
CHAPTER 

5 
SYNCHRONOUS 

GENERATORS 

Synchronous generators or alternntors are synchronous machines used to con­
vert mechanical power to ac e lectric power. This chapter explores the opera­

tion of synchronous generators, both when operating alone and when operating to­
gether with other generators. 

5.1 SYNCHRONOUS GENERATOR 
CONSTRUCTION 

In a sy nchronous generator, a de current is applied to the rotor winding, which 
produces a rotor magnetic fi e ld. The rotor of the generator is then turned by a 
prime mover, producing a rotating magnetic fie ld within the machine. This rotat­
ing magnetic field induces a three-phase set of voltages within the stator windings 
of the generator. 

Two terms commonly used to describe the windings on a machine arefield 
windings and armature windings. In general, the tenn "fie ld windings" applies to 
the windings that produce the main magnetic field in a machine, and the term 
"armature windings" applies to the windings where the main voltage is induced. 
For synchronous machines, the field windings are on the rotor, so the tenns "rotor 
windings" and "field windings" are used interchangeably. Similarly, the terms 
"stator windings" and "annature windings" are used interchangeably. 

The rotor of a synchronous generator is essentially a large e lectromagnet. 
The magnetic poles on the rotor can be of either salient or nonsalient construction. 
The tenn salient means "protruding" or "sticking out," and a salient pole is a mag­
netic pole that sticks out from the surface of the rotor. On the othe r hand, a 

267 



268 ELECTRIC MACHINERY RJNDAMENTALS 

o 0, 

s 

End View Side View 

fo'IGURE 5-1 
A non salient two-pole rotor for a synchronous machine. 

nonsalient pole is a magnetic pole constructed flu sh with the surface of the rotor. 
A nonsalie nt-pole rotor is shown in Figure 5-1 , while a salient-pole rotor is shown 
in Figure 5- 2. Nonsalie nt-pole rotors are nonnally used for two- and four-pole ro­
tors, while salient-pole rotors are nonnally used for rotors with four or more poles. 
Because the rotor is subjected to changing magnetic fields, it is constructed of thin 
laminations to reduce eddy current losses. 

A de current must be supplied to the field circuit on the rotor. Since the ro­
tor is rotating, a special arrangement is required to get the de power to its field 
windings. There are two common approaches to supplying this dc power: 

I. Supply the dc power from an externa l dc source to the rotor by means of slip 
rings and brushes. 

2. Supply the dc power from a special de power source mounted directly on the 
shaft of the synchronous generator. 

Slip rings are metal rings completely encircling the shaft of a machine but in­
sulated from it. One end of the dc rotor winding is tied to each of the two slip rings 
on the shaft of the synchronous machine. and a stationary brush rides on each s li p 
ring . A "brush" is a block of graphitelike carbon compound that conducts electric­
ity free ly but has very low fri ction. so that it doesn't wear down the s lip ring. If the 
positive e nd of a dc voltage source is connected to one brush and the negative end 
is connected to the other, then the same dc voltage wi II be applied to the field wind­
ing at all times regard less of the angu lar position or speed of the rotor. 

Slip rings and brushes create a few problems when they are used to supply 
dc power to the fi e ld windings of a synchronous machine. TIley increase the 
amount of maintenance required on the machine, since the brushes mu st be 
checked for wear regularly. In addition, brush voltage drop can be the cause of 
significant power losses on machines with larger field currents . Despite these 
problems, slip rings and brushes are used on all smaller synchronous machines, 
because no other method of supplying the dc fi e ld current is cost-effective. 

On larger generators and motors, brnshless exciters are used to supply the 
dc fie ld current to the machine. A brushless exciter is a small ac generator with its 
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(a) A sa lient six-pole rotor for a synchronous 
ntachine. (b) Photograph of a sa lient eight-pole 
synchronous ntachine rotor showing the windings 
on the individual rotor poles. (Courtesy of 
Geneml Electric Company. ) (e) Photograph of 
a single S3.lient pole front a rotor with the field 
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,b, 

,d, 
windings not yet in place. (Courtesy ofGeneml Electric Company.) (d) A single salient pole shown 
after the fie ld windings are installed but before it is mounted on the rotor. (Courtesy ofWestinglwuse 
Electric Company.) 

field circuit mounted on the stat or and its armature circuit mounted on the rotor 
shaft. The three-phase output of the exciter generator is rectified to direct current 
by a three-phase rectifier circuit also mounted on the shaft of the generator, and is 
then fed into the main dc field circuit. By controlling the small dc fi e ld current of 
the exciter generator (located on the stator), it is possible to adjust the fie ld current 
on the main machine without slip rings and brushes. This arrangement is shown 
schematically in Figure 5-3, and a synchronous machine rotor with a brushless 
exciter mounted on the same shaft is shown in Figure 5-4. Since no mechanical 
contacts ever occ ur between the rotor and the stator, a brushless exciter requires 
much less maintenance than slip rings and brushes. 



270 ELECTRIC MACHINERY RJNDAMENTALS 

Exciter 

Exciter armature 

:L 

Three-phase 
rectifier 

r 

, 
, 
, 
, 

I" ---,-

Synchronous 
machine 

Main Field 

-----------------~-------------+----------------

N ~_h 

Three-phase 
input (low current) 

""GURE 5-3 

fu 
, 

citer 
,ld fi 

,------, Three-phase 
output 

Maln annature 

A brush less exciter circuit. A small thrre-phase current is rectified and used to supply the field circuit 
of the exciter. which is located on the stator. The output of the armature cirwit of the exciter (on the 
rotor) is then rectified and used to supply the field current of the main machine. 

""GURE 5-4 
Photograph of a synchronous machine rotor with a brush less exciter mounted on the same shaft. 
Notice the rectifying electronics visible next to the armature of the exciter. (Courtesy of 
Westinghouse Electric Company.) 
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A brushless excitation scheme that includes a pilot exciter. The permanent magnets of the pilot exciter 
produce the field current of the exciter. which in turn produces the field current of the main machine. 

To make the excitation of a generator completely independent of any exter­
nal power sources, a small pilot exciter is often included in the system. Apilot ex­
citer is a small ac generator with permanent magnets mounted on the rotor shaft 
and a three-phase winding on the stator. It produces the power for the fie ld circuit 
of the exciter, which in turn controls the field circuit of the main machine. I f a 
pilot exciter is included on the generator shaft, then no external electric power is 
required to run the generator (see Figure 5-5). 

Many synchronous generators that include brushless exciters also have slip 
rings and brushes, so that an auxiliary source of dc fi e ld current is available in 
emergencies. 

