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EXAMPLE 8.8

The three-phase induction motor of Example 8.6 is connected to a three-ph,.
source at 480 V. Determine the following: '

a. Slip and motor speed at which maximum torque occurs
b. Rotor current at this slip

¢. Maximum torque

Solution From Example 8.6, the machine constants are given as follows:

R; = 0.100 Q
R, =0.125 O

X1 =035Q
X, =040 Q

The terminal voltage per phase is taken as reference phasor; thus,
Vi = (480//3) /0° = 277.1/0° V  (line-to-neutral)
The synchronous speed is
ng = 120f/ p = (120)(60)/4 = 1800 rpm
a. By using Eq. 8.39, the slip at maximum torque is found as

0.125

= = 0.165
J(0.10)2 + (0.35 + 0.40)2

S max

Therefore, the speed at maximum torque is
Amax = (1 = Smax)ns = (1 —0.165)1800 = 1503 rpm
b. The rotor current at sy is given by

Vi
\/(Rl + R2/Smax)2 + (X4 "'X2)2
277.1

= = 2432 A
J(0.10 + 0.125/0.165)2 + (0.35 + 0.40)2

12,max =

c. The maximum torque is found by using Eq. 8.40. Thus,

3(277.1)2

= 713 N-m
2(188.5)[0.10 + J(O.IO)Z + (0.35 + 0.40)?]

Te,max =
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e
JJAMPLE 8.9

he three-phase, 25-hp, 440-V induction motor of Example 8.2 is operated at

ate

d voltage and rated frequency. Determine the following:

a. Slip at maximum torque

p. Maximum torque

¢. Value of slip when the rotor resistance is doubled

d. Value of maximum torque when rotor resistance is doubled

So,UﬁOn

a. The approximate per-phase equivalent circuit is shown in Fig. 8.12.
The rated terminal voltage per phase is

Vi = 440/\/3 = 254.0 V (line-to-neutral)
The slip Smax at maximum torque is given by

Ry

JR? + (X1 + X2)?

- 03> = 0.143 |

J(0.50)2 + (1.20 + 1.20)2

Smax

b. The rotor current Ip max at Smax 1S computed as

Vi
VR + Ry/ smax)? + (X1 + X2)?
254.0

IZ,max =

= 66.8 A

~ J(0.50 + 0.35/0.143)% + (1.20 + 1.20)2

FIGURE 8.12 Approximate equivalent circuit for motor of Example 8.9.



290 CHAPTER8 INDUCTION MOTORS

Therefore, the maximum torque T, max is calculated as

_ 31%,max(R2/smaX)

e,max —
Wg

_ 3(66.8)%(0.35/0.143)
188.5

= 174 N-m

¢. When the rotor resistance is doubled, the new value of sl

. i
maximum torque is given by P o %
2(0.35)
Smax = = 0.286
V(0.50)2 + (1.20 + 1.20)2
d. When the rotor resistance is doubled, the new value of the rotor Clgg,

I5,max is found by using the value of Smax computed in part (c). Thug

254.0
J(0.50 +0.70/0.286)2 + (1.20 + 1.20)2

]2,max =

= 66.8 A

Therefore, the new value of maximum torque T¢ max is found as

Te,max _ 31%,max(R2/Smax)
W
_ 3(66.8)2(0.70/0.286)
1885 = 174 N-m !
DRILL PROBLEMS

D8.13 A three-phasc_i, 20-hp, 440-V, six-pole, 60-Hz, wye-connected induc-
tion motor has a starting torque of 98 N-m and a full-load torque of 72 N-m.
Calculate (a) the starting torque when the applied voltage is reduced to 300 V

and (b) the applied voltage in order to develop a starting t e
full-load torque. ° e

D8.1f1 For the motor in Problem D8.11, determine (a) the slip at "’I-'
(maximum) torque and (b) the pullout torque.

D8.15 A three-phase, 10-hp, 230-V, four-pole, 60-Hz, wye-connected i

duction motor develops its full-load torque at a slip of 4.5% when operdl

ing at 230 V and 60 Hz. The per-phase equivalent circuit impedances of the
motor are
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Ri=035Q0 Xn=1500
X1=050Q0 X, =050Q

¢ mechanical and core losses are assumed to be negligible. Determine the
follOWiﬂgi
. Rotor resistance R;
Slip at maximum torque
Maximum torque
Rotor speed at maximum torque

o o0 ¥

. The starting torque of this motor

8.5 SINGLE-PHASE INDUCTION MOTORS

one of the most common types of residential and commercial loads is the
single-phase induction motor. These single-phase motors are rated at less than
one horsepower (1 horsepower =746 watts). Many different designs are avail-
able. In the home, these motors are most commonly used as fans and refriger-
ator COMPIessors.

Compared to a three-phase induction motor, the fractional-horsepower motor
is much simpler in construction but much more difficult to analyze. Much of
the design of the single-phase motor has been done by building and testing
prototype motors until the desired characteristics are obtained. Many different
types of single-phase motors have been built in order to match the varying
torque requirements of various appliances. Differing cost is another reason
for the availability of numerous different types of motors. The chief difference
between the various types of single-phase motors lies in the method for starting
them. For more details of the types of single-phase induction motors, see, for
example, Ref. 5.

In this section, the equivalent circuit of a single-phase induction motor is
developed. This equivalent circuit is valid for all types of single-phase motors.

8.5.1 Equivalent Circuit and Performance Analysis

A single-phase motor receives its power from a 60-Hz, single-phase source of
electric power. This source causes a current to flow in the stator winding. In
Chapter 5, the mmf of such a current was analyzed. It was determined that this
mmf can be resolved into two revolving mmfs, rotating in opposite directions.
The rotor is rotating at a speed of n,. The component mmf rotating in the same
direction as the rotor is called the forward-revolving field, and the oppositely
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rotating mmf is called the backward-rotating field. Each rotating mmf ing equivalent circuit corresponding to the backward-revolving field is shown

a voltage in the rotor winding. Therefore, two equivalent circuits are builg. v
for the forward component mmf and one for the backward-rotating COInp(;
field. Then, the two component fields are combined, and the two equiVal‘
circuits are interconnected.

The forward-rotating component field rotates at synchronous speed nsing
same direction as the rotor. Therefore, the slip s* of the rotor with Tespegy
the forward-rotating field may be expressed as |

e
tthig. 8.14. _ .
g The terminal voltage may be expressed in terms of its components:

V= Vi + V7] (8.45)

sipce one half of the current I flowing in an impedance V4 1has the same per-
mance effect as the current I flowing in the 1mped'ance >Z, the equivalent
jrcuits shown in Figs. 8.13 and 8.14 may be combined to form the‘ overall
equivalent circuit shown in Fig. 8.15. In this equivalent circgit, t}}e resistances
IR, and 3R, are combined into Ri, and 1X1 and 1X, are likewise combined
into X1 This equivalent circuit can be used to analyze the performance of a
single-phase induction motor.

+ ns T
7 5 (8.49

As shown in Chapter 5, the amplitude of the forward component mmf g ol
half of the stator mmf. Hence, one half of the stator current may be assOCigter
with the forward mmf. The equivalent circuit for this situation is similar to g,
of three-phase induction motor as shown in Fig. 8.1, with the modificatjq
that the core loss represented by R is omitted from the equivalent circyj
the single-phase machine. The core loss is treated separately and is usyy
lumped with the rotational losses. Thus, the equivalent circuit is as showp ;
Fig. 8.13. In the diagram, V7 is the stator voltage corresponding to the forws
component.

Next, the backward component field is considered. The stator current copy
sponding to this field is one half of the stator current, that is, 17;. Because
rotor and the backward fields are rotating in opposite directions, the slip s~
the rotor with respect to the backward-rotating field is expressed as

EXAMPLE 8.10

A single-phase, %—hp, 110-V, four-pole, 60-Hz induction motor has the follow-
ing parameters:

R; =200 R, = 4.0 Q
X; =250 X; =250 Xm = 50.0 Q

The core loss is 25 W, and the mechanical (friction and windage) losses are 15
W. The motor operates at rated voltage and rated frequency at a slip of 5%.
Determine the following:

—=ns_(_nr)=1+ﬂ 8.4
ng ng 3

8 a. Motor speed

b. Input current

¢. Output power

d. Efficiency of the motor

e. Output torque

Substituting s* = s from Eq. 8.42 into Eq. 8.43 yields

sT =2-—s" (8.44

I
Ry iX, I2 X2

2
—

Ry JX1 JX2

FIGURE 8.13 Equivalent circuit corresponding to forward mmf. FIGURE 8.14 Equivalent circuit corresponding to backward mmf.
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Therefore, the input current is found as follows:

1100°  11040°
C Zn 25.62/51.3°

| ) X2
LRr ixy 2

Ry
2s

= 4.29 /~37.3°

1

The components of the rotor current are computed as follows:

I = L[j25/(j25 + 40 + j1.25)] = 2.24 /—0.6°
P I; = Li[j25/(j25 + 1.0256 + j1.25)] = 4.08 /—55.1°

FIGURE 8.15  Single-phase induction motor equivalent circuit. C The input power factor is

Solution PF = cos 57.3° = 0.54 lagging

a. The motor speed is given by Thus, the power input to the motor is given by

me = (1= s)n = (1.0 - 0.05)1800 = 1710 rpm Py = VII|PF = (110)(4.29)(0.54) = 254.8 W

r = 27(1710)/60 = 179.1 rad/s

The losses of the motor include the following:

b. The equivalent circuit for the single-phase motor is shown in Fig. 8.1

. _ loss = RyI} = (2.0)(4.29)* = 36.8
The applied voltage V) is taken as reference phasor; thus, Stator coper loss = Ryt = (2.0)(4.29) W

Rotor copper loss = (R2/2)(I3)? + (Ra/2)(I5)?
= (2.0)(2.24)* + (2.0)(4.08)> = 43.3 W
Core loss = 25.0 W
Mechanical losses = 15.0 W

Vi = 110 L0°
The input impedance is found as follows:
Zin = (2.0 + j2.5) + [25||(40 + J1.25)]

+[25][(1.0256 + j1.25)]
13.85 + j21.56 = 25.62 /57.3°

The sum of the above losses amounts to

S (losses) = 36.8 +43.3 +25.0+15.0 = 120.1 W
Therefore, the power output of the motor is given by
Pout = Py — 2(losses) = 254.8 — 120.1 = 134.7 W

d. The efficiency of the motor is computed as

N = Pouw/Pin = (134.7/254.8)100% = 53%

25 20 1 0256 & The output torque of the motor is given by

2-0.05

O—
FICMIIPE Q14 Dawieeaioo. - e

Tout = Pout/wr = 134.7/179.1 = 0.752 N-m
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N [ I C.Sw. Torque
' DRILL PROBLEMS - =~ s Switch speed
|
D8.16 A single-phase, 60-Hz induction motor has six poles and runs 4 ¢, Rm 0O R, _ . N
rpm. Determine (a) the slip with respect to the forward-rotating field and l I OO OO Main a?gd?#gmary ,’/I \
the slip with respect to the backward-rotating field. 'x 0 60 « -7 : \\
JAm JAa P
D8.17 A single-phase, 110-V, four-pole, 60-Hz induction motor is Operae ’,’,,/ Mamovr:/;;ldmi \
at 1710 rpm. The parameters of the motor equivalent circuit are R} = n o Ruxiliary 0 50 100

80, X =X, =150, and X,, = 120 ). Determine the following:

Percent of synchronous speed
(ReyfXrm) > (Ry/X) ¥ a

a. Line current
(a) ()

b. Power factor F|GURE 8.17 Split-phase induction motor: (a) connection; (b) torque-speed characteristic.

¢. Developed torque

gplit-phase motors have a moderate starting torque with a fairly low starting

current. They are used for applications that do not require high starting torques
uch as fans, blowers, and centrifugal pumps. They are available for sizes in

8.5.2 Starting Single-Phase Induction Motors ihe fractional-hp range and are quite inexpensive.

Capacitor-Start Motors A capacitor is placed in series with the auxiliary
yinding of the motor. By proper selection of capacitor size, the mmf of the
qarting current in the auxiliary winding can be adjusted to be equal to the
amf of the current in the main winding and the phase angle of the current
in the auxiliary winding can be made to be 90° leading the current in the
main winding. Since the two windings are physically separated, the 90° phase
fifference in current will yield a single rotating stator magnetic field, and the
notor will behave as though it were starting from a three-phase supply. In
this case, the starting torque of the motor can be more than 300% of its rated
yalue. A schematic diagram of a capacitor-start induction motor is shown in
Fig. 8.18.

Single-phase induction motors are classified according to the method useq
produce their starting torque. These starting techniques differ in cost and in g
amount of starting torque produced. There are three major starting techniqyg

a. Split-phase windings
b. Capacitor type
c¢. Shaded pole

Split-Phase Motors A split-phase motor has two stator windings, a m
stator winding (M) and an auxiliary starting winding (A), with their axes d
placed 90 electrical degrees in space. The auxiliary winding is designed
be switched out of the circuit at some set speed by a centrifugal switch.

winding has a higher R/X ratio than the main winding, so its current leads ( I Iy C.5w, Torque '
main winding current. The higher R/X ratio is accomplished by using smalléf § o—— o "~ « o Switcnspasd
yvire fpr the auxi'liary winc.iing.. A schematic diagram of a split-phase windi R, R, W
induction motor is shown in Fig. 8.17. 00 O winding i

The current in the auxiliary winding always peaks before the current in l’ w0 O o //’ : \\
main winding, and therefore the magnetic field of the auxiliary winding ped iXm OO0 i, Malnov:;;dmg/ - i\
before the magnetic field from the main winding. The direction of rotation ofE P St I \

. . . | 1 —— L

motor is determined by whether the space angle of the magnetic field from. - o i Aoiliary o 5o 100

auxiliary winding is 90° ahead or 90° behind the angle of the main windi
That angle can be changed from 90° ahead to 90° behind just by switchi
connections on the auxiliary winding while the main winding connectiof
unchanged; then the direction of rotation of the motor is reversed.

h eed
(RonfXen) > (Rg/X ) Percent of synchronous sp

(@) (®)

fIGURE 8.18 Capacitor-start induction motor: (a) connection; (b) torque-speed characteristic.



298 CHAPTER 8 INDUCTION MOTORS 8.5 SINGLE-PHASE INDUCTION MOTORS 299

Capacitor-start motors are more expensive than split-phase motors. Thg
used in applications in which a high starting torque is absolutely requireqd S 1
as in compressors, air conditioners, and pumps. ¢

If the capacitor is left permanently in the motor circuit, the motor is Calla
permanent split-capacitor or capacitor-start-and-run motor. It is simpler bg,
the starting switch is not needed. At normal loads, it is more efficient angp,-
higher power factor and a smoother torque characteristic. It has a lower gggq:
torque because the capacitor is sized to balance the currents in the Windipg, !
normal load. A schematic diagram of a capacitor-start-and-run induction “;
is shown in Fig. 8.19. 3

If the largest starting torque and the best running conditions are p.
needed, two capacitors are used with the auxiliary winding. This motor
called a capacitor-start—capacitor-run, or two-value capacitor, induction mg,

I Torque
a
— Switch speed

Starting
capacitor P
7
llm O O P |
Running .~ |
JXa ___—” [\
|
|

1t L

W 0 50 100
Cst pe Percent of synchronous speed

(@) (b)
ﬂGURE 8.20 Capacitor-start—capacitor-run induction motor: (@) connection; (b) torque-speed

cllﬂl.acteristic.

during starting, yielding very high torques. When the motor gets up to -
the centrifugal switch opens and only the smaller capacitor, which is just Ja,
enough to balance currents at normal loads, remains connected. Thus, the p
tor operates at high power factor and high torque. The permanent capacitoy
10% to 20% of the starting capacitor. A capacitor-start—capacitor-run induggj
motor is shown in Fig. 8.20. i

The direction of rotation of any capacitor-type single-phase induction mg
may be reversed by switching the connections of its auxiliary winding.

jnder the shaded portion and produces an imbalance between the stator fields.
fhe net torque and net rotation are in the direction from the unshaded to the
saded portion of the pole face.

Shaded-pole motors produce the least starting torque. They are less efficient
nd have much higher slip. They are also the cheapest design available. The
direction of rotation cannot be reversed. A schematic diagram of a shaded-pole
Shaded-Pole Motors A shaded-pole induction motor has only one (majg) | induction motor is shown in Fig. 8.21.
winding. It has salient poles; one portion of each pole is surrounded by
short-circuited coil called a shading coil. The varying flux in the poles p;
duced by the main winding induces a voltage and a current (in the shading cg

that opposes the original change in flux. This opposition retards the flux chang Torqus

_1> i Torque O O O /—
o ]
Fm 0 O o ks TIAENANERENREAEEEE )
Im(s % I d 7 05
X 0O o O i, S Percent of synchronous speed
™ | @ ®)
o Vo ! Auiliary 0 50 100 FIGURE 8.21 Shaded-pole induction motor: (a) connection; (b) torque-speed characteristic.

(R/Xen) > (Ry/X,) Percent of synchronous speed

(@) (®)

FIGURE 8.19 Capacitor-start-and-run induction motor: (a) connection; (b) torque-speed
characteristic.
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b. Number of stator poles
¢, Rotor frequency

A three-phase, 60-Hz, six-pole, wye-connected induction motor has a full-load
:)eed of 1140 rpm. Calculate the (a) full-load slip and (b) slip rpm.

7 A three-phase, 15-hp, 208-V, 60-Hz, wye-connected induction motor runs at 1728
s when it delivers rated output power. Determine the following:

a. Number of poles of the machine

p. Slip at full load

¢. Frequency of the rotor currents

d. Speed of the rotor field with respect to the stator

e. Speed of the rotor field with respect to the stator rotating field
48 A three-phase, 480-V, four-pole, 50-Hz induction motor operates at a slip of
3,5%. Determine the following:

a. Speed of the stator and rotor magnetic fields

b. Speed of the rotor

¢. Slip speed of the rotor

d. Rotor frequency
89 A three-phase induction motor is supplied with power from a 60-Hz source. At

full load the motor speed is 1728 rpm, and at no load the speed is nearly 1800 rpm.
At full-load conditions, determine the following:

PROBLEMS

8.1 A three-phase, 100-hp, 480-V, 60-Hz, squirrel-cage-rotor induction motor r
with no load on the shaft and is observed to run at 1194 rpm. Determine (a) the numk
of poles and (b) the frequency of the rotor currents at no load.

8.2 At full load, the motor of Problem 8.1 slows down to 1146 rpm. Find the
quency of the rotor currents. 4

a. Number of poles

b. Slip

¢. Frequency of the rotor voltages

d. Speed of the rotor field with respect to the rotor

8.3 A synchronous generator has four poles and is running at 1500 rpm. The generd
supplies a six-pole induction motor, which is used to drive a load at a speed of 1

rpm. Determine the frequency of the rotor current of the motor.

€. Speed of the rotor field with respect to the stator
f. Speed of the rotor field with respect to the stator field
&10 A three-phase induction motor is connected to a three-phase 60-Hz source. The

wr runs at almost 1200 rpm at no load and at 1140 rpm at full load. Determine the
OWing:

8.4 A three-phase, six-pole induction motor is operating at 960 rpm from a 50 ’
230-V supply. The voltage induced in the rotor when the motor is blocked is 180
Determine

2. Number of poles
b. Slip at full load
¢. Frequency of the rotor voltages

a. Slip speed
b. Rotor frequency
¢. Rotor induced voltage at 960 rpm
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d. Speed of the rotor field with respect to the rotor ' p. Stator current

e. Speed of the rotor field with respect to the stator ¢, Total input power

8.11 A three-phase, 220-V, four-pole, 60-Hz induction motor has the followiIlg
rameters referred to the stator. P

The following test results are obtained for a three-phase, 100-hp, 440-V, eight-
P;’le’ wye-connected induction machine.

