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34.1. Classification 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. Asa
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
groupsfrom the following different points of view :

1. ASREGARDS THEIR PRINCIPLE OF OPERATION

(A) Synchronousmotors
(i) plainand (ii) super—
(B) Asynchronousmotors
(& Inductionmotors
(i) Squirrel cage { (sj'ggtlfe
(i) Slip-ring (external resistance)
(b) Commutator motors

) . single phase
@ Serles{ universal

. conductively
(if) Compensated {inductively

(iii) dunt { &”&%&wed Three phase high voltage asynchronous motors
(iv) repulsion { forriggsﬁed
(v) repulsion-start induction (vi) repulsion induction
2. ASREGARDS THE TYPE OF CURRENT
(i) single phase (if) three phase
3. AS REGARDS THEIR SPEED
(i) constant speed (if) variable speed (iii) adjustable speed
4. ASREGARDS THEIR STRUCTURAL FEATURES
(i) open (i) enclosed (iii) semi-enclosed
(iv) ventilated (v) pipe-ventilated (vi) riverted frameeyeetc.

Fig. 34.1 Squirrel cage AC induction motor
opened to show the stator and rotor construction,
the shaft with bearings, and the cooling fan.

34.2. Induction Motor : General Prin-
ciple

Asageneral rule, conversion of electrical power into
mechanical power takes placein the rotating part of
an electric motor. Ind.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, ad.c. motor can be called aconduction
motor. However, in a.c. motors, the rotor does not
receive electric power by conduction but by
induction in exactly the same way as the secondary
of a 2-winding transformer receives its power from
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the primary. That iswhy such motors are known asinduction motors. In fact, an induction motor can
betreated asarotating transformer i.e. onein which primary winding is stationary but the secondary
isfreetorotate (Art. 34.47).

Of al thea.c. motors, the polyphaseinduction motor isthe onewhichisextensively used for various
kindsof industrial drives. It hasthefoll owing main advantagesand a so some dis-advantages:
Advantages:

1. Ithasvery smpleand extremely rugged, amost unbreakable construction (especialy squirrel-

cage type).

2. ltscostislow anditisvery reliable.

3. 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.

4. Itrequiresminimum of maintenance.

5. It starts up from rest and needs no extra starting motor and has not to be synchronised. Its

starting arrangement issimple especially for squirrel-cage type motor.
Disadvantages:

1. Itsspeed cannot be varied without sacrificing some of its efficiency.

2. Just likead.c. shunt motor, its speed decreases with increasein load.

3. ltsstarting torqueissomewhat inferior to that of ad.c. shunt motor.

34.3. Construction

Aninduction motor consi stsessentidly of two main parts:

(a) astatorand (b) arotor.

() Stator

Thestator of aninduction motor is, in principle, the sameasthat of asynchronousmotor or generator.
Itismade up of anumber of stampings, which aredotted to receivethewindings[Fig.34.2 (a)]. Thestator
carriesa3-phasewinding [Fig.34.2 (b)] andisfed from a3-phase supply. Itiswound for adefinite number
of poles*, the exact number of polesbeing determined by the requirements of speed. Greater the number of
poles, lesser the speed and vice versa. Itwill beshownin Art. 34.6 that the stator windings, when supplied
with 3-phase currents, produce amagnetic flux, which isof constant magnitude but which revolves (or
rotates) at synchronous speed (given by N, = 1201/P). Thisrevolving magneticfluxinducesanemf.inthe
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)

*  Thenumber of poles P, produced in the rotating field is P = 2n where nis the number of stator slots/pole/
phase.
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(b) Rotor

(i) Squirrel-cagerotor : Motorsemploying thistype of rotor are known as squirrel-cageinduction
motors.

(ii) Phase-wound or wound rotor : Motors employing thistype of rotor are variously known as
‘phase-wound’ motorsor ‘wound’ motorsor as‘slip-ring’ motors.

34.4. Squirrel-cage Rotor

Almost 90 per cent of induction motors are squirrel-cage type, because thistype of rotor hasthe
simplest and most rugged construction imaginable and is almost indestructible. Therotor consists of
acylindrical laminated core with parallel slotsfor carrying therotor conductorswhich, 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 wiresbut consist of heavy bars of copper, a uminium or aloys. Onebar isplaced
in each dlot, rather the bars are inserted from the end when semi-closed slots are used. Therotor 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, asquirrel-case construction (Fig. 34.3).

It should be noted that the rotor barsare permanently short-circuited on themselves, henceitis
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). Thisisuseful intwoways:

() it helpsto make the motor run quietly by reducing the magnetic hum and

(i) it helpsin reducing the locking tendency of the rotor i.e. the tendency of the rotor teeth to
remain under the stator teeth
dueto direct magnetic attraction
between the two.* " Skewed
otor Rotor Slots

In small motors, another method of
constructionisused. It consistsof placing
theentirerotor coreinamould and casting
all the bars and end-rings in one piece.
The metal commonly used is an
auminiumalloy.

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 currentsin the steel rotor.

*  Other resultsof skew which may or may not bedesirableare(i) increasein the effectiveratio of transformation
between stator and rotor (ii) increased rotor resistance due to increased length of rotor bars (iii) increased
impedance of the machine at agiven slip and (iv) increased slip for agiven torque.



34.5. Phase-wound Rotor
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Thistype of rotor isprovided 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
awayswound 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.
34.5 (b)]. These three brushes are further
externally connected to a 3-phase star-connected
rheostat [Fig. 34.5 (c)]. This makes possible the
introduction of additional resistance in the rotor
circuit during the starting period for increasing
the starting torque of the motor, asshownin Fig.
34.6 (a) (Ex.34.7 and 34.10) and for changingits

Fig. 34.5 (a)

speed-torque/current characteristics. When running under normal conditions, the slip-rings are
automatically short-circuited by meansof ametal collar, whichispushed along the shaft and connects
al the rings together. Next, the brushes are automatically lifted from the dlip-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) showsthelongitudinal section of adlip-ring motor, whosestructural detailsareasunder :

Fig. 34.5 (b) Slip-ring motor with slip-rings
brushes and short-circuiting devices
(Courtesy : Kirloskar Electric Company)
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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. Madeof close-grained aloy castiron.

2. Stator and Rotor Cor e Built from high-quaity low-losssilicon stedl laminationsand flash-enam-
elled onboth sides.

3. Stator and Rotor Windings. Have moisture proof tropical insulation embodying micaand high
qudity varnishes. Arecarefully spaced for most effectiveair circulation and arerigidly braced to
withstand centrifugal forcesand any short-circuit stresses.

4. Air-gap. Thegtator rabbetsand bore are machined carefully to ensure uniformity of air-gap.

5. Shaftsand Bearings. Ball and roller bearingsare used to suit heavy duty, toruble-freerunning
and for enhanced servicelife.

6. Fans Light aluminiumfansareused for adequatecirculation of cooling air and are securely keyed
onto therotor shaft.

7. Slip-ringsand Slip-ring Enclosur es. Slip-ringsare made of high quality phosphor-bronze and
areof moulded construction.

Fig. 34.6 (c) shows the disassembled view of an induction motor with squirrel-cage rotor.
According to the labelled notation (a) 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 dlip-ring motor where (a) represents
stator (b) rotor (c) bearing shields (d) fan (€) ventilation grill (f) terminal box (g) dlip-rings (h) brushes
and brush holders.

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

34.6. Production 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 vaue is produced.

Two-phaseSupply

The principle of a2-¢, 2-pole stator having
two identical windings, 90 space degrees apart,
isillustratedinFig. 34.7.

Induction motor
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Theflux duetothecurrent flowingin each phasewindingisassumed o
sinusoidd andisrepresentedinFg. 34.9. Theassumed positivedirections . 2 Phase - 3 Wire
of fluxesarethose showninFig. 34.8. System

Let d, and @, betheinstantaneous val ues of thefluxes set up by
thetwowindings. Theresultant flux ®, at any timeisthevector sum of
thesetwo fluxes (P, and ®,) at that time. Wewill consider conditions
a intervasof 1/8th of atimeperiodi.e. at intervals corresponding to
anglesof 0°,45°,90°, 135°and 180°. It will be shown that resultant
flux ®, isconstantin magnitudei.e. equal to @, -themaximumflux due
to either phaseand ismaking onerevolution/cycle. In other words, it
meansthat the resultant flux rotates synchronoudly.

(@) When8=0°i.e. corresponding to point 0in Fig. 34.9, ®;
=0, but ®, ismaximum i.e. equal to ®_ and negative.
Hence, resultant flux d, = ®_ and, being negative, isshown Fig. 34.7
by avector pointing downwards[Fig. 34.10 (i)].

(b) When 6 =45°i.e. corresponding to point 1in Fig. 34.9. Atthisinstant, @, =®, /./2 andis
positive; ®,=®,_/./2 butisstill negative. Their resultant, asshownin Fig. 34.10 (i), is®, =

\/[(cgn IN2)? +(q,/32)°] = d,_athough thisresuitant hasshifted 45° clockwise.

(c) When 8 =90°i.e. corresponding to point 2 in Fig. 34.9. Here ®, = 0, but ®, = ®_and is
positive. Hence, ®, = @, and hasfurther shifted by an angle of 45°fromitspositionin (b) or by
90°fromitsorigind postionin ().

(d) When 6= 135°i.e. corresponding to point 3inFig. 34.9. Here, ®, =@, / /2 andispositive, ®,

=@, /2 andisalso positive. The resultant ®, = @, and has further shifted clockwise by
another 45°, asshownin Fig. 34.10 (iv).

y Phase-1 y Phase-2

@, P @,

of 1 yp3 4
45°  90° 135°180
90° —» 0

A

Fig. 34.8 Fig. 34.9

(e) When 6=180°i.e. corresponding to point 4inFig. 34.9. Here, ®, =0, ®, = ®_ and ispositive.
Hence, ®, = ®, and has shifted clockwise by another 45° or hasrotated through an angle of
180° fromits position at the beginning. Thisisshownin Fig. 34.10(V).
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(iii) © = 90°

(iv) 0 =135° (1) 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 dueto either phase.

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

However, it should be clearly understood that in thisrevolving field, thereisno 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 isonly the seat of the resultant
flux which keeps on shifting synchronously around the stator.

Mathematical Proof

Let ®, =@ sinwtandd,=d _sin(wt-90°)

O &7 =0°+d7

®2 = (®, snwt)®+[P,_sin(wt—909]° = d2(sin” wt + cos’ wt) = B

O D, =0

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

34.7. Three-phase Supply

It will now be shown that when three-phase windings displaced in space by 120°, arefed by three-
phase currents, displaced in time by 120°, they produce a resultant magnetic flux, which rotates in
space asif 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 isshown in Fig. 34.11. Theflux (assumed sinusoidal) due to three-phase windingsis
showninFig 34.12.

The assumed positive directions of the fluxesare shownin Fig 34.13. Let the maximum val ue of
flux due to any one of the three phasesbe @ . The resultant flux &, at any instant, is given by the
vector sum of theindividual fluxes, ®,, ®, and ®, dueto three phases. Wewill consider values of &,
at four instants 1/6th time-period apart corresponding to pointsmarked 0, 1, 2 and 3in Fig. 34.12.



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

HereCDl:O,CDZ:—ECD, o, =

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

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

0 o, = 2><§Cbmcos% =3 x

Sy

P =

m

0]

m

N

[ Phase-1 Phase- Phase-3
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3-00 Supply

Neutral

Fig. 34.12

(if) when 8 =60°i.e. correspondingto point 1inFig. 34.12.

Here @, = ECD

Fig. 34.11

1T

I

Fig. 34.13

...drawn parallel to Ol of Fig. 34.13asshowninFig. 34.14 (ii)

2 m
o, =-V3 g drawni itionto OIl of Fig. 34.13
2= @, ..drawnin oppositionto Ol of Fig. 34.13.
®, =0
0 o r:ZX§¢mxc0330°:gd)m [Fig. 34.14 (ii)]

Itisfound that the resultant flux isagain g ®,,but hasrotated clockwise through an angle of 60°.
(iif) When 8 = 120°i.e. corresponding to point 2 in Fig. 34.12.

Here,CDl:%(Dm, ®,=0, CDS:—% d,
It can be again proved that @, = gCDm.

So, theresultant isagain of the same value, but hasfurther rotated clockwise through an angle of

60° [Fig. 34.14 (iii)].
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(iii) q = 120° (iv) q = 180°
Fig. 34.14

(iv) When 6 = 180°i.e corresponding to point 3in Fig. 34.12.

P __3
®, =0,9,= TCDm, ®,= —7CDm
Theresultant is gCDm and has rotated clockwise through an additional angle 60° or through an
angleof 180° fromthe start.
Hence, we conclude that

1. theresultant flux is of constant value = % ®,,i.e. 1.5timesthe maximum value of the flux
dueto 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
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120°

120°

(b)

Asseen, positions of the resultant flux phasor have been shown at intervalsof 60° only. Theresultant

flux producesafield rotating inthe clockwisedirection.
34.8. Mathematical Proof

Taking thedirection of flux dueto phase 1 asreferencedirection, we have
®, = ®_(cos0°+jsin0°) sinwt
®, = @, (cos240° +j sin 240°) sin (wt — 120°)
3 = @, (cos120° +j sin 120°) sin (wt — 240°)
Expanding and adding the above equations, we get

©
I

r

®, = S0, (snwt+joosw) =3 @, 090 o
Theresultant flux isof constant magnitude and doesnot changewithtime't’.

34.9. Why Does the Rotor Rotate ?

Thereasonwhy therotor of aninduction motor isset into rotationisasfollow:

When the 3-phase stator windings, arefed by a3-phase
supply then, as seen from above, amagnetic 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 em.f. isinduced in
the latter, according to Faraday’s laws of electro-magnetic
induction. Thefrequency of theinduced em.f.isthesame
asthe supply frequency. Its magnitude is proportional to

the relative velocity between the flux and the conductors
anditsdirectionisgiven by Fleming'sRight-hand rule. Since

Windings of induction electric motor

therotor barsor conductorsform aclosed circuit, rotor current is produced whose direction, asgiven
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 asthat of the flux and triesto 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 (a) isshown the stator field which isassumed to berotating clockwise. Therelative
motion of the rotor with respect to the stator is anticlockwise. By applying Right-hand rule, the
direction of theinduced e.m.f. in therotor isfound to be outwards. Hence, the direction of theflux due
to rotor current alone, isas shownin Fig. 34.16 (b). Now, by applying the Left-hand rule, or by the
effect of combined field [Fig. 34.16(c)] it isclear that the rotor conductors experience aforce tending
torotatethemin clockwise direction. Hence, therotor is set into rotation in the same direction asthat
of the stator flux (or field).

Stat Stator
- 2 »— —a
¥ //_ N \

2
/\\
Rotos m
¥ A

Relativer
Motion

(@) (b) (c)

Fig. 34.16

34.10. Slip

In practice, therotor never succeedsin ‘ catching up’ with the stator field. If it really did so, then
there would be no relative speed between the two, hence no rotor em.f., no rotor current and so no
torqueto maintain rotation. That iswhy the rotor runs at a speed which isaways|ess 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
asslip. Though it may be expressed in so many revolutions/second, yet it is usual to expressit asa
percentage of the synchronous speed. Actually, theterm ‘slip’ isdescriptive of the way in which the
rotor ‘slipsback’ from synchronism.

i x 100

%dip s = Ns =
NS
Sometimes, N, — N is called the slip speed.
Obviously, rotor (or motor) speedisN =N, (1 - ).
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.

34.11. 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

120 f' 120 f
NS—N = T A|SO, NS:T
. f'_Ng=N _
Dividing one by the other, we.get, = = =S O f'=d

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

* It may benoted that asthe load is applied, the natural effect of theload or braking torqueisto slow down the
motor. Hence, dlip increases and with it increases the current and torque, till the driving torque of the motor
balances the retarding torque of theload. Thisfact determines the speed at which the motor runs on load.
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phasesof rotor winding, giveriseto rotor magneticfields. Theseindividual rotor magneticfieldsproducea
combined rotating magnetic field, whose speed relativetorotor is

120 f' _120sf
=5 ~—p ~Ns

However, therotor itself isrunning at speed N with respect to space. Hence,

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

= sN;+N=sN,+ N, (1-5) =N,

It means that no matter what the value of dlip, rotor currents and stator currents each produce a
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 giverise to the actually existing rotating field, which correspondsto
the magnetising current of the stator winding.

