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Classific ation of A.C. Motors

With the almost universal adoption of a.c. system of distribution of electric energy for light and
power, the field of application of a.c. motors has widened considerably during recent years. As a
result, motor manufactures have tried, over the last few decades, to perfect various types of a.c.
motors suitable for all classes of industrial drives and for both single and three-phase a.c. supply.
This has given rise to bewildering multiplicity of types whose proper classification often offers
considerable difficulty. Different a.c. motors may, however, be classified and divided into various
groups from the following different points of view :

1. AS REGARDS THEIR PRINCIPLE OF OPERATION

(A) Synchronous motors

(1) plain and (if) super—
(B) Asynchronous motors

(@ Induction motors

| Squirrel cage {Sgﬁ%ﬁ:

| Slip-ring(externalresistance)
() Commutator motors

| Series { lﬁllﬂ'%]l%ﬂh ase

conductivel
] Compensated{ inductivelyy

Three phase high voltage asynchronous motors

. simple
(i) shunt 4 compensated
. straight
I repulsion § compensated
| repulsion-start induction (vi) repulsion induction
2. AS REGARDS THE TYPE OF CURRENT
(7)) single phase (if) three phase
3. AS REGARDS THEIR SPEED
(?) constant speed (éf) variable speed (iii) adjustable speed
4. AS REGARDS THEIR STRUCTURAL FEATURES
(7)) open (if) enclosed (iif) semi-enclosed
(iv) ventilated (v) pipe-ventilated (vi) riverted frame eye etc.
F i Indu ction Motor : General Prin- cip

le

As a general rule, conversion of electrical power into
mechanical power takes place in the rotating part of
an electric motor. In d.c. motors, the electric power is
conducted directly to the armature (i.e. rotating part)
through brushes and commutator (Art. 29.1). Hence,
in this sense, a d.c. motor can be called a conduction
motor. However, in a.c. motors, the rotor does not
L_ " 4 receive electric power by conduction but by
Fig. 34.1 Squirrel cage AC induction motor  juduction in exactly the same way as the secondary

opened to show the stator and rotor construction, ¢ 5 2-winding transformer receives its power from
the shaft with bearings, and the cooling fan.
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the primary. That is why such motors are known as induction motors. In fact, an induction motor can
be treated as a rotating transformer i.e. one in which primary winding is stationary but the secondary
is free to rotate (Art. 34.47).

Ofall the a.c. motors, the polyphase induction motor is the one which is extensively used for various
kinds of industrial drives. It has the following main advantages and also some dis-advantages:

Advantages:
1. Ithas very simple and extremely rugged, almost unbreakable construction (especially squirrel-
cage type).

Its cost is low and it is very reliable.
It has sufficiently high efficiency. In normal running condition, no brushes are needed,
hence frictional losses are reduced. It has a reasonably good power factor.
It requires minimum of maintenance.

5. It starts up from rest and needs no extra starting motor and has not to be synchronised. Its
starting arrangement is simple especially for squirrel-cage type motor.

Disadvantages:

1. Its speed cannot be varied without sacrificing some of its efficiency.

2. Just like a d.c. shunt motor, its speed decreases with increase in load.

3. Itsstarting torque is somewhat inferior to that of a d.c. shunt motor.

Construction
An induction motor consists essentially of two main parts :
(a) a stator and (b) a rotor.

(a) Stator

The stator of an induction motor is, in principle, the same as that of a synchronous motor or generator.
It is made up of a number of stampings, which are slotted to receive the windings [Fig.34.2 (@)]. The stator
carries a 3-phase winding [Fig.34.2 (b)] and is fed from a 3-phase supply. Itis wound for a definite number
of poles*, the exact number of poles being determined by the requirements of speed. Greater the number of
poles, lesser the speed and vice versa. 1t will be shown in Art. 34.6 that the stator windings, when supplied
with 3-phase currents, produce a magnetic flux, which is of constant magnitude but which revolves (or
rotates) at synchronous speed (given by N, = 120 f/P). This revolving magnetic flux induces an e.m.f. in the
rotor by mutual induction.

Fig. 34.2 (a) Unwound stator with semi-closed slots. Fig. 34.2 (b) Completely wound stator

Laminations are of high-quality low-loss silicon steel. for an induction motor.
(Courtesy : Gautam Electric Motors) (Courtesy : Gautam Electric Motors)

*  The number of poles P, produced in the rotating field is P = 2n where # is the number of stator slots/pole/
phase.



1246 Electrical Technology

(b) Rotor
(i) Squirrel-cage rotor : Motors employing this type of rotor are known as squirrel-cage induction
motors.

(ify Phase-wound or wound rotor : Motors employing this type of rotor are variously known as
‘phase-wound’ motors or ‘wound’ motors or as ‘slip-ring’ motors.

Squirrel-cage Rotor

Almost 90 per cent of induction motors are squirrel-cage type, because this type of rotor has the
simplest and most rugged construction imaginable and is almost indestructible. The rotor consists of
a cylindrical laminated core with parallel slots for carrying the rotor conductors which, it should be

Fig. 34.3 (a) Squirrel-cage rotor with copper Fig. 34.3 (b) Rotor with shaft and brings
bars and alloy brazed end-rings (Courtesy : Gautam Electric Motors)
(Courtesy : Gautam Electric Motors)

noted clearly, are not wires but consist of heavy bars of copper, aluminium or alloys. One bar is placed
in each slot, rather the bars are inserted from the end when semi-closed slots are used. The rotor bars
are brazed or electrically welded or bolted to two heavy and stout short-circuiting end-rings, thus
giving us, what is so picturesquely called, a squirrel-case construction (Fig. 34.3).

It should be noted that the rotor bars are permanently short-circuited on themselves, hence it is
not possible to add any external resistance in series with the rotor circuit for starting purposes.

The rotor slots are usually not quite parallel to the shaft but are purposely given a slight skew
(Fig. 34.4). This is useful in two ways :

@ it helps to make the motor run quietly by reducing the magnetic hum and

@) it helps in reducing the locking tendency of the rotor i.e. the tendency of the rotor teeth to
remain under the stator teeth
due to direct magnetic attraction

between the two.* Skewed
Rotor Rotor Slots
In small motors, another method of

construction is used. It consists of placing
the entire rotor core in a mould and casting
all the bars and end-rings in one piece.
The metal commonly used is an
aluminium alloy.

Another form of rotor consists of a
solid cylinder of steel without any
conductors or slots at all. The motor
operation depends upon the production
of eddy currents in the steel rotor.

* Other results of skew which may or may not be desirable are (7) increase in the effective ratio of transformation
between stator and rotor (if) increased rotor resistance due to increased length of rotor bars (iif) increased
impedance of the machine at a given slip and (iv) increased slip for a given torque.
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Phase-wound Rotor

This type of rotor is provided with 3-phase, double-layer, distributed winding consisting of coils
as used in alternators. The rotor is wound for as many poles as the number of stator poles and is
always wound 3-phase even when the stator is wound two-phase.

The three phases are starred internally. The
other three winding terminals are brought out and
connected to three insulated slip-rings mounted
on the shaft with brushes resting on them [Fig.

(b)]. These three brushes are
further externally connected to a 3-
phase star-connected rheostat [Fig.
34.5 (¢)]. This makes possible the
introduction of additional resistance in
the rotor circuit during the starting
period for increasing the starting
torque of the motor, as shown in Fig.

(a) (Ex.34.7 and 34.10) and for changing its Fig. 34.5 (a)
speed-torque/current characteristics. When running under normal conditions, the slip-rings are
automatically short-circuited by means of a metal collar, which is pushed along the shaft and connects
all the rings together. Next, the brushes are automatically lifted from the slip-rings to reduce the
frictional losses and the wear and tear. Hence, it is seen that under normal running conditions, the
wound rotor is short-circuited on itself just like the squirrel-case rotor.

Fig. 34.6 (b) shows the longitudinal section of a slip-ring motor, whose structural details are as under :

Contact
Studs
Fig. 34.5 (b) Slip-ring motor with slip-rings Fig. 34.5(c)
brushes and short-circuiting devices
(Courtesy : Kirloskar Electric Company)
1 a ©D @ ®3® @
Stator 1 e ,,,%\ 11 % [r
T =L
.
Rotor = |

Surting —»
Resistance

(at) (1)

Fig. 34.6 (a) Fig. 34.6 (b) Longitudinal section of a Jyoti



splash-proof slip-ring motor
(Courtesy : Jyoti Colour-Emag Ltd.)
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1. Frame. Made of close-grained alloy cast iron.

2. Stator and Rotor Core. Built from high-quality low-loss silicon steel laminations and flash-enam-
elled on both sides.

3. Stator and Rotor Windings. Have moisture proof tropical insulation embodying mica and high
quality varnishes. Are carefully spaced for most effective air circulation and are rigidly braced to
withstand centrifugal forces and any short-circuit stresses.

4. Air-gap. The stator rabbets and bore are machined carefully to ensure uniformity of air-gap.

5. Shafts and Bearings. Ball and roller bearings are used to suit heavy duty, toruble-free running
and for enhanced service life.

6. Fans. Light aluminium fans are used for adequate circulation of cooling air and are securely keyed
onto the rotor shaft.

7. Slip-rings and Slip-ring Enclosures. Slip-rings are made of high quality phosphor-bronze and
are of moulded construction.

Fig. 34.6 (¢) shows the disassembled view of an induction motor with squirrel-cage rotor.
According to the labelled notation () represents stator (b) rotor (c) bearing shields (d) fan (e) venti-
lation grill and (f) terminal box.

Similarly, Fig. 34.6 (d) shows the disassembled view of a slip-ring motor where (@) represents
stator (b) rotor (¢) bearing shields (@) fan (e) ventilation grill (f) terminal box (g) slip-rings (/) brushes
and brush holders.

Fig. 34.6 (c) Fig. 34.6 (d)

Pro duction of Rotating Field

It will now be shown that when stationary
coils, wound for two or three phases, are supplied
by two or three-phase supply respectively, a
uniformly-rotating (or revolving) magnetic flux of
constant value is produced.

Two-phase Supply

The principle of a 2-¢, 2-pole stator having

two identical windings, 90 space degrees apart,
isillustrated in Fig. 34.7.

Induction motor



The flux due to the current flowing in each phase winding is assumed
sinusoidal and is represented in Fig. 34.9. The assumed positive directions 2 Phase - 3 Wire
of fluxes are those shown in Fig. 34.8.

Let ®, and @, be the instantaneous values of the fluxes set up by
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9

System

the two windings. The resultant flux @, at any time is the vector sum of

these two fluxes (O, and ®,) at that time. We will consider conditions
atintervals of 1/8th of a time period i.e. at intervals corresponding to
angles of 0°,45°,90°, 135° and 180°. It will be shown that resultant
flux® isconstantin magnitudei.e. equalto®  -the maximum flux due
to either phase and is making one revolution/cycle. In other words, it
means that the resultant flux rotates synchronously.

@

®)

©

@

©

When 0 =0°i.e. corresponding to point 0 in Fig. 34.9, @,
=0, but @, is maximum i.e. equal to ®,, and negative.
Hence, resultant flux @, = @, and, being negative, is shown Fig. 34.7
by a vector pointing downwards [Fig. 34.10 (7)].

When 6 = 45° i.e. corresponding to point 1 in Fig. 34.9. At this instant, ®, = ®, {/2 and is
positive; ®,=®, /.2 butis still negative. Their resultant, as shown in Fig. 34.10 (i), is ®,=

\/ [/ 2+ o/ 2)12 I ®,, although this resultant has shifted 45° clockwise.

When 6 = 90° i.e. corresponding to point 2 in Fig. 34.9. Here @, =0, but ®, = ®, and is
positive. Hence, @, = @, and has further shifted by an angle of 45° from its position in (b) or by
90° from its original positionin ().

When 6 =135°i.e. corresponding to point 3 in Fig. 34.9. Here, ®, =@,/ /2 andis positive, D,

=®, / and is also positive. The resultant ®,= @, and has further shifted clockwise by
another 45°, as shown in Fig. 34.10 (iv).

Y Phase-1 r Phase-2

47’\“ 9(}" 1357 180%,

—»0 \

Fig. 34.8 Fig. 34.9

When 6 = 180°i.e. corresponding to point 4 in Fig. 34.9. Here, @, =0, ®, = ®,, and is positive.
Hence, ®, = ®,, and has shifted clockwise by another 45° or has rotated through an angle of
180° from its position at the beginning. This is shown in Fig. 34.10(v).
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(])I =0 /’fj

m

b =D (25 _d')m
¢ *=7 )

\
\ T m

~—v \‘

H0=0° (ii) O = 45° (iii) © = Y0°

b=, 2
(iv) 0 = 135° (i) 6 = 180°

Fig. 34.10
Hence, we conclude

1. that the magnitude of the resultant flux is constant and is equal to ®©,,— the maximum

flux due to either phase.

2. that the resultant flux rotates at synchronous speed given by N,= 120 f/P rpm.

However, it should be clearly understood that in this revolving field, there is no actual revolution
of the flux. The flux due to each phase changes periodically, according to the changes in the phase
current, but the magnetic flux itself does not move around the stator. It is only the seat of the resultant
flux which keeps on shifting synchronously around the stator.

Mathematical Proof

Let ®, = (D5n sin ot and ®, = ®,, sin (of — 90°)

O = 0+ P?

) L 2 . 2 22 2 2
O “ = (O sin ©f)” + [D sin (of — 90°)]” = D~ (sin” ot + cos” wf) =D
r m m m m

(DV = (Dm

It shows that the flux is of constant value and does not change with time.

Three-phase Supply

It will now be shown that when three-phase windings displaced in space by 120°, are fed by three-
phase currents, displaced in time by 120°, they produce a resultant magnetic flux, which rotates in
space as if actual magnetic poles were being rotated mechanically.

The principle of a 3-phase, two-pole stator having three identical windings placed 120 space
degrees apart is shown in Fig. 34.11. The flux (assumed sinusoidal) due to three-phase windings is
shown in Fig 34.12.

The assumed positive directions of the fluxes are shown in Fig 34.13. Let the maximum value of
flux due to any one of the three phases be @,,. The resultant flux ®,, at any instant, is given by the
vector sum of the individual fluxes, ®,, @, and ®; due to three phases. We will consider values of @,
at four instants 1/6th time-period apart corresponding to points marked 0, 1, 2 and 3 in Fig. 34.12.



@ When6=0°i.e. corresponding to point
0inFig. 34.12.

3
Here ®; =0, @, :_l'gg s P3=

L; ®@,,. The vector for @, in Fig. 34.14 (i) is

drawn in a direction opposite to the direction
assumed positive in Fig. 34.13.

®, :2><3;£R cos OO = 3%
2 " 2

m

Lo-30
2 m 2

— Phase-
7~ Phase 1;— Phas

c-2 Phase-2
P

Induction Motor 1251

3- Supply

Neutral

Fig. 34.11

Fig. 34.12 Fig. 34.13

@) when0=60°i.e.corresponding to point | in Fig. 34.12.

Here @, = 73 D, ...drawn parallel to O of Fig. 34.13 as shown in Fig. 34.14 (ii)

3
cDZ: - % m ...drawn in opposition to OIT of Fig. 34.13.
D=0
=2x \/3<D xcos30°:§CD . ..

D, 5w om [Fig. 34.14 (i1)]

It is found that the resultant flux is again 2q,)n but has rotated clockwise through an angle of 60°.
@i) When 6 =120°i.e. corresponding to point 2 in Fig. 34.12.

V3

Here,d)1: 7®m’ (DZ:O,

3
It can be again proved that @, ~ Zq)m'

m

So, the resultant is again of the same value, but has further rotated clockwise through an angle of

60° [Fig. 34.14 (iif)].
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D=15d,

(H0=0° (if) 0= 60°

(iii) 0 = 120° (iv) 0 = 180°
Fig. 34.14
@) When 0 = 180°i.e. corresponding to point 3 in Fig. 34.12.
A - g
D, =0, D, \‘T(Dm,d)3 T(D .

.3
The resultant is = @ ,, and has rotated clockwise through an additional angle 60° or through an
angle of 180° from the start.
Hence, we conclude that

3

1. the resultant flux is of constant value = d; . i.e. 1.5 times the maximum value of the flux

due to any phase.
2. theresultant flux rotates around the stator at synchronous speed given by N, =120 f/P.
Fig. 34.15 (a) shows the graph of the rotating flux in a simple way. As before, the positive

directions of the flux phasors have been shown separately in Fig. 34.15 (b). Arrows on these flux
phasors are reversed when each phase passes through zero and becomes negative.
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Fig. 34.15

As seen, positions of the resultant flux phasor have been shown at intervals of 60° only. The resultant
flux produces a field rotating in the clockwise direction.

Mathematic al Proof

Taking the direction of flux due to phase 1 as reference direction, we have
D, =D, (cos 0° + sin 0°) sin ot
O, = O©,, (cos 240° + j sin 240°) sin (ot —120°)
®; = d, (cos 120° + sin 120°) sin (oz —240°)
Expanding and adding the above equations, we get

o = 3 O (sin ot +j cos of) = 3 D 900 o
r 2 m 2 m
The resultant flux is of constant magnitude and does not change with time “¢’.

Why Does the Rotor Rotate ?

The reason why the rotor of an induction motor is set into rotation is as follow:

When the 3-phase stator windings, are fed by a 3-phase
supply then, as seen from above, a magnetic flux of constant
magnitude, but rotating at synchronous speed, is set up.
The flux passes through the air-gap, sweeps past the rotor
surface and so cuts the rotor conductors which, as yet, are
stationary. Due to the relative speed between the rotating
flux and the stationary conductors, an e.m.f. is induced in
the latter, according to Faraday’s laws of electro-magnetic
induction. The frequency of the induced e.m.f. is the same
as the supply frequency. Its magnitude is proportional to |
the relative velocity between the flux and the conductors Windings of induction electric motor
and its direction is given by Fleming’s Right-hand rule. Since
the rotor bars or conductors form a closed circuit, rotor current is produced whose direction, as given
by Lenz’s law, is such as to oppose the very cause producing it. In this case, the cause which
produces the rotor current is the relative velocity between the rotating flux of the stator and the
stationary rotor conductors. Hence, to reduce the relative speed, the rotor starts running in the same
direction as that of the flux and tries to catch up with the rotating flux.

The setting up of the torque for rotating the rotor is explained below :
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In Fig 34.16 () is shown the stator field which is assumed to be rotating clockwise. The relative
motion of the rotor with respect to the stator is anticlockwise. By applying Right-hand rule, the
direction of the induced e.m.f. in the rotor is found to be outwards. Hence, the direction of the flux due
to rotor current alone, is as shown in Fig. 34.16 (b). Now, by applying the Left-hand rule, or by the
effect of combined field [Fig. 34.16(c)] it is clear that the rotor conductors experience a force tending
to rotate them in clockwise direction. Hence, the rotor is set into rotation in the same direction as that
of'the stator flux (or field).

Statoy Hmm thm
b2 L\ h
: ||‘/ T
/ o Wo
! Rotor o
0[0: A\
Relativdr
Motion
() (h) ()
Fig. 34.16

Slip

In practice, the rotor never succeeds in ‘catching up’ with the stator field. Ifit really did so, then
there would be no relative speed between the two, hence no rotor e.m.f., no rotor current and so no
torque to maintain rotation. That is why the rotor runs at a speed which is always less than the speed
of the stator field. The difference in speeds depends upon the load on the motor.*

The difference between the synchronous speed N, and the actual speed N of the rotor is known
as slip. Though it may be expressed in so many revolutions/second, yet it is usual to express it as a
percentage of the synchronous speed. Actually, the term s/ip’ is descriptive of the way in which the
rotor ‘slips back’ from synchronism.

. N-N
%slips=  ————x100
Sometimes, N, — N is called the slip speed.
Obviously, rotor (or motor) speed is N=N, (1 —s).
It may be kept in mind that revolving flux is rotating synchronously, relative to the stator (i.e.

stationary space) but at slip speed relative to the rotor.

Frequency of Rotor Current

When the rotor is stationary, the frequency of rotor current is the same as the supply frequency.
But when the rotor starts revolving, then the frequency depends upon the relative speed or on slip-
speed. Let at any slip-speed, the frequency of the rotor current be f” Then

12017 _120f
N-N= P Also, N="" P
£ N=N_
Dividing one by the other, we get, N » o fEs
s

As seen, rotor currents have a frequency of /= sf and when flowing through the individual

* It may be noted that as the load is applied, the natural effect of the load or braking torque is to slow down the
motor. Hence, slip increases and with it increases the current and torque, till the driving torque of the motor
balances the retarding torque of the load. This fact determines the speed at which the motor runs on load.
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phases of rotor winding, give rise to rotor magnetic fields. These individual rotor magnetic fields produce a
combined rotating magnetic field, whose speed relative to rotor is

120 1" 120 sf
= — =sN

P P
However, the rotor itself is running at speed N with respect to space. Hence,

speed of rotor field in space = speed of rotor magnetic field relative to rotor + speed of rotor relative

to space
= sN,+ N=sN;+ N,(I-5s) =N,

It means that no matter what the value of slip, rotor currents and stator currents each producea
sinusoidally distributed magnetic field of constant magnitude and constant space speed of N,. In
other words, both the rotor and stator fields rotate synchronously, which means that they are
stationary with respect to each other. These two synchronously rotating magnetic fields, in fact,
superimpose on each other and give rise to the actually existing rotating field, which corresponds to
the magnetising current of the stator winding.

