CHAPTER

INDUCTION MOTORS

In the last chapter, we saw how amortisseur windings on a synchronous motor
could develop a starting torque without the necessity of supplying an external
field current to them. In fact, amortisseur windings work so well thal a motor
could be built without the synchronous motor’s main dc field circuit at all. A ma-
chine with only amortisseur windings is called an induction machine. Such ma-
chines are called induction machines because the rotor voltage (which produces
the rotor current and the rotor magnetic field) is induced in the rotor windings
rather than being physically connected by wires. The distinguishing feature of an
induction motor is that no dc field current is required (o run the machine.

Although il is possible to use an induction machine as either a motor or a
generator, it has many disadvantages as a generator and so is rarely used in that
manner. For this reason, induction machines are usually referred to as induction
molors.

7.1 INDUCTION MOTOR CONSTRUCTION

An induction motor has the same physical stator as a synchronous machine, with
a different rotor construction. A typical two-pole stator is shown in Figure 7-1. It
looks (and is) the same as a synchronous machine stator. There are two different
types of induction motor rotors which can be placed inside the stator. One is called
a cage rotor, while the other is called a wound rotor.

Figures 7-2 and 7-3 show cage induction motor rotors. A cage induction
motor rotor consists of a series of conducting bars laid into slots carved in the face
of the rotor and shorted at either end by large shorting rings. This design is re-
ferred to as a cage rotor because the conductors, if examined by themselves,
would look like one of the exercise wheels that squirrels or hamsters run on.
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FIGURE 7-1

The stator of a typical induction
motor, showing the stator
windings. (Courtesy of
MagneTek, Inc.)

Embedded
rolor
conductors

(a)

(b)

FIGURE 7-2
(a) Sketch of cage rotor. (b) A typical cage rotor. (Courtesy of General Eleciric Company.)
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(a)

(b)

FIGURE 7-3

(a) Cutaway diagram of a typical small cage rotor induction motor. (Courtesy of MagneTek, Inc.)
(b) Cutaway diagram of a typical large cage rotor induction motor. (Courtesy of General Electric
Company.)

The other type of rotor is a wound rotor. A wound rotor has a complete sel
of three-phase windings that are mirror images of the windings on the stator. The
three phases of the rotor windings are usually Y-connected, and the ends of the
three rotor wires are tied to slip rings on the rotor’s shaft. The rotor windings are
shorted through brushes riding on the slip rings. Wound-rotor induction motors
therefore have their rotor currents accessible at the stator brushes, where they can
be examined and where extra resistance can be inserted into the rotor circuit. It is
possible to take advantage of this feature to modify the torque—speed characleris-
tic of the motor. Two wound rotors are shown in Figure 74, and a complete
wound-rotor induction motor is shown in Figure 7-5.
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(a)
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FIGURE 7-4
Typical wound rotors for induction motors. Notice the slip rings and the bars connecting the rotor
windings to the slip rings. (Courtesy of General Electric Company.)

FIGURE 7-5
Cutaway diagram of a wound-rotor induction motor. Notice the brushes and slip rings. Also notice
that the rotor windings are skewed to eliminate slot harmonics. (Courtesy of MagneTek, Inc.)



384 ELECTRIC MACHINERY FUNDAMENTALS

Wound-rotor induction motors are more expensive than cage induction mo-
tors. and they require much more maintenance because of the wear associated
with their brushes and slip rings. As a result, wound-rotor induction motors are
rarely used.

7.2 BASIC INDUCTION MOTOR CONCEPTS

Induction motor operation is basically the same as that of amortisseur windings on
synchronous motors. That basic operation will now be reviewed, and some im-
portant induction motor terms will be defined.

The Development of Induced Torque
in an Induction Motor

Figure 7-6 shows a cage rotor induction motor. A three-phase set of voltages has
been applied to the stator, and a three-phase set of stator currents is flowing. These
currents produce a magnetic field Bg, which is rotating in a counterclockwise
direction. The speed of the magnetic field’s rotation is given by

0

ns}m' - P

where f, is the system frequency in hertz and P is the number of poles in the ma-
chine. This rotating magnetic field Bg passes over the rotor bars and induces a
voltage in them.

