
144 ELECTRIC MACHINERY FUN DAM ENTALS 

2-17. What happens to a transformer when it is first connected to a power li ne? Can any-
lhing be done to mitigate this problem? 

2-18. What is a potential transfonner? How is it used? 

2-19. What is a current transformer? How is it used? 

2-20. A distribution transformer is rated at 18 kVA, 20,000/480 Y, and 60 Hz. Can this 
b·aosfonner safely supply 15 kVA to a 4 l 5-V load at 50 Hz? Why or why not? 

2-21. Why does one hear a hum when standing near a large power transformer? 

PROBLEMS 

2-1. A lOO-kVA, 8000/277-V distribution transformer has the following resistances and 
reactances: 

Rp = 5 0 

Xp = 60 

Rc = SOkO 

R, = 0.005 0 

X, = 0.0060 

XM = IOkO 

The excitation branch impedances are given refelTed to the high-voltage side of the 
lransformer. 
((I) Find Ihe equivalent circuit of thi s transformer refelred to the low-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 0.85 PF lag

ging. What is this transformer's input voltage? What is its voltage regulation? 
(d) What are the copper losses and core losses in this trans former under the condi

tions of patt (c)? 
(e) What is the transformer's efficiency under the conditions of part (c)? 

2-2. A single-phase power system is shown in Figure P2-1. The power source feeds a 
lOO-kVA, 1412.4-kV transformer through a feeder impedance of 38.2 + j140 D. The 
transformer's equivalen t series impedance referred to its low-voltage side is 0.10 + 
jO.40 O. The load on the transformer is 90 kW at 0.80 PF lagging and 2300 V. 

38.2 n j l40 n O.lon j0.40n 

V source 
90 kW 

(

+ Load 

~ '-...,.--> 0.80 PF lagging 

Source 

FIGUREP2-1 

Feeder 
(transmission line) 

The circuit of Problem 2-2. 

Transformer 

(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? 

Load 

( 
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2-3. The secondary winding of an ideal transformer has a terminal voltage of Vil) = 

282.8 sin 3771 V. The turns ratio of (he transformer is 100:200 (a = 0.50). If the sec
ondary current of the transformer is ill) = 7.07 sin (377t - 36.87°) A, what is the 
primary current of this transformer? What are its voltage regulation and efficiency? 

2-4. The secondary winding of a real transformer has a terminal voltage of vir) = 282.8 
sin 377t V. The turns ratio of the transformer is 100:200 (a = 0.50). If the secondary 
current of the transformer is ill) = 7.07 sin (377t - 36.87°) A, what is the primary 
current of this transformer? What are its voltage regulation and efficiency? The im
pedances of this transformer referred to the plimary side are 

R", ~ 0.20n 

X,q ~ 0.80n 

2-5. When travelers from the USA and Canada visit Europe, they encounter a different 
power distribution system . Wall VOltages in North America are 120 V lms at 60 Hz, 
while typical wall voltages in Europe are 230 V at 50 Hz. Many travelers carry 
small step·up/step-down transformers so that they can use their appl iances in the 
countries that they are visiting. A typical transfOlmer might be rated at I kVA and 
115/230 V. It has 500 turns of wire on the 115-V side and 1000 turns of wire on the 
230-V side. The magnetization curve for this transformer is shown in Figure P2-2, 
and can be found in file p2 2 . mag at this book's website. 
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FIGUREP2-2 
Magnetization curve fo r the transformer of Problem 2- 5. 
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(a) Suppose that this transfonner is connected to a 120-V, 60-Hz power source with 
no load connected to the 240-V side . Sketch the magnetization c urrent that 
wou ld flow in the transformer. (Use MATLAB to plot the current accurately, if 
it is available.) What is the rms amplitude of the magnetization current? What 
percentage of full-load current is the m agnetization current? 

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

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

2-6. A 1000-VA, 230/11 5-V transformer has been tested to determine its equivalent cir
cuit. The results of the tests are shown below. 