Example 34.1. A dlip-ring induction motor runs at 290 r.p.m. at full load, when connected to
50-Hz supply. Determine the number of polesand dlip.
(Utilisation of Electric Power AMIE Sec. B 1991)
Solution. SinceN is290 rpm; N, hasto be somewhere near it, say 300 rpm. If N isassumed as 300
rpm, then 300 = 120 x 50/P. Hence, P =20. [0 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
(i) number of stator poles produced and total number of slots on the stator
(i) speed of the rotating stator flux (or magnetic field).
Solution. (i) P = 2n=2x3=6poles
Total No. of slots 3 slots/pole/phase x 6 poles x 3 phases = 54
(i) Ny = 120f/P=120x50/6 =1000r.p.m.
Example 34.3. A4-pole, 3-phaseinduction motor operatesfroma supply whose frequency is 50
Hz Calculate:
(i) the speed at which the magnetic field of the stator is rotating.
(ii) the speed of the rotor when the dlip is 0.04.
(iii) the frequency of the rotor currents when the slip is 0.03.
(iv) thefrequency of the rotor currents at standstill.
(Electrical Machinery |1, Banglore Univ. 1991)

Solution. (i) Stator field revolves at synchronous speed, given by
N, = 120f/P=120%50/4=1500r.p.m.
(i) rotor (or motor) speed, N = N, (1-s)=1500(1-0.04) =1440r.p.m.
(iii) freguency of rotor current, f'=sf=0.03x50=1.5r.p.s=90r.p.m
(iv) Sinceat standstill, s =1 f =sf=1xf=f=50Hz
Example 34.4. A 3-@induction motor iswound 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-1, PuneUniv. 1991)
Solution. (i) N, = 120f/P=120x50/4=1500rpm
(i) rotor speed, N = N (1-5)=1500(1-0.04)=1440rpm
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(iii) whenrotor speedis600 rpm, dipis
s = (Ns—N)/Ng= (1500 - 600)/1500 = 0.6
rotor current frequency, f' =sf=0.6x50=30Hz
Example 34.5. A 12-pole, 3-phase alternator driven at a speed of 500 r.p.m. supplies power to

an 8-pole, 3-phaseinduction motor. If the dlip of the motor, at full-load is 3%, cal culate the full-load
speed of the motor.

Solution. Let N =actual motor speed; Supply frequency, f= 12 x 500/120 = 50 Hz. Synchronous
speed N,= 120 x 50/8 = 750 r.p.m.

%dip s = x100; 3=

Ns = N 7535" Nx100 0N=7275rpm.

Note. Sincedlipis3%, actual speed N isless than N, by 3% of Ni.e. by 3 x 750/100 = 22.5 r.p.m.

34.12. Relation Between Torque and Rotor Power Factor

InArt. 29.7, it has been shown that in the case of ad.c. motor, thetorque T, is proportional to the
product of armature current and flux per polei.e. T, U @l,. Similarly, inthe case of aninduction motor,
the torqueis 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.

0O TOgl,cose, or T =kol,cosq,

where |, = rotor current at standstill

@ = anglebetween rotor e.m.f. and
rotor current
k = a constant

Denoting rotor e.m.f. at standstill by E,, we have that E, [ip

O T OEl,cosq,

or T = KE, |, cosq,

where k, is another constant.

Theeffect of rotor power factor onrotor torqueisillustrated
inFig. 34.17 and Fig. 34.18 for various values of @,. From the e,
above expression for torque, it is clear that as ¢, increases (and
hence, cos @, decreases) the torque decreases and vice versa. =

In the discussion to follow, the stator flux distribution is 1,
assumed sinusoidal. Thisrevolving flux inducesin each rotor ~ «—Pole -
conductor or bar an em.f. whose value depends on the flux Pitch o
density, inwhich the conductor islying at theinstant considered
(- e=Blvvolt). Hence, theinduced em.f. intherotor isaso
sinusoiddl.

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

Inthiscase, therotor current |, isin phasewith thee.m.f. E, induced intherotor (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 therotor current (- F O BI,l ). Hence, torque curveisobtained by
plotting the products of flux ¢ (or flux density B) and |,,. Itisseenthat thetorqueisalwayspositivei.e.
unidirectional .

(il) Rotor Assumed Inductive

Thiscaseisshownin Fig. 34.18. Here, |, lagsbehind E, by anangle @, = tan " X,/R, where R, =
rotor resistance/phase; X, = rotor reactance/phase at standstill.

Average

Torque

Fig. 34.17
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Itisseenthat for aportion

‘ab’ of thepole pitch, thetorque T - c

isnegativei.e. reversed. Hence, 4 +

the total torque which is the Average

differenceof theforwardandthe A Torque Z, X
2

backward torques, is
considerably reduced. If @,=
90°, thenthetotal torqueiszero o,

because in that case the a ) ‘b \/‘ A P’ B
— O, |«— ‘ ’ )

backward and the forward
torques become equal and

opposite.
Fig. 34.18 Fig. 34.19

34.13. Starting Torque

Thetorque devel oped by themotor at theinstant of startingiscalled starting torque. |nsome cases, it
isgreater than thenormal running torque, whereasin some other casesitissomewhat less.

Let E rotor em.f. per phase at standstill;

2 =
R, = rotor resistance/phase
X, = rotor reactance/phase at standstill
O Z, = J(R: + x2) =rotorimpedance/phase at standstill ...Fig.34.19
E E R, R,
Then, l, = 52=——=2— COS@Q, =52 =——2—
2 JRE+ %3 2 JRE+ %3
Standstill or starting torque Ty =k; E, I, cos @, At 34.12
2
or TSI = k1 E2 X R2 = klEsz (I)

E,.
JR+X3) R +x)) R*X;
If supply voltage V is constant, then theflux ® and hence, E, both are constant.

0 T, =k 2R2 5 :kz%wherekzissomeotherconstant.
R2 + X2 Z2
2
3 3 _BR
N k. = , O Ts .
ow, 1T 2mNg T 2mg R2 + X2

WhereNs - synchronousspeedinrps.
34.14. Starting Torque of a Squirrel-cage Motor

Theresistance of asquirrel-cage motor isfixed and small ascompared to itsreactancewhichisvery
large especially at the start because at standstill, the frequency of therotor currents equal s the supply
frequency. Hence, the starting current |, of therotor, though very largein magnitude, lagsby avery large
anglebehind E,, withtheresult that the starting torque per ampereisvery poor. Itisroughly 1.5timesthe
full-load torque, although the starting currentis5to 7 timesthefull-load current. Hence, suchmotorsare
not useful wherethe motor hasto start against heavy |oads.

34.15. Starting Torque of a Slip-ring Motor

The starting torque of such amotor isincreased by improving its power factor by adding external
resistancein therotor circuit from the star-connected rheostat, the rheostat resi stance being progres-
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sively cut out asthe motor gathers speed. Addition of external resistance, however, increasesthe rotor
impedance and so reducestherotor current. At first, the effect of improved power factor predominates
the current-decreasing effect of impedance. Hence, starting torqueisincreased. But after acertain
point, the effect of increased impedance predominates the effect of improved power factor and so the
torque startsdecreasing.

34.16. Condition for Maximum Starting Torque
It can be proved that starting torqueis maximum when rotor resistance equal srotor reactance.

dT. 0 2R) O
RZ + X2 R, RS+ X7 (RS +X2)°H
or R+ X,° = 2R 0 R,=X,

34.17. Effect of Change in Supply Voltage on Starting Torque

2
WehaveseeninArt. 34.13that T, = k12E2 R22 Now E, O supply voltageV
+ X5
ko2 kv 2
O T = R22 == 2R2
F\)2 W X2 ZZ
Clearly, thetorqueisvery sensitiveto any changesin the supply voltage. A changeof 5 per centin

supply voltage, for example, will produceachange of approximately 10%intherotor torque. Thisfactisof
importancein star-deltaand auto transformer starters (Art. 33-11).

wherek; isyet another constant. Hence Ty [ V2,

Example 34.6. A 3-6induction motor having a star-connected rotor has an induced e.m.f. of 80
volts between slip-rings at standstill on open-circuit. Therotor 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 smilar example: Rajiv Gandhi Techn. Univ.
Bhopal, Dec. 2000)

Solution. Standstill em.f./rotor phase= 80/~/3 =46.2V

(3) Rotor impedance/phase = /(1% +4%) =4.12Q
Rotor current/phase 46.2/4.12 =11.2A
Power factor cos@=1/4.12=0.243

Asp.f.islow, the starting torque is also low.

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

Rotor impedance/phase = +/(4° +4°) =5660
00 Rotor current/phase 46.2/5.66=8.16 A; cos@=4/5.66=0.707.

Hence, the starting torqueisincreased due to theimprovement in the power factor. It will also be
noted that improvement in p.f. ismuch more than the decreasein current due to increased impedance.

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. Therotor 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 = 6_15 because transformation ratio K is defined as
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_ rotor turns/phase

stator turng/phase
400, 1
— x-—— =355volt
3 65

It has been shown in Art. 34.16 that starting torque is maximum when R, = X, i.e. when
R, =0.25Q in the present case
0 External resistance/phaserequired=0.25-0.05=0.2Q

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

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

Example34.8. 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) therotor current at start with slip-rings shorted
(i) therotor power factor at start with slip-rings shorted
(iii) therotor current at 4% dlip with slip-rings shorted
(iv) therotor power factor at 4% slip with slip-rings shorted
(v) theexternal rotor resistance per phase required to obtain a starting current of 100 A inthe
stator supply lines. (Elect. MachinesAMI E Sec. B 1992)

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

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

(i) Rotor impedence/phase = ,/0.012% + 0.25° =0.2503 Q
Rotor phase current at start = 289.5/0.2503 = 1157 A
(ii) pf. = R/Z,=0.012/0.2503=0.048lag
(iii) at4%dlip, X, = sX,=0.04x0.25=0.01Q

O Z = ,/0.012° +0.01%> = 0.0156 Q

Standstill rotor e.m.f./phase, E, =

E, = SE,=004x2895=1158V;,=1158/0.0156= 742.3A
(iv) pf. = 0.012/0.0156=0.77
W) l, = 1,/K=100x3.8=380A; E, at standstill = 289.5V

Z,=2895/380=0.7618Q; R,= /72 - X2 =,/0.7618% ~0.25? =0.7196 Q
0O Externa resistancereqd./phase=0.7196 -0.012=0.707 Q

Example 34.9. A 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/phaseand its per phaseleakagereactanceis3.61 mH. Thestator impedance may be neglected.
Find the starting current and starting torque on rated voltage with short-circuited slip rings.

(Elect. Machines, A.M.| .E. Sec. B, 1989)
2m x50 x5.61x 10 °=1.13Q
1/3.6,R,=R,/K’=(3.6)°x0.1=13Q
2m x50% 3.61x10°=1.13Q ; X,' = (3.6)° x 1.13=14.7Q

Solution. X,
K
X2
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Now, N
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L v 3000/4/3  _ Hran

*TOR)H(X)? a9+ aan? '

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

T, - 3 V7R, _ 3 (3000/4/3)*x13
2rNg  (R))? + (X,)* 2m(B0/3)  (1.3°+14.7%)

=513N-m

2.

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)
(i) synchronous speed (i) speed of dip
(iii)  per unit slip (iv) percentagedlip

[750r.p.m.; 15r.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.
Cdlculate:-

(i) the percentage dlip
(ii) thefrequency of induced current in the rotor. [3% ; 1.5HZ]

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

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 isjoined to a star-connected external circuit, each phase of which has aresistance of
10 Q and an inductance of 0.04 H. The resistance per phase of the rotor winding is 0.2 Q and its
inductanceis0.04 H.

Also, calculate the current and power factor when the slip-rings are short-circuited and the motor is
running with aslip 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 arotor 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 (ii) rotor frequency (iii) rotor slip and (iv) torque devel oped. Can therotor rotate at
this speed by itself ? [(i) O (ii) O (iii) O(iv) O; No] (Elect. Engg. Grad | .E.T.E. June 1985)
Therotor resistances per phase of a4-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.I.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 asupply of normal voltage, theinduced em.f. between the dip rings at standstill is 80
V. Calculate the current in each phase and the power factor at starting when (i) the slip-rings are
shorted, (ii) slip-rings are connected to a star-connected resistance of 4 ohm per phase.

[(i) 9.27 amp, 0.1194 lag (ii) 6.8 amp, 0.6765 lag][Rajiv Gandhi Technical University, Bhopal, 2000]
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34.18. Rotor E.M.F. and Reactance Under Running Conditions

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

Whenrotor isstationary i.e. s= 1, thefrequency of rotor em.f. isthe ssmeasthat of the stator supply
frequency. Thevalueof em.f.inducedintherotor at standstill is maximum because therelative speed
between therotor and the revolving stator flux ismaximum. Infact, themotor isequivalent to a3-phase
transformer with ashort-circuited rotating secondary.

When rotor starts running, the relative speed between it and the rotating stator flux is decreased.
Hence, therotor induced em.f. whichisdirectly proportional to thisrelative speed, isalso decreased
(and may disappear altogether if rotor speed wereto become equal to the speed of stator flux). Hence,
for adips, therotor induced e.m.f. will be stimestheinduced em.f. at standstill.

Therefore, under running conditionsE, = sk,

Thefrequency of theinduced e.m.f. will likewise becomef, =sf,

Dueto decreasein frequency of therotor em.f., the rotor reactance will also decrease.
O X =sX,

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

34.19. Torque Under Running Conditions

TOEI cos@or TO@I, cosq, (- E D9
where E, rotor e.m.f./phase under running conditions
I, = rotor current/phase under running conditions
Now E = sk,

D |r = E:S—E2
Zr IR + (X))
cos®, = % —Fig.34.20
[Ry +(sXy)]
. T 0 SPER _kd.s.ER,
RZ +(sX,)? RS +(sX,)’
k. SE7 R,
AloT = R§+(5X2)2 (~E,09 Fig. 34.20

wherek; isanother constant. Itsvalue can be proved to be equal to 3/2 TN (Art. 34.38). Hence, inthat
case, expression for torque becomes
3 R _ 3 sHR
2MNg R +(sX,)® 2™MNg  zr?
1, obviously

KEER O _ 3 ER U
= . i
Ty = R+ X2 ﬁ) 2Ns RZ + X2 thesameasin Art. 34.13.

T =

At standstill when s

Example34.10. The star connected rotor of an induction motor has a standstill impedance of
(0.4 + j4) ohm per phase and the rheostat impedance per phaseis (6 + J2) ohm.

The motor has an induced emf of 80 V between dslip-rings at standstill when connected to its
normal supply voltage. Find
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(i) rotor current at standstill with the rheostat isin the circuit.

(if) when the dlip-rings are short-circuited and motor isrunning with a slip of 3%.
(Elect.Engg. I, Nagpur Univ. 1993)

Solution. (1) Standstill Conditions

Voltage/rotor phase = 80/~/3 =46.2.V; rotor and

starter impedance/phase = (6.4+j6)=8.77143.15°

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

Rotor voltage/phase, E, = sE,=0.03x46.2=1386V

Rotor reactance/phase, X = 003x4=012Q

Rotor impedance/phase, Z = 04+j0.12=04176 J16.7°

Rotor current/phase = 1.386/0.4176 = 3.32 A (p.f. = c0s 16.7° = 0.96)
Note. It has been assumed that flux across the air -gap remains constant

34.20. Condition for Maximum Torque Under Running Conditions

Thetorque of arotor under running conditionsis
k®SE,R, SES R, .
5 5=k — 5 (i)
R, +(sXy) R, +(sXy)
The condition for maximum torque may be obtained by differentiating the above expression

with respect to slip sand then putting it equal to zero. However, itissimpler toput Y = fl and then
differentiateit.
D Y: R22+(SX2)2 — R2 + S>(22 .dl: _RZ + X22
k® sE,R, kdosE, kOER," ds ko 5252 KPE,R,

2

0 R2 - X2
kos’E, kPER
Hence, torque under running condition ismaximum at that val ue of the slip swhich makesrotor

reactance per phase equal to rotor resistance per phase. Thisslip is sometimes written as s, and the
maximumtorqueasT,.

Slip corresponding to maximum torqueiss=R,/X,
Putting R, = sX, in the above equation for the torque, we get
ko X, U ko O _ko k ®
T = ¢ 5% i KO ER gy 7 B Lo KPED ..{ii)
25" X2 2R? 2X, 0 2R O
Substituting value of s = R,/X, in the other equation givenin (i) above, we get
(R/X,). ;
- k1 R2 2 E2 I:Q2 k1 E2

=0

or R =& X, or R,=sX,

R +(Ry/X,)". 2%,
' k, = 32nN, wehaveT, , = 2 N
Since, , = 32nN, wehave 2TlN 2X,

From the above, it isfound
1. that the maximum torque is independent of rotor resistance as such.
2. however, the speed or dlip 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 torgue can be made to occur at any desired slip (or motor speed).

3. maximumtorque variesinversely 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.

Example34.11. 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.
Therotor winding has a resistance per phase of 0.3 ohmand standstill |eakage 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.-I1, PuneUniv. 1989)

Solution. (i) induced e.m.f./rotor phase, E, = sk, = 0.04 x (120/ J3)=277v
rotor reactance/phase, X, = sX,=0.04%x15=0.06Q

r

rotor impedance/phase = ,/0.3% +0.06° =0.306 Q
rotor current/phase 2.77/0.306=9A

(i) For developing maximum torque,
= sX, or s=Ry/X,=0.3/1.5=02

. = 02x15=03Q,7,=,/03° +0.3 =042 Q

= s5,=02x(120//3)=1386V
13.86/0.42=33A

m X 8
1 1 |

00 Rotor current/phase

34.21. Rotor Torque and Breakdown Torque

Therotor torque at any slip s can be expressed in terms of the maximum (or breakdown) torque T,
by the following equation

O 2 0

T=T, 57—~
bHs, /9 + (s/s,)H
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 therotor is0.5 Q. (Elect. Machines, A.M.| .E. Sec. B, 1989)

where s, isthe breakdown or pull-out slip.