R, =030 R, =020 No Load Blocked Rotor

X1 =050 X;=05Q Xn=150 i 1 Ay Gak 1589 LY

Voltage (V) 440 80 8

The total rotational loss is 500 W. For a slip of 5%, calculate: Current (A) 38 110 50
Power (W) 3800 4800

The motor speed

The input current petel’mine the parameters of the equivalent circuit.

i t fact
The input power factor 318 A three-phase, 20-hp, 440-V, 60-Hz, wye-connected induction motor, operating

g rated conditions, draws a line current of 18 A. Data from blocked-rotor and no-load
sts at rated frequency and from a DC test are as follows:

The shaft torque

A L

The efficiency of the motor

8.12 A three-phase, 440-V, four-pole, 60-Hz, wye-connected induction motor gy

) . ¢ ak No Load Blocked Reot D
a stator current of 50 A at 0.8 power factor while operating at a slip of 5%, 1 > o

stator copper loss is 2500 W, and the total rotational losses are 3200 W. Calculate Veltage: (V) 440 62 25
efficiency of the motor. ‘ Current (A) 9 24 34
Power (W) 3750 1800

8.13 A three-phase, 440-V, four-pole, 60-Hz induction motor produces 100 hp at
shaft at 1728 rpm. Determine the efficiency of the motor if rotational losses are 3; ine Ri. Ro. X1. Xo. X

] ? 9 s ’ a d P i .
W and stator copper losses are 2700 W. R R R B2 She BIE Srotationd
19 A three-phase induction motor is subjected to no-load and blocked-rotor tests,

8.14 A three-phase, 440-V, six-pole, 60-Hz, wye-connected induction motor takes ad the following data are obtained.

kVA at 0.8 power factor, and it runs at a slip of 3.5%. The stator copper losses

500 W, and the rotational losses are 350 W. Compute the following: No-Load Test Blocked-Rotor Test

a. Rotor copper losses (at 60 Hz) (at 15 Hz)

b. Shaft output torque and hp Voltage (V) 440 150

¢. Efficiency of the motor Current (A) 10 40
Power (W) 4500 6100

8.15 A three-phase, 60-Hz, six-pole, wye-connected induction motor is rated at
hp and 440 V. The motor operates at rated conditions and a slip of 5%. The fricl

; The stator resist; bet is 1. i
and windage losses are 250 W, and the core losses are 225 W, Find the followingi resistance between any two leads is 1.2 (). Determine the parameters of the

tquivalent circuit of the motor.
a. Shaft speed
b. Output power

q-20 A three-phase, 15-hp, 440-V, 60-Hz, wye-connected induction motor draws a
line current of 16 A when operating at rated load conditions. No-load and blocked-rotor

¢. Load torque 515 at rated frequency and a DC test provide the following data:

d. Induced torque No Load Blocked Rotor DC

8.16 A three-phase, 440-V, 60-Hz, six-pole induction motor supplies an output po Voltage (V) 440 35 6
of 36 kW when operating at 1158 rpm. The combined rotational loss is 1.5 kWs Clttrent (4) 6 16 3
stator copper loss is 1.2 kW, and the input power factor is 0.866. Determiné

Power (W) 1200 750

following:

a. Conner losses of the rotor circuit b""t‘fl'mine the parameters of the equivalent circuit of the motor.



304 CHAPTER8 INDUCTION MOTORS PROBLEMS 305

8.21 A three-phase, 100-hp, 2400-V, 6-pole, 60-Hz induction motor is testeq .

b. Real and reactive power input
the following data are obtained:

¢ Air-gap power

No-Load Test Blocked-Rotor Test d. Mechanical power and torque developed

(at 60 Hz) (at 15 Hz) ¢. Shaft horsepower and torque
Voltage (V) 2400 420 , Efficiency of the motor
Current (A) 6 35 A six-pole, 60-Hz induction motor runs at 1020 rpm. The input to the rotor
Power (W) 4200 13,500 5,’ uit is 4 kW. Calculate the rotor copper loss.

An induction motor delivers 50 kW to a load connected to its shaft. At this load
'ndiﬁon’ the efficiency of the motor is 88% and stator copper loss = rotor copper
lgss = corc losses = friction and windage losses. Determine the slip.

The stator resistance is measured at 1.75 ohms per phase.

a. Find the parameters of the equivalent circuit.
97 A three-phase, 15-hp, 208-V, 60-Hz, six-pole, wye-connected induction motor

b. At a slip of 0.25, calculate the torque and power output and the efﬁciency 'i ;
jas the following parameters per phase:

this motor.

8.22 A three-phase, 25-hp, 230-V, 60-Hz, four-pole, induction motor operates af rypy Ri=015Q R, =0.100Q

load. The rpotor has a rotor copper loss of 350 W and friction and windage loss of -x : X; =0.50 Q X, = 0.50 Q X =20 Q

W. Determine 8

The friction and windage losses and the hysteresis and eddy-current losses are 350 W

. M ical
: 'echamca power developed nd 200 W, respectively. For a slip of 3.5%, find the following:
b. Air-gap power
¢. Shaft speed a. Line current and power factor

d. Shaft torque b. Horsepower output

: : ; . ¢. Starting torque
8.23 A three-phase, 60-Hz, six-pole, wye-connected induction motor is rated at

hp and 440 V. The parameters of the equivalent circuit are 828 A three-phase, four-pole, 60-Hz, three-phase induction machine is rated at 10

bp, 208 V, and 1755 rpm. The parameters of the equivalent circuit of the motor are as

R, =0.120 R, =0.10 O follows:

X =0250Q X, =0.20Q Xn=15Q R =0.15Q R, = 0.15 Q

The friction and windage and core losses are 1.4 kW and 1.2 kW, respectively. For X, =0400 X;=025Q X,=300

slip of 3.5%, determine the following:
¥ ’ . The combined rotational (friction and windage plus hysteresis and eddy-current) losses

amount to 500 W. The motor operates at rated speed when connected to a 208-V and
60-Hz source. Calculate

a. Line current and power factor
b. Air-gap power

¢. Power converted from electrical to mechanical form a. Line current and power factor

8.24 A three-phase, 25-hp, 440-V, 60-Hz, six-pole induction motor is operating 2 b. Output torque

slip of 4%. The core loss and the friction and windage losses at this load are 250
and 125 W, respectively. The motor is wye connected, and the motor parameters
Q) /phase are

¢. Efficiency of the motor
d. Starting current and torque

829 A three-phase, six-pole, 60-Hz, wye-connected induction motor delivers 20 kW
itthe shaft at a slip of 4.5%. The motor has total rotational losses of 1500 W. Calculate

Ry =035 R, =040 :
the following:

X, =1.25 X, = 1.50 Xm =25

a. Rotor input

Determine the following: b. Output torque

a. Tine enrrent and nower factar N
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8.30 A three-phase, 440-V, four-pole, 60-Hz induction motor takes 120 A of ¢
current at starting, and the motor draws 20 A while running at full load. The g, ..
torque is 1.8 times the torque at full load at rated voltage. It is desired that the g¢g..
torque be equal to the full-load torque. Determine (a) the applied voltage and (b)
corresponding line current. *

R A single-phase, ﬁ-hp,' 110-V, 1725-rpm, 60-Hz, four-pole, capacitor-start in-
ﬁ“cﬁon motor has the following equivalent circuit parameters for the main winding.

R1:2.SQ R2=4.0Q
X, =350 X, =350 Xm = 50 Q
8.31 A three-phase, 440-V, wye-connected induction motor has a stator impeg,
()

of 1.0+ j1.6 Q per phase. The rotor impedance referred to the stator is 0.8 + b
per phase. Determine the maximum electromagnetic power developed by the mg ')

¢ core loss at 110 V is 25 W and the friction and windage loss is 20 W. The motor
is‘confxected to a 110-V, 60-Hz supply, and it runs at a slip of 5%. Determine the
8.32 For the motor in Problem 8.23, determine the (a) slip at maximum (Pullgy @ﬂowmg'
torque and (b) pullout torque. ‘ E Input corent anid power. factot

8.33 A three-phase, 10-hp, 230-V, four-pole, 60-Hz, wye-connected, induction m p. Input power

operates at rated voltage and rated frequency, and it develops full-load torque at g
of 3.5%. The mechanical and core losses can be neglected. The impedance Pararne
of the motor in {}/phase are as follows: "

¢. Developed torque
d. Efficiency of the motor

337 A single-phase, %—hp, 110-V, four-pole, 60-Hz induction motor has the following

R, =0.25 X, =035 X, =045 Xm = 40 constants in ohms:

R] = 18 X] = 25
Ry=35 X=25 Xum=60

Determine the (a) maximum torque and the slip at maximum torque and (b) startj;
torque.
8.34 A three-phase, 20-hp, 480-V, 60-Hz, six-pole, wound-rotor induction mof
operates at rated conditions, and the motor runs at 1164 rpm with the rotor theog
shorted. The motor parameters in {)/phase are

The motor core loss is 35 W, and the friction and windage loss is 15 W. The motor
(perates at a slip of 0.05. Determine the (a) input power and (b) mechanical power
output.

R, =0.30 R, = 0.40
X, =1.50 X, = 2.00 X = 300

Determine the following:

a. Slip at which maximum torque occurs

b. Maximum torque
¢. Resistance to be inserted in the rotor circuit to operate the motor at rated tor¢
and a speed of 1074 rpm

8.35 A three-phase, 25-hp, 440-V, 60-Hz, 1750 rpm, wound-rotor induction m
has the following equivalent circuit parameters:

R, =0.20 O X, =10Q
R, =0.15Q X, =08Q Xn =300

The motor is connected to a three-phase, 440-V, 60-Hz supply.

a. Calculate the starting torque.

b. Determine the resistance of the theostat in the rotor circuit such that the maxin
torque occurs at starting.
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3. Utilization of the time difference between various time zones when the
peak demands are not coincident

N I n e 4. Improved reliability of electric power supply

power transmission lines are subdivided into overhead and cable lines. Over-
T~ | cad lines are made up of metal conductors suspended on insulators from a
. . . gwer O post by suitable clamps. The tower or post may be made of metal
Tra n S m | S S IO n L | ne S good, or reinforced concrete depending on the purpose of the line, the op:
erating voltage, economic considerations, and so on. Most modern overhead
ines are constructed using aluminum cable steel reinforced (ACSR) conductors
consisting of a central steel core on which aluminum wires are wound. The
geel core increases the mechanical strength of the line, and the aluminum wires
jave good electrical properties. Multiwire conductors are preferred over single-
| wire conductors of equivalent cross-sectional area because of their improved
| fexibility and reduced skin effect.
- The conductors of a transmission line may be configured in various ways.
b few. e{(ampl.es are shown in Fig. 9.1. The towers or poles carrying six
51 INTRODUCTION | pansmission wires are calleq double-circuit lines. As described in Chapter 2,
_ | geel ground wires are sometimes placed atop the towers or poles for protection
ygainst direct lightning strikes.

In cable lines, the conductors are insulated from one another and are enclosed
in protective sheaths. The practice is to lay the underground cables directly
in the soil, or in a bed of sand, or within special cable ducts. At present,
AC overhead transmission lines are favored because of their lower first costs
and ease and simplicity of repair and maintenance. However, there is a tendency

An electric power system is a collection of equipment and devices whose cop..
mon objectives are the production, conversion, transmission, distribution, ang
consumption of electric energy. The major components of an electric po
system are generators, which convert mechanical energy into electricity; trang
formers, which change the voltage or current levels of an electric supply; powe
transmission lines, which are used to transfer power from one location to an
other; and a variety of auxiliary control and regulating equipment intended i
vary the system characteristics.

Electric energy is produced in large quantities at various electric powe
plants by converting different forms of energy—fossil fuels, nuclear energy,
water power, and so forth. Electric energy is transformed by the use of trans
formers to different voltage levels most suitable for transmission, distributio
and consumption.

Electric power is transmitted using overhead or cable lines to consumers:
varied distances from its source. Electric energy is utilized by various col
version devices and mechanisms, such as electric motors, ovens, and electr
lighting.

The need for power transmission lines arises from the fact that bulk elect
power generation is done at large electric power plants remote from consumes
However, consumers require rather small amounts of energy, and they are ca
tered over wide areas. Thus, the transmission of electric energy over a distan
offers a number of advantages, such as:

A o
N -0
e sy BE \('5

(@) (b)

O Phase conductor
e Ground wire

o
o
0 O,
o o®

() (@

FIGURI_E 91 Transmission line configurations: (a) delta type;
(D) horizontal; (c) reverse herring-bone; (d) barrel type.

1. Use of remote energy sources
2. Reduction of the total power reserve of generators
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toward more extensive utilization of cable lines, especially in new constructjg, -
in urban areas. “
The maximum power that a transmission line can transmit, within some ¢ -
straints, is called its carrying capacity. For overhead AC power tranSmiSsi”
lines, the maximum power that can be transmitted may be approximateq “,,
being directly proportional to the square of the voltage and inversely n‘l’-
tional to the length of the transmission line. Similarly, the construction ggg:
are also approximately proportional to voltage. Hence, to increase the pg o |
levels transmitted over long distances, the usual practice of electric utilitieg‘
to raise the transmission voltage. ‘
In this chapter, the basic parameters of the conductors that are useq &
transmission lines are discussed. The various formulas for these parameterg
presented, and the proper use of tables of conductor characteristics for obtaipj
values of the parameters is described. Models of transmission lines are ghq
presented for use in power system studies.

Wwhen the DC resistance of a conductor at a certain temperature is known,
" pC resistance at any other temperature may be found as follows:

_ M+ T,
Rr = (M——-i- T )Rn (9.2)

(here ]
Rr1 = DC resistance at temperature 7; in °C

Rr2 = DC resistance at temperature T3 in °C

M

¢ constant M 1is the temperature at which the extrapolated resistance of a
articular conductor becomes zero. The temperature constants of certain ma-
grials, as well as their resistivities and percent conductivities, are given in
Tﬁble 9.1.

The resistance of nonmagnetic conductors varies not only with temperature
it also with frequency because of the skin effect. Electric current distribution
p the conductor is not uniform. As frequency increases, current tends to flow
jearer the outer surface of the conductor. This decreases the effective cross-
qctional area of the conductor, thus increasing the resistance.

The resistances at 25, 50, and 60 Hz, as well as the DC resistance, are
gven in the tables of electrical characteristics of conductors in Appendix A.
for other frequencies, the AC resistance is found as follows:

Il

temperature constant in °C

9.2 RESISTANCE

The DC resistance of a conductor at a specified temperature T is given by

l
Rpcr = % ©
RAC = KRDC Q/rm (93)

where RDC is the DC resistance in /mi, and K is found from Table 5 in
Appendix A as a function of the variable X, which is defined as follows:

where
I = length of the conductor

A = cross-sectional area of the conductor

p = resistivity of the conductor X = 0.0636 Bif 9.4
R 9.4

Two sets of units are generally used: the English system and the Systel e

International (SI).

In the English system, the length [ is given in feet, the cross-sectional a
A is expressed in circular mils (CM), and the resistivity p is specified in ol
circular mil per foot ((2-CM/ft). Note that one inch is equivalent to 1000 m

where the relative permeability w, is 1.0 for nonmagnetic materials.

fable 9.1  Resistivity and Temperature Constants of Different Materials

and the cross-sectional area measured in circular mils is obtained by squal Resistivity
the diameter expressed in mils. In other words, one circular mil is the ared - Conductivity Temperature
a circle having a diameter of 1 mil. tial (%) Q-m Q-CM/ft  Constant (°C)
In the SI system of units, the length is measured in meters, the area is gt Amnealed copper 100.0 1.72 % 108 10.37 234.5
in square meters, and resistivity is expressed in ohm-meter (Q-m). -flrawn copper 97.3 1.77 x 1078 10.66 241.5
Resistivity depends on the conductor material. Annealed copper is the um 61.0 2.83x 1078 17.00 228.1
ternational standard for measuring resistivity. At a temperature of 20°C. mer 17.2 10.00 x 1078 60.00 180.0
108.0 1.59 x 1078 9.60 243.0

5\

resistivity of annealed copper is given as 10.37 Q-CM/ft or 1.72x 1078 &
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— 99'2 Determir}e the cross-sectional area in m? of a 795-MCM conductor.
G ind the AC resistance in ()/km of a 795-MCM ACSR conductor at 50°C.

e

EXAMPLE 9.1

Determine the 60-Hz AC resistance in {)/mi of a 1-inch-diameter, 97.3¢,
ductivity, hard-drawn copper conductor at 75°C. 1

Solution The resistivity of 100% conductivity copper at 20°C is % INDUCTANCE AND INDUCTIVE REACTANCE

poo = 10.37 Q-CM/ft e seri.es inductance of a transmission line consists of two components: its
ternal 1pductance, which is due to magnetic flux inside the conductor, and its
sﬂemal inductance, which is due to magnetic flux outside the conductor, The

intemal inductance is considered first.

Thus, the resistivity of 97.3% conductivity copper at 20°C is

po73 = 10.37/0.973 = 10.66 Q-CM/ft

Hence, the resistance at 20°C is 931 Internal Inductance

pl (10.66)(5280)

_ _ consider the conductor of radius r carrying the current / shown in Fig. 9.2
Roc20 = 4 = ~(1000y2 tor i

the magnetic field intensity at a distance x from the center of the conductor is
jenoted by H.

The mmf (H xlcir) around the closed circular path indicated by broken lines
pnFig. 9.2 is equal to the current I, enclosed by the path. The length of the
path is lircle = 2mx; thus,

= 0.0563 /mi

Therefore, the DC resistance at 75°C is given by

Roc.ss = (M * Trs )RDC,ZO = (M)o.om = 0.0681 Q/mi

M + Ty 241.5+ 20
H.27wx =1,
The variable X is computed as follows: a2
= W) 1 9.5)
X = 0.0636_|
Rpc,75 Therefore,

_ [(1.0)(60) _ %

= 0.0636 00631 1.8878 = 1.9 H, = s i ©9.6)

From Table 5 in Appendix A, for X = 1.9, read off the value of K as 1.06
Therefore, the AC resistance is

Rac = KRpc
= (1.0644)(0.0681) = 0.0725 Q/mi

DRILL PROBLEMS

D9.1 One thousand circular mils is designated by the abbreviation M&
Derive an equation to convert from area expressed in MCM to area expres
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The flux density B, is given by

%3
= 1
= W, " 2ar?

The differential magnetic flux is equal to the product of the magnetic g
density and the cross-sectional area dA = (dx)(axial length). Thus, the N
per unit length is f

Idx

dp =

27'J'r2

/ / // ’
FIGURE 9.3  Surrounding region of a current-carrying conductor.

The flux linkages d A are equal to the flux times the fraction of current ljpg,

- (i) 2

Integrating Eq. 9.9 over the full radius of the conductor yields the tota] f
linkages inside the conductor.

