
CHAPTER 

7 
INDUCTION MOTORS 

I n the last chapter, we saw how amortisseur windings on a synchronous motor 
cau Id develop a starting torque without the necessity of supplyi ng an external 

fi e ld current to them. In fact, amortisscur windings work so well that a motor 
could be built without the synchronous motor's main de fie ld 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 fi e ld) is induced in the rotor windings 
rather than being physically connected by wires. The distinguishing feature of an 
induction motor is that no de field current is required to run the machine . 

Although it 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 
motors. 

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. TIlere 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 ofa series of conducting bars laid into slots carved in the face 
of the rotor and shorted at either end by large shoT1ing 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. (Courlesy of 
MagneTek, Inc.) 

,., 

,b, 
(a) Sketch of cage rotor. (b) A typical cage rotor. (Courtesy ofGeneml Electric Company.) 
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,,' 

,b, 
""GURE 7-3 
(a) Cutaway diagram of a typical small cage rotor induction motor. (Courtesy of Ma8neTek. Inc. ) 
(b) Cutaway diagram of a typical large cage TOIor induction motor. (Counesy ofGeneml Electric 
Company.) 

TIle other type of rotor is a wound rotor. A wound rotor has a complete set 
of three-phase windings that are mirror images of the windings on the stator. The 
three phases of the rotor windings are usually V-connected, and the ends of the 
three rotor wires are tied to slip rings on the rotor's shaft. TIle 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 characteris
tic of the motor. Two wound rotors are shown in Figure 7-4, and a complete 
wound-rotor induction motor is shown in Figure 7- 5. 
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(a) 

,b, 

FIGURE 7-4 
Typical wound rotors for induction motors. Notice the slip rings and the bars connecting the rotor 
windings to the slip rings. (Courtel)' ofGeneml Electric Company.) 

FIGURE 7-5 
Cuta.way diagram of a. wound-rotor induction motor. Notice the brushes and slip rings. Also notice 
that the rotor windings are skewed to eliminate slot h3.ITllonics. (Courtesy of MagneTe/:. Inc.) 
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Wou nd-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 srune as that of amortisseur windings on 
synchronous motors. That basic operation will now be reviewed, and some im
portant induction motor tenns 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 prod uce a magnetic field Bs, which is rotating in a counterclockwise 
direction.1lle speed of the magnetic fi e ld's rotation is given by 

(7-1 ) 

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

1lle voltage induced in a given rotor bar is given by the equation 

eioo = (v x H) • I 

where v = velocity of the bar relative to the magnetic field 

B = magnetic flux density vector 

I = length of conductor in the magnetic fie ld 

( 1-45) 

It is the relative motion of the rotor compared to the stat or magnetic field 
that prod uces 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. 
nlis 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 fl ow produces a rotor mag
netic field HR. 

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

(4- 58) 

the resulting torque is counterclockwise. Since the rotor induced torque is coun
terc lockwise, the rotor accelerates in that direction. 
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""CURE 7-6 
The development of induced torque in an induction 
motor. (a) The rotating stator field lis induces a voUage 
in the rotor bars; (b) the rotor voltage produces a rotor 
currem flow. which lags behind the voUage because of 
the inductance of the rotor; (c) the rotor currem 

produces a rotor magnetic field liN lagging 90° behind 
itself. and liN imeracts with II ... to produce a 
counterclockwise torque in the machine. 

There is a fmite upper limit to the motor's speed, however. If the induction 
motor 's rotor were turning at synchronous speed, then the rotor bars wou ld be sta
tionary relative to the magnetic field and there would be no induced voltage. If eioo 

were equal to 0, then there would be no rotor current and no rotor magnetic fie ld. 
With no rotor magnetic fi e ld, the indu ced torque would be zero, and the rotor 
would slow down as a result of fri ction losses. An induction motor can thus speed 
up to near-synchronous speed, but it can never exactly reach synchronous speed. 

Note that in nonnal operation both the rotor and stator mngnetic fields BR 
and Bs rotate together at synchronous speed n,yDC' while the rotor itselftums at a 
slower speed. 
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The Concept of Rotor Slip 

TIle voltage induced in a rotor bar of an induction motor depends on the speed of 
the rotor relative to the magnetic fields. Si nce the behavior of an induction motor 
depends on the rotor's voltage and current, it is often more logical to talk about 
this re lative speed. Two tenns are commonly used to de fine 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: 

where n.up = slip speed of the machine 

n,yDC = speed of the magnetic fields 

nm = mechanical shaft speed o f motor 

(7- 2) 

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

" " s = ~(x 100%) 
n sync 

(7- 3) 

" - n s = 'YDC m(x 100%) 
n.". 

(7-4) 

lllis equation can also be expressed in terms of angu lar velocity w (radians per 
second) as 

W - W 
S = sync m(x 100%) 

w~oc 
(7- 5) 

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 ex press the mechanical speed of the rotor shaft in tenns of 
synchronous speed and slip. Solving Equations (7-4) and (7- 5) for mechanical 
speed yields 

I 
nm = ( 1 - s)n,yDC I (7-6) 

"' I wm ~ ( I - s)w,ync I (7- 7) 

lllese 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 transfonner, 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 nm = 0 rlmin, the rotor frequency fr = Jr, and the slip s = I. At nm = n,ync' 
the rotor frequency fr = 0 Hz, and the slip s = O. For any speed in between, the ro
tor frequency is directly proportional to the difference between the speed of the mag
netic field n.ync and the speed of the rotor nm. Since the slip of the rotor is defined as 

(7-4) 

the rotor freque ncy can be expressed as 

(7-8) 

Several alternative fonns of this expression ex ist that are sometimes useful. One 
of the more common expressions is deri ved by substituting Equation (7-4) for the 
slip into Equation (7--8) and then substituting for n,ync in the denominator of the 
expression: 

But n,yDC = 120 fr I P [from Equation (7- 1 )], so 

Therefore, 

(7- 9) 

Example 7-1. A 20S-V, lO-hp, four-pole, 60-Hz, V-connected induction motor has 
a full-load slip of 5 percent. 

(a) 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 

_ 120f,. 
n,ync - - p-

= 120(60 Hz) _ 
4 poles - ISOOr/ min 

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

n", = (I - s)n.yDC 

= (I - 0.95)(l800r/min) = 17lOr/ min 

(c) The rotor frequency of this motor is given by 

Ir = s/e = (0.05)(60 Hz) = 3 Hz 

Alternatively, the frequency can be found from Equation (7-9): 

p 
/, = 120 (n,ync - nm) 

= lio(l800r/ min - 17IOr/ min) = 3 Hz 

(d) The shaft load torque is given by 

(10 hpX746 W/ hp) 
= (l7IOr/ min)(2'lTrad/ rXI min/ 60s) = 41.7N

o
m 

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

5252P 

(7--6) 

(7--8) 

(7-9) 

where 'Tis in pOlUld-feet, P is in horser.ower, and n .. is in revolutions per minute. 
Therefore, 

5252(10 hp) 
Tload = 17lOr/ min = 30.71b o ft 

7.3 THE EQUIVA LENT CIRCUIT OF 
AN INDUCTION MOTOR 

An induction motor re lies for its 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 curre nts in the rotor circuit of an induction motor is es
sentially a transformer operation, the equivalent circuit of an induction motor will 
turn o ut to be very s imilar to the equivalent circuit of a transfonner. 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 independe nt field circ uit , its mode l will not con
tain an internal voltage source such as the internal generated voltage E,t in a 
synchronous machine . 

lt 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. TIle 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 turns ratio a,/f" 

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

The Transformer Model of an Induction Motor 

A transfonner per-phase equivalent circuit , representing the operation of an in
duction motor, is shown in Figure 7- 7. As in any transfonner, 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 R1• and the stator leakage reactance will be called X l. These two compo
ne nts appear right at the input to the machine mode l. 

Also, like any transformer with an iron core, the nux in the machine is re
lated to the integral of the applied voltage E l . TIle curve of magnetomotive force 
versus nux (magnetization curve) for thi s machine is compared to a similar curve 
for a power transfonner in Figure 7- 8. Notice that the slope of the induction mo
tor 's magnetomotive force-nux curve is much shallower than the c urve of a good 
transformer. TIlis is because there must be an air gap in an induction motor, which 
greatly increases the reluctance of the nux path and therefore reduces the coupling 
between primary and secondary windings. TIle higher reluctance caused by the air 
gap means that a higher magnetizing c urrent is required to obtain a give n nux 
leve l. Therefore, the magnetizing reactance XM in the equivalent circuit will have 
a much smaller value (or the susceptance EM will have a much larger value) than 
it would in an ordinary transformer. 

The primary internal stator voltage El is coupled to the secondary EN by an 
ideal transformer with an effective turn s ratio a.ff" The effective turns ratio a.ff is 
fairly easy to detennine 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 a.ff 
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Transformer 

""GURE 7-8 

;.Wb 

Induction 
motor 

~, A-turns 

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, 

1lle voltage ER produced in the rotor in turn produces a current fl ow in the 
shorted rotor (or secondary) circuit of the machine, 

TIle primary impedances and the magnetiwtion current of the induction mo
tor are very similar to the corresponding components in a transformer equivalent 
circuit. An inducti on motor equivalent circuit differs from a transfonner equiva
lent circuit primarily in the effects of varying rotor frequency on the rotor voltage 
ER and the rotor impedances RR and jXR' 

The Rotor Circuit Model 

In an induction motor, when the voltage 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 occ urs 
when the rotor is stationary, called the locked-rotor or blocked-rotor condition, so 
the largest voltage and rotor frequency arc induced in the rotor at that condition, 
TIle 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 re lative motion, The 
magnitude and frequency of the voltage induced in the rotor at any speed between 
these extremes is directly propoT1ional to the slip of the rotor, Therefore, if the 
magnitude of the induced rotor voltage at locked-rotor conditions is called EIlQ, the 
magnitude of the induced voltage at any s lip will be given by the equation 

(7-1 0) 
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R, 

FlGURE 7-9 
The rotor ci['(;uit model of an induction motor. 

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

(7-8) 

This voltage is induced in a rotor containing both resistance and reactance. 
The rotor resistance RR is a constant (except for the skin effect), independent of 
slip, whi le the rotor reactance is affected in a more complicated way by slip. 

The reactance of an inducti on 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 LR, the rotor reactance is given by 

XR = wrLR = 27rfrLR 

By Equation (7--8),/, = sf~, so 

XR - 27rSfeLR 

- s(27rfeLR) 

- sXRO (7 -11 ) 

where XRO is the blocked-rotor rotor reactance. 
The resulting rotor equivalent circuit is shown in Figure 7- 9. The rotor cur

rent flow can be fo und as 

E, 
IR = 

RR + jsXRO 
(7-1 2) 

E", 
IR = R I + X R S } RO 

(7-1 3) 

Notice from Equation (7-1 3) that it is possible to treat all of the rotor effects due 
to varying rotor speed as being caused by a varying impedance supplied with 
power from a constant-voltage source ERO. The eq ui valent rotor impedance from 
this point of view is 

(7-1 4) 

and the rotor eq ui valent circuit using this convention is shown in Figure 7- 10. In 
the equivalent circuit in Figure 7-1 0, the rotor voltage is a constant EIiO V and the 
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R, , 
I'IGURE 7-10 
The rotor cirwit model with all the frequency 
(s lip) effects concentrated in resistor RR. 

~ 
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\ 

100 

nm. percentage of synchronous speed 

""GURE 7-11 
Rotor currem as a function of rotor speed. 

125 

rotor impedance ZR .• q contains all the effects of varying rotor sli p. A plot of the 
current flow in the rotor as developed in Equations (7-1 2) and (7- 13) is shown in 
Figure7-11. 

Notice that at very low sli ps the resistive tenn RR I s» XRQ, so the rotor re
sistance predominates and the rotor current varies linearly with slip. At high slips, 
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XRO is much larger than RR I s, and the rotor current approaches a steady-state 
value as the slip becomes very large. 

The Final Equivalent Circuit 

To produce the fmal per-phase equivalent circuit for an inducti on motor, it is nec
essary to refer the rotor part of the model over to the stator side. 1lle rotor circuit 
model that will be referred to the stator side is the model shown in Figure 7-1 0, 
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 transfonner: 

(7-1 5) 

Ip = I
, _ 1: ,- a 

(7-1 6) 

and (7-1 7) 

where the prime refers to the referred values of voltage, current , and impedance. 
Exactly the same sort of transfonnati on can be done for the induction mo

tor 's rotor circuit. If the effective turns ratio of an induction motor is a off, then the 
transfonned rotor voltage becomes 

the rotor current becomes 

and the rotor impedance becomes 

Ifwe now make the following definiti ons: 

R2 = a;ff RR 

(7-1 8) 

(7-1 9) 

(7- 20) 

(7- 21) 

(7- 22) 

then the final per-phase equivalent circ uit of the induction motor is as shown in 
Figure 7-1 2. 

The rotor resistance RR and the locked-rotor rotor reactance XIIQ are very dif
fi cult or impossible to determine directly on cage rotors, and the effective turns ra
tio a off is also difficult to obtain for cage rotors. Fortunate ly, though, it is possible 
to make measurements that will directly give the referred resistance and reac
tance Rl and Xl, even though RR, XRO and aeff are not known separately. The mea
surement of induction motor parameters will be taken up in Section 7.7. 
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""GURE 7-12 
The per-phase equivalent ci['(;uit of an induction motor. 
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The power-flow diagram of an induction motor. 

7.4 POWER AND TORQUE IN 
INDUCTION MOTORS 

Because induction motors are singly exci led machines, their power and torque re
lationships are considerably different from the relationships in the synchronou s 
machines previously studied. TIlis 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 transfonner. Its input 
is a three-phase system of voltages and currents. For an ordinary transfonner, the 
output is e lectric power from the secondary windings. TIle secondary windings in 
an induction motor (the rotor) are shorted out, so no e lectrical output exists from 
normal induction motors. Instead, the output is mechanical. The re lationship be
tween the input electric power and the output mechanical power of this motor is 
shown in the power-flow diagram in Figure 7- 13. 
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The input powerto an induction motor fln is in the form of three-phase elec
tric voltages and currents . TIle first losses encountered in the machine are [ 2R 

losses in the stat or windings (the stator copper loss PSCL) ' Then some amount of 
power is lost as hysteresis and eddy currents in the stator (P.:ore). 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 PAG of the 
machine. After the power is transferred to the rotor, some of it is lost as / lR losses 
(the rotor copper loss PRCL), and the res.t is converted from e lectrical to mechani
cal form (P C<JII¥)' Finally, fri ction and windage losses PF&W and stray losses Pmlsc are 
subtracted. The remaining power is the output of the motor Pout. 

The core losses do not 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
cou nted 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 nonnally operates at a speed near synchronous speed, 
the relative motion of the magnetic fie lds 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 stat or 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 Rc (or the conductance Gd. 
If core losses are just given by a number (X watts) instead of as a circuit e lement 
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 higher its friction, windage, 
and stray losses. On the other hand, the higherthe speed of the motor (up to n,ync)' 
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 to be constant with changing speed, since the component 
losses change in opposite directions with a change in speed . 

Example 7-2, A 4S0-V, 60-Hz, SO-hp, three-phase induction motor is drawing 
60 A at 0.S5 PF lagging. The stator copper losses are 2 kW, and the rotor copper losses are 
700 W. The friction and windage losses are 600 W, the core losses are ISOO W, and the 
stray losses are negligible. Find the following quantities: 

(a) The air-gap power PAG 

(b) The power converted P """" 
(c) TheoutputpowerPOIIt 

(d) The efficiency of the motor 

Solutioll 
To answer these questions, refer to the power-flow diagram for an induction motor (Fig
ure 7- 13). 

(a) The air-gap power is just the input power minus the stator j 2R losses. The input 
power is given by 
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Pin = V3"VT h cos () 

= V3"(480 V)(60 A)(O.8S) = 42.4 kW 

From the power-flow diagram, the air-gap power is given by 

PAG = Pin - PSCL. - P.:ore 
= 42.4kW - 2 kW - 1.8kW = 38.6kW 

(b) From the power-flow diagram, the power converted from electrical to mechan
ical fonn is 

P C<JiIV = P AG - PRCL 

= 38.6 kW - 700 W = 37.9 kW 

(c) From the power-flow diagram, the output power is given by 

Pout = P C<JiIV - P F& W - P mi«: 

= 37.9kW - 600W - OW = 37.3kW 

or, in horsepower, 

1 hp 
Pout = (37.3 kW) 0.746 kW = SOhp 

(d) Therefore, the induction motor's efficiency is 

Power and Torque in an Induction Motor 

Figure 7- 12 sho ws the per-phase equivale nt circuit of an induction motor. If the 
equi vale nt circuit is examined closely, it can be used to derive the power and 
torque equations governing the operation o f the motor. 