Example 34.1. 4 slip-ring induction motor runs at 290 r.p.m. at full load, when connected to
50-Hz supply. Determine the number of poles and slip.
(Utilisation of Electric Power AMIE Sec. B 1991)

Solution. Since Nis 290 rpm; N, has to be somewhere near it, say 300 rpm. If N, is assumed as 300
rpm, then 300 =120 x 50/P. Hence, P=20. .". s =(300—-290)/300=3.33%

Example 34.2. The stator of a 3-¢ induction motor has 3 slots per pole per phase. If supply
frequency is 50 Hz, calculate

() number of stator poles produced and total number of slots on the stator

@) speed of the rotating stator flux (or magnetic field).

Solution. (7) P=2n=2x3=6poles
Total No. of slots = 3 slots/pole/phase x 6 poles x 3 phases = 54
(@#) N, =120 /P=120x 50/6 =1000 r.p.m.

Example 34.3. A 4-pole, 3-phase induction motor operates from a supply whose frequency is 50
Hz. Calculate :

(i) the speed at which the magnetic field of the stator is rotating.
@) the speed of the rotor when the slip is 0.04.
(iii)  the frequency of the rotor currents when the slip is 0.03.
() the frequency of the rotor currents at standstill.
(Electrical Machinery II, Banglore Univ. 1991)
Solution. (/) Stator field revolves at synchronous speed, given by
N, =120 /P =120 x 50/4 = 1500 r.p.m.
(ii) rotor (or motor) speed, N =N, (1 —s) = 1500(1 — 0.04) = 1440 r.p.m.
i frequency of rotor current, f=sf=0.03x 50=1.5r.p.s=90 r.p.m
¥ Since at standstill, s =1, fSsf=1xf=f=50Hz
Example 34.4. A 3-¢ induction motor is wound for 4 poles and is supplied from 50-Hz system.
Calculate (i) the synchronous speed (ii) the rotor speed, when slip is 4% and (iii) rotor frequency
when rotor runs at 600 rpm. (Electrical Engineering-I, Pune Univ. 1991)
Solution. (i) N, = 120//P=120x 50/4=1500 rpm
(if) rotor speed, N =N,(1-5)=1500(1-0.04)=1440 rpm
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(#if) when rotor speed is 600 rpm, slip is
s= (Ns— N)/N;= (1500 — 600)/1500 = 0.6
rotor current frequency, f'=sf=0.6 x50=30Hz
Example 34.5. A 12-pole, 3-phase alternator driven at a speed of 500 r.p.m. supplies powerto
an 8-pole, 3-phase induction motor. If the slip of the motor, at full-load is 3%, calculate the full-load
speed of the motor.
Solution. Let N=actual motor speed; Supply frequency, /=12 x 500/120= 50 Hz. Synchronous
speed N,=120 x 50/8 =750 r.p.m.
%slip s = 5 " Nui00; 3=D9=N 00
N 750
Note. Since slip is 3%, actual speed N is less than N, by 3% of N, i.e. by 3 x 750/100 = 22.5 r.p.m.

S N=7275r.p.m.

Relation Between Torque and Rotor Power Fa ctor

In Art. 29.7, it has been shown that in the case of a d.c. motor, the torque 7, is proportional to the
product of armature current and flux per polei.e. 7, oc ¢ 1,. Similarly, in the case of an induction motor,
the torque is also proportional to the product of flux per stator pole and the rotor current. However,
there is one more factor that has to be taken into account i.e. the power factor of the rotor.

S Toedlycosd,or T=kdl,cos ¢,

where [, =rotor current at standstill

¢, = angle between rotor e.m.f. and
rotor current
k = a constant

Denoting rotor e.m.f. at standstill by E,, we have that E, o ¢

T oc Ey 1, cosd,

or T=kE,1,cos ¢, T o

where k, is another constant. m /’I\

The effect of rotor power factor on rotor torque is illustrated Average
in Fig. 34.17 and Fig. 34.18 for various values of ¢,. From the - Torque
above expression for torque, it is clear that as ¢, increases (and \
hence, cos ¢, decreases) the torque decreases and vice versa. i )

In the discussion to follow, the stator flux distribution is - -
assumed sinusoidal. This revolving flux induces in each rotor g pgje
conductor or bar an e.m.f. whose value depends on the flux Pitch

density, in which the conductor is lying at the instant considered
(‘e = Blv volt). Hence, the induced e.m.f. in the rotor is also
sinusoidal.

@ Rotor Assumed Non-inductive (or ¢, =0)

In this case, the rotor current /, is in phase with the e.m.f. £, induced in the rotor (Fig. 34.17). The

instantaneous value of the torque acting on each rotor conductor is given by the product of
instantaneous value of the flux and the rotor current ( F oc BI,I). Hence, torque curve is obtained by

plotting the products of flux ¢ (or flux density B) and /,. It is seen that the torque is always positive i.e.
unidirectional.

(i) RotorAssumed Inductive

This case is shown in Fig. 34.18. Here, /, lags behind E, by an angle ¢, = tan”' X/R, where R, =
rotor resistance/phase; X, = rotor reactance/phase at standstill.

Fig. 34.17
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It is seen that for a portion
fab’ of the pole pitch, the torque N /.\ o c
is negative i.e. reversed. Hence, f i ‘
the total torque which is the / \ / | Average
difference of the forward and the JL e, '\.‘ ,i “ Torque
backward  torques, is BN f’ "'\

considerably reduced. If ¢, =
% 0,

90°, then the total torque is zero o
because in that case the "5/ A— E B
backward and the forward !

torques become equal and
opposite.
PP Fig. 34.18

Fig. 34.19

Starting Torque
The torque developed by the motor at the instant of starting is called starting torque. In some cases, it
is greater than the normal running torque, whereas in some other cases it is somewhat less.

Let E, = rotor e.m.f. per phase at standstill;
R, = rotor resistance/phase

X, = rotor reactance/phase at standstill

Z,=  J(Ry+X?) = rotor impedance/phaseat standstill ...Fig.34.19
E, R,
Then, I _E_ jcosp= ‘= R,
TS 2 T
P4 ' xy ZEN e
Standstill or starting torque T, = k| E, I, cos ¢, ..Art. 34.12
E R kE’R

122 ..(D)

or T,=kE,. 2 2
JR+x2) \/(R2+X) R+ X

If supply voltage V'is constant, then the flux ® and hence, E, both are constant.

T =k 2 =k Ry where k is some other constant.
R xE 2722
N k _ _3 N T = _3 . E‘Zi&
ow, 1= om, st 2ny, R22+X22

Where Ns — synchronous speed in rps.

Starting Torque of a Squirrel-c age Motor

The resistance of a squirrel-cage motor is fixed and small as compared to its reactance which is very
large especially at the start because at standstill, the frequency of the rotor currents equals the supply
frequency. Hence, the starting current 7, of the rotor, though very large in magnitude, lags by a very large
angle behind E,, with the result that the starting torque per ampere is very poor. Itis roughly 1.5 times the
full-load torque, although the starting current is 5 to 7 times the full-load current. Hence, such motors are

not useful where the motor has to start against heavy loads.

Starting Torque of a Slip-ring Motor
The starting torque of such a motor is increased by improving its power factor by adding external
resistance in the rotor circuit from the star-connected rheostat, the rheostat resistance being progres-
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sively cut out as the motor gathers speed. Addition of external resistance, however, increases the rotor
impedance and so reduces the rotor current. At first, the effect of improved power factor predominates
the current-decreasing effect of impedance. Hence, starting torque is increased. But after a certain
point, the effect of increased impedance predominates the effect of improved power factor and so the
torque startsdecreasing.

Condition for Maximum Starting Torque
It can be proved that starting torque is maximum whegzrotor resi]stance equals rotor reactance.
=f 1

kR, R, R, ) 1B

N T, = -l Ly =0
ow st 2 2 R 20 p2 2 |
Ry+ X, 2 "2 2 2
2 2 _ 2 . —

or R, +X,” =2R; R, =X

Effect of Change in Supply yoltage on Starting Torque
kE R

We have seen in Art. 34.13 that 7,,= —122. Now £, o« supply voltage V
R +X5
VPR, kV°R, , 2
7 = = 3 where k; is yet another constant. Hence 7, oc V.

R+X*  Z;
Clearly, the torque is very sensitive to any changes in the supply voltage. A change of S per centin

supply voltage, for example, will produce a change of approximately 10% in the rotor torque. This factis of
importance in star-delta and auto transformer starters (Art. 33-11).

Example 34.6. A 3-6 induction motor having a star-connected rotor has an induced e.m.f. of 80
volts between slip-rings at standstill on open-circuit. The rotor has a resistance and reactance per

phase of 1 Q and 4 Q respectively. Calculate current/phase and power factor when (a) slip-rings

are short-circuited (b) slip-rings are connected to a star-connected rheostat of 3 Q per phase.
(Electrical Technology, Bombay Univ. 1987, and similar example: Rajiv Gandhi Techn. Univ.
Bhopal, Dec.2000)

Solution. Standstill e.m.f./rotor phase= 80/ J3=462V

JP+4) =4120
Rotor current/phase 46.2/4.12=112 A
Power factor =cos ¢ =1/4.12=10.243

As p.f. is low, the starting torque is also low.

(b) Rotor resistance/phase =3+ 1=4Q

V& +4)=5660
Rotor current/phase = 46.2/5.66 =8.16 A; cos$p=4/5.66=0.707.

Hence, the starting torque is increased due to the improvement in the power factor. It will also be
noted that improvement in p.f. is much more than the decrease in current due to increased impedance.

(@ Rotor impedance/phase

Rotor impedance/phase

Example 34.7. A 3-phase, 400-V, star-connected induction motor has a star-connected rotor
with a stator to rotor turn ratio of 6.5. The rotor resistance and standstill reactance per phase are
0.05 Q and 0.25 Q respectively. What should be the value of external resistance per phase to be
inserted in the rotor circuit to obtain maximum torque at starting and what will be rotor starting
current with this resistance?

Solution. Here K ?; because transformation ratio K is defined as
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_rotor turns/phase
stator turns/phase

, 400 1
Standstill rotor e.m.f./phase,E = __ x~ =35.5 volt
2 3 65
It has been shown in Art. 34.16 that starting torque is maximum when R, =X, i.e. when

R,=10.25 Q in the present case
.. External resistance/phase required = 0.25 — 0.05 = 0.2 QO

Rotor impedance/phase = +/(0.25° + 0.25%) =0.3535Q

Rotor current/phase, 1, = 35.5/0.3535=100 A (approx)

Example 34.8. A 1100-V, 50-Hz delta-connected induction motor has a star-connected slip-ring
rotor with a phase transformation ratio of 3.8. The rotor resistance and standstill leakage reac-
tance are 0.012 ohm and 0.25 ohm per phase respectively. Neglecting stator impedance and
magnetising current determine.

(i) the rotor current at start with slip-rings shorted

(@) the rotor power factor at start with slip-rings shorted

(@)  the rotor current at 4% slip with slip-rings shorted
() the rotor power factor at 4% slip with slip-rings shorted
(V) the external rotor resistance per phase required to obtain a starting current of 100 A in the
stator supply lines. (Elect. Machines AMIE Sec. B 1992)

Solution. It should be noted that in a A/Y connection, primary phase voltage is the same as the
line voltage. The rotor phase voltage can be found by using the phase transformation ratio of 3.8 i.e.
K=1/3.8.

Rotor phase voltage at standstill = 1100 x 1/3.8 = 289.5V

() Rotor impedence/phase = ,/0.012* + 0.25* =0.2503Q

Rotor phase current at start = 289.5/0.2503 = 1157 A
() p.f=R,/Z,=0.012/0.2503 = 0.048 lag
(iii)  at4% slip, X, =5X,=0.04 x025=0.01 Q

Z,= 40.012% +0.01> = 0.0156 Q

E,=sE,=0.04x289.5=11.58 V; I, = 11.58/0.0156 = 742.3 A

@) p.f-=0.012/0.0156 =0.77
) I,=1,/K=100x3.8=380 A; E, at standstill =289.5 V
Z,=289.5/380=0.7618 Q; R, = \/222 - X22 = (]/.76182 ~0.25*=0.7196 Q
.. External resistance reqd./phase = 0.7196 — 0.012 = 0.707 Q
Example 34.9. 4 150-kw, 3000-V, 50-Hz, 6-pole star-connected induction motor has a star-
connected slip-ring rotor with a transformation ratio of 3.6 (stator/rotor). The rotor resistance is

0.1Q/phase and its per phase leakage reactance is 3.61 mH. The stator impedance may be neglected.
Find the starting current and starting torque on rated voltage with short-circuited slip rings.

(Elect. Machines, A.M.LE. Sec. B, 1989)

Solution. X, =21x50x5.61x10°=1.13Q
K = 1/3.6,R =R /K*=(3.6)*'x0.1=13Q
2 2

X = 21x50x3.61x 10°=113Q;X%=(3.6)x 1.13=14.7Q
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3000 /<3 =1174 A

”
Ist = -
(Rz) Q—XZ ) J(1.3) + (14.7)

Now, N, =120 x 50/6 = 1000 rpm = (50/3) rps

2
r-—= VK _ 3 (3000/97 %13 _513N-m
YN, YT R, 2RO (13 B

Tutorial Problem No. 34.1

In the case of an 8-pole induction motor, the supply frequency was 50-Hz and the shaft speed was
735 r.p.m. What were the magnitudes of the following: (Nagpur Univ., Summer 2000)

(1) synchronous speed (i) speed of slip

(iii) per unit slip (iv) percentage slip

[750 r.p.m. ; 15 r.p.m.; 0.02 ; 2%)]
A 6-pole, 50-Hz squirrel-cage induction motor runs on load at a shaft speed of 970 r.p.m.
Calculate:-

(i) the percentage slip
(i) the frequency of induced current in the rotor. [3% ; 1.5 Hz]

An 8-pole alternator runs at 750. r.p.m. and supplies power to a 6-pole induction motor which has
at full-load a slip of 3%. Find the full-load speed of the induction motor and the frequency of its
rotor e.m.f. [970 r.p.m. ; 1.5 Hz]

A 3-phase, 50-Hz induction motor with its rotor star-connected gives 500 V (r.m.s.) at standstill
between the slip-rings on open-circuit. Calculate the current and power factor at standstill when the
rotor winding is joined to a star-connected external circuit, each phase of which has a resistance of
10 € and an inductance of 0.04 H. The resistance per phase of the rotor winding is 0.2 Q and its
inductance is 0.04 H.

Also, calculate the current and power factor when the slip-rings are short-circuited and the motor is
running with a slip of 5 per cent. Assume the flux to remain constant.

[10.67 A; 0.376; 21.95 A; 0.303]

Obtain an expression for the condition of maximum torque of an induction motor. Sketch the torque-
slip curves for several values of rotor circuit resistance and indicate the condition for maximum
torque to be obtained at starting.

If the motor has a rotor resistance of 0.02 Q and a standstill reactance of 0.1 Q, what must be the
value of the total resistance of a starter for the rotor circuit for maximum torque to be exerted at
starting ? [0.08 Q] (City and Guilds, London)

The rotor of a 6-pole, 50-Hz induction motor is rotated by some means at 1000 r.p.m. Compute
(i) rotor voltage (i) rotor frequency (iii) rotor slip and (iv) torque developed. Can the rotor rotate at
this speed by itself ? [(@) 0 (&%) 0 (iii) 0 (iv) 0; No] (Elect. Engg. Grad L.E.T.E. June 1985)
The rotor resistances per phase of a 4-pole, 50-Hz, 3-phase induction motor are 0.024 ohm and 0.12
ohm respectively. Find the speed at maximum torque. Also find the value of the additional rotor
resistance per phase required to develop 80% of maximum torque at starting.

[1200 r.p.m. 0.036 Q] (Elect. Machines, A.M.1.E. Sec. B, 1990)

The resistance and reactance per phase of the rotor of a 3-phase induction motor are 0.6 ohm and
5 ohms respectively. The induction motor has a star-connected rotor and when the stator is
connected to a supply of normal voltage, the induced e.m.f. between the slip rings at standstill is 80
V. Calculate the current in each phase and the power factor at starting when () the slip-rings are
shorted, (if) slip-rings are connected to a star-connected resistance of 4 ohm per phase.

[(?) 9.17 amp, 0.1194 lag (ii) 6.8 amp, 0.6765 lag|[Rajiv Gandhi Technical University, Bhopal, 2000]
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Rotor E.M.F. and Rea ctance Under Running Conditions

Let E, = standstill rotor induced e.m.f./phase
X, = standstill rotor reactance/phase, f, = rotor current frequency at standstill

When rotor is stationary i.e. s = 1, the frequency of rotor e.m.f. is the same as that of the stator supply
frequency. The value of e.m.f. induced in the rotor at standstill is maximum because the relative speed
between the rotor and the revolving stator flux is maximum. In fact, the motor is equivalent to a 3-phase
transformer with a short-circuited rotating secondary.

When rotor starts running, the relative speed between it and the rotating stator flux is decreased.
Hence, the rotor induced e.m.f. which is directly proportional to this relative speed, is also decreased
(and may disappear altogether if rotor speed were to become equal to the speed of stator flux). Hence,
for a slip s, the rotor induced e.m.f. will be s times the induced e.m.f. at standstill.

Therefore, under running conditions E,= sE,

The frequency of the induced e.m.f. will likewise become /.= sf,

Due to decrease in frequency of the rotor e.m.f., the rotor reactance will also decrease.

S X.= sX,

where E, and X, are rotor e.m.f. and reactance under running conditions.

Torque Under Running Conditions

Toc EQ cos ¢, or Toc 1, cos oy ( E.oc0)
where E.=rotor e.m.f./phase under running conditions
1= rotor current/phase under running conditions
Now E.=sE,
E, SE, ©
l.= 7=-—F—
r IR+ (sX )]
R,

cos = ——mm——
’ IR+ (sX 3]

Twe SP®ER, k®. s ER,
RFsX ) T FEX) % 0,
2 2 2 2 L

— Fig. 34.20 Z ox
2

k. sER
AlsoT T (E; o §) rig. 54.2U
R, +(sX)
where &, is another constant. Its value can be proved to be equal to 3/2 TN, (Art. 34.38). Hence, in that
case, expression for torque becomes ) )
sE” R 3 sE° R

3
T= _
2n N R +3SX 22 Vs er2 :

At standstill when s = 1, obviously

klEéRz (or= 3 Eglf )

T,= R22+X 22¢ 2WNSR242X2)2 | the same as in Art. 34.13.

Example 34.10. The star connected rotor of an induction motor has a standstill impedance of
(0.4 + j4) ohm per phase and the rheostat impedance per phase is (6 + J2) ohm.

The motor has an induced emf of 80 V between slip-rings at standstill when connected to its
normal supply voltage. Find
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() rotor current at standstill with the rheostat is in the circuit.
(@) when the slip-rings are short-circuited and motor is running with a slip of 3%.
(Elect.Engg. I, Nagpur Univ. 1993)

Solution. (1) Standstill Conditions

Voltage/rotor phase =80 /35 46.2. V; rotor and

starter impedance/phase =(6.4+6)=28.77 £ 43.15°

Rotor current/phase =46.2/8.77=5.27 A (p.f. = cos 43.15°=0.729)
(2) Running Conditions. Here, starter impedance is cut out.

Rotor voltage/phase, E.=sE,=0.03x462=1.386V

Rotor reactance/phase, X,=0.03x4=0.12Q
Rotor impedance/phase, Z,=0.4+;0.12=0.4176 £16.7°
Rotor current/phase =1.386/0.4176 = 3.32 A (p.f. = cos 16.7° =0.96)

Note. It has been assumed that flux across the air -gap remains constant

Condition for Maximum Torque Under Running Conditions

The torque of a rotor under running conditions is
k®sE R sE*R
2 2 22 j
= k, 5 ...(?)
R +(sX,)  Ro+(sX,)
The condition for maximum torque may be obtained by differentiating the above expression

with respect to slip s and then putting it equal to zero. However, it is simpler to put ¥ ="7and then
differentiate it.

R22 + (sX)22 R sX* 4ar  -R X’
Y= - DsETR, Ko 5E, +k®Ey R, ds =h5E 22‘ kDL R,
R, x2 2 2 9

orR, =sX, orR,=sX,

- = 2

k@ s E, k® E,R,

Hence, torque under running condition is maximum at that value of the slip s which makes rotor

reactance per phase equal to rotor resistance per phase. This slip is sometimes written as s, and the
maximum torque as 7),.

Slip corresponding to maximum torque is s = R,/X,

Putting R, = s.X, in the above equation for the\ torque, we get

r _ kOSEXYT kOSER kOE(  kdsE)
[, B

max ————|or T = 2
2

Or- or 2
25 X2 L 2R ) XZL 2R,)

Substituting value of s = R,/X, in the other equatiori given in (i) ab2ove, we get
E° R E

...(ii)

N S A —k, 2
Ry+(Ry/ X)) . X5 2 X,

3 Ky

2nN, 2X,

Since, k,=32n N, wehave T, =

From the above, it is found
1. that the maximum torque is independent of rotor resistance as such.
2. however, the speed or slip at which maximum torque occurs is determined by the rotor
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resistance. As seen from above, torque becomes maximum when rotor reactance equalsits
resistance. Hence, by varying rotor resistance (possible only with slip-ring motors) maxi-
mum torque can be made to occur at any desired slip (or motorspeed).