Open-circuit test 
(on secondary side) 

Voe = 115 V 

foe = 0.11 A 

Poe = 3.9 W 

Short-circuit test 
(on pr imary side) 

Vsc = 17.1 V 

fsc = 8.7 A 

Psc = 38.1 W 

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

(b) Find the transformer 's voltage regulation at rated condi tions and (1) 0.8 PF lag
ging, (2) 1.0 PF, (3) 0.8 PF leading. 

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

2-7. A 30-kVA, 8000/23 0-V distribution transformer has an impedance referred to the 
primary of 20 + ) 100 fl. The components of the exci tati on branch referred to 
the primary side are Rc = 100 kfl and XM = 20 kil. 
(a) If the primary voltage is 7967 V and the load impedance is ZL = 2.0 + jO.7 fl, 

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 -)3.0 n is connected in its place, 
what is the secondary voltage of the trans former? What is its voltage regulation 
under these conditions? 

2-8. A ISO-MVA, J5nOO-kV, single-phase power transfOim er has a per-unit resistance of 
1.2 percent and a per-unit reactance of 5 percent (data taken from the transfonner's 
nameplate). The magnetizing impedance isj80 per un it. 
(a) Find the equivalent circuit referred to the low-voltage side of this transformer. 
(b) Calculate the voltage regulation of this transfonner for a full-load current at 

power factor of 0 .8 lagging. 
(c) Calculate the copper and core losses in the transformer at the conditions in (b) . 

(d) 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 O.Stagging, 1.0, and O.Sleading. 

2- 9. A 5000-kVA, 23011 3.8-kV, single-phase power transformer has a per-unit resistance 
of 1 percent and a per-un it reactance of 5 percent (data taken from the transfonner 's 

( 
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nameplate). The open-circuit test performed on the low-voltage side of the trans
former yielded the following data: 

Voe = 13.8 kV loe = 21.1 A Poe = 90.8 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 suppl ied is 4000 kW 

at 0.8 PF lagging, fmd the voltage regulation of the transformer. Find its efficiency. 
2-10. A three-phase transformer bank is to handle 500 kVA and have a 34.5/11-kV voltage 

ratio. Find the rating of each individual transformer in the bank (high voltage, low 
voltage, turns ratio, and apparent power) j f the transformer bank is connected to (a) 
Y-Y, (b) Y-I!. , (e) I!.- Y, (d) I!.-I!., (e) open- I!. , (j) open-Y-open-I!. . 

2-11. A lOO-MVA, 230/11S-kV. /1- Y three-phase power transformer has a per~unit resis~ 

tance of 0.0 15 pu and a per-unit reactance of 0.06 pu. The excitation branch elements 
are Rc = 100 pu and XM = 20 pu. 
(a) If this transformer suppl ies a load of 80 MVA at 0.8 PF lagging, draw the pha

sor diagram of one phase of the transformer. 
(b) What is the voltage regulation of the transformer bank under these conditions? 
(c) Sketch the equ ivalent circuit referred to the low-voltage side of one phase of 

this transformer. Calculate all the transformer impedances re ferred to the low
voltage side. 

(d) Determine the losses in the transformer and the efficiency of the transformer un
der the conditions of part (b). 

2-12. Three 20-kVA, 24,0001277-V di stribution transformers are connected in 8 - Y. The 
open-circuit test was performed on the low~voltage side of this transformer bank, 
and the fo llowing data were recorded: 

Vli ne.OC = 480 V Il inc.OC = 4. IOA p, •. oe = 945 W 

The short-circu it test was performed on the high-voltage side of this transformer 
bank, and the following data were recorded: 

Vline,SC = 1400 V Ilinc.sC = "] .80 A p, •. se = 9 12 W 

(a) Find the per·unit equivalent circuil of this transfonner bank. 
(b) Find the voltage regu lation of this transformer bank at the rated load and 