TIle input current to a phase of the motor can be found by di viding the input 
voltage by the total equi valent impedance: 

V. 
I I - (7- 23) 

Z~ 

where Zeq = RI + JXI + . I 
Gc - )BM + V2/S + jX2 

(7- 24) 

Therefore, the stator copper losses, the core losses, and the rotor copper losses can 
be found. The stator copper losses in the three phases are given by 

(7- 25) 

The core losses are given by 

(7- 26) 



INDUCTION MOTORS 397 

so the air-gap power can be found as 

ICp-A-G-~-R-;"---p-,c-c---P-,~-' (7- 27) 

Look closely at the equivalent circuit of the rotor. The only element in the 
equi valent circuit where the air-gap power can be consumed is in the resistor Rl/S . 
Therefore, the air-gap power can also be given by 

I PAG = 3Ii~ 1 (7- 28) 

The actual resistive losses in the rotor circuit are given by the equati on 

PRG- = 31~ RR (7- 29) 

Since power is unchanged when referred across an ideal transfonner, the rotor 
copper losses can also be expressed as 

I'P-R-cc-~-31~lC-R-,'1 (7- 30) 

After stator copper losses, core losses, and rotor copper losses are sub
tracted from the input power to the motor, the remaining power is converted from 
electrical to mechanical form. This power converted , which is sometimes called 
developed mechanical power, is given by 

= 3Ii R2 _ 312R , " 
= 31~ R2(~ - 1) 

(7- 3 1) 

Notice from Equations (7- 28) and (7- 30) that the rotor copper losses are 
equal to the air-gap power times the slip: 

(7- 32) 

Therefore, the lower the slip of the motor, the lower the rotor losses in the ma
chine. Note also that if the rotor is not turning, the slip S = 1 and the air-gap 
power is entirely consumed in the rotor. This is logical, since if the rotor is not 
turning, the output power Pout (= "Tload w",) must be zero. Since P.:<>D¥ = PAG - PRCL, 

this also gives another relationship between the air-gap power and the power con
verted from electrical to mechanical fonn: 

P.:onv = PAG - PRCL 

(7- 33) 



398 ELECTRIC MACHINERY RJNDAMENTALS 

Finall y, if the fri ction and windage losses and the stray losses are known, 
the output power can be found as 

'I "pooC-, -_~~CO-",---Cp~,-&-W---CP~~-."-'1 (7- 34) 

TIle induced torque rind in a machine was defined as the torque generated by 
the internal electric-to-rnechanical power conversion. This torque differs from the 
torque actually available at the tenninals of the motor by an amount equal to the 
fri ction and windage torques in the machine. The induced torque is given by the 
equation 

(7- 35) 

TIlis torque is also called the developed torque of the machine. 
TIle induced torque of an induction motor can be expressed in a different 

fonn as well. Equati on (7- 7) expresses actual speed in terms of synchronous 
speed and slip, whi le Equati on (7- 33) expresses P"DDY in terms of PAG and slip. 
Substituting these two equations into Equation (7- 35) yields 

( 1 - s)PA G 

r ind = ( 1 s)WSytlC 

(7- 36) 

TIle last equation is especially usefu l beca use It expresses induced torque direct ly 
in tenns of air-gap power and synchronous speed, which does not vary. A knowl
edge of PAG thus directly yields r ind . 

Separating the Rotor Copper Losses and 
the Power Converted in an Induction 
Motor 's Equivalent Circuit 

Part of the power coming across the air gap in an induction motor is consumed in 
the rotor copper losses, and part of it is converted to mechanical power to drive 
the motor's shaft. It is possible to separate the two uses of the air-gap power and 
to indicate them separately on the motor equivale nt circuit. 

Equation (7- 28) gives an ex pression for the total air-gap power in an in
duction motor, whi le Equation (7- 30) gives the actual rotor losses in the motor. 
TIle air-gap power is the power which would be consumed in a resistor of value 
Ris, while the rotor copper losses are the power which would be consumed in a 
resistor of value R2. TIle difference between them is P eDDY' which must therefore be 
the power consumed in a resistor of value 

Reonv = ~2 - R2 = R2(~ - 1) 

(7- 37) 
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FIGURE 7- 14 
The per-phase equivalent circuit with rotor losses and P CO« separated. 

Pe r-phase equivalent circuit with the rotor copper losses and the power con
ve rted to mechanica l fonn separated into distinct e lements is shown in Figure 7- 14. 

Example 7-3. A 460-V. 25-hp. 6()"'Hz. four-pole. V-connected induction motor has 
the following impedances in ohms per phase referred to the stator circuit: 

R t = 0.641 n 
XI = 1.106 n 

Rl = 0.332 n 
Xl = 0.464 n XM = 26.3 n 

The total rotational losses are 1100 W and are assumed to be constant. The core loss is 
lumped in with the rotational losses. For a rotor slip of 2.2 percent at the rated voltage and 
rated frequency. find the motor 's 

(a) Speed 

(b) Stator current 

(c) Power factor 

(d) P OO<IV and Pout 

(e) Tiad and Tiood 

(jJ Efficiency 

Solutioll 
The per-phase equivalent circuit of this motor is shown in Figure 7- 12. and the power-flow 
diagram is shown in Figure 7- 13. Since the core losses are Iwnped together with the fric
tion and windage losses and the stray losses. they will be treated like the mechanical losses 
and be subtracted after P coov in the power-flow diagram. 

(a) The synchronous speed is 

120 fe 
n,yDC = - P- = 129(60 Hz) _ 1800 r/ min 

4 poles 

The rotor 's mechanical shaft speed is 

nm = (I - s)n,yDC 

= (1 - 0.022XI800r/ min) = 1760r/ min 
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or w". = (1 - s)w.ry1tC 

= (1 - 0.022XI88.5rad/s) = 184.4rad/ s 

(b) To find the stator clUTent, get the equivalent impedance of the circuit. The first 
step is to combine the referred rotor impedance in parallel with the magnetiza
tion branch, and then to add the stator impedance to that combination in series. 
The referred rotor impedance is 

R, 
z, = - +jX2 , 

= 0.332 + '0 464 
0.022 J. 

= 15.00 + jO.464 [! = 15.IOLI.76° [! 

The combined magnetization plus rotor impedance is given by 

1 
Z/ = I/jXM + 1!L; 

= ~=~~1=~~ jO.038 + 0.0662L 1.76° 

1 
= 0.0773L 31.1 0 = 12.94L31.I O[! 

Therefore, the total impedance is 

z..,. = z. ... , + Z/ 

= 0.641 + j1.106 + 12.94L31.1° [! 

= 11.72 + j7.79 = 14.07L33.6° [! 

The resulting stator current is 

V 
I - ~ ,- z.. 

_ 266LO° V _ 
- 14.07 L33.6° [! -

(c) The power motor power factor is 

PF = cos 33.6° = 0.833 

(d) The input power to this motor is 

Pin = V3"VT h cos () 

18.88L - 33.6° A 

lagging 

= V3"(460 VX18.88 A)(0.833) = 12,530 W 

The stator copper losses in this machine are 

PSCL = 3/f R] 

= 3(18.88 A)2(0.64 I [!) = 685 W 

The air-gap power is given by 

PAG = P;n - PSCL = 12,530 W - 685 W = 11,845 W 

Therefore, the power converted is 

(7- 25) 
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P.:oov = (1 - S)PAG = (I - 0.022X11,845 W) = 11,585 W 

The power P"", is given by 

Pout = P.:oov - Prot = 11,585W - llOOW = 1O,485W 

( 
1 hp ) = 10,485 W 746 W = 14.1 hp 

(e) The induced torque is given by 

PAG 
Tind = -

w' )''''' 

11,845 W 
= 18S.5rad/s = 62.8 N om 

and the output torque is given by 

p-, 
Tload = 

10,485 W 
= 184.4 radls = 56.9 Nom 

(In English lUlits, these torques are 46.3 and 41.9 Ib-ft, respectively.) 
(jJ The motor's efficiency at this operating condition is 

p~ 
7f = R x 100% ,. 

10,485 W 
12530 W x 100% = 83.7% 

7.5 INDUCTION MOTOR TORQUE-SPEED 
CHARACTERISTICS 

How does the torque of an induction motor change as the load changes? How 
much torque can an induction motor supply at starting conditions? How much 
does the speed of an induction motor drop as its shaflload increases? To find out 
the answers to these and similar questions, it is necessary to clearly understand the 
relationships among the motor's torque, speed, and power. 

In the following material , the torque- speed re lationship will be examined 
first from the physical viewpoint of the motor's magnetic field behavior. TIlen, a 
general equation for torque as a fu nction of sli p wil I be derived from the induction 
motor equivalent circuit (Figure 7- 12). 

Induced Torque from a Physical Standpoint 

Figure 7-1 5a shows a cage rotor induction motor that is initially operating at no 
load and therefore very nearly at synchronous speed . llle net magnetic fie ld BDeI in 
this machine is produced by the magnetization current 1M flowing in the motor 's 
equivalent circuit (see Figure 7-1 2). The magnitude of the magnetization current 
and hence of BDeI is directly proportional to the voltage E). If E] is constant, then the 
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""GURE 7- 15 
(a) The magnetic fields in an induction motor under light loods. (b) The magnetic fields in an 
induction motor under heavy loads. 
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net magnetic fie ld in the motor is constant. In an actual machine, E l varies as the 
load changes, because the stator impedances Rl and Xl cause varying voltage drops 
with varying load. However, these drops in the stator wi ndi ngs are relatively small, 
so El (and hence 1M and Bo..) is approximalely constanl with changes in load . 

Figure 7-l 5a shows the induction motor at no load . At no load, the rotor 
slip is very smaJl, and so the relalive motion between the rotor and the magnetic 
fi e lds is very smaJi and the rotor frequency is also very small. Since the relative 
motion is smaJl , the voltage ER induced in the bars of the rotor is very smaJl, and 
the resulting currenl fl ow IR is small. Also, because the rotor frequency is so very 
small, the reactance of the rotor is nearly zero, and the maximum rotor currenl IR 

is almost in phase with the rotor voltage ER. TIle rotor current thus produces a 
small magnetic field DR at an angle just s lighlly greater than 90° behind the net 
magnetic fie ld Boe, . Notice that the stator current must be quite large even at no 
load, since it must supply most of Bne,. (TIlis is why inducti on motors have large 
no-load currents compared to other types of machines.) 

TIle induced torque, which keeps the rotor turning, is given by the equation 

(4-60) 

Its magnitude is given by 

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

Since the rotor magnetic field is very smaJl, the induced torque is also quite 
small- just large enough to overcome the motor 's rotational losses. 

Now suppose the inducti on motor is loaded down (Figure 7-15b). As the 
motor's load increases, its slip increases, and the rotor speed falls. Since the rotor 
speed is slower, there is now more relative motion between the rotor and the sta-
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tor magnetic fields in the machine. Greater relative motion produces a stronger ro
tor voltage ER which in turn produces a larger rotor current IR. With a larger rotor 
current , the rotor magnetic field DR also increases. However, the angle of the ro
tor current and DR changes as well. Since the rotor slip is larger, the rotor fre
quency rises (f, = st ), and the rotor's reactance increases (WLR). Therefore, the 
rotor current now lags further behind the rotor voltage, and the rotor magnetic 
field shifts with the current. Figure 7-15b shows the induction motor operating at 
a fairly high load. Notice that the rotor current has increased and that the angle 8 
has increased . The increase in BR tends to increase the torque, while the increase 
in angle 8 tends to decrease the torque (TiDd is proportional to sin 8, and 8 > 90°). 
Since the first effect is larger than the second one, the overall induced torq ue in
creases to supply the motor's increased load. 

When does an induction motor reach pullout torque? This happens when the 
point is reached where, as the load on the shaft is increased, the sin 8 tenn de
creases more than the BR tenn increases. At that point, a further increase in load 
decreases "TiDd, and the motor stops. 

It is possible to use a knowledge of the machine's magnetic fi e lds to approx
imately derive the output torque-versus-speed characteristic of an induction motor. 
Remember that the magnitude of the induced torque in the machine is given by 

(4-61) 

Each tenn in this expression can be co nsidered separately to derive the overall 
machine behavior. The individual tenns are 

L BR . TIle rotor magnetic field is directly proportional to the current fl owing in 
the rotor, as long as the rotor is unsaturated . TIle current fl ow in the rotor in
creases with increasing slip (decreasing speed) according to Equation (7-1 3). 
This current fl ow was plotted in Figure 7-11 and is shown again in Fig
ure 7-16a. 

2. B"",. The net magnetic field in the motor is proportional to E] and therefore is 
approximately constant (E ] actually decreases with increasing current flow, 
but this effect is small compared to the other two, and it will be ignored in 
this graphical development). TIle curve for B"", versus speed is shown in Fig
ure 7-16b. 

3. sin 8. TIle angle 8 between the net and rotor magnetic fields can be expressed 
in a very useful way. Look at Figure 7-15b. In this figure, it is clear that the 
angle 8 is just equal to the power-factor angle of the rotor plus 90°: 

(7-38) 

TIlerefore, sin 8 = sin (OR + 90°) = cos OR. TIlis tenn is the power factor of 
the rotor. The rotor power-factor angle can be calculated from the equation 

(7-39) 
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The resulting rotor power factor is given by 

PFR = cos (JR 

FlGURE 7- 16 
Grapltical development of an induction 
motor torque-speed cltaT3cteristic. 
(a) Plot of rotor current (and titus IURI ) 
versus speed for an induction motor; 
(b) plot of net magnetic field versus 
speed for the motor; (c) plot of rotor 
power factor versus speed for the 
motor; (d) the resulting torque-speed 
characteristic. 

PF = cos (tan -
1SXRQ

) , R, (7-40) 

A plot of rotor power factor versus speed is shown in Figure 7-1 6c . 

Since the induced torque is proportional to the product of these three tenns, 
the torque-speed characteristic of an induc ti on motor can be constructed from the 
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graphical multiplication of the previous three plots (Figure 7-1 6a to c). 1lle 
torq ue-speed characteristic of an induction motor derived in this fashion is shown 
in Figure7-16d. 

This characteristic curve can be di vided roughly into three regions. The first 
region is the low-slip region of the curve. In the low-slip region, the motor slip in
creases approximately linearly with increased load, and the rotor mechanical 
speed decreases approximately linearly with load . In this region of operation, the 
rotor reactance is negligible, so the rotor power factor is approximately unity, 
whi le the rotor current increases Ii nearly with slip. The entire normnl steady-state 
operating range of an induction motor is included in this linear low-slip region. 
Thus in normal operation, an induction motor has a linear speed droop. 

The second region on the induction motor's curve can be called the 
moderate-slip region . In the moderate-sli p region, the rotor freq uency is higher 
than before, and the rotor reactance is on the same order of magnitude as the rotor 
resistance. In this region, the rotor current no longer increases as rapid ly as before, 
and the power factor starts to drop. TIle peak torque (the pullout torque) of the 
motor occurs at the point where, for an incremental increase in load, the increase 
in the rotor current is exactly balanced by the decrease in the rotor power factor. 

The third region on the induction motor 's curve is called the high-slip re
gion. In the high-slip region, the induced torque actual ly decreases with increased 
load, since the increase in rotor current is completely overshadowed by the de
crease in rotor power factor. 

For a typical induction motor, the pullout torque on the curve will be 200 to 
250 percent of the rated fu ll-load torque of the machine, and the starting torque (the 
torque at zero speed) will be 150 percent or so of the fu ll-load torque. Unlike a syn
chronous motor, the induction motor can start with a fuJI load attached to its shaft. 

The Derivation of the Induction Motor 
Induced-Torque Equation 

It is possible to use the eq ui valent circuit of an induction motor and the power
flow diagram for the motor to derive a general expression for induced torque as a 
function of speed . The induced torq ue in an induction motor is given by Equation 
(7- 35) or (7- 36) : 

(7- 35) 

(7- 36) 

The latter equation is especially useful, since the synchronous speed is a constant 
for a given frequency and number of poles. Since w' ync is constant, a knowledge 
of the air-gap power gives the induced torque of the motor. 

The air-gap power is the power crossing the gap from the stator circuit to 
the rotor circuit. It is equal to the power absorbed in the resistance R2! s. How can 
this power be found? 
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Refer to the equivalent circuit given in Figure 7-17. In this figure, the air
gap power supplied to one phase of the motor can be seen to be 

, R, 
PAG.t4> = 12s 

Therefore, the total air-gap power is 

_ 2 R2 
PAG -312 , 

If / l can be determined, then the air-gap power and the induced torque will be 
known. 

Although there are several ways to solve the circuit in Figure 7-1 7 for the cur
rent l l, perhaps the easiest one is to detennine the lllevenin equivalent of the por
tion of the circuit to the left of the X's in the fi gure. Thevenin's theorem states that 
any linear circuit that can be separated by two tenninals from the rest of the system 
can be replaced by a single voltage source in series with an equivalent impedance. 
If this were done to the induction motor eq ui valent circuit, the resulting circuit 
would be a simple series combination of elements as shown in Figure 7-1 8c. 