3. maximum torque varies inversely as standstill reactance. Hence, it should be kept as small
as possible.

4. maximum torque varies directly as the square of the applied voltage.

5. for obtaining maximum torque at starting (s =1), rotor resistance must be equal to rotor
reactance.

Example 34.11. A 3-phase, slip-ring, induction motor with star-connected rotor has an
induced e.m.f. of 120 volts between slip-rings at standstill with normal voltage applied to the stator.
The rotor winding has a resistance per phase of 0.3 ohm and standstill leakage reactance per phase
of 1.5 ohm.

Calculate (i) rotor current/phase when running short-circuited with 4 percent slip and (ii) the
slip and rotor current per phase when the rotor is developing maximum torque.

(Elect. Engg.-11, Pune Univ. 1989)

Solution. (i) induced e.m.f./rotor phase, E, = sE, =0.04 x (120/ /3 ) = 2.77V
rotor reactance/phase, X, =5X,=0.04 x 1.5=0.06 Q2

rotor impedance/phase = /037 +0.06° =0.306Q

rotor current/phase =2.77/0.306 =9A
(i) Fordeveloping maximum torque,
Ry=sX,0r 5= R,/X,=0.3/1.5=0.2

X,=02x15=03Q,7Z=,/03"+03 =0420Q

E,=sE=02x (120/ +/3)=13.86 V
Rotor current/phase =13.86/0.42=33A

Rotor Torque and Bre akdown Torque
The rotor torque at any slip s can be expressed in terms of the maximum (or breakdown) torque 77,
by the following equation
r=7l_2 ] where s is the breakdown or pull-out slip.
bl (s, /) + (s 5) | b

Example 34.12. Calculate the torque exerted by an 8-pole, 50-Hz, 3-phase induction motor
operating with a 4 per cent slip which develops a maximum torque of 150 kg-m at a speed of
660 r.p.m. The resistance per phase of the rotor is 0.5 Q. (Elect. Machines, A.M.LE. Sec. B, 1989)

Solution. N, =120 x 50/8 = 750 r.p.m.
. . . 750 — 660

Speed at maximum torque =660 r.p.m. Corresponding slip s, = 750 0.12

For maximum torque, Ry=s5, X,

X,=R,/s,=0.5/0.12=4.167Q

As seen from Eq. (i) of Art. 34.20,
0.12

T, .= kq)Ez-S—h:kq)Ez' =012kDE s ()
2R, 2x0.5

When slip is 4 per cent
As seen from Eq. (i) of Art. 34.20
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T=k®E __ SR,  =kOE 0.04x05 _ 002k® E,
PR+ (k) 20.5% + (0.04 x 4.167)° 02778
L =L __ 002 . T=90 kg-m

T 150~ 0.2778 x0.12
Alternative Solution
T,=150kgm;s,=0.12,5s=4%=0.04, T="?

= 2 X
=T . ers! Art34.21
(" b

1502 gy rem

Q—(O.IZ /0.04) +(0.04 /0.12)

Relation Between Torque and Slip

A family of torque/slip curves is shown in Fig. 34.21 for a range of s =0 to s = 1 with R, as the
parameter. We have seen above in Art.
34.19 that

k ©SE,R, Max. Torque
RS+ (sX )’
Itisclearthatwhens=0, 7=0, hence
the curve starts from point O.

At normal speeds, close to synchro- 6R
nism, the term (s X,) is small and hence

negligible w.r.t.R,. 4R

Torque

S
T R
2
or T c s if R, isconstant.

Hence, for low values of slip, the
torque/slip curve is approximately a

straight line. As slip increases (for 10 U8 vo SlipUA v v
increasing load on the motor), the torque )
also increases and becomes maximum ) 0.2 0.4 0.6 0.8 1.0
when s = R,/X,. This torque is known as Speed % of Ng
‘pull-out’ or ‘breakdown’ torque T, or

Fig. 34.21

RIS 07 dUfroftt BT S BSth further increase in motor load, then R, becomes negligible as

compared to (sX,.). Therefore, for large values of slip
T « S o 1
(sX) s
Hence, the torque/slip curve is a rectangular hyperbola. So, we see that beyond the point of
maximum torque, any further increase in motor load results in decrease of torque developed by the
motor. The result is that the motor slows down and eventually stops. The circuit-breakers will be
tripped open if the circuit has been so protected. In fact, the stable operation of the motor lies between
the values of s = 0 and that corresponding to maximum torque. The operating range is shown shaded
in Fig.34.21.

It is seen that although maximum torque does not depend on R,, yet the exact location of T,,,, is
dependent on it. Greater the R,, greater is the value of slip at which the maximum torque occurs.
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Effect of Change in Supply Voltage on Torque and Speed

Asseen from Art. 34.19, T= k@ sE, R,
R’ +(sX )’ .
As E, oc ¢ oc V"where V'is supply voltage S ToesV
Obviously, torque at any speed is proportional to the square of the applied voltage. If stator
voltage decreases by 10%, the torque decreases by 20%. Changes in supply voltage not only affect
the starting torque 7', but torque under running conditions also. If /" decreases, then T also decreases.
Hence, for maintaining the same torque, slip increases i.e. speed falls.

2
Let ¥ change to V" s to sand T to T* then ]—1:': SVZ
sV !

Effect of Changes in supply Frequency on Torque and Speed

Hardly any important changes in frequency take place on a large distribution system except
during a major disturbance. However, large frequency changes often take place on isolated, low-
power systems in which electric energy is generated by means of diesel engines or gas turbines.
Examples of such systems are : emergency supply in a hospital and the electrical system on a ship etc.

The major effect of change in supply frequency is on motor speed. If frequency drops by 10%,
then motor speed also drops by 10%. Machine tools and other motor-driven equipment meant for 50
Hz causes problem when connected to 60-Hz supply. Everything runs (60 — 50) x 100/50 =20% faster
than normal and this may not be acceptable in all applications. In that case, we have to use either gears
to reduce motor speed or an expensive 50-Hz source.

A 50-Hz motor operates well on a 60-Hz line provided its terminal voltage is raised to
60/50=06/5 (i.e. 120%) of the name-plate rating. In that case, the new breakdown torque becomes equal
to the original breakdown torque and the starting torque is only slightly reduced. However, power
factor, efficiency and temperature rise remain satisfactory.

Similarly, a 60-Hz motor can operate satisfactorily on 50-Hz supply provided its terminal voltage
is reduced to 5/6 (i.e. 80%) of its name-plate rating.

Full-lo ad Torque and Maximum Torque
Let s,be the slip corresponding to full-load torque, then

SRy and T 1 .Art 34.20
T v —psexy max 2% X,
T 2 f 2
S 25 Ry,

max R +(SX)
2 foo2

Dividing both the numerator and the denominator by Xzz, we get

T, _ 2s 4. R2<X2 o 2as,
T RIX V+s " d+s
2 2y !

where a = R,/X, = resistance/standstill reactance*

*  Infacta=s,—slip corresponding to maximum torque. In that case, the relation becomes

2
Ty 2sm§‘. _
T where 5= full-load slip.
Tmax Syt Sj
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operating torque at any slip s _2as
In general,

= 2
maximum torque a+s

Starting Torque and Maximum Torque

R
T oo ——2— ..Art 3413
B +X5
1
Toax® o ..Art. 34.20
ma: 2X2
T, 2R X, 2R/ X, 24
Tow = B4X0 I+@R/X)Y “1+d
2 2 22
R, rotor resistance
where a= =

- er phase*®
X, stand stillreactance perp

Example. 34.13(a). A 3-¢ induction motor is driving full-load torque which is independent of
speed. If line voltage drops to 90% of the rated value, find the increase in motor copper losses.
Solution. As seen Irom Art. 34.23, when [ remains constant, s »¥ -~ =s ¥ -

£ =|_GE\2=Q)2=1.23 o
\

5 2) 0.9
I s,
=5 =12x09=1.107
L st
Now, Cu losses are nearly proportional to 52

Againfrom Art. 34-19, 1, cc sV .-,

. 2
Cu loss in the 2nd case (12) )
Cu loss in the 1stcase = 2 = 1.107°=1.23

Thus a reduction of 10% in line voltage causes about 23% increase in Cu losses.

Example. 34.13 (b). 4 230-V, 6-pole, 3-¢, 50-Hz, 15-kW induction motor drives a constant torque
load at rated frequency, rated voltage and rated kW output and has a speed of 980 rpm and an
efficiency of 93%. Calculate (i) the new operating speed if there is a 10% drop in voltage and 5%
drop in frequency and (ii) the new output power. Assume all losses to remain constant.

Solution. (7)) V,=0.9 x 230 =207 V; f,=0.95 x 50 = 47.5 Hz; N; = 120 x 50/6 = 1000 rpm; N, = 120
x 47.5/6 = 950 rpm; s, = (1000 — 980)/1000 = 0.02

Since the load torque remains constant, the product (s¥*/f’) remains constant.
2
sV =Krs=s (
11 21

VO FIF =002 (2301230 x 0.9) x 47.5/50 = 0.2234
' 1
: (2)

N, = Ns,(1-5,)=950(1-0.0234)=928 rpm
(if) P o< TN . Since torque remains constant, P oc N

P, Nj; Pyc Ny; or P,=P; x N,/N;=15x928/980=14.2 kW

T, 2s
*  Similarly, the relation becomes S Zm

2
max 1+,
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Example 34.14 (a). A 3-phase, 400/200-V, Y-Y connected wound-rotor induction motor has
0.06Q2 rotor resistance and 0.3 Q standstill reactance per phase. Find the additional resistance
required in the rotor circuit to make the starting torque equal to the maximum torque of the motor.

(Electrical Technology, Bombay Univ. 1990)

: Tvt _ 2a . . —
Solution. = » Since T,=T,..
T 1+a ’
2a R2 +r
1= — or a=1 Now, a=—"F5—
1+d Xy
where r = external resistance per phase added to the rotor circuit
1=MJ0’2 r=03-0.06=0.24 Q

Example 34.14 (b). 3-phase, 50-Hz, 8-pole, induction motor has full-load slip of 2%. The rotor-
resistance and stand still rotor-reactance per phase are 0.001 ohm and 0.005 ohm respectively.
Find the ratio of the maximum to full-load torque and the speed at which the maximum torque
occurs. (Amravati University, 1999)

Solution. Synchronous speed, N, = 120 x 50/8 = 750rpm

Slip atmaximumtorque, — S,,;7= 72/X,

Thus, let a = )%= %; 0.2
Correspondling speed = (12— 0.2) x 750=600 rpm 2 4
ull — load torque S 8 T B
Maximum torque i;—lﬁ’% % :%2%0%%: 176T(XW109T
Tmax
T, =252.5
=3.96 x 107

Example 34.14 (¢). A 12-pole, 3-phase, 600-V, 50-Hz, star-connected, induction motor has
rotor-resistance and stand-still reactance of 0.03 and 0.5 ohm per phase respectively. Calculate:

(a) Speed of maximum torque. (b) ratio of full-load torque to maximum torque, if the full-load
speed is 495 rpm. (Nagpur University, April 1999)

Solution. For a 12-pole, 50 Hz motor,

Synchronous speed =120 x 50/ 12 =500 rpm

For = 0.03 and x = 0.5 ohm, the slip for maximum torque is related as :

S, = a=rix=0.03/0.5=0.06

@ Corresponding speed =500(1-s,,;,)=470rpm

() Full-load speed = 495 rpm, slip s=0.01, at full load.
Full-load torque _ 2 as _ 2 x0.06 x0.01 —0.324
Maximum torque a@+s°  0.06%+ 0.01°

Example 34.15. 4 746-kW, 3-phase, 50-Hz, 16-pole induction motor has a rotor impedance of
(0.02 +j 0.15) W at standstill. Full-load torque is obtained at 360 rpm. Calculate (i) the ratio of
maximum to full-load torque (ii) the speed of maximum torque and (iii) the rotor resistance to be
added to get maximum starting torque. (Elect. Machines, Nagpur Univ. 1993)

Solution. Let us first find out the value of full-load slip s,

N, =120 x 50/16 = 375 rpm.; F.L. Speed = 360 rpm.
5= (375 —360)/375 = 0.04; a = Ry/X, = 0.02/0.15 = 2/15
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G T, _ 2y 2x (/15004 ~0550r ™=t 1818
Tinax a’+s;  (2/15)7+(0.04) T, 055

() Atmaximumtorque, a=s,=R,/X,=0.02/0.15=2/15
N=N,(1-5)=375(1-2/15)=325r.p.m.
(i) For maximum starting torque, R, =.X,. Hence, total rotor resistance per phase = 0.150)
.. external resistance required/phase = 0.15 — 0.02 = 0.13 Q
Example 34.16. The rotor resistance and reactance per phase of a 4-pole, 50-Hz, 3-phase
induction motor are 0.025 ohm and 0.12 ohm respectively. Make simplifying assumptions, state
them and :
@ find speed at maximum torque
@ findvalue of additional rotor resistance per phase required to give three-fourth of maximum
torque at starting. Draw the equivalent circuit of a single-phase induction motor.
(Elect. Machines, Nagpur Univ. 1993)

Solution. (i) At maximum torque, s = R,/X, = 0.025/0.12 = 0.208.

N, = 120 x50/4=1500 rpm S .N=1500(1-0.208)=1188 rpm
(if) Ttisgiven that T =075T  Now, lu _2a_3
. e Toox  1+a* 4
3a*—8a+3=0; azgi—“6_ =045Q*
Let, r = additional rotor resistance reqd., then
0= oroas=OBEE 00090

2

Example. 34.17. 4 50-Hz, 8-pole induction motor has F.L. slip of 4%. The rotor resistance/phase

= 0.01 ohm and standstill reactance/phase = 0.1 ohm. Find the ratio of maximum to full-load torque
and the speed at which the maximum torque occurs.

T 2as,
Solution. = 5 2'/
T nax a +s ;
Now, a = R,/X,;=0.01/0.1= 0.1, 5,= 0.04
Toax 1
T;‘. _ 2x0.1x0.04 _ 0.008 ~069 - max _ 1 _1.45
T 0.17+0.04*> 0.0116 T,  0.69

max
N,=120 x 50/8 = 750 rpm, s,,= 0.1
N=(1-0.1) x 750 = 675 rpm
Example 34.18. For a 3-phase slip-ring induction motor, the maximum torque is 2.5 times the
full-load torque and the starting torque is 1.5 times the full-load torque. Determine the percentage
reduction in rotor circuit resistance to get a full-load slip of 3%. Neglect stator impedance.
(Elect. Machines, A.M.LE. Sec. B, 1992)

Solution. Given, T,,,,=2.5 T T,,= 1.5 Tj;; T, /T, = 1.5/2.5 = 3/5.

*  The larger value of 2.214 Q has been rejected.
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Now, Ty_3_2a or 3a*-10a+3=0 or a=1/3
T, 5 1+d
Now, a=R,/X,orR,=X,/3
When F.L.slipis 0.03
T/" _ 2as or 2 _ 2a x0.03
T, a+s 25 4% +0.03

@ —0.15a+0.009 = 0 or a=0.1437
If R §s the new rotor circuit resistance, then 0.1437 = R5/X, or R, = 0.1437 X,
% reduction in rotor resistance is
_ (X,/3)-0.1437x X,
- (X,/3)

Example 34.19. An 8-pole, 50-Hz, 3-phase slip-ring induction motor has effective rotor resistance

x 100 =56.8%

of 0.08 Qphase. Stalling speed is 650 r.p.m. How much resistance must be inserted in the rotor
phase to obtain the maximum torque at starting? Ignore the magnetising current and stator leakage
impedance. (Elect. Machines-I, Punjab Univ. 1991)

Solution. It should be noted that stalling speed corresponds to maximum torque (also called

stalling torque) and to maximum slip under running conditions.

N, =120 x 50/8 = 750 r.p.m.; stalling speed is = 650 r.p.m.
5, = (750 — 650)/750 =2/15=0.1333 or 13.33%

Now, s, = R/X, . X,=0.08x152=0.6Q2
2
T, :ﬁ.SinceT:T .'.1:_aora:1
Tmax 1+ a2 st max 1+ az

Let r be the external resistance per phase added to the rotor circuit. Then

_ R2 +r ~_0.08 +r
a=——— orl=
X, 0.6
Example 34.20. 4 4-pole, 50-Hz, 3-¢ induction motor develops a maximum torque of

r=0.52 Q per phase.

162.8 N-m at 1365 r.p.m. The resistance of the star-connected rotor is 0.2 Q/phase. Calculate the
value of the resistance that must be inserted in series with each rotor phase to produce a starting
torque equal to half the maximum torque.

Solution. N, = 120x50/4=1500r.p.m. N=1365r.p.m.
.. Slip corresponding to maximum torque is
5,= (1500 — 1365)/1500 = 0.09 But s5,=R,/X, 5 X,=02/0.09=222Q
Now, T _k®E_K (where K =k®E ) Art34.20
max > X2 2X2 2
=—K=O.225 K
2x222

Let ‘7’ be the external resistance introduced per phase in the rotor circuit, then

Starting torque T = k®E,(Ry+r K(0.2+7r)

s (g, P, T (02407 +(02/0.09)°
2 2
Iy= 1L.T ._K(0.2+7) _0225K
2 ™ 0.2+ r)* + (2.22) 2
Solving the quadratic equation for ‘7’, we get » = 0.4 Q
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Example 34.21. A 4-pole, 50-Hz, 7.46.kW motor has, at rated voltage and frequency, a starting
torque of 160 per cent and a maximum torque of 200 per cent of full-load torque. Determine (i) full-
load speed (ii) speed at maximum torque. (Electrical Technology-I, Osmania Univ. 1990)

T l.6and1ma"=2 .1, _L6
Solution L = =038
’ T, T, Lo 2
' 2a
Now. L, _ 2a == =08
or 082~ Tmn  l+a a=RIXL0%4 or R = 0.04x
20+ 08=0a=0.04 2 2 2 2
T, = Zas, 1 or 2x0.04s 1
Also, e WLZ? or s,=0.01
f f

@) full-load speed occurs at a slip of 0.01 or 1 per cent. Now,

N;=120 x 50/4 = 1500 r.p.m.; N=1500 — 15 = 1485 r.p.m.

(i) Maximum torque occurs ataslip givenby s, =R,/X,. Asseen from above slip corresponding
to maximum torque is 0.04.

N = 1500-1500 x 0.04= 1440 r.p.m.

Example 34.22. A 3-phase induction motor having a 6-pole, star-connected stator winding
runs on 240-V, 50-Hz supply. The rotor resistance and standstill reactance are 0.12 ohm and
0.85 ohm per phase. The ratio of stator to rotor turns is 1.8. Full load slip is 4%.

Calculate the developed torque at full load, maximum torque and speed at maximum torque.

(Elect. Machines, Nagpur Univ. 1993)

. _rotor turns/phase __1
Solution. Here, K= rotor turns/phase __1
stator turns/phase 1.8
E = KE=—"x""=TTV; 4=0.04;

18 3
N, = 120 x 50/6 = IQOOrpm 50/3 rps

_3
T= 2 2 ..Art. 34.19

/72N, R ¥ (sX ) ,

3 0.04 x 77" x0.12

50/3 X =52.4 N-m
For maximum torque, 5= R2/X( E/O 8%2 10:1 fg 71;1;( ?)?;)
x 777 x

Tmax_

=99.9 N-m
21 (50/3 2 2
Alternatively, as seen from Art 34.20. ( ) 0.12%+ (0.14 0.85)
3 EY

"N 27X,
3 77 =999N-m
21 (50/3)2 % 0.85
Speed corresponding to maximum torque, N = 1000(1 — 0.14) =860 rpm

max

Example 34.23. The rotor resistance and standstill reactance of a 3-phase induction motor are
respectively 0.015 Q and 0.09 Q per phase. At normal voltage, the full-load slip is 3%. Estimate the
percentage reduction in stator voltage to develop full-load torque at half full-load speed. Also,
calculate the power factor. (Adyv. Elect. Machines, A.M.LE. 1989)

Solution. Let N,=100 r.p.m. F.L. speed = (1 — 0.03)100 = 97 r.p.m.
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Let the normal voltage be V| volts.

Speed insecond case =97/2=48.5r.p.m.
: slip= (100 — 48.5)/100 = 0.515 or 51.5%
N ’ k® sE R ksV’R (Eyor @ )
ow, = 2.2, 2 2
R +GX ) R + (sX )2
2 2 2 2
Since torque is the same in both cases,
kV?sR kVZs R _
2 1 125 _ 5 222 4 where V, = stator voltage in second case
R, + (5, X3) Ry+ (s, X,)
VY s RP+(sX)
IRt
R R e x);

513 0.015%+(0.03x0.09)°
30015+ (0.515x0.097%

no =12960r Vi=V2_0.296
— V1.68 7 * =T
123 V 1.296
Hence, percentage, reduction in stator (or supply voltage) is
V-V, 100 = 0.296 x 100 =99 84,
f 1.296
In the second case, tan ¢ = s, X,/R,=0.515x0.09/0.015=3.09

¢ = tan"'(3.09)="72°44nd p.f. = cos = cos 72°4= 0.31

Torque/Speed Curve

The torque developed by a conventional 3-phase motor depends on its speed but the relation between
the two cannot be represented by a simple equation. It is easier to show the relationship in the form of a
curve (Fig. 34.22). In this diagram, T represents the nominal full-load torque of the motor. As seen, the
starting torque (at N=0) is 1.5 7'and the maximum torque (also called breakdown torque) is 2.5 7.

