
CHAPTER 

6 
SYNCHRONOUS 
MOTORS 

Synchronous motors are synchronous machines used to convert electrical 
power to mechanical power. This chapter explores the basic operati on of 

synchronous motors and relates their behavior to that of synchronous generators . 

6.1 BASIC PRINCIPLES OF 
MOTOR OPERATION 

To understand the basic concept of a synchronous motor, look at Figure 6-1 , which 
shows a two-pole synchronous motor. 1lle field current IF of the motor produces a 
steady-state magnetic field HR. A three-phase set of voltages is applied to the stator 
orthe machine, which produces a three-phase current fl ow in the windings. 

As was shown in Chapter 4, a three-phase sct of currents in an annature 
winding produces a uniform rotating magnetic fie ld Bs. Therefore, there are two 
magnetic fields present in the machine, and the rotor field will tend to line up with 
the stator field , just as two bar magnets will tend to line up if placed near each 
other. Since the stator magnetic field is rotating, the rotor magnetic field (and the 
rotor itself) will constantly try to catch up. TIle larger the angle between the two 
magnetic fi e lds (up to a certain maximum), the greater the torque on the rotor of 
the machine. The basic principle of synchronous motor operation is that the rotor 
"chases" the rotating stator magnetic field around in a circle, never quite catching 
up with it. 

Since a synchronous motor is the same physical machine as a synchronous 
generator, all of the basic speed, power, and torque equations of Chapters 4 and 5 
apply to synchronous motors also. 
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FIGURE 6-1 
A two-pole synchronous motor. 

The Equivalent Circuit of a Synchronolls Motor 

A synchronous motor is the same in all respects as a synchronous generator, except 
that the direction of power fl ow is reversed. Since the direction of power fl ow in the 
machine is reversed, the direction of current fl ow in the stator of the motor may be 
expected to reverse also. Therefore, the equivalent circuit of a synchronous motor is 
exactly the same as the equivalent circuit of a synchronous generator, except that the 
reference direction of IA. is reversed. 1lle resulting full equivalent circuit is shown in 
Figure 6- 2a, and the per-phase equivale nt circuit is shown in Figure 6- 2b. As be
fore, the three phases of the equivalent circuit may be either Y- or d-connected. 

Because of the change in direction of lA. , the Kirchhoff 's voltage law equa
tion for the equiva lent circuit changes too. Writing a Kirchhoff's voltage law 
eq uation for the new eq ui vale nt circuit yields 

I V4> - EA + jXS IA + RAIA I 

lEA - V4> - jXS IA - RAIA I 

(6-1) 

(6-2) 

This is exactly the srune as the equation for a generator, except that the sign on the 
current term has been reversed . 

The Synchronolls Motor from a Magnetic 
Field Perspective 

To begin to understand synchronous motor operation, take another look at a syn
chronous generator connected to an infinite bus. The generator has a prime mover 
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""GURE 6- 2 
(a) The full equivalent circuit of a three-phase synchronous motor. (b) The per-phase equivalent circuit. 

turning its shaft, causing it to rotate. The direction of the applied torque Tapp from 
the prime mover is in the direction of moti on, because the prime mover makes the 
generator rotate in the first place. 

The phasor diagram of the gene rator operating with a large fi e ld current is 
shown in Figure 6-3a, and the corresponding magnetic fie ld diagram is shown in 
Figure 6- 3b. As described before, RR corresponds to (produces) EA , Rnet corre
sponds to (produces) Vo/>, and Rs corresponds to E"at (= -jXsIA) . TIle rotation of 
both the phasor diagram and magnetic fi e ld diagram is counterclockwise in the 
fi gure, following the standard mathematical convention of increasing angle . 

TIle induced torque in the generator can be found from the magnetic field 
diagram. From Equations (4-60) and (4-6 1) the induced torque is given by 
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(a) Phasor diagram ofa synchronous generator operating at a lagging power factor. (b) The 
corresponding magnetic field diagram. 
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(a) Phasor diagram ofa synchronous motor. (b) T he corresponding magnetic field diagram. 

(4-60) 

(4-61) 

Notice that from the magnetic fie ld diagram the induced torque in this machine is 
clockwise, opposing the direction of rotation. In other words, the induced torque 
in the generator is a countertorque, opposing the rotation caused by the external 
applied torque "Taw 

Suppose that , instead of turning the shaft in the direction of motion, the 
prime mover suddenly loses power and starts to drag on the machine 's shaft. What 
happens to the machine now? The rotor slows down because of the drag on its shaft 
and falls behind the net magnetic fie ld in the machine (see Figure 6-4a). As the ro
tor, and therefore BR, slows down and fa lls behind Bne, the operation of the machine 
sudde nly changes. By Equation (4--60), when BR is behind B ... " the induced 
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torque's direction reverses and becomes counterclockwise. In other words, the ma
chine's torque is now in the direction of motion, and the machine is acting as a mo
tor. The increasing torque angle 8 results in a larger and larger torque in the direc
tion of rotation, until eventually the motor 's induced torque equals the load torque 
on its shaft. At that point, the machine will be operating at steady state and syn
chronous speed again, but now as a motor. 

TIle phasor diagram corresponding to generator operation is shown in Fig
ure 6-3a, and the phasor diagram corresponding to motor operation is shown in 
Figure 6-4a. TIle reason that the quantity jXsI), points from Vo/>, to E), in the gen
erator and from E), to Vo/> in the motor is that the reference direction of I), was re
versed in the definition of the motor equi valent circuit. The basic difference be
tween motor and generator operation in synchronous machines can be seen either 
in the magnetic field diagram or in the phasor diagram. In a generator, E), lies 
ahead of Vo/>, and BR lies ahead of 8 0 ... In a motor, E), lies behind Vo/>' and BR lies 
behind Boe, . In a motor the induced torque is in the direction of motion, and in a 
generator the induced torque is a countertorque opposing the direction of motion. 

6.2 STEADY-STATE SYNCHRONOUS 
MOTOR OPERATION 

TIlis section ex pl ores the behavior of synchronous motors under varying condi
tions of load and fi eld current as we ll as the question of power-factor correction 
with synchronous motors. The following discussions will generally ignore the ar
mature resistance of the motors for simpli city. However, R), will be considered in 
some of the worked numerical calculations. 

The Synchronous Motor Torque-Speed 
Characteristic Curve 

Synchronous motors supply power to loads that are basically constant-speed de
vices . They are usually connected to power systems very much larger than the in
dividual motors, so the power systems appear as infinite buses to the motors. TIlis 
means that the terminal voltage and the system frequency will be constant regard
less of the amount of power drawn by the motor. 1lle speed of rotation of the mo
tor is locked to the applied electrical frequency, so the speed of the motor will be 
constant regardless of the load. The resulting torque-speed characteristic curve is 
shown in Figure 6- 5. The steady-state speed of the motor is constant from no load 
all the way up to the maximum torque that the motor can supply (called the pull
out torque), so the speed regulation of this motor [Equation (4-68)] is 0 percent. 
1lle torque equation is 

(4-<>1 ) 

(5- 22) 
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FIGURE 6-S 
The torque-speed characteristic of a synchronous motor. Since the speed of the motor is oonstam. its 
speed regulation is zero. 

