.1190pu
110kV/ \ 50 MVA
2
~(0.10p (13.8ij [IOOMVAJZO.ZI%W
13.2kV/ \ 50 MVA
2
X7, =(018p (13.8ij [100MVA)203935pu
13.2kV/ \ 50 MVA
2
(030 p [13.81{\/) (IOOMVA):0.6558pu
13.2kV/ \ 50 MVA
13.8 kV)’ (100 MVA
Ky (110 KV (100MVAY_,
sa: =10 P 555 ) (Somva pu
R
linepu_ —ne = ek =0.124 pu
mzo o 121Q
X,
Xy, = —f = 759 6198 pu
Mz 121Q
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The assumption that the system is initially unloaded means that
generator and motor are = 1.00£0° before the fault. The resulting

the internal generated voltages of the
per-unit equivalent circuit of the power

system is shown below. Note that all three synchronous machine reactances are shown for each

synchronous machine.

0.01 ] /j0.6198

@

0.124

@

0.10

j0.10
70.20
70.90

1.00£0°

0.2186

j0.3935
j0.6558
/2.4045

1.00£0°

(a) Note that the fault occurs at “Bus 3”, which is the high-voltage side of transformer 7,. The input file

for this power system ignoring resistances is shown below.

o°

File describing the power system of Problem 12-
resistances.

o° o

o°

System data has the form:
%SYSTEM name
SYSTEM Probl2 7a

baseMVA
100

o°

o°

Bus data has the form:

%$BUS name volts
BUS One 1.00
BUS Two 1.00
BUS Three 1.00
BUS Four 1.00

Note that transformers T1l and T2 are treated as

% here. Transmission line data has the form:
$LINE from to Rse Xse Gsh
LINE One Two 0.0000 0.0500 0.000
LINE Two Three 0.0000 0.6198 0.000
LINE Three Four 0.0000 0.1190 0.000
% Generator data has the form:

$GENERATOR bus R Xs Xp Xpp
GENERATOR One 0.00 0.90 0.20 0.10

% Motor data has the form:

$MOTOR bus R Xs Xp Xpp
MOTOR Four 0.0000 2.4045 0.6558 0.3935

% type data has the form:
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"transmission lines"

Bsh X0 Vis
0.000 0.000 O
0.000 0.000 O
0.000 0.000 O

X2 X0
0.00 0.00
X2 X0
0.00 0.00



$FAULT bus Calc Type Calc_time (0=all;l=sub;2=trans;3=ss)
FAULT Three 3P 0

The resulting outputs are shown below.

>> faults prob 12 7a fault

Input summary statistics:
32 lines in system file

1 SYSTEM lines

BUS lines

LINE lines

GENERATOR lines

MOTOR lines

TYPE lines

PR R W

Results for Case Probl2_7a

Symmetrical Three-Phase Fault at Bus Three
Calculating Subtransient Currents

|====================Bus Information============|=====Line Information=====
Bus Volts / angle Amps / angle | To | Amps / angle
no. Name (pu) (deg) (pu) (deg) | Bus | (puw) (deg)
S
1 One 0.870/ 0.00 0.000/ 0.00 Two 1.299/ -90.00
2 Two 0.805/ 0.00 0.000/ 0.00 One 1.299/ 90.00
Three 1.299/ -90.00
3 Three 0.000/ 0.00 3.250/ -90.00 Two 1.299/ 90.00
Four 1.951/ 90.00
4 Four 0.232/ 0.00 0.000/ 0.00 Three 1.951/ -90.00

Results for Case Probl2 7a

Symmetrical Three-Phase Fault at Bus Three
Calculating Transient Currents

| ====================Bus Information============|=====Line Information=====
Bus Volts / angle Amps / angle | To | Amps / angle
no. Name (pu) (deg) (pu) (deg) | Bus | (pu) (deg)
A
1 One 0.770/ 0.00 0.000/ 0.00 Two 1.150/ -90.00
2 Two 0.713/ 0.00 0.000/ 0.00 One 1.150/ 190.00
Three 1.150/ -90.00
3 Three 0.000/ 0.00 2.440/ -90.00 Two 1.150/ 90.00
Four 1.291/ 190.00
4 Four 0.154/ 0.00 0.000/ 0.00 Three 1.291/ -90.00

