EEL 3216 Introduction to Power Systems
Homework # 3

Solutions

CHAPTER 3
(Problems 3-1, 3-2, 3-3, 3-4, 3-6, 3-7, 3-8, pp 154-157 in Textbook)

1. The secondary winding of a transformer has a terminal voltage of
Vs(t) = 282.8 sin 377t V. The turns ratio of the transformer is 50:200 (a = 0.25). If
the secondary current of the transformer is is(t) = 7.07 sin(377t — 36.87°)A , what
is the primary current of this transformer? What are its voltage regulation and
efficiency? The impedances of this transformer referred to the primary side are

Req = 0.05 Q Rc=75Q
Xeq=0.225 Q Xm =20 Q

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

282.8
Vi=—F=20"V=200£0V
V2
7.07 -, .
I. = £L—-3687T"A = 52-3687"A

V2
The secondary voltage referred to the primary side 1s
,
Vi =aV,=5020"V
The secondary current referred to the primary side is

© I
I, =—2=20£-3687"A
a

The primary circuit voltage is given by
V. =50£0"V+ {ZOL’ —36.87° ){0.@5 Q+ j0.225 .Q.) =53.6.3.2°V

The excitation etrrent of this transformer is

6/32°V  53.6£3.2°V
Tp =T+, =203 2 ¥V 032V 5145,32°42.6792-86.5°
: 75Q j20Q
Iy =2.77£-71.9°

Therefore, the total primary current of this transformer is

!,

Io=1; +1,=20£-3687"+2.77£-71.9"=2232-41.0"A
The voltage regulation of the transformer at this load is

Ve—aV, 53.6—-50

VR = £ %100% =————x100%=7.2%
50

avs
The input power to this transformer is
By =Vplp cos 6=(53.6 V)(22.3 A)cos [3.2°~(-41.0%)]
P =(53.6 V)22.3A)c0s44.2°=85TW
The output power from this transformer is
Py =Vlgcos8=(200V)(5 A)cos (36.87°) =800 W
Therefore, the transformer’s efficiency is

800 W

-

»x100% = 93.4%

P
n=-"L%100%=
i)



2. A 20-kVA 8000/277-V distribution transformer has the following resistances and

reactances:.
Rp=32Q Rs=0.05Q
Xp=45Q Xs=0.06 Q
Rc=250kQ Xv=30kQ

The excitation branch impedances are given referred to the high-voltage side of
the transformer.

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

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

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

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

SOLUTION

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

Ry =a’R, =(28.89)(0.05Q)=41.7Q
X, =a’ X, =(28.89)(0.06Q2)=50.1Q



The resulting equivalent circuit is
1—1‘

b 320 450 4170 js010Q _®,
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(b) The rated kVA of the transformer is 20 kWA, and the rated voltage on the primary side is 8000 V, so
the rated current in the primary side is 20 kVA/8000 V = 2.5 A. Therefore, the base impedance on the

primary side is

_ Ve _ 8000V

base ™

I base
Sinee Z,, = 2, | Lyaee - the resulting per-unit equivalent cireuit 1s as shown below:

-, 001 ;0.0141 0.013  j0.0157

—_—

AV Ao

v, 78.125 j9.375 N,

O
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fe) To simplify the calculations, use the simplified equivalent circuit referred to the primary side of the

transformer:
I

I, 320  j45Q 4170 5010 =

—

+ o——AAA Y AAA YV o+

Ve 250 kO § J30k0Q ¥,

The secondary current in this transformer is

20kVA
I, =———"—2£-3687"A=7222-3687°A

277V
The secondary current referred to the primary side 1s

(L _T224-368T°A o0 acgmen
g 28.89 o '




Therefore, the primary voltage on the transformer is

#

Vp=V; + (REQ + AXgq )Is
Vp =8000£0°V +(73.7 + j9§.1)(2.50£ -36.87° A) =8290£0.55°V
The voltage regulation of the transformer under these conditions is
_ 8290-8000
8000