The stator of a synchronous generator has already been described in Chap­
ter 4, and more details of stator constructi on are found in Appendix B. Synchro­
nous generator stators are nonnally made of prefonned stator coils in a double­
layer winding. The winding itself is distributed and chorded in order to reduce the 
hannonic content of the output voltages and currents, as described in Appendix B. 

A cutaway diagram of a complete large synchronous machine is shown in 
Figure 5-6. This drawing shows an eight-pole salient-pole rotor, a stator with dis­
tributed double-layer windings, and a brushless exciter. 
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""GURE 5-6 
A cutaway diagram of a large synchronous machine. Note the saliem·pole construction and the on· 
shaft exciter. (Courtesy ofGl'neral Electric Company.) 

5.2 THE SPEED OF ROTATION OF A 
SYNCHRONOUS GENERATOR 

Synchronous generators are by defmition synchronous, meaning that the e lectrical 
frequency prod uced is locked in or synchronized with the mechanical rate of 
rotation of the generator. A synchronous generator's rotor consists of an e lectro­
magnet to which direct current is supplied. TIle rotor's magnetic field points in 
whatever direction the rotor is turned. Now, the rate of rotation of the magnetic 
fields in the machine is related to the stator electrical frequency by Equation (4-34): 

(4- 34) 

where !. = electrical frequency, in Hz 

nm = mechanical speed of magne tic fi e ld, in r/min (equals speed of 
rotor for synchronous machines) 

P = number of poles 

Since the rotor turns at the same speed as the magnetic field , this equation relates 
the speed of rotor rotation to the resulting electrical frequency. Electric power is 
generated at 50 or 60 Hz, so the generator must turn at a fi xed speed depending on 
the number of poles on the machine. For example, to generate 60-Hz power in a 
two-pole machine, the rotor must turn at 3600 r/min. To generate 50-Hz power in 
a four-pole machine, the rotor must turn at 1500 rIm in. TIle required rate of rota­
tion for a given frequency can always be calculated from Equation (4- 34). 
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(a) Plot of flux versus field current for a synchronous generator. (b) The magnetization curve for the 
synchronous generator. 

5.3 THE INTERNAL GENERATED VOLTAGE 
OFASYNCHRONOUSGENERATOR 

In Chapler 4, the magnitude of the voltage induced in a given stator phase was 
found to be 

(4- 50) 

This voltage depends on the flu x ~ in the machine, the frequency or speed of ro­
lation, and the machine's construction. In solving problems with synchronous ma­
chines, this eq uation is sometimes rewritten in a simpler fonn that emphasizes the 
quantities that are variable during machine operalion. This simpler form is 

I EA ~ K<J>w I (5-1 ) 

where K is a constant representing the construction of the machine. If w is ex­
pressed in electrical radians per second, then 

Nc 
K ~ V2 (5- 2) 

while if w is expressed in mechanical radians per second , then 

Nc P 
K ~ V2 (5- 3) 

The internal generated voltage EA is directly proportional to the flux and to 
the speed, but the flu x itself depends on the current fl owing in the rotor fie ld cir­
cuit. The field circuit IF is re lated to the flu x ~ in the manner shown in Fig­
ure 5- 7a. Since EA is direct ly proportional to the flux , the internal generated volt­
age EA is re lated to the field current as shown in Figure 5- 7b. lllis plot is called 
the magnetization cUIYe or the open-circuit characteristic of the machine. 
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5.4 THE EQUIVALENT CIRCUIT OF A 
SYNCHRONO US GENERATOR 

The voltage EA is the internal generated voltage produced in one phase ofa syn­
chronous generator. Howeve r, this voltage EA is not usually the voltage that ap­
pears at the terminals of the generator. In fact, the only time the internal voltage 
EA is the same as the output voltage Vo/> of a phase is when there is no annature 
current fl owing in the machine. Why is the output voltage Vo/> from a phase not 
equal to EA , and what is the relationship between the two voltages? TIle answer to 
these questi ons yields the model of a synchronous generator. 

TIlere are a number of factors that cause the difference between EA and Vo/>: 

I, The distortion of the air-gap magnetic field by the current fl owing in the sta-
tor, called annature reaction. 

2, The self-inductance of the annature coils. 

), The resistance of the armature coils. 

4, The effect of salient-pole rotor shapes. 

We will explore the effects of the first three factors and deri ve a machine model 
from them. In this chapter, the effects of a salient-pole shape on the operation of a 
synchronous machine will be ignored; in other words, all the machines in this 
chapter are assumed to have nonsalient or cy lindri cal rotors. Making this assump­
tion will cause the calculated answers to be slightly inaccurate if a machine does 
indeed have salient-pole rotors, but the errors are relatively minor. A discussion of 
the effects of rotor pole saliency is inc1 uded in Appendix C. 

TIle first effect mentioned, and nonnally the largest one, is armature reac­
tion. When a synchronous generator 's rotor is spun, a voltage EA is induced in the 
generator 's stator windings. If a load is attached to the terminals of the generator, 
a current flows. But a three-phase stator current flow will produce a magnetic 
field of its own in the machine. This stator magnetic field distorts the original ro­
tor magnetic fi e ld, changing the resulting phase voltage. This effect is called 
armature reaction because the annature (stator) current affects the magnetic field 
which produced it in the first place. 

To understand annature reaction, re fer to Figure 5--8. Figure 5--8a shows a 
two-pole rotor spinning inside a three-phase stator. There is no load connected to 
the stator. The rotor magnetic field DR produces an internal generated voltage EA 
whose peak value coincides with the direction of DR. As was shown in the last 
chapter, the voltage will be positive out of the conductors at the top and negative 
into the conductors at the bottom of the fi gure. With no load on the generator, 
there is no annature current flow, and EA will be equal to the phase voltage Vo/>. 

Now suppose that the generator is connected to a lagging load. Because the 
load is lagging, the peak current wi ll occur at an angle behind the peak voltage. 
TIlis effect is shown in Figure 5--8b. 

TIle current flowing in the stator windings produces a magnetic fie ld of its 
own. This stator magnetic field is called Ds and its di rection is given by the right-
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The development of a model for armature reaction: (a) A rotating magnetic field produces the 

internal generated voltage EA' (b) The resulting voltage produces a lagging currentflow when 
connected to a lagging load. (e) The stator current produces its own magnetic field BS' which 

produces its own voltage E_ in the stator windings of the machine. (d) The field Us adds to "I/" 
distorting it into H .... The voltage E ... adds to EA. producing v. at the output of the phase. 

hand rule to be as shown in Figure 5--8c. The stator magnetic fie ld Bs produces a 
voltage of its own in the stator, and this voltage is called E .... , on the fi gure. 

