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If damper windings are present on a motor, they will also increase the stability 
of the motor during load transients. 

QUESTIONS 

5- 1. What is the difference between a synchronous motor and a synchronous generator? 

5-2. What is the speed regulation of a synchronous motor? 

5-3. When would a synchronous motor be used even though its constant-speed charac-
teristic was not needed? 

5-4. Why can't a synchronous motor start by itself? 

5-5. What techniques are available to start a synchronous motor? 

5- 6. What are amortisseur windings? Why is the torque produced by them unid irectional 
at starting, while the torque produced by the main fie ld winding alternates direction? 

5- 7. What is a synchronous capacitor? Why would one be used? 

5-8. Explain, using phasor diagrams, what happens to a synchronous motor as its field ( 
current is varied. Derive a synchronous motor V curve from the phasor diagram. 

5-9. 

5- 10. 

5- 11. 

Is a synchronous motor 's field circuit in more danger of overheating when it is op
erating at a leading or at a lagging power factor? Explain, lls ing phasol' diagrams. 

A synchronous motor is operating at a fixed real load, and its fie ld current is in
creased. If the armature current fa lls, was the motor initiall y operating at a lagging 
or a leading power fac tor? 
Why must the voltage applied to a synchronous motor be derated for operation at 
frequencies lower than the rated value? 

PROBLEMS 

5- 1. A 480- V, 60-Hz, 400-hp, 0.8-PF-Ieading, eight-pole, 6.-connected synchronous mo
tor has a synchronous reactance of 0.6 n and negl igible annature res istance. Ignore 
its friction, windage, and core losses for the purposes of this problem. Assume that 
lEAl is di rectly proportional to the fie ld current h (in other words, assume that the 
motor operates in the linear pari of the magnetization curve), and that lEAl = 480 V 
when/F= 4A. 

5-2. 

(a) What is the speed of this motor? 
(b) If thi s motor is ilu lially supplying 400 hI' at 0.8 PF lagging, what are the mag

nitudes and angles of EA and III? 
(c) How much torque is this motor producing? What is the torque ang le l5? How 

near is this value to the maximum possible induced torque of the motor for this 
field current setting? 

(d) If lEAl is increased by 30 percen t, what is the new magni tude of the armature 
curre nt? What is the motor 's new power factor? 

(e) Calculate and plot the motor 's V curve for this load condition. 

Assume that the motor of Problem 5- 1 is operating at rated conditions. 
(a) What are the magnitudes and angles of Ell and IA> and IF? 
(b) Suppose the load is removed from the maLOr. What are the magnitudes and an

gles of EA and IA now? 
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5- 3. A 230-V, 50-Hz, two-pole synchronous motor draws 40 A from the line at unity 
power factor and full load. Assuming that the motor is lossless, answer the fo llow
ing questions: 
(a) What is the output torque of this motor? Express the answer both in newton-me

ters and in pound-feet. 
(b) What must be done to change the power fac tor to 0.85 leading? Explain your 

answer, using phasor diagrams. 
(c) What will the magn itude of the li ne current be if the power factor is adjusted to 

0.85 leadIng? 

5-4. A 2300-V, IOOO-hp, O.8-PF-Ieading, 60-Hz, two-pole, Y-connected synchronous 
motor has a synchronous reactance of ~ n and an armature resistance of 0 .3 D. At "5.:;-
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60 Hz, its friction and windage losses are 30 kW, and its core losses are 20 k W. The 
field circuit has a dc vol tage of 200 V, and the maximum IF is 10 A. The open-cir
cuit characteristic of this motor is shown in Figure P5- 1. Answer the following 
questions about the motor, assuming that it is being supplied by an infinite bus. 
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FIGURE P5-1 
The open-circuit characteristic for the motor in Problems 5-4 and 5- 5. 
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(a) How much field current would be required to make this machine operate at 
un ity power factor when supplying full load? 