To calculate the lllevenin equivalent of the input side of the induction motor 
equivalent circuit, first open-circuit the terminals at the X's and fmd the resulting 
open-circuit voltage present there. lllen, to find the Thevenin impedance, kill 
(short-circuit) the phase voltage and find the Zeq seen " looking" into the tenninals. 

Figure 7-1 8a shows the open tenninals used to find the Thevenin voltage. 
By the voltage divider rule, 

ZM 
VTH = V4> Z + Z M , 

= V jXM 
4>R t + jX] + jXM 

llle magnitude of the Thevenin voltage Vru is 

(7-4 I a) 
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FIGURE 7- 18 
(a) The Thevenin equivalent voltage of an induction ntotor input circuit. (b) The Thevenin equivalent 
impedance of the input circuit. (c) The resulting simplified equivalent circuit of an induction motor. 

Since the magnetization reactance XM » X] and XM » RJ, the magnitude of the 
Thevenin voltage is approximately 

(7-4 (b) 

to quite good accuracy. 
Figure 7-1 8b shows the input circuit with the input voltage source killed. 

The two impedances are in paralle l, and the TIlevenin impedance is given by 

ZIZM 
ZTH = Z l + ZM (7-42) 

This impedance reduces to 
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(7-43) 

Because XM » Xl and XM + Xl »Rb the TIlevenin resistance and reactance are 
approximately given by 

(7-44) 

(7-45) 

TIle resulting equivalent circuit is shown in Figure 7-1 8c. From this circuit, 
the current 12 is given by 

VTH 
12 = ZTH +2; 

_ ~~~~V~TH!lL~~~ 
Rrn + R2/ s + jXTH + jX2 

The magnitude of this current is 

VTH 

/2 = Y(RTH + R2/sP + (Xrn + X2)2 

TIle air-gap power is therefore given by 

R, 
P = 3[ 2 -

AG 2 S 

= (Rrn + R2/si + (Xrn + X2)2 

and the rotor-induced torque is given by 

PAG 
T;nd=w 

~oc 

(7-46) 

(7-47) 

(7-48) 

(7-49) 

(7- 50) 

A plot of induction motor torque as a function of speed (and slip) is shown 
in Figure 7-1 9, and a plot showing speeds both above and below the normal mo
tor range is shown in Figure 7- 20. 

Comments on the Induction Motor 
Torque-Speed Curve 

TIle induction motor torque-speed characteristic curve plotted in Figures 7-1 9 
and 7- 20 provides several important pieces ofinfonnation about the operation of 
induction motors . TIlis infonnation is summarized as follows: 
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FIGURE 7-19 
A typical induction motor torque-speed characteristic curve. 

I. 1lle induced torque of the motor is. zero at synchronous speed. 1llis fact has 
been discussed previously. 

2. 1lle torque- speed curve is nearly linear between no load and full load. In this 
range, the rotor resistance is much larger than the rotor reactance, so the ro
tor current , the rotor magnetic fi e ld, and the induced torque increase linearly 
with increasing slip. 

3. There is a maximum possible torque that cannot be exceeded. nlis torque, 
called the pullout torque or breakdown torque, is 2 to 3 times the rated full 
load torque of the motor. The next section of this chapter contains a method 
for calculating pullout torque. 

4. 1lle starting torque on the motor is slightly larger than its full -load torq ue, so 
this motor will start carrying any load that it can supply at fu ll power. 

5. Notice that the torq ue on the motor for a given slip varies as the square of the 
applied voltage. nli s fact is useful in one fonn of induction motor speed con
trol that will be described later. 

6. If the rotor of the induction motor is driven faster than synchronous speed, 
then the direction of the induced torque in the machine reverses and the ma
chine becomes a generator, converting mechanical power to e lectric power. 
1lle use of induction machines as generators will be described later. 
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Induction motor torque-speed characteristic curve. showing the extended operating ranges (braking 
region and generator region). 

7. If the motor is turning backward relative to the direction of the magnetic fi e lds, 
the induced torque in the machine will stop the machine very rapidly and will 
try to rotate it in the other direction. Since reversing the direction of magnetic 
fi e ld rotation is simply a matter of switching any two stator phases, this fact 
can be used as a way to very rapidl y stop an induction motor. The act of 
switching two phases in order to stop the motor very rapid ly is called plugging. 

TIle power converted to mechanical fonn in an induction motor is equal to 

and is shown plotted in Figure 7- 21. Noti ce that the peak power supplied by the 
induction motor occurs at a different speed than the maximum torque ; and, of 
course, no power is converted to mechanical fonn when the rotor is at zero speed . 

Maximum (pullout) Torque in an Induction Motor 

Since the induced torque is equal to PAG/ w'Y"'" the maximum possible torque oc
curs when the air-gap power is maximum. Since the air-gap power is equal to the 
power consumed in the resistor R2 /s, the maximum induced torque will occur 
when the power consumed by that resistor is maximum. 
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FIGURE 7-21 
Induced torque and power convened versus motor speed in revolutions per minute for an example 
four-pole induction motor. 

When is the power supplied to Rl/s at its maximum? Refer to the simplified 
equivalent circuit in Figure 7- 18c. In a situation where the angle of the load im
pedance is fixed, the maximum power transfer theorem states that maximum 
power transfer to the load resistor Rll s wi l I occur when the magnitude of that im
pedance is equal to the magnitude of the source impedance. TIle equivalent source 
impedance in the circuit is 

Zsoun:c = RTH + jXTH + jX2 

so the maximum power transfer occurs when 

R -i- = YRfH + (XTH + Xii 

(7- 51) 

(7- 52) 

Solving Equation (7- 52) for slip, we see that the slip at pullout torque is given by 

(7- 53) 

Notice that the referred rotor resistance Rl appears only in the numerator, so the 
slip of the rotor at maximum torque is direct ly proportional to the rotor resistance. 
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""GURE 7- 22 
The effect of varying rotor resistance on the torque-.\peed characteristic of a wound-rotor induction 
motor. 

TIle value of the maximum torque can be found by inserting the expression 
for the slip at maximum torque into the torque equation [Equation (7- 50)]. TIle re
sulting equation for the maximum or pullo ut torque is 

(7- 54) 

TIlis torque is proportional to the sq uare of the supply voltage and is also in
versely re lated to the size of the stat or impedances and the rotor reactance. The 
smaller a machine's reactances, the larger the maximum torque it is capable of 
achieving. Note that slip at which the maximum torque occurs is directly propor
tional to rotor resistance [Equation (7- 53)], but the value of the maximum torque 
is independent of the value of rotor resistance [Equation (7- 54)]. 

TIle torque-speed characteristic for a wound-rotor induction motor is shown 
in Figure 7- 22. Recall that it is possible 1.0 insert resistance into the rotor circuit 
of a wound rotor because the rotor circuit is brought out to the stator through slip 
rings. Notice on the fi gure that as the rotor resistance is increased, the pullout 
speed of the motor decreases, but the maximum torque remains constant. 
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It is possible to take advantage of this characteristic of wound-rotor induc
tion motors to start very heavy loads. If a resistance is inserted into the rotor cir
cuit , the maximum torq ue can be adjusted to occur at starting conditions. There
fore, the maximum possible torq ue would be available to start heavy loads. On the 
other hand, once the load is turning, the extra resistance can be removed from the 
circuit , and the maximum torque will move up to near-synchronous speed for reg
ular operation. 

Example 7-4. A two-pole, 50-Hz induction motor supplies 15 kW to a load at a 
speed of 2950 r/min. 

(a) What is the motor 's slip? 
(b) What is the induced torque in the motor in Nom under these conditions? 
(c) What will the operating speed of the motor be if its torque is doubled? 
(d) How much power will be supplied by the motor when the torque is doubled? 

Solution 
(a) The synchronous speed of this motor is 

= 120f,. = 120(50 Hz) = 30CXl r / min 
n.yDC P 2 poles 

Therefore, the motor's slip is 

= 3000r/min - 29.50 r / min(x 100%) 
3(x)() rl mm 

= 0.0167 or 1.67% 

(7-4) 

(b) The induced torque in the motor must be assruned equal to the load torque, and 
P OO/IiV must be assumed equal to P load' since no value was given for mechanical 
losses. The torque is thus 