With two voltages present in the stator windings, the total voltage in a phase 
is just the sum of the internal generated voltage EA. and the annature reaction volt­
age E"a, : 

(5-4) 

The net magnetic fi eld 8 ... , is just the sum of the rotor and stator magnetic fi elds: 

(5- 5) 
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v, 

FlGURES-9 
A simple cirwit (see text). 

Since the angles of EA and BR are the same and the angles of E"a. and Bs, are the 
same, the resulting magnetic field Boe. will coincide with the net voltage Vo/>. The 
resulting voltages and currents are shown in Figure 5--8d. 

How can the effects of armature reaction on the phase voltage be modeled? 
First, note that the voltage E"a. lies at an angle of 90° behind the plane of maxi­
mum current IA . Second, the voltage E."" is directly proportional to the current IA . 

If X is a constant of proportionality, then the armature reaction voltage can be ex­
pressed as 

E"., = - jXIA (5-6) 

TIle voltage on a phase is thus 

'"I Vc-.-_--oEo-
A 

-_ --cj XccI", 1 (5- 7) 

Look at the circuit shown in Figure 5- 9. The Kirchhoff's voltage law equa­
tion for this circuit is 

(5- 8) 

TIlis is exactly the same equation as the one describing the annature reaction volt­
age. Therefore, the annature reaction voltage can be modeled as an inductor in 
series with the internal generated voltage. 

In addition to the effects of armature reaction, the stat or coil s have a self­
inductance and a resistance. I f the stator self-inductance is called LA (and its cor­
responding reactance is called XA) while the stator resistance is called RA , then the 
total difference betwccn EA and Vo/> is given by 

(5- 9) 

TIle annature reaction effects and the self- inductance in the machine are both rep­
resented by reactances, and it is customary to combi ne them into a single reac­
tance, called the synchronous reactance of the machine: 

XS= X + XA 

Therefore, the final equation describing Vo/> is 

I V4> - EA - jXS IA - RAIA I 

(5- 10) 

(5- 11 ) 
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FIGURE 5-10 
The full equivalent circuit of a three-phase synchronous generator. 

II is now possible 10 sketch the equivalent circuit of a three-phase synchro­
nous generator. The full equivalent circuit of such a generator is shown in Fig­
ure 5- 10. This figure shows a dc power source supplying the rotor fie ld circuit, 
which is modeled by the coil 's inductance and resistance in series. In series with 
RF is an adjustable resistor R adj which controls the flow of field current. The rest 
of the equivalent circuit consists of the models for each phase. E:1.ch phase has an 
internal generated voltage with a series inductance Xs (consisting of the sum of 
the armature reactance and the coil 's self-inductance) and a series resistance RA . 

TIle voltages and current s of the three phases are 120° apart in angle, but other­
wise the three phases are identical. 

TIlese three phases can be either Y- or Ii-connected as shown in Figure 
5- 11. If they are Y-connected, then the tenninal voltage VT is related to the phase 
voltage by 

(5- 12) 
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""GURE 5- 11 
The generator equivalent circuit connected in (a) Y and (b) 8. 

I f they are a-connected, then 

(5- 13) 

TIle fact that the three phases of a synchronous generator are identical in all 
respects except for phase angle nonnally leads to the use of a per-phase equiva­
lent circuit. The per-phase equivalent circuit of this machine is shown in Fig-
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FIGURE 5-12 
The per-phase equivalent circuit of a synchronous generator. The internal field circuit resistance and 
the external variable resistance have been contbin ed into a single resistor Rr . 

FIGURE 5-13 
The phasor diagrant of a synchronous generator at unity power factor. 

ure 5- 12. One important fact must be kept in mind when the per-phase equivalent 
circuit is used : The three phases have the same voltages and currents only when 
the loads attached to them are balanced. If the generator 's loads are not balanced, 
more sophisticated techniques of analysis are required. 1l1ese techniques are be­
yond the scope of this book. 

5.5 THE PHASOR DIAGRAM OF A 
SYNCHRONOUS GENERATOR 

Because the voltages in a synchronous generator are ac voltages, they are usually 
expressed as phasors. Since phasors have both a magnitude and an angle, the re­
lationship between them must be expressed by a two-dimensional plot. When the 
voltages within a phase (E,t, V 4n jXSIA, and RAIA) and the current IA in the phase 
are plotted in such a fashion as to show the relationships among them, the result­
ing plot is called a phasor diagram. 

For example, Figure 5- 13 shows these relationships when the generator is 
supplying a load at unity power factor (a purely resistive load). From Equati on 
(5- 11 ), the total voltage E,t differs from the tenninal voltage of the phase V 4> by 
the resistive and inductive voltage drops. All voltages and currents are referenced 
to V4n which is arbitrarily assumed to be at an angle of 0°. 

This phasor diagram can be compared to the phasor diagrams of generators 
operating at lagging and leading power factors. 1l1ese phasor diagrams are shown 
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""GURE 5-14 
The phasor diagram of a synchronous generator at (3) lagging and (b) leading power factor. 

in Figure 5- 14. Notice that, for a given phase voltage and armnture current, a 
larger internal generated voltage EA is needed for lagging loads than for leading 
loads. Therefore, a larger fi e ld current is needed with lagging loads to get the 
same tenninal voltage, because 

(5- 1) 

and w must be constant to keep a constant frequency. 
Alternatively, for a given field current and magnitude of load current, the 

terminal voltage is lower for lagging loads and higher for leading loads. 
In real synchronous machines, the synchronous reactance is nonnally much 

larger than the winding resistance RA, so RA is often neg lected in the qualitative 
study of voltage variations. For accurate numerical results, R A must of course be 
considered. 

5.6 POWER AND TORQUE IN 
SYNCHRONOUS GENERATORS 

A synchronous generator is a synchronous machine used as a generator. It con­
verts mechanical power to three-phase e lectrical power. The source of mechanical 
power, the prime mover, may be a diesel engine, a stearn turbine, a water turbine, 
or any similar device. Whatever the source, it mu st have the basic property that its 
speed is almost constant regardless of the power demand. If that were not so, then 
the resulting power system 's frequency would wander. 

Not all the mechanical power going into a synchronous generator becomes 
e lectrical power out of the machine.llle di fTerence between input power and output 
power represents the losses of the machine . A power-flow diagram for a synchro-



SYNCHRONOUS GENERATORS 281 

p~= foppw.. 

Stray 
losses 

FIGURE 5-15 

windage 
losses 

, 
, 

find w.. I , 

losses 

, 
, 
, 

(copper losses) 

The power-flow diagram of a synchronous generntor. 

nous generat or is shown in Figure 5- 15. The input mechanical power is the shaft 
power in the generator fln = "Tappwm, while the power converted from mechanical 
to e lectri cal fonn internally is given by 

= 3E,./1t cos "y 

(5- 14) 

(5- 15) 

where 'Y is the angle between Elt and lit- TIle difference between the input power 
to the generator and the power converted in the generator represents the mechan­
ical, core, and stray losses of the machine. 