Solving for the magnetic field intensity from Eq. 9.13 yields

Hy = g— (9.14)

] 7 _ ml x_4 " 224 | > magnetic flux density B, in the element is expressed as
)‘mtemal = J;) 27rr4x X mrt ( 4 s 87 (9. m Y Dy p
. .- ml

For a relative permeability u, = u/mo = 1.0, the permeability u is eg By = pH, = mx (9.15)

to the permeability of free space wo = 47 X 1077, Thus,
The magnetic flux per unit length of the tubular element of thickness dx is
Ainternal = %I x 1077 Wb-t/m O .’llell by
Therefore, since L = A/I, the internal inductance is found as do = ml i 9.16)
27X )

. =1 -7 o
Linema = 3 % 10 Bl OL g, e the flux links the full current carried by the conductor,

9.3.2 External Inductance dA = d¢ = dx (9.17)

Consider the external region surrounding the conductor carrying curfel
shown in Fig. 9.3. At the tubular element located at a distance x from
conductor center, the magnetic field intensity H is related to the current
follows:

.fore the total flux linkages between P; and P, are obtained by integrating
917fr0mx = Djtox = D,.

D,
pl 2 D, _ Mkl . (D
- dx = == 2 = 22 (22
Ho2wx =1 12 J 2z X = 2 Xl = 5 In(5 ©-18)
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For a relative permeability of 1, the permeability u is equal to the Pery,
ability of free space wo = 4m x 1077 Thus, e

Dy

Aip = 2 X 10_71 1II(D ) Wb—t/m O 1,
1 ‘4

Therefore, the inductance due only to the flux between Py and P; is

_ A _ -7 10 (P2 H .
Lp =~ =2x10 ln<D /m 9.2,

1

2.3.3 Inductance of a Single-Phase Line

FIGURE 9.4 A two-wire transmission line.

Consider the two-wire transmission line with a separation distance D be
conductors shown in Fig. 9.4. A current I flows toward the plane of the
in conductor 1 and returns through conductor 2.

A line of flux produced by current in conductor 1 at a distance equal o
greater than (D + r3) from the center of conductor 1 does not link the cig
and cannot induce a voltage in the circuit. Stated differently, such a line of §
links a net current of zero.

Therefore, the inductance of the two-wire circuit due to current flowing
conductor 1 is given by

gimilarly, the inductance of the circuit due to current in conductor 2 is

L, =2%x10"1In (2) H/m (9.26)
s

Jere 75 = roe~1/4 = 0.7788r, is the equivalent radius of conductor 2. Thus,

i total inductance for the complete circuit is given by

L=L;+L,=2x10"7 [ln(—D,‘)wL ln(g)]
Ly = Ll,intemal + Ll,external ( : ry r)
where ; D .
=4x10""1In = H/m (9.27)
Lyjnerna = 3 X107 H/m O Jrirh
= D ; firi = r, = r', the total inductance reduces to
L external = 2%x1077 In (r_l> H/m ¢ 1 2
D
. —_ _7 —_—
Substituting Eqs. 9.22 and 9.23 into Eq. 9.21 and simplifying yields L=4x10""In (r) H/m (9.28)
Li =2%x107" In = H/m 2
L rie~1/4 134 Inductance of a Three-Phase Circuit

of Sider a three-phase transmission line whose conductors are not equilaterally
Yeed. This condition would result in different flux linkages and inductances
"'fach phase. Since the unbalances are small, they may be neglected. Thus,
- *llansmission line is assumed to be transposed, and each conductor occupies
(\ Original positions of the other conductors over equal distances. Figure 9.5

One transposition cycle of a completely transposed three-phase circuit.

L =2x1077 1n<;D—,> H/m
1

where r! = rie~1/4 = 0.7788r, is the equivalent radius of conductor 1+
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_ 1 1
aF_2><1o7[1 ln< )+1 ln( + L Inl—
4 * T\ D CnDsl

+2x 1071, In Dag + Iy In Dyp + I In Deg] (9.32)
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a c b
o —O Position 1
b a c .
o— O Position 2
c b a .
o— O Position 3

FIGURE 9.5 A three-phase completely transposed line.

if the point F' is moved farther and farther away from the line, in the limit
oes to infinity the three distances D,g, D

For a completely transposed transmission line, the average inductang . 1; Ogt her: y aF» Dyp, and D¢g become equal to

each conductor over a complete cycle is the same. To find this average, a p, o

F that is remote from the line is chosen as reference as shown in Fig. 9 ¢
The flux linking phase a between conductor a and point F due only g

current in phase a is given by

D;z = Dyp = Deg = D (9.33)

Thus, Eq. 9.32 can be written as

_ 1 1
—2><107[11 +1
Aqr n( a) b In|— D2 + 1. In D31

+2x1077Uy+ Iy + 1) In D (9.34)

Ao =2x 10771, 1n(D*> 9
Fl 4
The flux linking phase a between conductor a and point F due only to

current in phase b is
If I., Iy, and I form a balanced set of three-phase currents, then their sum

s equal to zero:
Mgy = 2 X 1077T, 1n(ng> 0. iseq
12 .
fgtdp +de =10 (9.35)
The flux linking phase a between conductor a and point F' due only to

current in phase ¢ is Therefore, the total flux linkage for phase a in the first transposition position

is

—_~

D
_ x 7 cF
Mape = 2% 1071 In (Dgl)

_ 1 1 1
Aot = 2X 10771, 1 + 1
al [ 4 n( a) b ln<D1 )+ Is ln(DM)} (9.36)

Similarly, the total flux linkage for phase a in the second transposition po-
Sition is given by

_ 1 1 1
A = 2% 10 [I ln< )+I 1 + I. In|—
ra b0 Dy c D1y ©-37)

h'?l.e same manner, the total flux linkage for phase a in the third transposition
Dosition is given by

N i 1 1
)\3=2><107[I ln(—)+11n—+ Sl
" aInf > b In| 5 I. In by (9.38)

ETO find the flux linkage for phase a over one complete transposition cy-
Egs. 9.36, 9.37, and 9.38 are added together and divided by three; upon

The total flux linking phase a between conductor a out to point F i§
sum of the flux linkages due to the three phase currents. Thus, by ad
Egs. 9.29, 9.30, and 9.31 and grouping similar terms, Eq. 9.32 is obtain

FIGURE 9.6 A three-phase unsymmetrically spaced line.
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simplification, this yields

)\al + )\aZ + A)\a3

3
1
[31a 1n(r—é )} 939

2x 1077

3
According to Eq. 9.35, the sum of the phase currents is equal to zero,
(Iy + I.) = —I,; hence, )
>l/3:|

Therefore, the inductance for phase a of the completely transposed
phase line is given by

A

Il

(7%

1
+ U+ 1) In| ——7—
) Uy + 1) <D12D23D31

1 _ln(_l_
rt ] D12D23D31

a

1
A =2x10771, [m( 9.49

¥

L, =2%10"7 In H/m (9.41)

3/D12D23D3
!

a

Calculations for phases b and c yield similar results. Thus,

3/D12D23D3

Ly =2%10"" In — H/m (9.42
b
3
3/D12Dy3D
L,=3x10"7 [gX="2"1 gy 9.43

!
%]

If all three phase conductors have the same equivalent radius r' = re”4

then the inductance per phase is given by

La=Ly,=L.=2x10"1In

3/D12D23D3
r/

—2x107 1n 92 H/m (9.4

where GMD = (D12D23D31)'/? is the geometric mean distance.

For a three-phase, equilaterally spaced transmission line, the phase cof
ductors have equal separation distances between them; that is, D1p = D23 =
Ds; = D. Therefore, the inductance per phase is given by

L, =2x107"7 1n(?) H/m
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25 Stranded Conductors and Bundled Conductors

0.

g Wnded conductors are composed of two or more elements or strands of wire
ot are electrically in parallel. It is assumed that all the strands are identical
4 that they share the total current equally. For an n-strand conductor, the
givalent radius of the stranded conductor is referred to as its geometric mean
ius (GMR), and it is derived from the equivalent radius of a strand and the
Aisfances from the center of a strand to the centers of the rest of the strands.

fius:

GMR = ly(r’Dlsz *D1p)(Dar'Da3 -~ Dop)  (DniDpa -+ r')  (9.46)

where
n

r' = re”/% = 0.7788r =equivalent radius of each strand

Dim
Therefore, in terms of the GMR of the phase conductors, the inductance per
phase given by Eq. 9.44 reduces to

Il

distance from the center of strand k to the center of strand m

GMD

_ _7 _ -7
Li=Ly=Le=2x10"In oo

H/m (9.47)

Bundled conductors consist of two or more conductors that belong to the

~ ame phase and are close together in comparison with the separation distances

hetween the phases. The bundle consists of two, three, or four conductors.
The three-conductor bundle usually has the conductors at the vertices of an
equilateral triangle, and the four-conductor bundle usually has its conductors
it the corners of a square.

Bundling of the conductors of a transmission line has several advantages.
The increased number of conductors in each phase reduces the effects of corona
for the very high transmission voltages. Bundling also results in reduced resis-
lance and reduced reactance. The GMR for a bundled conductor is calculated
inthe same way as that for a stranded conductor. For this case, each conductor
of the bundle is treated as a strand in the multistrand conductor.

The equivalent GMRy, of the bundled conductor is related to the conductor
GMR, as follows:

For a two-conductor bundle

GMR, = %/d2GMR? = /d GMR; (9.48)
For a three-conductor bundle
GMR, = %/d?d*GMR? = 3/d?GMR, (9.49)
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For a four-conductor bundle fore, the impedance of the single-phase line is

ere
Z = 2(Ra+ jX;)
= 2(0.0725 + j0.584) = 0.145+ j1.168 = 1.177 /82.9° () /mi

GMR, = lf/d“d“(\/zd)“GMR‘c‘ = 1.09%/d*GMR,

9.3.6 Inductive Reactance of a Single-Phase Line

Inductive reactance, rather than inductance, is usually desired. For a gjpq
SIC.

phase, two-conductor distribution line with a separation distance D, the ipg :
tive reactance of one conductor is derived from Eq. 9.25 as follows: j

pRILL PROBLEMS

3 A single-phase, 60-Hz transmission line consists of two 1/0 copper
nductors, hard drawn, 97.3% conductivity whose centers are 5 m apart.
X, = 2wfL = 2mf X 2 % 10~7 In (2) Fiﬂd the inductive reactance in {)/mi.

r'! :
p9.4 A single-phase, 60-Hz transmission line consists of two 636,000 CM
or 636 MCM), 26/7, ACSR conductors. The total inductive reactance per

D
_ -7 1. (2. , ) X
4mf x 107" In (r ,> Q/m ghase s 1.65 Q/mi. Find the distance between the two conductor centers.

g5 A single-phase, 60-Hz transmission line consists of two bundles, each

Y manged vertically. One bundle contains two conductors, each with a radius of

X, =2.022x1073f In (D)

95 cm, that are 10 cm apart. The other bundle consists of three conductors,
f D ] ch of radius 1.5 cm, with a separation distance between adj d
= 0. Z_|loe| = [9) oA e iss jacent conductors
O.2pe (60 o8 P Joni of 5 cm. The horizontal distance between the bundles is 8 m.

a. Find the geometric mean radius for each bundle.
p. Compute the geometric mean distance.

¢. Determine the total inductance of the transmission line in mH/km and in
mH/mi.

Py

X, = 1.256 X 1073f ln<D)

— 0.1736 <6f—0> g (?) Q/km

d. Find the total inductive reactance of the transmission line in {)/mi.

EXAMPLE 9.2

Determine the 60-Hz impedance in ()/mi of the single-phase distribution Li
employing the 1-inch-diameter copper conductor of Example 9.1 with a sep
ration distance of 4 feet.

93.7 Inductive Reactance of a Three-Phase Circuit

Consider the three-phase circuit consisting of three identical conductors. If the
ﬂirge conductors are symmetrically spaced, no transposition is necessary to
Maintain balanced conditions. The inductance was derived in Section 9.3.4,
id the inductance formula is given by Eq. 9.45 for a separation distance D

:lleeen conductors. Therefore, the inductive reactance per phase is found as
OWS:

Solution From Example 9.1:

R, = 0.0725 Q/mi

r=re V4 = (0.5/12)e"V* = 0.0324 ft

By Eq. 9.52, the inductive reactance of one conductor is
GMR

D )

X, =2mwfL, = 27f X2 x 1077 ln( D )

Xy = 2.022x 1073f In(D/r")

dmf x 1077 ]n/ O/m (Q 54\
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- / L
X, = 02794(60 log
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D
_ =3
X, = 2.022x1073f ln<GMR)

_ f D 3. i +02794<f)10 D Q/mi .
=0. 2794(60) log (GMR) Q/mi (9 5¢ 60 | °8 / (9.60)
_3 D poth 7 "and D are given in feet, the first term on the right-hand side is denoted
Xp =1256x107f In GMR . and is called inductive reactance at 1-ft spacing because it is equal to the
ducthe reactance of one conductor of a two-conductor line 1 foot apart. The
01736 ( f ) Tog ( D ) Q/km 56 se(;ond term on the right-hand side is called the inductive reactance spacing
60 GMR b ctor x4. Thus, for the single-phase circuit, the total inductive reactance per

| jonductor is given by
When the conductors are unsymmetrically spaced, the voltage drop for ggqp

conductor is different. For this case, the conductors are transposed; that is, g, X, = Xxa+ x4 Q) /mi (9.61)
positions of the conductors are exchanged at regular intervals along the line N
that each conductor occupies the original position of every other conductor gy
an equal distance. The average inductance of a transposed line was deriveq ;
Section 9.3.4, and the inductance formula is given by Eq. 9.44. Therefore, h
inductive reactance per phase for the transposed three-phase circuit is found

follows:

The values of x, at 25, 50, and 60 Hz and the values of GMR at 60 Hz are
iven in the tables of conductor characteristics (Tables 1-4) in Appendix A.
The values of x4 for various spacings are given in Table 6, also in Appendix A.

The inductive reactance of a three-phase transmission line with an equivalent
spacing factor GMD is given by Eq. 9.58, which may be rewritten as

f 1
Xr = 0. 2794(60 log GMR

+0.2794 (é;) log GMD  Q/mi (9.62)

GMD
GMR

X, = 2mfL, = 2wf x2x 1077 ln<

MD
= 4xf x 1077 ln<G )

GMR

For the case of an equilaterally spaced, three-phase circuit, Eq. 9.62 equally
applies with the GMD represented by the distance between conductors, that is,
GMD= D.

If both GMD and GMR are expressed in feet, Eq. 9.62 can also be expressed
as follows:

X; = 2.022x1073f ln(

=02794<f>10g<GMD) QO /mi

GMD
GMR

60 GMR
GMD X, = xa+xq Q/mi (9.63)
_ 3
X, = 1.256 x 1073f ln<GMR>

Where x, is the per-phase inductive reactance at 1-foot spacing and x4 is

the per-phase inductive reactance spacing factor. As mentioned previously, the
Values of x, and x4 may be found from the tables in Appendix A.

. A simple procedure that can be used to find the inductive reactance of a

lhree-phase circuit is as follows:

f GMD
0. 1736(60)log(GMR Q /km

9.3.8 The Use of Tables to Find Inductive Reactance 1. Read x, from the tables of conductor characteristics.

2. (a) Evaluate GMD and read x4 from Table 6 using the GMD value as
spacing factor, or (b) find the average of the three inductive reactance
spacing factors corresponding to the distances between phase conductors.

The inductive reactance of one conductor of a single-phase distribution i
given by Eq. 9.52, which may be rewritten as
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Alternatively,

EXAMPLE 9.3

Find the impedance of 2.5 miles of a single-phase ungrounded circuit Consiggy
of 3 No. 5, 40% conductivity copperweld (CW) conductors that are sp

GMD = 3/(20)(20)(40) = 25.2 ft

6 feet apart and are expected to operate at 75% of current-carrying Capacigy from Table 6,
Solution From Table 4-B of Appendix A, for 3 No. 5, 40% conductivi Xa26 = 0.3953 O/ mi
copperweld (CW) conductors: )
X425 = 0.3906 Q/l’nl
ra = 1.772 QO /mi

From Table 6, at 6-feet spacing: xq = 0.3906 + (0.2)(0.3953 — 0.3906) = 0.3915 Q/mi

X4 = 0.217 Q/ml
Thus,

Therefore, the impedance per unit length is
z = 0.1288 + j(0.3990 + 0.3915) = 0.1288 + j0.7905 ) /mi
z =ra+ j(xa+ xq)

1.772 + j(0.617 + 0.217) = 1.772 + j0.834 ) /mi

Il

Therefore, the total impedance for 80 miles of line is given by

Hence, the total impedance for the two 2.5-mi conductors is Z = 80z = 80(0.1288 + j0.7905) = 10.30 + j63.24 O

Z = (2)(2.5)(1.772 + j0.834) = 8.860 + j4.170 Q)

DRILL PROBLEMS

D9.6 A three-phase, 60-Hz transmission line has solid cylindrical copper
conductors arranged in the form of an equilateral triangle with 2 m spacing
between conductors. Each conductor has a diameter of 2.5 cm. Calculate the
inductance in H/m and the inductive reactance in Q/km.

EXAMPLE 9.4

Determine the impedance of 80 miles of a 220-kV, three-phase circuit consisti
of 795,000 CM, 26/7 ACSR conductors that are arranged in flat spacing
20 feet between conductors.
’ ; y 09.7 A three-phase, 60-Hz transmission line has its conductors arranged
Solution  Trom. Thble 2~ in. Appendix & far 733 MEM ACSR, i a triangular formation so that two of the distances between conductors
e 8 m and the third distance is 10 m. The conductors are 795-MCM

%/7 ACSR. Determine the inductance and inductive reactance per phase per
ile,

ra = 0.1288 ) /mi

xy = 0.3990 O /mi
From Table 6, ms A three-phase transmission line consists of bundled conductors that are
Dlaced at the corners of an equilateral triangle with a separation distance of 10
Mbetween the centers of each bundle. Each bundle contains three conductors,
Sch with a radius of 1 cm, with an equilateral spacing between conductors of
= ¢m. Determine the (a) inductance per phase in mH/km and in mH/mi and
?2 inductive reactance per phase in Q/km and in Q/mi.

X420 = 0.3635 Q/Inl
Xd,20 = 0.3635 Q/m1
Xa40 = 0.4476 € /mi
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9.4 CAPACITANCE AND CAPACITIVE REACTANCE

When a voltage is applied to a pair of conducting plates (or cylinders) ¢
arated by a nonconducting dielectric medium, charge of equal magnitude E.“J
opposite sign accumulates on the plates (or cylinders). The charge depog;
is proportional to the applied voltage, the proportionality constant being
capacitance C. :
Similarly, for a transmission line the potential difference between the copgy,
tors causes them to be charged just like a capacitor. The effective capacity,
of the transmission line is dependent on the size and separation distance of g
conductors.
In AC power systems, the transmission line is energized by a time-vary-r !
voltage. This alternating voltage also causes the charges on the condyctgy I
to vary with time. The alternately increasing and decreasing charges op ¢,
conductors give rise to the charging current. The charging current affects fhe
power transmitted and the operating power factor, as well as the voltage dpg
along the transmission line. '
Consider a long, straight, cylindrical conductor having a uniform charg
throughout its length. According to Gauss’s law, the electric flux density
point P is equal to the flux leaving the conductor per unit length divided py
the area of the surface in a unit length: ‘

q ,
D = P 9.6
where
D = electric flux density, coulombs/m?
g = charge on the conductor, coulombs/m
x = distance in meters from conductor to point P

The electric field intensity at point P is equal to the electric flux dens
divided by the permittivity €; thus,

q
2TEX

E = 9.6

D
€
The permittivity may be expressed in terms of the relative permittivity and|
permittivity of free space; that is,
(9

€ = €€

where
€, = relative permittivity (dielectric constant) = 1 for air
€o = permittivity of free space

1A

9.4 CAPACITANCE AND CAPACITIVE REACTANCE 329

Next, consider a point P; located at a distance D; from the center of a con-
ctor and another point P at a distance D, from the center. The instantaneous
rential difference, or voltage drop, from point P to P; is found by integrat-

o8 the electr_ic field intensity over a radial path between the two equipotential

guffaces passing through the two points as shown in Fig. 9.7.