Results for Case Probl2 7a

Symmetrical Three-Phase Fault at Bus Three
Calculating Steady-State Currents

|====================Bus Information::::::::::::|=====Line Information=====
Bus Volts / angle Amps / angle | To | Amps / angle
no. Name (pu) (deg) (pu) (deg) | Bus | (pu) (deg)



1 One 0.427/ 0.00 0.000/ 0.00 Two 0.637/ -90.00
2 Two 0.395/ 0.00 0.000/ 0.00 One 0.637/ 90.00
Three 0.637/ -90.00

3 Three 0.000/ 0.00 1.033/ -90.00 Two 0.637/ 90.00
Four 0.396/ 90.00

4 Four 0.047/ 0.00 0.000/ 0.00 Three 0.396/ -90.00

The subtransient, transient, and steady-state fault currents are given in per-unit above. The actual fault
currents are found by multiplying by the base current in Region 2:

I7 = (3.2504 - 90°) (524.9 A) =1706£-90° A
I, =(2.440£-90°)(524.9 A) =1281£-90° A
I = (1.0334 - 90°) (524.9 A) =542/-90° A
The subtransient, transient, and steady-state generator currents will be the same as the current flowing

from Bus 1 to Bus 2. These currents are given in per-unit above. The actual generator currents are found
by multiplying by the base current in Region 1:

17, =(1.299£-90°) (4184 A) =5435£4-90° A
I, =(1.150£-90°)(4184 A)=48122-90° A
I, =(0.637£-90°)(4184 A) =26654—-90° A
The subtransient, transient, and steady-state motor currents will be the same as the current flowing from

Bus 4 to Bus 3. These currents are given in per-unit above. The actual motor currents are found by
multiplying by the base current in Region 3:

17, =(1.951£-90°)(4374 A) =85344-90° A
I, =(1.291£-90°)(4374 A)=5647£-90° A
I,,=(0.3962£-90°)(4374 A)=1732£-90° A

(b) The input file for this power system including resistances is shown below.

% File describing the power system of Problem 12-7, including
% resistances.

% System data has the form:
$SYSTEM name baseMVA
SYSTEM Probl2 7b 100

% Bus data has the form:

%$BUS name volts
BUS One 1.00
BUS Two 1.00
BUS Three 1.00
BUS Four 1.00

o

o

Note that transformers Tl and T2 are treated as "transmission lines"
here. Transmission line data has the form:

o

$LINE from to Rse Xse Gsh Bsh X0 Vis
LINE One Two 0.0100 0.0500 0.000 0.000 ©0.000 O
LINE Two Three 0.1240 0.6198 0.000 0.000 ©0.000 O
LINE Three Four 0.0238 0.1190 0.000 0.000 ©0.000 O

)
]
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% Generator data has the form:
GENERATOR bus R Xs Xp Xpp X2 X0
GENERATOR One 0.10 0.90 0.20 0.10 0.00 0.00

o°

% Motor data has the form:
$MOTOR bus R Xs Xp Xpp X2 X0
MOTOR Four 0.2186 2.4045 0.6558 0.3935 0.00 0.00

% type data has the form:
$FAULT bus Calc Type Calc_time (0=all;l=sub;2=trans;3=ss)
FAULT Three 3P 0

The resulting outputs are shown below.

>> faults prob 12 7b fault

Input summary statistics:
32 lines in system file

1 SYSTEM lines

BUS lines

LINE lines

GENERATOR 1lines

MOTOR lines

TYPE lines

PR R W

Results for Case Probl2 7b

Symmetrical Three-Phase Fault at Bus Three
Calculating Subtransient Currents

|====================Bus Information============|=====Line Information=====
Bus Volts / angle Amps / angle | To | Amps / angle
no. Name (pu) (deg) (pu) (deg) | Bus | (pu) (deg)
-
1 One 0.849/ 5.59 0.000/ 0.00 Two 1.243/ -73.09
2 Two 0.786/ 5.59 0.000/ 0.00 One  1.243/ 106.91
Three 1.243/ -73.09
3 Three 0.000/ 0.00 2.999/ -68.16 Two  1.243/ 106.91
Four 1.764/ 115.31
4 Four 0.214/ 14.00 0.000/ 0.00 Three 1.764/ -64.69

Results for Case Probl2 7b

Symmetrical Three-Phase Fault at Bus Three
Calculating Transient Currents

|====================Bus Information::::::::::::|=====Line Information=====

Bus Volts / angle Amps / angle | To | Amps / angle

no. Name (pu) (deg) (pu) (deg) | Bus | (pu) (deg)

s
1 One 0.758/ 3.74 0.000/ 0.00 Two .110/ -74.94

2 Two 0.702/ 3.74 0.000/ 0.00 One

3 Three 0.000/ 0.00 2.342/ -73.72 Two



12-8.