2.5T
Locked-Rotor
g » Torque Brigakdown L
&1.5 / orque
5]
=7
Pull-up Full
Torque Load —
0
0 20 & 60 80 100

Rotational Speed, %

Fig. 34.22

At full-load, the motor runs at a speed of N. When mechanical load increases, motor speed
decreases till the motor torque again becomes equal to the load torque. As long as the two torques are
in balance, the motor will run at constant (but lower) speed. However, if the load torque exceeds 2.5 7,
the motor will suddenly stop.
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Sha pe of Torque/Speed Curve

For a squirrel-cage induction motor (SCIM), shape of'its torque/speed curve depends on the voltage
and frequency applied to its stator. If fis fixed, T'oc ¥ (Art34.22). Also, synchronous speed

g g
Z. Z 440V
e 2 0y 6omz 660V
150 = 90 Hz
: AN
F
f 75 Motor Generator T 75
—— a5 T
Break Break/
900 450 0 450 900 13501800 2! 502700 9(|)0 456 0
—p Speed (r.p.m.)
75+ 75
150F 150
(@)

(b)

Fig. 34.23

depends on the supply frequency. Now, let us see what happens when both stator voltage and
frequency are changed. In practice, supply voltage and frequency are varied in the same proportion
in order to maintain a constant flux in the air-gap. For example, if voltage is doubled, then frequency
is also doubled. Under these conditions, shape of the torque/speed curve remains the same but its
position along the X-axis (i.e.speed axis) shifts with frequency.

Fig. 34.23 (a) shows the torque/speed curve of an 11.kW, 440-V, 60-Hz 3-¢ SCIM. As seen, full-
load speed is 1728 rpm and full-load torque is 45 N-m (point-A) whereas breakdown torque is
150 N-m and locked-rotor torque is 75 N-m.

Suppose, we now reduce both the voltage and fequency to one-fourth their original values i.e. to
110V and 15 Hz respectively. Asseen in Fig. 34.23 (b), the torque/speed curve shifts to the left. Now,
the curve crosses the X-axis at the synchronous speed of 120 x 15/4 =450 rpm (i.e. 1800/4 =450 rpm).
Similarly, if the voltage and frequency are increased by 50% (660 V 90 Hz), the curve shifts to the right
and cuts the X-axis at the synchronous speed of 2700 rpm.

Since the shape of the torque/speed curve remains the same at all frequencies, it follows that
torque developed by a SCIM is the same whenever slip-speed is the same.

Exampel 34.26. A 440-V, 50-Hz, 4-pole, 3-phase SCIM develops a torque of 100 N-m at a speed
of 1200 rpm. If the stator supply frequency is reduced by half, calculate

(@) the stator supply voltage required for maintaining the same flux in the machine.

(b) the new speed at a torque of 100 N-m.

Solution. (@) The stator voltage must be reduced in proportion to the frequency. Hence, it should
also be reduced by half to 440/2 =220 V.

(b) Synchronous speed at 50 Hz frequency = 120 x 50/4 = 1500 rpm. Hence, slip speed for a
torque of 100 N-m = 1500 — 1200 = 300 rpm.

Now, synchronous speed at 25 Hz = 1500/2 = 750 rpm.

Since slip-speed has to be the same for the same torque irrespective of the frequency, the new
speed at 100 N-m is = 750 + 300 = 1050 rpm.

Current /Speed Curve of an Induction Motor

It is a V-shaped curve having a minimum value at synchronous speed. This minimum is equal to
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Induction Motor

the magnetising current which is needed to create flux in the machine. Since flux is purposely kept constant,
it means that magnetising current is the same at all synchronous speeds.

| |
1350 900

| |
3150 3600

450 0
B —» Speed L
75 '
150~ .
Fig. 34.24
Fig. 34.24. shows the current/speed curve N-m
of the SCIM discussed in Art. 34.28 above. A
Refer Fig. 34.23(b) and Fig. 34.24, As seen, = 150
locked rotor current is 100 A and the 2
corresponding torque is 75 N-m. If stator 3 , 100
voltage and frequency are varied in the same & % 75
proportion, current/speed curve has the same g 2
shape, but shifts along the speed axis. Suppose A
that voltage and frequency are reduced to one- A‘

fourth of their previous valuesi.e. to 110 V, 15
Hz respectively. Then, locked rotor current
decreases to 75 A but corresponding torque
increases to 150 N-m which is equal to full

900 1350 18002250 2700

450
— Speed (r.p.m.)
Fig. 34.25

breakdown torque (Fig. 34.25). It means that by reducing frequency, we can obtain « larger torque
with a reduced current. This is one of the big advantages of frequency control method. By
progressively increasing the voltage and current during the start-up period, a SCIM can be made to
develop close to its breakdown torque all the way from zero to rated speed.

Breakdown| .
Torque LT

T, 1

T, 2

——Torque

0 N, N,
—» Speed

Fig. 34.26

Ns

Another advantage of frequency control is that
it permits regenerative braking of the motor. In
fact, the main reason for the popularity of
frequency-controlled induction motor drives is
their ability to develop high torque from zero to
full speed together with the economy of
regenerative braking.

Torque/Speed Character-
istic Under Load

As stated earlier, stable operation of an induction
motor lies over the linear portion of its torque/

speed curve. The slope of this straight line depends
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mainly on the rotor resistance. Higher the resistance, sharper the slope. This linear relationship between
torque and speed (Fig. 34.26) enables us to establish a very simple equation between different
parameters of an induction motor. The parameters under two different load conditions are related by
the equation

sy=s, 221 (VY )
Ty R\ Vy)

The onlyrestriction in applying the above equation is that the new torque 7>, must not be greater than 7'
Wy ). Inthat case, the above equation yields an accuracy of better than 5% which is sufficient for ali

practical purposes.

Example 34.24. 4 400-V, 60-Hz, 8-pole, 3-¢ induction motor runs at a speed of 1140 rpm when
connected to a 440-V line. Calculate the speed if voltage increases to 550V.

Solution. Here,s; =(1200—1140)/1200=0.05. Since everything else remains the same in Eq. (i)

of Art. 34.30 except the slip and voltage hence

S == (V/V) =0.05 x (440/550)*=0.032 .Art. 3423
2

= 1200(1 - 0.032) = 1161.6 rpm.

Example 34.25. 4 450.V, 60. Hz 8-Pole, 3-phase induction motor runs at 873 rpm when driving
a fan. The initial rotor temperature is 23°C. The speed drops to 8§64 rpm when the motor reaches its
final temperature. Calculate (i) increase in rotor resistance and (ii) approximate temperature of the
hot rotor if temperature coefficient of resistance is 1/234 per °C.

Solution. 5, = (900 — 873)/900 = 0.03 and s, = (900 — 864)/900 = 0.04
Since voltage and frequency etc. are fixed, the change in speed is entirely due to change in rotor
resistance.

@ s,=5;(Ry)/R,) or0.04=0.03(Ry/R)); R,=133 R,
Obviously, the rotor resistance has increased by 33 percent.
(ii) Let t, be temperature of the rotor. Then, as seen from Art.1-11,

R, =R[l+a(t523)]or 1.33RR [L 234(t2 23)1| . 1,=100.2°C

L]

Plugging of an Induction Motor

An induction motor can be quickly stopped by
simply inter-changing any of its two stator leads. It
reverses the direction of the revolving flux which
produces a torque in the reverse direction, thus

Induction asynchronous motor

applying brake on the motor. Obviously, during
this so-called plugging period, the motor acts as
a brake. Itabsorbs kinetic energy from the still

Stator

Fig. 34.27
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revolvingload causing its speed to fall. The associated Power P,, is dissipated as heat in the rotor. At the
same time, the rotor also continues to receive power P, from the stator (Fig. 34.27) which is also dissipated
as heat. Consequently, plugging produces rotor /R losses which even exceed those when the rotor is
locked.

Induction Motor Operating as a Generator
When run faster than its synchronous speed, an induction motor runs as a generator called a Induction
generator. Tt converts the mechanical energy it receives into electrical energy and this energy is released by
the stator (Fig. 34.29). Fig. 34.28 shows an ordinary squirrel-cage motor which is driven by a petrol engine
and is connected to a 3-phase line. As soon as motor speed exceeds its synchronous speed, it starts
delivering active power P to the 3-phase line. However, for creating its own magnetic field, it absorbs
reactive power Q from the line to which it is connected. As seen, Q flows in the opposite direction to P.

SR 'ﬁ "

Stator

Petrol Induction
Engine Mauchine

Fig. 34.28 Fig. 34.29

The active power is directly proportional to the slip above the synchronous speed. The reactive
power required by the machine can also be supplied by a group of capacitors connected across its
terminals (Fig. 34.30). This arrangement can be used to supply a 3-phase load without using an
external source. The frequency generated is slightly less than that corresponding to the speed of
rotation.

o K

il
UL

—=D>p

—— | &

Fig. 34.30

The terminal voltage increases with capacitance. If capacitance is insufficient, the generator
voltage will not build up. Hence, capacitor bank must be large enough to supply the reactive power
normally drawn by the motor.

Example 34.26. 4 440-V, 4-pole, 1470 rpm. 30-kW, 3-phase induction motor is to be used as an
asynchronous generator. The rated current of the motor is 40 A and full-load power factor is 85%.
Calculate

(@) capacitance required per phase if capacitors are connected in delta.

(b) speed of the driving engine for generating a frequency of 50 Hz.

Solution. (7) S = \/3 VT =1.73 x 440 x 40 =30.4 kVA
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P = Scos $p=30.4x0.85=258kW

0 = s?-P =\304-258> =16kVAR

Hence, the A-connected capacitor bank (Fig. 32.31) must provide 16/3 = 5.333 kVAR per phase.
Capacitor current per phase is = 5,333/440

J_— =12 A. Hence X,=440/12=36.6 Q. Now,
= | == &y c 1
== L e " on,xp " V2mXS0%36.6 = 87uF
o O [e]
. R (i) The driving engine must run at slightly
“- G more than synchronous speed. The slip speed
R is usually the same as that when the machine
I 5m‘ﬂ_ runs as a motor Z.e. 30 rpm.

] Hence, engine speed is = 1500 + 30 =
Fig. 34.31 1530 rpm.

Complete Torque /Speed Curve of a Three-Phase Ma chine

Wehave already seen that a 3-phase machine can be run as a motor, when it takes electric power and
supplies mechanical power. The directions of torque and rotor rotation are in the same direction. The same
machine can be used as an asynchronous generator when driven at a speed greater than the synchronous
speed. In this case, it receives mechanical energy in the rotor and supplies electrical energy from the stator.
The torque and speed are oppositely-directed.

The same machine can also be used as a brake during the plugging period (Art. 34.31). The three
modes of operation are depicted in the torque/speed curve shown in Fig. 34.32.

+2Ng
Generator

Fig. 34.32

Tutorial Problem No. 34.2

1. In a 3-phase, slip-ring induction motor, the open-circuit voltage across slip-rings is measured to be
110 V with normal voltage applied to the stator. The rotor is star-connected and has a resistance of
1 Q and reactance of 4 Q at standstill condition. Find the rotor current when the machine is (a) at
standstill with slip-rings joined to a star-connected starter with a resistance of 2Q per phase and
negligible reactance (b) running normally with 5% slip. State any assumptions made.
[12.7 A ; 3.11 A] (Electrical Technology-1, Bombay Univ. 1978)
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10.

11.

12.

13.

The star-connected rotor of an induction motor has a standstill impedance of (0.4 + j4) ohm per phase
and the rheostat impedance per phase is (6+j2) ohm. The motor has an induced e.m.f. of 80 V
between slip-rings at standstill when connected to its normal supply voltage. Find (@) rotor current at
standstill with the rheostat in the circuit (b) when the slip-rings are short-circuited and the motor is
running with a slip of 3%. [5.27 A ;3.3 A]
A 4-pole, 50-Hz induction motor has a full-load slip of 5%. Eachrotor phase has a resistance of 0.3 Q
and a standstill reactance of 1.2 Q. Find the ratio of maximum torque to full-load torque and the speed
at which maximum torque occurs. [2.6 5 1125 r.p.m.]
A 3-phase, 4-pole, 50-Hz induction motor has a star-connected rotor. The voltage of eachrotor phase
at standstill and on open-circuitis 121 V. The rotor resistance per phase is 0.3 Q2 and the reactance at
standstill is 0.8 Q. If the rotor current is 15 A, calculate the speed at which the motor is running.
Also, calculate the speed at which the torque is a maximum and the corresponding value of the input
power to the motor, assuming the flux toremain constant. [1444 r.p.m.; 937.5r.p.m.]
A 4-pole, 3-phase, 50 Hz induction motor has a voltage between slip-rings on open-circuit of 520 V.
The star-connected rotor has a standstill reactance and resistance of 2.0 and 0.4 Q per phase
respectively. Determine :
(@) the full-load torque if full-load speed is 1,425r.p.m.
(b) the ratio of starting torque to full-load torque
(¢) the additional rotor resistance required to give maximum torque at standstill
[(a) 200 N-m (b) 0.82 (¢) 1.6 Q] (Elect. Machines-11, Vikram Univ. Ujjain 1977)
A 50-Hz, 8-pole induction motor has a full-load slip of 4 per cent. The rotor resistance is 0.001 €2
per phase and standstill reactance is 0.005 Q per phase. Find the ratio of the maximum to the full-
load torque and the speed at which the maximum torque occurs.
[2.65 600 r.p.m.] (City & Guilds, London)
A 3-¢, 50-Hz induction motor with its rotor star-connected gives 500 V (r.m.s.) at standstill between
slip-rings on open circuit. Calculate the current and power factor in each phase of the rotor windings
at standstill when joined to a star-connected circuit, each limb of which has a resistance of 10 2 and
an inductance of 0.03 H. The resistance per phase of the rotor windings is 0.2 Q and inductance
0.03 H. Calculate also the current and power factor in each rotor phase when the rings are short-
circuited and the motor is running with a slip of 4 per cent.
[13.6 A, 0.48; 27.0 A, 0.47] (London University)
A 4-pole, 50-Hz, 3-phase induction motor has a slip-ring rotor with a resistance and standstill reactance
0f'0.04 Q and 0.2 Q per phase respectively. Find the amount of resistance to be inserted in each rotor
phase to obtain full-load torque at starting. What will be the approximate power factor in the rotor at
this instant ? The slip at full-load is 3 per cent. [0.084 Q, 0.516 p.f.] (London University)
A 3-¢ induction motor has a synchronous speed of 250 r.p.m. and 4 per cent slip at full-load. The
rotor has a resistance of 0.02 Q/phase and a standstill leakage reactance of 0.15 Q/phase. Calculate
(@) the ratio of maximum and full-load torque () the speed at which the maximum torque is devel-
oped. Neglect resistance and leakage of the stator winding.
[(a) 1.82 (b) 217 r.p.m.] (London University)
The rotor of an 8-pole, 50-Hz, 3-phase induction motor has a resistance of 0.2 Q/phase and runs at
720 r.p.m. If the load torque remains unchanged. Calculate the additional rotor resistance that will
reduce this speed by 10% [0.8 Q] (City & Guilds, London)
A 3-phase induction motor has a rotor for which the resistance per phase is 0.1 Q and the reactance
per phase when stationary is 0.4 Q. The rotor induced e.m.f. per phase is 100 V when stationary.
Calculate the rotor current and rotor power factor (a) when stationary (b) when running with a slip
of 5 per cent. [(a) 242.5 A; 0.243 (b) 49 A;0.98]
An induction motor with 3-phase star-connected rotor has a rotor resistance and standstill reactance
of 0.1 Q and 0.5 Q respectively. The slip-rings are connected to a star-connected resistance of0.2
Q per phase. If the standstill voltage between slip-rings is 200 volts, calculate the rotor current per
phase when the slip is 5%, the resistance being still in circuit. [19.1 A]
A 3-phase, 50-Hz induction motor has its rotor windings connected in star. Atthe moment of starting
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the rotor, induced e.m.f. between each pair of slip-rings is 350 V. The rotor resistance per phase is
0.2 Q and the standstill reactance per phase is 1 Q. Calculate the rotor starting current if the external
starting resistance per phase is 8 Q2 and also the rotor current when running with slip-rings short-
circuited, the slip being 3 per cent. [24.5 A 530.0 A]
14. Ina certain 8-pole, 50-Hz machine, the rotor resistance per phase is 0.04 Q and the maximum torque
occurs at a speed of 645 r.p.m. Assuming that the air-gap flux is constant at all loads, determine the
percentage of maximum torque (a) at starting (b) when the slip is 3%.
[(a) 0.273 (b) 0.41] (London University)
15. A 6-pole, 3-phase, 50-Hz induction motor has rotor resistance and reactance of 0.02 Q and 0.1 Q
respectively per phase. At what speed would it develop maximum torque ? Find out the value of
resistance necessary to give half of maximum torque at starting.
[800 rpm; 0.007 QO] (Elect.Engg. Grad I.E.T.E. June 1988)

Measurement of Slip

o]

Following are some of the methods used for find- C | Rator _Rator =
ing the slip of an induction motor whether squirrel- | Slip—Shegd Syn-

)
- o chro-
cage or slip-ring type. s { e
@ By actual measurement of motor speed E | Sneed

This method requires measurement of actual mo- [
tor speed N and calculation of synchronous speed
N,. N is measured with the help of a speedometer ) Speed
and N, calculated from the knowledge of supply fre-
quency and the number of poles of the motor.* Then The speed curve of an induction motor. The slip is

. . . the difference in rotor speed relative to that of the
slip can be calculated by using the equation. synchronous speed. CD = AD - BD = AB.
§= (NY_N) B IOO/NY

@) By comparing rotor and stator supply fre-
quencies

This method is based on the fact that s =f,/f

Since fis generally known, s can be found if frequency of rotor current can be measured by some
method. Inthe usual case, wherefis 50 Hz, /. is so low that individual cycles can be easily counted. For this
purpose, a d.c. moving-coil millivoltmeter, preferably of centre-zero, is employed as described below :

(@ Inthe case of a slip-ring motor, the leads of the millivoltmeter are lightly pressed against the
adjacent slip-rings as they revolve (Fig. 34.33). Usually, there is sufficient voltage drop in the brushes
and their short-circuiting strap to provide an indication on the millivoltmeter. The current in the
millivoltmeter follows the variations of the rotor current and hence the pointer oscillates about its
mean zero position. The number of
complete cycles made by the pointer
per second can be easily counted (it is

worth remembering that one cycle R

consists of a movement from zero to a AN

maximum to the right, back to zero and

on to a maximum to the left and then mV R mV

back tozero). @ WW /
As an example, consider the case

of a 4-pole motor fed from a 50-Hz sup- Fig. 34.33 Fig. 34.34

ply and running at 1,425 r.p.m. Since

*  Since an induction motor does not have salient poles, the number of poles is usually inferred from the
no-load speed or from the rated speed of the motor.
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N,;= 1,500 r.p.m., its slip is 5% or 0.05. The frequency of the rotor current would be f,=s,= 0.05 x 50 =
2.5 Hz which (being slow enough) can be easily counted.

(b) Forsquirrel-cage motors (which do not have slip-rings) it is not possible to employ the millivoltmeter
sodirectly, although it is sometimes possible to pick up some voltage by connecting the millivoltmeter
across the ends of the motor shaft (Fig. 34.34)

Another method, sometime employed, is as follows :

A large flat search coil of many turns is placed centrally against the end plate on the non-driving end of
the motor. Quite often, it is possible to pick up sufficient voltage by induction from the leakage fluxes to
obtain a reading on the millivoltmeter. Obviously, a large 50-Hz voltage will also be induced in the search
coil although it is too rapid to affect the millivoltmeter. Commercial slip-indicators use such a search coil
and, in addition, contain a low-pass filter amplifier for eliminating fundamental frequency and a bridge circuit
for comparing stator and rotor current frequencies.

(i) Stroboscopic Method

In this method, a circular metallic disc is taken and painted with alternately black and white segments.
The number of segments (both black and white) is equal to the number of poles of the motor. Fora 6-pole
motor, there will be six segments, three black and three white, as shown in
Fig.34.35(a). The painted disc is mounted
on the end of the shaft and illuminated by
means of a neon-filled stroboscopic lamp,
which may be supplied preferably with a
combinedd.c.anda.c. supplyalthough only
a.c. supply will do*. The connections for
combined supply are shown in Fig. 34.36
whereas Fig. 34.35 (b) shows the (a) (b)
connection fora.c. supply only. Itmustbe
noted that with combined d.c. and a.c. Fig. 34.35
supply, the lamp will flash once per
cycle**. But witha.c. supply, it will flash twice per cycle.