The maximum or pullout torque occurs when /j = 900 . Nonnal full-load torques 
are much less than that , however. In fact, the pullout torque may typically be 
3 times the full-load torque of the machine. 

When the torque on the shaft of a synchronous motor exceeds the pullout 
torque, the rotor can no longer remain locked to the stator and net magnetic fie lds. 
Instead, the rotor starts to slip behind them. As the rotor slows down, the stator 
magnetic field "laps" it repeatedly, and the direction of the induced torq ue in the 
rotor reverses with each pass. The resulting huge torque surges, first one way and 
then the other way, cause the whole motor to vibrate severely. The loss of sy n
chronization after the pullout torque is exceeded is known as slipping poles. 

The maximum or pullout torq ue of the motor is given by 

(6-3) 

(6-4) 

These equations indicate that the larger the field current (and hence E,...) , the 
greater the maximum torque of the nwtor. There is therefore a stability advantage 
in operating the motor with a large field current or a large E,.,. 

The Effect of Load Changes on a 
Synchronous Motor 

If a load is attached to the shaft of a sy nchronous motor, the motor will develop 
enough torque to keep the motor and its load turning at a synchronous speed . 
What happens when the load is changed on a synchronous motor? 
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(a) Pltasor diagram of a motor operating at a leading power factor. (b) The effect of an increase in 
load on the operation of a synchronous motor. 

To find oul, examine a synchronous motor operating initially with a leading 
power factor, as shown in Figure 6--6. If the load on the shaft of the motor is in
creased, the rotor wi ll initially slow down. As it does, the torque angle 8 becomes 
larger, and the induced torque increases . T he increase in induced torque eventu
ally speeds the rotor back up, and the motor again turns at synchronous speed but 
with a larger torque angle 8. 

What does the phasor diagrrun look like during this process? To find out, ex
amine the constraints on the machine during a load change. Figure 6--6a shows the 
motor's phasor diagram before the loads are increased. The internal generated volt
age EA is equal to K<pw and so depends on only the field current in the machine and 
the speed of the machine. The speed is constrained to be constant by the input 
power supply, and since no one has touched the field circuit , the fie ld current is 
constant as well. TIlerefore, lEAl must be constant as the load changes. TIle dis
tances proportional to power (EA sin 8 and JA cos ()) will increase, but the magni
tude of EA must remain constant. As the load increases, EA swings down in the 
manner shown in Figure 6-6b. As EA swings down further and further, the quantity 
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jXSIA has to increase to reach from the tip of EA to Vo/> , and therefore the annature 

c urrent IA also increases. Notice that the power-factor angle () changes too, becom

ing Jess and less leading and then more and more lagging. 

Exam ple 6-1. A 20S-V, 4S-kVA, O.S-PF-Ieading, a-connected, 60-Hz synchro
nous machine has a synchronous reactance of 2.5 0 and a negligible armature resistance. 
Its friction and windage losses are 1.5 kW, and its core losses are 1.0 kW. Initially, the shaft 
is supplying a IS-hp load, and the motor's power factor is O.SO leading. 

(a) Sketch the phasor diagram of this motor, and find the values of lA, fL' and EA. 
(b) Assume that the shaft load is now increased to 30 hp. Sketch the behavior of the 

phasor diagram in response to this change. 
(c) Find lA, fL' and EA after the load change. What is the new motor power factor ? 

Solutioll 
(a) Initially, the motor 's output power is 15 hp. This corresponds to an output of 

POOl = (15 hp)(0.746 KWlhp) = 11.19 kW 

Therefore, the electric power supplied to the machine is 

Pin = Pout + P""",blo<s + P CO/IeJo.. + Pel""l.,.. 

= 11.I9kW+ I.5kW+ 1.0kW+OkW = 13.69kW 

Since the motor's power factor is O.SO leading, the resulting line current flow is 

I - ccciP-"," CC-o 
L - v'3VTcos 0 

13.69 kW 
= V3"(20S VXO.SO) = 47.5 A 

and the annature current is h/V'!, with O.Sleading power factor, which gives 
the result 

IA = 27.4 L 36.S7° A 

To find EA, apply Kirchhoff's voltage law [Equation (6-2)]: 

EA = Vo/> - jXsIA 

= 20S L 0° V - (j2.5 0)(27.4 L 36.S7° A) 

= 20S L 0° V - 6S.5 L 126.S7° V 

=249.I -jS4.SV =2SSL - 12.4° V 

The resulting phasor diagram is shown in Figure 6-7a. 
(b) As the power on the shaft is increased to 30 hp, the shaft slows momentarily, and 

the internal generated voltage EA swings out to a larger angle /j while maintain
ing a constant magnitude. The resulting phasor diagram is shown in Figure 6-7b. 

(c) After the load changes, the electric input power of the machine becomes 

Pin = Pout + Pmoc.b lo<s + PCO/IeJo.. + P el""l.,.. 

= (30 hpXO.746 kWlhp) + 1.5 kW + 1.0 kW + 0 kW 

= 24.SSkW 
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(a) The motor phasor diagram for Example 6-la. (b) The motor phasor diagram for Example 6- lb. 

From the equation for power in tenns of torque angle [Equation (5-20)], it is pos
sible to find the magnitude of the angle /j (remember that the magnitude of EA is 
constant): 

'0 

p = 3VI/!EA sin Ii 
X, 

_ . _ ] XsP 
ii -sill 3VE . , 

_ . _] (2.5 flX24.SS kW) 
- Sill 3(20S V)(255 V) 

= sin- ] 0.391 = 23° 

(5- 20) 

The internal generated voltage thus becomes EA = 355 L _23° V. Therefore, IA 
will be given by 

_ VI/! - EA 
IA - 'X J , 

20SLooY-255L-23°Y 
= j2.5fl 



SYNCHRONOUS MOTORS 355 

,., 

,b, 
FIGURE 6-8 
(a) A synchronous motor operating at a Jagging power factor. (b) The effect of an increase in field 
current on the operation of this motor. 

and IL will become 

IL = V3IA = 7 1.4 A 

The final power factor will be cos (-ISO) or 0.966 leading. 

The Effect of Field Current Changes on a 
Synchronous Motor 

We have seen how a change in shaft load on a synchronous motor affects the 
motor. There is one other quantity on a synchronous motor that can be readily 
adjusted- its field current. What effect does a change in fie ld current have on a 
synchronous motor? 

