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

VOC:ISE kV J'DC =151A Pm_ =449 kW
{a) Find the equivalent circuit referred to the low-voltage side of this transformer.

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

SOLUTION

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

13.1A

13.8kV
gt foo _gun  BARNW oo
Vocloc (13.8 kV)(15.1 A)

Yoy =G, — jB,, =0.0010942/-77.56° S = 0.0002358 - j0.0010685 S

|YEX‘:|GC_jBM|:

=0.0010942

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

2 2
13.8 kKV
Zi :Vhi:g: 318.00 0
Y 5000 kVA

base

50 Ry, =(0.01)(38.09 Q)=0.38 Q and X, =(0.05)(38.09 2)=1.9 Q. The resulting equivalent circuit
is shown below:

al ; I
— Reqq e o
+ 0 W{ rY-W-\_u +
VP § Rf ’ XH!
e = Y
= {.'Q 2 a’l 5




Ry, =0.380 Xy, = j190
R., =4240Q X, =9360

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

F 4000 kW

— _LOAD _

TV, PF (13.8kV)(0.8)
I,=3623£-36.87° A

=3623A

The voltage on the primary side of the transformer (referred to the secondary side) is
Vp = Vi +1Zy,
\"F! =13,800£0°V +(3l52.3;£ —-36.87° A][I].3E+ j19 ﬂ] =14,330£19°V

There is a voltage drop of 14 V under these load conditions. Therefore the voltage regulation of the
transformer is
R = 14,330-13,800
© 13,800

¥ 100% = 3.84%

The transformer copper losses and core losses are

2

Py =15 Ry =(362.3 A) (0.38 Q) =49.9 kW

;2
("’P) 14,330 V)
P, = {430V e aew
R, 42400

Therefore the efficiency of this transformer at these conditions is

Par 4 4000 kW

00% = =97.6%
Byy+Py+P,. 4000 kW + 49.9 kW + 48.4 kW

jl:'l:




2-10. A 13,800/480 V three-phase Y-A-connected transformer bank consists of three identical 100-kVA
1967/480-V transformers. 1t is supplied with power directly from a large constant-voltage bus. In the
short-circuit test, the recorded values on the high-voltage side for one of these transformers are

V. =560V I =126A P =3300W

(a) If this bank delivers a rated load at 0.85 PF lagging and rated voltage, what is the line-to-line voltage on
the primary of the transformer bank?

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

Sorution  From the short-circuit information, it is possible to determine the per-phase impedance of the
transformer bank referred to the high-voltage side. The primary side of this transformer is Y-connected, so
the short-circuit phase voltage is

Ve 560V
50 «,ﬁ *JE
the short-circuit phase current is

Lo=Ie=126A

v, =333V

and the power per phase is

P
.I;I:T“:nmw

Thus the per-phase impedance is

| 3233V
1Zeo| = |Reg + X | = ——-=15660
9= cos' 15 _ oo oW =74.3°
Vil (323.3V)(12.6 A)

Ly =Ry + X5y =25.66274.3° Q=694+ j24.7Q

Ry, =6.94Q
Xgo=j24.7Q




fa) If this Y-A transformer bank delivers rated kVA (300 kVA) at 0.85 power factor lagging while the
secondary voltage is at rated value, then each transformer delivers 100 KV A at a voltage of 480 V and 0.83
PF lagging. Referred to the primary side of one of the transformers, the load on each transformer is
equivalent to 100 KVA at 7967 V and 0.85 PF lagging. The equivalent current flowing in the secondary of
one transformer referred to the primary side is

* 100 kVA

- =12.55A
5T 96TV

I, =12.55/-31.79° A

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

F #

Vor=Vos +1,5 2y

V, » =796720° V+(12.55£-31.79° A)(6.94+ j24.7 Q)=8207£1.52° V
The line-to-line voltage on the primary of the transformer is

Vi, p =3 V,, =3(8207 V)=14.22 kV
(b)  The voltage regulation of the transformer is

_ 8207-7967
7967

% 100% = 3.01%

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




2-22,

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

Open-circuit test Short-circuit test
Vo.:' = 48[} "r‘r Vgc = "]'[} V
Ioe=041A Le=106 A
Vor=38 W Psc=26W

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

(b) Sketch the transformer connections when it is used as a 600/480-V step-down autotransformer.
(c) What is the kilovoltampere rating of this transformer when it is used in the autotransformer connection?