\\\\\-///,J

i \\\\{: Motor

Consider the case when the revolving disc is seen in the flash light of the bulb which is fed by the
combined d.c. and a.c. supply.

If the disc were to rotate at synchronous speed, it would appear to be stationary. Since, in actual
practice, its speed is slightly less than the synchronous speed, it appears to rotate slowly backwards.
The reason for this apparent backward movement is as follows :

100V

\

(

W0000000000

N
v

4—

2:1
Fig. 34.36

*  When combined d.c. and a.c. supply is used, the lamp should be tried both ways in its socket to see which
way it gives better light.
** It will flash only when the two voltages add and remain extinguished when they oppose.
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Let Fig. 34.37(a) represent the position of
the white lines when they are illuminated by the 1

3 2
first flash. When the next flash comes, they have
nearly reached positions 120° ahead (but not
quite), as shown in Fig. 34.37(b). Hence, line 3 2 %) 1 3
No. 1 has almost reached the positionprevi- _
ously occupied by line No. 2 and one flash still (a) () (©)
later [Fig. 34.37 (¢)] it has nearly reached the )

Fig. 34.37

position previously occupied by line No. 3 in
Fig. 34.37(a).

By counting the number of lines passing a fixed point in, say, a minute and dividing by the number of
lines seen (i.e. three in the case of a 6-pole motor and so on) the apparent backward speed in r.p.m. can be
found. This gives slip-speed in r.p.m. i.e. N,— N. The slip may be found from the
Ns N 100

Ng

relation s =

Note. Ifthe lamp is fed with a.c. supply alone, then it will flash twice per cycle and twice as many lines will
be seen rotating asbefore.

Power Stages in an Induction Motor

Stator iron loss (consisting of eddy and hysteresis losses) depends on the supply frequency and
the flux density in the iron core. It is practically constant. The iron loss of the rotor is, however,
negligible because frequency of rotor currents under normal running conditions is always small. Total
rotor Cu loss =3 IZZR 5

Different stages of power development in an induction motor are as under :

Mech. Power
R

M Developed otor
otor Stator Rotor R in Rotor Windage Output
; tor
Input in Cu& Y P and
— I:‘I > Input C > I:: > E: > ang | E\‘>
ISDtator iron Pzp Egs . o, Gl:oss E riction (I:r"‘”
| 0sses Torque osses BHP

- 7 L~ [ " |
g
A better visual for power flow, within an induction motor, is given in Fig. 34.38.

Torque Developed by an Induction Motor

Aninduction motor develops gross torque 7, due to gross rotor output P,, (Fig34.38). Its value can
be expressed either in terms of rotor input P, or rotor gross output P, as given below.

= = ...In terms of rotor input
21 N,
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Motor input in stator, P,

| \
stator Cu and iron rotor input P,
losses (Pog & P)

(via air - gap)
|

|
rotor Cu loss mechanical power
(P,) developed, P,
ar
Qross roL01" output, 7,

|
Windage and rotor output or
friction loss (Py) motor output £

out

Windage &

%1[01 P - Friction Loss
cr Gross Shaft
L‘““' ﬁ Rotor Mechanical ﬁp Power
Active Cu Pow "
Power

Input

7

0]

.

Power

Input to
Rotor
Fig. 34.38
P, P
T = == .. in terms of rotor output
g o 2N P

The shaft torque 7, is due to output power P, , which is less than P,, because of rotor friction and
windage losses.

T,= P, /o =P, /2tN

out

The difference between 7, and 7, equals the torque lost due to friction and windage loss in the
motor.

In the above expressions, Nand N, are inr.p.s. However, if they are in r.p.m., the above expressions
for motor torquebecome

P,
T = P _60 P, =955 "2 N-m
g 2nN, /60 2n N, N,
Tps 6()TEP ps
= == =9.55 lN-m
2aN/60 2n N N
Pout _@ Pou

Ty,=

Y

=== ’—9.55})94’”N-m
2nN/60 2m N N

Torque, Mechanic al Power and Rotor Output

Stator input P, = stator output + stator losses
The stator output is transferred entirely inductively to the rotor circuit.
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Obviously, rotor input P, = statoroutput

Rotor gross output, P, = rotor input P, — rotor Culosses
2 This rotor output is converted into mechanical en-
'::I. g ergy and gives rise to gross torque 7,,. Out of this

gross torque developed, some is lost due to wind-
age and friction losses in the rotor and the rest ap-
pears as the useful or shafttorque 7.

Let N r.p.s. be the actual speed of the rotor and if
T, is in N-m, then

T, x 2 mN = rotor gross output in watts, P,,
__rotor gross output in watts, P,

ZN-m*

g 2n N

The type DF200 diesel electric locomotive is the first ..(1)
motor-driven train equipped with diesel generators since  [fthere were no Cu losses in the rotor, then rotor

Lokt [ Ee el (IS O e e (el ns el cessl- output will equal rotor input and the rotor will run
eration, high speed, and large torque, which resulted in
at synchronousspeed.

a quick-response generator brake system.

rotor input P,

T, = W -(2)
From (1) and (2), we get,
Rotor gross output P,=T,0=T,x2nN
Rotor input Py, =T, 0,=T, x2 1N, ..(3)
The difference of two equals rotor Cu loss.
rotor Culoss =P,—P_ =T, x271(N.,—N) ...(4d)
From (3)and (4), M = Ny~ N=s
rotor input N,
rotorCuloss = s x rotor input =s X power across air-gap =s P, ..(5)
Also, rotor input = rotor Cu loss/s
Rotor gross output, P, = input P, — rotor Cu loss = input — s x rotor input
= (1 —s)input P, ...(6)
rotor gross output P,, = (1 —s) rotor input P,
or rotor gross output, P, =1-—g="—; ﬁ _N
rotor input, P, Ny P, N,
rotor Culoss s

rotor efficiency = ]Nv Also,

5 rotor gross output l-s
Important Conclusion

If some power P, is delivered to a rotor, then a part sP, is lost in the rotor itself as copper loss (and
appears as heat) and the remaining (1 — 5)P, appears as gross mechanical power P,, (including friction
and windage losses).

P:f:];R:: l:(1=s):sorP:P:P::1:(1-s):s

*  The value of gross torque in kg-m is given by

7= rotor gross output in watts kg-m. = P, Ko-
g 9.81x 2N 9.81x 2N
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The rotor input power will always divide itselfin this ratio, hence it is advantageous to run the motor
with as small a slip as possible.
Example 34.27. The power input to the rotor of 440 V, 50 Hz, 6-pole, 3-phase, induction motor is 80
kW. The rotor electromotive force is observed to make 100 complete alterations per minute. Calculate

(i) the slip, (ii) the rotor speed, (iii) rotor copper losses per phase. [Madras University,1997]
Solution. 100 alterations/minute = 199 cycles/sec
60
1.6667 Hz = sf
Hence, the slip, s= 1.6667 =10.3333 P.u. or3.333%
50
(if) rotor speed, N = (1-5)Ng=(1-0.03333) x 1000
120 x 50
Since N T 1000 tpm,  n= 966,67 rpm
(#ii) rotor copper losses/phase = l3>< (s x rotorinput)
total rotor power input = 80 kW
rotor power input per phase = 80/3 kW
rotor copper losses per phase
0.0333 x 80

=~ kW=0.8888 kW
3

Example 34.28. 4 440-V, 3-¢, 50-Hz, 4-pole, Y-connected induction motor has a full-load speed of
1425 rpm. The rotor has an impedance of (0.4 +J 4) ohm and rotor/stator turn ratio of 0.8. Calcu-
late (i) full-load torque (ii) rotor current and full-load rotor Cu loss (iii ) power output if windage
and friction losses amount to 500 W (iv) maximum torque and the speed at which it occurs

(v) starting current and (vi) starting torque.

Solution. N, =120 x 50/4 = 1500 rpm = 25 rps, s = 75/1500 =0.05
E, = 440/1.73 = 254 V/phase

3 0.05(0.8x 254)* x 0.4

(0 Fulboad 1= omcas (0.4)> + (0.05 x 4)*
= 78.87 N-m
. _ sk, sKE, 0.05 x (0.8 x 254)
@) Ir B 2 T 2 T 7 P
\/Rz +(sX ) \/Rz + (X ) \/(0.4) +(0.05 x4)
= 2273 A
Total Cu loss = 31’,2 R=3x2273"x0.4=620 W

(iiif) Now, P, = 2nNT =2 m x (1425/60) x 78.87 = 11,745 Q
Poy = P, —windage and friction loss=11,745—-500= 11,245 W
(iv) For maximumtorque, s = R,/X,=0.4/4=0.1
2
T, = 3 " 0.1 x (0.8 x 254)” x0.4 _ 98.5 N-m
2nx 25 (0.4)? + (0.1x 4)?

Since s=0.1, slip speed =5 N,= 0.1 x 1500 = 150 rpm.
.. Speed for maximum torque = 1500 — 150 = 1350 rpm.




1284  Electrical Technology

. E KE .
(v) startingcurrent = e = L = 0.8 x254 =505A
\/R§+X22 \/R§+X22 \/0.42+42
(vi) Atstart, s =1,hence

3 (0.8 x 254)* x 0.4

mx 25 (04) +4
It is seen that as compared to full-load torque, the starting torque is much less-almost 25 per cent.

T,= =19.5N-m

Induction Motor Torque Equation

The gross torque 7, developed by an induction motor is given by

T, = P, /27N —N,inr.ps.
= 60P, /2nN, =9.55P, /N, —N,inr.p.m.
Now, P2 = rotor 6u loss/s = 31 22 R és
Asseenfrom Art.34.19, I, = ! = SKE,
JR+ (X JE+ (X
where K is rotor/stator turn ratio per phase.

S’E’R 1 3sE’R
2

X — = ——22
Ry+ (s X,) S Ri+(sX,)
K *E*R 1 3sK’E’R

AlSO, P2 :3X2mx_‘;: - 14242
2 2 2

2

T, =/ = 2
o 27 2m X 5° ER 2 — interms of £,
N; Ns  Ry+(sX))
3 s K’E'R

or = — in terms of £

X
2nNs R F(XD

Here, E|, E,, R, and X, represent phase values.

In fact, 3 K2 N = kis called the constant of the given machine. Hence, the above torque equation
may be simplified to
B
T,=k 7; L 3 — in terms of £
‘ Ry + (sX5)
Synchronous Watt

It is clear from the above relations that torque is proportional to rotor input. By defining a new
unit of torque (instead of the force-at-radius unit), we can say that the rotor torque equals rotor input.
The new unit is synchronous watt. When we say that a motor is developing a torque of 1,000
synchronous watts, we mean that the rotor input is 1,000 watts and that the torque is such that power
developed would be 1,000 watts provided the rotor were running synchronously and developing the
same torque.

Or

Synchronous watt is that torque which, at the synchronous speed of the machine under consideration,
would develop a power of 1 watt.

-~ _ rotorinput, P,

rotor input = T, x 2 T Ny m 2mxsynch. speed
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Synchronous wattage of an induction motor equals the power transferred across the air-gap
to the rotor.

.. torque in synchronous watt
rotor Cu loss _ gross output power, P,
- ()
Obviously, at s = 1, torque in synchronous watt equals the total rotor Cu loss because at standstill,
entire rotor input is lostas Cu loss.

= rotor input =

Suppose a 23-kW, 4-pole induction motor has an efficiency of 92% and a speed of 1440 r.p.m. at
rated load. If mechanical losses are assumed to be about 25 per cent of the total losses, then

motor input = 23/0.92 = 25 kW, total loss =25 — 23 =2 kW.
Friction and windage loss =2/4 = 0.5 kW

=23+05=235kW
Power in synchronous WattsP = P,=23.5 x 1500/1440 = 24.5 kW

synchronous speed =2r (1500/60) 157rad/s
h t , T, —245 0/157— 156 N-m
synchronous torque X ]\]/. ts00 1
or T . =23.5x —
w "N g 1440 21 (1500/60)
= 156N-m —Art34.39

Variations in Rotor Current

The magnitude of the rotor current varies with load carried by the motor.
As seen from Art. 34.37

rotor output . N
Lotor oufput  _N or rotor output = rotor input x——

rotor input Ny Ng
rotor input = rotor output x N,/ N
Also rotoroutput « 2 NT=kNT

rotor input=kNTx N,/ N=kN,T

3L°R
Now, rotor Cu foss C,u loss — gor °2 2 rotor input
rotor mput N
3I)R{s=kNTorToxI’RIs
Stoclglz —since s =1
Tocl?R/s — s = full-load slip
S22 s S
Lo o o }
Ty )

where I, and [, are the rotor currents for starting and full-load running conditions.

Analogy with a Mechanic al Clutch

We have seen above that, rotor Cu loss = slip x rotor input
This fact can be further clarified by considering the working of a mechanical clutch (though it is
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not meant to be a proof for the above) similar to
the one used in automobiles. A plate clutch is shown
in Fig. 34.39. It is obvious that the torque on the
driving shaft must exactly equal the torque on the

driven shaft. In fact, these two torques are actually p

one and the same torque, because the torque is

caused by friction between the discs and itis true L)I"\IW ng 18); \t‘}’"
Salt Hil

whether the clutch is slipping or not. Let », and @,
be the angular velocities of the shaft when the clutch
isslipping.

Fig. 34.39

Then, input=T o, and output =7
0 =To(1-=5):[o,=0(l-s)]
loss=Tw,—Tw,=Two,—To/(l-s)=sT o, =slip x input

Analogy with a D.C. Motor

The above relations could also be derived by comparing an induction motor with a d.c. motor. As
shownin Art29.3,inad.c. shunt motor, the applied voltage is always opposed by abacke.m.f. E,. The
power developed in the motor armature is £, I, where I, is armature current. This power, as we know, is
converted into mechanical power in the armature of the motor.

Now, in aninduction motor, it is seen that the induced e.m.f'in the rotor decreases from its standstill
value of £, to sE, when in rotation. Obviously, the difference (1 —s) E, is the e.m.f. called forth by the
rotation of the rotor similar to the back e.m.f. in a d.c. motor. Hence, gross power P,, developed in the
rotor is given by the product of the back e.m.f., armature current and rotor power factor.

P,=(-5)E,xLcos¢,; Nowl= Land cos ¢, = R
VIR + (sX)3] JIR+ (X )]
P o=(-sEx 2 B > _ 22 R s(1-$)E’R
JR+6XY]T  IR+6XY] B +(sX,)
Multiplying the numerator a;ldzthe denominator by s, we get ( \
) s E I-5 2 sE,
Pm=<;)R2>< L :(7)]2R2 e |
s RyrXy) ] S JE = Gxy1 )
Now, IR = rotor Cu loss/phase . Cu loss _ s
z 2 rotor output 1-s

This is the same relationship as derived in Art. 34-37.

Example 34.30. The power input to a 3-phase induction motor is 60 kW. The stator losses total
1 kW. Find the mechanical power developed and the rotor copper loss per phase if the motor is
running with a slip of'3%.
(Elect. Machines AMIE Sec. E Summer 1991)
Solution. Rotor input, P, = stator input — stator losses = 60 — 1 = 59 kW
P,=(1-5P,=(1-0.03) x 59 =57.23 kW
Total rotor Cu loss = sP,=0.03 x 59 =1.77 kW = 1770 W
Rotor Cu loss/phase = 1770/3 = 590 W
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Example 34.31. The power input to the rotor of a 400 V, 50.Hz, 6-pole, 3-phase induction motor
is 20 kW. The slip is 3%. Calculate (i) the frequency of rotor currents (ii) rotor speed (iii) rotor
copper losses and (iv) rotor resistance per phase if rotor current is 60 A.

(Elect. Engg. Punjab Univ. 1991)

Solution. (i) Frequency of rotor current = s/'=0.03 x 50 = 1.5 Hz

(i) N,= 120 x 50/6 = 1000 rpm; N = 1000(1 — 0.03) = 700 rpm

(iii) rotor Cu loss = s x rotor input = 0.03 x 20 =0.6 kW = 600 W

(iv) rotor Cu loss/phase =200 W; .. 602R2 =200; R, = 0.055Q

Example 34.32. A4 3-phase, 6-pole, 50-Hz induction motor develops 3.73 kW at 960 rpm. What
will be the stator input if the stator loss is 280 W? (Madurai Kamraj Univ. 1999)

Solution. As seen from Art. 34.37, power developed in rotor N

rotor input N
Now, mechanical power developed in rotor = 3.73 kW., N,= 120 x 50/6 = 1000 r.p.m.
3,730/rotor input = 960/1000 .. rotor input= 3,885 W

Stator input = rotor input + stator losses = 3885 + 280 = 4,156 W

Example 34.33. The power input to the rotor of a 400V, 50-Hz, 6-pole, 3-$ induction motoris 75

kW. The rotor electromotive force is observed to make 100 complete alteration per minute. Calculate:
() slip (ii) rotor speed (iii) rotor copper losses per phase (iv) mechanical power developed.

(Elect. Engg. I, Nagpur Univ. 1993)

Solution. Frequency of rotor emf, /= 100/60 = 5/3 Hz

() Now, f'=sfor 5/3 =s x 50; s = 1/30=0.033 or 3.33%

(if) Ny=120 x 50/6 = 1000 rpm ; N = N, (1 —5) = 1000 (1 — 1/30) = 966.7 rpm

(iii) P, =75 kW ; total rotor Cu loss =sP, = (1/30) x 75=2.5 kW

rotor Cu loss/phase = 2.5/3 = 0.833 kW

@) P,=(1—-s)P,=(1-1/30) x 75=72.5 kW

Example 34.34. The power input to a 500 V, 50-Hz, 6-pole, 3-phase induction motor running at
975 rpm is 40 kW. The stator losses are 1 kW and the friction and windage losses total 2 kW.

Calculate : (i) the slip (ii) the rotor copper loss (iii) shaft power and (iv) the efficiency.
(Elect. Engg. - I1, Pune Univ. 1989)

Solution. (i) Ny=120 x 50/6 = 1000 rpm ; s = (100 — 975)/1000 = 0.025 or 2.5%
(i) Motor input P,=40 kW ; stator loss = 1 kW; rotor input P, =40 — 1 =39 kW
.. rotor Cu loss = s x rotor input = 0.025 x 39 = 0.975 kW
(iii) P,,=P,—rotor Culoss=39-0.975=38.025 kW

P,,.=P, —friction and windage loss = 38.025 — 2= 36.025 kW
(ivyn=~P,,/P,=36.025/40=0.9 or 90%

Example 34.35. A 100-kW (output), 3300-V, 50-Hz, 3-phase, star-connected induction motor
has a synchronous speed of 500 r.p.m. The full-load slip is 1.8% and F.L. power factor 0.85. Stator
copper loss = 2440 W. Iron loss = 3500 W. Rotational losses = 1200 W. Calculate (i) the rotor copper
loss (ii) the line current (iii) the full-load efficiency. (Elect. Machines, Nagpur Univ. 1993)
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Solution. P, = output + rotational loss = 100 + 1.2 = 101.2 kW

@ rotor Culoss = _S, p _ 0.018 x 101.2 = 1.855 kW
l—-s " 1-0.018
(ii) rotor input, P, = P,, + rotor Cu loss = 101.2 + 1.855 = 103.055 kW

Stator input = P, + stator Cu and ironlosses
= 103.055+2.44 + 3.5 =108.995 kW

108995 = f3 x3300x I, x 0.85;  [,=22.4A

The entire power flow in the motor is given below.

Stator Rotor Mechanical Motor output
input input power 100,000 W
108,995 W 103, 055W developed or
in rotor 100 kW
101,200 W
Stator Rotor Rotational
Cu & Iron Cu loss losses
losses 1855 W 1200 W
5940 W
(iii) F.L.efficiency =100,000/108,995 = 0.917 or 91.7%

Example 34.36. The power input to the rotor of a 440V, 50-Hz, 6-pole, 3-phase induction motor
is 100 kW. The rotor electromotive force is observed to make 120 cycles per minute, Calculate (i) the
slip (ii) the rotor speed (iii) mechanical power developed (iv) the rotor copper loss per phase and
(v) speed of stator field with respect to rotor. (Elect. Engg. AMIETE Sec. A June 1991)

Solution. (i) /= sfor (120/60) =5 x 50; s =0.01

(ii) N= 120 x 50/6 = 1000 rpm; N = 1000(1 — 0.01) = 990 rpm

(iii) P,,( 1= s)P,=(1-0.01) x 100 =99 kW

(iv) total rotor Cu loss =sP, =0.01 x 100 =1kW ; Cu loss/phase = 1/3 kW

(V) Ng=1000rpm; N=990rpm. Hence, speed of stator field with respect to rotor is

=1000-990=10 rpm.

Example 34.37. An induction motor has an efficiency of 0.9 when delivering an output of
37 kW. At this load, the stator Cu loss and rotor Cu loss each equals the stator iron loss. The
mechanical losses are one-third of the no-load loss. Calculate the slip.

(Adv. Elect. Machines, A.M.LE. Sec. B Winter 1993)

Solution. Motor input = 37,000/0.9 =41,111 W

.. total loss =41,111 —37,000=4,111 W

This includes () stator Cu and iron losses (i) rotor Cu loss (its iron loss being negligibly small)
and (iii) rotor mechanical losses.