Results for Case Probl2_7b

Symmetrical Three-Phase Fault at Bus Three
Calculating Steady-State Currents

|====================Bus Information============|=====Line Information=====|
Bus Volts / angle Amps / angle | To | Amps / angle |
no. Name (pu) (deg) (pu) (deg) | Bus | (pu) (deg) |
== oo
1 One 0.430/ -2.83 0.000/ 0.00 Two 0.630/ -81.52
2 Two 0.398/ -2.84 0.000/ 0.00 One 0.630/ 98.48
Three 0.630/ -81.52
3 Three 0.000/ -90.00 1.024/ -82.67 Two 0.630/ 98.48
Four 0.394/ 95.49
4 Four 0.048/ -5.82 0.000/ 0.00 Three 0.394/ -84.51

The subtransient, transient, and steady-state fault currents are given in per-unit above. The actual fault
currents are found by multiplying by the base current in Region 2:

I7=(2.999£-68.2°)(524.9 A) =1574£-68.2° A
I, =(2.342£-73.7°)(524.9 A) =1229£-73.7° A
I, =(1.024£-82.7°)(524.9 A)=537£-82.7° A

The subtransient, transient, and steady-state generator currents will be the same as the current flowing
from Bus 1 to Bus 2. These currents are given in per-unit above. The actual generator currents are found
by multiplying by the base current in Region 1:

17, =(1.243£-73.1°)(4184 A) =5201£-73.1° A

I, =(1.110£ - 68.2°) (4184 A) = 4644 —68.2° A

I, =(0.630£—-81.5°)(4184 A)=26362—-81.5° A

The subtransient, transient, and steady-state motor currents will be the same as the current flowing from
Bus 4 to Bus 3. These currents are given in per-unit above. The actual motor currents are found by
multiplying by the base current in Region 3:

17, =(1.764£—64.7°)(4374 A)=T7716£-64.7° A
I, =(1.232£-72.6°)(4374 A)=5389£-72.6° A
I,,=(0.3942-84.5°)(4374 A)=1723£-84.5° A

(c) The inclusion of the resistances changed the subtransient fault current by (3.250-2.999)/2.999 x 100%
= 8.4%. It looks like we could neglect the resistances and still be within 10% of the proper fault current
value.

Assume that a symmetrical three-phase fault occurs at the terminals of motor A/, on the low-voltage side

of transformer 7, in the power system shown in Figure P12-3. Make the assumption that the power

system is operating at rated voltage, and that it is initially unloaded. Calculate the subtransient, transient,
and steady-state fault current on the high-voltage side of the transformer, the low-voltage side of the
transformer, and in the motor.
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Region 1 Region 2

I

T, | M,
Power System: |
V=138kV _D_zg_D_Q) \{
short-circuit MVA = 500 MVA

AY
T, ratings: M, ratings:
50 MVA 50 MVA

138/13.8 kV 13.8kV

R=0.01 pu R=0.1pu

X=0.05pu Xo=1.1pu
X'=030pu
X"=0.18 pu

Figure P12-3  One-line diagram of the power system in Problem 12-8.

SorutioN To simplify this problem, we will pick the base quantities for this power system to be 50 MVA
and 138 kV at the high-voltage side of transformer 7, which is in Region 1. Therefore, the base

quantities are:

Sbase,l = 50 MVA
Vs =138 kV
Sipmse 50,000,000 VA 092 A
o Ty NB(138,000V)
2
, (VL e 1) _ (138,000 V) 0o
T S e 50,000,000 VA ‘
Spees = 50 MVA
13.8k
Vbasez =138 kV[M) =138 kV
’ 138 kV
;= Sesse 50,000,000 VA o
i \/§VLL,base2 \/5(137800 V)
2 2
;i) _ (13800V)° 3.809 Q
T S 50,000,000 VA T