0.90 PF lagging. 
(c) What is the transformer bank's efficiency under these conditions? 

2-13. A 14,OOO/480-V, three-phase, l\-Y~connected transformer bank consists of three 
identical IOO-kVA, 83l4/480-V transformers. It is supplied with power directly 
from a large cOl1Stant~ voltage bus. In the short-circuit test, the recorded values on 
the high-voltage side for one of these transformers are 

Vse = 510V Ise = 12.6 A Psc = 3000 W 

(a) If this bank delivers a rated load at 0.8 PF lagging and rated VOltage , what is the 
line-to-line voltage on the primary of the [fansformer bank? 

(b) What is the voltage regulation under these conditions? 
(c) Assume that the primary phase voltage of this transformer is a constant 83 14 V, 

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

• 
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(d) Plot the vohage regulation of this transformer as a function of load current fo r 
currents from no· load to full- load. Repeat thi s process for power factors of 0.8 
lagging, 1.0, and O. S teading. 

(e) Sketch the per-unit equivalent circuit of this transformer. 
2- 14. A 13.8-kV, single-phase generator supplies power to a load through a transmission 

line. The load's impedance is Zload = 500 L 36.87°n , and the transmiss ion line's im
pedance is Z line = 60 L 600 f1.. 

60L 60"!"! 

500L 36.S7'!"! 

(a) 

1:10 10:1 
• • • • 

Va= 13.8L O'kV 

TJ T2 

(b) 

FIGURE 1'2--3 
Cjrcuils for Problem 2-14: (a) without transrormers and (b) wi th rransfonners. 

(a) If the generator is directly connected to the load (Figure P2-3a), what is the ra

tio of the load voltage to the generated vOltage? What are the transmission 
losses of the system? 

(b) What percentage of the power supplied by the source reaches the load (what is 
the efficiency of the transmission syste m)? 

(c) If a 1: 10 step-up u·ansformer is placed at the output of the generator and a 10:1 
transformer is pJaced at the load end of the transmission line, what is the new 
ratio of the load voltage to the generated vOltage? What are the transmission 
losses of the system now? (Note: The transformers may be assumed to be ideal.) 

(d) What percentage of the power supplied by the source reaches the load now? 
(e) Compare the effic iencies of the transmission system with and wi thout 

transformers. 

( 
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2-15. An autotransformer is used to connect a 12.6-kV distribution line to a 13.8-kV dis
tribution line. It mllst be capable of handling 2000 kYA. There are three phases, con
nected Y - Y with their neutrals solidly grounded. 
(a) What must the NclNsE turns ratio be to accomplish this connection? 
(b) How much apparent power must the windings of each autotransformer handle? 
(c) What is the power advantage ofthi5 autotransformer system? 
(d) If one of the autotransformers were reconnected as an ordinary transformer, 

what would its ratings be? 

2-16. Prove the following statement: If a transformer having a series impedance Zeq is con
nected as an autotransformer, its per-unit series impedance Z~q as an autotransfonner 
will be 

I _ NSE 
Zeq - N + N Zeq 

SE C 

Note that this expression is the reciprocal of the autotransformer power advantage. 

2-17. A 10-kVA, 4801l20-V conventional transformer is to be used to supply power from 
a 600-V source to a 120-V load. Consider the transformer to be ideal, and assume 
that all insulation can handle 600 V. 
(a) Sketch the transformer connection that will do the required job. 
(b) Find the kilovoltampere rating of the transformer in the configuration. 
(c) Find the maximum primary and secondary currents under these conditions. 

2-18. A lO-kVA, 480/120-V conventional transformer is to be used to supply power from 
a 600-V source to a 480-V load. Consider the transformer to be ideal, and assume 
that all insulation can handle 600 V. 
(a) Sketch the transformer connection that will do the required job. 
(b) Find the kilov01tampere rating of the transformer in the configuration. 
(c) Find the maximum primary and secondary currents under these conditions. 
(d) The transformer in Problem 2-18 is identical to the transformer in Problem 

2-17, but there is a significant difference in the apparent power capability of the 
transformer in the two situations. Why? What does that say about the best cir
cumstances in which to use an autotransformer? 