TIle real e lectrical output power of the synchronous generator can be ex­
pressed in line quantities as 

and in phase quantities as 

?"UI = 3'4,IA cos (J 

The reacti ve power output can be expressed in line quantities as 

Q,UI = ~VTIL sin (J 

or in phase quantities as 

(5- 16) 

(5- 17) 

(5- 18) 

(5- 19) 

If the annature resistance RIt is ignored (since Xs» RIt), then a very useful 
equation can be derived to approximate the output power of the generator. To de­
rive this equation, examine the phasor diagram in Figure 5- 16. Figure 5- 16 shows 
a simplified phasor diagram of a generator with the stator resistance ignored . No­
tice that the vertical segment be can be expressed as either Elt sin /j or Xs lit cos (J. 

Therefore, 

EA sin /j 
lA cos (J = X , 
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and substituting this expression into Equation (5- 17) gives 

E,t sin .s 

=Xs l,t cos(} 

(5- 20) 

Since the resistances are assumed to be zero in Equation (5- 20), there are no elec­
trical losses in this generator, and this equation is both P

COII
¥ and Pout. 

Equation (5- 20) shows that the power produced by a synchronous genera­
tor depends on the angle 8 between Vq,and EA. The angle 8 is known as the torque 
angle of the machine . Notice also that the maximum power that the generator can 
supply occurs when 8 = 900 . At 8 = 90°, sin 8 = I , and 

(5- 21) 

TIle maximum power indicated by this equation is called the static stability limit 
of the generator. Nonnally, real generators neve r even come close to that limit. 
Full-load torque angles of 15 to 20° are more typical of real machines. 

Now take another look at Equations (5- 17), (5- 19), and (5- 20). IfVq, is as­
sumed constant, then the real power output is directly prop011ionni to the quanti­
ties J,t cos () and E,t sin 8, and the reactive power output is directly proportional to 
the quantity J,t sin (). These facts are useful in plotting phasor diagrams of syn­
chronous generators as loads change. 

From Chapter 4, the induced torque in this generator can be expressed as 

(4- 58) 

or as 

(4-60) 
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The magnitude of Eq uation (4--60) can be expressed as 

Tind = kB,/J"", sin /j (4-6 1) 

where /j is the angle between the rotor and net magnetic fields (the so-called 
torque angle). Since BR produces the vo ltage E ... and BOel produces the voltage Vo/>. 
the angle /j between E ... and V 0/> is the same as the angle /j between BR and B_. 

An alternative expression for the induced torque in a synchronous generator 
can be derived from Equation (5- 20). Because P C<JO¥ = TiDdWm • the induced torque 
can be expressed as 

(5- 22) 

This expression describes the induced torque in terms of electrical quantities, 
whereas Eq uation (4--60) gives the same infonnation in terms of magnetic 
quantities. 

5.7 MEASURING SYNCHRONOUS 
GENERATOR MODEL PARAMETERS 

The equivalent circuit of a synchronous generator that has been derived contains 
three quantities that mu st be detennined in order to completely describe the be­
havior of a real synchronous generator: 

I. The relationship between field current and nux (and therefore between the 
fie ld current and E ... ) 

2. 1lle synchronous reactance 

3. 1lle annat ure resistance 

This section describes a simple technique for determining these quantities in a 
synchronous generator. 

The first step in the process is to perfonn the open-circuit test on the gener­
ator. To perform this test, the generator is turned at the rated speed, the terminals 
are disconnected from all loads, and the field current is set to zero. 1llen the field 
current is gradually increased in steps, and the tenninal voltage is measured at each 
step along the way. With the tenninals open, I ... = 0, so E ... is equal to ~. It is thus 
possible to construct a plot of E ... or Vr versus IF from this information. This plot is 
the so-cal led open-circuit characteristic (OCC) of a generator. With this character­
istic, it is possible to fmd the internal generated voltage of the generator for any 
given field currenl. A typi cal open-circuit characteristic is shown in Figure 5-1 7a. 
Notice that at first the curve is almost perfectly linear, until some saturation is ob­
served at high field currents. The unsaturated iron in the frame of the synchronous 
machine has a reluctance several thousand times lower than the air-gap reluctance, 
so at first almost all the magnetomotive force is across the air gap, and the result­
ing nux increase is linear. When the iron finall y saturates, the reluctance of the iron 
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(a) The open-cin:uit characteristic 
(OCC) of 3. synchronous generator. 
(b) The short-cin:uit characteristic 
(SCC) of a synchronous generator. 

increases dramatically, and the flux increases much more slowly with an increase 
in magnetomotive force.1lle linear portion of an ace is called the air-gap line of 
the characteristic . 

1lle second step in the process is to conduct the shon-circuit test. To per­
form the short-circuit test, adjust the field current to zero again and short-circuit 
the tenninals of the generator through a set of ammeters. Then the armature cur­
rent lit or the line current IL is measured as the fi e ld current is increased . Such a 
plot is called a short-circuit characteristic (SeC) and is shown in Figure 5- 17b. It 
is essentially a straight line. To understand why this characteristic is a straight line, 
look at the eq ui valent circuit in Figure 5- 12 when the terminals of the machine 
are short-circuited. Such a circuit is shown in Figure 5- \8a. Notice that when the 
tenninals are short-circuited, the annature current lit is given by 

EA 
IA = RA + jXs (5- 23) 

and its magnitude is just given by 



SYNCHRONOUS GENERATORS 285 

(b, (., 

------------
Bsta! B..., 

(" 

FIGURE 5-18 
(a) The equivalent circuit of a synchronous generator during the short-circuit test. (b) The resulting 
phasor diagram. (c) The magnetic fields during the short-circuit test. 

r~E~A""" 1 -, 
A - VRi + xl (5- 24) 

The resulting phasor diagram is shown in Figure 5-1 8b, and the corresponding 
magnetic fie lds are shown in Figure 5-1 8c . Since Bsalmost cancels BR, the net 
magnetic fi eld BDet is very small (corresponding to internal resistive and inductive 
drops only). Since the net magnetic field in the machine is so small , the machine 
is unsaturated and the sec is linear. 

To understand what infonnation these two characteristics yield, notice that , 
with Vo/> equal to zero in Figure 5-1 8, the internnl mnchine impedance is given by 

EA 
Zs = VR

A
2 + X2 = - (5- 25) , IA 

Since Xs» RIl , this equation reduces to 

(5- 26) 

If Ell and III are known for a given situation, then the synchronous reactance Xs 
can be found. 