To find out, look at Figure 6--8 . Fi gure 6--8a shows a synchronous motor ini
tially operating at a lagging power factor. Now, increase its fi e ld current and see 
what happens to the motor. Note that an increase in field current increases the 
magnitude of E,t but does not affect the real power supplied by the motor. 1lle 
power supplied by the motor changes only when the shaft load torque changes. 
Since a change in IF does not affect the shaft speed nm , and since the load attached 
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IF Synchronous motor V curves. 

to the shaft is unchanged, the real power supplied is unchanged. Of course, VT is 
also constant, since it is kept constant by the power source supplying the motor. 
The distances proportional to power on the phasor diagram (EA sin 8 and IA cos ()) 
must therefore be constant. When the field current is increased, EA must increase, 
but it can only do so by sliding out along the line of constant power. 111is effect is 
shown in Figure 6--8b. 

Notice that as the value of EA increases, the magnitude of the annature cur
rent IA first decreases and then increases again. At low EA, the armature current is 
lagging, and the motor is an inductive load . It is acting like an inductor-resistor 
combination, consuming reactive power Q. As the field current is increased, the 
annature current eventually lines up with Vo/> , and the motor looks purely resistive. 
As the fie ld current is increased further, the annature current becomes leading, 
and the motor becomes a capacitive load. 11 is now acting like a capacitor-resistor 
combination, consuming negative reactive power -Q or, alternatively, supplying 
reacti ve power Q to the syste m. 

A plot of IA versus IF for a synchrono us motor is shown in Figure 6- 9. Such 
a plot is called a synchronous motor V cu",e, for the obvious reason that it is 
shaped like the letter V. There are several V curves drawn, corresponding to dif
ferent real power levels. For each curve, the minimum armature current occurs at 
unity power factor, when only real power is being supplied to the motor. At any 
other point on the curve, some reactive power is being supplied to or by the mo
tor as well. For field currents less than the value giving minimum lA, the annature 
current is lagging, consuming Q. For fi e ld currents greater than the value giving 
the minimum lA, the annature current is leading, supplying Q to the power system 
as a capacit or would. 111erefore, by controlling the field current of a synchronous 
motor, the reactive power supplied to or consumed by the power system can be 
controlled. 

Whe n the projection of the phasor EA onto V 0/> (EA cos 8) is shoner than V 0/> 

itself, a synchronous motor has a lagging c urrent and consumes Q. Since the field 
c urrent is small in this situation, the motor is said to be underexcited. On the other 
hand, when the projection of EA ont o Vo/> is longer than Vo/> it self, a synchronous 
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FIGURE 6-10 
(a) The phasor diagram of an underexcited synchronous motor. (b) The phasor diagram of an 
overexcited synchronous motor. 

motor has a leading current and supplies Q to the power system. Since the fi e ld 
current is large in this situation, the motor is said to be overexcited. Phasor dia
grams illustrating these concepts are shown in Figure 6-10. 

EXllmple 6-2. The 20S-V, 45-kVA, O.S-PF-Ieading, 8-cOIUlected, 60-Hz synchro
nous motor of the previous example is supplying a 15-hp load with an initial power factor 
of 0.85 PF lagging. The field current I" at these conditions is 4.0 A. 

(a) Sketch the initial phasor diagram of this motor, and fmd the values IA and EA. 
(b) If the motor 's flux is increased by 25 percent, sketch the new phasor diagram of 

the motor. What are EA, lA, and the power factor of the motor now? 
(c) Assume that the flux in the motor varies linearly with the field current I". Make 

a plot of 1..1 versus I" for the synchronous motor with a IS-hp load. 

Solutioll 
(a) From the previous example, the electric input power with all the losses included 

is p~ = 13.69 kW. Since the motor 's power factor is 0.85 lagging, the resulting 
annature current flow is 

I - n,R",~"::-;; 
A - 3VoIIcos(J 

13.69 kW 
= 3(20S V)(0.S5) = 25.8 A 

The angle (J is cos-1 0.85 = 31.8°, so the phasor current 1..1 is equal to 

1..1 = 25.8 L -31.So A 

To find EA, apply Kirchhoff's voltage law [Equation (6--2)]: 

EA = VoII - jXSIA 

= 20S L 0° V - (j2.5 0)(25.8 L - 31.So A ) 

=20SLOo V - 64.5L5S.2° V 

= 182L - 17.5° V 

The resulting phasor diagram is shown in Figure 6- 11, together with the results 
for part b. 
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""GURE 6-11 
The phasor diagram of the motor in Example 6--2. 

(b) If the flux cp is increased by 25 percent, then EA = Kcpw will increase by 25 per
cent too: 

EA2 = 1.25 EAI = 1.25(182 V) = 227.5 V 

However, the power supplied to the load must remain constant. Since the dis
tance EA sin /) is proportional to the power, that distance on the phasor diagram 
must be constant from the original flux level to the new flux level. Therefore, 

EA] sin 8] = EA2 sin ~ 

~ = sin- t(EAt sin 8]) 
E" 

The annature current can now be found from Kirchhoff's voltage law: 

_ VI/! - EA2 
1..1.2 - ·X J , 

I _ 208 LO° V - 227.5 L - 13.9° V 
..1. - j2.50 

= 56.2 ~.~OA2° V = 22.5 L 13.2° A 

Finally, the motor 's power factor is now 

PF = cos (13.2°) = 0.974 leading 

The resulting phasor diagram is also shown in Figure 6-11. 
(e) Because the flux is assumed to vary linearly with field current, EA will also vary 

linearly with field current. We know that EA is 182 V for a field current of 4.0A, 
so EA for any given field current can be fOlUld from the ratio 

~-~ 
182V -4.0A 

(6-5) 
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The torque angle lj for any given field current can be found from the fact that 
the power supplied to the load must remain constant: 

EA I sin 01 = EA2 sin ~ 

~ = sin- I ( EA I sin 01) E" 
(6-6) 

These two pieces of infonnation g ive us the phasor voltage EA. Once EA is avail
able, the new armature current can be calculated from Kirchhoff's voltage law: 

_ V</I - EAl 
IA l - 'X J , 

(6- 7) 

A MATLAB M-file to calculate and plot IA versus IF using Equations (6- 5) 
through (6- 7) is shown below: 

% M-fil e : v_curve. m 

% M-fil e c reat e a p l o t o f a rmatur e curre nt ver s u s fi e l d 
% current f o r the syn chro n ou s mo t o r o f Exampl e 6- 2 . 