Solution. N, = 120x50/8=750r.p.m.
; ' . 750 — 660
Speed at maximum torque = 660r.p.m. Correspondingslips, = 7m0 - 0.12
For maximumtorque, R, = 5%
O X, = R)J/s,=05/0.12=4.167Q
Asseenfrom Eq. (ii) of Art. 34.20,
mx = KOE, R k®E, S =012k ®F, (i)

When dlip is4 per cent
Asseenfrom Eq. (i) of Art. 34.20
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T = kOE,— 32 =koE 0.04x05  _002k®E,
2 R+ (sX,)> 2 0.5 +(004x4167)2 02778
T T 0.02
. — = ——=————=—— [ T=90kg-m
T 150 ~ 0.2778x 0.12 9

Alternative Solution
T, = 150kgm; s, =0.12,5=4%=0.04, T="?
0 2 0
To—2 LAM34.21
"Hs /9 +(/s)H
0 2 0
150 80.12/0.04) + (0.04/0.12)8

T

=90kg-m

34.22. Relation Between Torque and Slip

A family of torque/slip curvesis shown in Fig. 34.21 for arange of s= 0tos= 1 with R, asthe
parameter. We have seen above in Art.
34.19that
k@ sE,R, Max. Torque
TR+ (X))
Itisclear that whens=0, T=0, hence
the curve starts from point O.

At normal speeds, closeto synchro-
nism, the term (s X;) is small and hence

(]
negligiblew.r.t. R,. &
o
s =
0 TO =
R,
or T O sif R, isconstant.

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

straight line. As slip increases (for 1.0 08 0'64_ Slip0'4 02 0
increasing load on the motor), thetorque ‘ ‘ ‘ ‘ ‘ |
also increases and becomes maximum 0 0.2 0.4 0.6 0.8 1.0
whens=Ry/X,. Thistorqueisknown as Speed % of Ng——»
‘pull-out” or *breakdown’ torque T, or _

Fig. 34.21

stalling torque. As the slip further
increases (i.e. motor speed falls) with further increase in motor load, then R, becomes negligible as
compared to (sX,.). Therefore, for large values of slip
To S ol
(sXp)” S
Hence, the torque/dlip curve is a rectangular hyperbola. So, we see that beyond the point of
maximum torque, any further increase in motor load resultsin 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
thevalues of s= 0 and that corresponding to maximum torque. The operating rangeis shown shaded
inFig.34.21.
It is seen that although maximum torque does not depend on R,, yet the exact locationof T is
dependent onit. Greater the R,, greater isthe value of dlip at which the maximum torque occurs.
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34.23. Effect of Change in Supply Voltage on Torque and Speed

AsseenfromArt. 34.19, T= m
Ry +(sX)
As E, O OVwhereVissupply voltage 0 TOsv?

Obvioudly, 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 T, but torque under running conditionsalso. If V decreases, then T also decreases.
Hence, for maintaining the same torque, slip increasesi.e. speed fals.

sv?
sVv?
34.24. 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 systemsare: emergency supply in ahospital and the el ectrical system on aship 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 thismay not be acceptablein al applications. Inthat case, we haveto 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 = 6/5 (i.e. 120%) of the name-plate rating. In that case, the new breakdown torque becomesequal
to the original breakdown torque and the starting torque is only slightly reduced. However, power
factor, efficiency and temperaturerise remain satisfactory.

Similarly, a60-Hz motor can operate satisfactorily on 50-Hz supply provided itsterminal voltage
isreduced to 5/6 (i.e. 80%) of itsname-platerating.

Let Vchangeto V', stos' and T to T'; then % =

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

S
NN TR S Art34.20
Ry + (st X3) 2% X,
T 2s; R, X,

O

Toa RS+ (s¢ Xy)?
Dividing both the numerator and the denominator by X22, we get
Ti 25 .R/X, _ 2as
Tra  (R/X,)°+s? a’+s?
where a = R,/X, = resistance/standstill reactance*

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

2
T; _ 25,5

— where s = full-load dlip.
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operating torque at any slips _ 22 as

Ingenerd, : = 2
9 maximum torque a *s

34.26. Starting Torque and Maximum Torque

T, 0 2 LAIt34.13
Ry + X3
1
Trna D ATt 3420
max 2 X2
0 Tst — 2R2X2 - 2R2/X2 _ 2a
Trnax R22+X22 1+(R2/X2)2 1+a?
where a = R, _ rotor resistance

< = . h
X,  stand still reactance per phase?

Example. 34.13(a). A 3-@induction motor is driving full-load torque which isindependent of
speed. If line voltage drops to 90% of the rated value, find the increase in motor copper losses.

Solution. AsseenfromArt. 34.23, when T remains constant, s; V12 =s, V22
2
O i = Dvlgz:(l) =1.23

s  BH oo

l22%% _15409=1107
l, sV
Now, Cu losses are nearly proportional to I22

AgainfromArt. 34-19,1,0svV O

Cu lossin the 2nd case (|’2)2 5
Culossinthelstcase ~ | 2 =1107"=123

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

Example. 34.13 (b). A230-V, 6-pole, 3-¢, 50-Hz, 15-kWinduction motor drivesa 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 thereis a 10% drop in voltage and 5%
drop in frequency and (ii) the new output power. Assume all losses to remain constant.

Solution. (i) V,=0.9x230=207V,; f,=0.95x50=47.5Hz; Ny =120x50/6 =1000rpm; Ny, =120
x47.5/6=950rpm; s, =(1000- 980)/1000=0.02

Since the load torque remains constant, the product (sV2/f ) remains constant.

2
SV;

0 sVy= Tt o s=s, %g /f, = 0,02 (230/230 x 0.9)% x 47.5/50 = 0.2234
2

O N, = Ns,(1-s,)=950(1-0.0234)=928rpm
(i) POTN. Sincetorque remains constant, P (1N
O P,ONj;P,ON,; or P,=P;xN,/N,=15x928/980 = 14.2 kW

. . T; 2s,,
*  Similarly, therelation becomes —— = 5

max 1+ sy
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Example 34.14 (a). A 3-phase, 400/200-V, Y-Y connected wound-rotor induction motor has
0.06Q 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)

) T, 2a . o -
Solution. ﬁ = i Since Tg=T,
+r
O 1= 2a2 or a=1 Now, a= R
l+a X,
where r = external resistance per phase added to therotor circuit
0 1= 0%:* 0 r=03-006=0240Q

Example34.14 (b). 3-phase, 50-Hz, 8-pole, induction motor hasfull-load slip of 2%. Therotor-
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 Univer sity, 1999)

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

Sipatmaximumtorque, S, = /X,

Thus, let a = %:%:0-2

Corresponding speed (1-0.2) x 750=600rpm

Full - load torque 2S.r st T 2x02x002° _16x10*
Maximum torque o+2 T 0202+0022 00404

max
T

TTIBX_
0 T, = 2525

=396x107
Example 34.14 (c). 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 al2-pole, 50 Hz motor,
Synchronous speed = 120 x 50/ 12 =500 rpm
For r =0.03 and x= 0.5 ohm, the slip for maximum torqueisrelated as:
S,r=a=r/x=0.03/0.5=0.06
(a) Corresponding speed 500(1-s,;) =470rpm
(b) Full-load speed 495 rpm, dips=0.01, at full load.
Full-load torque _ 2as _ 2x0.06x0.01 _ 0.324
Maximumtorque  a?+s?> 0062 +001%

Example 34.15. A 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 usfirst find out the value of full-load dlip s;

N, = 120x50/16=375rpm.; FL.Speed=360rpm.
S = (375-360)/375=0.04; a=R/X,=0.02/0.15=2/15
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T 2as;  2x(2/15) x0.04 T 1
i = = — =0550r ™ =_—_ =1818
® T a’+s;  (2/15)° +(0.04)° Ty 055

(i) Atmaximumtorque, a = s,=R/X,=0.02/0.15=2/15
N = Ng(1-9=375(1-2/15)=325r.p.m.
(iii) For maximum starting torque, R, = X,,. Hence, total rotor resistance per phase = 0.15Q
O externa resistancerequired/phase=0.15-0.02=0.13Q
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 :

(i) find speed at maximum torque

(i) find value 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 maximumtorque, s= R,/X, =0.025/0.12 = 0.208.
N, = 120 x50/4=1500rpm OON=1500(1-0.208) = 1188rpm

S

e T, 2a _3

ii) Itisgiven that Ty = 0.75T, Now, —S = =2

( ) g s max Tmax 1+ a2 4

8+ ,/64-36
0 3a°-8a+3=0; a= ———=0450"
Let, r = additional rotor resistance reqd., then
_ R+ _0025+r _
a = R, or 0-45—70.12 O r=0.029Q

Example. 34.17. A50-Hz, 8-poleinduction motor hasF.L. slip of 4%. Therotor resistance/phase
= 0.01 ohmand standstill reactance/phase= 0.1 ohm. Find the ratio of maximumto full-load torque
and the speed at which the maximum torque occurs.

_ T, 2as;
Solution. = 53
max a +s;
Now, a = RJX,=0.01/0.1=0.1,5=0.04
0 T; _ 2x§).1><0.024: 0.008 =069 0O Tmiaxzizl_45
T 0.1>+0.04° 00116 T, 069
Ny = 120x50/8=750rpm,s,,=0.1
N = (1-0.1)x750=675rpm

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.l .E. Sec. B, 1992)
Solution. Given, T, =25T; T4=15T;; T /T, = 1.525=3/5.

7 max

*  Thelarger value of 2.214 Q has been rejected.
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Now, T—S‘zgz 2a or 3a’-10a+3=0 or a=13
Te 5 1+a?
Now, a = R/X,0orR,=X/3
WhenF.L.dipis0.03
To_ 2, 2_2x003
Ty a’+¢ 25 g% +0.03

a®-015a+0.009 = 0 or a=0.1437
If R, isthenew rotor circuit resistance, then 0.1437 = R,/X, or R, =0.1437 X,
% reductioninrotor resistanceis
_ (X,/3-0.1437 x X,
) (%73
Example34.19. An8-pole, 50-Hz, 3-phase dlip-ring induction motor haseffectiverotor resistance
of 0.08 Q/phase. Salling speed is 650 r.p.m. How much resistance must be inserted in the rotor
phase to obtain the maximumtorque at starting? Ignore the magnetising current and stator leakage
impedance. (Elect. Machines-|, 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, = 120x50/8=750r.p.m.; stalling speedis=650r.p.m.

%100 = 56.8%

S, = (750-650)/750=2/15=0.13330r 13.33%
Now, s = R/X, O X,=0.08x152=0.6Q
Ty 2a ! 2a
— = i = = =1
T 1+ Since Ty=T,, O 1 1+ 22 ora
Let r be the external resistance per phase added to the rotor circuit. Then
R, +r 0.08 +r
a = or 1= O r=0.52Q per phase.
X, 06 perp

Example 34.20. A 4-pole, 50-Hz, 3-¢ induction motor develops a maximum torque of
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.

O Slip corresponding to maximumtorqueis

§,=(1500-1365)/1500 = 0.09 But s =R/X, 0X,=0.2/0.09=2.220Q
k®E, K

Now, Toax = 2%, - 2X, (where K =k®E,) Art34.20
- K _
= oxo22p 02K
Let ‘r’ bethe external resistance introduced per phase in the rotor circuit, then
ko E + .
Starting torque Ty = 22(R2 r)2 = K2(0 2+1) 5
(R, +1)? +(X,)* (0.2 +r)? +(0.2/0.09)
_ 1 K (02+r) _ 0.225K
Te = 5 T O 2 2
2 (02+71)° +(2.22) 2

Solving the quadratic equation for ‘r’, wegetr =0.4Q
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Example 34.21. A4-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, OsmaniaUniv. 1990)
. Te _ 16and mx =2 n Je= 18 gg
Solution. T T, T 2 )
2a _
Now, AP 0 -—22= 08
Tmax 1+a 1+a
or 08a°-2a+08 = 0 a=004 O a= R/X,=0.040r R,=0.04X%,
Al T; 2as; 4 2x004s; 1 001
S0, = =5 OF —— =2 o s=0.
Tox & +sf 2 00016 +s> 2 5

(i) full-load speed occursat aslip of 0.01 or 1 per cent. Now,
N, = 120x50/4=1500r.p.m.; N=1500-15=1485r.p.m.
(i) Maximumtorqueoccursat aslip givenby s, = R,/X,. Asseenfrom aboveslip corresponding

to maximum torqueis0.04.
0 N = 1500-1500x0.04=1440r.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 turnsis 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 turng/phase _ 1

Solution. Here, K = Stator turng/phase 1.8
1 240
= = = x£2 =77V; s=0.04
E, = KE= ;5% A ; $=0.04;
N, = 120x50/6=1000rpm=50/3rps
SE2
T= o 2R LAt 3419
s R2 +(SX2)
3 0.04x 77° x0.12
= . =524 N-m
2r(50/3) 0.12% +(0.14 % 0.85)2
For maximumtorque, s = RJX,=0.12/0.85=0.14
2
0 T = 3 0.14x77° x0.12 ~99.9 N-m

mx — 21(50/3) 10,12 + (0.14 x 0.85)°

Alternatively, as seen from Art 34.20.
2

T =3 B
m T onN, 2 X,
2
0 T = _3 77" ~99.9N-m

mex 2n(50/3) " 2 x0.85
Speed corresponding to maximum torque, N =1000(1 - 0.14) =860 rpm
Example 34.23. Therotor resistance and standstill reactance of a 3-phase induction motor are
respectively 0.015 Q and 0.09 Q per phase. At normal voltage, thefull-load slipis3%. Estimatethe
percentage reduction in stator voltage to develop full-load torque at half full-load speed. Also,
calculate the power factor. (Adv. Elect. Machines, A.M.I .E. 1989)

Solution. Let N,=100r.p.m. FL. speed=(1-0.03)100=97r.p.m.
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Letthenormal voltagebeV, volts.

Speed in second case = 97/2=48.5r.p.m.

O dip = (100 - 48.5)/100 = 0.515 or 51.5%
kdsE,R, _ ksVR,

R +(X,)" R +(X,)’
Sincetorqueisthe samein both cases,

KV, A
TSR 2 SR whereV, = stator voltagein second case

R22 + (S_LX2)2 R22 + (32X2)2
2 2
- %52 _ 5 RBrax)’
20 S R+ (32X2)
51.3 0.015 + (0.03x0.09)°
3 0015 + (0.515 % 0.09)°

Now, T =

(- E,000V)

=1.68

Vi V-V, _0.296
- = +/1.68=1296 1_2->
O v, 168=1 or v, 1996
Hence, percentage, reduction in stator (or supply voltage) is
A _0.296x100 _ 0
= v, x100 = 1506 = 22.84%
In the second case, tang = s,X/R,=0.515x0.09/0.015=3.09
O @ = tan }(3.09)=72°4 and pf. = cos@=cos72°4' =0.31

34.27. Torque/Speed Curve

Thetorque devel oped by aconventional 3-phase motor depends onits speed but therelation between
the two cannot be represented by asimple equation. It iseasier to show therelationship in the form of a
curve (Fig. 34.22). Inthisdiagram, T represents the nominal full-load torque of the motor. As seen, the
starting torque (at N=0) is1.5 T and the maximum torque (al so called breakdown torque) is2.5T.

2.5T ‘
ocked-Rotor
A Bredkdown
1.
8 /
= or
Pull-up Full |
Torque Load
|
O |
0 20 40 60 80 100
Rotational Speed, % T T
N N,

S
Fig. 34.22

At full-load, the motor runs at a speed of N. When mechanical load increases, motor speed
decreasestill the motor torque again becomes equal to theload torque. Aslong asthetwo torquesare
in balance, the motor will run at constant (but lower) speed. However, if theload torque exceeds2.5T,
the motor will suddenly stop.
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34.28. Shape of Torque/Speed Curve

For asquirrel-cageinduction motor (SCIM), shape of itstorque/speed curve dependson thevoltage
and frequency appliedtoitsstator. If fisfixed, T 0 VZ (Art 34.22). Also, synchronousspeed

g B
z. Z, 440 V
2 2 oy 60Hz 660V
90 Hz
= 150 y /
= E
75 Generator 75
% _T/
45
Break
Break ‘ /

900 450 0 450 900 1350180022502700 900 450 0 900 13501800 2250 2700

—» Speed (r.p.m.
75l peed (r.p.m.) |l

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. |n practice, supply voltage and frequency are varied in the same proportion
in order to maintain aconstant flux inthe air-gap. For example, if voltageisdoubled, 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) shiftswith frequency.

Fig. 34.23 (a) showsthetorque/speed curve of an 11.kW, 440-V, 60-Hz 3-@ SCIM. Asseen, 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 torqueis 75 N—m.

Suppose, we now reduce both the voltage and fequency to one-fourth their original valuesi.e. to
110V and 15 Hz respectively. AsseeninFig. 34.23 (b), thetorque/speed curve shiftsto theleft. Now,
the curve crossesthe X-axisat the synchronous speed of 120 x 15/4 =450 rpm (i.e. 1800/4 = 450 rpm).
Similarly, if the voltage and frequency areincreased by 50% (660 V 90 Hz), the curve shiftsto theright
and cuts the X-axis at the synchronous speed of 2700 rpm.