Thus, the voltage drop Vi, is found as follows:

D,
Vi = J E dx
D,
D,
_ q q D,
= dx = 21— =2
L)l 2mTEX o 27r€ ln(D1> (9.67)

Capacitance of a Single-Phase Line

The voltage Yab between the two conductors of the transmission line shown in
Fig. 9.4, which has a separation distance D, is found as follows.

The voltage drop due to the charge g, on conductor a is given by

|

D
Vab,a = quae 111(—

ra

(9.68)

similarly, the voltage drop due to the charge g, on conductor b is given by

qb D
Vi = 22 -
bab = 5 ln(rb) (9.69)
or
db D
V = - e— —
ab,b Tmre In (Fb) (9.70)
Py
D
' Path of
integration
O P
D, | ) :
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By the principle of superposition, Wf the second transposition section,

- 1 D
Vib = Viva + Vibb Vi = 5 [qa In (ﬁ>+ gy In <L>+ go (22 ] 9.77)
- D b D TE r D23 D12
- st () ahe ()
mE  \la e b for the third transposition section,
Since g, = — v, .
1 D31 r D12
V = —_——— e —_— il
w3 = 5o [qa 1n< p )-1— db ln<D31>+ qc ln(D23 ] (9.78)

_ 9 (P b
Va = 27r€ [ln<ra>+ln<rb)]

2
_ 4 m(D )
27me ralp

Thus, the average voltage across conductors a and b is

11 D12Dy3D3: r3
Vib = = =— In[————— |+ In|——
ab 32me |f]a ( r3 % 0 D12D23D31 )

D12D23D3;
+ In|————
1 <D12023D31 ©.79)

If r,=r, =r, then

TE r

Therefore, the capacitance between the conductors is given by

Simplifying ;

Vip = 1 ga In {D12D23D3: . B 3/D12D23D3;
qa e 4 2me | 12 ’ qv -
Can =5 = F/m (9.7
Vo In(D/r) ! SMD GMD
= m l:qa In <——r >_ U In (—r )} (9.80)

The potential difference between each conductor and ground is half of f
potential difference between the two conductors. Thus, the capacitance
ground, or capacitance to neutral, is twice the capacitance from line to lin
Therefore,

Similarly, the average value of the voltage across conductors a and c is given

by

2me

1 GMD GMD
- Vo = g—|qaI0|— |~ s In|—— :
In(D/r) [q n( r ) 1 n( r )] (R

Cp = Ca = Ciny F/m 2me
- For a balanced wye system, assuming a positive, or abc, phase sequence,
the phase voltage may be calculated from the average values of the line-to-line

9.4.2 Capacitance of a Three-Phase Circuit
Toltages as follows:

If the three-phase circuit is unsymmetrically spaced, it is assumed that it
completely transposed as shown in Fig. 9.5. Thus, the voltage to neutra
any transposition cycle will be the same. The voltage to neutral is de iy
in a manner similar to the derivation of Eq. 9.75. For the first transpositl

section,
1 Dy r D3
Vib1 = e [Qa ln< = >+ dv 1n(D12>+ qc ln(Duﬂ

Vab+ Vac

Van = 3

(9.82)

stituting Eqs. 9.80 and 9.81 into Eq. 9.82 yields

1
— [an In <GI\;ID)_ gy In (Grﬂ)— gc In (%)} (9.83)
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ressions given by Egs. 9.89 and 9.90 must be divided by the total length
of (he line.

For a balanced system,
ga = —(gp + qc)

Hence, g4 The Use of Tables to Find Capacitive Reactance

Ven = 3 In (G?D>

7mcda ¢ capac.itive_: reactance from one conductor to neutral of a single-phase dis-
u,ibution line is given by Eq. 9.88 in {)-mi. This may be rewritten as follows:
Therefore, the capacitance per phase is
1.779 1 1.77
Xe = =—= x 108 1n(—>+ 2 X 10% In D Q-mi (9.91)
ga 2me f r f
Ch= 2= ———— F/m

Vin  In(GMD/r
an ( /7) If both D and r are expressed in feet, the first tert on the right-hand side

s called capacitive reactance at 1-ft spacing x, and the second term is called
mpacitive reactance spacing factor x . Therefore, the capacitive reactance is

9.4.3 Capacitive Reactance
given by

Xc = x3+ x4 (9.92)
conductor to neutral is given by the following:
1 2.862 D
= = x 10° In{= Q-
Xe 2mwfCh f " ( r ) m

L7 10 m(2)  Qemi
f r

The values of x, may be found from Tables 1-4 in Appendix A. The values
of x; are given in Table 8 as a function of spacing.

For a three-phase transmission line with an equivalent spacing factor GMD,
the capacitive reactance from one conductor to neutral is given by Eq. 9.90 in
(-mi. This may be rewritten as follows:

Il

Xc

X — 1.779 % 106 1 1 " 1.779 106 1
It should be noted that the capacitance to neutral C,, given by Eq. 9.75 is ¢ f - f A n GMD (9.93)

units of farads per unit length. Thus, the total capacitance to neutral is obtain
by multiplying C, by the total length of the line. Therefore, to find the tol
capacitive reactance to neutral in ohms for the entire length of the line, t
expressions given by Egs. 9.87 and 9.88 must be divided by the length of
line.

For a three-phase, completely transposed transmission line with equivale
spacing factor GMD, the capacitance to neutral is given by Eq. 9.86. T
capacitive reactance from one conductor to neutral, with €g substituted |
permittivity €, is given by the following:

If both GMD and r are given in feet, Eq. 9.93 can also be expressed as
follows:

Xc = x,+ x4 (9.94)

W}le're x; is the per-phase shunt capacitive reactance at 1-foot spacing and
x{} is the per-phase shunt capacitive reactance spacing factor. The values of
f; may be found from Tables 1-4 and the values of x; from Table 8 in
Appendix A.

12862 _ ., (GMD ] ,
Xc = 5w fC - f x 10 ln(———r ) Q-m (9 |
Xe = 2770 4 105 In (%) Oomi 090 | EXAMPLE 9.5

Determine the capacitive reactance of the three-phase circuit of Example 9.4.
e transmission line is 80 miles long, and the conductors are of 795-MCM,

Again, it may be noted that the capacitive reactance Xc is given in units & !
N a5 ek & e haw : X i 1 *0/7 ACSR that are arranged in flat spacing with 20 feet between conductors.

B B I T T ey P
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Solution From Table 2-A in Appendix A: 05 TRANSMISSION LINE MODELS

smission lines are classified as short lines, medium-length lines, or long
fines- A transmission line is considered a short line if it is less than 50 miles
¢ 80 km). Medium-length lines are those with lengths roughly between 50
iqes and 150 miles (or 240 km). Transmission lines extending more than
50 miles are considered long lines and are usually represented in terms of
¢ir distributed parameters. For some applications, however, lines as long
" 200 miles (or 320 km) can still be approximated using equivalent lumped
grameters. In the following sections, various models are described for the
tl,ansmission line corresponding to the three classifications.

x! = 0.0912 MQ-mi

From Table 8:

x&’zo = 0.0889 MQ'mi
xé’4o = 0.1094 Mﬂ'ml
x§ = %(0.0889 +0.0889 + 0.1094) = 0.0957 MQ-mi

Therefore, the capacitive reactance is

Xc = x.+ x4 = 0.0912 + 0.0957 = 0.1869 MQ-mi 95.1 The Short Transmission Line

The equivalent circuit of a short transmission line consists of a series combi-
| qation of a resistance and an inductive reactance. It is shown in Fig. 9.8. This
equivallent circuit is applicable for transmission lines up to 50 miles in length.

Since there are no shunt branches, the current will be the same at the sending
and receiving ends:

For the 80-mile long transmission line,

Xc = x¢/80 = 186,900/80 = 2336 ()

Is =Ix (9.95)

DRILL PROBLEMS

D9.9 A single-phase, 60-Hz transmission line consists of identical condue 0
each having a radius of 2.5 cm. The separation distance between the conducto
is 5 m. Determine (a) the capacitance of the line in uF/km and in uF/mia
(b) the capacitive reactance in {}-mi.

The voltage at the sending end is given by
Vs = VR + IRZ (9.96)

The voltage regulation of a transmission line is defined as the increase in
receiving-end voltage as the load is reduced from full load to no load with the
sending-end voltage held constant. It is expressed in percent of the full-load
voltage; thus,

D9.10 Calculate the capacitance to neutral in F/m and the admittance p
phase in S/km for the three-phase transmission line described in Drill Problei
D9.6.

W — W

D9.11 A three-phase, 60-Hz, transmission line has a total length of 120 mil S

The conductors are 715.5-MCM 26/7 ACSR and are arranged in a triang Voltage regulation Vea  |00% 097
formation so that two of the distances between conductors are 20 ft and

third distance is 30 ft. Determine (a) the capacitance to neutral in uF/mi

the capacitive reactance to neutral in Q-mi and (b) the total capacitance Is Fei i, Iy

neutral and the total capacitive reactance.

D9.12 A three-phase, 60-Hz, bundled transmission line consists of three X
MCM ACSR conductors per bundle arranged with equilateral spacing of 40
between conductors. The spacing between bundle centers is 8, 8, and 12
Calculate the capacitive reactance to neutral in {)-km. '

Generator

FIGURE 9.8 Equivalent circuit for a short transmission line.
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The sending-end real power is

EXAMPLE 9.6
A 60-Hz, three-phase transmission line is 40 miles long. It has a total sey
impedance of 35+ j 140 () and negligible shunt admittance. It delivers 4(
at 220 kV and 0.9 power factor lagging.

a. Find the voltage, current, and power factor at the sending end of g,
line.
b. Compute the voltage regulation and efficiency of the line.

Solution For a load of 40 MW, at 220 kV and 0.9 power factor lagging,
receiving-end current is given by

Ps = 3VgIsPFg = 3(138.4 x 10°)(116.6)(0.86)
=41.6 X 10° W = 41.6 MW

Therefore, the efficiency of the line is found as follows:

Efficiency = (Pr/Ps)100% = (40/41.6)100% = 96.2%

95.2 The Medium-Length Line

40,000

000 s 8.9 = 116,86 /~25.8°
R T T Ba00.9 L=

fhe shunt admittance, often a pure capacitance, is included in the equivalent
greuit of a medium-length line. The total shunt capacitive admittance of the
jine is divided into two equal parts and placed at the sending and receiving
xds of the line forming a nominal ar circuit. The equivalent circuit is shown
jn Fig. 9.9 and is used to represent transmission lines that are between 50 to
150 miles long.

The sending-end voltage and current may be expressed in terms of the
rceiving-end voltage and current by using the ABCD transmission parame-
fers as follows:

The sending-end voltage is found as follows:
Vs = Vr + ZIx
(220/ +/3) x 10° £0° + (35 + j140)(116.6 /—25.8°)
127,000 £0° + (144.3 /76°)(116.6 /—25.8°)
138.4 /5.4° kV (line-to-neutral)

I

I

Vs = AVR + Blr (9.98)
Is = CVg + DIx (9.99)

Il

239.7 /35.4° kV (line-to-line)

Since there is no shunt branch, the sending-end current is the same as

receiving-end current. Thus, vhere

A= D=2Y/2+1

B=7Z

C=YZY/4+1)

Z = total series impedance of the line

Is = Iz = 116.6 /—25.8°

The sending-end power factor is

. . ] Y = total shunt admittance of the line
PFg = cos[5.4° — (—25.8°)] = 0.86 lagging

The percent voltage regulation is computed as Is Feoli 31X, Ig
o AMAN— "
Ve — W + N
Voltage regulation = Rl RA100% Y l l v
VR,ﬂ Vs 2 T T 2 Vg
- I I
_239.7-220 o g 950 _ .lc,s cr| | -

220
FIGURE 9.9 Equivalent circuit for a medium-length line.
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At no load, the receiving-end voltage is 1/A times the sending-end Volgar

thus, the voltage regulation is expressed as follows:

Vs/A— W
RA

Voltage regulation = 100%

EXAMPLE 9.7

A 60-Hz, three-phase transmission line is 125 miles long. It has a tota] Seriec
impedance of 35 + j140 () and a shunt admittance of 930 X 107° 90 § ¢

delivers 40 MW at 220 kV and 0.9 power factor lagging.

a. Determine the voltage, current, and power factor at the sending end.’

the line.
b. Find the voltage regulation and efficiency of the line.

Solution  For a load of 40 MW, at 220 kV and 0.9 power factor lagging

receiving-end current is given by

40,000

= 0 o571 0.9 = 116.6 ,-25.8° A
R = A@20)0.9)

For the nominal 7 equivalent circuit, the ABCD parameters are computed’

follows:

A=D=2ZY/2+1
= (35 + j140)(930 x 1075 £90°)/2 + 1
= 0.935 + j0.0163 = 0.935 /1°
B =7Z =35+ j140 = 144.3 /76° Q
C=YZY/4+1)
= (930 x 107% /90°)[(35 + j140)(930 X 107° /90°)/4 + 1]
= (—7.57 + j899.7) x 1076 = 900 x 107% /90.5° S

Thus, the sending-end voltage and current are given by

Vs = AVR + Blx
= (0.935 /1°)(127,000 /0°) + (144.3 /76°)(116.6 £—25.8°)

130.4 /6.6° kV  (line-to-neutral)

I

225.8 /36.6° kV  (line-to-line)
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Is = CVR + DIy
= (900 x 107° 420.50)(127,000 /0% + (0.935 /1°)(116.6 /—25.8%)
= 97.97 + j68.57 = 119.6 /35° A

fhe sending-end power factor is
PFs = cos(6.6° — 35.0°) = 0.88 leading

no load, the receiving-end voltage is 1/A times the sending-end voltage;
US> the voltage regulation is computed as follows:

- W
Voltage regulation = KS/LﬂIOO%
W fi
_225.8/0.935 — 220 _
= 20 100% = 9.77%

The sending-end real power is

Ps = 3VsIgPFs = 3(130.4 x 10%)(119.6)(0.88)
=41.17 x 10° W = 41.17 MW

Therefore, the efficiency of the line is found as follows:

Efficiency = (Pr/Ps)100% = (40/41.17)100% = 97.2%

EXAMPLE 9.8

Solve Example 9.7 using per unit representation. Choose a power base of 50
MVA and a voltage base of 220 kV.

Solution

a. For the chosen Sy, = 50 MVA and Vi,ee = 220 kV, the current base is
computed as follows:

Spase 50,000

Y Bl 2203 |
The impedance base is calculated as
2 2
Zbase = (Voase) = (220) = 968 ()

N base 50
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Correspondingly, the admittance base is given by
Yoase = 1/Zbase = 1/968 = 1033 x 107° S

The series impedance is converted to per unit as follows.

Z = (35 + j140)/968 = 0.036 + j0.145 pu = 0.149 /76° pu '

The shunt admittance in per unit is found as follows:
Y = (j930 x 107%)/(1033 x 107%) = j0.90 pu
The ABCD parameters are computed as follows:

A=D=2ZY/2+1
= (0.149 /76°)(j0.90)/2 + 1 = 0.935 /1°
B =Z =0.149 /76° pu
C=YZY/4+1)
= j0.90[(0.149 /76°)(j0.90)/4 + 1] = 0.871 /90.5° pu

The receiving-end voltage is taken as reference phasor. Thus,
Vg = 1.0/0° pu
The line delivers a per-unit power of

40

Sk = (0.9)(50)

cos”! 0.9 = 0.889 ,25.8° pu

Thus, the receiving-end current is given by

(0.889 /25.8%)"
Ig=————— =0.889 /—25.8°
*T a0y £

The sending-end voltage and current are computed as follows:

Vs = AV + Blx
(0.935 /1°)(1.0 £0°) + (0.149 /76°)(0.889 _{—25.80)
1.0264 {6.6° pu = 225.8 kV

I
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Is = CVR + DIx
= (0.871 _/20.50)(1.0 /0°) + (0.935 /1°)(0.889 f—25.8°)
= 0.9114 /35° pu = 119.6 A

The sending end power factor is
PFg = co0s(6.6° — 35°) = 0.88 leading

p. At no load, the receiving-end voltage is 1/A times the sending-end volt-
age; thus, the voltage regulation is given by

Vs/A—-W
R

_ 1.0264/(1.?)35 —1.9,00% = 9.77%

Voltage regulation = 100%

The receiving-end real power is

Pr = 40/50 = 0.80 pu
The sending-end real power is found as follows:
P = VsIsPFg = (1.0264)(0.9114)(0.88) = 0.823 pu = 41.16 MW
The efficiency of the transmission line is given by

Efficiency = (Pr/Ps)100% = (0.80/0.823)100% = 97.2%

$5.3 The Long Transmission Line

In the analysis of long transmission lines of more than 150 miles, the lumped-
parameter models that were used for short and medium-length lines may no

longer provide the desired accuracy. It is then necessary to consider that the
parameters are distributed uniformly throughout the length of the line.

Consider a point on the transmission line at a distance x from the receiving

end of the line. The line-to-neutral voltage and the current flowing toward
the receiving end are expressed, in terms of the distributed impedance and
admittance parameters of the line, by differential equations of the form

g¥

.101
I =4 (9.101)
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dl
rrianAd 9.19
where
z = series impedance per unit length

y = shunt admittance per unit length

If Eq. 9.101 is differentiated and the expression for d1/dx is Substityge

into Eq. 9.102, the following is obtained.

preiaiidd

Similarly, Eq. 9.102 can be differentiated and the expression for dV/dx gy,

stituted into Eq. 9.101 to obtain

EC—2=yzl

The solutions of Egs. 9.103 and 9.104 have been derived in several of

references listed at the end of the chapter; for example, see Ref. 11. Thys

the solutions are presented here without derivation. At a distance x from
receiving end of the line, the voltage and current are given by

(9.10!

Vi = 1(Vg + IrZo)e"™ + 3(Vr — IrZo)e ™"
] (9.10

.

respectively, where

Zo = +/z/y = characteristic or surge impedance
v = Jzy = propagation constant

To obtain the equations relating the voltage and current at the sending €
to the voltage and current at the receiving end, the distance is set equal to|
length of the line; that is, x = [. Therefore,

1
Vs = %(evl + e VR + EZo(e”l — e "Ig
= (cosh yl)Vgr + (Zo sinh y1)Ig
11 1
— (oY — o (7! -l
IS 5 Zo( e )VR + 2(6 + e )IR

= ;—(sinh vI)Vg + (cosh y[)Ir

(9.103

.1 04

its
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The transmission parameters of the long line are

A =D = coshyl = %(evl +e77h (9.109)

B = Zysinhyl = —;—Zo(e’l —e7h (9.110)

C = isinhyz = li(evl —e7h (9.111)
Zo 2Zo '

The equivalent circuit of the long transmission line is found by comparing

yoltage and current equations with those for a nominal 77 circuit. Thus,

Z' = Zosinhyl = zsmyl 9.112)
Y’ _ 1 coshyl — 1
2 Zy sinhyl

_ Y tanh(y/2)

=35 A 9.113)

where

g = 2l

Il

total series impedance

I

Y = yl = total shunt admittance

The equivalent circuit is shown in Fig. 9.10.

