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3 Module-3: Three phase induction motor

Overview

In this module, we first discuss about the types and constructional features of 3-phase induction
motors. Principle of operation, development of equivalent circuit, derivation of torque expression
are discussed in sequence. Torque-slip characteristic and its importance are also discussed. Modified
Torque-slip characteristics when rotor resistance, supply voltage and supply frequency are varied
are presented.

These module has 5 units covering the following aspects.

1. Types and constructional features of 3-phase induction motor.

2. Principle of operation.

3. Development of equivalent circuit.

4. Expression for electromagnetic torque

5. Torque-slip characteristic.

Module Objectives

In this module types and constructional features of 3-phase induction motor are first discussed.
Principle of operation, development of equivalent circuit and expression of torque are explained
and discussed. The importance of torque-slip characteristic in understanding motor operation is
heighlighted.

After going through this module, students will be able to

1. explain the principle of operation of 3-phase induction motor.

2. say the range of slip for motor operation.

3. draw a typical characteristic of 3-phase induction motor and identify stable and unstable zone
of operation.

4. explain why frequencies of stator and rotor electrical quantities have different values.

5. explain how operating point moves from one steady state condition to the other steady state
point of operation.

6. to draw modified torque-slip characteristic when rotor resistance, supply voltage and supply
frequency are varied.

7. able to explain the operation of a cage type induction motor qualitatively.

3.1 Unit-1 Types and constructional features of 3-phase induction mo-

tor

Overview

Induction motors are considered to be the work horse of industries and widely used. Unlike other
motors, it works on single excitation (only stator winding is to be excited from a 3-phase source).
By induction voltage is induced in the rotor coils which produce current in the rotor conductors
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as the rotor terminal are kept short circuited. There are two types of induction motors namely
slip ring and squirrel cage types. Basic constructional features of these two types are discussed.
Emphasis is to be given on relative cost and flexibility of operation of the two.

Objectives

After going through this unit, students will be able to:

1. identify the two types of induction motor by physically looking at them.

2. understand the necessity and working of slip ring and brush arrangement for accessing the
rotor terminals.

3. conclude that a cage rotor in fact is equivalent to a polyphase winding.

3.1.1 Suggested material to meet the objectives

Types & Constructional features of 3-phase Induction motor

Induction motors are generally of two types namely Slip Ring or Wound Rotor type and Squirrel

Cage Type. There is no difference so far as the stators of both the types are concerned. Stator
houses a balanced 3-phase distributed winding in the slots of the laminated stator iron. Difference
comes in the construction of the rotor. In case of slip ring type, rotor houses a balanced 3-phase
distributed winding similar to that of the stator and the rotor terminals are brought out through
slip ring and brush arrangements as shown in the figure 1. In cage induction motor a number of
conductor bars are placed in rotor slots. Bar ends are kept permanently short circuited at both the
ends with help conducting end rings. Imagine that rotor iron has been removed, then the rotor will
like a cage as shown in figure 2, where for simplicity only 4 number of rotor bars have been shown.
So for obvious reason no rotor terminals in case of cage induction motor are available.
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From rotor windings

Slip ring
Shaft

Fixed brush

for external connection
Rotor terminals

Figure 1: Slip ring & brush arrangement. Figure 2: A squirrel cage rotor.

In the following figures 3 and 4 are shown the representation of Slip Ring and Cage type 3-
phase induction motors. It may be noted that the rotor terminals of wound rotor induction motor
generally be kept short circuited with the help of an external shorting switch S as shown, for cage
motor, rotor bars are inherently shorted.

Cage motors are quite rugged and practically no maintenance is required on the rotor side.
However regular maintenance is required as slip rings and brushes are present in wound rotor motors.
The cost of a slip ring machine will be much higher than the cost of cage machine primarily because
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of (i) cage rotor construction is very simple and can be mass produced with unskilled labor; (ii)
skilled winder is necessary to make rotor windings and (iii) extra cost is incurred for slip rings in
wound motors.
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Figure 3: Slip Ring induction motor.

Rs

Bs

Ys

End ring

Rotor
bar

nr

3−
ph

as
e 

su
pp

ly

ns

Rotating
field

Figure 4: Squirrel Cage induction motor.

3.1.2 Unit-1 Problems

1. How will you identify the type of 3-phase induction motor by physically looking at the motor?
Answer: In slip ring induction motor both stator and rotor terminals are brought out. There
may be either three or six stator terminals. For rotor three terminals will be available. Also we
know, rotor terminals are brought out through slip rings and brush arrangement. Therefore,
on one side of the shaft, three numbers of slip rings along with fixed brushes can be seen by
opening the end cover of the machine.

2. What is the function of slip ring & brush arrangement in a wound rotor induction motor?
Answer: slip ring & brush arrangement is necessary to make the rotor terminals appear
stationary to the user, so that we can connect meters, rheostats etc. without any problem.

3. How many rotor phases will you attribute for a cage type 3-phase, 4 pole induction motor
having 20 rotor bars?
Answer: Cage rotor will behave as 2S/p = 10 number of phases. In other words, number of
slots or rotor bars per pole pair decide the number of phases. This is because phase of the
voltage will repeat after every pole pair.

4. For a slip ring induction motor, what should be done with the rotor terminals for successful
operation as a motor?
Answer: Obviously motor will not work if the rotor terminals are kept open circuited. For
torque to be produced, rotor current must be present. Therefore rotor terminals either may
be kept short circuited or suitable resistance may be connected across it to have improved
starting torque.
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3.2 Unit-2 Principle of operation

Overview

Principle of operation of 3-phase induction motor is clearly explained from fundamentals of rotating
magnetic field and Faraday’s laws.