The per-unit impedances given in the problem are all correctly expressed on the system base without
conversion. The per-unit impedance of the power system can be calculated from Equation (12-26):

Short-circuit MVA | =V, ool se o (12-26)
Since the voltage is assumed to be equal to the rated value, V. o = 1.00. Therefore, the short-circuit
current is
I ,, = Short-circuit MVA_| _J0OMVA _ 10.0
P 50 MVA
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V| 1.00

and Z =|—=—=0.10 pu (12-28)

2 I| 10.0

If the impedance is treated as a pure reactance, Z, = j0.10 pu. The resulting per-unit per-phase

equivalent circuit is shown below:

Y Y Y Y—MN
j0.05 0.01

@ @

0.10

g j1.10

g J0.10 j0.30

g j0.18
é\) 1.00.£0° p

Power System 1.00.£0° M,

The input file for this power system is shown below.

File describing the power system of Problem 12-8.

o° o o

System data has the form:
$SYSTEM name baseMVA
SYSTEM Probl2 8 100

Bus data has the form:

o° o o

BUS name volts
BUS One 1.00
BUS Two 1.00

Note that transformer Tl is treated as a "transmission line"
here. Transmission line data has the form:

LINE from to Rse Xse Gsh Bsh X0 Vis
LINE One Two 0.0100 0.0500 0.000 0.000 ©0.000 O

[}

o o o° o°

o o

Generator data has the form:
$GENERATOR bus R Xs Xp Xpp X2 X0
GENERATOR One 0.10 0.90 0.20 0.10 0.00 0.00

o\°

o\°

Motor data has the form:

$MOTOR bus R Xs Xp Xpp X2 X0
MOTOR Two 0.10 1.10 0.30 0.18 0.00 0.00

% type data has the form:

$FAULT bus Calc Type Calc _time (0=all;l=sub;2=trans;3=ss)
FAULT Two 3P 0

The resulting outputs are shown below.

282



>> faults prob 12 8 fault

Input summary statistics:
27 lines in system file

1 SYSTEM lines

BUS lines

LINE lines

GENERATOR lines

MOTOR lines

TYPE lines

B R R RN

Results for Case Probl2_38

Symmetrical Three-Phase Fault at Bus Two
Calculating Subtransient Currents

|====================Bus Information::::::::::::|=====Line Information=====|
Bus Volts / angle Amps / angle | To | Amps / angle |
no. Name (pu) (deg) (pu) (deg) | Bus | (pu) (deg) |
A —
1 One 0.274/ 24.94 0.000/ 0.00 Two 5.376/ -53.75
2 Two 0.000/ 0.00 10.212/ -57.16 One 5.376/ 126.25

Results for Case Probl2 8

Symmetrical Three-Phase Fault at Bus Two
Calculating Transient Currents

|====================Bus Information::::::::::::|=====Line Information=====|
Bus Volts / angle Amps / angle | To | Amps / angle |
no. Name (pu) (deg) (pu) (deg) | Bus | (pu) (deg) |
S
1 One 0.187/ 12.44 0.000/ 0.00 Two 3.661/ -66.25
2 Two  0.000/ 90.00 6.816/ -68.71 One 3.661/ 113.75

Results for Case Probl2 8

Symmetrical Three-Phase Fault at Bus Two
Calculating Steady-State Currents

|====================Bus Information::::::::::::|=====Line Information=====|
Bus Volts / angle Amps / angle | To | Amps / angle |
no. Name (pu) (deg) (pu) (deg) | Bus | (pu) (deg) |
ey
1 One 0.053/ -4.71 0.000/ 0.00 Two 1.046/ -83.40
2 Two 0.000/ 0.00 1.046/ -83.40 One 1.046/ 96.60

The subtransient, transient, and steady-state fault currents on the high-voltage side of the transformer are
the currents flowing from Bus 1 to Bus 2, referred to the high-voltage side. They are calculated by the
program above. The actual fault currents are found by multiplying by the base current in Region 1:

17, =(5.376£-53.8°)(209.2 A) =1125£-53.8° A
I}, =(3.661£-66.3°)(209.2 A) = 766£ — 66.3° A
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I, =(1.046£-83.4°)(209.2 A)=219/—-83.4° A

The subtransient, transient, and steady-state fault currents on the low-voltage side of the transformer are
the fault currents flowing at Bus 2. They are calculated by the program above. The actual fault currents
are found by multiplying by the base current in Region 2:

I7=(10.212£-57.2°)(2092 A) =21,360£ - 57.2° A
I, =(6.816£—68.7°)(2092 A) =14,260£ - 68.7° A
I, =(1.046£—-83.4°)(2092 A) =2188£-83.4° A

The subtransient, transient, and steady-state motor currents will be the currents that would flow in the
motor if its terminals were short circuited. These per-unit currents will be 1.00/Z for the subtransient and
transient cases, and zero for the steady-state case. (The current from the motor is 0 at steady state because
there is nothing to keep the motor turning of the electrical input to the motor is shorted out.)

oo L0207 4 es6—60.9° A
0.10+ j0.18

oo 100207 50 160A
0.10+ j0.30

I,,=0A

The actual motor currents are found by multiplying by the base current in Region 2:
I, = (4.8564 — 60.90)(2092 A) =10,160£-60.9° A
I, = (3.1624 — 71.60)(2092 A) =6615£-71.6° A
I,,=0A

284



Chapter 13: Unsymmetrical Faults

13-1.

Problems 13-1 to 13-5 refer to a 200 MVA, 20 kV, 60 Hz, Y-connected, solidly-grounded three-phase
synchronous generator connected through a 200 MVA, 20/138 kV, Y-Y transformer to a 138 kV
transmission line. The generator reactances to the machine’s own base are

X¢=1.40 X’'=0.30 X"=0.15 X,=0.15 X, =0.10

Both of the transformer’s Y-connections are solidly grounded, and its positive-, negative-, and zero-
sequence series reactances are all 0.10 pu. The resistance of both the generator and the transformer may
be ignored.

Assume that a symmetrical three-phase fault occurs on the 138 kV transmission line near to the point
where it is connected to the transformer.

(a) How much current flows at the point of the fault during the subtransient period?

(b) What is the voltage at the terminals of the generator during the subtransient period?

(c) How much current flows at the point of the fault during the transient period?

(d) What is the voltage at the terminals of the generator during the transient period?

SorLution We will define the base quantities for this power system to 200 MVA and 20 kV at the
synchronous generator. With this definition, the base voltage at the transmission line is 128 kV, and all
per-unit impedances are to the correct base. The base currents on the low-voltage and high-voltage sides
of the transformer are

I _ S3¢,base _ 200, 000, 000 VA
et \/SVLL,base 1 \/§<209 OOO V)

=5774 A

Sippese 200,000,000 VA

I = -836.7 A
N Y% J3(138,000 V
LL base 2

Only the positive-sequence diagram will be needed to solve this problem. This diagram is shown below:

L :

+

Gy @ 1.00£0°

(a) The current flowing in the fault during the subtransient period can be calculated directly from the
positive sequence diagram shown above.
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13-2.

I,=1, :%=4.0004—90°
70.15+ j0.10

The resulting subtransient fault current in amps is

I17=(4.000)(836.7 A)=3347 A

(b) The per-unit voltage at the terminals of the generator during the subtransient period is
V,=V,=L,(jX;)=(4.000£-90°)(,0.10) = 0.400£0°
The resulting subtransient voltage at the terminals is
V=(0.400)(20 kV) =8 kV
(c) The current flowing in the fault during the transient period can be calculated directly from the positive
sequence diagram shown above.
1.00£0°

I,=1,=——— =2500£-90°
j0.30+ j0.10

The resulting transient fault current in amps is

I = (2.500)(836.7 A) =2092 A

(d) The per-unit voltage at the terminals of the generator during the transient period is
V,=V,=1L,(jX;)=(2.500£-90°)(j0.10) = 0.250£0°

The resulting subtransient voltage at the terminals is
v/ =(0.250)(20 kV) =5kV

Assume that a single-line-to-ground fault occurs on the 138 kV transmission line near to the point where
it is connected to the transformer.

(a) How much current flows at the point of the fault during the subtransient period?

(b) What is the voltage at the terminals of the generator during the subtransient period?

(¢) How much current flows at the point of the fault during the transient period?

(d) What is the voltage at the terminals of the generator during the transient period?