The voltage induced in a given rotor bar is given by the equation

€na = (VX B)el (1-45)

where v = velocity of the bar relative to the magnetic field
B = magnetic flux density vector
| = length of conductor in the magnetic field

It is the relative motion of the rotor compared to the stator magnetic field
that produces induced voltage in a rotor bar. The velocity of the upper rotor bars
relative to the magnetic field is to the right, so the induced voltage in the upper
bars is out of the page, while the induced voltage in the lower bars is into the page.
This results in a current flow out of the upper bars and into the lower bars. How-
ever, since the rotor assembly is inductive, the peak rotor current lags behind the
peak rotor voltage (see Figure 7-6b). The rotor current flow produces a rotor mag-
netic field By.

Finally, since the induced torque in the machine is given by

Tos = kB X By (4-58)

the resulting torque is counterclockwise. Since the rotor induced torque is coun-
terclockwise, the rotor accelerates in that direction.
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FIGURE 7-6

The development of induced torque in an induction
motor. (a) The rotating stator field Bg induces a voltage
in the rotor bars: (b) the rotor voltage produces a rotor
current flow, which lags behind the voltage because of
the inductance of the rotor: (c) the rotor current
produces a rotor magnetic field Bg lagging 90° behind
itself, and By interacts with B, to produce a
counterclockwise torque in the machine.

There is a finite upper limit to the motor’s speed, however. If the induction
motor’s rotor were turning at synchronous speed, then the rotor bars would be sta-
tionary relative to the magnetic field and there would be no induced voltage. If e, ,
were equal to 0, then there would be no rotor current and no rotor magnetic field.
With no rotor magnetic field, the induced torque would be zero, and the rotor
would slow down as a result of friction losses. An induction motor can thus speed
up to near-synchronous speed, but it can never exactly reach synchronous speed.

Note that in normal operation both the rotor and stator magnetic fields B,
and By rotate together at synchronous speed n,, ., while the rotor itself turns at a
slower speed.

sync?
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The Concept of Rotor Slip

The voltage induced in a rotor bar of an induction motor depends on the speed of
the rotor relative to the magnetic fields. Since the behavior of an induction motor
depends on the rotor’s voltage and current, it is often more logical to talk about
this relative speed. Two terms are commonly used to define the relative motion of
the rotor and the magnetic fields. One is slip speed, defined as the difference be-
tween synchronous speed and rotor speed:

Rgip = Msyne — Ny (7-2)
where  ngy,, = slip speed of the machine
Rn. = Speed of the magnetic ficlds

n,, = mechanical shaft speed of motor

The other term used to describe the relative motion is sfip, which is the rela-
tive speed expressed on a per-unit or a percentage basis. That is, slip is defined as

o
s =22 (% 100%) (7-3)
Msyne '
Msyoe ~ Mlm
s = (x 100%) (7—4)
sync

This equation can also be expressed in terms of angular velocity w (radians per
second) as

w w
s = 25— (% 100%) (7-5)
Wsync

Notice that if the rotor turns at synchronous speed, s = 0, while if the rotor is sta-
tionary, s = 1. All normal motor speeds fall somewhere between those two limits.

It is possible to express the mechanical speed of the rotor shaft in terms of
synchronous speed and slip. Solving Equations (7-4) and (7-5) for mechanical
speed yields

Ry = (1 = $)ngy, (7-6)

or Wy = (I = Wy (7-7)

These equations are useful in the derivation of induction motor torque and power
relationships.

The Electrical Frequency on the Rotor

An induction motor works by inducing voltages and currents in the rotor of the
machine, and for that reason it has sometimes been called a rotating transformer.
Like a transformer, the primary (stator) induces a voltage in the secondary (rotor),
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but unlike a transformer, the secondary frequency is not necessarily the same as
the primary frequency.

If the rotor of a motor is locked so that it cannot move, then the rotor will
have the same frequency as the stator. On the other hand, if the rotor turns at syn-
chronous speed, the frequency on the rotor will be zero. What will the rotor fre-
quency be for any arbitrary rate of rotor rotation?

At n,, = 0 r/min, the rotor frequency f, = f,, and the slip s = 1. At n,, = n,,,.
the rotor frequency f, = 0 Hz, and the slip s = 0. For any speed in between, the ro-
tor frequency is directly proportional to the difference between the speed of the mag-
netic field n,y,,. and the speed of the rotor 7,,. Since the slip of the rotor is defined as

s = (7-4)

the rotor frequency can be expressed as

-5)

Several alternative forms of this expression exist that are sometimes useful. One
of the more common expressions is derived by substituting Equation (7-4) for the
slip into Equation (7-8) and then substituting for n,y,. in the denominator of the
expression:

Nsyac — My
f=Tamlny

sync
But n,. = 1207,/P [from Equation (7-1)], so
_ P
5= (nsync —n,) |2(}fefe
Therefore,
I _
Jr = 120 Pisyne ~ ) (7-9)

Example 7-1. A 208-V, 10-hp, four-pole, 60-Hz, Y-connected induction motor has
a full-load slip of 5 percent.