Objectives

After going through this unit, students will be able to:

1. qualitatively explain the principle of operation of the motor.

2. feel the importance of slip.

3. make out that at stand still condition, the motor behaves like a transformer.

4. conclude that frequency of rotor voltage & current depend on slip.

5. that at starting slip s = 1 while at no load condition slip s ≈ 0.

6. understand that the value of slip at which the motor will be operating, depends on the load
torque present on the shaft.

3.2.1 Suggested material to meet the objectives

Basic principle of operation

Driving & Opposing torques

There are various kinds of rotating electrical machines such as D.C machines, Induction machines,
Synchronous machines etc. and they can run either as motor or as a generator. When a generator
or a motor runs at a constant speed, we can say with conviction (from Newton’s laws of rotational
motion) that the driving torque and the opposing torque must be numerically equal and acting in
opposite directions.
Generator mode

In case of generator mode, the driving torque is obtained by prime movers. A diesel engine or water
turbine or steam turbine could be selected as prime movers. In laboratory environment, motors are
used as prime movers. The direction of rotation of the generator is same as the direction of the
prime mover torque. A loaded electrical rotating machine always produces electromagnetic torque
Te, due to the interaction of stator field and armature current. Te together with small frictional
torque is the opposing torque in generator mode. This opposing torque is called the load torque, TL.
If one wants draw more electrical power out of the generator, Te (hence TL) increases due to more
armature current. Therefore, prime mover torque must increase to balance TL for steady speed
operation with more fuel intake.
Motor mode

In case of motor mode, the driving torque is the electromagnetic torque, Te and direction of rotation
will be along the direction of Te. Here the opposing torque will be due to mechanical load (such as
pumps, lift, crane,blower etc.) put on the shaft and small frictional torque. In this case also the
opposing torque is called the load torque TL. For steady speed operation, Te = TL numerically and
acts in opposite direction. To summarize, remember:

• if it is acting as a motor, electromagnetic torque Te acts along the direction of the rotor
rotation and the load torque TL acts in the opposite direction of rotation as shown in the
figure 5 (a). If Te = TL motor runs steadily at constant speed. During transient operation, if
Te > TL motor will accelerate and if Te < TL motor will decelerate.
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• On the other hand, if the machine is acting as a generator, the prime mover torque Tpm

acts along the direction of rotation while the electromagnetic torque, Te acts in the opposite
direction of rotation as shown in figure 5 (b). Here also during transient operation if Tpm > TL,
the generator will accelerate and if Tpm < TL, the generator will decelerate.

Te Te

TL

Direction of rotor rotation Direction of rotor rotation

n nr r

Tprime
mover

(a) Motor mode (b) Generator mode

Figure 5: Direction of torques in rotating machines.

Let us first consider a slip ring motor to understand the principle of operation. Initially suppose
the machine is stationary (i.e., rotor speed nr = 0) and the rotor terminals Rr, Yr and Br are opened.
If now 3-phase, f Hz supply is given to the stator terminals, a rotating magnetic field results moving
with a speed ns with respect to the stator or a stationary observer. This field will induce voltages
in the rotor coils of frequency f Hz. Rotor conductors, although placed in a magnetic field, can
not experience any force or torque as they don’t carry any current by virtue of the fact that they
have been left open circuited. As same flux links both the the stator and the rotor coils, the ratio
of the induced voltages in stator and rotor phase coils will be in the ratio of their effective number
of turns like a transformer.

If now the rotor terminals are shorted by say a shorting switch S, rotor conductors will now
carry currents and experience torque. The rotor starts rotating in the same direction as that the
direction of the stator field. Why? This is left to you to ascertain this. To give some hints you
may apply, left hand rule or Lenz’s law with which you are well familiar with. Note that when
the machine is about to start, induction motor behaves in the same way as a transformer whose
secondary is shorted. The frequency of rotor current is still f .

The scenario changes once rotor starts accelerating. Suppose, rotor has attained a speed nr

at any time t during the course acceleration. The magnitude of the rotor induced voltage and its
frequency must have decreased, as anybody sitting on the rotor conductor will see the rotating
field move past him at a speed of ns − nr and not ns at the time of starting. Consequently, the
current in the short circuited secondary too will decrease. Nonetheless, electromagnetic torque still
will be produced thereby accelerating the rotor further. Now the question is where the motor will
finally settle down? To understand this let us assume a rather ideal situation where no friction exist
on the bearing. So long nr < ns, we have seen that the motor speed will go on increasing and a
time will come when nr = ns, making relative speed between the rotating field and the rotor zero.
Hence induced voltage and rotor currents vanish. Electromagnetic torque, Te also becomes zero. It
is however not surprising at all, because we know from Newton,s laws of motion that to rotate a

body at some constant angular speed in an absolutely frictionless environment, no external torque

is necessary. Therefore the motor will finally settle down at nr = ns. A motor is purchased and
installed not for running it on no load but to supply some mechanical load such as pumps, lift and
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many others. Essentially, a mechanical load imposes on the shaft of the motor a load torque, TL

which acts in the opposite direction of rotation. Therefore, for a mechanically loaded motor, the
final operating speed of the motor will be once again such that electromagnetic torque developed
will be equal to the load torque i,e.,Te = TL. Since TL > Tfric rotor speed of a loaded induction
motor, nr < nro < ns. Thus as the load torque increases, the speed of the motor falls. For a typical
well designed induction motor, the variation of speed from no load to the full load condition is very
small, of the order of 3 to 5%.