~oov 
TiDd =W-

m 

~~~~~15~k~W~c.-~~-c 
= (2950 r/ minX27Trad/ rXI min/60 s) 

= 48.6N o m 

(c) In the low-slip region, the torque-speed curve is linear, and the induced torque 
is directly proportional to slip. Therefore, if the torque doubles, then the new 
slip will be 3.33 percent. The operating speed of the motor is thus 

11m = (1 - s)n.yDC = (1 - 0.0333X3000r/min) = 2900 r / min 

(d) The power supplied by the motor is given by 

= (97.2 N 0 m)(2900 r / minX27Trad/ rXI minI 60 s) 

= 29.5 kW 
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Example 7-5. A460-V. 25-hp. 60-Hz. four-pole. Y-cOIlllected wOlUld-rotor induc
tion motor has the following impedances in ohms per phase referred to the stator circuit: 

Rl = 0.641 0 
Xl = 1.106 0 

R2 = 0.3320 
X2 = 0.4640 XM = 26.3 0 

(a) What is the maximrun torque of this motor? At what speed and slip does it 
occur? 

(b) What is the starting torque of this motor? 

(c) When the rotor resistance is doubled. what is the speed at which the maximum 
torque now occurs? What is the new starting torque of the motor? 

(d) Calculate and plot the torque-speed characteristics of this motor both with the 
original rotor resistance and with the rotor resistance doubled. 

Solutioll 
The Thevenin voltage of this motor is 

(7-4la) 

The Thevenin resistance is 

(7-44) 

J 26.3 n )' 
- (0.641 0-'\1.1060 + 26.3 0 = 0.590 0 

The Thevenin reactance is 

XTH - Xl = 1.106 0 

(a) The slip at which maximum torque occurs is given by Equation (7- 53): 

R, 
Smax = ~VijRijfu=cc+c=i(X~rn"=,,+=x~~' (7- 53) 

0.3320 = =0.198 
Y(0.590 0)1 + (1.106 0 + 0.464 0)2 

This corresponds to a mechanical speed of 

nm = (I - S)n,yDC = (I - 0.198)(l800r/min) = 1444r/ min 

The torque at this speed is 

~--,"--c-ce3,Vfl"~cc==C=~" 
Trrw; = 2W'YDC[RTH + YRfu + (XTH + X;l2 ] 

= 3(255.2 V)2 

(7- 54) 

2(188.5 rad /s)[O.590 0 + Y(0.590 O)l + (1.106 0 + 0.464 0)2] 

= 229N om 
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(b) The starting torque of this motor is found by setting s = I in Equation (7- 50): 

3ViHRl 
T,tan= W I(R +R)'+(X +X)'l 

'YDC TH 2 rn 2 

_ 3(255.2 V)1:0.3320) 
- (188.5 rad/s)[(0.590 0 + 0.3320)2 + (1.I()5 0 + 0.464 0)2] 

= I04N om 

(c) If the rotor resistance is doubled, then the slip at maximwn torque doubles, too. 
Therefore, 

Smax = 0.396 

and the speed at maximum torque is 

nm = (I - s)n.yDC = (1 - 0.396)(1800 r /min) = 1087 r /min 

The maximum torque is still 

Trrw; = 229 Nom 

The starting torque is now 

_ 3(255.2 V)2(0.664 0) 
Tot"" - (188.5 rad/s)[(0.590.n + 0.6640)2 + (1.106 0 + 0.4640)2] 

= 170 Nom 

(d) We will create a MATLAB M-file to calculate and plot the torque-speed char
acteristic of the motor both with the original rotor resistance and with the dou
bled rotor resistance. The M-file will calculate the Thevenin impedance using 
the exact equations for Vlll and Zrn [Equations (7-4la) and (7-43)] instead of 
the approximate equations, because the computer can easily perfonn the exact 
calculations. It will then calculate the induced torque using Equation (7- 50) and 
plot the results. The resulting M-file is shown below: 

% M-file, t o rque_speed_curve.m 

% M-file c reate a p l o t o f the t o rque- speed c u rve o f the 
% ind u c tio n mo t o r o f Exampl e 7 - 5. 

% Fir s t , initia liz e the va lues needed in thi s program. 
rl = 0.641; % Stat o r res i s tance 
xl = 1.10 6; % Stat o r r eactance 
r2 = 0.332; % Rotor r es i s tance 
x2 = 0.464, 
xm = 26.3, 
v-ph ase = 460 / sqrt (3) , 
n_syn c = 1800, 
w_syn c = 188.5; 

% Ca l c ulate the Thevenin 
% 7 - 41a a n d 7 - 43. 
v_th 0 v-ph ase • ( = I 

% Rotor r eactance 
% Magne tizati o n bran c h r eactance 
% Phase volt age 
% Syn chro n ou s speed ( r / min ) 
% Sy n chro n ou s speed ( rad /s) 

vo lt age and impedance fro m Equat i ons 

sqrt (rl " 2 • (xl • xm )" 2 ) I ; , " 0 ( ( j*xm ) • (d • - j*xl ) ) I (r1 • j * (xl • xm ) ) , 

r -" 0 real ( z_ th ) , 

x -" 0 imag ( z_ th ) , 
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~ Now ca l c ulate the t o rqu e- speed chara c teri s ti c f or many 
~ s lips between 0 and 1. Not e that the fir s t s lip value 
~ i s set t o 0.00 1 ins tead of exact l y 0 to avoi d d i v i de
~ by-zero probl ems. 
s = (0 ,1,50 ) / 50; 
s( l ) = 0 . 001; 

% Slip 

run = (1 - s) * n_sync; % Mech a ni cal speed 

~ Ca l c ulate t o rque f o r o riginal rotor r es i s tance 
f o r ii = 1,51 

t _ indl (U ) = (3 * v_th" 2 * r2 / s (U )) / ... 
(w_sync * (( r _ th + r2 / s (ii )) " 2 + (x_th + x2 ) " 2 ) ) ; 

ond 

~ Ca l c ulate t o rque f o r doubl ed roto r r es i s tance 
f o r ii = 1,51 

t _ ind2 (U ) = (3 * v_th" 2 * (2*r2 ) / s( U )) / ... 
(w_sync " (( r _ th + (2*r2 )/s( U ))" 2 + (x_th + x2 )" 2 ) ) ; 

ond 

~ Plo t the t o rque- speed c urve 
p l o t (run , t _ indl, ' Co l or' , 'k' , 'LineWi dth ' ,2 . 0); 
h o l d on; 
p l o t (nm , t _ ind2, ' Co l or', 'k' , 'LineWi dth ' ,2.0, 'LineStyl e ' , '-. ' ) ; 
x l abe l ( ' \ itn_( m)' , 'Pontwei ght' , 'Bo l d ' ) ; 
y l abe l ( ' \ tau_( ind) ' , 'Pontwei ght' , 'Bo l d ' ) ; 
title ( 'Ind uc tio n mo t o r t o rque- speed c harac teri s ti c ' , ... 

'Pontwe i ght' , 'Bo l d ' ) ; 
l egend ( ' Original R_(2) ' , 'Doubled R_(2} ' ) ; 
gri d on; 
h o l d o ff ; 

The resulting torque-speed characteristics are shown in Figure 7- 23 . Note that the peak 
torque and starting torque values on the curves match the calculations of parts (a) through 
(c). Also. note that the starting torque of the motor rose as R2 increased. 

7.6 VARIATIONS IN INDUCTION MOTOR 
TORQUE-SPEED CHARACTERISTICS 

Section 7.5 contained the derivation of the torque-speed characteristic for an 
induction motor. In fact, several characteristic curves were shown, depending on 
the rotor resistance. Example 7- 5 illustrated an inducti on motor designer 's 
dilemma-if a rotor is designed with high resistance, then the motor 's starting 
torque is quite high, but the slip is also quite high at normal operating conditions. 
Recall that P C<X1V = ( I - s)p AG, so the higher the slip, the smaller the fraction of 
air-gap power actually converted to mechanicalfonn, and thus the lower the mo
tor 's e ffi ciency. A motor with high rotor resistance has a good starting torque but 
poor e ffi ciency at nonnal operating conditions. On the other hand, a motor with 
low rotor resistance has a low starting torque and high starting current, but its e f
fi ciency at nonnal operating conditions is quite high. An induction motor designer 
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Torque-speed characteristics for the motor of Example 7- 5. 
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is forced to compromise between the conflicting req uirements of high starting 
torque and good efficiency. 

One possible solution to this difficulty was suggested in passing in Section 
7.5: use a wound-rotor induction motor and insert extra resistance into the rotor 
during starting. 1lle extra resistance could be complete ly removed for better effi
ciency during nonnal operation. Unfort unate ly, wound-rotor motors are more ex
pensive, need more maintenance, and require a more complex automatic control 
circuit than cage rotor motors. Also, it is sometimes important to completely seal 
a motor when it is placed in a hazardous or explosive environment, and this is eas
ier to do with a completely self-contained rotor. It would be nice to fi gure out 
some way to add extra rotor resistance at starting and to remove it during normal 
running without slip rings and without operator or control circuit inteTYention. 

Figure 7- 24 illustrates the desired motor characteristic. 1llis fi gure shows 
two wound-rotor motor characteristics, one with high resistance and one with low 
resistance. At high slips, the desired motor should behave like the high-resistance 
wound-rotor motor curve; at low slips, it should behave like the low-resistance 
wound-rotor motor curve. 

Fortunate ly, it is possible to accomplish just this effect by properly taking 
advantage of leakage reactance in inducti on motor rotor design. 

Control of Motor Char acteristics 
by Cage Rotor Design 

The reactance Xl in an induction motor equivalent circuit represents the referred 
fonn of the rotor's leakage reactance. Recall that leakage reactance is the reac
tance due to the rotor nux lines that do not also couple with the stator windings. In 
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""GURE 7-14 
A torque-speed characteristic curve combining high-resistance effects at low speeds (high slip) with 
low-resistance effects at high speed (low slip). 

general, the farther away from the stator a rotor bar or part of a bar is, the greater 
its leakage reactance, since a smaller percentage of the bar's flux will reach the sta
tor. Therefore , if the bars of a cage rotor are placed near the surface of the rotor, 
they will have only a small leakage flux and the reactance Xl will be small in the 
equivalent circuit. On the other hand, if the rotor bars are placed deeper into the ro
tor surface, there will be more leakage and the rotor reactance X2 will be larger. 

For example, Figure 7- 25a is a photograph of a rotor lamination showing 
the cross section of the bars in the rotor. The rotor bars in the fi gure are quite large 
and are placed near the surface of the rotor. Such a design will have a low resis
tance (due to its large cross section) and a low leakage reactance and Xl (due to 
the bar's location near the stator). Because of the low rotor resistance, the pullout 
torque will be quite near synchronous speed [see Equation (7- 53)], and the motor 
will be quite efficient. Remember that 

P.,oo¥ = ( I - s)PAG (7- 33) 

so very little of the air-gap power is lost in the rotor resistance. However, since Rl 
is small, the motor 's starting torque will be small, and its starting current will be 
high. TIli s type of design is called the National Electrical Manufacturers Associa
tion (NEMA) design class A. It is more or less a typical induction motor, and its 
characteristics are basically the same as th ose of a wound-rotor motor with no ex
tra resistance inserted. Its torque-speed characteristic is shown in Figure 7- 26. 

Figure 7- 25d, however, shows the cross section of an induction motor rotor 
with smnll bars placed near the surface of the rotor. Since the cross-sectional area 
of the bars is small , the rotor resistance is relatively high. Since the bars are lo
cated near the stator, the rotor leakage reactance is still small. This motor is very 
much like a wound-rot or inducti on motor with extra resistance inserted into the 
rotor. Because of the large rotor resistance, this motor has a pullout torque occur-
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,,' ,b, 

'e' ,d, 
FIGURE 7-1.5 
Laminations from typical cage induction motor rotors. showing the cross section of the rotor bars: 

(a) NEMA design class A- large bars near the surface; (b) NEMA design class B- large, deep rotor 
bars; (e) NEMA design class C--double-cage rotor design; (d) NEMA desisn class D-small bars 
near the surface. (Counesy of MagneTek, Inc. ) 

ring at a high slip, and its starting torque is quite high. A cage motor with this type 
of rotor construction is called NEMA design class D. Its torque-speed character
istic is also shown in Figure 7- 26 . 

Deep-Bar and Double-Cage Rotor Designs 

Both of the previous rotor designs are essentially similar to a wound-rotor motor 
with a sct rotor resistance . How can a variable rotor resistance be produced to 
combine the high starting torque and low starting current of a class 0 design with 
the low nonnal operating slip and high efficiency of a class A design? 
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FIGURE 7-16 
Typical torque-speed curves for different 
rotor designs. 

Ii is possible to produce a variable rotor resistance by the use of deep rotor 
bars or double-cage rotors. TIle basic concept is illustrated with a deep-bar rotor 
in Figure 7-27. Figure 7-27a shows a current flowing through the upper part ofa 
deep rotor bar. Since current fl owing in that area is tightly coupled to the stator, 
the leakage inductance is small for this region. Figure 7-27b shows current fl ow
ing deeper in the bar. Here, the leakage inductance is higher. Since all parts of the 
rotor bar are in parallel e lectrically, the bar essentially represents a series of par
allel electric circuits, the upper ones having a smaller inductance and the lower 
ones having a larger inductance (Figure 7- 27c) . 

At low slip, the rotor's frequency is very small, and the reactances of all the 
parallel paths through the bar are small co mpared to their resistances. The imped
ances of all parts of the bar are approximately equal, so current flows through all 
parts of the bar eq ually. The resulting large cross-sectional area makes the rotor 
resistance quite small, resulting in goOO efficiency at low slips. At high slip (start
ing conditions), the reactances are large compared to the resistances in the rotor 
bars, so all the current is forced to flow in the low-reactance part of the bar near 
the stator. Since the effective cross section is lower, the rotor resistance is higher 
than before. With a high rotor resistance at starting conditions, the starting torque 
is relatively higher and the starting current is relatively lower than in a class A de
sign. A typical torque-speed characteristic for this construction is the design class 
B curve in Figure 7- 26. 

A cross-sectional view of a double-cage rotor is shown in Figure 7- 25c. Ii 
consists of a large, low-resistance set of bars buried deeply in the rotor and a 
small, high-resistance set of bars set at the rotor surface . Ii is similar to the deep
bar rotor, except that the difference between low-slip and high-slip operation is 
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Flux linkage in a deep-bar rotor. (a) For a current flowing in the top of the bar. the flux is tightly 
linked to the stator. and leakage inductance is small; (b) for a current flowing in the bottom of the 
bar. the flux is loosely linked to the stator. and leakage inductance is large; (c) resulting equivalent 
circuit of the rotor bar as a function of depth in the rotor. 

even more exaggerated. At starting conditions, only the small bar is effective, and 
the rotor resistance is quite high. This high resistance results in a large starting 
torque. However, at normal operating speeds, both bars are effective, and the re
sistance is almost as low as in a deep-bar rotor. Double-cage rotors of this sort are 
used to produce NEMA class 8 and class C characteristics. Possible torque-speed 
characteristics for a rotor of this design are designated design class 8 and design 
class C in Figure 7- 26. 

Double-cage rotors have the disadvantage that they are more expensive than 
the other types of cage rotors, but they are cheaper than wound-rotor designs. TIley 
allow some of the best features possible with wound-rotor motors (high starting 
torque with a low starting current and go<Xl effi ciency at nonnal operating condi
tions) at a lower cost and without the need of maintaining slip rings and brushes. 

Induction M otor Design C lasses 

It is possible to produce a large variety oftorque-speed curves by varying the ro
tor characteristics of induction motors. To help industry select appropriate motors 
for varying applications in the integral-horsepower range, NEMA in the United 
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States and the International Electrotechni cal Commission (IEC) in Europe have 
defined a series of standard designs with different torque- speed curves . TIlese 
standard designs are referred to as design classes, and an individual motor may be 
referred to as a design class X motor. It is these NEMA and IEC design classes 
that were referred to earlier. Figure 7-26 shows typical torque-speed curves for 
the four standard NEMA design classes. The characteristic features of each stan
dard design class are given below. 

DESIGN CLASS A. Design class A motors are the standard motor design, with a 
normal starting torque, a nonnal starting current, and low slip. TIle full-load slip 
of design A motors must be less than 5 percent and must be less than that of a de
sign B motor of equivalent rating. TIle pullout torque is 200 to 300 percent of the 
full-load torque and occurs at a low slip (less than 20 percent). TIle starting torq ue 
of thi s design is at least the rated torque for larger motors and is 200 percent or 
more of the rated torque for smaller motors. TIle principal problem with this de
sign class is its extremely high inrush current on starting. Current fl ows at starting 
are typically 500 to 800 percent of the rated current. In sizes above about 7.5 hp, 
some form of reduced-voltage starting mu st be used with these motors to prevent 
voltage dip problems on starting in the power system they are connected to. In the 
past, design class A motors were the standard design for most applications below 
7.5 hp and above about 200 hp, but they have largely been replaced by design 
class 8 motors in recent years. Typical applications for these motors are driving 
fans, blowers, pumps, lathes, and other machine tools. 

DESIGN CLASS B. Design class 8 motors have a nonnal starting torque, a lower 
starting current, and low slip. TIlis motor produces about the same starting torque as 
the class A motor with about 25 percent less current. TIle pullout torque is greater 
than or equal to 200 percent of the rated load torque, but less than that of the class A 
design because of the increased rotor reactance. Rotor slip is still relatively low (less 
than 5 percent) at full load. Applications are similar to those for design A, but design 
B is preferred because of its lower starting-current requirements. Design class 8 
motors have largely replaced design class A motors in new installations. 

DESIGN CLASS C. Design class C motors have a high starting torque with low 
starting currents and low slip (less than 5 percent) at full load. TIle pullout torque 
is slightly lower than that for class A motors, while the starting torque is up to 250 
percent of the full-load torque. TIlese motors are built from double-cage rotors, so 
they are more expensive than motors in the previous classes. They are used for 
high-starting-torque loads, such as loaded pumps, compressors, and conveyors. 

DESIGN CLASS D. Design class D motors have a very high starting torque (275 
percent or more of the rated torque) and a low starting current, but they also have 
a high slip at full load. TIley are essentially ordinary class A induction motors, but 
with the rotor bars made smaller and with a higher-resistance material. The high 
rotor resistance shifts the peak torque to a very low speed . It is even possible for 
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FIGURE 7-18 
Rotor cross section. showing the construction of the former design class F induction motor. Since the 
rotor bars are deeply buried. they have a very high leakage reactance. The high leakage reactance 
reduces the starting torque and current of this motor. so it is called a soft-start design. (Courtesy of 
MagneTek, Inc.) 

the highest torque to occur at zero speed ( 100 percent sli p). Full-load sli p for these 
motors is quite high because of the high rotor resistance. It is typicall y7 to II per
cent. but may go as high as 17 percent or more. These motors are used in applica
tions requiring the acceleration of extremely high-inertia-type loads, especially 
large flywheels used in punch presses or shears. In such applications, these motors 
gradually accelerate a large fl ywheel up to full speed, which then drives the 
punch. After a punching operation, the motor then reaccelerates the flywheel over 
a fairly long time for the next operation. 

In addition to these four design classes, NEMA used to recognize design 
classes E and F, which were called soft-start induction motors (see Figure 7- 28). 
These designs were distinguished by having very low starting currents and were 
used for low-starling-torque loads in situations where starting currents were a 
problem. 1l1ese designs are now obsolete. 