Now, no-load loss of an induction motor consists of (i) stator iron loss and (if) mechanical losses
provided we neglect the small amount of stator Cu loss under no-load condition. Moreover, these two
losses are independent of the load on the motor.

no-load loss = W,+ W, =3W,,

o w,=w,l2
where W, is the stator iron loss and W, is the rotor mechanical losses.

Let, stator iron loss = x; then stator Cu loss = x; rotor Cu loss = x; mechanical loss = x/2
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S 3x+x2=4111orx=1175W
Now, rotor input = gross output + mechanical losses + rotor Cu loss
=37,000+ (1175/2) + 1175 = 38,752 W

¢ = lotor CL} loss _ 1175 —0.03 or 3%.
rotor input 38,752

Example 34.38. 4 400 V, 50-Hz, 6-pole, A-connected, 3-¢ induction motor consumes 45 kW
with a line current of 75 A and runs at a slip of 3%. If stator iron loss is 1200 kW, windage and
fricition loss is 900 W and resistance between two stator terminals is 0.12 Q, calculate (i) power
supplied to the rotor P, (ii) rotor Cu loss P, (iii) power supplied to load P, (iv) efficiency and (v)

shaft torque developed.

Solution. Cos ¢ =221 _ 866 lag

V3 x 400 x 75
Aline current of 75 amp means a phase-current of 75 / J3ie 433 amp
Next, winding resistance has to be worked out
Refer to Fig. 34.40.
rand 2r in parallel have an equivalent resistance measured at a
and b in delta connected motor as  x 27/3r = 2r/3 ohms

From thedata given r _ 0.12,»=0.18
3

Total stator copper loss = 3 x 43.3* x 0.18 = 1012

Fig. 34.40

Watts
Total input to stator = 45,000 Watts
Stator copper loss = 1012 Watts, stator core loss = 1200 Watts

Stator output = Rotor input = 42,788 Watts

Rotor copper loss = Slip x Rotor input = 0.03 x 42,788 = 1284 Watts
Rotor mech. output power= 42,788 — 1284 = 41,504 Watts
Shaft output = Mech. output of rotor — Mech losses
=41504 — 900 = 40604 Watts
Efficiency = 29604 . 10004 — 92239

45000

Shaft output torque, 7= 40604 x 60 _ 400 Nw-m

2ntx 970

Example 34.39(a). A 3-phase induction motor has a 4-pole, star-connected stator winding and
runs on a 220-V, 50-Hz supply. The rotor resistance per phase is 0.1 Q and reactance 0.9 Q . The
ratio of stator to rotor turns is 1.75. The full-load slip is 5%. Calculate for this load:

(@) the load torque in kg-m

(b) speed at maximum torque

(© rotor e.m.f. atmaximum torque. (Electrical Machines-I, South Gujarat Univ. 1985)

Solution. (a) K = rotor turns/stator turns = 1/1.75

stator voltage/phase, E; = 220 / NERY .
- standstill rotor e.m.f./phase, E =KE= x—=72.6 V
2

LR

RV

2B+’ = 0P +005%097 —o0110
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L,=5E,/Z,=0.05 x 72.6/0.11 =33 A

Rotor Culoss P =3[’R=3x33"x0.1=327TW
cr 2 2
rotor Cu loss _ s . 327_005 . P=6213W
mech. power developed 1—s P, 1-0.05 "

T,=9.55P, /N; N=N;(1-s)=1500(1-0.05)=1425rpm
Tg= 9.55 x 6213/1425=41.6 N-m = 41.6/9.81 = 4.24 kg.m
() Formaximumtorque, s, =R,/X,=0.1/0.81=1/9
N=N,(1-s)=1500(1 - 1/9) = 1333 r.p.m.
(© rotor e.m.f./phase at maximum torque = (1/9) x 72.6=8.07V
Example 34.39 (b). 4 400 V, 3-phase, 50 Hz, 4-pole, star-connected induction-motor takes a
line current of 10 A with 0.86 p. f. lagging. Its total stator losses are 5 % of the input. Rotor copper

losses are 4 % of the input to the rotor, and mechanical losses are 3 % of the input of the rotor.
Calculate (i) slip and rotor speed, (ii) torque developed in the rotor, and (iii) shaft-torque.

[Nagpur University, April 1998]

Solution. Input to motor = /3 x 400 x 10 x 0.86 = 5958 Watts
Total stator losses = 5% of 5958 =298 Watts
Rotor input = Stator Output = 5958 — 298 = 5660 Watts
Rotor Copper-loss = 4 % of 5660 = 226.4 Watts
Mechanical losses = 3% of 5660 = 169.8 Watts
Shaft output = 5660 — 226.4 — 169.8 = 5264 Watts

@ slip,s = Rotor-copper-loss/ rotor-input =4 %, as given
Synchronous speed, N,= 120 x f/P =1500 rpm
Rotor speed, N=N,(1-5)=1500(1—-0.04) = 1440rpm

@ Letthe torque developed in the rotor="7,
o, Angular speed of rotor = 21 N/60 = 150.72 radians/sec

Rotor output = Rotor input — Rotor-copper-loss
=5660 — 226.4 = 5433.6 watts
T,®,=5433.6, giving 7,= 5433.6 / 150.72 = 36.05 Nw-m
(Alternatively, synchronous angular speed = @, = 21 x 1500 / 60 = 157 rad / sec
T, = rotor input in Watts = 5660
T,=5660/157=36.05 Nw —m
(ii) Shaft-torque = T, = Shaft output in Watts /,.
=5264/150.72 =34.93 Nw — m.

Example 34.40. A 3-phase, 440-V, 50-Hz, 40-pole, Y-connected induction motor has rotor
resistance of 0.1 Q and reactance 0.9 Q per phase. The ratio of stator to rotor turns is 3.5.
Calculate:

(@) gross output at a slip of 5%

(b) the maximum torque in synchronous watts and the corresponding slip.

Solution. (¢)  Phase voltage = 440 V; K —fotor turns _ 1
3 stator turns 3.5

Standstill e.m.f. per rotor phase is £, = KE; =%) xL= 72.6 V

3 35
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E=sE=005x72.6=3.63V:Z= +0.12+(0.05 x 0.9)* = 0.1096

_E _ 363 _ . 2721 2 _
1, Z_, = 01096 33.1A;  TotalCuloss=31;R=3x(33.1)" x 0.1 =330W
rotor Culoss _ s .. rotor gross output = 330095 7,250 W
rotor gross output  1—s 0.05
(b) For Maximum Torque
R, =5,.% 8, =Ry /X,=0.1/09=1/9; E,=(1/9) x 72.6 =8.07 V

Z,= 0.1+ (0.9/97 =0.1414 Q; 1,=8.07/0.1414=57.1 A

Total rotor Culoss =3 x 57.12x 0.1 =978 W

rotor Culoss _ 978 _
S 19 8,802 W

.. Maximum torque in synchronous watts = rotor input = 8,802 W

rotor input =

Example 34.41. An 18.65-kW, 4-pole, 50-Hz, 3-phase induction motor has friction and windage
losses of 2.5 per cent of the output. The full-load slip is 4%. Compute for full load (a) the rotor Cu
loss (b) the rotor input (c¢) the shaft torque (d) the gross electromagnetic torque.

(Elect. Machines-II, Indore Univ. 1987)

Solution. Motor output P,,,= 18,650 W
Friction and windage loss P,,=2.5% of 18,650 = 466 W

Rotor gross output P, =18,650+466=19,116 W

@ rotor Cu loss =5 , rotor Cu loss = 0.04 x 19,116 =796.6 W
rotor gross output I-s (1-0.04)
. _ rotor Cu loss _196.5 _ 19.912.5 W

®) Rotor input P, = . 0.04 >

(or rotor input = 19,116 + 796.6 = 19,913 W)
() T,=955P,,/N:  N,=120x 50/4= 1500 r.p.m.
N=(1-0.04) x 1500 = 1440 r.p.m
T, =9.55 x 18,650/1440 = 123.7 N-m
(d) Gross torque T,=9.55P, /N=9.55%19,116/1440=126.8 N-m
(or T, =P, /2 tN;=19,913/2 1 x 25 = 127 N-m)
Example 34.42. An 8-pole, 3-phase, 50 Hz, induction motor is running at a speed of 710 rpm
with an input power of 35 kW. The stator losses at this operating condition are known to be 1200 W
while the rotational losses are 600 W. Find (i) the rotor copper loss, (ii) the gross torque developed,

(iii) the gross mechanical power developed, (iv) the net torque and (v) the mechanical power output.
(Elect. Engg. AMIETE Sec. A 1991 & Rajiv Gandhi Techn. Univ., Bhopal, 2000)

Solution. (i) P,=35-1.2=33.8 kW ; N,=120 x 50/8 =750 rpm ; N="710 rpm; s = (750 — 710)/
750 =0.0533
s Rotor Cu loss = sP,= 1.8 kW
(i) P, =P,—rotor Culoss =33.8 - .8 =32 kW
(i) T,=9.55 P, /N=9.55x32000/710 = 430.42 N-m
@) P,,= P, — rotational losses = 32000 — 600 = 31400 W
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» =9.55P,,/N=9.55x31400/710 = 422.35 N-m

out

Example 34.43. 4 6—pole, 50-Hz, 3-phase, induction motor running on full-load with 4% slip
develops a torque of 149.3 N-m at its pulley rim. The friction and windage losses are 200 W and the
stator Cu and iron losses equal 1,620 W. Calculate (a) output power (b) the rotor Cu loss and (c) the

efficiency at full-load. (Elect. Technology, Mysore Univ. 1989)
Solution. N, =120 x 50/6 = 1,000 r.p.m; N = (1 — 0.04) x 1,000 = 960 r.p.m.
Out put power = T, x 2 TN =2 1 x (960/60) x 149.3 = 15 kW
Now, output = 15,000 W
Friction andwindage losses =200 W ; Rotor gross output = 15,200 W
P N :
== <. rotor input ,= 15,200 x 1,000/960=15,833 W
Py Ng
b) r. rotor Cu loss = 15 83% 15, 200 3W
o uloss
(rotor Cu loss is given by : =
\ rotor output 1— s
© stator output = rotor input = 15,833 W
Stator Cu and iron losses = 1,620 W
.. Stator input P, =15833+1,620=17,453 W
overall efficiency, n = 15,000 x 100/17,453 = 86%

Example 34.44. An 18.65-kW, 6-pole, 50-Hz, 3-¢ slip-ring induction motor runs at 960 r.p.m.
on full-load with a rotor current per phase of 35 A. Allowing 1 kW for mechanical losses, find the

resistance per phase of 3-phase rotor winding. (Elect. Engg-1, Nagpur Univ. 1992)
Solution. Motor output = 18.65 kW; Mechanical losses = 1 kW
". Mechanical power developed by rotor, P, = 18.65+ 1 =19.65 kW
Now, = 120 X 50/6 1820 r.p s=(1000—-960)/1000=0.04
rotorCuloss— _XP = 19 65 0.819 kW =819 W

l-s 51—0.04)
3I°R = 8190r3 x35° xR =819 R =0.023 Q/phase
2 2 2 2

Example 34.45. 4 400 V, 4-pole, 3-phase, 50-Hz induction motor has a rotor resistance and
reactance per phase of 0.01 Q and 0.1 Q respectively. Determine (a) maximum torque in N-m and
the corresponding slip (b) the full-load slip and power output in watts, if maximum torque is twice
the full-load torque. The ratio of stator to rotor turns is 4.

Solution. Applied voltage/phase E, = 400 / J3=231v
Standstill e.m.f. induced in rotor, E, = KE,=231/4=57.75V
(a) Slip for maximum torque, s,,= R, /X, =0.01/0.1=0.1 or 10%
Tmax = _3 XLZZ
2nNg 2X,
= 120 x 50/4=1500 r.p.m. = 25 r.p.s.

... Art. 34.20

3 57.75
= 3 =320 N-
Tmax 27[)(25)( 2)(01 m
» T 2as, =L Now,a= RIX =001/0.1=0.1
T a+st 2
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2% 0.1x5,/(0.17 + ;,.2) =12 < 570,027 0r0.373
Since s,= 0.373 is not in the operating region of the motor, we select s,= 0.027.
Hence, s; = 0.027.  N=1500 (1 - 0.027) = 1459.5r.p.m.
Full-load torque T,=320/2 =160 N-m

F.L. Motor output =2 © N 7,/60 = 2 1 x 1459.5 x 160/60 = 24,454 W
Example 34.46. A 3-phase induction motor has a 4-pole, Y-connected stator winding. The
motor runs on 50-Hz supply with 200V between lines. The motor resistance and standstill reactance
per phase are 0.1 Q and 0.9 Q respectively. Calculate
(a) the total torque at 4% slip(b) the maximum torque
(¢) the speed at maximum torque if the ratio of the rotor to stator turns is 0.67. Nelgect stator
impedance. (Elect. Machinery, Mysore Univ. 1987)

Solution. (a) Voltage/phase = 20&; g =totorturns =0.67

\6 stator turns

Standstill rotor e.m.f. per phaseis E,= 2007&_0.67 =77.4V and s = 0.04
3

7 = RE(sX} =017+ (0.04x 0.97 =0.106
I

= sE,_714x0.04

=29.1A
2 er 0.106
Total Cu loss in rotor =3I°R =3x29.1°x0.1=255W
22
Now,  fotorCuloss  _s§ - P, =255 0.96/0.04 = 6,120 W
rotor gross output -5

N,=120 x 50/4 = 1,500 r.p.m; N = (1 - 0.04) x 1,500 = 1440 r.p.m.
Gross torque developed, 7, = 9.55 P,,/N =9.55 x 6120/1440 = 40.6 N-m
(b) For maximum torque, s5,,= R,/ X,=0.1/09=1/9 and E,=sE, =774 x 1/9=8.6 V

Z=~N0I+09x1/9" = 0.1414Q; [=8.6/0.1414=60.8A

Total rotor Cu loss =3x60.82x0.1= 1,110 W
— _1—(_—) _
Rotor gross output ~L100x(1=1/9) 8,800 W
1/9

N=010-19)x1,500 = 1,333 rpm
s T = 9.55 x 8,800/1333 = 63N-m
(¢) Speed at maximum torque, as found above, is 1333.3 r.p.m.
Example 34.47. The rotor resistance and standstill reactance of a 3-phase induction motor are
respectively 0.015 Q and 0.09 Q per phase.
(i) What is the p.f. of the motor at start?
(ii) What is the p.f- at a slip of 4 percent ?
(@ii) If the number of poles is 4, the supply frequency is 50-Hz and the standstill e.m.f. per rotor
phase is 110V, find out the full-load torque. Take full-load slip as 4 per cent.

(Electrical Technology-I, Osmania Univ. 1990)

Solution. (i) rotor impedance/phase = 1/0.015% + 0.09° =0.0912 Q
p-f.=0.015/0.0912 = 0.164

(if) reactance/phase = 5X,=0.04x0.09=0.0036 Q2
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rotor impedance/phase = 4/0.015* + 0.0036° =0.0154 Q

p.f. = 0.015/0.0154 =0.974
(iii) N,= 120 x 50/4 = 1,500 r.p.m.; N = 1,500 — (0.04 x 1,500) = 1,440 r.p.m.
E, =5sE,=004x110=44V;Z.=0.0154Q ...found above
1,=4.4/0.0154 =286 A
Total rotor Cu loss = 352 R=3x 2867 x 0.015 = 3,650 W

rotorCuloss  _s
rotor gross output -5

Rotor gross output P, = 3,650 x 0.96/0.04 = 87,600 W
If 7, is the gross torque developed by the rotor, then
T,=9.55P,/N=9.55x 87,600/1440 = 581 N-m
Example 34.48. The useful full load torque of 3-phase, 6-pole, 50-Hz induction motor is 162.84
N-m. The rotor e.m. f. is observed to make 90 cycles per minute. Calculate (a) motor output
(b) Cu loss in rotor (c) motor input and (d) efficiency if mechanical torque lost in windage and
friction is 20.36 N-m and stator losses are 830 W. (Elect. Machines-II, Indore Univ. 1988)

Solution. N;= 120 x 50/6 = 1,000 r.p.m.

Frequency of rotor e.m.f. = 90/60 = 1.5 Hz; s =, /f=1.5/50 = 0.03
Rotor speed = 1,000(1 — 0.03) = 970 r.p.m. ; Useful F.L. torque = 162.84 N-m

2nN _ 2mx 970 x 162.84

Now,

@ motor output = T, 60 60 =16,540 W
(b) gross torque T, = 162.84+20.36=183.2N-m
P, P,

Now, T, =955 N, oo 183.2=19.55 % 1000

rotor input, P,=183.2x 1000/9.55 = 19,170 W

rotor Cu loss = g xrotor input=0.03 x 19,170 =575.1 W
(¢) Motor input, P, =19,170 + 830 = 20,000 W
) 1 = (16,540/20,000) x 100 =82.27%

Example 34.49. Estimate in kg-m the starting torque exerted by an 18.65-kW, 420-V, 6-pole, 50-
Hz, 3-phase induction motor when an external resistance of 1 Q is inserted in each rotor phase.

stator impedance : (0.25 +j 0.75) Q rotor impedance : (0.173 +J 0.52) Q
stato/rotor voltage ratio: 420/350 connection: Star-Star
Solution. K=E,/E,=350/420=5/6

Equivalent resistance of the motor as referred to rotoris
Ry =R, +K°R, = 0173+ (5/6)* x 0.25 = 0.346 Q / phase
Similarly, Xpp = 0.52+(5/6) x0.75=1.04 Q) /phase

When an external resistance of 1 ohm/phase is added to the rotor circuit, the equivalent motor
impedance as referred to rotor circuit is

Zoy= \(1+0346) +1.04* = 1.7Q

350/3V
1.7
Rotor Cu loss per phase on short-circuit = 119% x 1.173 = 16,610 W

Short-circuit rotor current is/, = =119A
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. tor Cu | L
Now, rotorpower input = w ;. Onshort-circuit, s =1
rotor power input = rotor Cu loss on short-circuit
= 16,610 W/phase = 49,830 W for 3 phases

= 120 x 50/6 = 1000 r.p.m.
If T, is the starting torque in newton-metres, then
T,=9.55 P,/N,=9.55 x 49,830/1000 = 476 N-m = 476/9.81 = 46.7 kg-m.

Example 34.50. An 8-pole, 37.3-kW, 3-phase induction motor has both stator and rotor windings
connected in star. The supply voltage is 280 V per phase at a frequency of 50 Hz. The short-circuit
current is 200 A per phase at a short-circuit power factor of 0.25. The stator resistance per phase is
0.15 Q. If transformation ratio between the stator and rotor windings is 3, find

N,

s

(i) the resistance per phase of the rotor winding
(ii) the starting torque of the motor.

Solution. Under short circuit, all the power supplied to the motor is dissipated in the stator and
rotor winding resistances. Short-circuit power supplied to the motor is

W, =3V, L,.cos ¢,.=3(280 x 200 x 0.25) W
Power supplied/phase = 280 x 200 x 0.25 = 14,000 W

Let r,be the rotor resistance per phase as referred to stator. If 7 is the stator resistance per
phase, then

1% +r) = 14,000 or +r=14,000/200°=0.35Q
c 1 2 1 2
’ r'=035-0.15=02Q ; Now,r=r /K where K=1/3
2 2 2
2
@ .. ry, = K ry=0.2/9=10.022 Q per phase

(if) Power supplied to the rotor circuit is
= 3] ;=3 x200” x 0.2 = 24,000 W
N, = 120 /P =120 x 50/8 =750 r.p.m.= 12.51.p.s.
Starting torque = 9.55 P, /N,;=9.55 x 24,000/750 = 305.6 N-m
Example 34.51. A4 3-phase induction motor, at rated voltage and frequency has a starting

torque of 160 per cent and a maximum torque of 200 per cent of full-load torque. Neglecting stator
resistance and rotational losses and assuming constant rotor resistance, determine

(@) the slip at full-load
(b) the slip at maximum torque
(© the rotor current at starting in terms of F.L. rotor current.
(Electrical Machine - II, Bombay Univ. 1987)
Solution. Asseen from Example 34.22 above,
(a) sp=10.0Lor1%
(b) From the same example it is seen that at maximum torque, a=s;, =0.04 or 4 %
() Asseen from Art. 34.40.

LR IR IR
: .

2f \Isf. Tf 0.01

.. Starting rotor current = 12.65 x F.L. rotor current
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Sector Induction Motor

Consider a standard 3-phase, 4-pole, 50-Hz, Y-
connected induction motor. Obviously, its N, = 1500 rpm.
Suppose we cut the stator in half'i.e. we remove half the stator
winding with the result that only two complete N and S poles
are left behind. Next, let us star the three phases without making
any other changes in the existing connections. Finally, let us
mount the original rotor above this sector stator leaving a
small air-gap between the two. When this stator is energised
from a 3-phase 50-Hz source, the rotor is found to run at
almost 1500 rpm. In order to prevent saturation, the stator
voltage should be reduced to half'its original value because
the sector stator winding has only half the original number of
turns. It is found that under these conditions, this half-truncated sector motor still develops about 30% of its
original ratedpower.

Fig. 34.41

The stator flux of the sector motor revolves at the same peripheral speed as the flux in the original
motor. But instead of making a complete round, the flux in the sector motor simply travels continuously
from one end of the stator to the other.