Slip speed & slip

From the above discussion, it is expected, the difference of the synchronous speed and the rotor
speed i.e., ns − nr is going to play a crucial role in deciding torque developed. This difference of
speed is called the slip speed. Remembering that ns is constant and nr depends upon load present
on the shaft another term called slip is defined as s = (ns − nr)/ns. This is nothing but the
slip speed expressed as per unit of synchronous speed. Slip is often expressed in percentage as
s = (ns − nr) × 100/ns %. In the next section we shall see that the induced voltage in the rotor
and its frequency can be nicely expressed in terms of slip. Knowledge of slip indirectly give us rotor
speed as nr = (1 − s)ns.

3.2.2 Unit-2 Problems

1. Why does the rotor moves in the same direction as that of the stator rotating field?
Answer: We know from Lenz’s law, that induced voltage in a coil will act in such a way that
it will try to oppose the very cause for which the induced emf is due. The cause of induced
voltage in the rotor coils is due to the relative speed of the stator field and the rotor coils.
Thus rotor will start rotating in such a direction so as to reduce the relative speed. This can
happen if the rotor moves in the same direction as that of the stator field.

2. What does the rotor do when

(a) electromagnetic torque is greater than the load torque in a motor.

(b) electromagnetic torque is less than the load torque in a motor.

(c) electromagnetic torque is less than the prime mover torque in a generator.

(d) electromagnetic torque is more than the prime mover torque in a generator.

3. With the help of a diagram show the direction of rotation, direction of electromagnetic torque
and load torque for motor.

4. With the help of a diagram show the direction of rotation, direction of electromagnetic torque
and load torque for generator.

5. How many slots will be necessary, to make a 3-phase distributed winding which will produce
6-pole.
Solution

We know that to produce 2-pole we require one coil hence 2 slots. Therefore we shall require
a minimum of 3 coils ( 6 slots) to produce 6-pole per phase. Each phase has to produce 6
pole individually. Therefore total number of slots required will be 3 × 6 = 18.
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3.3 Unit-3 Development of equivalent circuit

Overview

In this unit per phase equivalent circuit of a 3-phase induction motor is developed. It is similar to
that of a static transformer but with an important difference. The important difference is due to
the fact that power output of the motor is mechanical in nature and this is to be represented in the
form of a speed or slip dependent resistance. Usefulness of the equivalent circuit in predicting the
performance of the motor is highlighted.

Objectives

After going through this unit, students will be able to:

1. draw the equivalent circuit of the motor when running at a slip and identify various parameters.

2. understand how power flows from input to the mechanical load.

3. enumerate various losses that take place in the motor.

4. prove that Air gap power : Rotor copper loss : Gross mechanical power is 1 : s : (1 − s).

5. draw approximate equivalent circuit neglecting stator impedance.

3.3.1 Suggested material to meet the objectives

Analysis & equivalent circuit

Let us assume that the induction machine is operating as motor and running with a slip s. The air
gap flux density distribution is assumed to be sinusoidal fundamental component, other harmonic
components being neglected.

Flux per pole, φ =
4

p
Bmaxlr

where, Bmax = Maximum value of flux density

l = Length of the motor.

r = Radius of the rotor.

p = Number of pole of the machine.

N1 = Actual stator number of turns per phase.

kw1 = Winding factor of stator.

kw1N1 = Effective stator number of turns per phase.

N2 = Actual rotor number of turns per phase.

kw2 = Winding factor of rotor.

kw2N2 = Effective rotor number of turns per phase.

Also let us define the following:

Stator induced voltage per phase, E2 =
√

2πfφkw1N1

Rotor induced voltage per phase at stand stillcondition, E2S =
√

2πfφkw2N2

Rotor induced voltage per phase at a slip s, E2 =
√

2πsfφkw2N2

= sE2s
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Although the stator electrical quantities have frequency f , it is interesting to note that the frequency
of rotor voltage and current is sf . This can easily be shown as follows:

Mechanical relative speed between stator field & rotor conductors = (ns − nr)

Frequency of rotor voltage & current fr =
p

2
(ns − nr)

=
p

2
sns

= sf

If supply frequency is 50Hz and full load operating slip is about 5%, the rotor frequency will be
only 2.5Hz. At stand still condition, s being 1, frequency of stator & rotor currents are same at
f and induction motor behaves just like a short circuited transformer. Also the flux level (i.e.,
flux per pole) will remain practically constant from no load to full load condition and is decided
by the supply voltage and supply frequency. The no load condition in case of an induction motor
essentially means s = 0 when rotor induced voltage and current are zero. Current drawn from the
supply will be no load current I0 comprising of magnetizing current Im and the core loss component
Icl similar to that of a practical transformer. Let us see physically what happens when the induction
motor is at stand still condition i.e., at slip s = 1. Frequency of rotor current is now equal to supply
frequency f . So the three phase winding of the rotor, carries balanced three phase current. Hence
rotor too, will produce a rotating magnetic field with a speed of rotation 2f

p
(= ns) with respect

to rotor structure. A stationary observer sees two rotating field namely stator field and rotor field
moving in the same direction with same speed. So angle between the fields is time invariant. the
situation is depicted in the figure 6(a). This is another way of explaining the fact that a 3-phase
induction motor has a starting torque.

F

F

s

r

Speed of stator field
= nswrt stationary observer.