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Example 7-6. A460-V. 30-hp. 60-Hz. four-pole. V-connected induction motor has 
two possible rotor designs. a single-cage rotor and a double-cage rotor. (The stator is iden
tical for either rotor design.) The motor with the single-cage rotor may be modeled by the 
following impedances in ohms per phase referred to the stator circuit: 

Rl = 0.641 0 
Xl = 0.750 0 

Rl = 0.3000 
Xl = 0.5000 XM = 26.3 0 

The motor with the double-cage rotor may be modeled as a tightly coupled. high
resistance outer cage in parallel with a loosely coupled. low-resistance inner cage (similar 
to the structure of Figure 7- 25c). The stator and magnetization resistance and reactances 
will be identical with those in the single-cage design. 

The resistance and reactance of the rotor outer cage are: 

Ru, = 3.200 0 Xu, = 0.500 0 

Note that the resistance is high because the outer bar has a small cross section. while the re
actance is the same as the reactance of the single-cage rotor. since the outer cage is very 
close to the stator. and the leakage reactance is small. 

The resistance and reactance of the inner cage are 

Ru = 0.400 0 Xu = 3.300 0 

Here the resistance is low because the bars have a large cross-sectional area. but the leak
age reactance is quite high. 

Calculate the torque-speed characteristics associated with the two rotor designs. 
How do they compare? 

Solutio" 
The torque-speed characteristic of the motor with the single-cage rotor can be calculated 
in exactly the same manner as Example 7- 5. The torque-speed characteristic of the motor 
with the double-cage rotor can also be calculated in the same fashion. except that at each 
slip the rotor resistance and reactance will be the parallel combination of the impedances 
of the iIiller and outer cages. At low slips. the rotor reactance will be relatively lUlimportant. 
and the large inner cage will playa major part in the machine's operation. At high slips. the 
high reactance of the inner cage almost removes it from the circuit. 

A MATLAB M-ftle to calculate and plot the two torque-speed characteristics is 
shown below: 

~ M-file: t o rque_speed_2. m 
~ M-file c reate and p l o t of the torque - speed 
~ i nduc t i o n mo t o r wi th a doubl e - cage rotor 

curve o f an 
des i gn. 

~ Fir s t , i nit i a li ze 
rl = 0.64 1; 

" 0 0.750; 

e' 0 0.300; 

e2i 0 0.400; 

e' o 0 3.200; 

" 0 0.500; 

the va l u es n eeded i n thi s program. 
% Stato r r es i s tance 

• Stato r r eactance 

• Rotor r es i s tance foe s i ngl e -

• cage motor 

• Rotor r es i s tance f oe i nner 

• cage of doubl e - cage mo t o r 

• Rotor r es i s tance foe outer 

• cage of doubl e - cage mo t o r 

• Rotor r eactance foe s i ngl e -

• cage motor 



x2 i = 3.300; 

x20 = 0.500; 

xm = 26.3; 
v-ph ase = 460 / sqrt (3) ; 
n_syn c = 1 800; 
w_syn c = 1 88.5; 

% Ca l c ula t e the Thevenin 
% 7 - 4 1a a n d 7 - 43. 
v_th 0 v-ph ase • ( = I 
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~ Ro t o r r eact a nce f o r inne r 
~ c age o f dou b l e - cage mo t o r 
~ Ro t o r r eact a nce f o r o ut e r 
~ c age o f dou b l e - cage mo t o r 
~ Magn e ti zatio n b r a n c h r eac t a n ce 
~ Phase vo lt age 
~ Syn c hro n o u s speed (r / min ) 
% Syn c hro n o u s speed (r ad / s) 

vo lt age a n d impedance fro m Eq u a tio n s 

sqrt (rl " 2 • (x l • xm ) " 2 ) I ; , " 0 ( ( j *xm ) • (d • - j *xl ) ) I (r1 • j * (x l • xm ) ) ; 
r -" 0 r ea l ( z_ th ) ; 
x -" 0 imag ( z_ th ) ; 

% Now ca l c ula t e the mo t o r speed f o r ma ny s lips bet ween 
% 0 a n d 1. No t e tha t the fir s t s lip va lue i s set t o 
% 0.00 1 in s t ead o f exactly 0 t o avo i d d i v i de - by- ze r o 
% p r obl e ms. 

% Slip s = ( 0, 1 ,50 ) / 50; 
s( l ) = 0.00 1 ; % Avoi d d i v i s i o n-by- zer o 
run = ( 1 - s) * n_sync; % Mech a ni cal speed 

% Ca l c ula t e t o r q u e f o r the s ing l e - cage r o t o r . 
f o r ii = 1 ,5 1 

t _ ind l ( ii ) = (3 * v_th" 2 * r 2 / s( ii )) / ... 
(w_syn c * (( r _ th + r 2 / s( ii ))" 2 + (x_ th + x2 )" 2 ) ) ; 

e o d 

% Ca l c ula t e r es i s t a nce a n d r eact a nce o f the dou b l e - cage 
% r o t o r a t thi s s lip, a n d the n u se those va lues t o 
% ca l c ula t e the ind uced t o r q ue. 
f o r ii = 1 :5 1 

L r 0 1 / ( r 2 i • j *s ( ii ) *x2 i ) • 1 / (r 20 • j *s (ii ) *x2o ) ; , - r 0 l / y_r ; • Eff ective r o t o r impedan ce 
r 2e ff 0 r ea l ( z_ r ) ; • Eff ective r o t o r r es i s t a n ce 
x2e ff 0 imag ( z_ r ) ; • Eff ective r o t o r r eac t a n ce 

~ Ca l c ula t e ind uced t o r q u e f o r dou b l e - cage r o t o r . 
t _ ind2 ( ii ) = (3 * v_th" 2 * r 2e ff / s( ii )) / ... 

(w_syn c * (( r _ th + r 2e f f/s (ii ))" 2 + (x_ th + x2eff )" 2 ) ) ; 

e o d 

% Plo t the t o r q u e - speed c urves 
p l o t ( run , t _ ind l , ' Col or' , 'k' , 'LineWi d th' ,2.0 ) ; 

h o l d o n ; 
p l o t ( run , t _ ind2, ' Col or' , 'k' , 'LineWi d th' ,2.0, 'LineSt y l e ' , '- . ' ) ; 
x l abe l ( ' \ itn_ (m} ' , 'Fontwei ght' , 'Bo l d ' ) ; 
y l abe l ( ' \ t a u _ ( ind} ' , 'Fontwei ght' , 'Bo l d ' ) ; 
title ( 'Ind u c ti o n mo t o r t o r q u e - spe ed c h a r ac t e ri s tics ' , 

'Po ntwei ght' , 'Bo l d ' ) ; 
l egen d ( ' Sing l e - Cage Des i g n' , ' Dou b l e - Cage Des i g n' ) ; 

g rid o n ; 
h o l d o ff ; 
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""GURE 7- 29 
Comparison of torque-speed characteristics for the single- and double-cage rotors of Example 7-6. 

The resulting torque-speed characteristics are shown in Figure 7- 29. Note Ihal the double
cage design has a slightly higher slip in the normal operating range, a smaller maximum 
torque and a higher starting torque compared to Ihe corresponding single-cage rotor design. 
This behavior matches our theoretical discussions in this section. 

7.7 TRENDS IN INDUCTION 
MOTOR DESIGN 

TIle fundamental ideas behind the induction motor were deve loped during the late 
1880s by Nicola Tesla, who received a patent on his ideas in 1888. At that time, 
he presented a paper before the American lnstitute of Electrical Engineers [AlEE, 
predecessor of today's Institute of Electri cal and Electronics Engineers (IEEE)] in 
which he described the basic principles of the wound-rotor induction motor, along 
with ideas for two other important ac motors-the synchronous motor and the re
luctance motor. 

Although the basic idea of the induction motor was described in 1888, the 
motor itself did not spring forth in full-fledged fonn. There was an initial period 
of rapid development, fo ll owed by a series of slow, evoluti onary improveme nt s 
which have continued to this day. 

TIle induction motor assumed recog nizable modem form between 1888 and 
1895. During that period, two- and three-phase power sources were deve loped to 
produce the rotating magnetic fields within the motor, distributed stator windings 
were developed, and the cage rotor was introduced. By 1896, full y functional and 
recognizable three-phase induction motors were commercially available . 

Between then and the early 1970s, there was continual improvement in the 
quality of the steels, the casting techniques, the insulation, and the construction 
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, 

1940 19!54 1974 

FIGURE 7-30 
The evolution of the induction motor. The motors shown in this figure are all rated at 220 V and 15 

hp. There has been a dramatic decrease in motor size and material requirements in induction motors 
since the first practical ones were produced in the 1890s. (Courtesy ofGeneml Electric Company.) 

FIGURE 7-31 
Typical early large induction motors. The motors shown were rated at 2(xx) hp. (Courtesy ofGeneml 
Electric Company.) 

features used in inducti on motors. 1l1ese trends resulted in a smaller motor for a 
given power output, yielding considerable savings in construction costs. In fact, a 
modern 100-hp motor is the same physical size as a 7.S-hp motor of 1897. This 
progression is vividly illustrated by the IS-hp induction motors shown in Figure 
7- 30. (See also Figure 7- 3 1.) 
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However, these improvements in induction motor design did not necessar
ily lead to improvements in motor operating effi ciency. The major design effort 
was directed toward reducing the initial materials cost of the machines, not toward 
increasing their efficiency. The design effort was oriented in that direction because 
e lectri city was so inexpensive, making the up-front cost of a motor the principal 
criterion used by purchasers in its selection. 

Since the price of oil began it s spectacular climb in 1973, the lifetime oper
ating cost of machines has become more and more important, and the initial in
stallation cost has become relatively less important. As a result of these trends, 
new emphasis has been placed on motor e ffi ciency both by designers and by end 
users of the machines. 

New lines of high-effi ciency induction motors are now being produced by 
all major manufacturers, and they are fanning an ever-increasing share of the in
duction motor market. Several techniques are used to improve the efficiency of 
these motors compared to the traditional standard-efficiency designs. Among 
these techniques are 

I. More copper is used in the stator windings to red uce copper losses. 

2. The rotor and stator core length is increased to reduce the magnetic nux den
sity in the air gap of the machine. This reduces the magnetic saturation of the 
machine, decreasing core losses. 

3. More steel is used in the stator of the machine, al lowing a greater amount of 
heat transfer out of the motor and reducing its operating temperature. The ro
tor's fan is then redesigned to reduce windage losses. 

4. The stee l used in the stat or is a special high-grade electrical steel with low 
hysteresis losses. 

5. The steel is made of an especially thin gauge (i.e. , the laminations are very 
close together), and the stee l has a very high internal resistivity. Both effects 
tend to reduce the eddy current losses in the motor. 

6. The rotor is carefull y machined to produce a unifonn air gap, reducing the 
stray load losses in the motor. 

In addition to the general techniques described above, each manufacturer 
has his own unique approaches to improving motor efficiency. A typical high
effi ciency induction motor is shown in Figure 7- 32. 

To aid in the comparison of motor efficiencies, NEMA has adopted a stan
dard technique for measuring motor e ffi c iency based on Method 8 of the IEEE 
Standard 11 2, Test Procedure for Polyphase Induction Motors and Generators. 
NEMA has also introduced a rating call ed NEMA nominal efficiency, which ap
pears on the nameplates of design class A, 8 , and C motors. The nominal e ffi
ciency identifies the average efficiency of a large number of motors of a given 
model, and it also guarantees a certain minimum effi ciency for that type of motor. 
The standard NEMA nominal e ffi ciencies are shown in Figure 7- 33. 
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FIGURE 7-32 
A General Electric Energy Saver motor. typical of modem high-efficiency induction motors. 
(Courtesy ofGeneml Electric Company.) 

Nomin al Guanmh.'t!d minimum Nomina l Guara nte ... >d minimum 
effic iency, o/~ efficiency, % efficiency, % efficiency, '7~ 

95.0 94.1 SO.O 77.0 

94.5 93.6 78.5 75.5 

94.1 93.0 77.0 74.0 

93.6 92.4 75.5 72.0 

93.0 91.7 74.0 70.0 

92.4 91.0 72.0 68.0 

91.7 90.2 70.0 66.0 

91.0 89.5 68.0 64.0 

90.2 88.5 66.0 62.0 

89.5 87.5 64.0 59.5 

88.5 86.5 62.0 57.5 

87.5 85.5 59.5 55.0 

86.5 84.0 57.5 52.5 

85.5 82.5 55.0 50.' 

84.0 81.5 52.5 48.0 

82.5 80.0 50.' 46.0 

81.5 78.5 

FIGURE 7-33 
Table of NEMA nominal efficiency standards. The nominal efficiency represents the mean efficiency 
of a large number of sample motors. and the 8uar:mteed minimum efficiency represents the lowest 
permissible efficiency for any given motor of the class. (Reproduced by permission from Motors and 
GenemfOrs, NEMA Publication MG-I. copyright 1987 by NEMA.) 
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Other standards organizations have also established efficiency standards for 
induction motors, the most important of which are the 8ritish (8S-269), IEC (IEC 
34-2), and Japanese (JEC-37) standards. However, the techniques prescribed for 
measuring induction motor e fficiency are different in each standard and yield dif
ferent results for the same physical machine. If two motors are each rated at 82.5 
percent efficiency, but they are measured according to different standards, then 
they may not be equally effi cient. When two motors are compared, it is important 
to compare efficiencies measured under the same standard. 

7.8 STARTING INDUCTION MOTORS 

Induction motors do not present the types of starting problems that synchronous 
motors do. In many cases, induction motors can be started by simply connecting 
them to the power line . However, there are sometimes good reasons for not doing 
this. For example, the starting current requi red may cause such a dip in the power 
system voltage that across-the-line staning is not acceptable . 

For wound-rotor induction motors, starting can be achieved at relatively low 
currents by inserting extra resistance in the rotor circuit during starting. lllis extra 
resistance not only increases the starting torque but also reduces the starting current. 

For cage induction motors, the starting current can vary widely depending 
primarily on the motor 's rated power and on the effecti ve rotor resistance at start
ing conditions. To estimate the rotor current at starting conditions, all cage motors 
now have a starting code letter (not to be confused with their design class letter) 
on their nameplates. The code letter sets limits on the amount of current the mo
tor can draw at starting conditions. 

1l1ese limits are expressed in tenns of the starting apparent power of the 
motor as a function of its horsepower rating. Figure 7- 34 is a table containing the 
starting kilovoltamperes per horsepower for each code letter. 

To determine the starting current for an induction motor, read the rated volt
age, horsepower, and code letter from its nameplate. 1l1en the starting apparent 
power for the motor wi ll be 

S.1Mt = (rated horsepower)(code letter factor) 

and the starting current can be found from the equation 

S.tan 
IL = V3V 

T 

(7- 55) 

(7- 56) 

Example 7-7. What is the starting ClUTent of a 15-hp, 208-V, code-Ietter-F, three
phase induction motor? 

Solutio" 
According to Figure 7- 34, the maximwn kilovoltamperes per horsepower is 5.6. Therefore, 
the maximum starting kilovoltamperes of this motor is 

S,w<. = (15 hp)(5.6) = 84 kVA 
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Nominal code Lock ... >d rotor, Nominal code Locked rotor, 
letter kYAJhp letter kVAJhp 

A 0--3.15 L 9.00-10.00 

B 3.15--3.55 M 10.00-11.00 

C 3.55-4.00 N 11.20-12.50 

D 4.00-4.50 P 12.50-14.00 

E 4.50-5.00 R 14.00-16.00 

F 5.00-5.60 S 16.00-18.00 

G 5.60--6.30 T 18.00-20.00 

H 6.30--7.10 U 20.00-22.40 

J 7.7- 8.00 V 22.40 and up 

K 8.00-9.00 

FIGURE 7-34 
Table of NEMA code letters. indicating the starting kilovolt amperes per horsepower of rating for a 
motor. Each code letter extends up to. but does not include. the lower bound of the next higher class. 
(Reproduced 17y permission from Motors and Generators. NEMA Publication MG-I. copyright 1987 
byNEMA.) 

The starting current is thus 

(7- 56) 

84kVA 
= vi3"(208 V) = 233 A 

If necessary, the starting current of an induction motor may be reduced by a 
starting circuit. However, if this is done, it will also reduce the starting torque of 
the motor. 

One way to reduce the starting current is to insert extra inductors or resis
tors into the power line during starting. While fonnerly common, this approach is 
rare today. An alternative approach is to reduce the motor 's terminal voltage dur
ing starting by using autotransformers to step it down. Figure 7- 35 shows a typi
cal reduced-voltage starting circuit using autotransfonners. During starting, con
tacts 1 and 3 are shut, supplying a lower voltage to the motor. Once the motor is 
nearly up to speed, those contacts are opened and contacts 2 are shut. These con
tacts put fu JI line voltage across the motor. 

It is important to realize that while the starting current is reduced in direct 
proportion to the decrease in terminal voltage, the starting torq ue decreases as the 
square of the applied voltage. Therefore, only a certain amount of current reduc
tion can be done if the motor is to start with a shaft load attached. 
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Line terminals 

2 2 

" " " " 
3 3 

Motor terminals 

Starting sequence: 

(a) Close I and 3 
(b) Open I and 3 
(c) Close 2 

""GURE 7- 35 
An autotransfonner starter for an induction motor. 
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""GURE 7- 36 
A typical across-too-line starter for an induction motor. 

Induction Motor Starting Circuits 

A typical full- voltage or across-the-Iine magnetic induction motor starter circuit is 
shown in Figure 7- 36, and the meanings of the symbols used in the fi gure are ex
plained in Figure 7- 37. This operation of this circuit is very simple. When the 
start button is pressed, the relay (or contactor) coil M is energized, causing the 
normally open contacts M t , M2, and M) to shut. When these contacts shut, power 
is applied to the induction motor, and the motor starts. Contact M4 also shuts, 
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Disconnect switch 

Push button; push to close 

Push button; push to open 

Relay coil; contacts change state 
when the coil energizes 

Contact open when coil deenergized 

Contact shut when coil deenergized 

Overload heater 

Overload contact; opens when the heater 
gets too wann 

Typical components found in induction motor control circuits. 

which shorts out the starting switch, allowing the operator to release it without re
moving power from the M relay. When the stop button is pressed, the M relay is 
deenergized, and the M contacts open, stopping the motor. 

A magnetic motor starter circuit of this sort has several bui It-in protective 
features: 

I. Short-circuit protection 

2. Overload protection 

3. Undervoltage protection 

Short-circuit protection for the molor is provided by fuses F t , F2, and Fl. If 
a sudden short circuit develops within the motor and causes a current fl ow many 
limes larger than the rated current, these fuses will blow, disconnecting the motor 
from the power supply and preventing it from burning up. However, these fuses 
must not burn up during normal molor starting, so they are designed to req uire 
currents many times greater than the full -load current before they open the circuit. 
This means that short circuits through a high resistance and/or excessive motor 
loads will not be cleared by the fuses. 

Overload protection for the motor is provided by the devices labeled OL in 
the fi gure. These overload protection devices consist of two parts, an overload 
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heater element and overload contacts. Under nonnal conditions, the overload con
tacts are shut. However, when the temperature of the heater e lements rises far 
enough, the OL contacts open, deenergizing the M relay, which in turn opens the 
normally open M contacts and removes power from the motor. 

When an induction motor is overloaded, it is eventually drunaged by the ex
cessive heating caused by its high currents . However, this damage takes time, and 
an induction motor will not nonnally be hurt by brief periods of high current s 
(such as starting currents). Only if the high current is sustained will damage occur. 
The overload heater elements also depend on heat for their operati on, so they wil l 
not be affected by brief perioos of high current during starting, and yet they wil I 
operate during long periods of high current, removing power from the motor be
fore it can be damaged. 

Undefi!oltage protection is provided by the controller as well. Notice from 
the fi gure that the control power for the M relay comes from directly across the 
lines to the motor. If the voltage applied to the motor fall s too much, the voltage 