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

Pyor = Scos® =(20kVA)0.8) =16 kW

VR % 100% = 3.63%

Py =(1I )_REQ =(2.5)(73.7)= 461W

o Ve _ 82907

> = =275W
R. 250,000

The efficiency of this transformer 1s

P
= out *x100% = 16,000 *x100% = 95.6%
Pyyr + By + P 16,000 + 461+ 275

core

n

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

Open-circuit test Short-circuit test
Voc =230V Vee=132V
Ioc=045A I.e=60A
Poc=30W P:c=201W

All data given were taken from the primary side of the transformer.
(a) Find the equivalent circuit of this transformer referred to the low-voltage
side of the transformer.
(b) Find the transformer’s voltage regulation at rated conditions and
(1) 0.8 PF lagging, (2) 1.0 PF, (3) 0.8 PF leading.
(c) Determine the transformer’s efficiency at rated conditions and 0.8 PF
lagging.

Attention! The numbers in the problem statement above are different from the
ones in problem 3-3 in the book. However, the solution process is the same.
The solution is given her for the numbers in the above statement and NOT
for the one in the book.



SOLUTION

(a) OPEN CIRCUIT TEST:

045A
Yo | = |Gr — By | = =0.001957 s
Ex| | c—J .u‘ 230V
1 R - 30W
8 =cos —% =c05_'%= 73.15°
Vocloc (230 V)0.45A)
Yoy = G.— jB,, =0.001957£-73.15" S = 0.000567-70.001873 S
R :i: 1763 €2
Ge
. 1 ]
X, =—=534Q
By
SHORT CIRCUIT TEST:
132V -
Zeo| = Ren + X pn| = ———=2.200
Z50] =[Ree + 2o 6.0 A
P 20.1W
6 =cos —£— =cost —————=753°
Veelo (132V)6A)
Zgg = Rpg + jXgg =2.20£75.3°Q=0.558+ j2.128 Q
Rgy =0.5580)

Xpq =72.128Q

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

e Regg  FXegy .
+ o <o+
Vp
Ve v
a
- o-—
=_r
(b} RL'LL&' = ”—_1 + Ry
X,
X\'q.\' = ”—q + X.\
Roqs =0.140 Q Xpqs = /0.532 Q
Ros=4410Q Xy =134 Q

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

1000 VA
J,=———=870A
FT115V

We will now calculate the primary voltage referred to the secondary side and use the voltage regulation
equation for each power factor.



(1) 0.8 PF Lagging:
Vo =V + 21 = 11520°V +(0.140 + j0.532 SE]{S 7£-3687° ﬂx)

Vp =118.8£1.4°V

-115
ZMXIOO% =3.3%

(2) 1.0PF:

Vo = Vi + Zeole = 11520° V +(0.140 + /0.532 Q)(8.7.£0° A)

V, =116.32228°V

116.3-115
VR =——x100% =1.1%
115

(3) 0.8 PF Leading:
Ve = Vs + Zgo I =115£0°7 V+(0.140+ j0.532 5'2]{8.?436.87" A}

V, =11332224°V

113.3-115
=——x100% =-1.5%

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

Py =1 Rggs = (8.7A1(0.140Q)=10.6 W

[VP ) (118.8 V)

Foe == =————=320W
" R, 441Q
Therefore the efficiency of this transformer at these conditions is
Py 300W
n= — %x100% = - =94.9%
Py + Py + P 800 W +10.6 W +32.0W
4. A single-phase power system is shown in Figure 1 below. The power source feeds

a 100-kVA 14/2.4-kV transformer through a feeder impedance of 38.2 + j140 Q. The
transformer’s equivalent series impedance referred to its low-voltage side is 0.12 + j0.5
Q. The load on the transformer is 90 kW at 0.85 PF lagging and 2300V.



w2 A0 120y usf)

4 Load

v | 2 YO kw
. | 085 PE lagging

AAMS o

Source Feeder Transformer Load

(leansmission line b

Figure 1

(a) What is the voltage at the power source of the system?
(b) What is the voltage regulation of the transformer?
(c) How efficient is the overall power system?