—

BAMPLE 9.9

A 60-Hz, three-phase transmission line is 175 miles long. It has a total series
impedance of 35 + j140 Q and a shunt admittance of 930 x 1076 £90° S. It

elivers 40 MW at 220 kV and 0.9 power factor lagging.

[ -

a. Find the voltage, current, and power factor at the sending end of the
line.

b. Determine the voltage regulation and efficiency of the line.

Z’=Zosinhyl=zw

tanh (yi/2)
vi2

o & 0
FIGURE 910 Equivalent circuit for a long transmission line.
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Solution For a load of 40 MW, at 220 kV and 0.9 power factor lagging )

@e sending-end power factor is
receiving-end current is given by

PFs = cos(7.0° — 35.3°) = 0.88 leading
40,000

= 000 o571 0.9 = 116.6 /-25.8°
R B20)0.9)

¢ voltage regulation is computed as follows:

1
. . . Vs/A—Wa
For the long-line model, the transmission parameters are computed g o Voltage regulation = —V—IOO%
lows: - R.f
_225.4/0.936 — 220 _
= 720 100% = 9.46%

35+ j140
Zy = = 393.9/-7°

‘ \/ 930 x 10-6 /90°
The sending-end real power is

vl = /(35 + j140)(930 x 10-¢ /90°)
0.3663 /83° = 0.0446 + j0.3636
eyl = e(0.0446+j0.3636) = 1.0456 20.80

Ps = 3VsIsPFg = 3(130.1 x 10%)(120.6)(0.88)
= 41.42 X 10° W = 41.42 MW

fherefore, the efficiency of the line is found as follows:

efyl — e(-0.0446—j0.3636) = 0.9563 :—20.80
A =D = coshyl = L(e?' + &) Efficiency = (Pr/Ps)100% = (40/41.42)100% = 96.6%
= $(1.0456 ,20.8° +0.9563 /—20.8°) = 0.936 /1°
B = Zgsinhyl = 1Zg(e? — ™)
= 1(393.9 /=7°)(1.0456 /20.8° — 0.9563 /—20.8°) = 141.2 /76°
C = (1/Zy)sinhyl = 3(1/Zo)(e”" — ™)
= 1(1/393.9 /=7°)(1.0456 /20.8° — 0.9563 ,/—20.8°)
910 x 107 £90°

 —

DRILL PROBLEMS

19.13 Solve Example 9.6 using per unit representation. Choose a power base
of 100 MVA and a voltage base of 220 kV.

09.14 A three-phase transmission line is 45 mi long, and it delivers 50 MVA
10.866 power factor lagging to a load connected to its receiving end at 115
V. The transmission line is composed of 795-MCM, 26/7 ACSR conductors
with flat horizontal spacing of 4 m between adjacent conductors. Determine
the sending-end voltage, current, and power.

D9.15 A three-phase, 60-Hz transmission line delivers 25 MW at 69 kV
ind 0.8 power factor lagging to a load center substation at its receiving end.
The transmission line consists of 336-MCM, 26/7 ACSR conductors arranged
.“' ontally with a spacing of 5 m between adjacent conductors. The line is
IS km long. Determine the voltage, current, power, and power factor at the
‘,ing end of the line.

Thus, the sending-end voltage and current are given by

Vs = (cosh yl)Vg + (Zp sinh yI)Ig
= (0.936 /1°)(127,000 /0°)
+(141.2 /76°)(116.6 /—25.8°)
130.1 /7° kV  (line-to-neutral)
225.4 /37° kV  (line-to-line)
I, = (1/Zy)(sinh yl)Vg + (cosh yI)Ig
= (910 x 107® /90°)(127,000 0°)
‘ +(0.936 /1°)(116.6 /—25.8°)

= 120 A /35 3° A

Il

D.16 A three-phase, 60-Hz, completely transposed transmission line has a
of 100 km and has a series impedance per phase of 0.25 + j0.85 {}/mi
da shunt admittance of 5.0 X 107> S/mi. The transmission line delivers 150
at 0.85 lagging power factor to a load connected to its receiving end. The
€-tn-line vnltace at the receivino end ic 138 kV Determine the following:
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a. Sending-end voltage and current 3 A single-phase, 60-Hz transmission line has solid cylindrical copper conductors
r

5 cm in diameter. The conductors are arranged in a horizontal configuration with

b. Sending-end real and reactive power 4 '
1'25 m spacing between adjacent conductors. Calculate the following:

¢. Total power dissipated in the transmission line

D9.17 A three-phase, 60-Hz transmission line has the following parap, p. Inductance in . G0 1o mfeenal Hirx lirkages only

. .. Clere. 3 ; :
R = 0.25Q/mi, X = 1.0 Q/mi, and ¥ = 5.0 wS/mi. The line is 200 g 1;:2, b. Inductance.: in mH/km due to. bot.h internal and external flux linkages
and it delivers 150 MW at 220 kV and unity power factor to a substatiop ¢. The total inductance of the line in mH/km.

o at iy
receiving end. 4 A single-phase, 60-Hz transmission line consists of solid round aluminum wires
a. Calculate the voltage, current, power factor, and real power at the sendin- h having a diameter of 1.5 cm. The conductor spacing is 3 m. Determine the
end. “‘8 pductance of the line in mH/mi.
b. Calculate the voltage regulation of the line. . 5 Find the inductive reactance in (2/km of a single-phase, 60-Hz transmission line
cUnsisting of 500-MCM ACSR conductors with a separation distance of 4 m.
———

96 A single-phase, 60-Hz transmission line consists of two bundles each containing
REFERENCES WO conductors arranged horizontally. Each conductor of a bundle has a radius of
D 20 cm, and they are 8 cm apart. The distance between the nearest conductors of each

1. Del Toro, Vincent. Electric Power Systems. Prentice Hall, Englewood Cliffs, NJ pundle is 6 m.
i

1332, a. Find the geometric mean radius of each bundle.
2. Electrical Transmission and Distribution Reference Book. 4th ed. ABB Power Calculate th i dist
T&D Co., Raleigh, N.C., 1964. p. Calculate the geometric mean distance.

¢. Determine the total inductive reactance in {)/km and in )/mi of the transmission

3. El-Hawary, Mohamed E. Electric Power Systems: Design and Analysis. Resty line

Publishing, Reston, Va., 1983.

4. Glover, J. Duncan, and Mulukutla Sarma. Power System Analysis and Desig
PWS Publishers, Boston, 1987. |

5. Gonen, Turan. Electric Power Transmission System Engineering Analysis and De
sign. Wiley, New York, 1988.

———. Modern Power System Analysis. Wiley, New York, 1988.
Gross, Charles A. Power System Analysis. 2nd ed. Wiley, New York, 1986.
Gungor, Behic R. Power Systems. Harcourt Brace Jovanovich, New York, 1988,

97 A single-phase, 60-Hz transmission line consists of two bundled conductors.
Fach bundle consists of three 500-MCM ACSR conductors placed at the corners of an
squilateral triangle standing on one of its sides with 5 cm separation between conductor
centers. The distance between the nearest conductors of each bundle is 8 m.

a. Compute the total inductance of the transmission line in mH/km and mH/mi.
b. Find the total inductive reactance in (/km and in /mi.

98 A three-phase line has equilateral spacing between phase conductors with a sep-
aation distance of 4 m. Each conductor has a radius of 1.5 cm. Determine (a) the
inductance per phase in mH/mi and (b) the inductive reactance per phase in /km and
in Q/mi.

hadll e B

Hayt, William H., Jr. Engineering Electromagnetics. 4th ed. McGraw-Hill, Nel
York, 1981.

10. Kraus, John D. Electromagnetics. 3rd ed. McGraw-Hill, New York, 1984.

11. Stevenson, William D., Jr. Elements of Power System Analysis. 4th ed. McGra
Hill, New York, 1982.

12. Venikov, V. A., and E. V. Putyatin. Introduction to Energy Technology. M
Moscow, 1981.

%9 A three-phase transmission line has its conductors arranged horizontally and
$paced such that Dy3 = 2Dy = 2Dy;. The conductors are completely transposed. De-

trmine the spacing between adjacent conductors in order to obtain an equivalent spacing
of S m.

%10 A three-phase, 230-kV, 60-Hz, completely transposed transmission line has one
PROBLEMS ACSR 1113-MCM conductor per phase and flat horizontal spacing with 5 m between
(acent conductors. Find the inductance in H/m and the inductive reactance in {}/km.

9.1 Find the AC resistance in {/km of a 2-inch-diameter conductor made of 97.3
conductivity hard-drawn copper at 60 Hz and 75°C.

9.2 Find the AC resistance in {)/mi of a 500-MCM conductor made of 97.3% ¢
dnetivitv hard-drawn conner at 50 Hz and 60°C

A three-phase, 60-Hz transmission line has flat horizontal spacing. The conduc-
- 13 are ACSR, each having a GMR of 0.0278 ft, with a separation distance of 35 ft

“Ween adjacent conductors. Determine the inductive reactance per phase in ohms per
_Mile, What ic the name of this condnetar?
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9.12 A three-phase, 60-Hz, bundled transmission line consists of three 900_M
ACSR conductors per bundle arranged with an equilateral spacing of 40 cm betwch
conductors. The spacing between bundle centers is 8, 8, and 12 m. Calculgg :e:

inductive reactance in ohms per kilometer.

9.13 A three-phase, bundled, 345-kV, 60-Hz, completely transposed transmiSSi()n fins
has flat horizontal spacing with 10 m between centers of adjacent bundles. Eacp b"‘?f
dle consists of three 954-MCM ACSR conductors per bundle, with equilaterg] $pal
ing of 40 cm between conductors in the bundle. Calculate the inductive reacta: 1
in Q/km. %

9,14 A three-phase, 60-Hz transmission line has a flat horizontal spacing of 10;
between adjacent conductors. Each phase conductor is a 1113-MCM ACSR. Copyy,
the inductive reactance in {}/mi/phase of this transmission line with that of ap

transmission line using a bundle of two ACSR 26/7 conductors in each phase hgy;

the same total cross-sectional area of aluminum as the single-conductor line ang
m spacing between bundle centers. The spacing between conductors in the bundleig
25 cm. ‘

9.15 A single-phase, 60-Hz power line is supported on a horizontal crossarm, guq
its conductors are 2.5 m apart and carrying a current of 100 A. A telephone lineﬁ
also supported on a horizontal crossarm 1.5 m directly below the power line, and the
spacing between the conductors is 1.0 m. Determine (a) the mutual inductance bﬂw@ﬁ
the power and telephone circuits and (b) the induced voltage per mile in the telephope
line.

9.16 The single-phase power line and the telephone line described in Problem 9.1§
are placed in the same horizontal plane. The distance between the nearest conducto;
of the two lines is 10 m. Determine (a) the mutual inductance between the power aj
telephone circuits and (b) the induced voltage per mile in the telephone line.

9.17 A three-phase, 60-Hz, power line is supported on a horizontal crossarm, and
the separation distance between adjacent conductors is 2 m. The current flowing in th
conductors is 100 A. A telephone line is supported on a horizontal crossarm that i
placed 1.5 m below the power line, and the telephone wires are 1 m apart. Find th
expression for the mutual inductance between the power line and the telephone
Calculate the induced voltage per kilometer in the telephone line.

9.18 A three-phase power line and a telephone line are supported on the same towe
The three-phase line is arranged horizontally with a separation distance of 2.5 m b
tween adjacent conductors. The telephone conductors are arranged vertically 0.5
apart, and the top conductor is located 1 m directly below the middle conductor
the three-phase line. Determine the expression for the mutual inductance between t
power line and the telephone line.

9.19 A single-phase transmission line consists of two conductors each having a diar
eter 1 in. The conductors are 10 ft apart and are placed 40 ft above ground. Calculd
the capacitance to neutral in farads per meter.

9.20 Calculate the capacitance to neutral in F/m and the admittance to neutral in S/
for the single-phase transmission line described in Problem 9.3.
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A single-phase, 60-Hz transmission line consists of two bundles. Each bundle
- tains two identical conductors of 1 cm radius and placed 10 cm apart. The separation
6‘?5 [ance between the bundle centers is 5 m. Compute the capacitance and the capacitive
::’ ctance of 50 mi of this transmission line.

A three-phase, 60-Hz transmission line is 100 mi long and has flat horizontal
J- cing- Each phase conductor has an outside diameter of 3 cm, and the separation
fﬁswnce between adjacent conductors is 10 m. Calculate the capacitive reactance to
ne““al in -m and the total capacitive reactance of the line in ohms.
923 Calculate the capacitance per phase in F/m and the admittance per phase in S/km
'r the three-phase transmission line described in Problem 9.10. Also calculate the total
! ing current taken by the transmission line capacitance when it is 125 km long and
" operated at 345 kV.

24 A three-phase, 60-Hz transmission line is completely transposed. The separation
wtances between conductors are 7, 7, and 10 m. Each conductor has a diameter of 5

_The line-to-line voltage is 138 kV, and the length of the transmission line is 100
. Determine the following:

a. Capacitance per phase
p. Total capacitive reactance per phase
¢. Charging current taken by the total capacitance of the transmission line

925 A three-phase, 60-Hz transmission line has an equivalent equilateral spacing of
ift, and its capacitive reactance to neutral is given as 196.1 k(}-mi. What would be
fie value of the capacitive reactance to neutral in k(2-mi at 1-ft spacing and 25 Hz?

926 Calculate the capacitance per phase in F/m and the admittance per phase in S/km
for the three-phase transmission line described in Problem 9.13. Also calculate the total
ractive power in MVAR/km supplied by the line capacitance when it is operated at
45 kV.

927 A three-phase, 60-Hz transmission line has a flat horizontal spacing of 10 m
hetween adjacent conductors. Each phase conductor is a 1113-MCM ACSR. Compare
lhe capacitive reactance in {)-mi/phase of this transmission line with that of another
mnsmission line using a bundle of two ACSR 26/7 conductors in each phase hav-
ng the same total cross-sectional area of aluminum as the single-conductor line and

l0m spacing between bundle centers. The spacing between conductors in the bundle is
Sem.

928 A three-phase, 60-Hz transmission line is composed of 300-MCM 26/7 ACSR
muctors that are equilaterally spaced with 1.5 m between conductor centers. The
llﬂf«‘v‘is 50 km long, and it delivers 2.5 MW at 13.8 kV to a load connected to its
feiving end. Find the sending-end voltage, current, real power, and reactive power
i the following conditions.

A 80% power factor lagging
b. Unity power factor
. 90% power factor leading
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9.29 A three-phase, 34.5-kV, 60-Hz, 40-km transmission line has a series impe |
z = 0.20 + j0.50 Q/km. The load at the receiving end absorbs 10 MVA a¢ 3
Calculate the following:

p. Repeat part (a) when the transmission line delivers 300 MW at 220 kV and unity
power factor.

’535 A three-phase, 500-kV, 60-Hz, 300-km transmission line has a series impedance
a. ABCD parameters _ 0.04 + j0.50 Q/km and a shunt admittance y = j3.5 X 107® S/km. The line
b. Sending-end voltage at a power factor of 0.9 lagging
c. Sending-end voltage at a power factor of 0.9 leading

9.30 A three-phase, 60-Hz, completely transposed transmission line has the foj, . Characteristic impedance Zo

total parameters:
Zseries = 10 + j50 O . Sending-end voltage and current

a
p. ABCD parameters
¢
Yepunt = J30 X 107°S d

. Percent voltage regulation

The transmission line is 80 mi long, and the line-to-line voltage at the receiving gpg
230 kV. The load connected to the receiving end of the line may be represented by
load impedance Z;, = 150 _/_36.9° Q. f

). Determine the equivalent 7r circuit for the transmission line of Problem 9.35 and
[ompare it with the nominal 7 circuit.

Determine the current and the line-to-line voltage at the sending end.
Find the voltage regulation.
. Calculate the real and reactive power at the sending end.

po T

. Find the efficiency of the transmission line.

9.31 A three-phase, 230-kV, 60-Hz, 200-km transmission line has a series impedap
z = 0.10 + j0.35 Q/km and a shunt admittance y = j5.0 X 107% S/km. The |
delivers 250 MW at 220 kV and 0.95 power factor lagging to a substation connecf
to its receiving end. Using the nominal 7 circuit, calculate: 1

a. The ABCD parameters
b. The sending-end voltage and current
¢. The percent voltage regulation
9.32 A three—phaseﬂ transmission line is 120 mi long. It has a total series impedar
of 25 + j110 Q and a total shunt admittance of j5 X 107* S. It delivers 175 MW
220 kV and 0.9 power factor lagging to a load connected to its receiving end.
per-unit representation and find
a. The voltage, current, power factor, and real power at the sending end
b. The voltage regulation
9.33 A three-phase, 60-Hz, 350-km transmission line has the following paramet
R = 0.10 Q/km, X = 0.4 Q/km, and X¢ = 350 kQ-km. The line delivers 150 B

at 230 kV and unity power factor to its receiving end. Determine the sending
voltage, current, real power, and power factor. Use per-unit representation.

9.34 A three-phase, 60-Hz, 300-mi transmission line has a total series impedd
Z = 40 + j175 Q and a total shunt admittance ¥ = j1073 S. The line delivers:
MW at 220 kV and 0.9 power factor lagging. '

a. Determine the sending-end voltage, current, power factor, and real power
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Power Flow Solutions

10.1 INTRODUCTION

—

The planning, design, and operation of electric power systems require cgp.
tinuing and comprehensive analysis in order to determine system performangg
and to evaluate alternative system expansion plans. Because of the increasipg
cost of system additions and modifications, as well as soaring fuel costs, itjs
imperative that utilities consider a range of design options. In-depth anal
is necessary to determine the effectiveness of each alternative in allevia
operating problems and supplying load demands during normal and abno
operating conditions, for peak and off-peak loadings, and for both present
future power systems.

As the size of the network grows, the determination of such system variables
as voltage levels and power flows in the transmission lines, transformers, and
generators becomes more and more difficult. A large volume of network data
must be collected and handled accurately. This is aggravated by the dynami
nature of the system as it is reconfigured to meet changing system conditions
Thus, as the electric system grows in size and the number of its interconnection
increases, planning for future expansion becomes increasingly complex.

The availability of fast and large computers has somewhat eased the WOk

load of the power system engineer. Routine calculations can now be accofl
plished more efficiently and more extensively. Advances in device and systel
modeling, as well as developments in computational techniques, have gre? )
enhanced the analysis and planning tasks.

The high costs of system operations and system expansions and m0diﬁcati
have paved the way for the use of computers in power systems. To assist I .
engineer in his or her role as system operator and planner, the engineer &
provided with digital computers and highly developed computer programs:
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01 1 Scope of Power System Analysis

¢ performance of the power system is routinely analyzed under normal
ady-state operating conditions, as well as under abnormal conditions in the
sence of sudden, large disturbances. The principal power system problems
sually considered include power flow analysis, fault analysis, transient stabil-
i analysis, and system protection.

power flow calculations provide the power flows and voltages for a particular
qeady-state operating condition of the system. Power flow analysis is performed
or small or large power systems, for high-voltage and low-voltage systems, and
for existing and future systems. The power flow problem formulation and the
popularly accepted solution methods such as Gauss—Seidel, Newton—-Raphson,
nd fast-decoupled power flow methods are presented in this chapter.

The analysis of symmetrical and unsymmetrical faults, the description and

plications of protection systems, and transient stability analysis are discussed
in Chapter 11.