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

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

(a) 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. (a) Thestator 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
torqueof 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-mis=750+300=1050rpm.

34.29. Current/Speed Curve of an Induction Motor

ItisaV-shaped curve having aminimum value at synchronous speed. Thisminimumisequal to
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themagnetising current whichisneeded to createflux inthemachine. Sincefluxispurposely kept constant,
it meansthat magnetising current isthe sameat al synchronous speeds.

I I I
450 900 1350 1800 2250

1350 900 450 0 2700 3150 3600
B —— Speed \\\ o
75 — \\‘ L .
150/ N
Fig. 34.24
Fig. 34.24. showsthe current/speed curve N-m
of the SCIM discussed in Art. 34.28 above. A
Refer Fig. 34.23(b) and Fig. 34.24, Asseen, - 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 inthe same 5 §~ 75
proportion, current/speed curve hasthe same 28
shape, but shiftsalong the speed axis. Suppose
that voltage and frequency are reduced to one- T T

fourth of their previousvaluesi.e. to 110V, 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 1800 2250 2700

450
— Speed (r.p.m.)
Fig. 34.25

breakdown torque (Fig. 34.25). It means that by reducing frequency, we can obtain a 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 closeto its breakdown torque al the way from zero to rated speed.

Breakdown B
Torque - RN

g ) A |

Tf e 2

— Torque

— Speed

Fig. 34.26

Another advantage of frequency control isthat
it permitsregenerative braking of themotor. In
fact, the main reason for the popularity of
frequency-controlled induction motor drivesis
their ability to develop high torquefrom zero to
full speed together with the economy of
regenerative braking.

34.30. Torque/Speed Character-
istic Under Load

Asdtated earlier, stable operation of aninduction
motor lies over the linear portion of its torque/
speed curve. Thedopeof thisstraight linedepends
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mainly ontherotor resistance. Higher the resistance, sharper the dope. Thislinear 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

& %g 0

Theonly restrictionin applying the above equationisthat the new torque T, must not be greater than T,
(V2/V1)2. Inthat case, the above equation yieldsan accuracy of better than 5% whichissufficient for all

practical purposes.

Example 34.24. A 400-V, 60-Hz, 8-pole, 3-@induction motor runsat a speed of 1140 rpmwhen
connected to a 440-V line. Calculate the speed if voltage increases to 550V.

Solution. Here, s, = (1200 - 1140)/1200 = 0.05. Sinceeverything elseremainsthesamein Eq. (i)
of Art. 34.30 except the dlip and voltage, hence

S, = s,(V,/V,)*=0.05x (440/550)" = 0.032 LA 34.23

O N, = 1200(1-0.032)=1161.6rpm.

Example 34.25. A450.V, 60.Hz, 8-Pole, 3-phaseinduction motor runsat 873 rpmwhen driving
afan. Theinitial rotor temperatureis 23°C. The speed dropsto 864 rpm when the motor reachesits
final temperature. Calculate (i) increaseinrotor resistance and (ii) approximate temperature of the
hot rotor if temperature coefficient of resistance is 1/234 per °C.

Solution. s; = (900 - 873)/900 = 0.03 and s, = (900 — 864)/900 = 0.04

Since voltage and frequency etc. are fixed, the change in speed isentirely dueto changein rotor
resistance.

(i) s,=s(R/R) or 0.04=003(R/R);R,=133R,
Obviously, the rotor resistance hasincreased by 33 per cent.
(i) Lett, betemperature of therotor. Then, asseen from Art.1-11,

S =5

el

1
R, = R [1+a(t,-23)] or 1.33R, =R, §+ 23 (2 ~ 23)5 0 t,=100.2°C

34.31. 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

pcsﬁ e, ﬁ e

2

Rotor Induction asynchronous motor

applying brake on themotor. Obvioudly, during
thisso-called plugging period, the motor actsas
abrake. Itabsorbskinetic energy from thestill

Stator

Fig. 34.27
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revolving load causing itsspeedtofall. Theassociated Power P, isdissipated asheat intherotor. Atthe
sametime, therotor also continuesto receive power P, fromthestator (Fig. 34.27) whichisalso dissipated
asheat. Consequently, plugging producesrotor | 2R 1osseswhich even exceed those when therotor is
locked.

34.32. Induction Motor Operating as a Generator

Whenrunfagter than its synchronous speed, aninduction motor runsasagenerator caled al nduction
generator. It convertsthemechanical energy it recelvesinto eectrica energy and thisenergy isreleased by
thestator (Fig. 34.29). Fig. 34.28 showsan ordinary squirrel-cage motor whichisdriven by apetrol 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-phaseline. However, for creating itsown magneticfield, it absorbs
reactivepower Qfromthelinetowhichitisconnected. Asseen, QflowsintheoppositedirectiontoP.

L —

1L
i
=
S

—{| ¢ |

—————1

Stator

Petrol Induction
Engine Machine
Fig. 34.28 Fig. 34.29

The active power isdirectly proportional to the slip above the synchronous speed. Thereactive
power required by the machine can also be supplied by a group of capacitors connected across its
terminas (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.

€

0 ? C K
==>P ?@P R R

Fig. 34.30

il
Sl

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

(a) capacitance required per phase if capacitors are connected in delta.
(b) speed of the driving engine for generating a frequency of 50 Hz.

Solution. (i) S = 3Vl =173x440 x 40=30.4 kVA
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P = Scos@=30.4x0.85=25.8kW
Q = [s?-P? =.[30.4° -25.8° =16kVAR
Hence, the A-connected capacitor bank (Fig. 32.31) must provide 16/3 = 5.333 kVAR per phase.

Capacitor current per phaseis = 5,333/440

=12A. Hence X, =440/12=36.6 Q. Now,
1
2, Xg = U2 x50 x 36.6 = 874F

(i) Thedrivingenginemust runat dightly
morethan synchronousspeed. Thedip speed
isusually the same asthat when the machine
runsasamotor i.e. 30 rpm.

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

Fig. 34.31

34.33. Complete Torque/Speed Curve of a Three-Phase Machine

We havealready seen that a 3-phase machine can berun asamotor, whenit takes el ectric power and
suppliesmechanica power. Thedirectionsof torqueand rotor rotation areinthe samedirection. Thesame
machine can be used asan asynchronous generator when driven at aspeed greater than the synchronous
speed. Inthiscase, it receivesmechanica energy intherotor and supplieselectrical energy from the stator.
Thetorque and speed are oppositely-directed.

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

Motor

+2Ng
Generator

Fig. 34.32

Tutorial Problem No. 34.2

1. Ina3-phase, dip-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 machineis (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-I, Bombay Univ. 1978)
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The star-connected rotor of an induction motor hasastandstill impedance of (0.4 + j4) ohm per phase
and the rheostat impedance per phase is (6+j2) ohm. The motor has an induced em.f. of 80 V
between dlip-ringsat standstill when connected to itsnormal 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 aslip of 3%. [5.27 A ; 3.3A]
A 4-pole, 50-Hz induction motor hasafull-load slip of 5%. Each rotor phase hasaresistanceof 0.3 Q
and astandstill reactance of 1.2 Q. Find theratio of maximum torqueto full-load torque and the speed
at which maximum torque occurs. [2.6; 1125 r.p.m.]
A 3-phase, 4-pole, 50-Hz induction motor hasastar-connected rotor. The voltage of each rotor phase
at standstill and on open-circuitis121 V. Therotor resistance per phaseis 0.3 Q and the reactance at
standstill is0.8 Q. If therotor current is 15 A, calculate the speed at which the motor is running.
Also, calculate the speed at which the torque is amaximum and the corresponding val ue of the input
power to the motor, assuming the flux to remain constant. [1444r.p.m.; 937.5r.p.m.]
A 4-pole, 3-phase, 50 Hz induction motor has avoltage 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:
(a) the full-load torque if full-load speed is 1,425 r.p.m.
(b) the ratio of starting torque to full-load torque
(c) the additional rotor resistance required to give maximum torque at standstill
[(a) 200 N-m (b) 0.82 (c) 1.6 Q] (Elect. Machines-I I, Vikram Univ. Ujjain 1977)
A 50-Hz, 8-pole induction motor has afull-load slip of 4 per cent. The rotor resistanceis 0.001 Q
per phase and standstill reactanceis 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.
[2.6; 600 r.p.m.] (City & Guilds, London)
A 3-¢, 50-Hz induction motor with itsrotor star-connected gives 500 V (r.m.s.) at standstill between
slip-ringson open circuit. Calculatethe 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 aresistance of 10 Q 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-phaseinduction motor hasasdlip-ring rotor with aresistanceand standstill reactance
of 0.04 Q and 0.2 Q per phase respectively. Find the amount of resistance to beinserted in each rotor
phase to obtain full-load torque at starting. What will be the approximate power factor in the rotor at
thisinstant ? The dip 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 aresistance of 0.02 Q/phase and a standstill leakage reactance of 0.15 Q/phase. Calculate
(a) theratio of maximum and full-load torque (b) the speed at which the maximum torqueis devel-
oped. Neglect resistance and |eakage 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 aresistance of 0.2 Q/phase and runs at
720 r.p.m. If theload torque remains unchanged. Calculate the additional rotor resistance that will
reduce this speed by 10% [0.8 Q] (City & Guilds, London)
A 3-phaseinduction motor has arotor for which the resistance per phaseis 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 adlip
of 5 per cent. [(a) 242.5A; 0.243 (b) 49 A; 0.98]
An induction motor with 3-phase star-connected rotor has arotor resistance and standstill reactance
of 0.1 Q and 0.5 Q respectively. The dlip-rings are connected to a star-connected resistance of 0.2
Q per phase. |If the standstill voltage between slip-ringsis 200 volts, calculate the rotor current per
phase when the slip is 5%, the resistance being still in circuit. [19.1A]
A 3-phase, 50-Hz induction motor hasitsrotor windings connected in star. At the moment of starting
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the rotor, induced e.m.f. between each pair of slip-ringsis 350 V. Therotor resistance per phaseis
0.2 Q and the standstill reactance per phaseis1 Q. Calculatetherotor starting current if the external
starting resistance per phase is 8 Q and also the rotor current when running with slip-rings short-
circuited, the slip being 3 per cent. [245 A ; 30.0 A]
Inacertain 8-pole, 50-Hz machine, the rotor resistance per phaseis 0.04 Q and the maximum torque
occurs at aspeed of 645 r.p.m. Assuming that the air-gap flux is constant at all loads, determine the
percentage of maximum torque (@) at starting (b) when the slip is 3%.

[(a) 0.273 (b) 0.41] (London University)
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 Q] (Elect.Engg. Grad | .E.T.E. June 1988)

34.34. Measurement of Slip

Following are some of the methods used for find- € Raor Raorf | A
ing the slip of an induction motor whether squirrel- Sip  Speed fmj
cage or slip-ring type. g nous

. O}

(i) By actual measurement of motor speed ‘é f Speed

Thismethod reguiresmeasurement of actual mo- f
tor speed N and calculation of synchronous speed
N. N is measured with the help of a speedometer Speed

and N cal culated from the knowledge of supply fre-
quency and the number of poles of themotor.* Then
slip can be calculated by using the equation.
$=(Ng— N) x 100/Ng
(i) Bycomparingrotor and stator supply fre-
quencies
Thismethod isbased onthefact that s=f /f

The speed curve of an induction motor. The slip is
the difference in rotor speed relative to that of the
synchronous speed. CD = AD - BD = AB.

Sincefisgeneraly known, scan befound if frequency of rotor current can be measured by some
method. Intheusual case, wherefis50Hz, f issolow that individual cyclescan beeasily counted. For this
purpose, ad.c. moving-coil millivoltmeter, preferably of centre-zero, isemployed asdescribed below :

(@) Inthecaseof adlip-ring motor, theleads of the millivoltmeter arelightly pressed against the
adjacent dip-ringsasthey revolve (Fig. 34.33). Usually, thereissufficient 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 (itis
worth remembering that one cycle

consistsof amovement from zerotoa “

maximumto theright, back to zero and

on to amaximum to the left and then mV mV

back to zero). ) W /
Asan example, consider the case

of a4-polemotor fed from a50-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 polesis usually inferred from the

no-load speed or from the rated speed of the motor.
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N,=1,500r.p.m.,itsslipis5% or 0.05. Thefrequency of therotor current would bef, = 5=0.05x50=
2.5Hzwhich (being dow enough) can be easily counted.

(b) For sguirrd-cagemotors(which do not havedip-rings) itisnot possibleto employ themillivoltmeter
sodirectly, althoughit is sometimes possibleto pick up somevoltage by connecting themillivoltmeter
acrosstheendsof the motor shaft (Fig. 34.34)

Another method, sometimeemployed, isasfollows:

A largeflat search coil of many turnsisplaced centrally against theend plate on the non-driving end of
themotor. Quiteoften, itispossibleto pick up sufficient voltage by induction fromthe leakage fluxesto
obtain areading on themillivoltmeter. Obvioudy, alarge 50-Hz voltagewill also beinduced in the search
coil althoughitistoo rapidto affect themillivoltmeter. Commercid dlip-indicators use such asearch coil
and, inaddition, contain alow-passfilter amplifier for eliminating fundamental frequency and abridgecircuit
for comparing stator and rotor current frequencies.

(iii) Stroboscopic Method

Inthismethod, acircular metallic discistaken and painted with dternately black and white segments.
Thenumber of segments (both black and white) isequal to the number of polesof themotor. For a6-pole
motor, there will be six segments, three black and three white, as shown in
Fig. 34.35(a). Thepainted discismounted
ontheend of the shaft and illuminated by

meansof aneon-filled stroboscopic lamp,
which may be supplied preferably witha Motor
combinedd.c. andac. supply athoughonly e

a.c. supply will do*. Theconnectionsfor
combined supply areshownin Fig. 34.36

whereas Fig. 34.35 (b) shows the (@) (b)
connectionfor a.c. supply only. It mustbe
noted that with combined d.c. and a.c. Fig. 34.35

supply, the lamp will flash once per
cycle**. Butwitha.c. supply, it will flashtwiceper cycle.

Consider the casewhen therevolving discisseen in theflash light of the bulb whichisfed by the
combined d.c. and a.c. supply.

If the disc wereto rotate at synchronous speed, it would appear to be stationary. Since, in actual
practice, its speed is dlightly less than the synchronous speed, it appears to rotate slowly backwards.
Thereason for thisapparent backward movement isasfollows:

}
100V
O
2:1
Fig. 34.36

*  When combined d.c. and a.c. supply is used, the lamp should be tried both waysin its socket to see which
way it gives better light.
** |t 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
thewhitelineswhenthey areilluminated by the 1

firgt flash. Whenthenext flash comes, they have ) -
nearly reached positions 120° ahead (but not

quite), asshownin Fig. 34.37(b). Hence, line 3 2 ) 11 3
No. 1 has almost reached the position previ-

ously occupied by lineNo. 2 and oneflash still (@) ®) (©
later [Fig. 34.37 (c)] it hasnearly reached the Fig. 34.37

position previously occupied by lineNo. 3in
Fig. 34.37(a).

By counting the number of lines passing afixed point in, say, aminute and dividing by the number of
lines seen (i.e. threein the case of a6-pole motor and so on) the apparent backward speedinr.p.m. canbe
found. This gives slip-speed in r.p.m. i.e. N, - N. The slip may be found from the

N N
relations= —> x 100
NS

Note. If thelampisfedwitha.c. supply aone, thenit will flash twice per cycleand twice asmany lineswill
be seen rotating as before.

34.35. Power Stages in an Induction Motor

Stator iron loss (consisting of eddy and hysteresis |osses) 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 currentsunder normal running conditionsisawayssmall. Total
rotor Culoss=3 I22 R,

Different stagesof power development in aninduction motor areasunder :

Mech. Power
R

M. Developed otor
otor Stator Rotor in Rotor Windage Output
—\ Inputin Cu& E:> Input E:> (Rjﬁtor E:> P E:> and E:> P
Stator Iron P Loss . Friction out
P, Losses 2 Torque Losses or

BHP
- % [ 1 |

A better visual for power flow, within an induction motor, isgivenin Fig. 34.38.

34.36. Torque Developed by an Induction Motor

Aninduction motor developsgrosstorque T, dueto grossrotor output P, (Fig 34.38). Itsvaluecan
be expressed either intermsof rotor input P, or rotor grossoutput P, as given below.