Therefore, an approximate method for detennining the synchronous reac­
tance Xs at a given field current is 

I. Get the internal generated voltage Ell from the ace at that fi eld current. 

2. Get the short-circuit current now l,o.,sc at that fi e ld current from the Sec. 

3. Find Xs by applying Equation (5- 26). 
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""GURE 5- 19 
A sketch of the approximate synchronous reacl3.nce of a synchronous generator as a function of the 
field current in the machine. The constant value of reactance found at low values of field current is 
the uns(J/umted synchronous reactance of the machine. 

TIlere is a problem with this approach, however. The internal generated 
voltage Ell comes from the acc, where the machine is partially saturated for 
large field currents, while III is taken from the sec, where the machine is unsatu­
rated at all field currents. TIlerefore, at higher field currents, the Ell taken from the 
aec at a given field current is not the same as the Ell at the srune field current un­
der short-circuit conditions, and this difference makes the resulting value of Xs 
only approximate. 

However, the answer given by this approach is accurate up to the point of 
saturation, so the unsaturated synchronous reactance Xs.~ of the machine can be 
found simply by applying Equation (5- 26) at any field current in the linear por­
tion (on the air-gap line) of the acc curve . 

TIle approximate value of synchronous reactance varies with the degree of 
saturation of the ace, so the val ue of the synchronous reactance to be used in a 
given problem should be one calculated at the approximate load on the machine. 
A plot of approximate synchronous reactance as a function of fie ld current is 
shown in Figure 5- 19. 

To get a more accurate estimation of the saturated synchronous reactance, 
refer to Section 5- 3 of Reference 2. 

If it is important to know a winding's resistance as well as its synchronou s 
reactance, the resistance can be approximated by applying a dc voltage to the 
windings while the machine is stationary and measuring the resulting current 
flow. TIle use of dc voltage means that the reactance of the windings will be zero 
during the measurement process. 
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This technique is not perfectly accurate, since the ac resistance will be 
slightly larger than the dc resistance (as a result of the skin effect at higher fre­
quencies). The measured value of the resistance can even be plugged into Equa­
tion (5- 26) to improve the estimate of Xs, if desired. (S uch an improvement is not 
much help in the approximate approach- saturation causes a much larger error in 
the Xs calculation than ignoring Rio. does.) 

The Short-Circuit Ratio 

Another parameter used to describe synchronou s generators is the short-circuit ra­
tio. 1lle short-circuit ratio of a generator is defined as the ratio of the field current 
requiredfor the rated voltage at open circuit to the field current required for the 
rated armature current at short circuit. It can be shown that thi s quantity is just 
the reciprocal of the per-unit value of the approximate saturated synchronou s re­
actance calculated by Equation (5- 26). 

Although the short-circuit ratio adds no new information about the genera­
tor that is not already known from the saturated synchronous reactance, it is im­
portant to know what it is, since the tenn is occasionally encountered in industry. 

Example 5-1. A 2oo-kVA, 480-y' 50-Hz, V-connected synchronous generator 
with a rated field current of 5 A was tested, and the following data were taken: 

1. VT,OC at the rated h was measured to be 540 V. 
2. h,se at the rated If was found to be 300 A. 
3. When a dc voltage of 10 V was applied to two of the tenninals, a current of 25 A 

was measured. 

Find the values of the armature resistance and the approximate synchronous reactance in 
ohms that would be used in the generator model at the rated conditions. 

Solutioll 
The generator described above is V-connected, so the direct current in the resistance test 
flows through two windings. Therefore, the resistance is given by 

V 
2R -= 10. - loe 

Voe 10 V 
Rio. = 2/0e = (2)(25 A) = 0.2 n 

The internal generated voltage at the rated field current is equal to 

V, 
EIo. = V</I.oc = v"J 

=5~V =3 ll.8V 

The short-circuit current 110. is just equal to the line current, since the generator is Y­
cOIUlected: 

Ilt,se = 14se = 300 A 
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""GURE 5-10 
The per-phase equivalent ci["(;uit of the generator in Example 5- 1. 

Therefore, the synchronous reactance at the rated field current can be calculated from 
Equation (5- 25): 

)(0.20)2 + Xi = 3jrio8A
V 

)(0.2 0)2 + Xs = 1.039 0 

0.04 + xi = 1.08 

Xi = 1.04 

Xs= 1.020 

(5- 25) 

How much effect did the inclusion of R" have on the estimate of Xs? Not much. If Xs 
is evaluated by Equation (5- 26), the result is 

X - E" _ 311.8V - 1.040 
s - fA - 300 A -

Since the error in Xs due to ignoring R" is much less than the error due to saturation effects, 
approximate calculations are normally done with Equation (5- 26). 

The resulting per-phase equivalent circuit is shown in Figure 5- 20. 

5.S THE SYNCHRONOUS GENERATOR 
OPERATING ALONE 

The behavior of a synchronous generator under load varies greatly depending on 
the power factor of the load and on whether the generat or is operating alone or in 
parallel with other synchronous generators. In this section, we will study the be­
havior of synchronous generators operating alone. We will study the behavior of 
synchronous generators operating in paralle l in Section 5.9. 

TIuougho ut this section, concepts wi ll be ill ustrated with simplified phasor 
diagrams ignoring the effect of RA- In some of the numerical examples the resis­
tance RA wi ll be included. 

Unless otherwise stated in this section, the speed of the generators wi ll be 
assumed constant, and all terminal characteristics are drawn assuming constant 
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Lo,' 

FIGURE 5-21 
A single generator supplying a load. 

speed . Also, the rotor nux in the generators is assumed constant unless their field 
current is explicitly changed . 

The Effect of Load Changes on a Synchronous 
Generator Operating Alone 

To understand the operating characteristics of a synchronous generator operating 
alone, examine a generator supplying a load . A diagram of a single generat or sup­
plying a load is shown in Figure 5- 2 1. What happens when we increase the load 
on this generator? 

An increase in the load is an increase in the real and/or reactive power 
drawn from the generat or. Such a load increase increases the load current drawn 
from the generator. Because the field resistor has not been changed, the field cur­
rent is constant, and therefore the flux cp is constant. Since the prime mover also 
keeps a constant speed w, the magnitude of the internal generated voltage Ell = 
Kcpw is constant. 

If Ell is constant, just what does vary with a changing load? The way to find 
out is to construct phasor diagrams showing an increase in the load, keeping the 
constraints on the generator in mind. 

First, examine a generator operati ng at a lagging power factor. If more load 
is added at the same power factor, then 11111 increases but remains at the same an­
gie () with respect to V 0/> as before. Therefore, the annature reaction voltage jXs IIl 
is larger than before but at the same angle. Now since 

Ell = Vo/> + jXsIIl 

j Xs III must stretch between Vo/> at an angle of 0° and Ell, which is constrained to be 
of the same magnitude as before the load increase . If these constraints are plotted 
on a phasor diagram, there is one and only one point at which the annature reac­
tion voltage can be parallel to its original position while increasing in size. The re­
sulting plot is shown in Figure 5- 22a. 