It is customary in power system analysis to use per-unit representation. The
drcuit parameters are expressed in per unit, and all calculations are performed
in per unit. The power base is usually chosen to be the rating of one of the
major pieces of equipment or is set as a company policy. The power base is the
qme for all parts of the power system. The voltage bases are normally chosen
s the nominal voltages in the various parts of the system or are selected to
pe the voltage ratings of the transformer windings in order to maintain a unity
per-unit turns ratio of the transformer. The current and impedance bases are
computed on the basis of the previously selected values of power base and
yoltage bases.

i

101.2  One-Line Diagrams

A typical power system involves the interconnection between many different
components, including generators, transformers, transmission lines, loads, cir-
cit breakers, and switches. These interconnections are commonly referred to
% nodes or buses.

A power system that operates under balanced conditions may be studied us-
ing per-phase analysis. Thus, it is sufficient to represent the three-phase power
System by a single-phase power system in a simplified diagram commonly re-
lerred to as a one-line, or single-line, diagram. A one-line diagram of a sample
Power system is shown in Fig. 10.1.

The complexity of representation in the one-line diagram depends mainly
o the type of study to be undertaken. For example, information about circuit

akers and relays may be important and have to be present in a system
PMotection study; however, they may be omitted completely in a power flow
ialysis. The various real and reactive power demands at the different buses are
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One-line diagram of a sample power system.

needed in power flow studies but may sometimes be neglected in short-cj

analysis. rwﬂ
The one-line diagram is used to build the equivalent circuit or imped

diagram of the power system. The models to be used for representing the
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Z=R+jX,
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FIGURE 10.3 Equivalent circuit of a transmission line.
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resents one half of the total capacitance of the line. For short transmission

es, the shunt branches are neglected.

The equivalent circuit of the three-phase transformer was derived in Chapter

4, The series impedance is given in terms of the per-phase equivalent resistance

d leakage reactance of the transformer windings. The shunt magnetlzmg
bfaDCh is generally neglected except when the transformer efficiency is being
considered; then the core loss is included. Thus, the equivalent circuit is as
gown in Fig. 10.4.

For the sample power system whose one-line diagram is shown in Fig.
0.1, the impedance diagram is derived by representing the various system
components by their respective equivalent circuits. When all the resistances

generators, electrical loads, transmission lines, and transformers are selecte
and are included in the impedance diagram. The models are chosen depend '
on the analysis to be performed. '

101.3  Power System Modeling

The equivalent circuit for the synchronous generator was derived in Chapter 7
The circuit model for the cylindrical-rotor machine consists of the per-phas
generated voltage E, and the per-phase armature resistance R, and synchronous
reactance X, in series. Thus, the synchronous generator is represented by th
equivalent circuit shown in Fig. 10.2.

The equivalent circuit of a transmission line was derived in Chapter 9 an
is shown in Fig. 10.3. A nominal 7 circuit is chosen over a nominal T circu
in order not to introduce an additional node at the midpoint of the line. |
series branch represents the series impedance per phase, and the shunt brant

FIGURE 10.2 Equivalent circuit of a synchronous generator.

ae neglected, the impedance diagram reduces to the reactance diagram shown
in Fig. 10.5. From the figure, it may be seen that all shunt elements have also
peen assumed to be negligible. Thus, this model may be useful in short-circuit
aalysis, which will be discussed in Section 11.2.

The models and equivalent circuits described in this section are valid for
studying balanced system conditions. Thus, they are useful for power flow anal-
ysis, as well as for balanced three-phase faults and transient stability analysis.
They are also needed for unbalanced or unsymmetrical fault analysis, together
with other additional models which are described later in Section 11.2.3.

10.2 POWER FLOW ANALYSIS

Power flow analysis is the solution for the static operating condition of a
power system. It is the most frequently performed of routine power network
talculations in digital computers. Power flow analysis is used in power system

iXe

O

0
FIGURE 10.4 Equivalent circuit of a three-phase transformer.
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FIGURE 10.5 Impedance diagram for power system of Fig. 10.1.

planning, operational planning, and operations/control. It is also employeq j,
multiple assessments, stability analysis, and system optimization. '
Power flow programs compute the voltage magmtudes and phase angles

grams also compute the power flows and power losses for all equ1pment ;'
cluding transformers and transmission lines. Thus, overloaded transformers g
transmission lines are identified, and remedial measures can be demgned
implemented.

Present-day computers have sufficiently large storage and high speeds. Thes
enable the power system engineer to simulate and analyze the many differe
base cases, summer and winter peak conditions, and various contingency cas
encountered in system operation and planning.

Power Flow Concepts

10.2.1

A power system comprising three buses is shown in Fig. 10.6. A generat
is connected to each of the first two buses, and an electrical load is connected!

Gy Gz

J‘LI

Load
FIGURE 10.6 A three-bus power system.
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pe third bus. The real power and reactive power demands are known for the
toﬂd bus, bus 3, gnq the generator voltages at buses 1 and 2 are also specified.
¢ three transmission lines interconnecting the buses contain both resistance
aﬂd reactance; thus, electric current flowing through these lines results in elec-
cal losses.
The two generators must jointly supply the total load requirements and the
wer losses in the transmission lines. While doing so, the generators are
nstralned to operate within their power generation capabilities, and the power
ey deliver has to be at the desired voltage at the load. In addition, there should
e 110 overloading of equipment, including transmission lines and transformers.
grthermore, there should be no bus voltages either above or below specified
operating limits. In case of an equipment overload or voltage-limit violation,
e generation schedules have to be adjusted, power flows in the transmission
jnes have to be rerouted, or capacitor banks have to be switched in order to
ying the system conditions back to normal.

The requirements of power system operations described above are satisfied
o a certain extent by undertaking power flow studies to determine appropriate
peasures and proper procedures. These analytical studies are also incorporated
jp power system planning and engineering design. These ensure that future
gxpansions and modifications in the power system will redound to the ultimate
gbjectives of reliability, economy, and quality of service.

102.2  Node-Voltage Equations

A three-bus power system consisting of two generators and one load intercon-
nected by transmission lines is shown in Fig. 10.6. A per-phase impedance
fiagram that can be used in a power flow study for this three-bus system is
siown in Fig. 10.7. This impedance diagram is basically an electrical net-
work containing four nodes. The phasor voltages at nodes 1, 2, and 3 may
be exgressed with respect to the fourth node, which is taken as reference or
ground.

FIGURE 10.7 Impedance diagram for three-bus power system.
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Kirchhoff’s current law is applied to each node of the network of Fj P 1 _ 2
. . . €. 10, s, Os 0.05 + j0.15
successively, with the sum of currents flowing into the node set equa] ¢, i
sum of currents flowing away from the node. Thus, the node-voltage €Quatj. O > 1.0+/0.75
for the three-bus system of Fig. 10.6 are obtained as follows: ns V1=1.05/0° :I
0.10+,0.30 0.20 + j0.60 0.10 +;0.30
I =(Vi= V)Y + (Vi = V3)Ii + Vi(Yg + Te) (10
1) ‘ .
L = (Vo= V)l + (Vo = VY. + Vo(1y + 1) (10_2; v 9: Trp—— [ e
—-I; = (V3= V)Y, + (V3 — V)Y, + Va(¥; + ¥p) ) T s R 4
: ¢ (10'3) FIGURE 10.8 Four-bus power system of Example 10.1.

Rearranging these equations yields

d i =Q2-j6)+(1-j3)=3-,9
L=t Yt Y+ 1)Vi— LV — FVs (10.4 Yas = ¥ = —1.0/(0.20 + j0.60) = —0.5+ j1.5
12= _Y(:Vl+(Yb+Yc+Yh+le)V2'—‘YbV3 (10.“ Y24=Y42= -1 0/(0 10+]030)= _1+J3
I = -LVi-hLVo+(a+ 1 + %+ )V3 (10,@} Yo =(2-j6)+(0.5- 1.5+ (1 —j3)=3.5-;10.5

These three equations may be written in standard matrix form as Y34 = Yi3 = —1.0/(0.05 + j0.15) = -2 + j6

Y33 = (1-j3)+(0.5-j1.5)+ 2~ j6) =3.5-,10.5
I Yn Yo Y3 ||Vi : Yo = (1—-j3)+2-j6)=3—-j9
L|=|Ya Y»n Y3||V (10.7) /
I3 Y5 ¥ T3]l Vs fence, the bus admittance matrix is assembled as follows:

The vector on the left-hand side is called the bus injection-current vector I,

, 30 - j9.0 —-2.0 + j6.0 -—1. 3. . i
On the right-hand side are the bus voltage vector Vi, and the bus admitta ce —20 + 5'6.0 3.5 — jJIO 5 _(1) 2 _t J:f 2 _(1) 8 I Jgg
matrix Yy, Which relates the bus voltages to the injection currents. Vs = | 0 4 730 - O‘ 5 4 jl. 5 3' 5 _ ‘JIO. 5 _2'0 4 J 6' 0
The bus admittance matrix is square, sparse, and symmetrical when they 0.0 + jO:O _1:0 4 j3.0 _2'0 n ]j6'0 3'0 _ 5.9'0

are no phase shifters and no mutual coupling. A diagonal element Y}, is calle
the self-admittance of bus k and is found by summing the primitive admittance
of all lines and transformers connected to bus &, plus the admittances of shu
connections from bus k to reference. The off-diagonal element Y}, is the mutu
admittance between bus k£ and bus m, and it is equal to the negative of th
admittance of the line or transformer between buses k and m; thus, it is ze

if there is no connection from bus k to bus m.

\DRILL PROBLEMS

D10.1 The power system shown in Fig. 10.1 is operating at steady state.
The reactance of each transmission line is X = 20 Q. The generators and
ansformers are rated as follows:

Gl: 20 MVA, 12kV, X = 1.20 pu

G2: 60 MVA, 13.8kV, X = 1.40 pu
G3: 50 MVA, 13.2kV, X = 1.40 pu
T1: 25 MVA, 12/69 kV, X = 0.08 pu
T2: 75 MVA, 13.8/69 kV, X = 0.16 pu
T3: 60 MVA, 69/13.2kV, X = 0.14 pu
T4: 75 MVA, 69/13.8 kV, X = 0.16 pu

EXAMPLE 10.1

The one-line diagram of a four-bus power system is shown in Fig. 10.8. 1
line impedances are given in per unit. Find the bus admittance matrix Ypus:

Solution The elements of the bus admittance matrix are computed as follo

Y1, = Y51 = —1.0/(0.05 + j0.15) = -2 + j6
Y13 = Y33 = —1.0/(0.10 + j0.30) = —1 + j3

91"086 a power base of 100 MVA and a voltage base of 12 kV in the circuit
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D10.2 In the one-line diagram of the four-bus power system shown j

10.8, the per-unit line impedances are given as follows: )
Line 1-2: Zj; = 0.20 + j0.60
Line 1-3: Z;3 = 0.10+ j0.30
Line 2-3: Zy = 0.30 + j0.90
Line 2-4: Zps = 0.10 + j0.30
Line 3-4: Z3s = 0.20 + j0.60
Find the bus admittance matrix Ypys.
—

10.2.3  Classification of Buses

The power system model used in power flow analysis slllows the interconpeg.
tions between generating plants and substations, substations and transmissjg,
lines, distribution lines and loads, and so forth. Three major types of nodeg
or buses are identified in the power network. These are listed ahead, toge !
with their corresponding descriptive equations:

1. Load bus, or P-Q bus k. At a load bus, the net real and reactive power
4

demands are specified, or scheduled; that is,

S?CP = P;P + JQ?cP

= (Pgx — Ppx) + j(Qar — @oi) (10’

where -
P, O = specified real and reactive power at bus k
Pgr, Ok = real and reactive power generation at bus k
Ppx, Opr = real and reactive power demand at bus k i

A physical load may or may not be present at bus k; in the 1a}ter 28
Ppy and Qpy are simply set equal to zero. When a generator 1S prese
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where VP is the specified voltage magnitude at bus m. The voltage
magnitude at a P-V bus is fixed at its specified, or controlled, value
provided the reactive power generation is able to support the voltage; that
is, the reactive power generated is within operating limits. Otherwise, the
voltage is allowed to seek its proper level, and the bus is converted into
a P-Q bus by specifying the reactive power at this bus.

System slack, or swing bus s. Because the system losses are not known
precisely before the power flow solution, it is not possible to specify the
real power injected at every bus. Hence, the real power of one of the
generator buses is allowed to swing, and it supplies the slack between
the scheduled real power generations and the sum of all loads and system
losses. Therefore, the swing bus voltage magnitude is specified and its

voltage phase angle is usually chosen as the system reference and set
equal to zero. Thus,

'VSI = VP
5, =0°

(10.11)
(10.12)

where V; and &, are the swing bus voltage magnitude and angle, respec-
tively.

10.2.4  The Gauss—Seidel Method

I Section 10.2.2, the power system is represented as an electrical network
fat is characterized by node equations. Thus at bus k, the phasor current I
njected into the bus is given by

YkiVI + Yo Vo + Vi3V + -+ inVy = I (10.13)

V. = phasor voltage at bus m
Yim = element of the bus admittance matrix

N = total number of buses in the power system
The

at a P-Q bus, its real and reactive power generations are given and 4
fixed.

. Generator bus, or P-V bus m. The generators are connected to P—Y buse
At these buses, the real power generation and the voltage magnitude
specified; thus,

P}
V...

PGm — Ppm
V5P

specified, or scheduled, complex power injection at bus k may be
Ypressed in terms of the current injected into the bus and the bus voltage

' fhasor as follows:

Sy =PF+j0F = ViI; (10.14)

Il

the complex conjugate
specified real power injected into bus k

Il
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Solving Eq. 10.14 for I, yields maP-V (or. generator) bus, the bus voltage Vi is specified; hence, Q7 is
P _ % - directly available. Therefore, an estimate Q$*'° is computed by using the

Ty = = JQx (10 15) wrfent estimates of the phasor voltages as follows:

Vi 1)

glc = —Im [VZ(YHVI + Y Vo+ o+ YV + 0 + Yin V)l 10.19
Substituting Eq. 10.15 into Eq. 10.13, i ; wvedl U0
P;p _ jQ?cp m Eq. 10.19, Im[] indicates the imaginary part of the expression in the
Yo Vi + YeoVa + -+ Yim Vi + -+ YewVy = 5 (10-16) ckets. The computed value of the reactive power Q$° is used to replace
k Qsp in Eq. 10.18, and Vj is recalculated. Then the magnitude of V, is reset to

1 kspeciﬁed value VP, but the new value of its phase angle is retained.

The Gauss—Seidel method has the attractions of simplicity, comparatively
ood performance, and nonstorage of previous values. It has a very reliable
gavergence characteristic, but the rate of convergence is quite slow. The rate
s fconvergence is improved somewhat with the use of an accelerating factor .
_ YL P, ;7 *] Oy _ (Y1 V1 + Y2 V2 Therefore, at the (i + 1)th iteration, the phasor voltage is modified as follows:

kk k

Transposing all terms, except for the term Vi Yik, from the left-hand sige of
Eq. 10.16, and dividing by Yk yields the expression for the phasor Voltage V,;
at bus k. 1

Vi

yai+D — VO 4 g AVEHD
4t VgV + -+ v Vi) for m # k (10.1’7} Vi Imod P TaAV, (10.20)

~[pthe second term on the right-hand side of Eq. 10.20, AVSH) .is defined as

The swing bus voltage is taken as the reference phasor, anq its voltage
magnitude is specified and phase angle set equal to zero. Equatlon 10.17 s
used to write a system of (N — 1) simultaneous algebraic equations relating the  hen o is left at its default value of 1.0, the phasor voltage is not modified.
phasor voltage at the individual buses with the corresponding power injections fhe best value of acceleration factor to use is usually different for different
at the bus and phasor voltages at all the buses. These equations are coupled ystems. A value of 1.6 for « is generally considered a good choice.
through the elements of the bus admittance matrix. This syste?m of equatior The iterative process is said to have converged when the process no longer
may be solved by an iterative technique such as the Gauss—Seidel method. == yields any improvement on the solution. At this point, the phasor voltages at

The Gauss—Seidel method is an iterative technique for solving a system of | buses have been found and may be used to derive other information about
nonlinear algebraic equations such as that given in Eq. 10.17 for the unknowa i steady-state operating characteristics of the power system. The real and
bus phasor voltages. With this procedure, the phasor voltage at a bus is found™ “eactive power generation of the slack bus and the reactive power generations
by using the latest computed values of the phasor voltages at the other busesi™ if the other generators may be found by using Egs. 10.16 and 10.8. The real
Thus, Eq. (10.17) may be rewritten as follows to demonstrate the procedure. = tud reactive powers flowing through any transformer or transmission line, with
eries impedance Z and shunt admittance Y, connected between buses k and
i may be found as follows:

(i+1) i+1 i
AV = v — v (10.21)

. 1 |PP-joP & ®)
Vo = |2tk N VeV
k Yir Vg)* ; "

) Vi—-V, Y_ Y\
Sim = Pim + jQim = Vi (LZ— * §Vk> (10.22)

m#k
B =i for m >k

B=i+1 form<Kk (10.18) The real power and reactive power losses of any transformer or transmission

e are derived from the line power flows computed by using Eq. 10.22.

where i represents the iteration count.

In the solution of Eq. 10.18, the most recently computed values of Vi |
used. The solution procedure bypasses the swing bus because the phasor vol '
of the swing bus is already known. For a P-Q (or load) bus, the prqcedulﬁ
annliad directlv ta ohtain an improved estimate of the phasor voltage inasmts

S}(o:?s = Skm + Smk
PSS 4 jOIS = (P + Po) + j(Qrm + Omi) (10.23)

E‘yadding the losses in all transformers and transmission lines, the total system
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EXAMPLE 10.2

With the bus data given for the power system shown in Fig. 10.8, detepp:
the value of the voltage V, at bus 2 that is produced by the first iteration }
the Gauss—Seidel method. Bus number 1 is taken as swing bus.

Solution The specified real and reactive powers at bus 2 are

sp
)

07

—1.00 pu i
—0.75 pu [

The initial values of the bus voltages are

V; = 1.05 /0° pu V,; = 1.00 £0° pu
Vi3 = 1.02 /0° pu V4 = 1.00 /0° pu

The voltage at bus 2, for the first iteration, is calculated as follows:

|
Substituting the initial values of the bus voltages and the elements of the
admittance matrix,

1 [P - jOP
Z(V—ZJ)*QZ =11 Vi — Ya3V3 = Y4 Vy

Vo= —
S

1 —-1.00 + j0.75 .
V, = — (=2.0 + j6.0)(1.05 £0°
BN le.Sl @00 007 J6.0X ) J
.|
—(=0.5+ j1.5)(1.02 /0° — (—1.0 + j3.0)(1.00 40°)} !
Simplifying,

V; =0.94 /—3.9° pu

DRILL PROBLEMS

D10.3 A two-bus power system has a bus admittance matrix given by

[2.0/—75o 1.5 /105° ]

bus = inmo An s mea |l PU
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e power demand on bus 11is Sp; = (1.2+ j0.9) pu and the power demand on
” 21is Sp2 = (0.4 — j0.3) pu. Bus 1 is selected as swing bus and its voltage
N ecified as Vi = 1.05 /0°. Use the Gauss—Seidel iterative technique to find
:;e p.gr-unit voltage at bus 2.

1)10.4 Calculate the per-unit complex power supplied by the swing generator
jthe power system described in Problem D10.3.

0.5 A two-bus power system has a generator connected to bus 1. Bus 2 is
gnected to bus 1 through a transmission line with a series impedance Z =
0.02 + jO.10) pu and a shunt admittance ¥ = j0.20 pu. The load demands
a the buses are

S =04+ j0.1) pu

Si2 = (0.8 +j0.2) pu
gus 1 is chosen as the slack or swing bus, and its phasor voltage is set to
f, = 1.0£0°

Form the bus admittance matrix Yy, with the elements expressed in
rectangular form.

a.