% Firs t , initia liz e the fi e l d curre nt values (2 1 va lues 
% in the range 3 . S- 5.S A) 
i _ f = (3S : 1 :5S ) / 1 0; 

% Now initia liz e a ll o ther values 
i _a = z e r os( 1 ,2 1 ) ; 
x_s = 2.5; 
v_pha se = 20S; 
del tal = -1 7 .5 .. p i / 1 SO; 

% Pre - a llocate i _a array 

% Syn chro n o u s reac tance 
% Phase vo lt age at 0 degrees 

% de lt a 1 in radian s 
e_a l = l S2 .. (cos (delta l ) + j .. s in (delt a l )) ; 

% Ca l culat e the armature current f o r each value 
f or ii = 1: 21 

ond 

% Ca l culat e magnitude o f e _a2 
e_a2 = 45.5 .. i _ f (ii ) ; 

% Ca l culat e delta2 
delta2 = as in ( abs (e_a l ) / abs (e_a2 ) .. s in (de ltal ) ) ; 

% Ca l culat e the phasor e_a2 
e_a2 = e_a2 " (cos (delt a2 ) + j" s in (delt a2 )) ; 

% Ca l culat e i _a 

i _a( ii ) = ( v_pha se 

% Plot the v - c urve 
p l ot ( i _ f. abs ( i _a) , ' Co l or ' , 'k' , 'Linewi dth' , 2.0 ) ; 
x l abel ( 'Fie l d Current (A) ' , 'Fo ntwe i ght' , 'So l d ' ) ; 
y l abel ( ' Armature Current (A) ' , 'Fo ntwe i ght ' , 'So ld' ) ; 
titl e ( ' Syn c hro n o u s Mo tor V- CUrve ' , 'Fo ntwe i ght ' , 'So l d ' ) ; 

gr id on; 

The plot produced by this M-flle is shown in Fig ure 6-12. Note that for a field current of 
4.0 A, the annature current is 25.8 A. This result agrees with part a of this example. 
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""GURE 6- 12 
V curve for the synchronous motor of Example 6--2. 

The Synchronolls Motor and 
Power-Factor Correction 

Figure 6-13 shows an infinite bus whose OUlpUI is connected through a transmis
sion line 10 an industrial plant at a distant point. The indu strial plant shown con
sists of three loads. Two of the loads are induction motors with lagging power fac
tors, and the third load is a synchronous motor with a variable power factor. 

What does the ability to set the power factor of one of the loads do for the 
power system? To find out, examine the following example problem. (Note: A re
view of the three-phase power equations and their uses is given in Appendix A. 
Some readers may wish to consult it when studying this problem.) 

Example 6-3. The infinite bus in Figure 6-13 operates at 480 V. Load I is an in
duction motor consruning 100 kW at 0.78 PF lagging, and load 2 is an induction motor con
sruning 200 kW at 0.8 PF lagging. Load 3 is a synchronous motor whose real power con
srunption is 150 kW. 

(a) If the synchronous motor is adjusted to operate at 0.85 PF lagging, what is the 
transmission line current in this system? 

(b) If the synchronous motor is adjusted to operale at 0.85 PF leading, what is the 
transmission line current in this system? 

(c) Assrune thai the transmission line losses are given by 

line loss 

where LL stands for line losses. How do the transmission losses compare in the 
two cases? 
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A simple power system consisting of an infinite bus supplying an industrial plant through a 
transmission line. 

Solutioll 
(a) In the first case, the real power o f load I is 100 kW, and the reactive power of 

load I is 

Ql = P t tan () 

= (1 00 kW) tan (cos- l 0 .7S) = (100 kW) tan 3S.7° 

= SO.2 kVAR 

The real power of load 2 is 200 kW, and the reactive power of load 2 is 

Q2= P2tan() 

= (200 kW) tan (cos- l O.SO) = (200 kW) tan 36.S7° 

= 150 kVAR 

The real power load 3 is 150 kW. and the reactive power of load 3 is 

Q]= p] tan() 

= (150 kW) tan (cos- l 0 .S5) = (150 kW) tan 3 1.So 

= 93 kVAR 

Thus, the total real load is 

P'o< = P t + P2 + p] 

= l OO kW + 200 kW + 150 kW = 450 kW 

and the total reactive load is 

Q,o<=Qt+ Q2+Q] 

= SO.2 kVAR + 150 kVAR + 93 kVAR = 323.2 kVAR 

The equivalent system power fac tor is thus 

PF = cos (J = cos (tan- I .2) = cos (tan- l 323.2 kVAR) 
P 450 kW 

= cos 35 .7° = 0 .Sl2 lagging 
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Finally, the line current is given by 

P trX 450 kW 
IL = v'JVLcos 0 = v'J(480V)(0.812) = 667 A 

(b) The real and reactive powers of loads I and 2 are unchanged, as is the real 
power of load 3. The reactive power of load 3 is 

Q3 = PJ tan() 

= (150 kW) tan (_ cos- l 0.85) = (150 kW) tan (_31.8°) 

= -93 kVAR 

Thus, the total real load is 

P'fJI = PI + P2 + PJ 

= lOOkW + 200kW + 150kW = 450kW 

and the total reactive load is 

Q'fJI= QI+Q2+ Q3 
= 80.2 kVAR + 150 kVAR - 93 kVAR = 137.2 kVAR 

The equivalent system power factor is thus 

PF = cos O = cos (tan - l Q) = cos (tan - l 137.2kVAR) 
P 450kW 

= cos 16.96° = 0.957 lagging 

Finally, the line current is given by 

P'fJI 450 kW 
IL = V3VL cos 0 = v'3(480 VXO.957) = 566 A 

(e) The transmission losses in the first case are 

The transmission losses in the second case are 

Notice that in the second case the transmission power losses are 28 percent less 
than in the first case, while the power supplied to the loads is the same. 

As seen in the preceding example, the abi lity to adjust the power factor of 
one or more loads in a power system can significantly affect the operating e ffi
ciency of the power system. TIle lower the power factor of a system, the greater 
the losses in the power lines feeding it. Most loads on a typical power system are 
induction motors, so power syste ms are almost invariably lagging in power factor. 
Having one or more leading loads (overexcited synchronous motors) on the sys
tem can be useful for the fo llowing reasons: 

I. A leading load can supply some reactive power Q for nearby lagging loads, 
instead of it coming from the generator. Since the reactive power does not 
have to trave l over the long and fairly high-resistance transmission lines, the 
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transmission line current is reduced and the power system losses are much 
lower. (nlis was shown by the previous example.) 

2. Since the transmission lines carry less current, they can be smaller for a given 
rated power flow. A lower eq uipment current rating reduces the cost of a 
power system significantly. 

3. In addition, requiring a synchronous motor to operate with a leading power 
factor means that the motor mu st be run overexcited. nlis mode of operation 
increases the motor 's maximum torque and reduces the chance of acciden
tally exceeding the pullout torque. 

The use of synchronous motors or other equipment to increase the overall 
power factor of a power system is called power-factor correction. Since a syn
chronous motor can provide power-factor correction and lower power system 
costs, many loads that can accept a constant-speed motor (even though they do not 
necessarily need one) are driven by synchronous motors. Even though a synchro
nous motor may cost more than an induction motor on an individual basis, the 
ability to operate a synchronous motor at lead ing power factors for power-factor 
correction saves money for industrial plants. This results in the purchase and use 
of synchronous motors. 