Speed of rotor field
= n_s wrt rotor
=n_s wrt stator

The angle between the 
fields is time invariant.

F

F

s

r

Speed of stator field
= nswrt stationary observer.

Speed of rotor field
=(n − n  ) wrt rotors r
=(n − n  )+ n  s r r

fields is time invariant.
The angle between the 

=n  wrt stators

(a) Situation at slip s=1 (b) Situation at slip s

nr
n r

Figure 6: The angle between stator & rotor field is always time invariant.

Let us now suppose that the machine is running with some slip at a speed of nr in the clockwise
direction. Then,

Frequency of stator current = f

Speed of the stator field wrt stationary observer = ns (=
2f

p
)

Frequency of rotor current = fr (=
p(ns − nr)

2
)

Speed of the rotor field wrt rotor = (ns − nr)

Speed of the rotor field wrt stator = (ns − nr) + nr

= ns
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In this case also we find that the angle between the stator & rotor field is time invariant. Any body
sitting on the stator, as such can not distinguish whether the situation corresponds to standstill or
arbitrary running condition. Because in both the cases, stator sees that a rotating magnetic field
has been produced by the rotor moving with a speed ns.

Whenever there will be current in the rotor circuit, to keep the flux level constant in the air
gap of the machine, stator coils will draw additional (reflected current) from the supply to counter
the field of rotor. At what frequency, will this additional current will be drawn? This gets decided
by the fact that it has to counter a rotor rotating field moving at a speed of ns wrt to stator. By
drawing only 50Hz current from the supply, such a feat can be achieved. In other words, although
frequency of rotor current changes with the degree of loading, the stator current frequency remains
unchanged at the supply frequency 50Hz. We thus conclude that while during standstill condition
induction machine strictly behaves like a transformer, during running condition it is not. During
running condition there is reflected current no doubt but frequency of stator and rotor winding
currents are different.

Equivalent circuit

The discussion on development of equivalent circuit Will be done in two levels. In the first level stand
still condition is considered and in the second level running with an arbitrary slip is considered. So
far as the stand still condition is concerned, the per phase equivalent circuit will be exactly similar
to that of a transformer. Figures 7 and 8 shows the per phase equivalent circuit of the induction
motor at s = 1. In similar line with the concept of transformer the per phase equivalent circuit
parameters are defined as follows:

Stator to rotor phase turns ratio, a =
kw1N1

kw2N2

Stator resistance = r1

Stator leakage reactance = x1

Magnetizing reactance = xm

Resistance representing core loss = Rcl

Rotor resistance = r2

Rotor leakage reactance at standstill condition = x2

Rotor resistance referred to stator, r′2 = a2r2

Rotor leakage reactance referred to stator, x′

2 = a2x2

XmR
cl

V1

I1

I
2

I 2

E2

2r x2
r x

1 1

Rotor
Frequency = f

Frequency = f

Equivalent circuit showing both sides at slip s = 1

ImI
cl

Ideal Induction motor

E1

Figure 7: Equivalent circuit showing both sides.

XmR
cl

Icl mI

2r x2
/ /

x11r

V
1

Io

I 2

I1

Equivalent Circuit reffered to stator at slip s = 1

Figure 8: Equivalent circuit ref. to stator.

Now let us consider the actual rotor circuit shown in figure 9, when the motor runs with a slip
s. here induced voltage in the rotor is sE2 and the rotor leakage impedance is r2 + jsx2 where x2
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is the rotor leakage reactance at standstill condition. The current in the rotor circuit is

Actual rotor current, I2 =
sE2

√

r2
2 + (sx2)2

Frequency of rotor current, fr = sf

Corresponding reflected stator current, I ′

2 =
kw2N2

kw1N1
I2

Stator current frequency = f

The magnitude of this reflected current, we should note, depends on the magnitude of the rotor
current and the ratio of effective number of turns and not on frequency of the rotor current. This
piece of fact can be applied effectively for obtaining equivalent circuit of the induction motor
operating at slip s. In figure 9(a) is shown the actual rotor equivalent circuit operating at sf Hz.
Certainly the stator and the rotor circuits can not be connected simply by changing the level of
voltage to a common value as the frequency of the two circuits are different. Had the frequencies
been same there would not have been any problem as already seen for the standstill condition.
Therefore, before attempting any interconnection of the two sides like transformer, we have to
somehow transform the rotor circuit in such away that its rotor current remains same as the actual
value but frequency becomes f .

Let us imagine a fictitious induction motor whose turns ratio is same as that of the original
machine and whose standstill leakage rotor impedance is ( r2

s
+ jx2) as shown in figure 9(b). For this

machine at standstill condition the rotor current is given by

standstill rotor current of the fictitious motor I2 =
E2

√

( r2

s
)2 + (x2)2

=
sE2

√

r2
2 + (sx2)2

= same as the rotor current of the actual machine running

sE2
I2

Frequency = sf

sx2

r2 sE2
I2

x2

r2 /s

Frequency = f

(a) Rotor circuit of the actual motor (b) Rotor circuit of the fictitious motor

Figure 9: Rotor circuit.

The stator will react in the same way (i.e., drawing same reflected current at the same power
factor) for both the actual and the fictitious machine. So the equivalent circuit of the fictitious
machine can be easily drawn and we realize that this also represents the equivalent circuit of the
actual motor running with slip s. The exact and the approximate per phase equivalent circuits of
the induction motor running with slip s are shown in figure 11(a) and (b).