applied to the M relay will also fall and the relay will deenergize. TIle M contacts 
then open, removing power from the motor tenninals. 

An induction motor starting circuit with resistors to reduce the starting cur
rent fl ow is shown in Figure 7- 38. TIlis circuit is similar to the previous one, ex
cept that there are additional components present to control removal of the start
ing resistor. Relays lID, 2TD, and 3TD in Figure 7- 38 are so-called time-delay 
re lays, meaning that when they are energized there is a set time delay before their 
contacts shut. 

When the start button is pushed in this circuit, the M relay energizes and 
power is applied to the motor as before. Since the 1 ID, 2TD, and 3ID contacts 
are all open, the full starting resistor is in series with the motor, reducing the start
ing current. 

When the M contacts close, notice that the 1 ID relay is energized. How
ever, there is a finite delay before the lTD contacts close. During that time, the 
motor partially speeds up, and the starting current drops off some. After that time, 
the 1 TO contacts close, cutting out part of the starting resistance and simultane
ously energizing the 2TD relay. After another delay, the 2TD contacts shut, cut
ting out the second part of the resistor and energizing the 3TD relay. Finally, the 
3TD contacts close, and the entire starting resistor is out of the circuit. 

By a judicious choice of resistor val ues and time delays, this starting circuit 
can be used to prevent the motor startin g current from becoming dangerously 
large, while still allowing enough current fl ow to ensure prompt acceleration to 
normal operating speeds. 

7.9 SPEED CONTROL OF 
INDUCTION MOTORS 

Until the advent of modern solid-state drives, inducti on motors in general were 
not good machines for applications requiring considerable speed control. The 
normal operating range of a typical induction motor (design classes A, B, and C) 
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FIGURE 7-38 
A three-step resistive staner for an induction motor. 

Induction 
motor 

is confined to less than 5 percent slip, and the speed variation over that range is 
more or less direct ly proportional to the load on the shaft of the motor. Even if the 
slip could be made larger, the e ffi ciency of the motor wou ld become very poor, 
since the rotor copper losses are directly proportional to the slip on the motor 
(remember that PRCL = sPAG). 

There are really only two techniques by which the speed of an inducti on 
motor can be controlled. One is to vary the synchronous speed, which is the speed 
of the stator and rotor magnetic fields, since the rotor speed always remains near 
n,ync. The other technique is to vary the s li p of the motor for a given load. E:1.ch of 
these approaches will be taken up in more detail. 

The synchronous speed of an inducti on motor is given by 
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120fe 
p (7- 1) 

so the only ways in which the synchronous speed of the machine can be varied are 
( I) by changing the electrical frequency and (2) by changing the number of poles 
on the machine. Slip control may be accomplished by varying either the rotor re
sistance or the terminal voltage of the motor. 

Induction Motor Speed Control by P ole Changing 

TIlere are two major approaches to changing the number of poles in an induction 
motor: 

I. The method of conseq uent poles 

2. Multiple stator windings 

TIle method of consequent poles is quite an old method for speed control , 
having been originally developed in 1897. It relies on the fact that the number of 
poles in the stator windings of an induction motor can easily be changed by a fac
tor of 2: I with only simple changes in coil connections. Figure 7- 39 shows a 
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A two-pole stator winding for pole changing. Notice the very small rotor pitch of these windings. 
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simple two-pole induction motor stator suitable for pole changing. Notice that the 
individual coil s are of very short pitch (60 to 90°). Figure 7-40 shows phase a of 
these windings separately for more clarity of detail. 

Figure 7-40a shows the current n ow in phase a of the stator windings at an 
instant of time during nonnal operation. Note that the magnetic field leaves the sta
tor in the upper phase group (a north pole) and enters the stator in the lower phase 
group (a south pole). This winding is thus pnxlucing two stator magnetic poles. 
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FIGURE 7-40 
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A close-up view of one phase of a pole-changing winding. (a) In the two-pole configuration. one coil 
is a north pole and the other one is a south pole. (b) When the connection on one of the two coils is 
reversed. they are both nonh poles. and the magnetic flux returns to the stator at points halfway 
between the two coils. The south poles are called consequent poles. and the winding is now a four
pole winding. 
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Now suppose that the direction of current flow in the lower phase group on 
the stator is reversed (Figure 7--40b).1llen the magnetic fie ld wi ll leave the stator 
in both the upper phase group and the lower phase group-each one will be a north 
magnetic pole. The magnetic fl ux in this machine must return to the stator between 
the two phase groups, producing a pair of consequent south magnetic poles. Notice 
that now the stator has four magnetic poles-twice as many as before. 

1lle rotor in such a motor is of the cage design, since a cage rotor always 
has as many poles induced in it as there are in the stator and can thus adapt when 
the number of stator poles changes . 

When the motor is reconnected from two-pole to four-pole operation, the 
resulting maximum torque of the induction motor can be the same as before 
(constant-torque connection), half of its previous value (sq uare-law-torque con
nection, used for fans, etc.), or twi ce its previous value (constant-output-power 
connection), depending on how the stator windings are rearranged . Figure 7--4 1 
shows the possible stator connections and their effect on the torque-speed curve. 

1lle major disadvantage of the conseq uent-pole method of changing speed 
is that the speeds must be in a ratio of 2: I. 1lle traditional approach to overcom
ing this limitation was to employ multiple stator windings with different numbers 
of poles and to energize only one set at a time. For example, a motor might be 
wound with a four-pole and a six-pole set of stator windings, and its synchronous 
speed on a 6O- Hz system could be switched from 1800 to 1200 r/min simply by 
supplying power to the other set of windings. Unfortunate ly, multiple stator wind
ings increase the expense of the motor and are therefore used only when ab
solutely necessary. 

By combining the method of consequent poles with multiple stator wind
ings, it is possible to build a four-speed induction motor. For example, with sepa
rate four- and six-pole windings, it is possible to produce a 6O- Hz motor capable 
of running at 600, 900, 1200, and 1800 r/min. 

Speed Control by Changing the Line Frequency 

I f the electrical frequency applied to the stator of an induction motor is changed, 
the rate of rotation of its magnetic fi e lds " ' )'DC will change in direct proportion to 
the change in e lectrical frequency, and the no- load point on the torque-speed 
characteristic curve will change with it (see Figure 7--42). The synchronous speed 
of the motor at rated conditions is known as the base speed. By using variable fre
quency control, it is possible to adjust the speed of the motor either above or be
low base speed. A properly designed variable-frequency inducti on motor drive 
can be very fl exible. It can control the speed of an induction motor over a range 
from as little as 5 percent of base speed up to about twi ce base speed . However, it 
is important to maintain certain voltage and torque limits on the motor as the fre
quency is varied, to ensure safe operation. 

When running at speeds below the base speed of the motor, it is necessary 
to reduce the terminal voltage applied to the stator for proper operation. 1lle ter
minal voltage applied to the stator should be decreased linearly with decreasing 
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Possible connections of the stator coils in a pole-changing motor. together with the resulting 

torque-speed characteristics: (a) Constant-torque connection- the torque capabilities of the motor 

remain approximately constant in both high-speed and low-speed connections. (b) Constant
lwrsepok'er connection---lhe power capabilities of the motor remain approximately constant in both 
h.igh-speed and low-speed connections. (el Fan torque connection---lhe torque capabilities of the 

motor change with speed in the same manner as f.an-type loads. 
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Variable-frequency speed control in an induction motor: (a) The family of torque-speed 
characteristic curves for speeds below base speed. assuming that the line voltage is derated linearly 
with frequency. (b) The family of torque-speed characteristic curves for speeds above base speed. 
assuming that the line voltage is held constant. 
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stator frequency. This process is called derating. If it is not done, the steel in the 
core of the induction motor will saturate and excessive magnetization currents 
will flow in the machine. 

To understand the necessity for derating, recall that an induction motor is 
basicall y a rotating transfonner. As with any transfonner, the flux in the core of an 
induction motor can be found from Faraday's law: 

vet) = -N~ 
dl 

( 1-36) 

If a voltage vet) = VM sin wt is applied to the core, the resulting flux ~ is 

'Wi ~ J h l)dl 
p 

= ~ !VM sinwtdt 
p 

I ~t) = -~cos wt l (7- 57) 

Note that the electrical frequency appears in the denominator of this expression. 
Therefore, if the electrical frequency applied to the stator decreases by 10 percent 
while the magnitude of the voltage appl ied to the stator remains constant, the flux 
in the core of the motor wi I I increase by about 10 percent and the magnetization 
current of the motor wi ll increase. In the unsaturated region of the motor's 
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magnetization curve, the increase in magnetization current will also be about 10 
percent. However, in the saturated region of the motor 's magnetiwtion curve, a 10 
percent increase in flux requires a much larger increase in magnetization current. 
Induction motors are normally designed to operate near the saturation point on 
their magnetization curves, so the increase in flux due to a decrease in frequency 
will cause excessive magnetization currents to flow in the motor. (This same prob
lem was observed in transfonners; see Section 2.1 2.) 

To avoid excessive magnetization currents, it is customary to decrease the 
applied stat or voltage in direct proportion to the decrease in frequency whenever 
the frequency falls below the rated frequency of the motor. Since the applied volt
age v appears in the numerator of Equation (7-57) and the frequency wappears in 
the denominator of Equation (7-57), the two effects counteract each other, and the 
magnetization current is unaffected. 

When the voltage applied to an induction motor is varied linearly with fre
quency below the base speed, the flux in the motor will remain approximately 
constant. TIlerefore, the maximum torque which the motor can supply remains 
fairly high. However, the maximum power rating of the motor must be decreased 
linearly with decreases in frequency to protect the stator circuit from overheating. 
TIle power supplied to a three-phase induction motor is given by 

P = v'JVLIL cos (J 

If the voltage VL is decreased, then the maximum power P must also be decreased, 
or e lse the current flowing in the motor wi II become excessive, and the motor will 
overheat. 

Figure 7-42a shows a family of induction motor torque-speed characteris
tic curves for speeds below base speed, assuming that the magnitude of the stator 
voltage varies linearly with frequency. 

When the electrical frequency applied to the motor exceeds the rated fre
quency of the motor, the stator voltage is he ld constant at the rated value. Al
though saturation considerations would pennit the voltage to be raised above the 
rated value under these circumstances, it is limited to the rated voltage to protect 
the winding insulation of the motor. The higher the electrical frequency above 
base speed, the larger the denominator of Equation (7-57) becomes. Since the nu
merator tenn is he ld constant above rated frequency, the resulting flux in the ma
chine decreases and the maximum torque decreases with it. Figure 7-42b shows a 
family of inducti on motor torque- speed characteristic curves for speeds above 
base speed, assuming that the stator voltage is held constant. 

If the stator voltage is varied linearl y with frequency below base speed and 
is held constant at rated value above base speed, then the resulting family of 
torque-speed characteristics is as shown in Figure 7-42c. TIle rated speed for the 
motor shown in Figure 7-42 is 1800 r/min. 

In the past, the principal disadvantage of e lectrical frequency control as a 
method of speed changing was that a dedicated generator or mechanical fre
quency changer was required to make it operate. This problem has disappeared 
with the development of modern solid-state variable- frequency motor drives. In 
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FIGURE 7-43 
Variable-line-voltage speed control in an induction motor. 

fact, changing the line frequency with solid-state motor drives has become the 
method of choi ce for induction motor speed control. Note that this method can be 
used with any induction motor, unlike the pole-changing technique, which re
quires a motor with special stator windings. 

A typical solid-state variable-frequency induction motor drive wi ll be de
scribed in Section 7.10. 

Speed Control by Changing the Line Voltage 

The torque developed by an induction motor is proportional to the sq uare of the 
applied voltage. Ifa load has a torque-speed characteristic such as the one shown 
in Figure 7-43, then the speed of the motor may be controlled over a limited range 
by varying the line voltage. This method of speed control is sometimes used on 
small motors driving fans. 

Speed Control by Changing the Rotor Resistance 

In wound-rotor induction motors, it is possible to change the shape of the 
torque- speed curve by inserting extra resistances into the rotor circuit of the ma
chine. The resulting torque- speed characteristic curves are shown in Figure 7-44. 
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fo'IGURE 7-44 
Speed control by varying the rotor resistance of a wound-rotor induction motor. 

If the torque-speed curve of the load is as shown in the figure, then changing the 
rotor resistance wi ll change the operating speed of the motor. However, inserting 
extra resistances into the rotor circuit of an induction motor seriously red uces the 
effi ciency of the machine. Such a method of speed control is nonnally used only 
for short periods because of this effi ciency problem. 

7.10 SOLID·STATE INDUCTION 
MOTOR DRIVES 

As mentioned in the previous section, the method of choice today for induction 
motor speed control is the solid-state variable-freq uency induction motor drive. A 
typical drive of this sort is shown in Figure 7--45. TIle drive is very flexible: its in
put power can be either single-phase or three-phase, either 50 or 60 Hz, and any
where from 208 to 230 V. The output from this drive is a three-phase set of volt
ages whose frequency can be varied from 0 up to 120 Hz and whose voltage can 
be varied from 0 V up to the rated voltage of the motor. 

TIle output voltage and frequency control is achieved by using the pulse
width modulation (PWM) techniques described in Chapter 3. Both output frequency 
and output voltage can be controlled independently by pulse-width modulation. fig
ure 7--46 illustrates the manner in which the PWM drive can control the output fre
quency while maintaining a constant nns voltage level, while Figure 7--47 illustrates 
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fo'IGURE 7-45 
A typical solid-state variable-frequency induction motor 
drive. (Courtesy of MagneTek, Inc.) 
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Variable-frequency control with a PWM waveform: (a) 6O-Hz.. 120-V PWM waveform: (b) 30-Hz. 
12()' V PWM waveform. 
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Variable voltage control with a PWM waveform: (a) 6O-Hz, 120-V PWM waveform: (b) 6().Hz, 
6(). V PWM waveform. 

the manner in which the PWM drive can control the nns voltage level while main
taining a constant frequency. 

As we described in Section 7.9, it is oft en desirable to vary the output fre
quency and output nns voltage together in a linear fashion. Figure 7-48 shows 
typical output voltage wavefonns from one phase of the drive for the situation in 
which frequency and voltage are varied simultaneously in a linear fashion.· Fig
ure 7-48a shows the output voltage adjusted for a frequency of60 Hz and an nns 
voltage of 120 V. Figure 7-48b shows the output adju sted for a frequency of 30 
Hz and an nns voltage of 60 V, and Figure 7-48c shows the output adjusted for a 
frequency of 20 Hz and an nns voltage of 40 V. Notice that the peak voltage out 
of the dri ve remains the same in al l three cases; the nns voltage level is controlled 
by the fraction of time the voltage is switched on, and the frequency is controlled 
by the rate at which the polarity of the pulses switches from positive to negative 
and back again. 

TIle typical induction motor dri ve shown in Figure 7-45 has many built-in 
features which contribute to its adjustability and ease of use. Here is a summary 
of some of these features. 

*The output waveforms in Figure 7-47 are actually simplified waveforms. The real induction motor 
drive has a much higher carrier frequency than that shown in the figure. 
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Simultaneous voltage and frequency control with a P\VM wavefonn: (a) 6O-Hz. 120-V PWM 
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Frequency (Speed) Adjustment 

The output frequency of the drive can be controlled manually from a control 
mounted on the drive cabinet, or it can be controlled remote ly by an external volt
age or current signal. The abi lity to adj ust the frequency of the drive in response 
to some external signal is very important, since it permits an external computer or 
process controller to control the speed of the motor in accordance with the over
all needs of the plant in which it is installed. 
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A Choice of Voltage and Frequency Patterns 

TIle types of mechanical loads which mi ght be attached to an inducti on motor 
vary greatly. Some loads such as fans require very little torque when starting (or 
running at low speeds) and have torques which increase as the square of the speed. 
Other loads might be harder to start, requiring more than the rated full-load torque 
of the motor just to get the load moving. TIlis drive provides a variety of voltage
versus-frequency patterns which can be selected to match the torque from the in
duction motor to the torque required by its load. TIlree of these patterns are shown 
in Figures 7-49 through 7- 5 J. 

Figure 7-49a shows the standard or general-purpose voltage-versus
frequency pattern, described in the previous section. This pattern changes the out
put voltage linearly with changes in output frequency for speeds below base speed 
and holds the output voltage constant for speeds above base speed. (The small 
constant-voltage region at very low frequencies is necessary to ensure that there 
will be some starting torque at the very lowest speeds.) Figure 7-49b shows the 
resulting induction motor torque-speed characteristics for several operating fre