Any synchronous motor that exists in a plant is run overexcited as a matter 
of course to achieve power-factor correction and to increase its pullout torque. 
However, running a synchronou s motor overexcited requires a high field current 
and flux , which causes significant rotor heating. An operator mu st be careful not 
to overheat the field windings by exceeding the rated field current. 

The Synchronolls Capacitor or 
Synchronous Condenser 

A synchronous motor purchased to drive a load can be operated overexcited to 
supply reactive power Q for a power system. In fact, at some times in the past a 
synchronous motor was purchased and run without a load, simply for power
factor correction. nle phasor diagram of a synchronous motor operating overex
cited at no load is shown in Figure 6- 14. 

Since there is no power being drawn from the motor, the distances propor
tional to power (Ell sin /j and III cos () ) are zero. Since the Kirchhoff 's voltage law 
equation for a synchronous motor is 

I, 

I 

(6-1) 

""GURE 6- 14 
The phasor diagram of a synchronous 
Cllpacitor or synchronous condenser. 



364 ELECTRIC MACHINERY RJNDAMENTALS 

Lagging 
PF 

(+ Q consumed) 

Saturation 

Leading 
PF 

(+ QsuppIied) L-________ ~ _________ ~ 

(a) 

""GURE 6-15 

,b, 

(a) The V curve of a synchronous capacitor. (b) The corresponding machine phasor diagram. 

the quantity jXSIA. points to the left, and therefore the armature current IA. points 
straight up. If V 4> and IA. are examined, the voltage-current relati onship between 
them looks like that of a capacitor. An overexcited synchronous motor at no load 
looks just like a large capacitor to the power system. 

Some synchronous motors used to be sold specifically for power-factor cor
rection. 1llese machines had shafts that did not even come through the frame of 
the motor- no load could be connected to them even if one wanted to do so. Such 
special-purpose synchronous motors were often called synchronous condensers or 
synchronous capacitors. (Condenser is an old name for capacitor.) 

1lle V curve for a synchronous capacitor is shown in Figure 6-15a. Since 
the real power supplied to the machine is zero (except for losses), at unity power 
factor the current fA. = D. As the fie ld current is increased above that point, the line 
current (and the reactive power supplied by the motor) increases in a nearly linear 
fashion until saturation is reached. Figure 6- I 5b shows the effect of increasing the 
field current on the motor 's phasor diagram. 

Today, conventional static capacitors are more economical to buy and use 
than synchronous capacitors. However, some synchronous capacitors may still be 
in use in older indu strial plants. 

6.3 STARTING SYNCHRONOUS MOTORS 

Section 6.2 explained the behavior of a synchronous motor under steady-state 
conditions. In that section, the motor was always assumed to be initially turning 
at synchronous speed. What has not yet been considered is the question: How did 
the motor get to synchronou s speed in the first place? 

To understand the nature of the starting problem, refer to Figure 6- I 6. nlis 
figure shows a 6D- Hz synchronous motor at the moment power is applied to its 
stator windings. The rotor of the motor is stationary, and therefore the magnetic 
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Staning problems in a synchronous motor---the torque alternates rapidly in magnitude and direction. 
so that the net 5taning torque is zero. 

field DR is stationary. The stator magnetic fie ld Ds is starting to sweep around the 
motor at synchronous speed. 

Figure 6-1 6a shows the machine at time t = 0 s, when DR and Ds are exactly 
lined up. By the induced-torque equation 

(4- 58) 

the induced torque on the shaft of the rotor is zero. Figure 6--16b shows the situa
tion at time t = 11240 s. In such a short time, the rotor has bare ly moved, but the 
stator magnetic fie ld now points to the left. By the induced-torque equation, the 
torque on the shaft of the rotor is now counterclockwise. Figure 6-1 6c shows 
the situation at time t = 1/ 120 s. At that point DR and Ds point in opposite direc
tions, and TiDd again equals zero. At t = 1160 s, the stator magnetic field now 
points to the right, and the resulting torque is clockwise. 

Finally, at t = 1/60 s, the stator magnetic field is again lined up with the ro
tor magnetic fie ld, and T iDd = O. During one electrical cycle, the torque was first 
counterclockwise and then clockwisc, and the average torque over the complete 
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cycle was zero. What happens to the motor is that it vibrates heavily with each 
e lectri cal cycle and finally overheats. 

Such an approach to synchronou s motor starting is hardl y satisfactory
managers tend to frown on employees who burn up their expensive equipment. So 
just how can a synchronous motor be started? 

TIuee basic approaches can be used to safely start a synchronous motor: 

I. Reduce the speed of the stator mngneticfield to a low enough value that the 
rotor can accelerate and lock in with it during one half-cycle of the magnetic 
field 's rotation. Thi s can be done by reducing the frequency of the applied 
electric power. 

2. Use an extenwl prime mover to accelerate the synchronous motor up to syn
chronous speed, go through the parall e ling procedure, and bring the machine 
on the line as a generator. TIlen, turning off or disconnecting the prime mover 
wil I make the synchronous machine a motor. 

3. Use damper windings or amortisseur windings. The function of damper 
windings and their use in motor starting will be explained be low. 

Each of these approaches to synchronous motor starting will be described 
in turn. 

Motor Starting by Reducing Electrical Frequency 

I f the stator magnetic fields in a synchrono us motor rotate at a low e nough speed, 
there will be no proble m for the rotor to accele rate and to lock in with the stator 
magnetic fie ld. TIle speed of the stator magnetic fi e lds can then be increased to 
operating speed by gradually increasingf .. up to its normal 50- or 6O- Hz val ue. 

TIlis approach to starting synchronous motors makes a lot of sense, but it 
does have one big proble m: Where does the variable electrical frequency corne 
from? Regular power systems are very carefully regulated at 50 or 60 Hz, so un
til recently any variable-frequency voltage source had to come from a dedicated 
generator. Such a situation was o bviously impractical except for very unusual 
circumstances. 

Today, things are different. Chapter 3 described the rectifier-inverter and the 
cycloconverter, which can be used to convert a constant input frequency to any de
sired output frequency. With the deve lopment of such modern solid-state variable
frequency drive packages, it is perfectly possible to continuously control the elec
trical frequency applied to the motor all the way from a fraction of a hertz up to and 
above full rated frequency. If such a variable-frequency drive unit is included in a 
motor-control circuit to achieve speed control, then starting the synchronous motor 
is very easy- simply adjust the frequency to a very low value for starting, and then 
raise it up to the desired operating freque ncy for normal running. 

When a synchronous motor is ope rated at a speed lower than the rated 
speed, its internal generated voltage Ell = Kcpw will be smaller than normal. If Ell 
is reduced in magnitude, then the terminal voltage applied to the motor must be 
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reduced as well in order to keep the stator current at safe leve ls. The voltage in 
any variable-frequency drive or variable-frequency starter circuit must vary 
roughly linearly with the applied frequency. 