(b) What is the motor 's efficiency at full load and unity power factor? 
(e) If the fie ld current were increased by 5 percent, what would the new value of 

tJle annalure current be? What would the new power factor be? How much re
active power is being consumed or supplied by the motor? 

(d) What is the maximum torque this machine is theoretically capable of supplying 
at uni ty power fac tor? At 0.8 PF leading? 

5-5. Plot the V curves (fA versus IF) for the synchronous motor of Problem 5-4 at no
load, ha lf-load, and full-load conditions. (Note that an electronic version of the 
open-circuit characteristics in Figure P5-1 is available at the book's website. It may 
simplify the calculations required by this problem.) 

5- 6. If a 60-Hz synchronous motor is to be operated at 50 Hz, wi ll its synchronous reac
tance be the same as at 60 Hz, or will it change? (Hint: Think about the derivation 

of X,.) 
5- 7. A 208-V, Y-connected synchronous motor is drawing 50 A at unity power factor from 

a 208-V power system. The field CUlTent flowing under these conditions is 2.7 A. Its ( 
synchronous reactance is 1.6 n. Assume a linear open-circuit characteristic. 
(a) Find V r; and EA fo r these conditions . 
(b) Find the IOrque angle o. 
(e) W hat is the static stability power limit under these conditions? 
(d) How much field current would be required to make the motor operate at 0.80 PF 

leading? 
(e) What is the new torque angle in part (d)? 

5-S. A 4.12-kV. 60-Hz, 3000-hp, O.8-PF-leading, ll.-connected, three-phase synchro
notl s motor has a synchronous reactance of 1.1 per un it and an armature resistance 
of 0.1 per unit. If this motor is running at rated voltage with a line current of 300 A 
at 0.85 PF leading, what is the internal generated voltage per phase inside thi s mo
tor? What is the torque angle B? 

5-9. Figure PS- 2 shows a synchronous motor phasol' diagram for a motor operating at a 
lead ing power fac tor wi th 110 Rk For th is motor, the torque angle is g iven by 
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Phasol' diagram of a motor at a leading power factor. 
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tan8~" + XI · e 
v<t> SA sm 

_, ( XsIA cos () ) 
8=tan . 

V¢ + X.~1A sm () 

Derive an equation for the torque angle of the synchronous motor {f the armature 
resistance is included. 

5- 10. A synchronous machine has a synchronous reactance of 1.0 n per phase and an ar
mature resistance of 0.1 fl per phase. If EJI = 460 L - 10° V and V<J> = 480 L 0° V, 
is this machine a motor or a generator? How much power P is this machine con
suming from or supplying to the electrical system? How much reactive power Q is 
this machine consuming from or supplying to the electrical system? 

5-11. A 500-kVA, 600-Y, O.8-PF-Ieading, Y-connected synchronous motor has a synchro
nous reactance of 1.0 per un it and an armatme resistance of 0.1 per unit. At the current 
time, EA ~ 1.00 L 120 pu and v." ~ I L 00 pu. 
(aJ Is thi s machine currently acting as a motor or a generator? 
(b) How much power P is this machine consuming from or supplying to the elec

trical system? 
(c) How much reactive power Q is this machine consuming from or supplying to 

the electrical system? 
(d) Is this machine operating within its rated limits? 

5- 12. Figure PS-3 shows a small industrial plant supplied by an external 480-V, three-phase 
power supply. The plant includes three main loads as shown in the figure. Answer the 
following questions about the plant. The synchronous motor is rated at 100 hp, 460 V, 
and 0.8 PF leading. The synchronous reactance is 1.1 pu and armature resistance is 
0.01 pu. The acc for this motor is shown in F igure P5--4. 
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A small industrial fac ility. 
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Open-circuit characteristic 
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FIGUREPS-4 
Open-circuit characteristic of sy nchronous motor. 

(a) If the switch all the synchronous motor is open, how much real, reactive, and 
apparent power is being supplied to the plant? What is the CUlTent IL in the 
transmission line? 