3.3.2 Power flow diagram

Power flow diagram, shown in figure 10 gives us a pictorial view of the power distribution inside the
machine, starting from the electrical power input finally to the Net mechanical power output. In the
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stator, the copper loss in the winding and the core loss occurs. From the total input if we subtract
these two losses we get the power which crosses the air gap and enters into the rotor. This power is
called the Air Gap Power. In the rotor rotor copper loss takes place and if this is subtracted from
the air gap power we get the gross mechanical power developed. The net mechanical power will be
obtained if mechanical loss (frictional & windage losses) is subtracted from the gross mechanical
power.

in

rotor Cu lossMechnical loss

P

Gross mech, power
Net

mechanical
power

Stator Cu loss
Stator core loss

Pag

inP

Gross mech, power
Net

mechanical
power

Stator Cu loss

Pag

rotor Cu loss

Rotational loss =
Mechanical loss + core loss

Exact Power Flow Diagram

Approximate Power Flow Diagram

Figure 10: Power flow diagram.

Bringing the parallel branch of impedance right across the supply may not be that accurate
as in case of transformer but one can get a fairly good idea of the performance of the motor for
any operating slip rather quickly. In fact to simplify matters further, the stator impedance is often
neglected for getting handy and simplified expressions for torque, power etc. This is somewhat
justified by the fact that the normal operating slip of induction motor will be small of the order of

about 5%, making
r′
2

s
hence rotor impedance z′2 quite large compared to stator impedance.

XmR
cl

Icl mI

Io

2r x2
/ /

x11r

V
1

I 2

I1

XmR
cl

Icl mI

Io

(a) Exact equivalent Circuit reffered to stator at slip s 

V1

2r x2
/ /

I 2

x11r
I1

(b) Approx. equivalent Circuit reffered to stator at slip s 

s s

Figure 11: Equivalent circuit for slip s.

3.3.3 More on cage rotor induction motor

Explanation of principle of operation and development of equivalent circuit of induction motor have
been carried out assuming the motor to be wound rotor type. Question arises whether can we
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apply these to cage type induction motor as well? The answer to this is yes. We try to justify this
qualitatively in the following paragraph.

We know a rotating magnetic field can be produced by a balanced 2-phase or 3-phase or 6-phase
or (in general) poly phase winding. The implication of this is far reaching in the sense that we can,
if we desire make a induction motor whose stator houses a balanced 3-phase winding and the rotor
houses a balanced 2-phase winding. This machine will work all right provided the stator and rotor
number of poles are equal. As we know, production of steady torque is due to the interaction of
stator and rotor poles - it does not matter whether these poles have been produced by a balanced
2-phase or 3-phase or 6-phase or (in general) poly phase winding. With this understanding we are
in a position to explain how a cage motor works.

End ring B 
removed

End ring A

1

2

3

4

5

6

7

8
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10

9

16

14
15

1

2

3

4

5

6

7

8

13

12

11

10

9

16

14
15

N
Neutral point

(b) Cage with end ring B(a) Complete cage removed

Rotating field
produced by sstator

Figure 12: Cage rotor

In figure 12(a), a cage rotor with two end rings A and B short circuiting all the 16 bars at both
the ends. Let us imagine that end ring B has been removed so that rotor bar become open circuited
with terminals 1, 2, . . . 16 and the other ends of the bars remain short circuited through end ring
A and let that common point be marked as N (neutral). Suppose rotating field produced by stator
moves in the anti clockwise direction as shown. Therefore in each of the bar voltage (b l v) will be
induced. Magnitude of the RMS voltage induced in each bar will be same. However, voltage in
bar-2 will lag the voltage in bar-1 by slot angle. Let the stator produces 2-pole. Therefore voltage
phasors of all the 16 bars can be drawn as E1N , E2N , . . . E16N as shown in figure 13(a).
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Figure 13: Phasor for bar voltages
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So we now have a balanced 16-phase voltage induced in the rotor circuit which has been kept
opened (as end ring-B has been removed). Let us insert the end ring-B at the other end (like short
circuiting the terminals of a slip ring motor). Naturally, balanced 16 phase current will exist in
the bars and rotor will be able to produce its own rotating field (since any poly phase distributed
current produces a rotating field). Stator does not really know whether the rotor field has been
produced by a 3-phase or in general by a poly phase current distribution in the rotor.

Another interesting point with cage rotor is its capability to adjust automatically with stator
number of poles. Imagine that the stator winding ( which produced 2-pole) of the above machine is
replaced by a 3-phase winding which produce 4-pole. However, the same cage rotor with 16 bars is
used. It will be found, that the motor will once again run successfully. In this case, the bars which are
2-pole pitch apart will have induced co-phasal voltages. Voltages in bars 1and9, 2and10 . . . 8and16
will be in same phase as shown in figure 13(b). Thus over 360◦ mechanical angle we shall have 2
cycles of identical current distribution in space ensuring 4-pole will now be produced by the rotor.
Conclusion is, if number of stator pole is changed, rotor will adjust itself to produce same number
of stator poles. In general, if S is the total number of bars and p is the number of pole then we can
attribute 2S/p number of phases to the cage rotor.

3.3.4 Unit-3 Problems

1. Why does the rotor moves in the same direction as that of the stator rotating field?
Answer: We know from Lenz’s law, that induced voltage in a coil will act in such a way that
it will try to oppose the very cause for which the induced emf is due. The cause of induced
voltage in the rotor coils is due to the relative speed of the stator field and the rotor coils.
Thus rotor will start rotating in such a direction so as to reduce the relative speed. This can
happen if the rotor moves in the same direction as that of the stator field.