To learn more about such solid-state motor-drive units, refer to Chapter 3 
and Reference 9. 

Motor Starting with an External Prime Mover 

The second approach to starting a synchronous mo tor is to attach an external start
ing motor to it and bring the synchrono us machine up to full speed with the ex
ternal motor. 1l1en the synchronous mac hine can be paralleled with its power sys
tem as a generator, and the starting motor can be detached from the shaft of the 
machine. Once the starting motor is turned off, the shaft of the machine slows 
down, the rotor magnetic field BR falls behind B ... " and the synchronous machine 
starts to act as a motor. Once paralleling is completed, the synchrono us motor can 
be loaded down in an ordinary fashion. 

This whole procedure is not as preposterous as it sounds, since many syn
chronous motors are parts of motor-generator sets, and the synchronous machine 
in the motor-generat or set may be started with the other machine serving as the 
starting motor. Also, the starting motor only needs to overcome the inertia of the 
synchronous machine without a load- no load is attached until the motor is par
alleled to the power system. Since only the motor 's inertia mu st be overcome, the 
starting motor can have a much small er rating than the synchrono us motor it 
starts. 

Since most large synchronous motors have brushless excitation syste ms 
mounted on their shafts, it is often possible to use these exciters as starting motors. 

For many medium-size to large synchronous motors, an external starting 
motor or starting by using the exciter may be the only possible solution, because 
the power syste ms they are tied to may not be able to handle the starting currents 
needed to use the amortisseur winding approach described next. 

Motor Starting by Using Amortisseur Wi ndings 

By far the most popular way to start a sy nchronous motor is to employ anwrtisseur 
or damper windings. Amortisseur windings are special bars laid int o notches 
carved in the face of a synchronous motor's rotor and then shorted out on each end 
by a large shoT1ing ring. A pole face with a set of amortisseurwindings is shown in 
Figure 6-17, and amortisseur windings are visible in Figures 5- 2 and 5-4. 

To understand what a set of amortisseur windings does in a synchrono us 
motor, examine the stylized salie nt two-pole rotor shown in Figure 6- 18. This ro
tor shows an amortisseur winding with the shorting bars on the ends of the two ro
tor pole faces connected by wires. (This is not quite the way nonnal machines are 
constructed, but it will serve beautifully to illustrate the point of the windings.) 

Assume initially that the main rotor field winding is disconnected and that a 
three-phase set of voltages is applied to the stator of this machine . When the 
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FIGURE 6-17 
A rotor field pole for a synchronous 
machine showing amortisseur 
windings in the pole face. (Courtesy 
ofGeneml Electric Company.) 

fo'IGURE 6- 18 
A simplified diagram of a salient two
pole machine showing amortisseur 
windings. 

power is first applied at time t = a s, assume that the magnetic fie ld Bs is vertical, 
as shown in Figure 6- 19a. As the magnetic fie ld Bs sweeps along in a counter
clockwise direction, it induces a voltage in the bars of the amortisseur winding 
given by Equation (1-45): 

where 

ei!>d = (v x B) • I 

v = velocity of the bar relative to the magnetic field 

B = magnetic nux density vector 

I = length of conductor in the magnetic fie ld 

( 1-45) 
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The development of a unidirectional torque with synchronous motor amonisseur windings. 

The bars at the top of the rotor are moving to the right relative to the magnetic 
field, so the resulting direction of the induced voltage is out of the page. Similarly, 
the induced voltage is into the page in the bottom bars . These voltages produce a 
current fl ow out of the top bars and int o the bottom bars, resulting in a winding 
magnetic fie ld Bw pointing to the right. By the induced-torque equation 
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the resulting torque on the bars (and the rotor) is counterclockwise. 
Figure 6-1 9b shows the situation at t = 11240 s. Here, the stator magnetic 

field has rotated 90° while the rotor has barely moved (it simply cannot speed up 
in so short a time). At this point, the voltage induced in the amortisseur windings 
is zero, because v is parallel to B. With no induced voltage, there is no current in 
the windings, and the induced torque is zero. 

Figure 6-1 9c shows the situation at t = 11120 s. Now the stator magnetic 
fi e ld has rotated 900, and the rotor still has not moved yet. TIle induced voltage 
[given by Equation ( 1-45)] in the amortisseur windings is out of the page in the 
bottom bars and into the page in the top bars. The resulting current flow is out of 
the page in the bottom bars and into the page in the top bars, causing a magnetic 
field Bw to point to the left . 1lle resulting induced torque, given by 

T;Dd = k Bw x Bs 

is counterclockwise . 
Finally, Figure 6-1 9d shows the situation at time t = 31240 s. Here, as at 

t = 11240 s, the induced torque is zero. 
Notice that sometimes the torque is counte rcl ockwise and sometimes it is 

essentially zero, but it is always unidirectional. Since there is a net torque in a sin
gle direction, the motor 's rotor speeds up. (1llis is entirely different from starting 
a synchronous motor with its normal fie ld current, since in that case torque is first 
c lockwise and then counterclockwise, averaging out to zero. In this case, torque is 
always in the same direction, so there is a nonzero average torque.) 

Although the motor 's rotor will speed up, it can never quite reach synchro
nous speed. This is easy to understand. Suppose that a rotor is turning at synchro
nous speed . Then the speed of the stator magnetic field Bs is the same as the ro
tor 's speed, and there is no relative motion between Bs and the rotor. If there is no 
re lative motion, the induced voltage in the windings wi ll be zero, the resulting 
current fl ow wi ll be zero, and the winding magnetic fie ld will be zero. Therefore , 
there will be no torque on the rotor to keep it turning. Even though a rotor cannot 
speed up all the way to synchronous speed, it can get close. It gets close enough 
to n'YD< that the regular fie ld current can be turned on, and the rotor will pull into 
step with the stator magnetic fields. 

In a real machine, the field windings are not open-circuited during the start
ing procedure. If the fie ld windings were open-circuited, then very high voltages 
wou ld be produced in them during starting. I f the field winding is short-circuited 
during starting, no dangerous voltages are produced, and the induced fie ld current 
actually contributes extra starting torque to the motor. 

To summarize, if a machine has amortisseur windings, it can be started by 
the fo llowing procedure: 

I. Disconnect the fi e ld windings from their dc power source and short them out. 
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2. Apply a three-phase voltage to the stator of the motor, and let the rotor accel
erate up to near-synchronous speed . The motor should have no load on its 
shaft , so that its speed can approach n.ync as closely as possible. 

3. Connect the dc fie ld circuit to its power source. After this is done, the motor 
wi ll lock into step at synchronous speed, and loads may then be added to its 
shaft. 