(@) What is the synchronous speed of this motor?

(b) What is the rotor speed of this motor at the rated load?

(c) What is the rotor frequency of this motor at the rated load?
(d) What is the shaft torque of this motor at the rated load?

Solution
(a) The synchronous speed of this motor is

_ 1204,
syne P

- ]2260}'2 = 1800 r/min
poles

n (7-1)
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(b) The rotor speed of the motor is given by

Ay = (1 — $)n_, (7-6)
= (1 — 0.95)(1800 r/min) = 1710 r/min
(¢) The rotor frequency of this motor is given by
f, = sf, = (0.05X60 Hz) = 3 Hz (7-8)
Alternatively, the frequency can be found from Equation (7-9):
f, = 155 (e = 1) (7-9)

_ 4 i s
—IZO(ISOOerm 1710 r/min) = 3 Hz

(d) The shaft load torque is given by

Pou

Tioad = ",
m

~ (10 hp)(746 W/hp)
~ (1710 r/min)2m rad/r)(1 min/60 s)

=4].7Ne*m

The shaft load torque in English units is given by Equation (1-17):

where ris in pound-feet, P is in horsepower, and n,, is in revolutions per minute.
Therefore,

5252(10 hp)

Tioad = 1710 t/min 30.7 Ib = fit

7.3 THE EQUIVALENT CIRCUIT OF
AN INDUCTION MOTOR

An induction motor relies for ils operation on the induction of voltages and cur-
rents in its rotor circuit from the stator circuit (transformer action). Because the in-
duction of voltages and currents in the rotor circuit of an induction motor is es-
sentially a transformer operation, the equivalent circuit of an induction motor will
turn out to be very similar to the equivalent circuit of a transformer. An induction
motor is called a singly excited machine (as opposed to a doubly excited synchro-
nous machine), since power is supplied to only the stator circuit. Because an in-
duction motor does not have an independent field circuit, its model will not con-
tain an internal voltage source such as the internal generated voltage E, in a
synchronous machine.

It is possible to derive the equivalent circuit of an induction motor from a
knowledge of transformers and from what we already know about the variation of
rotor frequency with speed in induction motors. The induction motor model will be
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FIGURE 7-7
The transformer model or an induction motor, with rotor and stator connected by an ideal
transformer of tumns ratio d,.

developed by starting with the transformer model in Chapter 2 and then deciding
how to take the variable rotor frequency and other similar induction motor effects
into account.

The Transformer Model of an Induction Motor

A transformer per-phase equivalent circuit, representing the operation of an in-
duction motor, is shown in Figure 7-7. As in any transformer, there is a certain re-
sistance and self-inductance in the primary (stator) windings, which must be rep-
resented in the equivalent circuit of the machine. The stator resistance will be
called R, and the stator leakage reactance will be called X,. These two compo-
nents appear right at the input to the machine model.

Also, like any transformer with an iron core, the flux in the machine is re-
lated to the integral of the applied voltage E,. The curve of magnetomotive force
versus flux (magnetization curve) for this machine is compared Lo a similar curve
for a power transformer in Figure 7-8. Notice that the slope of the induction mo-
tor’s magnetomotive force-flux curve is much shallower than the curve of a good
transformer. This is because there must be an air gap in an induction motor, which
greatly increases the reluctance of the flux path and therefore reduces the coupling
between primary and secondary windings. The higher reluctance caused by the air
gap means that a higher magnetizing current is required to obtain a given flux
level. Therefore, the magnetizing reactance X,, in the equivalent circuit will have
a much smaller value (or the susceptance B,, will have a much larger value) than
it would in an ordinary transformer.

The primary internal stator voltage E, is coupled to the secondary Eg by an
ideal transformer with an effective turns ratio @4 The effective turns ratio a4 is
fairly easy to determine for a wound-rotor motor—it is basically the ratio of the
conductors per phase on the stator to the conductors per phase on the rotor, modi-
fied by any pitch and distribution factor differences. It is rather difficult to see a4
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FIGURE 7-8
The magnetization curve of an induction motor compared to that of a transformer.

clearly in the cage of a case rotor motor because there are no distinct windings on
the cage rotor. In either case, there is an effective turns ratio for the motor.