If the constraints are observed, then it is seen that as the load increases, the 
voltage V 0/> decreases rather sharply. 

Now suppose the generator is loaded with unity-power-factor loads. What 
happens if new loads are added at the same power factor? With the same con­
straints as before, it can be seen that this time Vo/> decreases only slightly (see Fig­
ure 5- 22b). 
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The elIect of an increase in generator loads at constant power factor upon its terminal voltage. 
(a) Lagging power factor; (b) unity power factor; (c) teading power factor. 

Finally, let the generator be loaded with leading-power-factor loads . If new 
loads are added at the same power factor this time, the annature reaction voltage 
lies outside its previous value, and Vo/> actually rises (see Figure 5- 22c). In this last 
case, an increase in the load in the generator produced an increase in the tenninal 
voltage. Such a result is not something one would expect on the basis of intuition 
alone. 

General conclusions from thi s discussion of synchronous generator behav­
ior are 

I . If lagging loads (+ Q or inductive reactive power loads) are added to a gen­
erator, Vo/> and the terminal voltage Vrdecrease significantly. 

2. If unity-power-factor loads (no reactive power) are added to a generator, there 
is a slight decrease in V 0/> and the tenninal voltage. 

3. If leading loads (--Q or capacitive reactive power loads) are added to a gener­
ator, V 0/> and the tenninal voltage will rise. 

A convenient way to compare the voltage behavior of two generators is by 
their voltage regulation. The voltage regu lation (VR) of a generator is defined by 
the equation 
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Vn1 - Va I 
VR = Va x 100% (4-67) 

where V ol is the no-load voltage of the generator and Vfl is the full-load voltage of 
the generator. A synchronous generator operating at a lagging power factor has a 
fairly large positive voltage regulation, a synchronous generator operating at a 
unity power factor has a small positive voltage regu lation, and a synchronous gen­
erator operating at a leading power factor often has a negative voltage regulation. 

Normally, it is desirable to keep the voltage supplied to a load constant, even 
though the load itself varies. How can tenninal voltage variations be corrected for? 
The obvious approach is to vary the magnitude of E), to compensate for changes in 
the load . Recall that E), = Kcpw. Since the frequency should not be changed in a 
nonnal system, E), must be controlled by varying the flux in the machine. 

For example, suppose that a lagging load is added to a generat or. Then the 
terminal voltage will fall, as was previously shown. To restore it to its previous 
level, decrease the field resistor RF" If RF decreases, the fie ld current wil I increase. 
An increase in IF increases the flux , which in turn increases E)" and an increase in 
E), increases the phase and terminal voltage. nlis idea can be summarized as 
follows: 

I. Decreasing the field resistance in the generator increases its field current. 

2. An increase in the fi e ld current increases the flux in the machine. 

3. An increase in the flux increases the internal generated voltage E), = Kcpw. 

4. An increase in E), increases Vo/> and the terminal voltage of the generator. 

The process can be reversed to decrease the tenninal voltage. It is possible 
to regulate the tenninal voltage of a generator throughout a series of load changes 
simply by adjusting the field current. 

Example Problems 

The following three problems illustrate simple calculations in volving voltages, 
currents, and power flows in synchronous generators. The first problem is an ex­
ample that includes the armature resistance in its calculations, while the next two 
ignore R),. Part of the first example problem addresses the question: How must a 
generator s field current be adjusted to keep VT constant as the load changes? On 
the other hand, part of the second example problem asks the question: lfthe load 
changes and the field is left alone, what happens to the terminnl voltage? You 
should compare the calculated behavior of the generators in these two problems 
to see if it agrees with the qualitative arguments of this section. Finally, the third 
example illustrates the use of a MATLAB program to derive the terminal charac­
teristics of synchronous generator. 

Example 5-2. A 480-V, 6()"Hz, ~-colUlected, four-pole SynChroflOUS geflerator has 
the OCC shown in Figure 5--23a. This geflerator has a synchronous reactaflce of 0.1 n afld 



292 ELECTRIC MACHINERY RJNDAMENTALS 

> • ~ • " ~ .. 
. § 
§ ., , 
•• y 
0 

~ 

600 

500 

400 

300 

200 

100 

II 
o 
0.0 

V 

/ 
I 

/ 
/ 

1.0 2.0 3.0 

I,t '" 692.8 L - 36.87° A 

""GURE 5- 23 

/ 
/' 

/ 
/ 

4.0 5.0 6.0 

Fie ld current. A 

v • 

,., 

,b, 

7.0 8.0 9.0 10.0 

(a) Open-drwit characteristic of the generator in Example 5- 2. (b) Phasor diagram of the generator 
in Example 5- 2. 

an annature resistance of 0.0 15 n. At fullload, the machine supplies 1200 A at 0.8 PF lag­
ging. Under full -load conditions. the friction and windage losses are 40 kW. and the core 
losses are 30 kW. Ignore any field circuit losses. 
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(a) What is the speed of rotation of this generator? 
(b) How much field current must be supplied to the generator to make the terminal 

voltage 480 V at no load? 
(c) If the generator is now cOlUlected to a load and the load draws 1200 A at 0 .8 PF 

lagging, how much fi eld current will be required to keep the terminal voltage 
equal to 480 V? 

(d) How much power is the generator now supplying? How much power is supplied 
to the generator by the prime mover? What is this machine's overall efficiency? 

(e) If the generator 's load were suddenly disconnected from the line, what would 
happen to its terminal voltage? 

(jJ Finally, suppose that the generator is cOIUlected to a load drawing 1200 A at 0.8 
PF leading. How much field current would be required to keep Vrat 480 V? 

Solutioll 
This synchronous generator is .d.-connected, so its phase voltage is equal to its line voltage 
V. = Vr, while its phase current is related to its line current by the equation I L = ~/ • . 

(a) The relationship between the electrical frequency produced by a synchronous 
generator and the mechanical rate of shaft rotation is given by Equation (4--34): 

Therefore, 

".p 
fe = 120 

12!X60 Hz) _ 
4 poles 1800 r / min 

(4--34) 

(b) In this machine, Vr = V • . Since the generator is at no load, IA = 0 and EA = V • . 
Therefore, Vr = V. = EA = 480 V, and from the open-circuit characteristic, 
I" = 4.5 A. 