SOLUTION
To solve this problem, we will refer the circuit to the secondary (low-voltage) side. The feeder’s
impedance referred to the secondary side is

2

e =

| (382Q+ /140Q) =112+ j4.11Q

’ { 2.4KkV)
14kV )

The secondary current I is given by

_ 90kW
* 7 (2300V)(0.9)
I, =4348£-258°A

= 4348 A

[

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

‘v‘.ource = VS + ISZIL'ne +IS‘ZEQ
Vomee =2300£0° V+(43.482£-25.8° A)(1.12+ j4.11 Q) +(43.482-25.8° A)(0.12+ j0.5 Q)
Vipuee = 244123.7°V

Therefore, the voltage at the power source is

14kV
2441£3.7°V)
2.4

i —
v source (

=1424/37°kV

T



(b) To find the voltage regulation of the transformer, we must find the voltage at the primary side of the
transformer (referred to the secondary side) under full load conditions:
’
Ve = Vs +1Zg
’

V, =2300£0°V +(43.482 -25.8°A)(0.12 + j0.5Q) = 2314£0.43°V

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

_2314-2300
2300

(¢} The power supplied to the load is Poyr =90 kW. The power supplied by the source is

VR % 100% = 0.6%

Py =V, I cos®=(2441V)43.48 A)cos 29.5° = 92.37 kW

source
Therefore, the efficiency of the power system is

n= Four 1009 = Mx 100% = 97.4%
Py 92.37kW

5. A 15-kVA 8000/230-V distribution transformer has an impedance referred to the
primary of 80 + j300 Q. The components of the excitation branch referred to the
primary side are Rc = 350 kQ and Xy = 70 kQ.

(a) If the primary voltage is 7967 V and the load impedance is Z, = 3.2 +j1.5 Q,
what is the secondary voltage of the transformer? What is the voltage
regulation of the transformer?

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

SOLUTION

fa) The easiest way to solve this problem is to refer all components to the primary side of the
transformer. The turns ratio is @ = 8000/230 = 34.78. Thus the load impedance referred to the primary
side 1s
Z, =(34.78)(3.2+ /j1.5Q)= 3871+ j1815Q
The referred secondary current is
’ 7967£0°V 796720°V

I, - - = =1.784£-282°A
(80+ j300Q)+(3871+ j1815Q) 4481.28.2°Q

and the referred secondary voltage is

’

V. =1, Z, =(1.78£—28.2° A)(3871+ /1815 Q)=7610£-3.1°V
The actual secondary voltage is thus

vy =Ys JTO02-3 10V 5108, 310y
T a 34.78



The voltage regulation is

VR = 2977610 5 1000 = 4.7%
7610

b}  As before, the easiest way to solve this problem is to refer all components to the primary side of the
transformer. The turns ratio is again @ = 34.78. Thus the load mmpedance referred to the primary side 1s
Z, =(34.78) (- j3.5Q)=-j4234Q
The referred secondary current is
’ T796720°V 7967£0°V

= i ~= =2.025/88.8°A
(80 + 7300Q)+ (- j4234 Q) 3935/-88.8°Q

I

and the referred secondary voltage 1s

’ ’ ’

V, =1;Z, =(2.25288.8° A)(—,4234 Q)=8573£4-1.2°V

The actual secondary voltage 1s thus

7 5§73,/ —1.2°V
vV, :\—5:—8"'34 L2V =246.5-1.2°V
a 34.78

The voltage regulation is
7967 - 8573

VR = —————x100% =-7.07%
8573



A 5000-kVA 230/13.8-kV single-phase power transformer has a per-unit resistance of
1 percent and a per-unit reactance of 5 percent (data taken from the transformer’s
nameplate).