The voltage Eg produced in the rotor in turn produces a current flow in the
shorted rotor (or secondary) circuit of the machine.

The primary impedances and the magnetization current of the induction mo-
tor are very similar to the corresponding components in a transformer equivalent
circuit. An induction motor equivalent circuit differs from a transformer equiva-
lent circuit primarily in the effects of varying rotor frequency on the rotor voltage
Er and the rotor impedances Rg and jXp.

The Rotor Circuit Model

In an induction motor, when the vollage is applied to the stator windings, a volt-
age is induced in the rotor windings of the machine. In general, the greater the
relative motion between the rotor and the stator magnetic fields, the greater the
resulting rotor voltage and rotor frequency. The largest relative motion occurs
when the rotor is stationary, called the locked-rotor or blocked-rotor condition, so
the largest voltage and rotor frequency are induced in the rotor at that condition.
The smallest voltage (0 V) and frequency (0 Hz) occur when the rotor moves at
the same speed as the stator magnetic field, resulting in no relative motion. The
magnitude and frequency of the voltage induced in the rotor at any speed between
these extremes is directly proportional to the slip of the rotor. Therefore, if the
magnitude of the induced rotor voltage at locked-rotor conditions is called Eg,, the
magnitude of the induced voltage at any slip will be given by the equation

Ep = SEp (7-10)
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FIGURE 7-9
The rotor circuit model of an induction motor.

and the frequency of the induced voltage at any slip will be given by the equation

I = . (7-8)

This voltage is induced in a rolor containing both resistance and reactance.
The rotor resistance Ry is a constant (except for the sKin effect), independent of
slip, while the rotor reactance is affected in a more complicated way by slip.

The reactance of an induction motor rotor depends on the inductance of the
rotor and the frequency of the voltage and current in the rotor. With a rotor induc-
tance of Ly, the rotor reactance is given by

XR = (ﬂrLR = 27Tf;.LR
By Equation (7-8), f, = sf,, so
X.R - ZWSf,LR
= S(2‘11‘LLR)
where Xp, is the blocked-rotor rotor reactance.

The resulting rotor equivalent circuit is shown in Figure 7-9. The rotor cur-

rent flow can be found as

I, = L
R~ Rg + jXz
Er
' = Re ¥ K -1
Ero
or I, = m (7-13)

Notice from Equation (7-13) that it is possible to treat all of the rotor effects due
o varying rotor speed as being caused by a varying impedance supplied with
power from a constant-voltage source Eg,. The equivalent rotor impedance from
this point of view is

Ziey = Ryls + jXp (7-14)

and the rotor equivalent circuit using this convention is shown in Figure 7-10. In
the equivalent circuit in Figure 7-10, the rotor voltage is a constant Eg V and the
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The rotor circuit model with all the frequency
(slip) effects concentrated in resistor Rp.
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FIGURE 7-11
Rotor current as a function of rotor speed.

rotor impedance Zg ., contains all the effects of varying rotor slip. A plot of the
current flow in the rotor as developed in Equations (7-12) and (7-13) is shown in
Figure 7-11.

Notice that at very low slips the resistive term R/ s >> Xgg, s0 the rotor re-
sistance predominates and the rotor current varies linearly with slip. At high slips,
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Xpo is much larger than Rg/s, and the rotor current approaches a steady-state
value as the slip becomes very large.

The Final Equivalent Circuit

To produce the final per-phase equivalent circuit for an induction motor, it is nec-
essary lo refer the rotor part of the model over to the stator side. The rotor circuit
model that will be referred to the stator side is the model shown in Figure 7-10,
which has all the speed variation effects concentrated in the impedance term.

In an ordinary transformer, the voltages, currents, and impedances on the
secondary side of the device can be referred to the primary side by means of the
turns ratio of the transformer:

Vo= V}=aV; (7-15)
Is
L=15==" (7-16)
and Z; = a’Z (7-17)

where the prime refers to the referred values of voltage, current, and impedance.

Exactly the same sort of transformation can be done for the induction mo-
tor’s rotor circuit. If the effective turns ratio of an induction motor is @y, then the
transformed rotor voltage becomes

E, = E} = a4 Epn (7-18)
the rotor current becomes
I
I, = — (7-19)
? Aot

and the rotor impedance becomes

4= agrr(% = fxm) (7-20)

If we now make the following definitions:
R, = a}sRy (7-21)
X = @aXg (7-22)

then the final per-phase equivalent circuit of the induction motor is as shown in
Figure 7-12.