(c) If the generator is supplying 1200 A. then the armature current in the machine is 

1..1 = 1 2~A = 692.8 A 

The phasor diagram for this generator is shown in Figure 5- 23b. If the terminal 
voltage is adjusted to be 480 V, the size of the internal generated voltage EA is 
given by 

EA = V. + RAIA + j XsI,\ 

= 480 LO° V + (0.0 15 n X692.8 L -36.87° A ) + (j0.1 0)(692.8 L -36.87° A ) 

= 480 LO° V + 10.39 L -36.87° V + 69.28 L53. 13° V 

= 529.9 + j49 .2 V = 532 L5.JO V 

To keep the tenninal voltage at 480 V, E,\ must be adjusted to 532 V. From Fig­
ure 5- 23, the required field current is 5.7 A. 

(d) The power that the generator is now supplying can be found from Equation 
(5-16): 

(5--1 6) 
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= VJ(480 VXI200 A) cos 36.87° 

= 798 kW 

To detennine the power input to the generator, use the power-flow diagram (Fig­
ure 5-1 5). From the power-flow diagram, the mechanical input power is given by 

The stray losses were not specified here, so they will be ignored. In this genera­
tor, the electrical losses are 

P olo< 10 .. = 311RA 

= 3(692.8 A)2(0.015 f.!) = 21.6 kW 

The core losses are 30 kW, and the friction and windage losses are 40 kW, so the 
total input power to the generator is 

P in = 798kW + 21.6kW + 30kW + 40kW = 889.6kW 

Therefore, the machine's overall efficiency is 

Pout 798 kW 
7f = p x 100% = 8896 kW x 100% = 89.75% 

rn . 

(e) If the generator's load were suddenly disconnected from the line, the current IA 
would drop to zero, making EA = V •. Since the field current has not changed, lEAl 
has not changed and V. and Vr must rise to equal EA' Therefore, if the load were 
suddenly dropped, the terminal voltage of the generator would rise to 532 V. 

(f) If the generator were loaded down with 1200 A at 0.8 PF leading while the ter­
minal voltage was 480 V, then the internal generated voltage would have to be 

EA = V. + RA IA + jXs I,\ 

= 480LO° V + (0.015 n)(692.8L36.87° A) + (j0.1 nX692.8L36.87° A) 
= 480 LO° V + 10.39 L36.87° V + 69.28 L 126.87° V 

= 446.7 + j61.7 V = 451 L7.1 0 V 

Therefore, the internal generated voltage EA must be adjusted to provide 451 V if Vr 
is to remain 480 V. Using the open-circuit characteristic, the field current would 
have to be adjusted to 4.1 A. 

Which type of load (leading or lag ging) needed a larger field current to 
maintain the rated vo ltage? Which type of load (leading or lagging) placed more 
the rmal stress on the generator? Why? 

Example 5-3. A 480-V, 50-Hz, Y -connected, six-pole synchronous genera­
tor has a per-phase synchronous reactance of 1.0 n. Its full-load armature current is 
60 A at 0.8 PF lagging. This generator has friction and windage losses of 1.5 kW and 
core losses of 1.0 kW at 60 Hz at full load. Since the armature resistance is being ig­
nored, assrune that the j 2R losses are negligible. The field current has been adjusted 
so that the terminal voltage is 480 V at no load. 

(a) What is the speed of rotation of this generator? 
(b) What is the terminal voltage of this generator if the following are true? 
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I. It is loaded with the rated current at 0.8 PF lagging. 
2, It is loaded with the rated current at 1.0 PF. 
3, It is loaded with the rated current at 0.8 PF leading. 

(c) What is the efficiency of this generator (ignoring the lUlknown electrical losses) 
when it is operating at the rated current and 0.8 PF lagging? 

(d) How much shaft torque must be applied by the prime mover at full load? How 
large is the induced cOlUltertorque? 

(e) What is the voltage regulation of this generator at 0.8 PF lagging? At 1.0 PF? At 
0.8 PF leading? 

Solution 
This generator is V-connected, so its phase voltage is given by V. = Vr / v'J. That means 
that when Vr is adjusted to 480 V, V. = 277 V. The field current has been adjusted so that 
Vr ... = 480 V, so V. = 277 V. At no load, the armature current is zero, so the armature re­
action voltage and the I},R}, drops are zero. Since I}, = 0, the internal generated voltage 
E}, = V. = 277 V. The internal generated voltage E},( = Kq,w) varies only when the field 
current changes. Since the problem states that the field current is adjusted initially and then 
left alone, the magnitude of the internal generated voltage is E}, = 277 V and will not 
change in this example. 

(a) The speed of rotation of a synchronous generator in revolutions per minute is 
given by Equation (4-34): 

Therefore, 

1201. 
" = -­m p 

_ limP 

Ie - 120 

= 120(50 H z) _ 1000 rl min 
6 poles 

Alternatively, the speed expressed in radians per second is 

Wm = (1000r/min)e6~~n)e~~ad) 
= 104.7 radl s 

(4-34) 

(b) I. If the generator is loaded down with rated current at 0.8 PF lagging, the re­
sulting phasor diagram looks like the one shown in Figure 5- 24a. In this 
phasor diagram, we know that V. is at an angle of 0°, that the magnitude of 
E}, is 277 V, and that the quantity jXsI}, is 

jXsI}, = j(1.0 nX60 L - 36.87° A) = 60 L53.13° V 

The two quantities not known on the voltage diagram are the magnitude of 
V. and the angle 0 of E},. To find these values, the easiest approach is to con­
struct a right triangle on the phasor diagram, as shown in the figure. From 
Figure 5- 24a, the right triangle gives 

E1 = (V. + Xsl}, sin 9)2 + (Xsl}, cos 9)2 

Therefore, the phase voltage at the rated load and 0.8 PF lagging is 
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""GURE 5-14 
Generator phasor diagrams for Example 5- 3. (a) Lagging power factor; (b) unity power factor; 
(c) leading power factor. 