_R_ P
Tg = 21N

9 (*)s

...intermsof rotor input
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Motor input in stator, P,

stator Cu arlld iron rotlor input P,
losses (Pcg & P)) (via air - gap)
[ l I
rotor Cu loss mechanical power
(P,) developed, P,
or
gross rotorI output, 7,

|
rotor output or
motor output P,

[
Windage and
friction loss (P,,)

Windage &
Stator P, Py » Friction Loss

E(l)lss ﬁ ﬁ Ttam Rot cr Gross Shaft
. Lo otor Mechanical P, Power
Active Cu Power

@@@

Power
D

Input

Input to
Rotor
Fig. 34.38
P P .
= Mm_-_m ...intermsof rotor output

T =
¢ w 27mN
The shaft torque T, isdueto output power P, whichislessthan P, because of rotor friction and

windagelosses.
0

Tq, = Py/w =P, /2TN
The difference between Ty and Ty, equalsthetorquelost dueto friction and windagelossin the

out’ out’

motor.
Intheabove expressions, Nand N areinr.p.s. However, if they areinr.p.m., the above expressions
for motor torque become
P 60 P P
T = —2 _—=--,_2=955_2 N-m
9 21INg/60 210 N Ng

P, 60 P, P
= m = _"M=9, —M N-
2TIN/BO 2 N 2oy N

Fou 60 Fou _g 55 Fou .
N

Tq, i .
2riN/60 2m N

34.37. Torque, Mechanical 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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Obvioudy, rotor input
Rotor grossoutput,

Electrical Technology

P, = datoroutput
P

m

The type DF200 diesel electric locomotive is the first
motor-driven train equipped with diesel generators since
1958. It adopted induction motors to realize high accel-
eration, high speed, and large torque, which resulted in
a quick-response generator brake system.

rotor input

= rotor input P,— rotor Culosses

Thisrotor output isconverted into mechanical en-
ergy and givesrisetogrosstorque T,. Out of this
grosstorque developed, someislost dueto wind-
ageandfrictionlossesintherotor and therest ap-
pearsastheuseful or shaft torque Ty,

Let Nr.p.s. betheactua speed of therotor and if

- Tgisin N-m, then

Ty > 27N = rotor gross output inwetts, P,
rotor gross output in watts, P, Norm*
21N
(1)
If therewereno Culossesin therotor, then rotor
output will equal rotor input and therotor will run
at synchronous speed.

0 Ty=

R

O T, = (2
From (1) and (2), we get,
Rotor grossoutput P, = Tg w= Tg x 21N
Rotor input Py = Tyo,=Tyx 2 TN, (3
Thedifference of two equalsrotor Culoss.
O rotor Culoss = Py=P, =Ty x21(Ns— N) (%)
rotor Culoss _ Ng— N _
From (3) and (4), rotorinput ~ Ng
O rotor Culoss = sxrotor input =S x power acrossair-gap = sP, ...(5)
Also, rotor input = rotor Culoss/s
Rotor grossoutput, P, = inputP,— rotor Culoss=input—sx rotor input
= (1-9s)input P, ..(6)
00 rotor grossoutput P, = (1-s)rotorinput P,
or rotor gross output, B, _ 4 _g- N ; Fa_ N
rotor input, P, N RN
.. N rotor Cu loss S
O rotor effici = — Al =
ey N, rotor grossoutput  1-s
Important Conclusion

If some power P, isdelivered to arotor, then apart sP, islost intherotor itself as copper loss (and
appears as heat) and the remaining (1 — s)P,, appears as gross mechanical power P, (including friction

and windage |0sses).

O P2:Pm:I2R::1:(1—s):s or P,:P P ,::1:(1-9):s

Thevaue of grosstorquein kg-misgiven by

T

rotor gross output in watts

kg-m.=

g

9.81x 21N
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Therotor input power will lwaysdivideitsalf inthisratio, henceit isadvantageousto run the motor
withassmall adipaspossible.
Example 34.27. The power input to therotor of 440V, 50 Hz, 6-pole, 3-phase, induction motor is80
kW. Therator electromotive force is observed to make 100 complete alterations per minute. Calculate
(i) the dip, (ii) the rotor speed, (iii) rotor copper losses per phase. [MadrasUniversity, 1997]

Solution. 100 aterations/minute= % cycles/sec

16667Hz =
Hence, thedlip, s = 1'?5%67 =0.3333 P.u. or 3.333%
(ii) rotor speed, N = (1-3s)Ng=(1-0.03333) x 1000
120 x50
Since N, = 6 =1000 rpm, N =966.67rpm

(iii) rotor copper losses/phase = %X (s xrotor input)
total rotor power input = 80kW

rotor power input per phase = 80/3kW
rotor copper losses per phase
. 70-03333’ X80 | w =0.8888 kW

Example 34.28. A 440-V, 3-¢, 50-Hz, 4-pole, Y-connected induction motor has a full-load speed of
1425 rpm. Therotor 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=254V/phase
2
(i) Full-load T - 3 005 (02.8>< 254) xc;.4
2mx25  (0.4)° + (0.05x 4)
= 78.87N-m
N _ SE, _ SKE;  _ 0.05x(0.8x254)
(i) I, = = =
JRE+(5X,)?  JRE+(X)? (042 +(0.05 x4)2
= 2273A
Total Culoss = 3|,°R=3x2273 x04=620W
(iii) Now, P, = 2mNT =2 11 x(1425/60) x 78.87 = 11,745 Q
O Pout = Pn,—windageandfrictionloss=11,745-500=11,245W

(iv) Formaximumtorque, s = R/X,=0.4/4=0.1

0 To= 3 0.1x (0.8 x 254)> x0.4

2x25  (0.4)% +(0.1x 4)*
Since s = 0.1, slipspeed = sN,= 0.1 x 1500 = 150 rpm.
0 Speedfor maximumtorque= 1500 - 150=1350rpm.

=98.5N-m
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E K .
(v) dartingcurrent = Z__ = 5 ___ 08x2%4 =50.5A
\/Rzz + X3 \/R22 + X2 \/0.42 +4?
(vi) Atstart, s = 1, hence
2
3 ><(0.8><254) xo'4:19.5N-m

Tg = T %25 (04)2 + 42
Itisseenthat ascompared to full-load torque, the starting torqueismuch less-almost 25 per cent.

34.38. Induction Motor Torque Equation

Thegrosstorque T, devel oped by aninduction motor isgiven by
g .
Ty = Py/21iNg —N.inr.p.s.
= 60P,/ 2N ,=9.55P, /N, —N inrp.m.
rotor Cu loss/s= 3l 22 R,/s
sE, sKE;

\/Rzz +(s X,)° \/Rzz +(s X,)?
whereK isrotor/stator turnratio per phase.
22 2
. b= ax SER 1. 3SER,
R, + (s X,) S

Now, P,

AsseenfromArt. 34.19, Iy

R +(s X,)?

210 22 22
ax SKPER, 1 3sK’ER,

AIS), P2 = R22+(S X2)2 s R22 +(S X2)2
2
0 T, = R o_ 3 | 2SE2R2 5 —intermsof E,
2N, 2 TiNg RS + (s X,)
22
or 3, SKER —intermsof E;

2mNs RS +(sX,)°
Here, E,, E,, R, and X, represent phase val ues.

Infact, 3K?/2 1IN, = kiscalled the constant of the given machine. Hence, the abovetorque equation
may besmplifiedto

2
Ty = k% —intermsof E;
R, +(sX,)
34.39. Synchronous Watt

Itisclear from the aboverelationsthat torqueis proportional to rotor input. By defining anew
unit of torque (instead of the force-at-radius unit), we can say that the rotor torque equal srotor 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 thetorque is such that power
devel oped would be 1,000 watts provided the rotor were running synchronously and devel oping the
sametorque.

Or

Synchronouswett isthat torque which, at the synchronous speed of the machine under consideration,

would devel op apower of 1 watt.

' rotor input, P,
rotorinput = Tg, x 2 TTNg 0 T = 21 xsynch. speed
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N N
=1 %p-1Nsp
w, N9 w N
Synchronous wattage of an induction motor equalsthe power transferred across the air-gap
to therotor.
O torqueinsynchronouswatt
. I W il
= rotorinput = rotor Cu loss _ gross output power, P

s - @-9
Obvioudly, at s= 1, torquein synchronouswatt equalsthetotal rotor Culoss because at standstill,
entirerotor inputislost asCuloss.

Suppose a 23-kW, 4-poleinduction motor has an efficiency of 92% and aspeed of 1440r.p.m. at

rated load. If mechanical losses are assumed to be about 25 per cent of the total |osses, then
motor input=23/0.92 = 25kW, total loss=25-23=2kW.
Friction and windageloss = 2/4=0.5kW
O P, = 23+05=235kW
Power in synchronous wattsP,, =P, =23.5x1500/1440=24.5kW
synchronous speed wg = 2T(1500/60) = 157rad/s

O synchronous torque, T,, = 245x 10%157 = 156 N-m

T, = P Ns 1 _p35,1500, 1

s ™ N g 1440  2m(1500/60)
156N-m —Art34.39

or

34.40. Variations in Rotor Current

The magnitude of the rotor current varies with load carried by the motor.
Asseenfrom Art. 34.37

rotor output _ N _ . N
T '\Ts or rotor output = rotor input x Ng
O rotor input = rotor output x Ny / N
Also, rotor output OJ2TTNT = KNT
0 rotor input = KNTxN,/N=KN,T
312
Now, M = sor 3R rotor input
rotor input s
0 31,°RyJs = kNTor TOL7R/s
2 ; —
T4 O 4R, —sinces=1
T, 01,5R, /s — s =full-loaddlip
0 Ti = g DIZS(EZ
T "Hi,tH

wherel, and | aretherotor currentsfor starting and full-load running conditions.

34.41. Analogy with a Mechanical Clutch

We have seen abovethat, rotor Culoss=dlip x rotor input
Thisfact can befurther clarified by considering the working of amechanical clutch (thoughitis
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not meant to be aproof for the above) similar to
theoneusedinautomobiles. A plateclutchisshown
inFig. 34.39. Itisobviousthat thetorque onthe
driving shaft must exactly equal thetorque onthe
driven shaft. Infact, thesetwo torquesare actualy
one and the same torque, because the torque is
caused by friction between thediscsanditistrue Driving Driven
whether theclutchisslipping or not. Let o, and w, el et
betheangular vel ocitiesof the shaft whentheclutch
isdipping.
Then,input=Tw, aud output =T

W,=Tw(l-9:[ " w=w(1l-9)]

loss=Tw - Tw,=Tw ~Tw,(1-9)=sTw,=dipxinput

Fig. 34.39

34.42. Analogy with a D.C. Motor

Theaboverelations could al so be derived by comparing an induction motor withad.c. motor. As
showninArt 29.3, inad.c. shunt motor, the applied voltageis always opposed by aback em.f. E,. The
power developed in themotor armatureisE, |, wherel  isarmature current. This power, asweknow, is
converted into mechanical power inthearmature of themotor.

Now, in aninduction motor, itisseen that theinduced em.f in the rotor decreasesfrom itsstandstill
value of E, to sE, wheninrotation. Obviously, thedifference (1 -s) E, isthee.m.f. calledforth by the
rotation of therotor similar to the back em.f.inad.c. motor. Hence, gross power P, developedinthe
rotor isgiven by theproduct of the back em.f., armature current and rotor power factor

P.=(1-9E,%x1l,cosg,; Now I, and cos @,
m=(1-9E,x1,cos¢, ﬁ{z )] %Rz A
sE, s(l s)EZR2
ﬁ%ﬂﬂplﬁ%+®@] RS +(sXy)"
Multiplying the numerator and the denominator by s, we get

0 P, =(1-9E,x

(), SE () im, SRNTIRNE S
TS PR (X)) s - [R; +(sX,)’1]
Now, I,?R, = rotorCulosgphase [ _Culoss _ s

rotor output 1-s
Thisisthesamerelationship asderivedin Art. 34-37.

Example 34.30. The power input to a 3-phase induction motor is60 kW, The stator lossestotal

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. MachinesAMI E Sec. E Summer 1991)

stator input — stator losses = 60 — 1 = 59 kW
P, = (1-9P,=(1-0.03) x 59 = 57.23 kW
Total rotor Culoss = sP,=0.03x59=177 kW =1770 W
Rotor Culoss/phase = 1770/3 =590 W

Solution. Rotor input, P,
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Example 34.31. The power input to therotor of a400 V, 50.Hz, 6-pole, 3-phase induction motor
is 20 KW. The dlip is 3%. Calculate (i) the frequency of rotor currents (ii) rotor speed (iii) rotor
copper losses and (iv) rotor resistance per phaseif rotor current is 60 A.

(Elect. Engg. Punjab Univ. 1991)

Solution. (i) Frequency of rotor current = sf=0.03 x 50 =1.5Hz

(i) Ng=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 Culoss/phase=200W; O 602R2 =200; R, =0.055Q

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

Solution. Asseenfrom Art. 34.37, power developed in rotor =N

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

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

Example34.33. Thepower input to therotor of 2400 V, 50-Hz, 6-pole, 3-@induction motor is75
kW. Therotor electromotive forceis observed to make 100 complete alteration per minute. Calculate:

(i) slip (i) rotor speed (iii) rotor copper losses per phase (iv) mechanical power devel oped.

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

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

(i) Now, f' =sfor5/3=sx50;s=1/30=0.033 or 3.33%

(i) Ng=120%50/6=1000rpm; N=N,(1-s) =1000 (1 - 1/30) = 966.7 rpm

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

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

(iv) P,=(1-9P,=(1-1/30) x 75=72.5kW

Example 34.34. The power input to a500 V, 50-Hz, 6-pole, 3-phaseinduction 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 dip (ii) the rotor copper loss (iii) shaft power and (iv) the efficiency.

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

Solution. (i) Ny=120x 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

O rotor Culoss=sx rotor input = 0.025 x 39=0.975 kW

(iii) P, =P, —rotor Culoss=39-0.975 = 38.025 kW

Pyt = Py, — friction and windage loss = 38.025 - 2 = 36.025 kW

(iv)n =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. Thefull-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. Cal culate (i) therotor copper
loss (ii) the line current (iii) the full-load efficiency. (Elect. M achines, Nagpur Univ. 1993)
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Solution. P, = output + rotational loss= 100+ 1.2=101.2 kW
S «p - 0018

0] rotor Culoss = 1-s *Pm= 120018 * 101.2 = 1.855 kW
(i) rotorinput, P, = P, + rotor Culoss=101.2 + 1.855 = 103.055 kW
Statorinput = P, + stator Cuandiron losses
= 103.055 + 2.44 + 3.5 = 108.995 kW
O 108,995 = /3 x 3300 x | x 0.85; [[=224A

Theentire power flow inthemotor isgiven below.

Stator Rotor Mechanical Motor output
input input power 100,000W
108,995 W 103,055 W developed or
inrotor 100kw
101,200W
Stator Rotor Rotational
Cué& Iron Culoss | osses
| osses 1855W 1200W
5940 W
(ill) FL.€efficiency = 100,000/108,995=0.917 or 91.7%

Example34.36. The power input to therotor of a 440V, 50-Hz, 6-pole, 3-phaseinduction motor
is100 KW. The rotor electromotive forceis observed to make 120 cycles per minute, Calculate (i) the
dlip (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) f' = sf or (120/60) = s x 50; s=0.01

(i) Ng=120 % 50/6 = 1000 rpm; N = 1000(1 - 0.01) = 990 rpm

(iii) P, (1= 5)P, = (1- 0.01) x 100 = 99 kW

(iv) total rotor Culoss=sP,=0.01x 100 =1 kW ; Culossyphase = 1/3 kW

(v) Ng&=1000 rpm; N =990 rpm. Hence, speed of stator field with respect torotor is

=1000-990=10rpm.

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 |osses are one-third of the no-load loss. Calculate the dlip.

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

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

O total loss=41,111-37,000=4,111W

Thisincludes (i) stator Cu and iron losses (ii) rotor Cu loss (itsiron loss being negligibly small)
and (iii) rotor mechanical losses.

Now, no-load loss of an induction motor consistsof (i) stator iron lossand (ii) mechanical |osses
provided we neglect the small amount of stator Cu loss under no-load condition. Moreover, thesetwo
losses are independent of the load on the motor.