The rotor resistance Ry and the locked-rotor rotor reactance Xz, are very dif-
ficult or impossible to determine directly on cage rotors, and the effective turns ra-
tio a g is also difficult to obtain for cage rotors. Fortunately, though, it is possible
lo make measurements that will directly give the referred resistance and reac-
fance R, and X,, even though Ry, Xp and a,g are not known separately. The mea-
surement of induction motor parameters will be taken up in Section 7.7.
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FIGURE 7-12
The per-phase equivalent circuit of an induction motor.
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FIGURE 7-13
The power-flow diagram of an induction motor.

7.4 POWER AND TORQUE IN
INDUCTION MOTORS

Because induction motors are singly excited machines, their power and torque re-
lationships are considerably different from the relationships in the synchronous
machines previously studied. This section reviews the power and torque relation-
ships in induction motors.

Losses and the Power-Flow Diagram

An induction motor can be basically described as a rotating transformer. Its input
is a three-phase system of voltages and currents. For an ordinary transformer, the
output is electric power from the secondary windings. The secondary windings in
an induction motor (the rotor) are shorted out, so no electrical output exists from
normal induction motors. Instead, the output is mechanical. The relationship be-
tween the inpul electric power and the oulput mechanical power of this motor is
shown in the power-flow diagram in Figure 7-13.
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The input power to an induction motor P,, is in the form of three-phase elec-
tric voltages and currents. The first losses encountered in the machine are I°R
losses in the stator windings (the stator copper loss Pscr). Then some amount of
power is lost as hysteresis and eddy currents in the stator (£.,.). The power re-
maining at this point is transferred to the rotor of the machine across the air gap
between the stator and rotor. This power is called the air-gap power Pyg of the
machine. After the power is transferred to the rotor, some of it is lost as %R losses
(the rotor copper loss Pycr), and the rest is converted from electrical to mechani-
cal form (P,,,,). Finally, friction and windage losses Py and stray losses P, are
subtracted. The remaining power is the output of the motor P,

The core losses do nol always appear in the power-flow diagram at the point
shown in Figure 7-13. Because of the nature of core losses, where they are ac-
counted for in the machine is somewhat arbitrary. The core losses of an induction
motor come partially from the stator circuit and partially from the rotor circuit.
Since an induction motor normally operates at a speed near synchronous speed,
the relative motion of the magnetic fields over the rotor surface is quite slow, and
the rotor core losses are very tiny compared to the stator core losses. Since the
largest fraction of the core losses comes from the stator circuit, all the core losses
are lumped together at that point on the diagram. These losses are represented in
the induction motor equivalent circuit by the resistor R (or the conductance Ge).
If core losses are just given by a number (X walts) instead of as a circuit element
they are often lumped together with the mechanical losses and subtracted at the
point on the diagram where the mechanical losses are located.

The higher the speed of an induction motor, the kigher its friction. windage,
and stray losses. On the other hand, the higher the speed of the motor (up 0 7y, ),
the lower its core losses. Therefore, these three categories of losses are sometimes
lumped together and called rotational losses. The total rotational losses of a mo-
tor are often considered (o be constant with changing speed, since the component
losses change in opposite directions with a change in speed.
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7.12 THE INDUCTION GENERATOR

The torque—speed characteristic curve in Figure 7-20 shows that if an induction
motor is driven at a speed greater than n,, . by an external prime mover, the di-
rection of its inducted torque will reverse and it will act as a generator. As the
torque applied to its shaft by the prime mover increases, the amount of power pro-
duced by the induction generator increases. As Figure 7-57 shows, there is a max-
imum possible induced torque in the generator mode of operation. This torque is
known as the pushover torque of the generator. If a prime mover applies a torque
greater than the pushover torque to the shaft of an induction generator, the gener-
ator will overspeed.

As a generator, an induction machine has severe limitations. Because it
lacks a separate field circuit, an induction generator cannot produce reaclive
power. In fact, it consumes reactive power, and an external source of reaclive
power must be connected to it at all imes (o maintain its stator magnetic field.
This external source of reactive power must also control the terminal voltage of
the generator—with no ficld current, an induction generator cannot control its
own outpult voltage. Normally, the generator’s voltage is maintained by the exler-
nal power system to which it is connected.