The Effect of Amortisseur Windings 
on Motor Stability 

If amortisseur windings are added to a synchronous machine for starting, we get 
a free bonus-an increase in machine stability. The stator magnetic fi eld rotates at 
a constant speed n.YD<, which varies only when the system frequency varies. I f the 
rotor turns at n,YD<, then the amortisseur windings have no induced voltage at all. 
If the rotor turns slower than n,YD<, then there wi ll be relative motion between the 
rotor and the stator magnetic fi eld and a voltage wi ll be induced in the windings. 
nlis voltage produces a current fl ow, and the current fl ow produces a magnetic 
field. The interaction of the two magne tic fie lds produces a torque that tends to 
speed the machine up again. On the other hand, if the rotor turns faster than the 
stator magnetic fie ld, a torque wi ll be produced that tries to slow the rotor down. 
Thus, the torque produced by the anwrtisseur windings speeds up slow mnchines 
and slows down fast machines. 

These windings therefore tend to dampen out the load or other transients on 
the machine. It is for this reason that amortisseur windings are also called damper 
windings. Amortisseur windings are also used on synchronous generators, where 
they serve a similar stabilizing function when a generator is operating in parallel 
with other generators on an infinite bus. If a variation in shaft torq ue occurs on the 
generat or, its rotor wi ll momentarily speed up or slow down, and these changes 
wi ll be opposed by the amortisseur windings. Amortisseur windings improve the 
overall stability of power systems by reducing the magnitude of power and torque 
transients. 

Amortisseur windings are responsible for most of the subtransient current in 
a faulted synchronous machine. A short circuit at the terminals of a generator is 
just another fonn of transient, and the amortisseur windings respond very quickly 
to it. 

6.4 SYNCHRONOUS GENERATORS AND 
SYNCHRONOUS MOTORS 

A synchronous generator is a synchronous machine that converts mechanical 
power to e lectric power, while a synchronous motor is a synchronous machine 
that converts electric power to mechani cal power. In fact, they are both the same 
physical machine. 
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""GURE 6-10 
Phasor diagrams showing the generation and consumption of real power P and reactive power Q by 
synchronous generators and motors. 

A synchronous machine can supply real power to or consume real power 
from a power system and can supply reactive power to or consume reactive power 
from a power system. All four combinations of real and reactive power fl ows are 
possible, and Figure 6-20 shows the phasor diagrams for these conditions. 

Notice from the figure that 

I . The distinguishing characteristic of a synchronous generator (supplying P) is 
that E" lies ahead o/V", while for a motor E" lies behind V",. 

2. The distinguishing characteristic of a machine supplying reactive power Q is 
that E" cos lj > V", regardless of whether the machine is acting as a generator or 
as a motor. A machine that is consuming reactive power Q has E" cos lj < V",. 

6.5 SYNCHRONOUS MOTOR RATINGS 

Since synchronous motors are the same physical machines as synchronous genera
tors, the basic machine ratings are the same . The one major difference is that a large 
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FIGURE 6-21 
A typical nameplate for a large synchronous motor. (Courtesy o!General Electric Company.) 

Ell gives a leading power factor instead of a lagging one, and therefore the effect of 
the maximum field current limit is expressed as a rating at a leading power factor. 
Also, since the output of a synchronous motor is mechanical power, a synchronous 
motor 's power rating is usually given in horsepower rather than kilowatts. 

TIle nameplate of a large synchronous motor is shown in Figure 6-21. In 
addition to the information shown in the figure, a smaller synchronous motor 
would have a service factor on its nameplate. 

In general, synchronous motors are more adaptable to low-speed, high
power applications than induction motors (see Chapter 7). They are therefore 
commonly used for low-speed, high-power loads. 

6.6 SUMMARY 

A synchronous motor is the same physical machine as a synchronous generator, 
except that the direction of real power fl ow is reversed. Since synchronous motors 
are usually connected to power systems containing generators much larger than 
the motors, the frequency and tenninal voltage of a synchronous motor are fixed 
(i.e., the power system looks like an infinite bus to the motor). 

The speed of a synchronous motor is constant from no load to the maximum 
possible load on the motor. The speed of rotation is 

_ _ 120..r.: 
nm - n sync - p 

The maximum possible power a machine can produce is 

_ 3V1>EA 
Pm:u.- X , (5- 21) 
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If this value is exceeded, the rotor will not be able to stay locked in with the sta
tor magnetic fields, and the motor will slip poles. 

I f the fie ld current of a synchronous motor is varied while its shaft load re
mains constant, then the reactive power supplied or consumed by the motor will 
vary. If Ell cos 8 > ~, the motor will suppl y reactive power, while if Ell cos 8< Vo/» 
the motor will consume reactive power. 

A synchronous motor has no net starting torque and so cannot start by itself. 
TIlere are three main ways to start a synchronous motor: 

I. Reduce the stat or frequency to a safe starting level. 

2. Use an external prime mover. 

3. Put amortisseur or damper windings on the motor to acce lerate it to near
synchronous speed before a direct current is applied to the field windings . 

If damper windings are present on a motor, they will also increase the sta
bility of the motor during load transient s. 

QUESTIONS 

6-1. What is the difference between a synchronous motor and a synchronous generator? 
6-2. What is the speed regulation of a synchronous motor? 
6-3. When would a synchronous motor be used even though its constant-speed charac-

teristic was not needed? 
6-4. Why can't a synchronous motor start by itself? 
6-5. What techniques are available to start a synchronous motor? 
6-6. What are amortisseur windings? Why is the torque produced by them unidirectional 

at starting, while the torque produced by the main field winding alternates direction? 
6-7. What is a synchronous capacitor? Why would one be used? 
6-8. 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. 
6-9. 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, using phasor diagrams. 
6-10. A synchronous motor is operating at a fixed real load, and its field current is in

creased. If the armature current falls, was the motor initially operating at a lagging 
or a leading power factor? 

6-11. Why must the voltage applied to a synchronous motor be derated for operation at 
frequencies lower than the rated value? 

PROBLEMS 

6-1. A 480-V, 60 Hz four-pole synchronous motor draws 50 A from the line at unity 
power factor and full load. Assuming that the motor is lossless, answer the follow
ing questions: 
(a) What is the output torque of this motor? Express the answer both in newton

meters and in pound-feet. 
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(b) What must be done to change the power factor to 0.8 leading? Explain your an
swer, using phasor diagrams. 

(c) What will the magnitude of the line current be if the power factor is adjusted to 
0.8 leading? 

6-2. A 480-V, 60 Hz 4OO-hp, 0.8-PF-Ieading, six-pole, ~-connected synchronous motor 
has a synchronous reactance of 1.1 {} and negligible annature resistance. Ignore its 
friction, windage, and core losses for the purposes of this problem. 
(a) If this motor is initially supplying 400 hp at 0.8 PF lagging, what are the mag

nitudes and angles of EA and IA? 
(b) How much torque is this motor producing? What is the torque angle O? How 

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

(c) If lEAl is increased by IS percent, what is the new magnitude of the armature 
current? What is the motor 's new power factor? 