SorutioN All three sequence diagrams will be needed to solve this problem. These diagrams must be
connected in series, as shown below:
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L 1T

| %
Y VY-
j0.10

~ X"=j0.15 Positive
; X' =;0.30 Sequence
- X, =/1.40

+

6, O 1.0020°

L 2T

U -
TYYY Y —7YYY ¥
j0.10

. Negative
; X, =j0.15 Sequence

L OT

U o
TYYYY Y Y Y ¥
j0.10

- . Zero
; Ko =/0.10 Sequence

(a) If we assume that phase a is the one shorted out, the current flowing in the fault during the
subtransient period can be calculated directly from the network of sequence diagrams shown above.
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1.00£0°
I,=1,=1I,= =1.429/ —90°
AT (70154 j0.10) +(j0.15+ j0.10) +( j0.10+ j0.10)

The resulting subtransient fault current in amps is

I,=1,+1,+1, (13-23)
I,=1.429/-90°+1.429/—90°+1.429.£ —90° = 42874 —90°
I,=a’1,+al,+1, (13-24)
I, =a’(1.429£-90°)+a(1.429£-90°) +1.429.£ — 90° = 0.0.£0°
I.=al,+a’l,+1, (13-25)

I. =a(1.429£-90°)+a*(1.429£—-90°) +1.429£ —90° = 0.0.£0°
In amps, the subtransient fault current in phase a is

17=(4.287)(836.7 A)=3587 A

(b) The per-unit sequence voltages at the terminals of this generator during the subtransient period are

Va=E,-1,7 (13-38)
V,, =1.00£0°—(1.429£-90°)(j0.15) = 0.7856.£0°

V,=-1,2, (13-39)
V,, =—(1.429£-90°)( j0.15) = 0.2144.£180°

vV, =-1,Z, (13-40)

V,, = —(1.429.2-90°)(j0.10) = 0.1429./180°

The resulting subtransient voltages at the terminals are

V, =V, +V,+V, (13-8)
V, =0.7826£0°+0.2144£180° +0.1429.£180° = 0.425£0°
V,=a’V,+aV,+V, (13-9)
V, =a’(0.7826£0°) +a(0.2144.£180°) +0.1429.£180° = 0.966 £ — 116.3°
V.=aV, +a’V,+V, (13-10)

V. =a(0.7826.£0°) +a”(0.2144.£180°) +0.1429.£180° = 0.966.£116.3°

The line-to-neutral base voltage at the low-voltage side of the transformer is 20 kV / J3 =11.55kV, so
the actual phase voltages are:

V,=(0.42520°)(11.55 kV) =4.909.£0° kV
V, =(0.966£—-116.3°)(11.55 kV) =11.16£-116.3° kV
V. =(0.966£116.3°)(11.55kV) =11.16£116.3° kV

(¢) The current flowing in the fault during the transient period can be calculated directly from the
sequence network shown above.
1.00£0°

I,=1,=I,= =1.177£-90°
A (7030 4+ 70.10) +(j0.15+ j0.10) +(j0.10 + j0.10)

The resulting transient fault current in amps is
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13-3.

I,=1,+1,+1, (13-23)
I1,=1.177£-90°+1.177£—-90°+1.1774£—-90°=3.529£ - 90°

I,=a’l,+al,+1, (13-24)
I, =a(1.177£-90°)+a(1.177£-90°) +1.177£ —90° = 0.0.£0°
I.=al,+a’l,+1, (13-25)

I.=a(1.177£-90°) +a*(1.177£-90°) +1.177£—90° = 0.0.£0°
In amps, the transient fault current in phase a is

I}, =(3.529)(836.7 A) =2953 A

(d) The per-unit sequence voltages at the terminals of this generator during the transient period are

Vi=E, —1,7 (13-38)
VvV, =1.00£0°- (1.1774 - 900)(j0.30) =0.6471£0°

1 ="LpZ, (13-39)
V,, =—(1.177£-90°)( j0.15) = 0.1765.£180°
Vo = —LiZ, (13-40)

V,,=—(1.177£-90°)(j0.10) = 0.1176£180°

The resulting transient voltages at the terminals are

Vi=Vat+tVp+V, (13-8)
V, =0.6471£0°+0.1765£180°+0.1176£180° = 0.387.£0°
V,=a’V,+aV,+V, (13-9)
V,=da’ (0.6471400) +a (0.176541800) +0.1176£180°=0.7784£ —121.6°
V.=aV,+a’V,+V, (13-10)

V. =a(0.6471£0