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

0 W, = W/2
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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O 3Xx+x2=4111o0rx=1175W

Now, rotor input = gross output + mechanical losses+ rotor Culoss

37,000 + (1175/2) + 1175 = 38,752 W
rotor Cu loss 1175

S= - = =0.03 or 3%.
rotor input 38,752

Example 34.38. A 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 dlip 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 Culoss P, (iii) power supplied to load P

out

(iv) efficiency and (V)
shaft torque devel oped.
45x 1000
\3x400x75
A linecurrent of 75 amp meansaphase-current of 75/ J3i.e433 amp
Next, winding resi stance hasto beworked out
Refer to Fig. 34.40.
r and 2r in paralel have an equivalent resistancemeasured at a
and b in deltaconnected motor asr x 2r/3r = 2r/3ohms

2r
= 0.12, r=0.18
3

Total stator copperloss = 3 x 43.3* x 0.18 = 1012
Watts Fig. 34.40

Tota inputtostator = 45,000 Watts
Stator copper loss = 1012 Watts, stator coreloss = 1200 Watts
Stator output Rotor input = 42,788 Watts
Rotor copperloss = Slip x Rotor input = 0.03 x 42,788 = 1284 Watts
Rotor mech. output power= 42,788 — 1284 = 41,504 Watts

Solution. Cos@= =0.866 lag

Fromthedatagiven

Shaftoutput = Mech. output of rotor — Mech losses

= 41504 - 900 = 40604 Watts

- — 40604

[o] = =02.230

Efficency 15 0xlOO% 92.23%
40604 x 60
= —— = 400Nw-m
Shaft output torque, T ST X970 w

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

(a) theload torquein kg-m
(b) speed at maximum torque

(¢) rotor em.f. at maximumtorque. (Electrical Machines-|, South Gujarat Univ. 1985)

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

stator voltage/phase, E, = 220//3V

0 standstill rotor em.f./phase, E, =K E;= 20, 1 _76v

J3 175
2= R+ (X)) = 012 +(0.05%09° =0110
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l,=sE,/Z = 0.05x726/0.11=33A
Rotor Culoss P, = 31,’R,=3x33°x01=327TW
rotor Cu loss - s . 327_ 005 . P =6213W

mech. power developed 1-s’ P, 1-0.05
T,=955P,/N; N = N (1-s)=1500 (1 - 0.05) = 1425 rpm
O Tg =9.55 x 6213/1425 41.6 N-m=41.6/9.81 = 4.24 kg.m
(b) Formaximumtorque, s, = R,/X,=0.1/0.81=1/9
0 N=N,(1-s) = 1500(1-1/9)=1333r.p.m.
(c) rotor em.f./phase at maximum torque = (1/9) x 72.6 =8.07 V

Example 34.39 (b). A 400V, 3-phase, 50 Hz, 4-pole, star-connected induction-motor takes a
line current of 10 A with 0.86 p. f. lagging. Itstotal 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 tomotor = 3 x 400 x 10 x 0.86 = 5958 Watts
Total stator losses = 5% of 5958 = 298 Weatts
Rotorinput = Stator Output = 5958 — 298 = 5660 Watts
Rotor Copper-loss = 4 % of 5660 = 226.4 Watts
Mechanica losses = 3% of 5660 = 169.8 Watts
Shaftoutput = 5660 — 226.4 — 169.8 = 5264 Weatts

0] dip,s = Rotor-copper-loss/ rotor-input =4 %, asgiven
Synchronousspeed, N, = 120 x f/P =1500 rpm
Rotor speed, N = N (1-9)=1500 (1-0.04)=1440rpm

(i) Letthetorquedevelopedintherotor =T,
. Angular speed of rotor = 21N/60 = 150.72 radians/sec
Rotor output = Rotor input — Rotor-copper-loss

5660 — 226.4 = 5433.6 watts

T.w, = 5433.6,giving T, =5433.6/ 150.72 = 36.05 Nw-m
(Alternatively, synchronous angular speed = w,= 271x 1500/ 60 = 157 rad / sec

T.w, = rotorinputinWatts= 5660

T, = 5660/157=36.05Nw-m

(iii) Shaft-torque = T, = Shaft output inWatts/w,
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:

(a) grossoutput at a slip of 5%
(b) the maximum torque in synchronous watts and the corresponding dlip.

; 440,, . rotor turns _ 1
Solution. (@) Phasevoltage = —=V ;K= —/———2=_—
@ x J3 stator turns ~ 3.5

Standstill e.m.f. per rotor phaseisE, = KE, = 40, 1 -726v

535
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E =SE,=005x726 = 363V ;Z = 0.1 +(0.05x09)° = 0.1096 Q

_E _ 363 _ _ . .
I,= Z_r = 01096 = 331A; Total Culoss=31, R=3x(331)"x0.1=330W
rotor Culoss _ s _330%x095 _
rotor grossoutput  1-s H rotor grossoutput = 005 7,250W

(b) For Maximum Torque
R,=s,-% Os, = R/X=0109=19; E =(1/9) x726=8.07V

Z. =012 +(0.9/9)% = 0.14140Q;1,=8.07/0.1414=57.1A

Total rotor Culoss = 3x57.12x0.1 =978 W

rotor Culoss _ 978
S 1/9

0 Maximumtorquein synchronouswatts=rotor input = 8,802 \W

rotorinput = =8,802 W

Example34.41. An 18.65-kW, 4-pole, 50-Hz, 3-phaseinduction motor hasfriction and windage
losses of 2.5 per cent of the output. The full-load dlip 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-1 1, IndoreUniv. 1987)

Solution. Motor output P, = 18,650W
Friction and windage loss P,, = 2.5%of 18,650 =466 W
Rotor gross output P, = 18,650+466=19,116W
rotor Cu loss s 0.04
a = = rotorCuloss= —— x19,116=796.6 W
@ rotor gross output 1-s (1-0.04)
(b) Rotor input P, = rotor Culoss _ 7965 _ 19,912.5W

S 0.04
(orrotorinput =19,116 + 796.6 = 19,913 W)
(0 Tg=955P ,/N: N. = 120x50/4=1500r.p.m.
N = (1-0.04) x1500=1440r.p.m
O Ty, = 9.55x18,650/1440=123.7N-m
(d) Grosstorque T, = 955P_/N=9.55x19,116/1440=126.8 N-m
(or Ty=P,/2TiN;=19,913/2 11 x25= 127 N-m)
Example 34.42. An 8-pole, 3-phase, 50 Hz, induction motor isrunning 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 devel oped,

(i) 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=33.8kW ; N,= 120 x 50/8 = 750 rpm ; N = 710 rpm; s= (750 — 710)/
750 = 0.0533

0 Rotor Culoss = sP,=18kW

(ii) P, = P,—rotor Culoss=33.8-1.8=32kW
(iii) Ty = 9.55P; /N =9.55 x 32000/710 = 430.42 N-m
(iv) P, = P,,—rotational losses= 32000 — 600 = 31400 W
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v) Ty, = 955P,, /N =9.55 x 31400/710 = 422.35 N-m

out

Example 34.43. A 6-pole, 50-Hz, 3-phase, induction motor running on full-load with 4% dlip
develops a torque of 149.3 N-mat its pulley rim. The friction and windage | osses are 200 W and the
stator Cuand ironlossesequal 1,620 W. Calculate (a) output power (b) therotor Culossand (c) the

efficiency at full-load. (Elect. Technology, Mysore Univ. 1989)
Solution. N, = 120x50/6 = 1,000 r.p.m; N = (1 - 0.04) x 1,000 = 960 r.p.m.
Out putpower = Tg x 21N =2 11% (960/60) x 149.3 = 15 kKW

Now, output = 15,000 W
Frictionand windagelosses = 200W ; Rotor gross output = 15,200 W

P

o= - 0 otor input P, = 15,200 x 1,000/960=15,833 W

2 S

(b) O rotor Culoss = 15,833 - 15,200 =633 W

rotor Culoss _ s [
rotor output 1-s

%mor Culossisgiven by :

(© stator output = rotor input = 15,833 W
Stator Cuandironlosses = 1,620 W
0 Stator input P, = 15,833+ 1,620 = 17,453 W

overd| efficiency, n 15,000 x 100/17,453 = 86%

Example 34.44. An 18.65-kW, 6-pole, 50-Hz, 3-@dlip-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-l, Nagpur Univ. 1992)
Solution. Motor output = 18.65kW; Mechanical losses=1 kW
O Mechanical power developed by rotor, P = 18.65+ 1=19.65kW
Now, N, = 120x50/6=1000r.p.m.; s$=(1000-960)/2000=0.04
rotor Culoss = = %Py = % x 10.65=0.819kW = 819 W
0 31,’R, = 819 or 3x35°xR,=819 R,=0.023 Q/phase

Example 34.45. A 400V, 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-mand
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 turnsis 4.

Solution. Applied voltage/phase E, = 400/+/3 =231V
Standstill em.f. inducedinrotor, E, = KE, =231/4=57.75V
(@) Slipfor maximumtorque, s,,=R,/X,=0.01/0.1=0.10r 10%
3 B
T . = x —2
X 2MNg 2 X,

. Art. 34.20

N, = 120x50/4=1500r.p.m.=25r.p.s.
3 _57.75°
0 T = =320N-
max T 525" 2 x0.1 m
T; 2as; 1.

(b) L=

=: Now,a=R,/X,=0.01/0.1=0.1
T a2 + S2 2 RQ 2
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0 2x01xs/(01°+8%) = 12 0 §=0.027 or 0.373

Sinces; = 0.373isnot in the operating region of the motor, we select 5 = 0.027.
Hence, s = 0027. N=1500(1-0.027) = 1459.5 r.p.m.
Full-load torque T, = 320/2=160 N-m

F.L.Motoroutput = 271N T;/60 = 2 11 X1459.5 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) thetotal torque at 4% dip(b) the maximumtorque
(c) the speed at maximum torque if the ratio of the rotor to stator turnsis 0.67. Nelgect stator

impedance. (Elect. Machinery, MysoreUniv. 1987)
; 200 ;. rotor turns
Solution. (& Voltege/phase = == V; K=—"—=>=0.67
@ aoep J3 stator turns
Standstill rotor e.m.f. per phaseis E, = % x0.67=774V ands=0.04
2 2 _\/ 2 2
7 = RE+(sx2) =\0.2 +(0.04x0.9)% 01060
_ sk, _774x0.04 _
I, = Z - 0106 =29.1A
Total Cu lossin rotor = 317R,=3%29.1°x0.1=255 W
Now, rofor Culoss _ — S p =255x096/0.04=6,120W
rotor gross output 1-s

N,=120%50/4=1,500r.p.m; N = (1-0.04) x 1,500 = 1440r.p.m.
Grosstorque developed, T, = 9.55P /N =9.55 x 6120/1440 = 40.6 N-m
(b) Formaximumtorque, s,,=R,/X,=0.1/0.9=1/9andE =sE,=77.4x1/9=8.6V

7 = 0.2 + (09 x1/9)?
Total rotor Cu loss

01414Q; 1,86/0.1414=60.8A
3x60.8°x0.1=1,110W
1,100 % (1-1/9)

Rotor gross output = 9 =8,800W
N = (1-2/9)%x 1,500 = 1,333rpm
O T = 955%x8800/1333 = 63N-m

(c) Speed at maximum torque, asfound above, is1333.3r.p.m.

Example 34.47. Therotor resistance and standstill reactance of a 3-phase induction motor are
respectively 0.015 Q and 0.09 Q per phase.

(i) Wnat isthe p.f. of the motor at start?

(i) Whnatisthep.f. at adlip of 4 percent ?

(iii) If the number of polesis4, the supply frequency is 50-Hz and the standstill e.m.f. per rotor
phaseis 110 V, find out the full-load torque. Take full-load slip as 4 per cent.

(Electrical Technology-I, OsmaniaUniv. 1990)

Solution. (i) rotor impedance/phase = 1/0.0152 + 0.09> =0.0912Q
pf. = 0.015/0.0912=0.164
(i) reactance/phase = sX,=0.04x0.09=0.0036 Q
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rotor impedance/phase J0.015? +0.0036° =0.0154 Q

pf. 0.015/0.0154 = 0.974

(i) Ny = 120 x 50/4 = 1,500 r.p.m.; N = 1,500 — (0.04 x 1,500) = 1,440 r.p.m.

E, = sE,=004x110=44V;Z =00154Q ..found above

I, = 4.4/0.0154 =286 A
Total rotor Culoss= 31,°R, = 3 x 286° x 0.015 = 3,650 W
Now rotor Culoss _ s

’ rotor gross output 1-s

O Rotor grossoutput P, = 3,650 x 0.96/0.04 = 87,600 W
If Ty isthe grosstorque devel oped by therotor, then

Ty = 955P, /N =9.55x 87,600/1440 = 581 N-m

Example 34.48. Theuseful full load torque of 3-phase, 6-pole, 50-Hzinduction motor is 162.84
N-m. The rotor em. 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-I1, Indore Univ. 1988)

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

Frequency of rotor em.f.=90/60=1.5Hz, s=f /f=1.5/50=0.03

Rotor speed=1,000(1 - 0.03) =970r.p.m. ; Useful FL. torque=162.84 N-m
21N _ 21t x970 x162.84

(@ motor output = Tg, 60 60 =16,540 W
(b) grosstorque Ty = 16284+20.36=1832N-m

N T, = 5i 0 1832-955x -2

ow, g = 939 N, .2=09. 1000

O rotor input, P, = 183.2x1000/9.55=19,170W

O rotor Culoss sxrotor input =0.03x 19,170=575.1W

(c) Motor input, 19,170+ 830= 20,000 W

(d) n = (16,540/20,000) x 100=82.27%

Example 34.49. Estimatein kg-mthe 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 isinserted in each rotor phase.

U
i
1

stator impedance: (0.25 + j 0.75) Q rotor impedance : (0.173 + J0.52) Q
stato/rotor voltage ratio: 420/350 connection: Star-Star
Solution. K = E,/E, =350/420=5/6

Equivalent resistance of the motor asreferred to rotor is
Ry = R,+K*R; =0.173+(5/6)" x 0.25=0.346 Q / phase
Similary, Xy = 052+ (5/6)°x0.75=1.04Q/ phase
When an externa resistance of 1 ohm/phase is added to the rotor circuit, the equivalent motor
impedance asreferred to rotor circuit is

Zy = +JA+0346) +1.04 =17Q

350/4/3
1.7
Rotor Cu loss per phase on short-circuit = 119°x 1.173= 16,610 W

=119A

Short-circuit rotor currentisl, =
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. rotor Cu loss L
Now, rotor power input == 5 Onshort-circuit, s=1
O rotor power input = rotor Culosson short-circuit

16,610 W/phase = 49,830 W for 3 phases
N, = 120 x50/6 = 1000 r.p.m.
If Ty isthe starting torquein newton-metres, then
T4=955 P,/N,=9.55 x 49,830/1000 = 476 N-m = 476/9.81 = 46.7 kg-m.

Example34.50. An 8-pole, 37.3-kW, 3-phaseinduction motor hasboth 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 phaseis
0.15 Q. If transformation ratio between the stator and rotor windingsis 3, find

(i) theresistance per phase of the rotor winding

(i) 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, I, cosq,.=3(280 %200 x0.25) W
Power supplied/phase = 280x200x0.25=14,000W

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

phase, then

12 (r,+1,) = 14,000 0 r,+r, =14,000/200°=0.350Q
O r,, =03-015=02Q ; Now,r, =r, /K? where K = 1/3
(i O r, = K, =0.2/9=0.022 Q per phase

(i) Power suppliedtotherotor circuitis

3171, =3 x 2007 x 0.2 = 24,000 W

120 f/P = 120 x 50/8 = 750 r.p.m. = 12.5r.p.s.
0 Statingtorque 9.55 P, /N, = 9.55 x 24,000/750 = 305.6 N-m

Example 34.51. A 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

(a) thedlip at full-load

(b) thedlip at maximum torque

() therotor current at starting in terms of F.L. rotor current.

(Electrical Machine- 11, Bombay Univ. 1987)

Z
1

Solution. Asseenfrom Example 34.22 above,

(@ s = 0.0lor1%

(b) Fromthe sameexampleitisseenthat at maximumtorque, a=s,=0.04 or 4%
(c) AsseenfromArt. 34.40.

s _ [ Ta _ [16 _
ly — A\ls.T; V0.01 = 1265

O Startingrotor current = 12.65 x F.L. rotor current
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34.43. Sector Induction Motor

Consider a standard 3-phase, 4-pole, 50-Hz, Y-
connected induction motor. Obviously, itsN,= 1500 rpm.
Supposewe cut thestator in haf i.e. weremove half the stator
winding with theresult that only two complete N and Spoles
areleft behind. Next, let usstar thethree phaseswithout making
any other changesin theexisting connections. Findly, let us
mount the original rotor abovethis sector stator leavinga
small air-gap between thetwo. When thisstator isenergised
from a 3-phase 50-Hz source, the rotor isfound to run at
almost 1500 rpm. In order to prevent saturation, the stator _
voltage should bereduced to half itsoriginal value because Fig. 34.41
the sector stator winding hasonly half the original number of
turns. Itisfound that under these conditions, thishal f-truncated sector motor still devel opsabout 30% of its
original rated power.

The stator flux of the sector motor revolves at the same peripheral speed astheflux intheorigina
motor. But instead of making acomplete round, theflux in the sector motor simply travelscontinuously
from one end of the stator to the other.

34.44. Linear Induction Motor

If, inasector motor, the sector islaid out flat and aflat squirrel-cage winding is brought near toiit,
we get alinear induction motor (Fig. 34.42). In practice, instead of aflat squirrel-cagewinding, an
aluminium or copper or iron plateisused asa‘rotor’. Theflat stator producesaflux that movesina
straight linefrom itsone end to the other at alinear synchronous

speed given by Linear Rotor /
v, = 2w f / /
where U = linear synchronousspeed (M/s)
w = width of onepole-pitch (m) m
f = supply frequency (Hz)

Linear

It is worth noting that speed does not depend on the =~ Lj=—>—- Stator

number of poles, but only on the pole-pitch and stator supply EZ"_’—
frequency. Astheflux moveslinearly, it dragstherotor plate }
along withit inthe same direction. However, in many practical Fig. 34.42
applications, the‘rotor’ isstationary, whilethe stator moves. For example, in high-speed trains, which
utilize magnetic levitation (Art. 34.46), therotor iscomposed of thick aluminium platethat isfixed to
the ground and extends over the full length of thetrack. Thelinear stator isbolted to the undercarriage
of thetrain.