(d) Calculate and plot the motor's V curve for this load condition. 
6-3. A 2300-V, I()(X)-hp, 0.8-PF leading, 60-Hz, two-pole, Y-cotulected synchronous mo

tor has a synchronous reactance of2.8 n and an annature resistance of 0.4 n. At 60 
Hz, its friction and windage losses are 24 kW, and its core losses are 18 kW. The 
field circuit has a dc voltage of2oo V, and the maximwn IF is 10 A. The open-circuit 
characteristic of this motor is shown in Figure P6-1. Answer the following ques
tions about the motor, assuming that it is being supplied by an infinite bus. 
(a) How much field current would be required to make this machine operate at 

tulity power factor when supplying full load? 
(b) What is the motor 's efficiency at full load and unity power factor? 
(c) If the field current were increased by 5 percent, what would the new value of 

the annature 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 maximrun torque this machine is theoretically capable of supplying 
at tulity power factor? At 0.8 PF leading? 

6-4. Plot the V curves (fA versus IF) for the synchronous motor of Problem 6- 3 at no
load, half-load, and full-load conditions. (Note that an electronic version of the 
open-circuit characteristics in Figure P6-1 is available at the book's website. It may 
simplify the calculations required by this problem. Also, you may assrune that RA is 
negligible for this calculation.) 

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

6-6. A 480-V, lOO-kW, 0.85-PF-Ieading, 50-Hz, six-pole, V-connected synchronous mo
tor has a synchronous reactance of 1.5 n and a negligible annature resistance. The 
rotational losses are also to be ignored. This motor is to be operated over a continu
ous range of speeds from 300 to 1000 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

trol range? 
(b) How large is EA at the motor's rated conditions? 
(c) What is the maximwn power that the motor can produce at rated speed with the 

EA calculated in part (b)? 
(d) What is the largest EA could be at 300 r/min? 
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(e) Assuming that the applied voltage V. is derated by the same amOlUlt as EA. 
what is the maximwn power the motor could supply at 300 r/min? 

if) How does the power capability of a synchronous motor relate to its speed? 

6-7. A 20S-V. Y-connected synchronous motor is drawing 40 A at unity power factor 
from a 20S-V power system. The field current flowing under these conditions is 
2.7 A. Its synchronous reactance is O.S n. Assume a linear open-circuit characteristic. 
(a) Find the torque angle o. 
(b) How much field current would be required to make the motor operate at O.S PF 

leading? 
(c) What is the new torque angle in part b? 

6-8. A synchronous machine has a synchronous reactance of 2.0 n per phase and an ar
mature resistance of 0.4 n per phase. If EA = 460 L -80 V and V. = 4S0 L 0° V, is 
this machine a motor or a generator? How much power P is this machine consum
ing from or supplying to the electrical s ystem? How much reactive power Q is this 
machine consuming from or supplying to the electrical system? 
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6-9. Figure P6--2 shows a synchronous motor phasor diagram for a motor operating at a 
leading power factor with no R". For this motor. the torque angle is given by 

~X~,J~'!;;CO~'~''-co tan 0 = -;-
VI/! + Xsl" sin () 

_, ( Xsl" cos () ) • - tan 
- VI/! + Xi " sin () 

Derive an equation for the torque angle of the synchronous motor if the amlature re
sistance is included. 

, , , , 

FIGURE P6-2 
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, 

Phasor diagram of a motor at a Jeading power factor. 

6-10. A 4S0-V, 375-kVA, O.S-PF-Iagging, V-connected synchronous generator has a syn
chronous reactance of 0 .4 n and a negligible armature resistance. This generator is 
supplying power to a 4S0-V, SO-kW, 0 .8-PF-Ieading, V-connected synchronous mo
tor with a synchronous reactance of 1.1 n and a negligible annature resistance. The 
synchronous generator is adjusted to have a terminal voltage of 480 V when the mo
tor is drawing the rated power at unit y power factor. 
(a) Calculate the magnitudes and angles of E" for both machines. 
(b) If the flux of the motor is increased by 10 percent , what happens to the tenni

nal voltage of the power system? What is its new value? 
(c) What is the power factor of the motor aft er the increase in motor flux ? 

6- 11 , A 4S0-V, l OO-kW, 50-Hz, four-pole, V-connected synchronous motor has a rated 
power factor of 0 .S5 Ieading. At full load, the efficiency is 9 1 percent. The annature 
resistance is O.OS n, and the synchronous reactance is 1.0 n. Find the following 
quantities for this machine when it is operating at full load: 
(a) Output torque 
(b) Input power 
(c) n .. 

(d) E" 
(e) 11,,1 
if) P coov 

(g) P mocb + P core + P ""'Y 
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6-12. The V-connected synchronous motor whose nameplate is shown in Figure 6-21 has 
a per-unit synchronous reactance of 0.9 and a per-unit resistance of 0.02. 
(a) What is the rated input power of this motor? 
(b) What is the magnitude of EA at rated conditions? 
(c) If the input power of this motor is 10 MW. what is the maximum reactive 

power the motor can simultaneous ly supply? Is it the annature curre nt or the 
field current 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? 
if) What is the output torque of the motor at the rated conditions? Express the an

swer both in newton-meters and in pound-feet. 
6-13. A 440-V. three-phase. V-connected synchronous motor has a synchronous reactance 

of 1.5 n per phase. The field ClUTe nt has been adjusted so that the torque angle 0 is 
28° when the power supplied by the generator is 90 kW. 
(a) What is the magnitude of the internal 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 fi eld current remains constant. what is the absolute maximum power this 

motor could supply? 
6-14. A 460-V, 200-kVA. 0.80-PF-Ieading. 400-Hz. six-pole. V-connected synchronous 

motor has negligible armature resistance and a synchronous reactance of 0.50 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? 
(c) What is the internal generated voltage of this motor at the rated conditions? 
(d) With the fi eld ClUTent remaining at the value present in the motor in part c. what 

is the maximwn possible output power from the machine? 

6-15. A lOO-hp. 440-V. 0.8-PF-Ieading. 6.-cormected synchronous motor has an annature 
resistance of 0.22 n and a synchronous reactance of 3.0 O. Its efficiency at full load 
is 89 percent. 
(a) What is the input power to the motor at rated conditions? 
(b) What is the line ClUTent of the motor at rated conditions? What 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? 
if) What is P OOIIV at rated conditions? 
(g) If EA is decreased by 10 percent. how much reactive power will be consumed 

by or supplied by the motor? 
6-16. Answer the following questions about the machine of Problem 6-1 5. 

(a) If EA = 430 L 13.5° V and V. = 440 L 0° V. is this machine consuming real 
power from or supplying real power to the power system? Is it consuming re
act ive power from or supplying 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 nnder these circumstances? 
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(c) If E,\ = 470 L _1 20 V and V. = 440 L 00 V, is this machine consuming real 
power from or supplying real power to the power system? Is it consuming re
active power from or supplying reactive power to the power system? 

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