(277 vi = [V. + (1 .0 0)(60 A) sin 36.87°]2 + [( 1.0 n X60 A) cos 36.87°]2 

76,729 = (V. + 36)1 + 2304 

74,425 = (V. + 36)2 

272.8 = V,., + 36 

V,., = 236.8 V 

Since the generator is Y-colUlected, Vr = V3V. = 410 V. 
2. If the generator is loaded with the rated current at unity power factor, then 

the phasor diagram wi11look like Figure 5- 24h. To find V. here the right tri ­
angle is 



SYNCHRONOUS GENERATORS 297 

£1 = vi + (XsIA)2 

(277V)2 = vi + [(1.00)(60A)]2 

76,729 = Vi + 3600 

Vi = 73,129 

V. = 270.4 V 

Therefore, Vr = V3"V. = 46S.4 V. 
3. When the generator is loaded with the rated current at O.S PF leading, the re­

suiting phasor diagram is the one shown in Figure 5- 24c. To find V. in this 
situation, we construct the triangle OAB shown in the figure. The resulting 
equation is 

£1 = (V. - XsIA)2 + (XsI./t cos (/)2 

Therefore, the phase voltage at the rated load and O.S PF leading is 

(277 V)2 = [V. - (l.OnX60A) sin 36.S7°f + [(1.0 0)(60 A) cos 36.S7o]2 

76,729 = (V. - 36)2 + 2304 

74,425 = (V. - 36)2 

272.S = V. - 36 

V. = 30S.S V 

Since the generator is Y-cOIUlected, Vr = V3"V. = 535 V. 
(c) The output power of this generator at 60 A and O.S PF lagging is 

POU,=3V.IAcos () 

= 3(236.S VX60AXO.S) = 34.1 kW 

The mechanical input power is given by 

= 34.1 kW + a + 1.0kW + 1.5kW = 36.6kW 

The efficiency of the generator is thus 

Pout 34.1 kW 
7f = P, x 100% = 366 kW x 100% = 93.2% 

rn . 

(d) The input torque to this generator is given by the equation 

T = Pin = 
- W. 

36.6 kW 
125.7 radls = 291.2 N · m 

The induced cOlUltertorque is given by 

P.:oov = 
Tind = Wv 

34.1 kW 
125.7 radls = 271.3 N · m 

(e) The voltage regulation of a generator is defined as 
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v - " VR = nl () X 100% 
V, 

(4--67) 

By this defmition, the voltage regulation for the lagging, lUlity, and leading 
power-factor cases are 

1. Lagging case: VR = 480 ~I~ ~ 1O V x 100% = 17.1 % 

2. Unity case: VR = 480 ~6; ~68 V x 100% = 2.6% 

3. Leading case: VR = 480 ~3; ~35 V x 100% = -10.3% 

In Example 5- 3, lagging loads resulted in a drop in te rminal voltage, unity­
power-factor loads caused littl e effect on VT, and leading loads resulted in an in­
crease in tenninal voltage. 

Example 5-4. Assume that the generator of Example 5- 3 is operating at no load 
with a tenninal voltage of 480 V. Plot the tenninal characteristic (terminal voltage versus 
line current) of this generator as its armature ClUTent varies from no-load to full load at a 
power factor of (a) 0.8 lagging and (b) 0.8 leading. Assume that the field current remains 
constant at all times. 

Solutio ll 
The terminal characteristic of a generator is a plot of its tenninal voltage versus line cur­
rent. Since this generator is Y-cOIlllected. its phase voltage is given by V. = VTIV'3 . If Vr 
is adjusted to 480 V at no-load conditions. then V. = fA = 277 V. Because the field ClUTent 
remains constant, fA will remain 277 V at all times. The output current h from this gener­
ator will be the same as its armature current IA because it is V-connected. 

(a) If the generator is loaded with a 0.8 PF lagging c lUTent. the resulting phasor di­
agram looks like the one shown in Figure 5- 24a. In this phasor diagram. we 
know that V. is at an angle of 0°. that the magnitude of EA is 277 V. and that the 
quantity jXSIA stretches between V. and EA as shown. The two quantities not 
known on the phasor diagram are the magnitude of V. and the angle 0 of EA. To 
find V .. the easiest approach is to construct a right triangle on the phasor dia­
gram. as shown in the fi gure. From Figure 5--24a. the right triangle gives 

~ = (V. + XSIA sin (J)2 + (XSIA cos (J)2 

This equation can be used to solve for V., as a flUlction of the current IA : 

V. = JE1 (XiA cos 0)2 - XiA sin 0 

A simple MATLAB M-fil ecan be used to calculate V.(and hence VT) as a fun c­
tion of current. Such an M-file is shown below: 

~ M-file : t e rm_cha r _a .m 
~ M-file t o p l o t the t e rmina l c ha r act e ri s ti cs o f the 
~ gene r a t o r o f Examp l e 5-4 with a n 0.8 PF l agging l oad . 

~ Firs t , initia lize the c urrent a mp litudes (2 1 va lues 
~ in the r a nge 0 - 60 A) 
i _a = (0, 1: 20) .. 3; 
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% Now initia liz e a ll o ther va lues 
v-ph ase = zeros( 1 ,2 1 ) ; 
e_a = 277.0; 
x_s = 1. 0; 
theta = 36 .S7 .. (p i / 1 SO ) ; % Converted t o radians 

% Now ca l c ulate v-ph ase f o r each c urrent l eve l 
f o r ii = 1: 2 1 

e o d 

(x_s .. i _a( ii ) .. cos( the ta ))" 2 ) 
(x_s .. i _a( ii ) .. s in (the ta )) ; 

% Ca l c ulate terminal vo lt age from the phase vo lt age 
v_t = v-ph ase .. sqrt (3) ; 

% Plo t the terminal c h aracteri s ti c, remembering the 
% the line c urre nt i s the same as i _a 
p l o t ( i _a, v_t , ' Col or' , 'k' , 'Linewi dth ' ,2.0) ; 
x l abe l ( 'Line CUrre nt (A) ' , 'Fontwei ght ' , 'Bo l d ' ) ; 
y l abe l ( 'Te rmina l Volt age (V) ' , 'Fontwei ght' , 'Bo l d ' ) ; 
title ( 'Te rmina l Ch a r acter i s tic f o r O.S PF l agg ing l oad ' , ... 

'Fontwei ght' , 'Bo l d ' ) ; 
gr i d o n ; 
ax i s( [ O 60 400 550 ] ) ; 

The plot resulting when this M-file is executed is shown in Figure 5- 25a. 
(b) If the generator is loaded with a 0.8 PF leading current, the resulting phasor di­

agram looks like the one shown in Figure 5- 24c. To fmd V.' the easiest ap­
proach is to construct a right triangle on the phasor diagram, as shown in the fig­
ure. From Figure 5- 24c, the right triangle gives 

E1 = (V. - XsfA sin 9)2 + (XsfA cos 9)2 

This equation can be used to solve for V", as a ftmction of the current fA: 

V. = JEl (XsfA cos (J)l + XsfA sin 9 

This equation can be used to calculate and plot the terminal characteristic in a 
manner similar to that in part a above. The resulting tenninal characteristic is 
shown in Figure 5- 25b. 

5.9 PARALLEL OPERATION OF 
AC GENERATORS 

In today's world, an isolated synchrono us generator supplying its own load inde­
pendent ly of other generators is very rare. Such a situation is found in only a few 
out-of-the-way applications such as emergency generators. For all usual genera­
tor applications, there is more than one generator operating in paralle l to suppl y 
the power demanded by the loads. An extreme example of this situation is the U.S. 
power grid, in which literall y thousands of generators share the load on the 
system. 
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