The switch is now closed and the synchronous motor is supplying rated power wi th 
the field ClllTent adjusted to 1.5 A. tAl- c~~t- c\ (J~-

~ (b) What is the real and reactive power supplied to the motor? ().<? 1(,.,; 

(c) What is the torque angle of the motor? 
(d) What is the power factor of the motor? 
(e) How much rea l, reactive, and apparent power is being supplied to the plant 

now? What is the current IL in the transmission line? 
Now suppose that the field current is increased to 3.0 A. 
(f) What is the real and reactive power supplied to the motor? 
(g) What is the torque angle of the motor? 
(/z) What is the power factor of the motor? 
(i) How much real, reactive, and apparent power is being supplied to the plant 

now? What is the current IL in the transrrUssion line? 
(j) How does the line current when the field current is 1.5 A compare to the line 

current when the field current is 3.0 A? 
5-13. A 480-V, 100-kW, 0.8-PF-Ieading, 50-Hz, four-pole, Y-connected synchronous mo

tor has a synchronous reactance of 1.8 n and a negligible armatu re resistance. The 
rotational losses are also to be ignored. Thi s motor is to be operated over a continu
ous range of speeds from 300 to 1500 rlmin , where the speed changes are to be ac
complished by controlling the system frequency with a solid-state drive. 
(a) Over what range must the input frequency be varied to provide this speed con

tro l range? 
(b) How large is EA at the motor's rated conditions? 
(c) What is the maximum power the motor can produce at rated speed with the EA 

calculated in part (b)? 
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(d) What is the largest value that EA could be at 300 r/min? 
(e) Assuming that the applied voltage V", is derated by the same amount as EA , what 

is the maximum power the motor could supply at 300 r/min? 
(j) How does the power capability of a synchronous motor relate to its speed? 

5-14. A 2300-V, 400-hp, 60-Hz, eight-pole, Y-connected synchronous motor has a rated 
power factor of 0.85 leading. At full load, the efficiency is 90 percent. The armature 
resistance is 0.8 n, and the synchronous reactance is 11 fl. Find the following 
quantities for this machine when it is operating at full load: 
(a) Output torque 
(b) Input power 

(c) 11m 

(d) EA 
(el 11,1 
(f) Peon" 
(g) Pmech + ?':orc + Pslray 

5-15. The Y-connected synchronous motor whose nameplate is shown in Figure 5- 21 has 
a per-unit synchronous reac tance of 0.70 and a per-unit resistance of 0.02. 
(a) What is the rated input power of this motor? 
(b) What is the magnitude ofEA at rated conditions? 
(c) If the inpu t power of this motor is 12 MW, what is the maximum reactive power 

the motor can simultaneously supply? Is it the armature current or the field cur
rent that limits the reactive power output? 

(d) How much power does the field circuit consume at the rated conditions? 
(e) What is the efficiency of this motor at full load? 
(f) What is the output torque of the motor at the rated conditions? Express the an

swer both in newton-meters and in pound-feet. 

5-16. A 480-V, 500-kVA, 0.8-PF-lagging, Y-connected synchronous generator has a syn
clll:onous reactance ofOA n and a negligible armature res istance. This generator is 
supplying power to a 480- V, 80-kW, 0.8-PF-Ieading, Y-connected synchronous mo
tor with a synchronous reactance of 2.0 n and a neg lig ib le armature resistance. The 
synchronous generator is adjusted to have a terminal voltage of 480 V when the mo
tor is drawing the rated power at unity power factor. 
(a) Calculate the magnitudes and angles of EA for both machines. 
(b) If the flux of the motor is increased by! 0 percent, what happens to the terminal 

voltage of the power system? What is its new value? 
(c) What is the power factor of the motor after the increase in motor fl ux? 