2. Calculate the value of the slip s for a 3-phase, 6 pole, 50 Hz induction motor running at 970
rpm.
Solution:

Synchronous speed, ns = 120 × f/p = 120 × 50/6 = 1000 rpm

rotor speed, nr = 970 rpm

slip, s = (ns − nr)/ns = (1000 − 970)/1000 = 0.03 = 3 %

3. A 3-phase, 4 pole induction motor is found to run at 1728 rpm at a slip of 4%. Calculate the
frequency of the supply.
Solution:

synchronous speed, ns = nr/(1 − s) = 1728/(1− 0.04) = 1838.3 rpm

or, 120 × f/4 = 1838.3

or, f = 1838.3 × 4/120 = 61.28 Hz

4. A 3-phase, 50 Hz, 4 pole induction motor is found to run at 1440 rpm. What are the frequencies
of stator current and rotor current?
Solution:

synchronous speed, ns = 120 × f/4 = 120 × 50/4 = 1500 rpm

slip, s = (ns − nr)/ns = (1500 − 1440)/1500 = 0.04 = 4 %

Frequency of stator current, f = 50 Hz

Frequency of rotor current, fr = s × f = 0.04 × 50 = 2 Hz
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5. A 3-phase, 50 Hz, 6 pole induction motor is found to run at 950 rpm. Calculate the

(i) speed of the stator rotating field with respect to stator.

(ii) speed of the stator rotating field with respect to rotor.

(iii) speed of the rotor rotating field with respect to rotor.

(iv) speed of the rotor rotating field with respect to stator.

Solution

synchronous speed, ns = 120 × f/6 = 120 × 50/6 = 1000 rpm

speed of the stator field wrt statorns = 1000 rpm

speed of the stator field wrt rotorns − nr = 1000 − 950 = 50 rpm

Slip of the motor s = (1000 − 950)/1000 = .05

Frequency of rotor current, fr = s × f = 2.5 Hz

speed of the rotor field wrt rotor = 120 × fr/6 = 50 rpm

speed of the rotor field wrt stator = 950 + 50 = 1000 rpm

6. If ns is the synchronous speed of an induction motor, prove that the relative speed of the
fields produced by stator and rotor is zero when the motor runs at any arbitrary speed of nr.
Solution

speed of the stator field wrt stator = ns

speed of the rotor field wrt rotor = ns − nr

speed of the rotor field wrt stator = ns − nr + nr = ns

Thus the relative speed between stator and rotor fields zero at all nr.

7. A 3-phase induction motor is found to run at 5% slip with per phase induced voltage of 10
V. What will be the per phase rotor induced voltage

(a) at stand still condition?

(b) when rotor runs at 3% slip? Let the rotor induced voltage per phase at stand still
condition be E2.

Solution

∴ induced voltage at slip s = s × E2

induced voltage at slip .05 = .05 × E2 = 10 V

induced voltage at stand still condition E2 = 10/.05 = 200 V

∴ induced voltage at slip .03 = .03 × E2 = 6 V

8. Sketch the power flow diagram of a 3-phase induction motor showing various losses that take
place in the motor.
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9. How air gap power, rotor copper loss and gross mechanical power are related when the motor
runs at slip s.
Solution

Air gap power : Rotor Cu loss : Gross mech power = 1 : s : (1 − s)

10. Where does core loss occur in induction motor? Why core loss in rotor iron can be neglected?
Solution

We know the with respect to stator iron air gap field rotates at ns and with respect to rotor
iron air gap field rotates at ns − nr. Now the slip speed is quite small. Hence the core loss
primarily occurs in stator iron and core loss in rotor iron can be practically neglected.

11. What is rotational loss? What are the different component of this loss.
Answer: Rotational loss is sum of core loss and friction & windage loss. Since variation of
speed from no load to full load is quite small friction & windage loss can be considered to be
constant. Also note, flux level of the machine practically remains constant from no load to
full load. So rotational loss is assumed to be constant for all practical purposes.

12. What parameters in the equivalent circuit are involved in determining (i) air gap power (ii)
gross mechanical power.
Answer: For air gap power it is r′2/s and for mechanical power it is (1 − s)r′2/s .

13. The input power to a 3-phase induction motor is 7.5 kW when running at a slip s. At this
condition, stator copper loss, rotor copper loss and rotational losses are respectively 200 W,
300 W and 500 W. Calculate the air gap power, slip, net mechanical power output and effi-
ciency of the motor.
Solution

Input power, Pin = 7.5 kW

Air gap power, Pag = Pin − Stator loss = 7.5 − 0.2 = 7.3 kW

Rotor Cu loss, Protculoss = s × Pag = s × 7.3 = 0.3

∴ slip, s = 0.3/7.3 = 0.041

Pgrossmech = (1 − s)Pag = (1 − 0.401) × 7.3 = 7.008 kW

Pnetmech = Pgrossmech − rotational loss = 7.008 − 0.5 = 6.508 kW

Efficiency of the motor, η = Pnetmech/Pin = (6.508/7.50)× 100 = 86.7%

14. Gross mechanical power developed by a 6 pole, 50 Hz, 3-phase induction motor is 8 kW while
running at 960 rpm. Calculate the rotor copper loss.
Solution

synchronous speed, ns = 120 × f/6 = 120 × 50/6 = 1000 rpm

rotor speed, nr = 950 rpm

slip, s = (1000 − 950)/1000 = 0.05

Air gap power, Pag = Pgrossmech/(1 − s) = 8/(1 − .05) = 8.42 kW

Rotor Cu loss, Protculoss = s × Pag0.05 × 8.42 = 0.421 kW = 421 W
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3.4 Unit-4 Torque Equation & Torque-slip Characteristic

Overview

In this unit expression for the electromagnetic torque is derived in terms of the equivalent circuit
parameters. Typical torque versus slip characteristic is drawn when slip s, varies from 1 to 0.