(d) Answer the questions in (a) for the autotransformer connection.
SoLuTioN
(@) The base impedance of this transformer referred to the primary side is

(v,)' (480V)
Z o= = =234 Q
el T8 10KVA

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

Linc 041 A

Vi |= 2—=——-=0.000854 S
Vioe 480V
q
9=—cos’ —10C_ __cog?! EW =-78.87°
Voo I (480 V)(0.41 A)

Yix = G — jBy =0.0008542 - 78.87° = 0.000165— j0.000838
R.=1/1G.=6063Q
Xy=URB,=11930Q
The excitation branch elements can be expressed in per-unit as
_6063Q _ 11930

= =263 pu = =518
““Bma " “ g
The short circuit test yields the values for the series impedances (referred to the primary side):
V.. 100V
Zpp|="E=——"=0943 Q
220 I, 106 A




P _ oot 26 W
Ve Ioe (10.0 V)(10.6 A)

Lo =Rpp + jX; =0.943275.8°=0.231+ ;0915 Q

=75.8"7

8 =cos™

The resulting per-unit impedances are

02310 09150

= =0.010 pu = =0.0397 pu
© =304 0 g ©~23040 :
The per-unit equivalent circuit is
I, I,
 — REQ JX g —
» .l.ﬁ F Y a5
+ 0.010  j0.0397 +
V, R, X, \A
263 j51.8

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

The core losses (in resistor RC ) would be

; 2
p Y _ (19 _ 1 003so pu
"~ R, 263

The copper losses (in resistor Ry, ) would be

By = "Ry, =(1.0)"(0.010) = 0.010 pu
The output power of the transformer would be
Four = Bour — Fey — Proe =1.0-0.010-0.0038 = 0.986

and the transformer efficiency would be

0.986

?;:hx][ﬂ%= * 100% =98.6%

IN

The output voltage of this transformer is

Vour = Viy = 1Z, =1.0—(1.0£0°)(0.01+ j0.0397) = 0.991£ - 2.3°

The voltage regulation of the transformer is

_1.0-0991
0991

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

*100% =0.9%




fc)  When used as an autotransformer, the KVA rating of this transformer becomes:

_NI'_'+NSE5 _4+I(
= w =

10 kVA) =50 kVA
Ng 1 )

Sio

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

advantage, so the series impedance becomes

R, =¥=o.m2 pu
Xeo =M=0m?94 pu

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

' (1.0)
P =V_={ ) = 0.00380 pu
R. 263

The copper losses (in resistor Ry, ) would be

By = IRy, =(1.0)(0.002) = 0.002 pu
The output power of the transformer would be

By = Fyyr — Py — Py =1.0-0.002 - 0.0038 =0.994

coe

and the transformer efficiency would be

s # 100% = 99.4%

PDIT
?}':—'Xl[ﬂ%:
P

The output voltage of this transformer is

Vour = Vi —1Zg =1.0- (1.0£0°)(0.002 + j0.00794) =0.998.£-0.5°

The voltage regulation of the transformer is

_ 1.0-0998
© 0.998

#*100% =0.2%




223, Figure P24 shows a power system consisting of a three-phase 480-V 60-Hz generator supplying two loads
through a transmission line with a pair of transformers at either end.

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

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

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

{cd) What are the transmission losses (transformer plus transmission line losses) in this system with the
switch open? With the switch closed? What is the effect of adding Load 2 to the system?

LT A AY
O’%? 3¢ 7 b
3“& 3}3&

Generator

480 V Lok
AS14400V  Z,=154710Q  14400Ms0v | Lewd! Load 2
1000 KV A 500 KVA - ;
R=0.010 pu R=0.020 pu 21 gad 1 = Zigad 2=
X = 0.040 pu X=0085pu  045.36870Q -j08Q

Y- connected Y- connected
Region 1 Region 2 Region 3
S, = 1000 kVA Spue = 1000 KVA S, = 1000 KVA
Vi b =480V Vi pey = 14,400V Vi bz =380V

Sorurion This problem can best be solved using the per-unit system of measurements. The power system
can be divided into three regions by the two transformers. If the per-unit base quantities in Region 1 are
chosentobe S, =1000kVAand V., =480V, then the base quantities in Regions 2 and 3 will be as

shown above. The base impedances of each region will be:
_W,} 3271 Vv)

zZ = =0238Q
el T8, 1000 KVA
W,° 3(8314 V)
g = —— = ( ) =207.4Q
Spsez 1000 KVA
W 32T V) e

z = =
T8 . 1000 KVA




(@) To get the per-unit, per-phase equivalent circuit, we must convert each impedance in the system to
per-unit on the base of the region in which it is located. The impedance of transformer 7, is already in per-
unit to the proper base, so we don’t have to do anything to it:

R, ,, =0.010

X, =0.040

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

{Vms: |)1 {Smse ] ] (2_5{]]

{VMI)I (Stlnse I]
(8314 V)" (1000 kVA)

,=0.020 =0.040
K (8314 V) (500 kVA)

2
¥ 29,335{33'4 V) (1000 kVA) o170

o (8314 V)' (500 kVA)

(R, X, Z]pumunsezz(‘q* X, Z}Pummﬂl

The per-unit impedance of the transmission line is

154
7 =l _154710Q 4 0000s 00482

en sz, 20740

The per-unit impedance of Load 1 is
7 _ Zaa  04573687° Q

_ L _ 1513+ j1.134
wde =TT 02380 /

The per-unit impedance of Load 2 is

B
based -

The resulting per-unit, per-phase equivalent circuit is shown below:
0.010 0040 000723 jO.0482  0.040  jO.170
r r

L — ———
.I-\B--

[
:,.J
Laa
o




(b)  With the switch opened. the equivalent impedance of this circuit is
2Ly, =0.010+ j0.040+0.00723+ j0.0482+0.040 + j0.170+1.513+ j1.134
Ly, =1.5702+ j1.3922=12.099 £41.6°

The resulting current is

1.£0°

=———=04765£-41.6°
2.099.741.6°

The load voltage under these conditions would be

=17, =(047652—-41.6°)(1.513+ j1.134)=0.901£ —4.7°
V. ..=(0.901)(480 V) =432V

based

1‘flrL,l:vnm‘l.I.'m:l
Vs = vLm.d,pu

The power supplied to the load is
P

Load

o =I'R_., =(04765)"(1.513)=0.344

S... =(0.344)(1000 kVA) =344 kW

Flow= P]_m.d,pu
The power supplied by the generator is
P.  =VIcos@=(1)(0.4765)cos41.6°=0.356

&.pu
@y =VIsin 8=(1)(0.4765)sin41.6° =0.316
Sg. = VI =(1)(0.4765) = 0.4765

P.=F, S, =(0.356)(1000 kVA) =356 kW

Qs = Qg puSpme = (0.316)(1000 kVA) =316 kVAR

Se = 56 05 = (0.4765)(1000 kVA) = 476.5 kVA

The power factor of the generator is

PF = cos 41.6° = 0.748 lagging



(c) With the switch closed, the equivalent impedance of this circuit is

(1.513+ j1.134)(-j3.36)
(1.513+ j1.134) +(~j3.36)
Z,,=0.010+ j0.040+0.00788 + j0.0525+0.040+ j0.170+(2.358+ j0.109)
Z.,=2415+ j0.367 =2.443/8.65°

Z,,=0.010+ ;0.040+0.00723+ ;0.0482+0.040 + j0.170+

The resulting current is

120°

=————— =409/ —-8.65°
2.443./8.65°

The load voltage under these conditions would be
Vioatpe =1 Zy 0y =(0.409.2 - 8.65°)(2.358+ j0.109) = 0.966£ — 6.0°
Viead = VioatgeVowes = (0.966) (480 V) = 464 V

The power supplied to the two loads is the power supplied to the resistive component of the parallel
combination of the two loads: 2.358 pu.

-

Pun =R, =(0409) (2.358)=0.394
P_,=P_. 5. =(0394)(1000 kVA) =394 kW

Losd — ¥ Load.pu
The power supplied by the generator is
P, =VIcos8=(1)(0.409)cos6.0°=0.407

&
Q,;u =VIsin8=(1)(0.409)sin 6.0° = 0.0428

Seq =VI=(1)(0.409)=0.409

P, = P; Sy, =(0.407)(1000 kVA) = 407 kW

Qg = Ot puStuse = (0.0428)(1000 kVA) = 42.8 kVAR

S =S¢ puStue = (0.409)(1000 kVA ) = 409 kVA

The power factor of the generator is
PF =cos 6.0° =0.995 lagging
(d) The transmission losses with the switch open are:
R =1 ERline = {9.4?65}2 (0.00723) =0.00164
=P .S.. =(000164)(1000 kVA)=1.64 kW

F:ine line_pu

The transmission losses with the switch closed are:

B B (0.409)" (0.00723) = 0.00121
P = Pie puStase =(0.00121)(1000 kVA) =1.21 kW

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