. Reformulate Yy, with the matrix elements in polar form.

c¢. Write the expressions for P; and Q1 and P, and Q5 in terms of the bus
voltage magnitudes and angles.

10.2.5 The Newton—Raphson Method

The specified, or scheduled, complex power injection into a bus k of the power
gstem may be expressed as

PP+ jOP = VI (10.24)

Substituting the expression for the bus current injection given by Eq. 10.13
ito Eq. 10.24 yields

N
PE+JOF = Vi X ¥V,

m=1

N
= > V¥, Vi, (10.25)

m=1

The bus voltages and the elements of the bus admittance matrix may be
“pressed in terms of their magnitudes and phase angles as

Vie = Ve /0
Vi = Viu /Om (10.26)
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Substituting the relations of Eq. 10.26 into Eq. 10.25 yields

(10,2?}

The real and imaginary parts of Eq. 10.27 are the specified real powe,
specified reactive power, respectively. Thus,

N

PP+ 0P = > ViVnYim /Bt = Om — Oiem
m=1

ang

N :
P = Pgr — Pox = > ViV Yim €088k = 8m = Okm) (10.2)

m=1

N
0P = Qck = Ok = >, VVimYiem Sin(Bk —8n = Okm) (10,29

m=1

Equations 10.28 and 10.29 are used to write a set of nonlinear algebraic equa.
tions for the various buses of the power system, and the resulting equatiopg
are referred to as power flow equations.

It is sometimes more convenient to express the bus admittance elements j
terms of their conductance and susceptance components, that is,

Yem = Gim + jBim (103ﬁ)
Thus, Egs. 10.28 and 10.29 may be expressed alternatively as follows:
N _ .'
PP =V, > ViulGim c0s(Bk = 8n) + Bim sin(d — 8n)] (10.31)
m=1
QP = Vi > VulGim sin(® = 8m) = Bem cos(d — 8,)] (1032)
m=1

To find the solution of the power flow problem, Egs. 10.31 and 10.32 are
used to write as many equations as necessary to compute the unknown bUS
voltage magnitudes and phase angles. For each bus k, except the swing bus,
an equation for the bus real power (10.31) is written, because the bus réal
power has been specified or scheduled. For these buses, the voltage angles are
unknown except for the swing bus angle, which is used as reference and sel
equal to zero. An equation for the reactive power (10.32) is written for

P-Q, or load, bus, because the bus reactive power has been specified and the

voltage magnitude at this bus is to be computed. No reactive power equélti(’ﬁ
are written for P-V, or generator, buses because the reactive power generd
tions are not known; however, the bus voltage magnitudes are already k{“’m
and are controlled (maintained) at their specified values as far as physi© lly
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The resulting system of power flow equations to be solved consists of non-
_car algebraic equations involving the products of voltage magnitudes and
.-onometric functions of the phase angles. These equations are linearized us-
*~ 2 Taylor series expansion, and an iterative procedure is introduced. At every
ration, the system of linearized equations is solved to find improvements to
o current estimate of the solution. An example of such a procedure is the
eWton—Raphson method, also called Newton’s method.
The generalized Newton—Raphson method is an iterative technique for solv-
_ a set of simultaneous nonlinear equations involving the same number of
own variables. Consider the vector equation F of the vector of unknown
variables X.
FX) =0 (10.33)
Atevery iteration, Eq. 10.33 is approximated by the first two terms of a Taylor
series expansion. The linearized problem is used to solve for corrections, or
jprovements, to the current estimate of the vector of unknowns. The elements
f the Jacobian matrix J are the first-order partial derivatives, which are eval-
ated at the current estimate of the solution. The Jacobian matrix is employed
in the Newton—-Raphson method as shown in the following.

JAX = [ﬁ] AX = -F(X)

X (10.34)

Equation 10.34 is solved for the correction vector AX by using any known
method of solving a system of linear equations. The state vector is then updated
15 follows.

X@ew) — X0 4 AX (10.35)
The process is repeated until the solution converges to within a specified tol-
grance.

In power flow calculations, the set of nonlinear power flow equations given
inEgs. 10.31 and 10.32 may be rewritten as Eqs. 10.36 and 10.37, respectively,
which represent the real power and reactive power mismatches at bus k. These
mismatches give the difference between the injected power at the bus and the
swm of the powers flowing through the various lines connected to the other buses.

N

AP = Vi > VulGim c0s(8x — 8m)
m=1
+ By Sin(6; — 6,4)] — P,fp = (10.36)
N
AQy = Vi > VulGim sin(8i — 8m)
m=1

740 AN
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Equations 10.36 and 10.37 are linearized, and the resulting equationg o
solved at each iteration are given ahead. In these equations, the rea] Pow,
mismatches and reactive power mismatches at the buses are expressed ag Jj, -
functions of the incremental voltage angles and incremental voltage Magy.

tudes.
AS]
AV (10.3)

The submatrices H, N, M, and L are found by taking the derivativgS V.‘I.
Eqs. 10.36 and 10.37 with respect to the voltage angles and magnitudes, Theg
expressions are given in Egs. 10.39 to 10.42. 3

{HN

AP
M L

AQ

Him = 25 = ViVn[Gin Sin(3s = ) = Biom c0s(8 = )]
m "
oP; '
Hy = i —Qi — B V¢ (10.39?'
oP ;
Niw = S0k = Vy{Gim <05k = 8n) + Bim Sin(Bi = 5] )
m
P, 1
Nir = 3‘—% = Vk(Pk + G VD) (10.40)
J .
My, = % = Vi Viu[—Gim c08(8; — 8m) — Bim Sin(8g — 6m)]
m
J |
Mkk = a%: = Pk - Gkak2 (104t
d .
Lim = 22% = (G Sin(® = n) = Bem cos(3 = 8
m
Ly = W W (Qk — Bk Vi) (10.42

Because the swing bus voltage is taken as the reference phasor (i.e.
V, = 1.0 /0°), real and reactive power mismatches are not included in Eg
10.38. For P-V buses, reactive power mismatches and incremental voltag

magnitudes are not included because the voltage magnitudes are set to
specified values. Also, if bus k is not directly connected to bus m, the
the kmth element of submatrices H, N, M, and L are zero. The Jacobial
matrix J has sparsity characteristics similar to those of the bus admittance
matrix Yyys. .

Equation 10.38 is solved directly for the incremental voltage angles anc
incremental voltage magnitudes that are used as corrections to the CUMCHE
estimate of the solution. Any known solution technique for a system @&
linear algebraic equations may be used to solve Eq. 10.38. These comp¥
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qections are used to determine new estimates of the voltage phase angles

iﬂd yoltage magnitudes as follows:
Snew — Sold + AV (10.43)
yrew — Vold + Aynev (10.4 4)

The iterative process is said to have converged when the bus real power
ismatch vector AP and reactive power mismatch vector AQ, which are com-
sted by using Egs. 10.36 and 10.37, have been reduced to within a specified

olerance- At this point, the voltage magnitudes and phase angles at all buses
ave been found, and they may be used to calculate the real and reactive pow-
S flowing through any transmission line or transformer, the real and reactive

wer generation of the slack bus, and the reactive power generations of the
oher generators. In addition, the real and reactive power losses of any trans-
qission line or transformer, as well as of the total system, may be found by
wsing the computed line power flows.

The Newton—Raphson method converges most rapidly of any of the power
jow solution techniques, especially when the solution point is close. It has a
uadratic convergence characteristic. It is reliable and has minimal sensitivity
¢ factors that cause poor convergence, such as the choice of swing bus and
fhe presence of series capacitors in the network, which could cause problems
in the Gauss—Seidel method.

EXAMPLE 10.3
for the power system shown in Fig. 10.9, the bus admittance matrix Yy, is
 given by
3.0 - j9.0 -2.0 + j6.0 —1.0 + ;3.0
Yous = | —2.0 + j6.0 25 - j7.5 =05 + jl1.5
-1.0 + j3.0 -05 + j1.5 1.5 — j4.5
Ps, Qs 1 0.05 +;0.15 2
O—— ——> 1.5+;1.0 pu
V; =1.05/0°
0.10+,0.30
P3=O.6 pu
( — 0.20 +,0.60
vzl =1.02

3
FIGURE 10.9 Power system of Example 10.3.
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The per-unit bus voltages and power injections are also given in the figure
a. For each bus k, specify the bus type, and determine which of the Varigy
Vi, Ok, Py, and O, are input data and which are unknowns. &

b. Assume an initial estimate of V, = 1.0 /0°, and 63 = 0°, and CalCula
the bus real and reactive power mismatches to be used in the first iteratio
of the Newton—-Raphson power flow method. 1

c¢. Set up the linearized system of equations that are solved at each iteratio
of the Newton-Raphson power flow method. 1
Solution
a. The bus types and the classification of variables at each bus are showy
in Table 10.1.

b. Using the initial estimates V, = 1.00 /0° and &3 = 0.0°, the reg] an
reactive bus power mismatches are calculated using Eqs. 10.36 and 10.37
with 8;,, = (6; — 8,,) as follows:

AP; =W3[Vi(Ga1 cos 81 + By sindy;) + VoG
+ V3(Gop3 cos 823 + Bo3 sin 623)] — PZSP
=1.00 [1.05(—2.0cos0 + 6.0sin0) + 1.00(2.5)
+1.02(—=0.5cos0 + 1.5sin0)] — (—1.5)
=1.39 pu
AP3 =V3[Vi(G31 cos 831 + B3 sind3;)
I VQ(G32 co0s 83 + B3, 8ind3;) + V3Gas] — P;p
=1.02 [1.05(—1.0cos0 + 3.0sin0)
+ 1.00(—=0.5cos0 + 1.5sin0) + 1.02(1.5)] — 0.6
= —0.62 pu
AQ> =W[Vi(G21 8in ;1 — By cos 821) — VaBoy
+ V3(Go3 8in 623 — Ba3 cos 623)] — 05
=1.00 [1.05(—2.0sin0 — 6.0cos0) — 1.00(—7.5)
+1.02(—0.55in0 — 1.5cos 0)] — (—1.00)

=0.67 pu
Table 10.1  Bus Type and Classification of Variables for
Power System of Example 10.3
Bus Number Bus Type Input Data Unknown
1 Swing Vi, 64 P, 0,
2 Load Pg, Q2 Vz, 52
3 Generator P;, V3 83, 03

10.2 POWER FLOW ANALYSIS 371

¢. The real and reactive power mismatches calculated above are used in the
. linearized system of equations to find corrections, or improvements, in
| the values of the voltage magnitudes and angles as shown in the following

equation.
9Py 9P 9P
0967 003 WQ—
oy ops oby |[3%0] A
| 9Q: Q2 90, g
006, 0063 A%)

+10.2.6  The Fast-Decoupled Power Flow Method

| fn the Newton-Raphson method, described in the previous section, the Jaco-
pian matrix is formed and evaluated at the current estimate of the solution
gt every iteration. This large matrix is used to solve for the corrections or
improvements to the current estimate of the solution. Thus at each iteration,
the Newton—-Raphson method performs either a matrix inversion or a Gaussian
' elimination or a triangular factorization of the large Jacobian matrix. Therefore,
' the Newton—Raphson method is more complicated and requires more compu-
@ations per iteration and more storage space than the Gauss—Seidel technique.
' To alleviate some of the shortcomings of the Newton—Raphson method, the
fast-decoupled method has been developed and is discussed in this section.
Any practical transmission system operating in steady state exhibits the char-
acteristic of strong interdependence between real powers and bus voltage angles
and between reactive powers and voltage magnitudes. Correspondingly, the
coupling between P and V, as well as between Q and 8§, is relatively weak.
Based on the physical property of the problem, the fast-decoupled method
solves the power flow problem by “decoupling,” that is, solving separately, the
P-6 and Q-V subproblems.
The first step in the fast-decoupled approach is to neglect the submatrices
Mand N in Eq. 10.38, giving two separate matrix equations:

HAS = —-AP
LAV = —-AQ

(10.45)
(10.46)

Where the elements of the matrices H and L are given by Egs. 10.39 and 10.42
and are rewritten here as follows:

Hym =
Hl.l. =

ViV [Giem sin(8x — 81n) — By cOS(8; — 8,)]

—0). —R.. V2 10 AT




372 CHAPTER 10 POWER FLOW SOLUTIONS

Lim = VilGim sin(8g — 8m) — Brm €08(8 — Om)]
1
Ly = Vk(Qk — BV (10-48)

For practical power systems, the phase angles of the bus voltages are See
to be generally small and close to the values of neighboring buses. In addition
the transformer and line reactances are normally greater than the correspop, din’
resistances. Hence, the following assumptions are further made. g

cos(8; — &) =1 Gim < Bim

sin(dy — 8m) =0  Qp < B V¢ (10.4)
Thus, good approximations to Eqs. 10.45 and 10.46 are given by

N
> Ve(=Biy)Vi A8y = —AP; (10.50)
m=1
N
> Vi(=Bjy) AV = —AQy (10.51)
m=1

Equations 10.50 and 10.51 may be simplified by moving the V; terms to the
right-hand side and setting the V,, terms in Eq. 10.50 to unity. The final fag(-
decoupled power flow equations may thus be expressed as two sets of linear
algebraic equations with constant coefficients as follows:

B'AS = [ﬂ] (10.52)
Vi

(10.53)

Both B’ and B are real, sparse, and constant matrices. B"' is symmetrical,
and B' is also symmetrical if the effects of phase shifters are neglected. .

The elements of the matrix B’ may be simplified by neglecting all the resis-
tances and omitting the elements that affect predominantly the Q-V problex_n,-
such as shunt susceptances and transformer off-nominal taps. When the resis:
tances are neglected, B’ is formed from the reactance network by using the
same procedure used in forming the bus admittance matrix Yy,s. The matnX
B’ is the imaginary part of Yp,. The elements of B” may be simplified by
omitting phase shifters.

In the fast-decoupled power flow method, the bus real power mismatchfis AP
are evaluated using Eq. 10.36 at the current estimate of the voltage magnitudes

and phase angles. Equation 10.52 is solved for the improvements A3. The 1
arnvamante AR ara then nead ta nindate the valtagse nhase anoles using Ea. 10.43:
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Using the newly computed values of the phase angles and the current es-
gmates of the voltage magnitudes, the reactive power mismatches AQ are
calculated by using Eq. 10.37. Equation 10.53 is solved for the improvements
AV. The improvements AV are then used to update the voltage magnitudes
gsing Eq. 10.44.

It is seen that the phase angles and voltage magnitudes are alternately up-
dated while using the latest solution estimates in the calculation of the power
pismatches. Convergence is achieved when both the real and reactive power
mismatches are within specified tolerances. It may be noted that the mismatches
gre computed using the exact expressions, without approximations or decou-
ling; thus, the method converges to the true and exact solution.

The fast-decoupled power flow Eqgs. 10.52 and 10.53 may be solved by
- any known method of solving a system of linear equations. The matrices B’
and B" in these equations are constant matrices, which have the same size as
the Jacobian submatrices H and L, respectively, and have the same sparsity
characteristics as the bus admittance matrix Yy,,. If matrix inversion is used,
poth matrices B’ and B" need to be inverted only once at the beginning of the
- golution process. If triangular factorization is employed, the triangular factors
are calculated only once at the beginning of the iterative process.

The fast-decoupled power flow method converges reliably. The speed per it-
eration is approximately five times faster than in the Newton—Raphson method,
and the storage requirements for both B’ and B” matrices are also less.

EXAMPLE 10.4

For the four-bus power system shown in Fig. 10.8, form the B’ and B" matrices
that are used in the fast-decoupled power flow solution method.

Solution The B’ matrix is formed using the same procedure as in building
the bus admittance matrix with the resistances of the lines neglected. The
reactance network, derived from Fig. 10.8, is shown in Fig. 10.10, and it is
used to obtain the B’ matrix.

Ps Qg ! jO.15 “
(_F— 1.0+j0.75
V;=1.05/0°
j0.30 j0.60 j0.30
( >— 0.50 +;0.30
vzl =1.02 . j0.15 %

FIGURE 10.10 Reactance network for Example 10.4.
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The elements of B’ are found as follows:

jBi = jBy = —1.0/j0.15 = j6.667

jBi3 = jB3y = —1.0/j0.30 = j3.333

jB14 = jB41 =0

jBy = —j6.667 — j3.333 = —j10

jBys = jBy = —1.0/j0.60 = j1.667

jBos = jByp = —1.0/j0.30 = j3.333

jBy = —j6.667 — j1.667 — j3.333 = —j11.667
jB3s = jBgs = —1.0/j0.15 = j6.667

jB3; = —j3.333 — j1.667 — j6.667 = —j11.667
jBa = —j3.333 — j6.667 = —j10

Thus, the B’ matrix is given by

~10.000  6.667  3.333  0.000
, 6.667 —11.667  1.667  3.333
B'=1 3333 1667 —11.667  6.667 '
0.000 3333  6.667 —10.000

as follows:

3.0 — j9.0 —-2.0 + j6.0 —-1.0+ j3.0 0.0 + jO.0y
-2.0 + j6.0 3.5 — j10.5 —0.5 + jl1.5 —-1.0 + j3.0f
Yous = | _10 + j3.0 -05+ jl.5 3.5 - jlo.5 —2.0 + j6‘.0‘}
00 + jO.0 —-1.0 + j3.0 -2.0+ j6.0 3.0 — jO0i"

The B" matrix is the imaginary component of bus admittance matrix Ypus
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FIGURE 10.117 One-line diagram of test system.

The system power base used is 100 MVA, and the voltage bases are selected

* (0 match the nominal voltages in various parts of the system. The transformer

data are provided in Table 10.2. Each of the transformers is fixed-tap, which
is set at 100%, and the percent resistances and reactances given are based on
the device ratings.

The system load data are given in Table 10.3, and the system generator
data are shown in Table 10.4. The generators at buses 1 and 4 represent in-

Thus,
-9.0 6.0 3.0 0.0
B" = 6.0 —10.5 1.5 3.0
- 3.0 1.5 -10.5 6.0
0.0 3.0 6.0 —-9.0
10.3 AN APPLICATION OF POWER FLOW

To demonstrate the application of power flow for analyzing the perfmjmatlCe 1
a power system, a 15-bus test system is considered. The one-line diagram

feeds from the neighboring power system that is charged with the bulk-power
generation and transmission in the region. The South generator is connected to

- bus 1, which is chosen as slack bus.

Table 10.2 Transformer Data

SRated VRated
Buspom Busrp, Name (MVA) (kV) % R % X
2 8 Janice 200 230/115 0.5 6
3 9 Excel 200 230/115 0.5 6
5 10 Sharp 200 230/115 0.5 6
6 7 Kate 100 230/115 0.2 5
12 13 Center 150 115/13.8 0.5 5
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Table 10.3  System Load Data

Bus Name Pioaa (MW) Oroaa (MVAR)
1 South 0 0
2 East 0 0
3 Main 0 0
4 North 0 0
5 Rich 0 0
6 Market 0 0
7 Ash 25 10
8 Cedar 40 20
9 Maple 18 10
10 Walnut 130 40
11 Oak 160 50
12 Center 100 30
13 West 0 0
14 Woods 50 20
15 Green 24 10

The transmission line parameters are calculated and converted to per upjt
based on the chosen bases. The transformer impedances are also converted
to per unit on system bases. The load data and generator data are, likewise,
converted to system bases.