Linear Induction Motor

If, in a sector motor, the sector is laid out flat and a flat squirrel-cage winding is brought near to it,
we get a linear induction motor (Fig. 34.42). In practice, instead of a flat squirrel-cage winding, an
aluminium or copper or iron plate is used as a ‘rotor’. The flat stator produces a flux that moves in a
straight line from its one end to the other at a linear synchronous

speed given by Linear Rotor /
v,=2w.f ¢ /
where v, = linear synchronous speed(m/s)
w = width of one pole-pitch (m)
f=supply frequency (Hz) I .
It is worth noting that speed does not depend on the L1°—>—, I§g§) arr
number of poles, but only on the pole-pitch and stator supply II:ZQ_’—
Jo—p—

frequency. As the flux moves linearly, it drags the rotor plate
along with it in the same direction. However, in many practical Fig. 34.42
applications, the ‘rotor’ is stationary, while the stator moves. For example, in high-speed trains, which
utilize magnetic levitation (Art. 34.46), the rotor is composed of thick aluminium plate that is fixed to
the ground and extends over the full length of the track. The linear stator is bolted to the undercarriage
of thetrain.

Pro perties of a Line ar Induction Motor

These properties are almost identical to those of a standard rotating machine.
1. Synchronous speed. 1t is given by v, = 2wf’
2. Slip. Itis given by s = (v,—v ) /v,
where v is the actual speed.
3. Thrust or Force. It is given by F' =P,/v,

where P, is the active power supplied to the rotor.
4.  Active Power Flow.Itis similar to that in a rotating motor.

(i) P, = sP,and (i) P,,= (1 —5) P,
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Example 34.52. An electric train, driven by a linear motor, moves with 200 km/h, when stator
frequency is 100 Hz. Assuming negligible slip, calculate the pole-pitch of the linear motor.

2 1
00x5/18 =277.8 mm

2x100

Example 34.53. An overhead crane in a factory is driven horizontally by means of two similar
linear induction motors, whose ‘rotors’ are the two steel I-beams, on which the crane rolls. The 3-
phase, 4-pole linear stators, which are mounted on opposite sides of the crane, have a pole-pitch of
6 mm and are energised by a variable-frequency electronic source. When one of the motors was
tested, it yielded the following results:

Stator frequency = 25 Hz; Power to stator = 6 kW
Stator Cu and iron loss = 1.2 kW; crane speed = 2.4 m/s

Solution. v,=20f o=

Calculate (i) synchronous speed and slip (ii) power input to rotor (iii) Cu losses in the rotor
(iv) gross mechanical power developed and (v) thrust.

Solution. (i) v,=20f=2x0.06x25=3m/s
s=(vg—V)v,=(3-24)/3=020r20%
(1) P,=6-12=4.8kW
(#ii) P.,.=sP,=0.2x48=0.96kW
(iv) P,=P,~P,=48-096=3.84 kW
) F=P,/v=48x10/3=1600 N = 1.60 kN

Magnetic Levitation

Asshown in Fig. 34.43 (a), when a moving permanent magnet
sweeps across a conducting ladder, it tends to drag the ladder
along with, because it applies a horizontal tractive force F'= BII. It
will now be shown that this horizontal force is also accompanied
by a vertical force (particularly, at high magnet speeds), which
tends to push the magnet away from the ladder in the upward
direction.

Magnetic levitation

Low Speed

—7 @Nﬁ

SSS NNN
[ G O ¢
g B A c

(b) Gateway

Fig. 34.43

A portion of the conducting ladder of Fig. 34.43 (a) has been shown in Fig. 34.43 (b). The voltage
induced in conductor (or bar) A4 is maximum because flux is greatest at the centre of the
Npole. If the magnet speed is very low, the induced current reaches its maximum value in 4 at virtually
the same time (because delay due to conductor inductance is negligible). As this current flows via
conductors B and C, it produces induced SSS and NNN poles, as shown. Consequently, the front half of
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the magnet is pushed upwards while the rear half is pulled downwards. Since distribution of SSS and
NNN pole is symmetrical with respect to the centre of the magnet, the vertical forces of attraction and
repulsion, being equal and opposite, cancel each other out, leaving behind only horizontal tractive
force.

Now, consider the case when the magnet sweeps over
the conductor 4 witha very high speed, as shown in Fig. High Speed
34.44. Due to conductor inductance, current in A reaches
its maximum value a fraction of a second (A¢) after voltage ﬁ_
reaches its maximum value. Hence, by the time / in con-
ductor A4 reaches its maximum value, the centre of the mag-

net is already ahead of 4 by a distance = v. A where v is S$§SS N/N|

the magnet velocity. The induced poles SSS and NNN are %f & 12 ™1 [aw) 1/2{
produced, as before, by the currents returning via conduc- B A \C

tors B and C respectively. But, by now, the N pole of the

permanent magnet lies over the induced NNN pole, which Fig. 34.44

pushes it upwards with a strong vertical force. * This forms
the basis of magnetic levitation which literally means ‘floating in air’.

Magnetic levitation is being used in ultrahigh speed trains (upto 300 km/h) which float in the air about
100 mm to 300 mm above the metallic track. They do not have any wheels and do not require the tradi-
tional steel rail. A powerful electromagnet (whose coils are cooled to about 4 °K by liquid helium) fixed
underneath the train moves across the conducting rail, thereby inducing current in the rail. This gives rise to
vertical force (called force of levitation) which keeps the train pushed up in the air above the track. Linear
motors are used to propel the train.

A similar magnetic levitation system of transit is being considered for connecting Vivek Vihar in East
Delhi to Vikaspuri in West Delhi. The system popularly known as Magneto-Bahn (M-Bahn) completely
eliminates the centuries-old ‘steel-wheel-over steel rail’ traction. The M-Bahn train floats in the air
through the principle of magnetic levitation and propulsion is by linear induction motors. Thereis 50%
decrease in the train weight and 60% reduction in energy consumption for propulsion purposes. The
system s extraordinarily safe (even during an earthquake) and the operation is fully automatic and computer-
based.

Tutorial Problem No. 34.3

1. A 500-V, 50-Hz, 3-phase induction motor develops 14.92 kW inclusive of mechanical losses when
running at 995 r.p.m., the power factor being 0.87. Calculate () the slip (b) the rotor Cu losses
(c) total input if the stator losses are 1,500 W (d) line current (e) number of cycles per minute of the
rotor e.m.f. [(a) 0.005 (b) 75 W (c) 16.5 kW (d) 22 A (e) 15] (City & Guilds, London)
2 The power input to a 3-phase induction motor is 40 kW. The stator losses total 1 kW and the friction
and winding losses total 2 kW. If the slip of the motor is 4%, find («) the mechanical power output
(b) the rotor Cu loss per phase and (c¢) the efficiency. [(a@) 37.74 KW (b) 0.42 KW (c) 89.4%]
3. Therotor e.m.f. of a 3-phase, 440-V, 4-pole, 50-Hz induction motor makes 84 complete cycles per
minute when the shaft torque is 203.5 newton-metres. Calculate the h.p. of the motor.
[41.6 h.p. (31.03 kW)] (City & Guilds, London)
4. The input to a 3-phase induction motor, is 65 kW and the stator loss is 1 kW. Find the total
mechanical power developed and the rotor copper loss per phase if the slip is 3%. Calculate also in

* The induced current is always delayed (even at low magnet speeds) by an interval of time A¢ which
depends on the L/R time-constant of the conductor circuit. This delay is so brief at slow speed that voltage
and the current reach their maximum value virtually at the same time and place. But at high speed, the same
delay Atis sufficient to produce large shift in space between the points where the voltage and current achieve
their maximumvalues.
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terms of the mechanical power developed the input to the rotor when the motor yields full-load torque
at half speed. [83.2 h.p. (62.067 kW) : 640 W, Double the output| (City & Guilds. London)

A 6-pole, 50-Hz, 8-phase induction motor, running on full-load, develops a useful torque of 162 N-m
and it is observed that the rotor electromotive force makes 90 complete cycles per min. Calculate the
shaft output. If the mechanical torque lost in friction be 13.5 Nm, find the copper loss in the rotor
windings, the input to the motor and the efficiency. Stator losses total 750 W.
[16.49 KW; 550 W; 19.2 kW; 86%]
The power input to a 500-V, 50-Hz, 6-pole, 3-phase induction motor running at 975 rpm is 40 kW.
The stator losses are 1 kW and the friction and windage losses total 2 kW. Calculate (a) the slip (b)
the rotor copper loss (c) shaft output (d) the efficiency.[(a) 0.025 (b) 975 W (c) 36.1 kW (d) 90%]
A 6-pole, 3-phase induction motor develops a power of 22.38kW, including mechanical losses which
total 1.492 kW at a speed of 950 rpm on 550-V, 50-Hz mains. The power factor is 0.88. Calculate
for this load («) the slip (b) the rotor copper loss (c) the total input if the stator losses are 2000 W
(d) the efficiency (e) the line current (f) the number of complete cycles of the rotor electromotive
force per minute. [(a) 0.05 (b) 1175 (¢) 25.6 kW (d) 82% (e) 30.4 A (f) 150 ]
A 3-phase induction motor has a 4-pole, star-connected stator winding. The motor runs on a 50-Hz
supply with 200 V between lines. The rotor resistance and standstill reactance per phase are 0.1 Q
and 0.9 Q respectively. The ratio of rotor to stator turns is 0.67. Calculate (a) total torque at 4% slip
(b) total mechanical power at 4% slip (¢) maximum torque (d) speed at maximum torque (€) maximum
mechanical power. Prove the formulae employed, neglecting stator impedance.
[ (@) 40 Nm (b) 6 kW (c) 63.7 Nm (d) 1335 rpm (e) 8.952 kW.]
A 3-phase induction motor has a 4-pole, star-connected, stator winding and runs on a 220-V, 50-Hz
supply. The rotor resistance is 0.1 Q and reactance 0.9. The ratio of stator to rotor turns is 1.75.
The full load slip is 5%. Calculate for this load () the total torque (b) the shaft output. Find also (¢)
the maximum torque (d) the speed at maximum torque.
[ (a) 42 Nm (b) 6.266 kW (c) 56 Nm (d) 1330 rpm |
A 3000-V, 24-pole, 50-Hz 3-phase, star-connected induction motor has a slip-ring rotor of resistance
0.016 © and standstill reactance 0.265 Q per phase. Full-load torque is obtained at a speed of
247 rpm.
Calculate (@) the ratio of maximum to full-load torque () the speed at maximum torque. Neglect
stator impedance. [(a) 2.61 (b) 235 rpm |
The rotor resistance and standstill reactance of a 3-phase induction motor are respectively 0.015Q
and 0.09 Q per phase. Atnormal voltage, the full-load slip is 3%. Estimate the percentage reduction
in stator voltage to develop full-load torque at one-half of full-load speed. What is then the power
factor ? [22.5%; 0.31 |
The power input to a 3-phase, 50-Hz induction motor is 60 kW. The total stator loss is 1000 W. Find
the total mechanical power developed and rotor copper loss if it is observed that the rotor e.m.f.
makes 120 complete cycles per minute.
[56.64 kW; 2.36 kW] (AMIE Sec. B Elect. Machine (E-3) Summer 1990)
A balanced three phase induction motor has an efficiency of 0.85 when its output is 44.76 kW. At this
load both the stator copper loss and the rotor copper loss are equal to the core losses. The mechanical
losses are one-fourth of the no-load loss. Calculate theslip.
[4.94%)] (AMIE Sec. B Elect. Machines (E-3) Winter 1991)
An induction motor is running at 20% slip, the output is 36.775 kW and the total mechanical losses are
1500 W. Estimate Cu losses in the rotor circuit. If the stator losses are 3 kW, estimate efficiency of
the motor. 9,569 W, 72.35%] (Electrical Engineering-11, Bombay Univ. 1978)
A 3- ¢, 50-Hz, 500-V, 6-pole induction motor gives an output of 37.3 kW at 955 r.p.m. The power
factor is 0.86, frictional and windage losses total 1.492 kW; stator losses amount to 1.5 kW. Deter-
mine (7) line current (if) the rotor Cu loss for this load.
[(@) 56.54 A (ii) 88.6% (iii) 1.828 kW] (Electrical Technology, Kerala Univ. 1977)
Determine the efficiency and the output horse-power of a 3-phase, 400-V induction motor running
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winding (delta-connected) is 0.5Q.

17.

18

19.

torque at starting ?

on load with a slip of 4 per cent and taking a current of 50 A at a power factor of 0.86. When running
light at 400 V, the motor has an input current of 15 A and the power taken is 2,000 W, of which
650 W represent the friction, windage and rotor core loss. The resistance per phase of the stator

[85.8 per cent; 34.2 h.p. (25.51 kW)| (Electrical Engineering-1I, M.S. Univ. Baroda 1977)
The power input to the rotor of a 440-V, 50-Hz, 3-phase, 6-pole induction motor is 60 kW. It is
observed that the rotor e.m.f. makes 90 complete cycles per minute. Calculate (a) the slip (b) rotor
speed (c) rotor Cu loss per phase (c¢) the mechanical power developed and (e) the rotor resistance per
phase if rotor current is 60 A. [ (a) 0.03 (b) 970 r.p.m. (c) 600 W (d) 58.2 kW (e) 0.167 Q2 |
An induction motor is running at 50% of the synchronous speed with a useful output of 41.03 kW
and the mechanical losses total 1.492 kW. Estimate the Cu loss in the rotor circuit of the motor. If the
stator losses total 3.5 kW, at what efficiency is the motor working ?

[42.52 kW; 46.34%| (Electrical Engineering-1I, Bombay Univ. 1975)

Plot the torque/speed curve of a 6-pole, 50-Hz, 3-phase induction motor. The rotor resistance and
reactance per phase are 0.02 Q and 0.1 Q respectively. At what speed is the torque a maximum?
What must be the value of the external rotor resistance per phase to give two-third of maximum
[(a) 800 rpm (b) 0.242 Q or 0.018 QO ]

34.47.

Induction Motor as a Generalize d Transformer

The transfer of energy from stator to the rotor of an induction motor takes place entirely inductively,
with the help of a flux mutually linking the two. Hence, an induction motor is essentially a transformer

with stator forming the primary and rotor

forming (the short-circuited) rotating
secondary (Fig. 34.45). The vector
diagram is similar to that of a transformer

Sldlm

(Art. 32.15).
In the vector diagram of Fig. 34.46,

\N\fv—|
sX, g

V| is the applied voltage per stator phase, L
R, and X, are stator resistance and
leakage reactance per phase respectively,
shownexternal to the stator winding in Fig.

Primary

34.45. Theapplied voltage V/; produces

amagnetic flux which links both primary and secondary thereby
producing a counter e.m.f of self-induction £, in primary (i.e. stator)
and a mutually-induced e.m.f. E, (= sE,) in secondary (i.e. rotor).
There is no secondary terminal voltage V, in secondary because
whole of the induced e.m.f. £, is used up in circulating the rotor
current as the rotor is closed upon itself (which is equivalent to its
being short-circuited).

Obviously V,=E,+ IR +;1,X;

The magnitude of E . depends on voltage transformation ratio
K between stator and rotor and the slip. As it is wholly absorbed in
the rotorimpedance.
E =1LZ,= 1, (R, +sX;)

In the vector diagram, /,, is the no-load primary current. It has
two components (7) the working or iron loss components /,, which
supplies the no-load motor losses and (i7) the magnetising compo-
nent/, whichsets up magnetic flux in the core and the air-gap.

Rotor Air Gap Sc‘\. ondary

Fig. 34.45

»‘L\\X
\\

\
o

Fig. 34.46
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Obviously I,= /(1 » +1 ») I, Fig. 34.45, I  and [ are taken care of by an exciting circuit containing
0 ® " n ® n

Ry = E\/l,and X, = E|/I, respectively.

It should be noted here, in passing that in the usual two-winding transformer, / is quite small (about 1
% of'the full-load current). The reason s that the magnetic flux path lies almost completely in the steel core
of low reluctance, hence /, u is small, with the result that /; is small But in an induction motor, the presence of
an air-gap (of high reluctance) necessitates a large 7, hence /; is very large (approximately 40 to 50% of the
full-load current).

In the vector diagram, ,1s the equivalent load current in primary and is equal to K7,. Total primary
current is the vector sum of /; and 7!

Atthis place, a few words may be said to justify the representation of the stator and rotor quantities on
the same vector diagram, even though the frequency of rotor current and e.m.f. is only a fraction of that of
the stator. We will now show that even though the frequencies of stator and rotor currents are different, yet
magnetic fields due to them are synchronous with each other, when seen by an observer stationed in space—
both fields rotate at synchronous speed N, (Art. 34.11).

The current flowing in the short-circuited rotor produces a magnetic field, which revolves round the
rotor in the same direction as the stator field. The speed of rotation of the rotor field is

120/, 120 x Ng— N
_ 120/, 7—S£:SN =N ﬁV_S =(Ng—N)
P P s s s
Rotor speed N=(1-s)N,

Hence, speed of the rotating field of the rotor with respect to the stationary stator or space is
= sNg+N=(Ns ~N)+ N=N,

Rotor Output

Primary current /, consists of two parts, /, and /,! It is the latter which is transferred to the rotor,
because 7 is used in meeting the Cu and iron losses in the stator itself. Out of the applied primary
voltage V|, some is absorbed in the primary itself (= /,Z,) and the remaining E| is transferred tothe
rotor. If the angle between E| and L{s ¢, then

Rotorinput/phase = E;L,tos ¢; Total rotor input = 3E,/,tos ¢

The electrical input to the rotor which is wasted in the form of heat is

= 3LE cos¢ (or=3 122 R)
Now I,'= KI, or I, =LK
E, =sE, or E,=KE,
E,.=sKE,

.. electrical input wasted as heat
= 3x(l,/K)xsKE| xcos$=3EI,cos ¢ xs=rotor input x s
Now, rotor output = rotor input — losses = 3E, I,tos ¢ —3E,I,tos ¢ x s
=(1-s)3E,Ltos ¢ = (1—s)xrotor input
rotor output

; = 1-s .. rotor Culoss=s x rotor input
rotor mput

N _ actual speed
Ng  synchronous speed

In the same way, other relation similar to those derived in Art. 34.37 can be found.

1-s=

rotor efficiency

Equivalent Circ uit of the Rotor

When motor is loaded, the rotor current 7, is given by
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E E
_ 2

P e ony] ey ]

From the above relation it appears that the rotor circuit which actually consists of a fixed resistance R,
and a variable reactance s.X, (proportional to slip) connected across E, = sE, [Fig. 34.47 (a)] can be
looked upon as equivalent to a rotor circuit having a fixed reactance X, connected in series with a variable
resistance R,/s (inversely proportional to slip) and supplied with constant voltage
E,, as shown in Fig. 34.47 (b).

X Ry X,
AN ——=LH T

$X5 R_ 1 |
E, = k=R
= 10 = B
S l

(a) if)
Fig. 34.47 Fig. 34.48

R
Now, the resistance —2= R , R, (l - 1) . It consists of two parts :
S S

(@ the first part R, is the rotor resistance itself and represents the rotor Cu loss.

@) the second part is R2(% - l)

This is known as the load resistance R; and is the electrical equivalent of the mechanical load on
the motor. In other words, the mechanical load on an induction motor can be represented by a non-

inductive resistance of the value R, (l - 1) . The equivalent rotor circuit along with the load resistance
s

R; may be drawn as in Fig. 34.48.

Equivalent Circ uit of an Induction Motor

As in the case of a transformer (Fig. 32.14), in this case also, the secondary values may be
transferred to the primary and vice versa. As before, it should be remembered that when shifting
impedance or resistance from secondary to primary, it should be divided by K* whereas current
should be multiplied by K. The equivalent circuit of an induction motor where all values havebeen
referred to primary i.e. stator is shown in Fig. 34.49.

() (h)

Fig. 34.49

As shown in Fig. 34.50, the exciting circuit may be transferred to the left, because inaccuracy
involved is negligible but the circuit and hence the calculations are very much simplified. This is
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known as the approximate equivalent circuit of the induction motor.

Iftransformation ratio is assumed unity i.e. E,/E| = 1, then the equivalent circuit is as shown
in Fig. 34.51 instead of thatin Fig. 34.49.

I Rt:\:R\+R’1 XtH:X\"'X,Z
W

Fig. 34.50 Fig. 34.51

Power Balance Equations

With reference to Fig. 34.49 (a), following power relations in an induction motor can be
deduced:
Input power —SV 1 cos ¢ ; stator core loss =7 R ; stator Culoss=3171" 1 R

Power transferred to rotor = 3I°R 7s Rotor Cu 1oss =37*R’
2 2 2
Mechanical power developed by rotor (P ) or gross power developed by rotor (P,)

= rotor, input — rotor Cu losses (1-5)
3] Rgs—3l {i’ 2’51 R 5 | Watt|
PR\

1 *
If 7, is the gross torque* developed by the rotor, then (1-8)
Tyxo = T,x2# =3pR| ! "1
FE

371*R G_S
T 2 2 5T, '
o 21 N/ 60
Now, N= NS( 1- s) Hence gross torquebecomes
3 5 31, R/ 9
T _7N m= 9.55x—=—=—N
g 2nN,/60 N,

Since gross torque in synchronous watts is equal to the power transferred to the rotor across the
air-gap.
’ = 31, ‘R fs synch. watt.