quencies below base speed. 

Figure 7- 50a shows the voltage-versus-frequency pattern used for loads 
with high starting torques. This pattern also changes the output voltage linearly 
with changes in output frequency for speeds below base speed, but it has a shal
lower slope at frequencies below 30 Hz. For any given frequency below 30 Hz, 
the output voltage will be higherthan it was with the previous pattern. This higher 
voltage will produce a higher torque, but at the cost of increased magnetic satura
tion and higher magnetization currents. The increased saturation and higher cur
rents are often acceptable for the short periods required to start heavy loads. Fig
ure 7- 50b shows the induction motor torque-speed characteristics for several 
operating frequencies below base speed. Notice the increased torque available at 
low frequencies compared to Figure 7-49b. 

Figure 7-51 a shows the voltage-versus-frequency pattern used for loads 
with low starting torques (called soft-start loads). TIlis pattern changes the output 
voltage parabolically with changes in output frequency for speeds below base 
speed. For any given frequency bel ow 60 Hz, the output voltage will be lower 
than it was with the standard pattern. TIlis lower voltage will produce a lower 
torque, providing a slow, smooth start for low-torque loads. Figure 7- 5 I b shows 
the induction motor torque-speed characteristics for several operating frequencies 
below base speed. Notice the decreased torque available at low frequencies com
pared to Figure 7-49. 

Independently Adjustable Acceleration 
and Deceleration Ramps 

When the desired operating speed of the motor is changed, the drive controlling it 
will change frequency to bring the motor to the new operating speed. If the speed 
change is sudden (e.g., an instantaneous jump from 900 to 1200 rIm in), the drive 
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(a) Possible voltage-versus-frequency patterns for the solid-state variable-frequency induction motor 
drive: general-purpose paT/ern. This pattern consists of a linear voltage-frequency curve below rated 
frequency and a constant voltage above rated frequency. (b) The resulting torque-speed 
characteristic curves for speeds below rated frequency (speeds above rated frequency look like 
Figure 7-4lb). 
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cost of a h.igher magnetization current. (b) The resulting torque-speed characteristic curves for 
speeds below rated frequency (speeds above rated frequency look like Figure 7--41b). 
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(a) Possible voltage-versus-frequency patterns for the solid-state variable-frequency induction motor 
drive:fan torque pattern. This is a voltage-frequency pattern suitable for use with motors driving 
fans and centrifugal pumps. which have a very low starting torque. (b) The resulting torque-speed 
characteristic curves for speeds below rated frequency (speeds above rated frequency look like 
Figure 7-4lb). 
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does not try to make the motor instantaneously jump from the old desired speed 
to the new desired speed. Instead, the rate of motor acceleration or deceleration is 
limited to a safe level by special circuits built into the e lectronics of the drive. 
TIlese rates can be adjusted independently for accelerations and decelerations. 

Motor Protection 

TIle induction motor drive has built into it a variety of features designed to protect 
the motor attached to the drive. The drive can detect excessive steady-state cur
rents (an overload condition), excessive instantaneous currents, overvoltage con
ditions, or undervoltage conditions. In any of the above cases, it will shut down 
the motor. 

Induction motor drives like the one described above are now so flexible and 
re li able that induction motors with these drives are displacing dc motors in many 
applications which require a wide range of speed variation. 

7.11 DETERMINING CIRCUIT 
MODEL PARAMETERS 

TIle equi valent circuit of an induction motor is a very useful tool for detennining 
the motor 's response to changes in load. However, if a model is to be used for a 
real machine, it is necessary to detennine what the e lement val ues are that go into 
the model. How can Rl> R2 , Xl> X2, and XM be detennined for a real motor? 

These pieces of information may be found by perfonning a series of tests on 
the induction motor that are analogous to the short-circuit and open-circuit tests in 
a transfonner. TIle tests must be performed under precisely controlled conditions, 
since the resistances vary with temperature and the rotor resistance also varies 
with rotor frequency. The exact details of how each induction motor test must be 
performed in order to achieve accurate results are described in IEEE Standard 
11 2. Although the detail s of the tests are very complicated, the concepts behind 
them are relatively straightforward and will be explained here. 

The No-Load Test 

TIle no-load test of an induction motor measures the rotational losses of the mo
tor and provides infonnation about its magnetization current. The test circuit for 
this test is shown in Figure 7- 52a. Wattmeters, a voltmeter, and three ammeters 
are connected to an induction motor, which is allowed to spin freely. The only 
load on the motor is the fri ction and windage losses, so all Peon v in this motor is 
consumed by mechanical losses, and the s lip of the motor is very small (possibly 
as small as 0.00 1 or less). TIle equivalent circuit of thi s motor is shown in Figure 
7- 52b. With its very small slip, the resistance corresponding to its power con
verted, Rl l - sys, is much much larger than the resistance corresponding to the 
rotor copper losses R2 and much larger than the rotor reactance X2. I n this case, the 
equivalent circuit reduces approximately to the last circuit in Figure 7- 52b. There, 



Initial 

Variable 
voltage, 
variable 
frequency, 
three-phase 
power 
00.= 

I, -
+ 

equivalent 
V. ( cin:uit: 

I, 
Since -
R2('~S)>>R2 

+ 

v.( ,,' 
R2 (' - s)>>X2, , 
this cin:uit 

reduces to: 

+ 

Combining 

V. ( 
RF&w and 

Reyields: 

FIGURE 7-52 

R, jXt 

R, 
, 

R, 

INDUCTION MOTORS 453 

I, -P, A 

I , -A No load 

I , -P, A lit + IB+ Ie 
IL = 3 

,., 
12= 0 - jX2 R, 

" I. j 
R, jXM ~ R2(';S) 

~ Rfri<:tiOll, win<b!O, 

~ &""'" »XM 

'h' 
The no-load test of an induction motor: (a) test circuit; (b) the resulting motor equivalent cin:uit. 
Note that at no load the motor's impedance is essentially the series combination of RI,jX j • andJXM . 

the output resistor is in parallel with the magnetizati on reactance XM and the core 
losses Re. 

In this motor at no- load conditions, the input power measured by the meters 
must equal the losses in the motor. The rotor copper losses are negligible because 
the current / l is extremely small [because of the large load resistance R2( 1 - s)/s], 
so they may be neglected . The stator copper losses are given by 
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so the input power must equal 

P;o = P SCL + P.:orc + PF& W + Pmisc 

= 3f r RI + Prot 

where Prot is the rotational losses of the motor: 

PM = Poore + PF&W + Pmis.c 

(7- 25) 

(7- 58) 

(7- 59) 

TI1US, given the input power to the motor, the rotational losses of the machine may 
be detennined. 

TIle equi valent circuit that describes the motor operating in this condition 
contains resistors Re and R2( I - sys in para llel with the magnetizing reactance XM . 

The current needed to establish a magnetic fi e ld is quite large in an induction mo
tor, because of the high reluctance of its air gap, so the reactance XM will be much 
smaller than the resistances in paralle l with it and the overall input power factor 
will be very small. With the large lagging current , most of the voltage drop will be 
across the inductive components in the circuit. The equi valent input impedance is 
thus approximate ly 

(7-60) 

and if Xl can be found in some other fashi on, the magnetizing impedance XM will 
be known for the motor. 

The DC Test for Stator Resistance 

TIle rotor resistance R2 plays an extremely critical role in the operation of an in
duction motor. Among other things, Rl determines the shape of the torque-speed 
curve, detennining the speed at which the pullout torque occurs. A standard mo
tor test called the locked-rotor test can be used to detennine the total motor circuit 
resistance (thi s test is taken up in the next section). However, this test ftnds only 
the total resistance. To find the rotor resistance Rl acc urate ly, it is necessary to 
know RI so that it can be subtracted from the total. 

TIlere is a test for Rl independent of Rl , Xl and X2. This test is called the dc 
test. Basically, a dc volt age is applied to the stator windings of an induction mo
tor. Because the current is dc, there is no induced volt age in the rotor circuit and 
no resulting rotor current now. Al so, the reactance of the motor is zero at direct 
current. TIlerefore, the only quantity limiting current n ow in the motor is the sta
tor resistance, and that resistance can be detennined. 

TIle basic circuit for the dc test is shown in Figure 7- 53 . This fi gure shows 
a dc power supply connected to two of the three terminals of a V-connected in
duction motor. To perfonn the test, the current in the stator windings is adjusted to 
the rated value, and the voltage between the terminals is measured. TIle current in 
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R, 

the stator windings is adjusted to the rated value in an attempl to heat the wind
ings to the same temperature they would have during nonnal operation (remem
ber, winding resistance is a function of temperat ure). 

The currenl in Figure 7- 53 flows through two of the windings, so the total 
resistance in the current path is 2R t . Therefore, 

Voe 
2Rt = -J-

oe 

I R, Vee I 2loc 
(7-6 1) 

With this value of Rt the stator copper losses at no load may be detennined, 
and the rotational losses may be found as the difference between the input power 
at no load and the stator copper losses. 

The value of Rt calculated in this fashion is not completely accurate, since 
it neglects the skin effect that occurs when an ac voltage is applied to the wind
ings. More details concerning corrections for temperature and skin effect can be 
fo und in IEEE Standard 11 2. 

The Locked-Rotor Test 

The third test that can be perfonned on an induction motor to detennine its circuit 
parameters is called the locked-rotor test, or sometimes the blocked-rotor test. 
This test corresponds to the short-circuit test on a transformer. In this test, the ro
tor is locked or blocked so that it cannot move, a voltage is applied to the motor, 
and the resulting voltage, current, and power are measured. 

Figure 7- 54a shows the connecti ons for the locked-rotor test. To perform 
the locked-rotor test, an ac voltage is applied to the stator, and the current flow is 
adjusted to be approximately fu ll-load value. When the current is fu ll-load value, 
the voltage, current, and power flowing into the motor are measured. TIle equiva
lent circuit for this test is shown in Figure 7- 54b. Notice that since the rotor is not 
moving, the slip s = 1, and so the rotor resistance Ris is just eq ual to R2 (quite a 
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The locked-rotor test for an induction motor: (a) test circuit: (b) motor equivalem circuit. 

small value). Since R2 and X2 are so small, almost all the input current will fl ow 
through them, instead of through the much larger magnetizing reactance XM . 

Therefore, the circuit under these conditions looks like a series combination of X ], 
R ], X2 , and Rl . 

nlere is one problem with this test, however. In nonnal operation, the stator 
frequency is the line frequency of tile power system (50 or 60 Hz). At starting con
ditions, the rotor is also at line frequency. However, at nonnal operating conditions, 
the slip of most motors is only 2 to 4 percent, and the resulting rotor frequency is 
in the range of I to 3 Hz. nlis creates a problem in that the line frequency does not 
represent the nonnal operating conditions of the rotor. Since effecti ve rotor resis
tance is a strong function of frequency for design class Band C motors, the incor
rect rotor frequency can lead to misleading results in this test. A typical compro
mise is to use a frequency 25 percent or less of the rated frequency. While this 
approach is acceptable for essentially constant resistance rotors (design classes A 
and D), it leaves a lot to be desired when one is trying to find the nonnal rotor re
sistance of a variable-resistance rotor. Because of these and similar problems, a 
great deal of care must be exercised in taking measurements for these tests. 
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After a test voltage and frequency have been set up, the current fl ow in the 
motor is quickly adjusted to about the rated value, and the input power, voltage, 
and current are measured before the rotor can heat up too much. 1lle input power 
to the motor is given by 

P = V3"VT IL cos (J 

so the locked-rotor power factor can be found as 

PF = cos (} = V3V, I 

" 
and the impedance angle (J is just equal to cos- l PF. 

(7-62) 

The magnitude of the total impedance in the motor circuit at this time is 

and the angle of the total impedance is O. Therefore, 

~ = RLR + jXi.R 

~ IZ"loo, e + jIZ"I'in e 
The locked-rotor resistance RLR is equal to 

I R" - R, + R, I 

while the locked-rotor reactance X~ is equal to 

X LR = X ; + X; 

(7-63) 

(7-64) 

(7-65) 

(7-66) 

where X; and X; are the stator and rotor reactances at the test frequency, 
respective ly. 

The rotor resistance Rl can now be found as 

(7-67) 

where Rl was detennined in the dc test. The total rotor reactance referred to the sta
tor can also be found. Since the reactance is directly proportional to the frequency, 
the total equivalent reactance at the nonnal operating frequency can be found as 

X LR = ~ra1.ed X LR = Xl + X 2 
llesl 

(7-68) 

Unfortunate ly, there is no simple way to separate the contributi ons of the 
stator and rotor reactances from each other. Over the years, experience has shown 
that motors of certain design types have certain proportions between the rotor and 
stator reactances. Figure 7- 55 summarizes this experience. In nonnal practice, it 
really does not matter just how XLR is broken down, since the reactance appears as 
the sum XI + X2 in all the torque equati ons. 
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Xl a nd Xl as f unctions of X LR 

Rotor Dcsi ~n X, X, 

Wound rotor 0.5 XU! 0.5 XU! 

Design A 0.5 XU! 0.5 XU! 

Design B 0.4 XU! 0.6 XU! 

Design C 0.3 XU! 0.7 XU! 

Design D 0.5 XU! 0.5 XU! 

H GURE 7-55 
Rules of thumb for dividing rotor and stator ci["(;uit reactance. 

Example 7-S. The following test data were taken on a 7.S-hp, four-pole, 20S-V, 
60-Hz, design A, Y-colUlected induction motor having a rated current of 28 A. 

DC test: 

No-load test: 

Voc = 13.6 V 

Vr = 20SV 

IA = S.12A 

la = S.20A 

le = S.18A 

loc = 28.0A 

f = 60 Hz 

P",,= 420W 

Locked-rotor test: 

Vr = 25 V 

IA = 28.IA 

fa = 28.0A 

Ie = 27.6A 

f = IS Hz 

P"" = 920W 

(a) Sketch the per-phase equivalent circuit for this motor. 

(b) Find the slip at the pullout torque, and find the value of the pullout torque itself. 

Solutio" 
(a) From the dc test, 

Voc 13.6 V 
R[ = 2/0c = 2(2S.0A) = 0.2430 

From the no-load test, 

IL.av = S.12A + 8.2~A + 8.ISA = S.17A 

20S V 
V</l,nl =~ = 1lOV 
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Therefore, 

1 1 
120 V 

ZnJ = 8.17 A = 14.70 = XI + XM 

When XI is known, XM can be fOlUld. The stator copper losses are 

PSCL = 3/ f RI = 3(8.17 A)2(0.243 n) = 48.7 W 

Therefore, the no-load rotational losses are 

= 420W - 48.7 W = 371.3 W 

From the locked-rotor test, 

I = 28.IA + 28.0A + 27.6A = 279A 
L.av 3 . 

The locked-rotor impedance is 

1 1
_1'. _--"'- _ 25V -

ZLR - 110. - ..;J/1o. - V3"(27.9 A) - 0.517 n 

and the impedance angle (J is 

_ _ I P,n 
() - cos V!VTh 

_ _ I 920W 
- cos v'3(25 VX27.9 A) 

= cos- t 0.762 = 40.4 0 

Therefore, RLR = 0.517 cos 40.4° = 0.394 0 = RI + R2. SinceRI = 0.243 n, 
R2 must be 0.151 n. The reactance at IS Hz is 

X LR = 0.517 sin 40.4 0 = 0.335 0 

The equivalent reactance at 60 Hz is 

X LR = ;: X LR = (~~~~) 0.3350 = 1.340 

For design class A induction motors, this reactance is assumed to be divided 
equally between the rotor and stator, so 

XI = X2 = 0.67 n 
XM = IZruI - XI = 14.7 n - 0.67 0 = 14.03 n 

The final per-phase equivalent circuit is shown in Figure 7- 56. 
(b) For this equivalent circuit, the Thevenin equivalents are fOlUld from Equations 

(7-41 b), (7-44), and (7-45) to be 

Vlll = 114.6 V Rlll = 0.221 n Xlll = 0.67 n 
Therefore, the slip at the pullout torque is given by 

,~~~R~,~~~, ' -mox - v'R~ + (Xlll + X;ll (7- 53) 
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""GURE 7-56 
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Motor per-phase equivalent circuit for Example 7-8. 

= 0.1510 =0.111 = 11.1% 
V(0.243 0)2 + (0.67 0 + 0.67 0)2 

The maximum torque of this motor is given by 

Tmox = 2 W'YDC[Rll{ + VRfu + (Xll{ + X2)] 

_ 3(114.6 V)l 

(7- 54) 

- 2(188.5 rad /s)[O.22 1 0 + V(0.221 Of + (0.670 + 0.67 Of] 

= 66.2N o m 

7.12 THE INDUCTION GENERATOR 

TIle torque-speed characteristic curve in Figure 7- 20 shows that if an induction 
motor is driven at a speed greater than n.y"" by an external prime mover, the di
rection of its inducted torque will reverse and it will act as a generator. As the 
torq ue 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 torq ue 
greater than the pushover torque to the shaft of an induction generator, the gener
ator wil I overspeed. 

As a generator, an induction machine has severe limitations. Because it 
lacks a separate field circuit, an inducti on generator cannot produce reactive 
power. In fact, it consumes reactive power, and an external source of reactive 
power must be connected to it at all times to maintain its stat or magnetic fi e ld. 
1llis external source of reacti ve power mu st also control the terminal voltage of 
the generator-with no fie ld current , an induction generator cannot control its 
own output voltage. Normally, the generator's voltage is maintained by the exter
nal power system to which it is connected . 

1lle one great advantage of an indu ction 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 fi xed speed. As long as the machine's speed is some 
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The torque-speed characteristic of an induction machine. showing the generator region of operation. 
Note the pushover torque. 

value greater than n.ync 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. TIle fact that no fancy regulation is 
required makes this generator a gooj choice for windmills, heat recovery systems, 
and similar supplementary power sources attached to an existing power system. In 
such applications, power-factor correcti on can be provided by capacitors, and the 
generator 's tenninal 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 avai lable to supply the 
reactive power req uired by the generator and by any attached loads. Such an iso
lated induction generator is shown in Fi gure 7- 58. 

The magnetizing current 1M required by an induction machine as a function 
of tenninal voltage can be found by running the machine as a motor at no load and 
measuring its annature current as a function of terrninal voltage. Such a magneti
zation curve is shown in Figure 7- 59a. To achieve a given voltage level in an in
duction generator, external capacitors mu st 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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""GURE 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 terminnls of an induction generator, the no-load voltage of 
the induction generator will be the intersection of the generator's magnetization 
CUlVe and the capacitor s load line. TIle no-load tenninal voltage of an induction 
generator for three different sets of capacit.:1.nce is shown in Figure 7-59c. 