The one greal advantage of an induction generator is its simplicity. An in-
duction generator does not need a separate field circuit and does not have to be
driven continuously at a fixed speed. As long as the machine’s speed is some
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FIGURE 7-57
The torque-speed characteristic of an induction machine, showing the generator region of operation.
Note the pushover torque.

value greater than n,,, for the power system to which it is connected, it will func-
tion as a generator. The greater the torque applied to its shaft (up to a certain
point), the greater its resulting output power. The fact that no fancy regulation is
required makes this generator a good choice for windmills, heat recovery systems,
and similar supplementary power sources altached to an existing power system. In
such applications, power-factor correction can be provided by capacitors, and the
generator’s ferminal voltage can be controlled by the external power system.

The Induction Generator Operating Alone

It is also possible for an induction machine to function as an isolated generator, in-
dependent of any power system, as long as capacitors are available to supply the
reaclive power required by the generator and by any attached loads. Such an iso-
lated induction generator is shown in Figure 7-58.

The magnetizing current Iy, required by an induction machine as a function
of terminal voltage can be found by running the machine as a motor at no load and
measuring ils armature current as a function of terminal voltage. Such a magneti-
zation curve is shown in Figure 7-5%a. To achieve a given voltage level in an in-
duction generator, external capacitors must supply the magnetization current cor-
responding to that level.

Since the reactive current that a capacitor can produce is directly proportional
to the voltage applied to it, the locus of all possible combinations of voltage and
current through a capacitor is a straight line. Such a plot of voltage versus current
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FIGURE 7-58
An induction generator operating alone with a capacitor bank to supply reactive power.

for a given frequency is shown in Figure 7-59b. If a three-phase set of capacitors
is connected across the terminals of an induction generator, the no-load voltage of
the induction generator will be the intersection of the generator’s magnetization
curve and the capacitor s load line. The no-load terminal voltage of an induction
generalor for three different sets of capacitance is shown in Figure 7-59¢.

How does the voltage build up in an induction generator when it is first
started? When an induction generator first starts (o turn, the residual magnetism in
its field circuit produces a small voltage. That small voltage produces a capacitive
current flow, which increases the voltage, further increasing the capacitive cur-
rent, and so forth until the voltage is fully built up. If no residual flux is present in
the induction generator’s rotor, then its voltage will not build up, and it must be
magnetized by momentarily running it as a motor.

The most serious problem with an induction generator is that its voltage
varies wildly with changes in load, especially reactive load. Typical terminal char-
acteristics of an induction generator operating alone with a constant parallel ca-
pacitance are shown in Figure 7-60. Notice that, in the case of inductive loading,
the voltage collapses very rapidly. This happens because the fixed capacitors must
supply all the reactive power needed by both the load and the generator. and any
reactive power diverted to the load moves the generator back along its magneti-
zalion curve, causing a major drop in generator voltage. It is therefore very diffi-
cult to start an induction motor on a power system supplied by an induction gen-
erator—special techniques must be employed to increase the effective capacitance
during starting and then decrease it during normal operation.

Because of the nature of the induction machine’s torque—speed characterislic,
an induction generator’s frequency varies with changing loads: but since the
torque—speed characteristic is very steep in the normal operating range. the total fre-
quency variation is usually limited to less than 5 percent. This amount of variation
may be quite acceplable in many isolated or emergency generator applications.
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(a) The magnetization curve of an induction machine. It is a plot of the terminal voltage of the
machine as a function of its magnetization current (which /ags the phase voltage by approximately
90°). (b) Plot of the voltage—current characteristic of a capacitor bank. Note that the larger the
capacitance, the greater its current for a given voltage. This current /eads the phase voltage by
approximately 90°. (c) The no-load terminal voltage for an isolated induction generator can be found
by plotting the generator terminal characteristic and the capacitor voltage—current characteristic on a
single set of axes. The intersection of the two curves is the point at which the reactive power
demanded by the generator is exactly supplied by the capacitors, and this point gives the no-load

terminal voltage of the generator.
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FIGURE 7-60
The terminal voltage—current characteristic of an induction generator for a load with a constant
lagging power factor.

Induction Generator Applications

Induction generators have been used since early in the twentieth century, but by
the 1960s and 1970s they had largely disappeared from use. However, the induc-
tion generator has made a comeback since the oil price shocks of 1973. With en-
ergy costs so high, energy recovery became an important part of the economics of
most industrial processes. The induction generator is ideal for such applications
because it requires very little in the way of control systems or maintenance.

Because of their simplicity and small size per kilowatt of output power, in-
duction generators are also favored very strongly for small windmills. Many com-
mercial windmills are designed to operate in parallel with large power systems,
supplying a fraction of the customer’s total power needs. In such operation, the
power system can be relied on for voltage and frequency control, and static ca-
pacitors can be used for power-factor correction.