Objectives

After going through this unit, students will be able to:

1. identify the parameter of the equivalent circuit which represent gross mechanical power de-
veloped.

2. conclude that torque developed is also given by air gap power divided by synchronous speed.

3. express torque in synchronous watt (which is nothing but the air gap power in watts) as the
synchronous speed is constant.

4. calculate the torque at any slip.

5. sketch typical torque versus slip characteristic

3.4.1 Suggested material to meet the objectives

Torque expression neglecting stator impedance

To bring out some important characteristics of induction motor, often a very simplified model of
induction motor equivalent circuit is taken up by neglecting stator impedance and the parallel
impedance representing the no load current. In this case the power input, indeed becomes the air

gap power and the equivalent circuit looks like (14):

/

/x2

r2 /sV1
I2
/

Figure 14: Equivalent circuit neglecting stator impedance ref. to stator for slip s.
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The expression of torque can now be expressed in terms of equivalent circuit parameters by putting
I ′

2 = V1
r
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r
′

2

s
)2+(x′

2
)2

in the above torque equation.

Te =
3

2πns





V1
√

(
r′
2

s
)2 + (x′

2)
2





2

r′2
s

=
3

2πns

V 2
1

r′
2

s
[

(
r′
2

s
)2 + x′

2
2
]

Te =
3V 2

1

2πnsx′

2

s
r′
2

x′

2
[

s2 + (
r′
2

x′

2

)2
]

One can further simplify the above equation by defining α =
r′
2

x′

2

and K =
3V 2

1

2πnsx′

2

to get the

following handy and easy to remember torque formula.

Te = K
sα

s2 + α2

The value of slip may vary from 0 to 1 for motoring mode - s = 1 corresponds to stationary rotor
(nr = 0, ) and s = 0 corresponds to rotor speed to be synchronous (nr = ns). One can calculate
torque values for different slip values and plot them to get the typical torque vs slip characteristic
of the3-phase induction motor as shown in figure 15 The value of maximum torque Tmax and the

nr

Torque

nr= nsspeed

slip
s = 1

nr = 0

s = 0

maxT

s = αstT

Figure 15: Torque vs slip characteristic.

corresponding slip at which it occurs can be easily calculated either from the equation dTe

ds
= 0 or

more elegantly by applying maximum power transfer theorem to the equivalent circuit. We know

air gap power (3I ′

2
2 r′

2

s
in figure 14) is in fact a measure of torque in synchronous watt. Naturally the

power in
r′
2

s
will be maximum when

r′
2

s
= x′

2 or the value of slip at which maximum torque occurs

is
r′
2

x′

2

= α. After putting s = α in the torque equation, we get Tmax = K
2
. With stator impedance

neglected, follow points should be highlighted about torque equation.

• For any given slip, torque can be found from the equation Te = K sα
s2+α2 , where K =

3V 2

1

2πnsx′

2

is
a constant.
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• At starting s = 1, And starting torque is Tst = K α
1+α2 .

• The slip at which maximum torque occurs is α and it is directly proportional to rotor resis-
tance.

• The value of maximum torque is Tmax = K
2
. Obviously, it is also independent of rotor

resistance.

• At synchronous speed (nr = ns), slip is zero and torque developed is also zero.

More accurate expression of the torque can be found out by incorporating stator leakage impedance
r1 + jx1 in the equivalent circuit as shown in figure 16

V1
/

/x2

r2 /s
I2
/

r x
1 1

Figure 16: Equivalent circuit with both stator and rotor impedances.

So current drawn from the supply is given by

I ′

2 =
V1

√

[

r1 + (
r′
2

s
)
]2

+ (x1 + x′

2)
2

Therefore, torque developed can be found out in the same fashion i.e., first calculate air gap power
and then divide it by 2πns as shown below.

Air gap power Pag = 3I ′

2
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s
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2
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V 2
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(
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2

s

)2

+ (x1 + x′

2)
2

Once again by applying maximum transfer theorem, the slip at which maximum torque occurs can
be found out as shown below.

r′2
s

=
√

r2
1 + (x1 + x′

2)
2

∴ the slip at which maximum torque =
r′2

√

r2
1 + (x1 + x′

2)
2

By putting the above value of slip in the torque expression and simplifying, maximum value of
torque becomes

Tmax =
3V 2

1

4πns

1
[

r1 +
√

r2
1 + (x1 + x′

2)
2
]

Once again the following points may be noted:
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• maximum value of the torque is independent of the rotor resistance.

• maximum value of the torque is proportional to the square of the supply voltage.

• slip at which maximum torque occurs depends on rotor resistance.