The per-unit transformer data and transmission line data are presented in
Tables 10.5 and 10.6, respectively. The system input bus data are given in
Table 10.7. A “flat voltage” start is assumed; that is, the voltage phase angle
at each bus is set equal to zero, while the voltage magnitude at each load bus
is set equal to 1.0 per unit. The voltage at each generator bus is held at the
specified value provided the generator reactive power stays within specified
minimum and maximum limits.

The test system was analyzed using a noncommercial educational software
package. This package includes programs employing either of the following
power flow solution methods: Gauss—Seidel, Newton—Raphson, fast-decoupled;
combined Gauss—Seidel/Newton—Raphson, or combined Gauss—Seidel/fast-
decoupled. All programs are written in FORTRAN. Each solution method
converges to the same solution.

Table 10.4 Generator Data

S Rated VRated P G Ql(\;/HN Q%;/IAX
Bus Name (MVA) kV) (MW) (MVAR) (MVAR)
1 South 400 230 — — -
4 North 200 230 170 -50 110
13 West 150 13.8 120 0 90
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fable 10.5 Transformer Input Data in Per Unit

puSErom Busr, Name Spatea R (pw) X (pw
2 8 Janice 200 0.0025 0.0300
3 9 Excel 200 0.0025 0.0300
5 10 Sharp 200 0.0025 0.0300
6 7 Kate 100 0.0020  0.0500
12 13 Center 150 0.0033 0.0333

The Gauss—Seidel power flow method was selected, and the corresponding
rogram was run. A converged solution was reached in 15 iterations. The bus
data from the converged solution are given in Table 10.8.

Results of Simulation The program flagged the West generator as having
violated its reactive generation limit. As can be seen from Table 10.8, the
reactive power generated by the West generator is 1.18 per unit, exceeding its
gpper limit of 0.9 per unit. This means that the specified voltage at bus 13 is
100 high, and the generator cannot maintain it at this level. To find the correct
operating voltage of the generator, the P-V bus 13 is converted to a P-Q bus
mnd the reactive power demand at this bus is set equal to the negative of the
yiolated limit Q®**, or —0.90 per unit. The program was run again to solve
for the voltage magnitude at this bus. It was found to be 1.00 per unit.

The program also automatically checks all bus voltages and flags those
that are less than 0.95 per unit or higher than 1.05 per unit. The voltages at
load buses 14 and 15 are 0.935 and 0.922 per unit, respectively, which are both

Table 10.6  Transmission Line Input Data in Per Unit

BuSgrom Busy, R (puw) X (pw -jY (pu) SRated
1 2 0.0100 0.0528 0.1119 3.585
1 3 0.0233 0.1232 0.2611 3.585
1 6 0.0083 0.0440 0.0933 3.585
D 3 0.0133 0.0704 0.1492 3.585
3 4 0.0100 0.0528 0.1119 3.585
4 5 0.0066 0.0352 0.0746 3.585
9 11 0.0277 0.1518 0.0271 2.012
8 9 0.0332 0.1822 0.0325 2.012
8 11 0.0222 0.1214 0.0217 2.012
9 10 0.0277 0.1518 0.0271 2.012
10 11 0.0277 0.1518 0.0271 2.012
10 12 0.0222 0.1214 0.0217 2.012
11 12 0.0166 0.0911 0.0163 2.012
12 14 0.0222 0.1214 0.0217 2.012
14 15 0.0166 0.0911 0.0163 2.012
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Table 10.7  Bus Input Data in Per Unit Table 10.9  Final Bus Results

Bus Name Code |4 § Pg Py 0, Bus Name Code 1% ) Pg Oc
1 South 1 1.025 0 - 0 o 1 South 1 1.025 0 268 0.176
2 East 3 1.000 0 0 0 0 2 East 3 1.007 -3.42 0 0
3 Main 3 1.000 0 0 0 0 3 Main 3 1.016 -3.64 0 0
4 North 2 1.025 0 1.7 0 0 4 North 2 1.025 -3.29 1.70 0.571
5 Rich 3 1.000 0 0 0 0 5 Rich 3 0.998 -6.16 0 0
6 Market 3 1.000 0 0 0 0 6 Market 3 1.007 ~2.21 0 0
7 Ash 3 1.000 0 0 0.25 0.10 7 Ash 3 0.993 —4.89 0 0
8 Cedar 3 1.000 0 0 0.40 0.20 8 Cedar 3 0.994 —5.35 0 0
9 Maple 3 1.000 0 0 0.18 0.10 9 Maple 3 1.007 -4.81 0 0
10 Walnut 3 1.000 0 0 1.30 0.40 10 Walnut 3 0.981 -8.79 0 0
11 Oak 3 1.000 0 0 1.60 0.50 11 Oak 3 0.958 -11.0 0 0
12 Center 3 1.000 0 0 1.00 0.30 12 Center 3 0.975 -12.0 0 0
13 West 2 1.035 0 1.2 0 0 13 West 2 1.001 -9.76 1.20 0.682
14 Woods 3 1.000 0 0 0.50 0.20 14 Woods 3 0.950 -17.5 0 0
15 Green 3 1.00G 0 0 0.24 0.10 ‘ 15 Green 3 0.950 —-19.0 0 0

Totals 5.47 1.90 ‘ Totals 5.58 1.42

gss than the minimum allowable level of 0.95 per unit. These P-Q buses are
onverted to P-V buses, with their power generations set equal to zero. The
Table 10.8  Bus Resuls wltage magnitudes are set equal to the violated limit ymin_or 0.95 per unit.
The program is run again to find the generator reactive powers at buses 14 and

B Ni Cod 14 8 P . ;
= ame o= S i |5. These are equal to the per-unit MVAR of the capacitors that have to be
1 Senth 1 Lot 0 4 2'068 0.0 onnected at the two buses to bring the voltages back within limits. These are
2 St 3 1.009 —343 - g 0.116 per unit and 0.139 per unit for buses 14 and 15, respectively.
3 Main 3 1.017 —3.65 0 0 nall ith th 1 .
4 North 2 1.025 ~3.29 1.70 0.443 Finally, with the generator vo tage at bus 13 set to 1.00 per unit and ca-
5 Rich 3 1.002 —6.19 0 0 pcitors of 0.116 and 0.139 per unit MVAR connected to buses 14 and 15,
6 Market 3 1.008 —2.22 0 0 espectively, the program was run again. The final bus results are presented in
7 Ash 3 0.996 —4.90 0 0 Table 10.9. It may be noted that all previous constraint violations have been
| 8 Cedar 3 0.998 -5.36 0 0 resolved.
1 9 Maple 3 1.009 —4.82 0 0
10 Walnut 3 0.988 —8.81 0 0 [l
! 11 Oak 3 0.968 -11.0 0 0 EFERENCES
! 0.994 -12.1 0 0
g gér;tter g 1 (9)25 ~10.0 1.20 1.18 . Anderson, Paul M. Analysis of Faulted Power Systems. lowa State Press, Ames,
14 Woods 3 0.935  —17.2 0 0 lowa, 1973.
15 Green 3 0.922 -18.6 0 0 2. Arrillaga, J., C. P. Arnold, and B. J. Harker. Computer Modelling of Electrical
Totals 5.58 1.70 Power Systems. Wiley, New York, 1986.
3. Del Toro, Vincent. Electric Power Systems. Prentice Hall, Englewood Cliffs, N.J.,
1992,

A, Electrical Transmission and Distribution Reference Book. 4th ed. ABB Power
T&D Co., Raleigh, NC, 1964.

|
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PROBLEMS

10.1 The one-line diagram of an unloaded power system is shown in Fig. 10.12.
The reactance of the transmission line is X = 30 Q. The generators and transformers are

o
ot

;IOads on buses 3 and 4 are Sps

PROBLEMS 381

rﬂted as follows:

. Gi: 20 MVA, 12kV, X = 1.20 pu

. G 60 MVA, 13.8kV, X = 1.40 pu
Gs: 20 MVA, 13.2kV, X = 1.20 pu
T,: 25 MVA, 12/69 kV, X = 0.08 pu
T,: 60 MVA, 69/13.8 kV, X = 0.14 pu
Ts: 75 MVA, 13.2/69 kV, X = 0.16 pu

oose a power base of 50 MVA and a voltage base of 12 kV in the circuit of generator
, Form the bus admittance matrix.

0.2 The power system shown in Fig. 10.13 has the following generator and trans-
jormer data.

G;: 50 MVA, 13.2kV, X = 1.20 pu
Gy;: 20 MVA, 13.2kV, X = 1.10 pu
T;: 60 MVA, 13.2/115 kV, X = 0.16 pu
Ty: 25 MVA, 34.5/13.2kV, X = 0.10 pu
Ts: 60 MVA, 115/34.5kV, X = 0.16 pu
Ts: 10 MVA, 4.16/34.5 kV, X = 0.05 pu

I

1 T 6 3 T3 4 7 To 2
| % § 115 kv 34.5 kV | § g |
& O | ﬁ | e o | % I Oe

FIGURE 10.13 Power system of Problem 10.2.
\

The 115-kV transmission line is 50 mi long, and it has a reactance of 0.8 {)/mi. The
1 34.5-kV line is 10 mi long, and it has a reactance of 1.2 {)/mi. Choose a power base
of 50 MVA and a voltage base of 115 kV for the high-voltage transmission line.

a. Choose the voltage bases in the other parts of the system in order that per-unit
turns ratios of all transformers are 1:1.
b. Draw the one-line impedance diagram showing all impedance values in per unit.
¢. Form the bus admittance matrix.
0.3 For the power system shown in Fig. 10.14, bus 1 is selected as the slack or
SWing bus and its voltage is set to V; = 1.0 /0° pu. The chosen power base is 100

MVA. Generator 2 delivers a real power of 0.75 pu at a voltage of 1.02 pu. The
= (0.40 + j0.30) pu and Sps = (0.80 + j0.60) pu,
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G O } T. line O G

T. line

it
3¢ |

FIGURE 10.14 Power system of Problem 10.3.

Load

respectively. The impedance parameters for the transmission lines referred to the givey
power base and a voltage base of 115 kV are

Line 1-2: Z = (0.01 + j0.05) pu; Y = j0.30 pu
Line 2-3: Z = (0.03 + j0.15) pu; Y = j0.90 pu

The transformer is connected between buses 3 and 4, and its reactance is 0.10 puy,
From a flat start, perform one iteration of the Gauss—Seidel iterative technique (o
find the voltages at buses 2, 3, and 4.

10.4 For the three-bus power system shown in Fig. 10.6, the transmission line per-upjg
reactances are |
X12 = 0.75 X13 =0.25 X23 = 0.50
Bus 1 is selected as swing bus, and its voltage is used as reference and set at
Vi = 1.00 /0° pu. Bus 2 is a generator bus and its voltage magnitude is set af
V, = 1.02 pu and its real power generation specified as Pg, = 0. 6 pu. Bus 3 is a load ,:
bus with real and reactive power demands of Pp; = 0.8 pu and Opz = 0.6 pu. Usmg
the Gauss—Seidel iterative technique, obtain the power flow solution of this system

within a tolerance of 0.01 pu.

10.5 Using the solution to Problem 10.4, calculate the power flow through line 1-31
at both ends.

10.6 Repeat Problem 10.5 for line 2-3.

10.7 Outline the solution of the Newton-Raphson power flow method as it applies €
the power system of Problem 10.4.

10.8 For the four-bus power system shown in Fig. 10.8, choose bus 1 as swing bus

a. For each bus k, specify the bus type and determine which of the variables Vi
8k, Pi, and Qy are the known input data and which are the unknowns.

b. In terms of the partial derivatives, identify the elements of the Jacobian malf
for this particular power system.

c. Set up the linearized system of equations that are solved at each iteration of M
Newton’s method of power flow solution. Do not solve the system of equathlls“I
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0.9 For the three-bus power system shown in Fig. 10.6, generator G; is chosen as
ng generator. The line reactances are given as

X5 =020pu  X;3=025pu  Xp = 0.40 pu

a. Find the bus admittance matrix Ypys.

p. For each bus k, specify the bus type and determine which of the variables Vi,
8k, Py, and Q; are input data and which are unknowns.

¢. Set up the linearized system of equations that are solved at each iteration of the
Newton power flow solution method. Do not solve the system of equations.

10.10 For the three-bus power system shown in Fig. 10.9, form the B’ and B" matrices
ssed in the fast-decoupled power flow method.

10.11  The transmission line parameters of a four-bus power system are given as
follows:

Line 1-2: Z = (0.020 + j0.060) pu; ¥ = j0.080 pu
Line 1-3: = (0.015 + j0.045) pu; Y = j0.060 pu
Line 1-4: Z = (0.008 + j0.024) pu; ¥ = j0.030 pu
Line 2-3: Z = (0.010 + j0.030) pu; ¥ = j0.040 pu
Line 3—4: Z = j0.100 pu

Bus 2 is a tie-line bus and is chosen as swing bus. Bus 1 is a generator bus, and its
voltage magnitude is set to V; = 1.0 pu. Find the B’ and B" matrices for use in the
fast-decoupled power flow technique.
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Faults, Protection,
and Stability

11.1 INTRODUCTION

The normal operation of the power system at steady state that was described in
the previous chapter is affected, sometimes dramatically, by the occurrence of
such disturbances as overloads and short circuits. Of primary concern are short
circuits, not only because they can cause large damage to the affected system
component but also because they may lead to instability of the whole power
system. Thus, there is a need to design protection schemes to minimize the risks
involved with the occurrences of disturbances. Fault analysis forms the basis for
designing such protection systems. The proper coordination of the protective
relays and the correct specification of circuit breaker ratings are based on the
results of fault calculations. The performance of the power system is simulated
in what is called transient stability analysis under a variety of disturbances,
such as short circuits, sudden large load changes, and switching operations.

Fault calculations provide currents and voltages in a power system under

faulted conditions. The modeling of various power system components, sym-
metrical components, the interconnections of the sequence networks, and sym-
metrical and unsymmetrical faults are presented in the second section of this
chapter.

Power system protection is an important concern because short circuits
present danger of damage to the equipment and loss of synchronism of the
synchronous machines. The different types of protection systems and their ap-
plications for protecting the various power system components are discussed
in the third section of this chapter.

Transient stability studies investigate the ability of the power system (0
remain in synchronism during major disturbances, such as equipment failures
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gjor load changes, or momentary faults. Basic stability concepts are presented
" the last section, along with a brief description of the models for generators,
’ xcitation systems, and governor-turbine systems.

1.2 FAULT ANALYSIS

e normal mode of operation of a power system is balanced three-phase AC.
oweVer, there are undesirable but unavoidable incidents that may temporarily
jisrupt normal conditions, as when the insulation of the system fails at any point
; when a conducting material comes in contact with a bare conductor. Then
je say @ fault has occurred. A fault may be caused by lightning, trees falling
n the electric wires, vehicular collision with the poles or towers, vandalism,
nd SO forth.
Faults may be classified under four types. The different types of fault are
jsted here in the order of the frequency of their occurrence.

1. Single line-to-ground fault (SLG)
2. Line-to-line fault (L-L)

3, Double line-to-ground fault (2LG)
4. Balanced three-phase fault

Fault calculations provide information on currents and voltages in a power
gstem during fault conditions. Short-circuit currents are computed for each
elay and circuit breaker location and for various system contingency condi-
lions, such as lines or generating units out of service, in order to determine
pinimum and maximum fault currents. This information is useful to the en-
gneer in selecting circuit breakers for fault interruption, selecting relays for
fault detection, and determining the relay settings, which is referred to as relay
‘wordination. The proper selection and setting of protective devices ensure min-
imum disruption of electrical service and limit possible damage to the faulted
tquipment.

11.2.1 Three-Phase Fault Analysis

Sufficient accuracy in fault studies can be obtained with certain simplifications
in the model of the power system. These assumptions include the following:

a. Shunt elements in the transformer model are neglected; that is, magne-
tizing currents and core losses are omitted.

b. Shunt capacitances in the transmission line model are neglected.

¢. Transformers are set at nominal tap positions.
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d. All internal voltage sources are set equal to 1.0 /0°. This is €quiva]q
to neglecting prefault load currents. u

Three-phase fault calculations can be performed on a per-phase basig be
cause the power system remains effectively balanced, or symmetrical, dllrin.
a three-phase fault. Thus, the various power system components are repre
sented by single-phase equivalent circuits wherein all three-phase connection.
are assumed to be converted to their equivalent wye connections. CalClllatign:
are performed using impedances per phase, phase currents, and line-to-nelltIal
voltages.

Fault analysis, like any other power system calculation, is more convenieny
performed using per-unit representation. The power system componentg
described in terms of their per-unit impedances or per-unit admittances.
power base is selected and is used for all parts of the power system. The Voltage
bases are different for various parts of the system, and they are selected s that
the per-unit turns ratio of the transformers is equal to unity. The current base and
the impedance base are computed using the specified power base and voltage
bases.

EXAMPLE 11.1

A three-phase synchronous generator is rated 50 MVA, 13.2 kV, 0.8 power
factor lagging and has a synchronous reactance of 20%. The generator is cop-
nected to a 60-MVA, 13.4/138-kV, three-phase transformer having a reactance
of 15%. The generator is initially operating at no load and rated terminal volt-
age. A three-phase fault suddenly occurs on the transformer’s high-voltage
terminals. Determine the short-circuit current supplied by the generator and its
terminal voltage.

Solution Choose the generator ratings as base quantities; thus, Spae = 50
MVA and Vipse = 13.2 kV (line-to-line). The base current is calculated as
follows.
Tpase = 50,000/(13.2/3) = 2187 A
The terminal voltage of the generator is taken as reference phasor; thus,

Vi = 1.0 /0° pu

Because the generator is initially operating at no load, the internal voltage i8
equal to the terminal voltage.

E, = Vi = 1.0 /0° pu
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11.2 FAULT ANALYSIS

When a three-phase fault occurs at the high side of the transformer, the
ppternal voltage of the generator is assumed to remain constant in determining
ghe short-circuit current. The transformer reactance is converted to per unit
eferred to the chosen bases as follows.

X: = (0.15)(50/60)(13.4/13.2)*> = 0.129 pu
Therefore, the total series reactance Xt is given by
Xt = X5+ X; = 0.20 + 0.129 = 0.329 pu

Hence, the short-circuit current is found by dividing the internal voltage by the
total reactance.

E, 1.0 L0° 3 .
jXT = F)3—29 = 3044 90 pu

(3.04)(2187) = 6648 A

Isc =

The terminal voltage of the generator is calculated as

Vi = jXds = (j0.129)(3.04 /=90°) = 0.39 /0° pu
= (0.39)(13.2) = 5.15 kV  (line-to-line)

DRILL PROBLEMS

D11.1 A step-up transformer is rated 1000 MVA, 26/345 kV and has a series
' impedance of (0.004 + j0.085) pu based on its own ratings. It is connected

o a 26-kV, 800-MVA generator that can be represented as a constant-voltage

source in series with a reactance of j1.65 pu based on the generator ratings.

The system is initially operating at no load when a three-phase fault occurs at

the high-voltage terminals of the transformer. Choose a system power base of
- 1000 MVA and a voltage base in the generator circuit of 26 kV.

a. Convert the per-unit generator reactance to the system base.
b. Find the short-circuit current, in amperes, at the fault.
¢. Find the short-circuit current, in amperes, supplied by the generator.
D11.2 Two 50-MVA, 12-kV, 60-Hz generators G; and G, are connected to
bus A. Each generator has a synchronous reactance of 0.15 pu. A three-phase,

' 100-MVA, 12/69-kV transformer of reactance 0.10 pu is connected to A. The
!