5-17. A 440-V, 60-Hz, three-phase, Y-connectcd synchronous motor has a synchronous re
actance of 1.5 n per phase. The field current has been adjusted so that the torque an
gle 8 is 25° when the power supplied by the generator is 90 kW. 
(a) What is the magnitude of the intemal generated voltage EA in this machine? 
(b) What are the magnitude and angle of the armature current in the machine? What 

is the motor's power factor? 
(c) If the field current remains constant, what is the absolute maximum power this 

motor could supply? 

5-18. A 460-V, 200-kVA, 0.85-PF-leading, 400-Hz, four-pole, Y-connected synchronous 
motor has negligible armature resis tance and a synchronous reactance of 0.90 per 
unit. Ignore all losses. 
(a) What is the speed of rotation of this motor? 
(b) What is the output torque of this motor at the rated conditions? 
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(c) What is the internal generated voltage of this motor at the rated conditions? 
(d) With the field current remaining at the value present in the motor in part (c), 

what is the maximum possible output power from the machine? 

5- 19. A 100-hp, 440-V, O.S-PF-leading, ~-connected synchronous motor has an armature 
resistance of 0.3 !1 and a synchronous reactance of 4.0 fl. Its efficiency at full load 
is 96 percent. 

5-20. 

(a) What is the input power to the motor at rated conditions? 
(b) What is the line current of the motor at rated conditions? \\'hat is the phase cur

rent of the motor at rated conditions? 
(c) What is the reactive power consumed by or supplied by the motor at rated 

conditions? 
(d) What is the internal generated voltage EA of this motor at rated conditions? 
(e) What are the stator copper losses in the motor at rated conditions? 
(f) What is Peony at rated conditions? 
(g) If EA is decreased by 10 percent, how much reactive power will be consumed 

by or supplied by the motor? 

Answer the following questions about the machine of Problem 5-19. 
(a) If EA = 430 L 15° V and V<J> = 440 L 0° V, is this machine consuming real 

power from or supplying real power to the power system? Is it consuming reac
tive power from or supply ing reactive power to the power system? 

(b) Calculate the real power P and reactive power Q supplied or consumed by the 
machine under the conditions in part (a). Is the machine operating within its rat
ings under these ci rc umstances? 

(c) If EA = 470 L - 20° V and V,,, = 440 L 0° V, is this machine consuming real 
power from or supply ing real power to the power system? Is it consuming reac
tive power from or supplying reactive power to the power system? 

(d) Calculate the rea! power P and reactive power Q supplied or consumed by the 
machine under the conditions in part (c). Is the machine operating within its rat-
ings under these circumstances? 

REFERENCES 

1. Chaston, A. N. Electric Machinery. Reston, Va.: Reston Publishing, 1986. 
2. Del Taro, V. Electric Machines and Power Systems . Englewood Cliffs, N.J. : Prentice-Hall, 

1985. 
3. Fitzgerald, A. E., and C. Kingsley, Jr. Electric Machinery. New York: McGraw-Hill, 1952 . 
4. Fitzgerald, A. E., C. Kingsley, Jr. , and S. D. Umans. Electric Machinery, 6th ed. New York: 

McGraw-Hill, 2003. 
5. Kosow, Irv ing L. Control of Electric Motors. Englewood Cliffs, N.J .: Prentice-Hall, 1972. 
6 . Liwschitz-Garik , Michael, and Clyde Whipple. Alternating-Current Machinery. Princeton, N.J .: 

Van Nostrand, 1961. 
7. Nasar, Syed A. (ed.). Handbook of Electric Machines . New York: McGraw-Hili, 1987. 
8. Siemon, G. R, and A. Straughen. Electric Machines. Reading, Mass.: Addison-Wesley, 1980. 
9. Vithayathil, Joseph. Power Electronics: Principles and Applications. New York: McGraw-Hill, 

1995. 
10. Werninck, E. H. (ed.). E!eCl/'ic Motor Handbook. London: McGraw-Hill , 1978. 

( 


	CHAPTER 5 - SYNCHRONOUS MOTORS
	QUESTIONS
	PROBLEMS
	REFERENCES