The open-circuit test performed on the low-voltage side of the transformer yielded the
following data:
Voc =138 kV, Ioc =15.1 A, POC =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

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

_ 15.1A
\YE;:\=|Gc—JBM\=m=0.0010942
9 —cost FoC o MKW
ocloc (13.8kV)(15.1A)

Yoy = G- — jBy, =0.00109422 - 77.56° S = 0.0002358— ;0.0010685 S
R =L=4240§2
Ge

| i
X,y =—=936Q
By
The base impedance of this transformer referred to the secondary side is
Voo, (13.8kV )

7, = 2= —=38.09Q
Spe  SO000KVA

so Rpo=(0.01)(38.09Q)=0.38Q and Xg, =(0.05)(38.09Q)=1.9Q. The resulting equivalent

circuit is shown below:

| ; I
ﬂ-— Rn:q 5 .l"xuq < —~-
+ O o+
Ve vy
o
-0 o—
R, =038Q X, =190

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

_ Pown  4000kW
P v, PF (13.8kV)0.8)
I, =362.3/—36.87°

=362.3A

The voltage on the primary side of the transformer (referred to the secondary side) is
’
Vp = Vs +1575
’

Vp =13.800£0° V+(362.3£-36.87° A)(0.38+ /1.9 Q) =14.330£1.9°V
There is a voltage drop of 14 V under these load conditions. Therefore the voltage regulation of the

transformer 1s

_ 14,330-13,800
13,800

VR »x100% = 3.84%

The transformer copper losses and core losses are
Py =1Ig Regs =(362.3A)°(0.38 Q)= 49.9kW
p o [\VP ] (14,330
e R 4240€Q

=484W

Therefore the efficiency of this transformer at these conditions is

By 4000 W
n= Ot %x100% = 97.6%

" Py +Py+P T 4000 W +499 W +484W

core

7. A 150-MVA 15/200-kV single-phase power transformer has a per-unit resistance of
1.2 percent and a per unit reactance of 5 percent (data taken from the transformer’s
nameplate). The magnetizing impedance is j100 per unit (Rc not specified, can be
assumed to be negligible).

(a) Find the equivalent circuit referred to the low-voltage side of this transformer.
(b) Calculate the voltage regulation of this transformer for a full-load current at
power factor of 0.8 lagging.

(c) Assume that the primary voltage of this transformer is a constant 15 kV, and
plot the secondary voltage as a function of load current for currents from no-load
to full-load. Repeat this process for power factors of 0.8 lagging, 1.0, and 0.8
leading.



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

Zbgse — Vbase _ (15 k‘;)

a
2

= =15Q
Suee 150 MVA

so Rgo =(0.012)(1.5Q)=0.018Q
Xpo = (0.05)(1.5Q)=0.075Q
X, =(100)(1.5Q)=150Q

The equivalent circuit is

L - 3
— RL'q g -'FXI.'LII) —
40 . W\r YY Y o
Vi Re Xy avVy
-0 . o-
(@) Regp = R, + @R

Par
XW]P = XP +a‘Xg

Rpor=0.018Q Xzqp =70.075Q
R. = not specified X, =150Q
(b} If the load on the secondary (high voltage) side of the transformer is 150 MVA at 0.8 PF lagging,
and the referred secondary voltage 1s 15 kV, then the referred secondary current is
15' _ Boap _ 150MVA
V. PF (15kV)(0.8)
I, =12,500£—-36.87" A

=12,500 A

The voltage on the primary side of the transformer is

’

Vo=V +15Z¢qp
V,=15,000£0° V+ [1 2,500£—-36.87° A) [:0.018-#— j0.075 Q) =15.755£2.24°V
Therefore the voltage regulation of the transformer is

_ 15,755-15.000
15,000

VR %100% = 5.03%



The resulting plot of secondary voltage versus load is shown below:

w10 Secondary Voltage Versus Load
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