Itis seen from the appr0x1mate circuit of Fig. 34.50 that
— VI

12 - '

(R +Rfs) §(x, *)
V R’

T = —3 S ! ,x2N —m

g 27N,/ 60 (R, + Ry s) X, X,)' s

It is different from shaft torque, which is less than 7, by the torque required to meet windage and frictional
losses.



1304 Electrical Technology
Maximum Power Output

Fig. 34.52 shows the approximate equivalent circuit of an induction motor with the
simplification that :
@ excitingcircuitis omitted i.e. /; is neglected and
@) Kisassumedunity.

As seen, gross power output for 3-phase induction motor is
P =3I°R
g 1 L

Now, I, = 4 S Py= 3V12LI$
2
\/[(R01+RL)2 +X§1—|J (R01+RL) + Xo1

The condition for maximum power output can be found by differentiating the above equation and by
equating the first derivative to zero. If it is done, it will

be found that , , Ry=R+R,  Xo=X\+X;
R2=R *+X 2_,2 £ My
L 01 o = %o T =1
where Z,, = leakage impedance of v
the motor as referred to primary :
Ry = 2 l R, =R, (l,—l
Hence, the power output is maximum when the - > e
equivalent load resistance is equal to the stand-
still leakage impedance of the motor. Fig. 34.52
Corresp onding Slip
Now R =R[(l/s) 1] ~Z=R=R  [(Us)—=1]ors=
L2 o0 L 2

R, + Z,,

This is the slip corresponding to maximum gross power output. The vlaue of P, is obtained by

substituting R; by Z, in the above equation.
3tz 3tz 3’
N o 1

Pgmax - )2 2 = v 2 = v
(Rm + 200+ X7 Ro+Zo1 + 2Ry o1+ Xo 2 (Roi+ Z)

It should be noted that ¥ is voltage/phase of the motor and K has been taken as unity.

Example 34.54. The maximum torque of a 3-phase induction motor occurs at a slip of 12%. The
motor has an equivalent secondary resistance of 0.08 CQ/phase. Calculate the equivalent load resis-
tance R;, the equivalent load voltage V; and the current at this slip if the gross power output is 9,000
watts.

Solution. R, =R,[ (1/s) — 1] =10.08 [ (1/0.12) — 1] = 0.587 Q /phase.

As shown in the equivalent circuit of the rotor in Fig. 34.53, Vis a fictitious voltage drop equivalent to

that consumed in the load connected to the secondary i.e. rotor. The
value of V'=IR R,=0.08 X,
2L

Now, gross power P, = 3122 R, =3 VIR L

V= [(ng R, /3)
= /(0.587x9000/3) =42V

Equivalent load current = V/R; = 42/0.587 = 71.6A

Fig. 34.53
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Example 34.55. A4 3-phase, star-connected 400 V, 50-Hz, 4-pole induction motor has the following
per phase parameters in ohms, referred to the stators.

R, =0.15 X, =045 R,=0.12 X,= 045 X, = 28.5
Compute the stator current and power factor when the motor is operated at rated voltage and

frequency with s = 0.04. (Elect. Machines, A.ML.LE. Sec. B, 1990)
Solution. The equivalent circuit with all values referred to stator is shown in Fig. 34.54.
el
L~ 1Y d

R=0.15Q R/=0.120Q

=0.12J(—1 )=2.8SQ f o X,
0.04 X W50

I T X,=045 Q
2 (Roi +Ry) ¥ Xy ;
400 /.3 : >
= (0.15+0.12 + 2.88) + j(0.45 + 0.45) Fig. 34.54
=67.78 - 19.36
_ 40043 400 .
;=003 400 g,
0 X, ~Bxj85
Stator current, I, = 1,+L,=67.78~-,19.36 —j 8.1="73.13 /- 22°

p.f. = cos ¢ = cos 22° = 0.927 (lag)
Example 34.56. 4 220-V, 3-¢, 4-pole, 50-Hz, Y-connected induction motor is rated 3.73 kW.
The equivalent circuit parameters are:
R, =045Q,X;,=08Q;R,=04Q, X,=0.8Q, By=—1/30 mho
The stator core loss is 50 W and rotational loss is 150 W. For a slip of 0.04, find (i) input current
(ii) p.f. (iii) air-gap power (iv) mechanical power (v) electro-magnetic torque (vi) output power and

(vii) efficiency.

Solution. The exact equivalent circuit is shown in Fig. 34.55. Since R, (or G,) is negligible in

determining /,, we will cons1derB or X,
8 we o % W P M0 0+ j0.8)
Zyz _ﬂﬁ#ﬁﬁ: 10 ;308 =858+;3.56=9292225°
2 2 m
Ly =7Zy+Z,=1(0.45+;0.8) + (8.58 +;3.56)=9.03 +;4.36 =10 £ 25.8°
220
V., = —&= £0°=127 £0°
ph Jg
@ . L,=V/Zy,=127 £0°/10 £25.8°

12.7 £ —-25.8° A

(1)) pf—c05258°*09

(i) air-gap power, P —31 (R 7s) 37 2R
=3x 12.72 x 8.58 =4152W

() P,=(1-s)P,=0.96x4152=3,986 W

(v)  Electromagnetic torque (i.e. gross torque) Elanias
7= —Pu =955""
& 2nN/60

Now, N,= 1500 r.p.m., N= 1500 (I — 0.04) = 1440 r.p.m.
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T, = 9.55x3986/1440 = 26.4 N-m
4152

P
(or T,= 9-55 _2=955x =26.4 N-m
f 1500
(\Y)] output power = 3986 — 150 = 3836 W
(vii) stator core loss = 50 W; stator Cu loss = 3 IZIR =3x12.7°x045=218W

Rotor Culoss=37*R =sP =0.04 x 4152 =166 W, Rotationaf losses =150 W
2 2 2

Total loss =50 + 218 + 166 + 150 = 584 W; 1 = 3836/(3836 + 584) = 0.868 or 86.8%

Example 34.57. 4 440-V, 3-¢ 50-Hz, 37.3 kW, Y-connected induction motor has the following
parameters.:

R, =01QX,=04Q, R=0.15Q,X,=0.44Q

Motor has stator core loss of 1250 W and rotational loss of 1000 W. It draws a no-load line
current of 20 A at a p.f- of 0.09 (lag). When motor operates at a slip of 3%, calculate (i) input line
current and p.f. (ii) electromagnetic torque developed in N-m (iii) output and (iv) efficiency of the
motor. (Elect. Machines -1I, Nagpur Univ. 1992)

Solution. The equivalent circuit of the motor is shown in Fig. 34.49 (a). Applied voltage per phase =
440/\[3 =254 V.

I'= " 254 /20°
2 R +RYS) (X, K,)(0.1 045/0.03) ;0.4 044y
254 £0° 254 /£ (°
514,084 5.17.293°

For all practical purposes, no-load motor current may be taken as equal to magnetising current /).
Hence, /=20 £ -84.9°=1.78 —j 19.9.

=49.1£-93°=484-;79

() I, = I[,+1,=(48.4—-79)+(1.78-;19.9)=50.2 -, 27.8=57.4 £ — 29°
s p.f. = cos 29° = 0.875 (lag).
(i) P, =3 ]22 (R]s)=3x 49.1° x (0.15/0.03) = 36,160 W
N;=1500r.p.m.
. T,=9.55 x 36,160/1500 = 230 N-m
(iii) P, =(1-s5)P,=097x36,160=35,075W

Output power = 35,075 — 1000 = 34,075 W
Obviously, motor is delivering less than its rated output at this slip.

(iv) Let us total up the losses.
Core loss = 1250 W, stator Cu loss =3 2 R =3 x 57.4* x 0.1 =988 W

11
Rotor Culoss=37*R =sP =0.03 x36,160=1085 W
2 2 2

rotational i.e. friction and windage losses = 1000 W
Total losses = 1250 + 988 + 1085 + 1000 = 4323 W
n =34,075/(34,075 + 4323) = 0.887 or 88.7%

or input= /3 x 440 x 57.4 x 0.875=38,275 W
: n=1-(4323/38,275) = 0.887 or 88.7%

Example 34.58. 4 400 V, 3-¢, star-connected induction motor has a stator exciting impedance of
(0.06 + j 0.2) Q and an equivalent rotor impedance of (0.06 + j 0.22) Q. Neglecting exciting current,
find the maximum gross power and the slip at which it occurs. (Elect. Engg.-11, Bombay Univ. 1987)
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Solution. The equivalent circuit is shown in Fig. 34.56.
Ry, = R+ R,=0.06+0.06 = 0.12Q
Xop = X; +X=502+022=0420Q

S Zy= (012740427 =0.44Q

Asshownin Art. 34.53, slip corresponding to maxi-
mum gross power output is given by

s = Ry __0.06 '

R2+Z(]1 0.06 + 0.44 V

S 1
=0.12 or 12% l ”’?:iRI;R_,(S*—l

Voltage/phase, V,=400/3 10(

R, =(0.06 + 0.06) X,,=(0.2 +0.22)

7

3y 3 (400 / Fig. 34.56

P, .= L 3000/ = 142,900 W.

g 2 (Ry1+Zy1)  2(0.12+0.44)

Example 34.59. A 115V, 60-Hz, 3-phase, Y-Connected, 6-pole induction motor has an
equivalent T-circuit consisting of stator impedance of (0.07 + j 0.3) Q and an equivalent rotor
impedance at standstill of (0.08 + j 0.3) Q. Magnetising branch has G, = 0.022 mho, B, = 0.158
mho. Find (a) secondary current (b) primary current (c) primary p.f. (d) gross power output (e) gross
torque (f) input (g) gross efficiency by using approximate equivalent circuit. Assume a slip of 2% .

Solution. The equivalent circuit is shown in Fig. 34.57 R;= R,[ (1/s) — 1]

1
= 0.88 (0.02 - 1) =3.92Q/ phase

The impedance to the right of terminals ¢ and d is
Zoa = Ryt T R*j Xy e
=(0.07 +0.08) +3.92+, 0.6
=4.07+;0.6
=4.11 £ 8.4° Q/ phase
Vo= 115/3 =66.5V
(@) Secondary currentI,=1I,

66.5 o ro 1) e
:m=16.174—]8.4 b < a <
=16-72.36 A Fig. 34.57

The exciting current I,= V' (G,—j By) = 66.5 (0.022 —; 0.158) = 1.46 —j 10.5 A

(b) I, = [+ L=1,+1,=(1.46—;10.5)+ (16— 2.36) 17.46
= —j12.86=21.7 £ -36.5°

9] Primaryp.f. = cos 36.5° = 0.804

@) P, = 317R=3x1617"x3.92=3,075 W

(e) Synchronousspeed N, = 120 x 60/6 = 1,200 r.p.m.

s

Actual rotor speed N = (] — S}J]VS =(1-0.02) x 1200 = 1,176 r.p.m.

7o~ 955 7=955x33_2497N _m

g N 1176
0) Primary power input = /3 1,7, cos ¢= & x 115 x 21.7 x 0.804 = 3,450 W
(2 Gross efficiency = 3,075 x 100/3,450 = 89.5 %
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Alternative Solution

Instead of using the equivalent circuit of Fig. 34.57, we could use that shown in Fig. 34.49 whichis
reproduced in Fig. 34.58.

v
(a) I,'= RFRT5 HX Ky’
1 2
_ 66.5 £ 0°
~(0.07+0.08/0.02) +, (0.3 + 0.3)

665
T 407+ /0.6

=16-/236=16.17 £ - 8.4°
b I, =1,+1,=21.7£-36.5° ..asbefore

(¢ primary p.f.=0.804 ..as be(fore Fig. 34.58
(d gross power developed, P , 1-s)
=37'R
2% 2 1-
=3%16.17"x 0/08( |—3075w

0.02

The rest of the solution is the same as above.

Example 34.60. The equivalent circuit of a 400 V, 3-phase induction motor with a star-
connected winding has the following impedances per phase referred to the stator at standstill:

Stator : (0.4 +j 1) ohm; Rotor : (0.6 +j 1) ohm; Magnetising branch : (10 +j 50 ) ohm.

Find (i) maximum torque developed (ii) slip at maximum torque and (iii) p.f. at a slip of 5%. Use
approximate equivalent circuit. (Elect. Machinery-I1I, Bangalore Univ. 1987)

Solution. (if) Gap power transferred and hence the mechanical torque developed by rotor would be
maximum when there is maximum transfer of power to the resistor R,/s shown in the approximate equiva-
lent circuit of the motor in Fig. 34.59. It will happen when R,/s equals the impedance looking back into the
supply source. Hence,

I A R XX, d 04Q1Q 1Q

B
(a)
Fig. 34.59
R RE X+ XY
S 1 1 2
R/ 0.6
or s, = 2 = ———— =029 0r29%

JRE+(x+xp Joa 2
(/) Maximum value of gross torque developed by rotor
Pgmax 37 R /s
_  _ 22 m N-m
21 N, /60 2n N,/ 60

gmax
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Now, 1= = =103.3 A
2 \/(R +RY & K ) \/(0.4 0.6)° 1+ D+
12 1 2
3x103.3* x1/0.29 :
= =351N-m ... assuming Ng = 1500 r.pm.
grmax 27 1500/ 60 & P
(iii) The equivalent circuit for one phase for a slip of 0.05 is shown in Fig. 32.59 (b).

L/=231/[(20+0.4)+/2]=112—/ 1.1
1,=231/ (10 +,50)= 0.89 —j 4.4
I, = I, +L,=12.09—/55=13.28 £ — 24.4° p.f. = cos 24.4° = 0.91 (lag)

1. Regarding skewing of motor bars in a squirrel-
cage induction motor, (SCIM) which statement

. A 3-phase, 115-volt induction motor has the following constants : R, = 0.07 Q ; R,= 0.08 O, X, =

Tutorial Problem No. 34.4.

0.4 Q) and X,= 0.2 Q. All the values are for one phase only. At which slip the gross power output
will be maximum and the value of the gross power output ? [11.4% ; 8.6 kW]
A 3-phase, 400-V, Y-connected induction motor has an equivalent 7-circuit consisting of R, =
1 Q, X, =2 Q, equivalent rotor values are R,= 1.2 Q, X,= 1.5 Q. The exciting branch has an
impedance of (4 +; 40) Q. If slip is 5% find (i) current (i) efficiency (iii) power factor (iv) output.
Assume friction loss to be 250 W. [ () 10.8 A (ii) 81% (iii) 0.82 (iv) 5 kW]

A 50 HP, 440 Volt, 3-phase, 50 Hz Induction motor with star-connected stator winding gave the
following testresults:

(i) No load test: Applied line voltage 440 V, line current 24 A, wattmeter reading 5150 and 3350 watts.
(if)Blockedrotor test: applied line voltage 33.6 volt, line current 65 A, wattmeter reading 2150 and 766
waltts.
Calculate the parameters of the equivalent circuit.

[Rajiv Gandhi Technical University, Bhopal, 2000]

[ () Shunt branch : R,=107.6 ohms, X,,=10.60 ohms (ii) Series branch : r=0.23 ohm, x=0.19
ohm |

OBJECTIVE TESTS - 34

4. The effect of increasing the length of air-gapin
an induction motor will be to increasethe

is false ? (a) power factor

(a) it preventscogging (b) speed

(b) it increases starting torque (c) magnetising current

(¢) it produces more uniform torque (d) air-gap flux.

(d) itreduces motor ‘hum’ during its operation. (Power App-II, Delhi Univ. Jan. 1987)

2. The principle of operation of a 3-phase. Induc- 5. Ina 3-phase induction motor, the relative speed
tion motor is most similar to that of a of stator flux with respect to ..........is zero.
() synchronous motor (a) stator winding  (b) rotor
(b) repulsion-start induction motor (¢) rotor flux (d) space.

(c) transformer with a shorted secondary
(d) capacitor-start, induction-run motor.

The magnetising current drawn by transformers
and induction motors is the cause of their
......... power factor.

(a) zero
(c) lagging

(b) unity
(d) leading.

An eight-pole wound rotor induction motor op-
erating on 60 Hz supply is driven at 1800 r.p.m.
by a prime mover in the opposite direction of
revolving magnetic field. The frequency ofrotor
current is
() 60Hz
(c) 180Hz

(b) 120 Hz
(d) none of the above.
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10.

11.

12.

13.

14.

15.

Electrical Technology

(Elect. Machines, A.M.LE. Sec. B, 1993)
A 3-phase, 4-pole, 50-Hz induction motor runs
at a speed of 1440 r.p.m. The rotating field
produced by the rotor rotates at a speed of
....... r.p.m. with respect to the rotor.
(a) 1500 (b) 1440
(c) 60 (@) 0.
Ina 3-¢ induction motor, the rotor field rotates at
synchronous speed with respect to
(b) rotor
(d) none of the above.

(a) stator
(¢) stator flux

Irrespective of the supply frequency, thetorque
developed by a SCIM is the same whenever
........ is the same.

(a) supply voltage (b) external load
(c) rotor resistance (d) slip speed.

In the case of a 3-¢ induction motor having
N,;= 1500 rpm and running with s = 0.04
(a) revolving speed of the stator flux is space is

(b) rotor speed is......... rpm
(c) speed of rotor flux relative to the rotor is

....... rpm
(d) speed of the rotor flux with respect to the
stator is........ rpm.

The number of stator poles produced in the
rotating magnetic field of a 3-¢ induction motor
having 3 slots per pole per phase is

(@) 3 (b)6

(¢) 2 (d) 12

The power factor of a squirrel-cage induction
motor is

(a) lowatlightloads only

(b) low atheavy loads only

(c) low atlight and heavy loads both
(d) low atrated load only.

(Elect. Machines, A.M.L.E. Sec.B,1993)
Which of the following rotor quantity ina SCIM
does NOT depend on its slip ?

(b) speed

(d) frequency.

A 6-pole, 50-Hz, 3-¢ induction motor is
running at 950 rpm and has rotor Cu loss of
5 kW. Its rotor input is kW.

(a) 100 (b) 10

(c) 95 (d) 5.3.

The efficiency of a 3-phase induction motor is
approximately proportional to

(a) reactance
(¢) induced emf

16.

17.

18.

19.

20.

21.

22.

23.

(a) (1-5) b)s

() N (d) N,

A 6-pole, 50-Hz, 3-¢ induction motor has a full-
load speed of 950 rpm. At half-load, its speed
would be rpm.

(a) 475 (b) 500

(c) 975 (d) 1000

If rotor input of a SCIM running with a slip of
10% is 100 kW, gross power developed by its
rotor is kW.

(a) 10 (b) 90

() 99 (d) 80

Pull-out torque of a SCIM occurs at that value
of slip where rotor power factor equals

(@) unity (b) 0.707
(c) 0.866 (d) 0.5
Fill in the blanks.

When load is placed on a 3-phase induction
motor, its

(i) speed .......

(ii) slip ......

(iii) rotor induced emf......
(iv) rotor current ......

(v) rotor torque ......

(vi) rotor continues to rotate at that value of slip
at which developed torque equals........torque.

When applied rated voltage per phase is reduced
by one-half, the starting torque of a SCIM
becomes of the starting torque with full
voltage.

(a) 172 (b) 1/4
() N2 (d) N3
If maximum torque of an induction motor is 200

kg-m at a slip of 12%, the torque at 6% slip
would be kg-m.

(a) 100 (b) 160

(¢) 50 (d) 40

The fractional slip of an induction motor is the
ratio

(a) rotor Cu loss/rotor input

(b) stator Cu loss/stator input
(¢) rotor Cu loss/rotor output
(d) rotor Cu loss/stator Cu loss

The torque developed by a 3-phase induction
motor depends on the following three factors:

(a) speed, frequency, number of poles
(b) voltage, current and statorimpedance

(¢) synchronous speed, rotor speed and
frequency



24.

25.

26.

(d) rotor emf, rotor current and rotor p.f.

If the stator voltage and frequency of an induc-
tion motor are reduced proportionately, its

(a) locked rotor current is reduced

(b) torque developed isincreased

(c) magnetising current is decreased

(d) both (@) and (b)

The efficiency and p.f. of a SCIM increases in
proportion to its
(@) speed (b) mechanical load
(¢) voltage (d) rotor torque

A SCIM runs at constant speed only so long as
(a) torque developed by it remains constant

(b) its supply voltage remains constant

27.

28.

Induction Motor
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(c) itstorque exactly equals the mechanical load
(d) stator flux remains constant

The synchronous speed of a linear induction
motor does NOT depend on

(@) width of pole pitch
(b) number of poles

(c) supply frequency
(d) any of the above

Thrust developed by a linear induction motor
depends on

(a) synchronous speed
(b) rotor input

() number of poles

(d) both (a) and (b)



ANSWERS

1. 2.¢ 3.c 4.¢c 5.¢ 6.¢c 7.¢ 8.a 9.d 10. (i) 1500 (if) 1440 (iii) 60 (iv) 1500 11. b 12. a
13.b 14.a 15.a 16.c 17. b 18. b 19. (i) decreases (ii) increases (iif) increases (iv) increases
(v) increases (vi) applied 20. b 21. b 22. a 23. d 24. d 25. b 26. ¢ 27. b 28. d