34.45. Properties of a Linear Induction Motor

Thesepropertiesareamost identical to those of astandard rotating machine.
1. Synchronousspeed. Itisgiven by v = 2wf
2. Slip.Itisgivenby s=(v,—V) /v
wherevistheactual speed.
3. Thrustor Force. Itisgivenby F = P,/v,
where P, isthe active power supplied to therotor.
4.  Active Power Flow. Itissimilar tothat in arotating motor.
(i) P, =sP,and (i) P,=(1-9P,
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Example 34.52. An electric train, driven by a linear motor, moves with 200 knvh, when stator
frequency is 100 Hz. Assuming negligible slip, calculate the pole-pitch of the linear motor.

: (200x5/18)
Solution. US—Z(JOf w= W

Example 34.53. An overhead cranein afactory is driven horizontally by means of two similar
linear induction motors, whose ‘rotors’ are the two steel 1-beams, on which the cranerolls. 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:

Sator frequency = 25Hz Power to stator = 6 kW
Sator Cuandironloss = 1.2 kW, cranespeed = 2.4m/s

Calculate (i) synchronous speed and dlip (ii) power input to rotor (iii) Cu lossesin the rotor

(iv) gross mechanical power developed and (v) thrust.

=277.8mm

Solution. (i) Vg = 2wf=2x0.06x25=3m/s
s = (Ug—L)/u,=(3-24)/3=0.20r 20%
(i) P, = 6-12=48kW
(iii) P, = sP,=02x48=0.96kW
(iv) P, = P,-P,=48-096=3.84kW

(v) F = P,/u,=4.8x10%3=1600N = 1.60kN

34.46. Magnetic Levitation

AsshowninFig. 34.43 (a), when amoving permanent magnet
sweeps across a conducting ladder, it tends to drag the ladder
aong with, becauseit appliesahorizontal tractiveforceF =BIl. It
will now be shown that thishorizontal forceisalso accompanied
by avertical force (particularly, at high magnet speeds), which
tends to push the magnet away from the ladder in the upward
direction.

Magnetic levitation

Lovﬂ[:eed
7 [ 1
SSS NNN
‘ [ @dm O dr
B A C
(b) Gateway

Fig. 34.43

A portion of the conducting ladder of Fig. 34.43 (a) hasbeen shownin Fig. 34.43 (b). Thevoltage
induced in conductor (or bar) A is maximum because flux is greatest at the centre of the
N pole. If the magnet speed isvery low, theinduced current reachesitsmaximum valuein Aat virtually
the same time (because delay due to conductor inductance is negligible). Asthis current flows via
conductors B and C, it producesinduced SSSand NNN poles, asshown. Consequently, thefront half of
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the magnet is pushed upwardswhiletherear half is pulled downwards. Since distribution of SSSand
NNN poleissymmetrical 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 sweepsover

the conductor Awithavery high speed, asshowninFig. High Speed

34.44. Dueto conductor inductance, currentin A reaches

itsmaximum valueafraction of asecond (At) after voltage ﬁ
reachesitsmaximum value. Hence, by thetimel incon- N @
ductor Areachesitsmaximum value, thecentreof themag-

net isalready ahead of Aby adistance = v. Atwhereu is $SSS N/N[N

themagnet velocity. Theinduced poles SSSand NNN are %J D 1 oY D ]/2%
produced, asbefore, by the currentsreturning viaconduc- B N C

torsB and C respectively. But, by now, the N pole of the
permanent magnet liesover theinduced NNN pole, which Fig. 34.44
pushesit upwardswith astrong vertica force. * Thisforms
thebasisof magneticlevitation which literally means*floatinginair’.

Magneticlevitation isbeing used in ultrahigh speed trains (upto 300 km/h) which float in the air about
100 mmto 300 mm abovethe metallic track. They do not have any wheelsand do not requirethetradi-
tional stedl rail. A powerful electromagnet (whose coilsare cooled to about 4 °K by liquid helium) fixed
undernegth thetrain movesacrossthe conducting rail, thereby inducing currentintherail. Thisgivesriseto
vertical force(called force of levitation) which keepsthetrain pushed upintheair abovethetrack. Linear
motorsare used to propel thetrain.

A similar magnetic levitation system of transit isbeing considered for connecting Vivek Vihar in East
Delhi to Vikaspuri in West Delhi. The system popularly known as M agneto-Bahn (M-Bahn) completely
eliminatesthe centuries-old * steel-wheel-over steel rail’ traction. The M-Bahntrainfloatsintheair
through the principle of magnetic levitation and propulsionisby linear induction motors. Thereis50%
decreasein thetrain weight and 60% reduction in energy consumption for propulsion purposes. The
systemisextraordinarily safe (even during an earthquake) and the operationisfully 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 (a) the dip (b) the rotor Cu losses
(c) total input if the stator losses are 1,500 W (d) line current (€) number of cycles per minute of the
rotor em.f. [(a) 0.005 (b) 75 W (c) 16.5 kW (d) 22 A (e) 15] (City & Guilds, London)
2. Thepower input to a3-phaseinduction motor is40 kW. The stator lossestotal 1 kW and thefriction
and winding lossestotal 2 kW. If the slip of the motor is 4%, find (a) 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 em.f. of a3-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 |oss per phaseif the dlipis3%. Calculateasoin

*  The induced current is always delayed (even at low magnet speeds) by an interval of time At which
depends on the L/R time-constant of the conductor circuit. Thisdelay isso brief at slow speed that voltage
and the current reach their maximum valuevirtually at the sametime and place. But at high speed, the same
delay At issufficient to produce large shift in space between the pointswhere the voltage and current achieve
their maximum values.
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terms of the mechanical power devel oped theinput to the rotor when the motor yieldsfull-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-phaseinduction motor, running on full-load, develops auseful torque of 162 N-m
and itisobserved that the rotor electromotive force makes 90 complete cycles per min. Calculate the
shaft output. |f 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 lossestotal 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-phaseinduction motor devel opsapower of 22.38kW, including mechanical losseswhich
total 1.492 kW at a speed of 950 rpm on 550-V, 50-Hz mains. The power factor is0.88. Calculate
for this load (&) the dlip (b) the rotor copper loss (c) the total input if the stator |osses are 2000 W
(d) the efficiency (€) the line current (f) the number of complete cycles of the rotor electromotive
force per minute. [(a) 0.05 (b) 1175 (c) 25.6 kW (d) 82% (€) 30.4 A (f) 150]
A 3-phaseinduction motor has a4-pole, star-connected stator winding. The motor runs on a 50-Hz
supply with 200 V between lines. Therotor resistance and standstill reactance per phase are 0.1 Q
and 0.9 Q respectively. Theratio of rotor to stator turnsis0.67. Calculate (a) total torque at 4% dlip
(b) total mechanical power at 4% dlip (c) 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 (€) 8.952 k\W.]
A 3-phaseinduction motor has a4-pole, star-connected, stator winding and runs on a220-V, 50-Hz
supply. The rotor resistance is 0.1 Q and reactance 0.9. The ratio of stator to rotor turnsis 1.75.
Thefull load dlipis5%. Calculatefor thisload (a) thetotal torque (b) the shaft output. Find also (c)
the maximum torque (d) the speed at maximum torque.
[ (&) 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 hasaslip-ring rotor of resistance
0.016 Q and standstill reactance 0.265 Q per phase. Full-load torque is obtained at a speed of
247 rpm.
Calculate (a) the ratio of maximum to full-load torque (b) the speed at maximum torque. Neglect
stator impedance. [(a) 2.61 (b) 235rpm ]
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, thefull-load slipis3%. Estimatethe 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 a3-phase, 50-Hz induction motor is60 kW. Thetota stator lossis1000W. Find
the total mechanical power developed and rotor copper loss if it is observed that the rotor em.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 phaseinduction motor has an efficiency of 0.85whenitsoutputis44.76 kW. At this
|oad both the stator copper loss and the rotor copper lossare equal to the corelosses. The mechanical
|osses are one-fourth of the no-load loss. Calculate the slip.
[4.94%] (AMIE Sec. B Elect. Machines (E-3) Winter 1991)
Aninduction motor isrunning at 20% slip, the output is 36.775 kW and thetotal mechanical lossesare
1500 W. Estimate Cu lossesin therotor circuit. If the stator losses are 3 kW, estimate efficiency of
the motor. [9,569 W, 72.35%] (Electrical Engineering-I1, 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 is0.86, frictional and windage lossestotal 1.492 kW, stator losses amount to 1.5 kW. Deter-
mine (i) line current (ii) the rotor Cu loss for thisload.
[(i) 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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onload with adlip of 4 per cent and taking acurrent of 50 A at apower 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
winding (delta-connected) is0.5 Q.

[85.8 per cent; 34.2 h.p. (25.51 kW)] (Electrical Engineering-11, 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 em.f. makes 90 complete cycles per minute. Calculate (a) the slip (b) rotor
speed (c) rotor Cu loss per phase (¢) the mechanical power devel oped and (€) therotor resistance per
phase if rotor current is 60 A. [ (8 0.03 (b) 970 r.p.m. (c) 600 W (d) 58.2 kW (e) 0.167 Q]
An induction motor is running at 50% of the synchronous speed with a useful output of 41.03 kW
and the mechanical lossestotal 1.492 kW. Estimate the Cu lossin therotor 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-11, 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
torque at starting ? [(a) 800 rpm (b) 0.242 Q or 0.018 Q]

34.47.

Induction Motor as a Generalized Transformer

Thetransfer of energy from stator to therotor of aninduction motor takes placeentirely inductively,
with the help of aflux mutually linking thetwo. Hence, aninduction motor isessentially atransformer
with stator forming the primary and rotor
forming (the short-circuited) rotating

secondary (Fig. 34.45). The vector R, X, /

diagramissimilar tothat of atransformer T—fﬁm—\NW >
(Art. 32.15).

Inthevector diagram of Fig. 34.46, "1 E, g1,
V, istheapplied voltage per stator phase, i
R, and X, are stator resistance and Primary d;o o
|eakage reactance per phaserespectively,
shown externd tothestator windinginFig.
34.45. Theapplied voltage V, produces
amagnetic flux which links both primary and secondary thereby
producing acounter em.f of self-induction E, inprimary (i.e. stator)
andamutually-inducedem.f. E, (= sE,)) insecondary (i.e. rotor).
Thereisno secondary terminal voltage V, in secondary because
wholeof theinduced em.f. E, isused upin circulating the rotor
current astherotor isclosed uponitself (whichisequivaenttoits
being short-circuited).
Obvioudy V, = E;+1|R +j 1%
Themagnitudeof E, dependson voltagetransformationrétio
K between stator and rotor and thedip. Asitiswholly absorbedin
therotor impedance.

O

Inthevector diagram, |, istheno-load primary current. It has
two components (i) theworking or iron loss components|,, which
suppliestheno-load motor lossesand (ii) the magnetising compo-
nent |, which setsup magnetic flux inthe coreand theair-gap.

Stator

Air Gap Secondary

Fig. 34.45

E, = 1,Z,=1, (R + jsX)

Fig. 34.46
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Obvioudy I,= I(l 2l Llz) |,Fig. 34.45,1 ,and |, areteken careof by an exciting circuit containing
Ry=Ey/l,and X, = E /I respectively.

It should be noted here, in passing that in the usual two-winding transformer, | jisquitesmall (about 1
% of thefull-load current). Thereasonisthat themagnetic flux path liesamost completely inthesteel core
of low reluctance, hencel, issmall, withtheresult that | jissmall But inaninduction motor, the presence of
anair-gap (of high reluctance) necessitatesalargel " hencel,isvery large (approximately 40 to 50% of the
full-load current).

Inthevector diagram, |, isthe equivalent load current in primary and isequal to Kl.,. Total primary
current isthevector sumof Iyand|,'.

Atthisplace, afew wordsmay besaid tojustify the representation of the stator and rotor quantitieson
thesamevector diagram, even though the frequency of rotor current and em.f. isonly afraction of that of
thestator. Wewill now show that even though thefrequencies of stator and rotor currentsare different, yet
magnetic fieldsdueto them are synchronouswith each other, when seen by an observer stationed in space—
bothfieldsrotate at synchronous speed N (Art. 34.11).

The current flowing in the short-circuited rotor producesamagnetic field, which revolvesround the
rotor inthe same direction asthe stator field. The speed of rotation of therotor fieldis

_ 12(|)3fr :12(;51‘ N, :NSXNS N
Rotor speed N = (1-9 N,
Hence, speed of therotating field of therotor with respect to the stationary stator or spaceis
= sNg+ N=(Ng—N) + N=N,

= (Ns_ N)

S

34.48. Rotor Output

Primary current |, consistsof two parts, I;and |, Itisthelatter whichistransferred to therotor,
because | is used in meeting the Cu and iron losses in the stator itself. Out of the applied primary
voltage V,;, someis absorbed in the primary itself (= 1,Z,) and the remaining E, is transferred to the
rotor. If the angle between E, and 1) is @, then

Rotorinput/phase = E,l, cos@; Total rotorinput = 3E,1,’ cos@

Thedectrical input to therotor whichiswastedintheformof heat is

= 3l,E cosq (or=3|22R2)
Now I, = Kl, or I, =1,/K
E, = sE or E, =KE,;
O E, = sKE;
0 electricd input wasted ashest
= 3x(l,'/K) xsKE; xcos@=3E,l',cos ¢ xs=rotor input x s

Now, rotor output = rotor input —losses= 3E, |’ cosp—3El,' cos@px s
=(1-93El, cosp = (1—9) xrotorinput
rotor output

O ————— = 1-s [ rotorCuloss =sx rotorinput
rotor input

engy = 1-g= N - actual speed
rotor efficiency = 1-s= Ng ~ synchronous speed

Inthe sameway, other relation similar to those derived in Art. 34.37 can befound.

34.49. Equivalent Circuit of the Rotor
When motor isloaded, therotor current |, isgiven by
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E E,

|2 =S 2 =
VI + () J(Ro/s) + x5
Fromtheabovere ation it appearsthat therotor circuit which actually consistsof afixed resistanceR,
and a variable reactance sX, (proportional to slip) connected across E, = sk, [Fig. 34.47 (a)] can be
looked upon asequivaent to arotor circuit having afixed reactance X, connected in serieswith avariable
resistance R,/s (inversely proportional to slip) and supplied with constant voltage
E,, asshowninFig. 34.47 (b).

R X.
2 2 R, X,
R
—»S sX, % 28 T 1
= = R — _1
Siz Er E2 S E2 RL Z(S )
v ! |
O
(@) (b)
Fig. 34.47 Fig. 34.48

Now, the resistance % =R, +R, (% —1) . It consists of two parts:
(i) thefirst part R, isthe rotor resistance itself and represents the rotor Cu loss.
(ii) the second part is Rz(é - 1)

Thisisknown astheload resistance R and isthe electrical equivalent of the mechanical load on
the motor. In other words, the mechanical 1oad on an induction motor can be represented by a non-

inductiveresistance of thevalueR, (% - 1) . Theequivaent rotor circuit along with theload resistance
R _may bedrawn asinFig. 34.48.

34.50. Equivalent Circuit of an Induction Motor

As in the case of atransformer (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 K2 whereas current
should be multiplied by K. The equivalent circuit of an induction motor where all values have been
referred to primary i.e. stator isshownin Fig. 34.49.

()
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. Thisis
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known as the approximate equivalent circuit of the induction motor.
If transformation ratio isassumed unity i.e. E,/E, = 1, thentheequivalent circuitisasshown
inFig. 34.51 instead of that in Fig. 34.49.

I, Ry=R+R', Xp=X\+X',

’ RL
e
_ %
TG
Fig. 34.50 Fig. 34.51

34.51. Power Balance Equations

With reference to Fig. 34.49 (a), following power relations in an induction motor can be
deduced:

Input power = 3V, |, cos @; stator coreloss= Im2 R, stator Culoss=3 I12 R,

Power transferredtorotor = 31,'°R,'/s; Rotor Culoss=31,*R,’

Mechanical power developed by rotor (P,,) or gross power developed by rotor (P)
= rotor input — rotor Cu losses

= 31,°R,/s-31,°R,'=31,° R, gﬁﬁ Wait
S

If Ty is the gross torque* developed by the rotor, then
N _,, 25, H—S
;<o = Tyxen g =31°R B
3|2,2 R, @lﬁﬁ
O T =_ " U0S UNm

g 2N /60

_|
x

€

I

Now, N = Ng(1-s). Hence grosstorque becomes
31,° Ry /s 31,°Ry /s
= =2 2 “N-m=955x—"2 2" " N-m
Ts = 2nN,/60 .

Since grosstorquein synchronous watts isequal to the power transferred to the rotor acrossthe
ar-gap.