How does the voltage build up in an induction generator when it is first 
started ? When an induction generator first starts to turn, the residual magnetism in 
its fi e ld circuit produces a smal I voltage. TImt smal I voltage produces a capaciti ve 
current fl ow, 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. 

TIle most serious problem with an induction generator is that its voltage 
varies wildly with changes in load, especially reactive load . Typi cal tenninal 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 fi xed capacitors must 
supply all the reactive power needed by both the load and the generator, and any 
reacti ve power diverted to the load moves the generator back along its magneti
zation curve, causi ng a major drop in generator voltage. It is therefore very diffi
cult to start an inducti on 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 nonnal operation. 

Because of the nature of the induction machine's torque-speed characteristic, 
an induction generator 's frequency varies with changing loads : but since the 
torque-speed characteristic is very steep in the nonnal operating range, the total fre
quency variation is usually limited to less than 5 percent. This amount of variation 
may be quite acceptable 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 tenninal voltage of the 
machine as a function of its magnetization current (which lags the phase voltage by approximately 
90°). (b) Plot of the voltage-.::urrent characteristic of a capacitor ban k:. Note that the larger the 
capacitance. the greater it s current for a given voltage. This current leads the phase voltage by 
approximately 90°. (c) The no-load terntinal voltage for an isolated induction generator can be found 
by ploning the generator terminal characteristic and the capacitor voltage-.::urrent 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 thi s point gives the no-load 
ferminall"Oltage of the generator. 
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v, 

""GURE 7-60 
The terminal voItage--<:urrent 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 litt Ie 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 windmi lls are designed to operate in parall el 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. 

7.13 INDUCTION MOTOR RATINGS 

A nameplate for a typical high-efficiency integral-horsepower inducti on motor is 
shown in Figure 7--6 1. The most important ratings present on the nameplate are 

L Output power 

2, Voltage 

), Current 

4, Power factor 

5, Speed 

6, Nominal efficiency 
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FIGURE 7-61 
The nameplate of a typical lIigh-efficiency induction motor. (Courtesy of MagneTek, Inc.) 

7. NEMA design class 

8. Starting code 

A nameplate for a typical standard-efficiency induction motor would be simi lar, 
except that it might not show a nominal efficiency. 

The voltage limit on the motor is based on the maximum acceptable mag
netization current flow, since the higher the voltage gets, the more saturated the 
motor 's iron becomes and the higher its magnetization current becomes. Just as in 
the case of transformers and synchronous machines, a 60-Hz induction motor may 
be used on a 50-Hz power system, but only if the voltage rating is decreased by an 
amount proportional to the decrease in frequency. nlis derating is necessary be
cause the flux in the core of the motor is. proportional to the integral of the applied 
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voltage. To keep the maximum nux in the core constant while the period of inte
gration is increasing, the average voltage leve l mu st decrease. 

TIle current limit on an induction motor is based on the maximum acceptable 
heating in the motor's windings, and the power limit is set by the combination of 
the voltage and current ratings with the machine's power factor and efficiency. 

NEMA design classes, starting code letters, and nominal efficiencies were 
discussed in previous sections of this chapter. 

7. 14 SUMMA RY 

TIle induction motor is the most popular type of ac motor because of its simplicity 
and ease of operation. An induction motor does not have a separate field circuit; in
stead, it depends on transfonner action to induce voltages and currents in its field 
circuit. In fact, an induction motor is basically a rotating transfonner. Its equivalent 
circuit is similar to that of a transfonner, except for the effects of varying speed. 

An induction motor nonnally operates at a speed near synchronous speed, 
but it can never operate at exactly n,yDC. There must always be some relative mo
ti on in order to induce a voltage in the induction motor 's fi e ld circuit. TIle rotor 
voltage induced by the relative motion between the rotor and the stator magnetic 
field produces a rotor current, and that rotor current interacts with the stator mag
netic field to produce the induced torque in the motor. 

In an induction motor, the slip or speed at which the maximum torque oc
curs can be controlled by varying the rotor resistance. The value of that maximum 
torque is independent of the rotor resistance. A high rotor resistance lowers the 
speed at which maximum torque occurs and thu s increases the starting torque of 
the motor. However, it pays for this starting torque by having very poor speed reg
ulation in its normal operating range. A low rotor resistance, on the other hand, re
duces the motor 's starting torque while improving its speed regulation. Any nor
mal induction motor design must be a compromise between these two conflicting 
requirements. 

One way to achieve such a compromise is to employ deep-bar or double
cage rotors. lllese rotors have a high effective resistance at starting and a low ef
fective resistance under normal running conditions, thus yielding both a high 
starting torque and good speed regulation in the same motor. The same effect can 
be achieved with a wound-rotor induction motor if the rotor field resistance is 
varied. 

Speed control of induction motors can be accomplished by changing the 
number of poles on the machine, by changing the applied electrical frequency, by 
changing the applied tenninal voltage, or by changing the rotor resistance in the 
case of a wound-rotor induction motor. 

TIle induction machine can also be used as a generator as long as there is 
some source of reacti ve power (capacitors or a synchronous machine) available in 
the power system. An induction generator operating alone has serious voltage reg
ulation problems, but when it operates in parallel with a large power system, the 
power system can control the machine's voltage. Induction generators are usually 
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rather small machines and are used principally with alternative e nergy sources, 
such as windmills, or with energy recovery syste ms. A lm ost all the really large 
generators in use are synchronou s generators. 

QUESTIONS 

7-1. What are slip and slip speed in an induction motor? 
7-2. How does an induction motor develop torque? 
7-3. Why is it impossible for an induction motor to operate at synchronous speed? 

7-4. Sketch and explain the shape of a typical induction motor torque-speed characteris
tic curve. 

7-5. What equivalent circuit element has the most direct control over the speed at which 
the pullout torque occurs? 

7...(j. What is a deep-bar cage rotor? Why is it used? What NEMA design c1ass(es) can be 
built with it? 

7-7. What is a double-cage cage rotor? Why is it used? What NEMA design class(es) can 
be built with it? 

7-8. Describe the characteristics and uses of wound-rotor induction motors and of each 
NEMA design class of cage motors. 

7-9. Why is the efficiency of an induction motor (wolUld-rotor or cage) so poor at high 
slips? 

7-10. Name and describe four means of cont rolling the speed of induction motors. 
7-11. Why is it necessary to reduce the voltage applied to an induction motor as electrical 

frequency is reduced? 
7-12. Why is tenninal voltage speed control limited in operating range? 
7-13. What are starting code factors? What do they say about the starting current of an in-

duction motor? 
7-14. How does a resistive starter circuit for an induction motor work? 
7-15. What infonnation is learned in a locked-rotor test? 
7-16. What infonnation is learned in a no-load test? 
7-17. What actions are taken to improve the efficiency of modern high-efficiency induc-

tion motors? 
7-18. What controls the tenninal voltage of an induction generator operating alone? 
7-19. For what applications are induction generators typically used? 
7-20. How can a wOlUld-rotor induction motor be used as a frequency changer? 
7-2 1. How do different voltage-frequency patterns affect the torque-speed characteristics 

of an induction motor? 
7-22. Describe the major features of the solid-state induction motor drive featured in Sec

tion 7.10. 
7-23. Two 480-V, lOO-hp induction motors are manufactured. One is designed for 50-Hz 

operation, and one is designed for 6O-Hz operation, but they are otherwise similar. 
Which of these machines is larger? 

7-24. An induction motor is rlUlning at the rated conditions. If the shaft load is now in
creased, how do the following quantities change? 
(a) Mechanical speed 
(b) Slip 
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(c) Rotor induced voltage 
(d) Rotor current 
(e) Rotor frequency 
(j) PRCL 

(g) Synchronous speed 

PROBLEMS 

7-1. A dc test is performed on a 460-V. ~-connected. lOO-hp induction motor. If Voc = 
24 V and foc = 80A. what is the stator resistance R]? Why is this so? 

7-2. A 220-V, three-phase. two-pole. 50-Hz induction motor is ruooing at a slip of 5 per
cent. Find: 
(a) The speed of the magnetic fields in revolutions per minute 
(b) The speed of the rotor in revolutions per minute 
(c) The slip speed of the rotor 
(d) The rotor frequency in hertz 

7-3. Answer the questions in Problem 7- 2 for a 480-V. three-phase. four-pole. 60-Hz in
duction motor running at a slip of 0.035. 

7-4. A three-phase. 60-Hz induction motor runs at 890 rhnin at no load and at 840 rlmin 
at full load. 
(a) How many poles does this motor have? 
(b) What is the slip at rated load? 
(c) What is the speed at one-quarter of the rated load? 
(d) What is the rotor's electrical frequency at one-quarter of the rated load? 

7-5, ASO-kW, 440-V, 50-Hz, six-pole induction motor has a slip of 6 percent when op
erating at full-load conditions. At full-load conditions, the friction and windage 
losses are 300 W, and the core losses are 600 W. Find the following values for full
load conditions: 
(a) The shaft speed n .. 
(b) The output power in watts 
(c) The load torque 1lood in newton-meters 
(d) The induced torque 11 ... in newton-meters 
(e) The rotor frequency in hertz 

7-6. A three-phase, 60-Hz, four-pole induction motor runs at a no-load speed of 1790 
rlmin and a full-load speed of 1720 r/min. Calculate the slip and the electrical fre
quency of the rotor at no-load and full-load conditions. What is the speed regulation 
of this motor [Equation (4-68)]? 

7-7, A 208-V, two-pole, 60-Hz, V-connected woood-rotor induction motor is rated at 
IS hp. Its equivalent circuit components are 

Rl = 0.200 n 
Xl = O.4lOn 

P moc.b = 250 W 

For a slip of 0.05, find 
(a) The line ClUTent h 

R2 = 0.120 n 
X2 = 0.410 n 

P.u.c""O 

(b) The stator copper losses P SCL 

(c) The air-gap power PAG 

XM = IS.On 

P<Ote = 180W 
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(d) The power converted from electrical to mechanical fonn P <oov 

(e) The induced torque Tm 
(f) The load torque Tload 

(g) The overall machine efficiency 
(h) The motor speed in revolutions per minute and radians per second 

7-8. For the motor in Problem 7- 7. what is the slip at the pullout torque? What is the 
pullout torque of this motor? 

7-9. (a) Calculate and plot the torque-speed characteristic of the motor in Problem 7- 7. 
(b) Calculate and plot the output power versus speed curve of the motor in Prob

lem 7- 7. 

7-10. For the motor of Problem 7- 7. how much additional resistance (referred to the sta
tor circuit) would it be necessary to add to the rotor circuit to make the maximum 
torque occur at starting conditions (when the shaft is not moving)? Plot the 
torque-speed characteristic of this motor with the additional resistance inserted. 

7-11. If the motor in Problem 7- 7 is to be operated on a 50-Hz power system. what must 
be done to its supply voltage? Why? What will the equivalent circuit component 
values be at 50 Hz? Answer the questions in Problem 7- 7 for operation at 50 Hz 
with a slip of 0.05 and the proper voltage for this machine. 

7-12. Figure 7-1 8a shows a simple circuit consisting of a voltage source. a resistor. and 
two reactances. Find the Thevenin equi valent voltage and impedance of this circuit 
at the terminals. Then derive the expressions for the magnitude of Vrn and for Rrn 
given in Equations (7-4lb) and (7-44). 

7-13. Figure P7-1 shows a simple circuit consisting of a voltage source. two resistors. and 
two reactances in series with each other. If the resistor RL is allowed to vary but all 
the other components are constant. at what value of RL will the maximum possible 
power be supplied to it? Prove your answer. (Hint: Derive an expression for load 
power in terms of V. Rs. Xs. RL• and XL and take the partial derivative of that ex
pression with respect to Rd Use this result to derive the expression for the pullout 
torque [Equation (7- 54)]. 

jXs 

v(Z) 

FlGURE 1'7-1 
Circuit for Problem 7- 13. 

7-14. A 440-V. 50-Hz, two-pole, V-connected induction motor is rated at 75 kW. The 
equivalent circuit parameters are 

R[ = 0.075 0 

X[ = 0.170 

PFAW = 1.0 kW 

For a slip of 0.04, find 

R2 = 0.065 n 
X2 = O.170 

Pmioc = 150W 

XM = 7.20 

P axe = 1.1 kW 
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(a) The line clUTent h 
(b) The stator power factor 
(c) The rotor power factor 
(d) The stator copper losses PSCL 

(e) The air-gap power PAG 

(j) The power converted from electrical to mechanical fonn P OO/IiY 

(g) The induced torque 7; ... 

(h) The load torque Tlood 

(i) The overall machine efficiency 71 
OJ The motor speed in revolutions per minute and radians per second 

7-15. For the motor in Problem 7-14, what is the pullout torque? What is the slip at the 
pullout torque? What is the rotor speed at the pullout torque? 

7-16. If the motor in Problem 7-14 is to be driven from a 440-V, 60-Hz power supply, 
what will the pullout torque be? What will the slip be at pullout? 

7-17. Plot the following quantities for the motor in Problem 7-14 as slip varies from 0 to 
10 percent: (a) Tind: (b) P OOGY: (c) P 00': (d) efficiency 71. At what slip does P 00i. equal 
the rated power of the machine? 

7-18. A 20S-V, 60 Hz six-pole, V-connected, 25-hp design class B induction motor is 
tested in the laboratory, with the following results: 

No load: 

Locked rotor: 

OC test: 

208 V, 22.0 A, 1200 W, 60 Hz 

24.6 V, 64.5 A, 2200 W, 15 Hz 

13.5 V, 64 A 

Find the equivalent circuit of this motor, and plot its torque-speed characteristic 
curve. 

7-19. A 460-V, four-pole, 50-hp, 60-Hz, Y-colUlected, three-phase induction motor devel
ops its full-load induced torque at 3.S percent slip when operating at 60 Hz and 460 
V. The per-phase circuit model impedances of the motor are 

RI = 0.33 n 
XI = 0.42 n 

XM =30 n 

X2 = 0.42 n 

Mechanical, core, and stray losses may be neglected in this problem. 
(a) Find the value of the rotor resistance R2. 

(b) Find TmalI , s"""v and the rotor speed at maximum torque for this motor. 
(c) Find the starting torque of this motor. 
(d) What code letter factor should be assigned to this motor? 

7-20. Answer the following questions about the motor in Problem 7-1 9. 
(a) If this motor is started from a 460-V infinite bus, how much current will flow in 

the motor at starting? 
(b) If transmission line with an impedance of 0.35 + jO.25 n per phase is used to 

connect the induction motor to the infinite bus, what will the starting current of 
the motor be? What will the motor 's tenninal voltage be on starting? 

(c) If an ideal 1.4: I step-down autotransformer is connected between the transmis
sion line and the motor, what will the ClUTent be in the transmission line during 
starting? What will the voltage be at the motor end of the transmission line dur
ing starting? 
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7-21. In this chapter. we learned that a step-down autotransformer could be used to reduce 
the starting current drawn by an induction motor. While this technique works. an au
totransfonner is relatively expensive. A much less expensive way to reduce the start
ing current is to use a device called y-~ starter. If an induction motor is nonnally 
~-cOIUlected. it is possible to reduce its phase voltage V. (and hence its starting cur
rent) by simply reconnecting the swtor windings in Y during starting. and then 
restoring the cOlUlections to ~ when the motor comes up to s~ed. Answer the fol
lowing questions about this type of starter. 
(a) How would the phase voltage at starting compare with the phase voltage under 

normal lUlUling conditions? 
(b) How would the starting current of the Y-colUlected motor compare to the start

ing current if the motor remained in a ~-connection during starting? 

7-22. A 460-V. lOO-hp. four-pole. ~-connected. 60-Hz. three-phase induction motor has a 
full-load slip of 5 percent. an efficiency of 92 percent. and a power factor of 0.87 
lagging. At start-up. the motor develops 1.9 times the full-load torque but draws 7.5 
times the rated current at the rated voltage. This motor is to be started with an auto
transformer reduced-volwge starter. 
(a) What should the output volwge of the starter circuit be to reduce the starting 

torque until it equals the rated torque of the motor? 
(b) What will the motor starting ClUTent and the current drawn from the supply be 

at this voltage? 

7-23. A wound-rotor induction motor is operating at rated voltage and frequency with its 
slip rings shorted and with a load of about 25 percent of the rated value for the ma
chine. If the rotor resistance of this machine is doubled by inserting external resis
tors into the rotor circuit. explain what hap~ns to the following: 
(a) Slip s 
(b) Motor speed n .. 
(c) The induced voltage in the rotor 
(d) The rotor current 
(e) "rio<! 

(f) P out 

(g) PRCL 

(h) Overall efficiency 7f 

7-24. Answer the following questions about a 460-V, ~-COlUlected. two-pole. 75-hp. 60-Hz. 
starting-code-Ietter-E induction motor: 
(a) What is the maximum current starting current that this machine 's controller 

must be designed to handle? 
(b) If the controller is designed to switch the stator windings from a ~ connection 

to a Y connection during starting. what is the maximum starting current that the 
controller must be designed to handle? 

(c) If a 1.25: I step-down autotransfonner starter is used during starting. what is the 
maximum starting current that will be drawn from the line? 

7-25. When it is necessary to stop an induction motor very rapidly. many induction motor 
controllers reverse the direction of rotation of the magnetic fields by switching any 
two stator leads. When the direction of rotation of the magnetic fields is reversed. 
the motor develops an induced torque opposite to the current direction of rotation. 
so it quickly stops and tries to start turning in the opposite direction. If power is re
moved from the stator circuit at the moment when the rotor s~ed goes through zero. 
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then the motor has been stopped very rapidly. This technique for rapidly stopping an 
induction motor is called plugging. The motor of Problem 7- 19 is running al rated 
conditions and is to be stopped by plugging. 
(a) What is the slip s before plugging? 
(b) What is the frequency of the rotor before plugging? 
(c) What is the induced torque "ria<! before plugging? 
(d) What is the slip s inunediately after switching the stator leads? 
(e) What is the frequency of the rotor immediately after switching the stator leads? 
(j) What is the induced torque "ria<! immediately after switching the stator leads? 
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