How the steady operating point is obtained after the motor is started

We have touched upon this topic, while explaining the principle of operation. Let us now take help
of the torque-slip characteristic to get more insight into it. Consider that a 3-phase induction motor
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Figure 17: Operating point on T-s curve
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Figure 18: Stable and unstable zones

is being started from rest under no load condition. The machine has to over come the constant
frictional torque Tfric. The torque-slip curve along with constant Tfric are shown in figure 17. For
the time being forget about the TL line (as if it is not there). We see that at the time of starting
Te = Tst > Tfric, hence the motor will accelerate and speed will increase. The operating point moves
along path ABCDEFPo. At all these points note Te > Tfric and the motor accelerates with the
difference torque Te − Tfric. The question is where the motor will finally settle down? The answer
is it will settle finally at point Po when the electromagnetic torque and the Tfric will be equal and
the motor runs steadily at a speed very close to synchronous speed. From point Po if we drop a
perpendicular on the slip axis, the no load speed will be obtained (- for the sake of clarity this is
not shown in the characteristic).

Now imagine, the opposing load torque is suddenly increased to a level TL. Speed hence slip of
the motor can not change instantaneously. Therefore Te < TL and the motor starts decelerating
and operating point starts moving from Po to P1 when once again motor rotates at constant speed
n1 and new operating point will be at P1. The motor is now loaded and will run at slightly reduced
speed compared to no load speed.

3.4.2 Unit-4 Problems

1. What is synchronous watt? What does it represent?

2. Sketch a typical torque-slip characteristic of a 3-phase induction motor and mark the axis
clearly showing the range of slip values.

3. A 3-phase slip-ring induction motor has rotor resistance 0.2 Ω per phase and standstill rotor
leakage reactance 2 Ω per phase. Stator impedance may be neglected. Calculate the value of
slip for which (i) gross mechanical power developed will be maximum and (ii) gross torque
developed will be maximum.
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3.5 Unit-5 More on Torque-slip characteristic

Overview

Clear understanding of the nature of torque-slip characteristic is essential. The stable and unstable
zone of the characteristic is identified. Expression for maximum torque and the slip at which
maximum torque is obtained, are derived. This will help us to redraw the modified torque versus
slip characteristics when say supply voltage is varied, rotor resistance is varied or voltage is varied
keeping V/f ratio constant.

Objectives

After going through this unit, students will be able to:

1. identify the range of slip in which stable operation is ensured.

2. spell out the order of the full load slip.

3. conclude variation of speed from no load to full load condition is little.

4. sketch modified T-s characteristic when rotor resistance is increased and conclude that starting
torque increases.

5. calculate the extra rotor resistance needed to have desired starting torque.

6. suggest how to control speed by (i) varying rotor resistance, (ii) by varying supply voltage
and (iii) by varying supply frequency.

3.5.1 Suggested material to meet the objectives

Modified torque slip characteristic when rotor resistance is varied

For a slip ring machine we can connect external resistance in the rotor circuit which therefore
changes the rotor resistance r′2. The torque-slip characteristics of the motor for increasing rotor
resistances are shown in figure 19. As we know maximum torque is independent of rotor resistance,
so it remains same even if rotor resistance is varied. But the slip at which the maximum torque
occurs becomes more with higher rotor resistance. Because of this, the characteristic shifts to the
right with higher value of rotor resistance. Another interesting point to note that incorporation of
external resistance in the rotor, increases the starting torque. In fact one can choose an external
resistance which will make starting torque equal to the maximum torque the motor is capable of
developing.

Modified torque slip characteristic when supply voltage is varied

Since Tmax is directly proportional to the square of the supply voltage, Tmax will become 1/4th if
supply voltage is halved. Family of torque slip characteristics are shown in figure 20.

Modified torque speed characteristic when both supply voltage and frequency are

varied keeping the ratio V
f

constant

. If the supply frequency is varied, synchronous speed hence rotor speed can be varied. For example
for 4-pole, 50 Hz induction motor, synchronous speed is 1500 rpm. If this motor is supplied from
a 25 Hz supply, the synchronous speed will become 750 rpm. However, to keep the flux level
constant, decrease in supply frequency must be accompanied by a proportionate decrease in supply
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Figure 20: Effect of supply voltage variation on torque-slip characteristic

voltage i.e., V/f ratio should be maintained constant. In this case, since synchronous speed itself
is changing, it is customary to plot torque-speed characteristic as shown in figure 21. As frequency
is decreased, synchronous speed too decreases and the characteristic shifts to left. Recall that
Tmax = V 2

1 /2πnsx
′

2 α (v1/f)2, so maximum torque practically remains constant. However due to
stator resistance, Tmax decreases at lower value of frequency.

3.5.2 Unit-5 Problems

1. Maximum torque of a 3-phase induction motor is obtained at a slip value of α. What is the
range of slip for which stable operation will take place?
Solution: Stable operation is possible when slip is in the range 0 < s < α.

2. How is it possible to make the starting torque same as the maximum torque in a wound rotor
induction motor?
Solution: By connecting suitable external resistance in the rotor circuit, starting torque may
be made equal to maximum torque.

3. One wants to run a 3-phase, 4-pole, 50 Hz, 400 V induction motor, at half the rated speed.
What should be the applied voltage and frequency?
Solution: Applied voltage and frequency should be 200 V, 25 Hz. V/f ratio should be kept
constant in order to avoid saturation.

4. For a 3-phase, 50 Hz, induction motor maximum torque occurs at a speed of 1350 rpm and
full load torque is half the maximum torque. Estimate the full load speed.
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Solution: For the given motor,

Synchronous motor, ns = 1500 rpm

Slip at which maximum torque occurs, α = (1500 − 1350)/1500 = 0.01

In absence of any other data, a fair assumption that the torque-slip characteristic is linear in
the stable zone, can be made.

Tfl/Tmax = sfl/α

sfl =
1

2
× 0.01 = 0.05
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