2-19. Two phases of a 14.4-kV, three-phase distribution line serve a remote rural road (the 
neutral is also available). A farmer along the road has a 480 V feeder supplying 
200 kW at 0.85 PF lagging of three-phase loads, plus 60 kW at 0.9 PF lagging of 
single-phase loads. The single-phase loads are distributed evenly among the three 
phases . Assuming that the open-Y - open-8 connection is used to supply power to his 
farm, find the voltages and currents in each of the two transformers. Also find the real 
and reactive powers supplied by each transformer. Assume the transformers are ideal. 
What is the minimum required kVA rating of each transformer? 

2-20. A SO-kVA, 20,000/480-V, 60-Hz, single-phase distribution transformer is tested 
with the following results: 

Open-circuit test 
(measured from secondary side) 

Voc=480V 

Ioc =4.1A 

Poe = 620W 

Short-circuit test 
(measured from primary side) 

Vse = 1130 V 

Isc = 1.30A 

Pse = 550W 
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(a) Find the per-unit equivalent circuit for this transfonner at 60 Hz. 
(b) What is the efficiency of the transformer at rated conditions and unity power 

factor? What is the voltage regulation at those conditions? 
(c) What would the rating of this transformer be if it were operated on a 50-Hz 

power system? 
(d) Sketch the equivalent circuit of this transformer referred to the primary side if it 

is operating at 50 Hz. 
(e) What is the efficiency of the transformer at rated conditions on a SO-Hz 

power system, with unity power factor? What is the voltage regulation at 
those conditions? 

(f) How does the efficiency of a transformer at rated conditions and 60 Hz compare 
to the same physical device running at 50 Hz? 

2-21. Prove that the three-phase system of voltages on the secondary of the Y - 6.. trans
former shown in Figure 2-37b lags the three-phase system of voltages on the 
primary of the transformer by 30°. 

2-22. Prove that the three-phase system of voltages on the secondary of the 6..-Y trans
former shown in Figure 2-37c lags the three-phase system of voltages on the 
pIimary of the transformer by 30°. 

2-23. A single-phase, lO-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 
(measured on secondary side) 

Voe = 120 V 

foe = 1.60 A 

Poe = 38W 

Short-circuit test 
(measured on primary side) 

Vse = 10.0 V 

lse = 10.6 A 

Pse = 25W 

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

(b) Sketch the transfonner 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 au
totransformer connection? 

(d) Answer the questions in (a) for the autotransformer connection. 
2-24. Figure P2-4 shows a one-line diagram of a power system consisting of a three

phase, 4S0-V, 60-Hz generator supplying two loads through a transmission line with 
a pair of transformers at either end. (NOTE: One-line diagrams are described in 
Appendix A, the discussion of three-phase power circuits .) 
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o-=-H~-----<~ 
Generator Tl T2 

480 Y 

480/14,400 Y 
1000kYA 
R = 0.010 pu 
X = 0.040 pu 

Line 
ZL = 1.5 + j IOn 14,400/480 Y 

500 kYA 
R = 0.020 pu 
X = 0.085 pu 

ZLoad I = 
0.45L36.87°Q 

Y - connected 

ZLoad 2 = 

- jO.8Q 
Y - connected 

FIGUREP2-4 
A one-line diagram of the power system of Problem 2- 24. Note that some impedance values are 
given in the per-unit system, while others are given in ohms. 

(a) Sketch the per-phase equivalent circuit of this power system. 
(b) With the switch opened, find the real power P, reactive power Q, and apparent 

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

power S supplied by the generator. What is the power factor of the generator? 
(d) What are the transmission losses (transformer plus transmission line losses) in 

this system with the switch open? With the switch closed? What is the effect of 
adding Load 2 to the system? 
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