O T, = 31,°R,/ssynch. watt.
Itisseenfrom the approximate circuit of Fig. 34.50 that
I ! - Vl
2 (R+R 19+ j (X, +X,)
2 [
T 3 Vi R N -m

= X X £
9 2nN,/60 (R +R,//9°+ (X, +X,)° S

*  Itisdifferent from shaft torque, whichislessthan Tq by the torque required to meet windage and frictional
|osses.
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34.52. Maximum Power Output
Fig. 34.52 shows the approximate equivalent circuit of an induction motor with the

simplificationthat :
(i) excitingcircuitisomittedi.e. | ,isneglected and
(i) Kisassumedunity.
Asseen, gross power output for 3-phaseinduction motor is

P, = 3I/R
V, 3v?
Now, h = 12 a Pg: Vlrj_ 2
\/%R)l‘*RL) +X§1% (R01+RL) + Xo1
The condition for maximum power output can befound by differentiating the above equation and by
equating thefirst derivativeto zero. If itisdone, it will
befound that Ry =R\+R, X‘Z;;X1+X2
2 2 2 2 &g W
RL :R01+X012201 T I =1,
where Z,, = leakageimpedanceof v
themotor asreferred to primary !
D R_ :.201 . l _ _ RL=R2(%—1)
Hence, the power output is maximum when the ° D g
equivalent load resistance is equal to the stand- _
still leakage impedance of the motor. Fig. 34.52
34.53. Corresponding Slip
Now R =R,[(1/s)-1] 0 Zy=R =R, [(U9)-1]ors= R
R, +Zy

Thisisthedlip corresponding to maximum gross power output. Thevlaue of Pmax isobtained by

substituting R_by Z,,, intheabove equation.
2 2 2
0 = _ M Zy - i Zy - 3V
- 2 2 2 2
gmex (R01 + 201) + X§1 Rou+ Zoy + 2Ry Zog + Xy 2 (Ror + Z)

It should be noted that V, isvoltage/phase of the motor and K has been taken as unity.

Example 34.54. The maximumtorque of a 3-phaseinduction motor occursat aslip of 12%. The
motor has an equivalent secondary resistance of 0.08 Q/phase. Calculate the equivalent load resis-
tanceR , the equivalent load voltage V, and the current at thisslip if the gross power output is 9,000

watts.
Solution. R =R, (1/s)-1] =0.08[ (1/0.12) — 1] =0.587 Q /phase.
Asshownintheequivaent circuit of therotor in Fig. 34.53, Visafictitiousvoltage drop equivaent to
that consumed in theload connected to the secondary i.e. rotor. The
_ R,= 0080 X,
valueof V=1,R
Now, gross power P, = 3| 2 R =3VIR, L T
v = J(RyxR/3 E, RLZRZ(l—) 4
S
= /(0.587x9000/3) =42V l r’ l

Equivdentloadcurrent = V/R =42/0.587 = 71.6A
Fig. 34.53
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Example34.55. A3-phase, star-connected 400 V, 50-Hz, 4-poleinduction motor hasthefollowing
per phase parametersin ohms, referred to the stators.

R, = 015 X,=045 R, =0.12, X,’= 045, X ,= 285
Compute the stator current and power factor when the motor is operated at rated voltage and

frequency with s= 0.04. (Elect. Machines, A.M.I.E. Sec. B, 1990)
Solution. Theequivalent circuit with all valuesreferred to stator isshownin Fig. 34.54.
! - 1 1
R=R (i
R=015Q R,/=0.12Q
= 0.12(&— ) =2880Q f o X.=
. X= . 28.5Q
L v V. 0s X,'=0.45 Q
27 (RytR+j Xy ;
~ 400/+/3 < <
~ (0.15+0.12 +2.88) + j(0.45 +0.45) Fig. 34.54
=67.78 -] 19.36

| = 4003_ 400 _
0 Xm  +f3xj285
Stator current, I, = ly+1,=67.78-)19.36-j81=73130-22°
pf. = cos@=cos22°=0.927 (lag)
Example 34.56. A 220-V, 3-¢, 4-pole, 50-Hz, Y-connected induction motor is rated 3.73 KW.
The equivalent circuit parametersare:
R =0450Q,X,=08Q;R,’=04Q,X,=08Q, B,=—-1/30mho
The stator corelossis50 Wand rotational lossis 150 W. For a slip of 0.04, find (i) input current
(it) p.f. (iii) air-gap power (iv) mechanical power (v) electro-magnetic torque (Vi) output power and
(vii) efficiency.

8.1

Solution. The exact equivalent circuit isshownin Fig. 34.55. Since R, (or G) is negligiblein
determining |, wewill consider B, (or X;) only
XGRS T9+j X, _j30(10+j08) . _ .
Zyg = R 19+ ] (%, + X,) =10+ 308 =858+)356=9.291225

Zy, = Z,+Z,5=(045+j0.8) +(858+]356)=9.03+]4.36=1001 25.8°

220
Vy, = S22 00°=12700°
SNE

() O 1, =V,/Z,=12700°/10025.8°

127 O 258° A
(i) pf. = cos25.8°=0.9

(iii) air-gap power, P, =31, (R,'/s) = 3I,°R,q
3x12.7°x 858 =4152 W

(ivy P,= (1-9)P,=0096x4152=3,986 W _
(V) Electromagnetictorque (i.e. grosstorque) Fg. 34.55
— Pm — Pm
Ty = 2TlN/60_9'55 N N—m

Now, N 1500 r.p.m., N = 1500 (1 —0.04) = 1440 r.p.m.

S
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Tg = 9.55 x 3986/1440 = 26.4 N-m
P, 4152
orT, = 9552 =9, =26.4N-m
(OrTy = 9557 =955 {00
(vi) output power = 3986 — 150 = 3836 W
(vii) stator coreloss = 50 W; stator Culoss=31,°R, = 3x 12.7°x 0.45= 218 W

Rotor Culoss=3 I2’2 R, =sP,=0.04 x 4152 = 166 W, Rotational losses=150 W

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

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

R, =01QX,=04Q,R,'=0150Q,X,'=044Q

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. (i) electromagnetic torque developed in N-m (iii) output and (iv) efficiency of the
motor. (Elect. Machines-11, Nagpur Univ. 1992)

Solution. Theequivalent circuit of the motor isshownin Fig. 34.49 (a). Applied voltage per phase=
440/J3 =254 V.
. A _ 254000
- (R+R//9+ (X, +X,) (0.1+0.15/0.03 + j (0.4 +0.44)
_ 25400 _ 2541°0
51+j084 517093

For al practical purposes, no-load motor current may be taken as equal to magnetising current | ;.
Hence, |,=20 - 84.9°=1.78—-j 19.9.

1

=491 93°=484-j79

0] I, = 1+, =(484-j79 +(1.78-j19.9)=50.2-j27.8=5740 29°
O pf. = cos29°=0.875 (lag).
(i) P, = 3I2’2(R2’/s):3><49.12><(0.15/0.03):36,16OW
N, = 1500r.p.m.
O T, = 9.55x36,160/1500=230N-m

g

(iii) P, = (1-9P,=097x36,160=35075W
Output power 35,075-1000=34,075W
Obviously, motor is delivering less than its rated output at this slip.
(iv) Let ustota up the losses.
Coreloss = 1250W, stator Culoss=31 /R, =3x57.4°x 0.1 =988 W
Rotor Culoss=3 I2’2 R, =sP,=0.03x36,160=1085W
rotationd i.e. friction and windagelosses = 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
O n = 1-(4323/38,275)=0.887 or 88.7%

Example 34.58. A 400V, 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 dlip at which it occurs. (Elect. Engg.-11, Bombay Univ. 1987)
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Solution. Theequivalent circuitisshowninFig. 34.56.
Ry = Ri+R,/=0.06+0.06 = 012Q
Xop = X +X,/,=02+022=042Q

0 Zy, = 4(012° +0.42%) =0440Q

AsshowninArt. 34.53, dip corresponding to maxi-

Ry;=(0.06 + 0.06) X,,=(0.2 +0.22)

mum gross power output isgiven by - R
. R __ 006 '
R, +Z, 0.06+0.44 Vi "
P o ’
= 0.120r 12% l Ry =R(5~1)
Voltagelphase, v, = 400/+/3V >
3v? 2 Fig. 34.56

P 1 _ 3(400/3) = 142,900 W.

9ma 2 (R, + Zy,) 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 (€) gross
torque () input (g) gross efficiency by using approximate equivalent circuit. Assume a dip of 2% .

Solution. Theequivaent circuitisshowninFig. 34.57R'=R, [ (1/s) — 1]
1 —_ —_
= 0.88 (W 1) =3.92Q/ phase

Theimpedanceto theright of terminalscand dis

Zyg = Ryt R/ +i X a b g RacReR, Yammds
= (0.07+0.08) +3.92+j 0.6 / ry
= 407+ 0.6 Y-
= 4.1108.4° Q/phase GO{ B, ®
V = 115/4/3 =665V —
(@) Secondary current!,’ =1, l y )
__665  _i16170 jeas pY 4 2
411084 d
=16-j236A Fig. 34.57
Theexciting current | ;= V (G, —j By) =66.5(0.022-) 0.158) = 1.46—j 10.5A
(b) l, = lg+1)=1,+1,=(146—] 10.5) + (16— 2.36)
= 1746-j1286=21.71 36.5°
(© Primarypf. = cos36.5° =0.804
(d) P, = 31,°R'=3x1617°x392=3075W
(e) Synchronousspeed N, = 120x60/6 =1,200r.p.m.
Actual rotorspeed N = (1-95) N;=(1-0.02) x 1200 = 1,176 r.p.m.
R 3075
a Tg = 9.55.Wm—9.55xﬁ =2497N-m
) Primary power input = +/3V, 1, cos @ =+/3 x 115x 21.7 x 0.804 =3,450 W

(9) Grossefficiency = 3,075 x 100/3,450 = 89.5 %
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Alter native Solution
Instead of using the equivalent circuit of Fig. 34.57, we could usethat shownin Fig. 34.49whichis
reproducedin Fig. 34.58.
) Vi L ¢ & XXy
@ 12 = ReRTI+] 4+ %)
66500
(0.07 +0.08/0.02) +j (0.3+0.3
_ 66.5
T 407+ 06
=16-j236=16.17 84°
(b 1, =1,+1,=2170 36.5° ..ashefore
(c) primary p.f.=0.804 ...asbefore

2, dl=sO
(d) grosspower developed, Py = 31,% R, 05 o

Fig. 34.58

2 [l]- - OOZD
= 3x16.17° x 0.08 WB =3075W
Therest of the solution isthe same asabove.

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:

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

Find (i) maximumtorque developed (ii) slip at maximumtorque and (iii) p.f. at a slip of 5%. Use
approximate equivalent circuit. (Elect. Machinery-111, Bangalore Univ. 1987)

Solution. (ii) Gap power transferred and hencethe mechanical torque devel oped by rotor would be
maximum when thereismaximum transfer of power totheresistor R,'/sshownin the approximate equiva:

lent circuit of themotor inFig. 34.59. 1t will happenwhen R,'/sequal stheimpedancelooking back into the
supply source. Hence,

231V =
l Il 1’2
< i -
(b
Fig. 34.59
RZ' 2 2
2 = JRP+ (X + %]
or Sy = i =06 = 0.29 or 29%

JRE+(X, +X0)7 (042 +22
(i) Maximum value of grosstorque devel oped by rotor

l2 T
T — Pgmax _3|2 RZ/Sm N —

9mx = PrN_/60 2mN,/60
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Now, L, = A = 400/+/3
JRAR)Z+ (X +X,)?  J0.4+067 +(1+27
0 T - 3x1033x1/0.29
g-mex 21 x1500/ 60

(iii) Theequivaent circuit for onephasefor adip of 0.05isshowninFig. 32.59 (b).

|,) = 231/[(20+0.4)+j2]=11.2-j 11

l, = 231/(10+j50)=0.89-j 4.4
lo+1,,=1209—-j55=13.28F 24.4° p.f.=cos24.4°=0.91 (lag)

=103.3A

=351N-m ... assuming Ng= 1500 r.pm.

ly

Tutorial Problem No. 34.4.

1. A 3-phase, 115-volt induction motor has the following constants : R, = 0.07 Q ; R,’ =0.08 Q, X, =
0.4Qand X, = 0.2Q. All thevaluesarefor 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]

2. A 3-phase, 400-V, Y-connected induction motor has an equivalent T-circuit consisting of
R, =1Q, X, =2Q, equivalent rotor valuesare R,’ = 1.2 Q, X, = 1.5 Q. The exciting branch has an
impedance of (4 +j 40) Q. If slipis5% find (i) current (ii) efficiency (iii) power factor (iv) output.
Assume friction loss to be 250 W. [ (i) 10.8 A (ii) 81% (iii) 0.82 (iv) 5 kW]

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

(i)Noload test: Applied linevoltage 440V, linecurrent 24 A, wattmeter reading 5150 and 3350 watts.
(i)Blocked rotor test: applied linevoltage 33.6 volt, line current 65 A, wattmeter reading 2150 and 766
watts.
Calculate the parameters of the equivalent circuit.

[Rajiv Gandhi Technical University, Bhopal, 2000]
[ (i) Shunt branch : R,=107.6 ohms, X, = 10.60 ohms (ii) Seriesbranch : r =0.23 ohm, x = 0.19
ohm ]

OBJECTIVE TESTS - 34

1. Regarding skewing of motor barsin asquirrel- 4. Theeffect of increasing the length of air-gap in
cage induction motor, (SCIM) which statement an induction motor will be to increase the

isfase? (a) power factor

(a) itpreventscogging

(b) it increases starting torque

(c) it produces more uniform torque

(d) itreducesmotor ‘hum’ during itsoperation.

. The principle of operation of a 3-phase. Induc-
tion motor is most similar to that of a

(@) synchronous motor

(b) repulsion-start induction motor

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

. Themagnetising current drawn by transformers
and induction motors is the cause of their

......... power factor.
(@) zero (b) unity
(c) legging (d) leading.

(b) speed
(c) magnetising current
(d) ar-gapflux.
(Power App-11, Delhi Univ. Jan. 1987)

. Ina3-phaseinduction motor, the relative speed

of stator flux with respect to .......... is zero.
(a) stator winding  (b) rotor
(c) rotor flux (d) space.

. An eight-pole wound rotor induction motor op-

erating on 60 Hz supply isdriven at 1800 r.p.m.
by a prime mover in the opposite direction of
revolving magneticfield. Thefreguency of rotor
current is
(@) 60Hz
(c) 180Hz

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

12.

13.

14.

15.

Electrical Technology

(Elect. Machines, A.M .| .E. 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 (d) o.

Ina3-@induction motor, therotor field rotates at
synchronous speed with respect to

(a) stator (b) rotor

(c) stator flux (d) none of the above.
Irrespective of the supply frequency, the torque
developedby aSCIM is the same whenever
........ is the same.

(@) supplyvoltage  (b) externd 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 isspaceis

(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 phaseis

(a) 3 (b) 6

(c) 2 (d) 12

The power factor of a squirrel-cage induction
motor is

(a) low atlight loadsonly

(b) low at heavy loadsonly

(c) low at light and heavy loads both

(d) low at rated load only.

(Elect. Machines, A.M.1.E. Sec.B, 1993)
Which of thefollowing rotor quantity inaSCIM
doesNOT depend onitsslip ?

(a) reactance (b) speed

(c) induced emf (d) frequency.

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

(a) 100 (b) 10

(c) 95 (d) 5.3

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

16.

17.

18.

19.

20.

21.

22.

23.

(@ (-9 (b) s

() N (d) Ny

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

(a) 475 (b) 500

(c) 975 (d) 12000

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

(c) 9 (d) 8

Pull-out torque of aSCIM  occurs at that value
of dip where rotor power factor equals

(a) unity (b) 0.707
(c) 0.866 (d 05
Fill intheblanks.

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

(i) dip ......

(iii) rotor induced emf .....

(iv) rotor current ......

(v) rotor torque ......

(vi) rotor continuesto rotate at that value of slip
at which developed torqueequals...... torque.

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

(@ 12 (b) 14
© W2 @) 32
If maximum torque of an induction motor is200

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

(a) 100 (b) 160

(c) 50 (d) 40

The fractional slip of an induction motor is the
ratio

(@) rotor Cu losg/rotor input

(b) stator Cu loss/stator input

(c) rotor Cu loss/rotor output

(d) rotor Cu losg/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 stator impedance

(¢) synchronous speed, rotor speed and
frequency



(d) rotor emf, rotor current and rotor p.f.
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(c) itstorqueexactly equalsthemechanica load

Induction Motor

24. If the stator voltage and frequency of an induc- (d) stator flux remains constant
tion motor are reduced proportionately, its 27. The synchronous speed of a linear induction
(a) locked rotor current isreduced motor does NOT depend on
(b) torque developedisincreased (a) width of pole pitch
(c) magnetising current isdecreased (b) number of poles
(d) both (a) and (b) (c) supply frequency
25. Theefficiency and p.f. of a SCIM increasesin (d) any of the above
proportion to its 28. Thrust developed by a linear induction mator
(a) speed (b) mechanical load depends on
(c) voltage (d) rotor torque (&) synchronous speed
26. A SCIM runsat constant speed only so long as (b) rotor input
(a) torque developed by it remains constant (c) number of poles
(b) its supply voltage remains constant (d) both (a) and (b)

ANSWERS
1.b2c3cdcb5c6.c7.c8a9.d 10 (i) 1500 (ii) 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 (iii) increases (iv) increases
(V) increases (vi) applied 20.b 21.b 22.a 23.d 24.d25.b 26.¢c 27.b 28.d
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