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Introduction

Induction Motor: The motor which runs at a speed less than synchronous speed, due to slip which i1s
the difference in the stator field and rotor field

Induction motors, particularly squirrel cage IM, have many advantages when compared to DC
motors. They are,

* Ruggedness

* Lower maintenance requirements
* Better reliability

* Low cost, less weight and volume
*  Higher efficiency

* Also induction motors are able to operate in dirty and explosive environments.
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Three Phase Induction Motors are of
two types:

1. Squirrel-case IM-In squirrel-cage,
the rotor consists of longitudinal
conductor-bars shorted by circular
connectors at the two ends

2. Wound-rotor IM- In wound-rotor
motor, the rotor also has a balanced
three-phase distributed winding
having same poles as stator winding

« However, in both, stator carries a
three-phase  balanced  distributed
winding..

Three Phase Induction Motor

HIGH STARTING TORQUE

SLIP RING ROTOR

Department of EEE
Emnitting Elite Energy

2D OF 4 3

~(0) & Ry .

B cPuce| Il ' F /
~ o

SQUIRREL CAGE ROTOR




ﬁeg-[f':/'eeEg Analysis & Performance of Three Phase

Induction Motors

B -cRuce] lﬁﬂ :
P coo | !

I R X, 2 X Rils X, X! Rls
bds -G "ﬁ"ﬁ‘* AMN—

- https://www.youtube.co
& m/watch?v=IPcoVFwbfc
k&t=7s

Fig. 1 Per-phase stator referred equivalent circuits of an mductmn motor

* Per-phase equivalent circuit of a Three Phase Induction Motors 1s shown in Fig(a), simplified equivalent
circuit 1s shown in Fig(b).
* R’ and X' - stator referred values of rotor resistance R, and rotor reactance X,.

» Slip 1s defined by

g = —S ( 1) where w,, and ®,,, are rotor and synchronous speeds, respectively

W ins = P rad/sec ( 2) where f and p are supply frequency and number of poles, respectively.
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(0 s — €0 4
§ = mm = (1) ms = rad/zec
TS
A Torque developed by motor
From Eq(1) Wy = W1 = 5) (3) Yy
T=P,Jw, (8)
Rotor current referred to I} = 4
r R’ . < . :
stator side (Rs + sr ) + (X, + X?) (4) Substitute for Pm and wm
¥
T =3 172 L (9)
Power transferred to rotor (or air-gap power) U s §
L 2 D7
Sy Rl (5) Substitute for Ir’
Rotor copper loss is : .
— 27’2 g 6 V2R;
P = 312R; (6) T= 2 e (10)
Electrical power converted into mechanical power (R. + —si) + (X, + X!)?
Pm=P‘-pm=3l:2Rf'(l_:_s.) (7)
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Comparing eq. 5 and eq.9

IF=Ploy | (1)

Differentiating T in eq.10, with respect to s and equating to zero gives the slip for maximum torque

g R, +ve: Working as IM
N R? :EXS + X!)? (12) -ve: Working as IG
Substitute above Sm in Torque eq.10 to get Tmax X 5
4
mx = = = 13
2w|m. R} + ‘JRE + (X; T X:;lz ( )

Maximum torque is also known as breakdown torque. While it 1s independent of rotor Wy 4
resistance, S 1s directly proportional to rotor resistance. = 4
The natures of speed-torque and speed-rotor current characteristics are shown in Fig.2.
* Both rotor-current and torque are zero at synchronous speed.

» With decrease in speed, both increase.

. . : 0 >

* While torque reduces after reaching breakdown value, the rotor-current continues to T, 1,

increase, reaching a maximum value at zero speed. Fig. 2 Speed torque and speed rotor current
characteristics of an induction motor
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* Dividing Eq. (10) by (13) and then substituting from (12) yields

- 2(1 -+ H:f, sm]
r
= 14
Tmu}c 5 + SJL iy fR‘s 3 [ }
Fm ¥ R;r ¥m

* For slips much smaller than s_, second term of the denominator dominates.

» Therefore, speed-torque relation from 0 to rated torque is approximately represented by a straight line.

* For slips much larger than s_, first term of the denominator dominates and speed-torque relation takes a
hyperbolic shape in this region.

* In the whole region of motor operation, term (R /R’ is small compared to 1 and dominating term in the

denominator. Therefore, it can be dropped from Eq. (14). Thus

= ( 13)
+
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A general purpose induction motor is designed to operate at low slip at full load in order to have good running
performance.

Depending on the rating, full load slip varies from 2 to 7%. Such a motor has high starting current (5-8 times) and low
starting torque (full load torque to twice Bill load torque).

High Slip Induction Motors operate at a large slip (between 10 and 40% at full load) they are called high slip motors.
High slip motors are also suitable for fan drives where speed is controlled by stator voltage control and are found among
both—squirrel-cage and wound rotor

In squirrel-case induction motors, good starting performance (low starting current and high starting torque) is realized
without appreciably affecting full load performance by the use of deep-bar rotor or double-cage rotor motors.

Rotor frequency changes from 50 Hz to 1-3 Hz as the speed changes from standstill to full load: Variation of rotor frequency is

utilized in these motors to vary rotor resistance from a large value at standstill to a very small value at full speed.

&]I'II -~

Thus, while starting and low speed

General purpose
performance 1s improved, full load ] Rotor bar Lop s , )

High slip

. . Bottom bar
performance is not appreciably effected Leakage e Deep bar
flux EAEREE Double cage
(a) Deep-rotor bar {b} Double-cage rotor {c) Speed torgque curves

Fig. 3 [I[nduciion motors of special designs
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* Supply voltage may sometimes become unbalanced. Further, motor terminal voltage may be unbalanced

ity 2
* A three-phase Unbalanced Source Voltages: (V,, V, and V) can be resolved into set of VF‘ Y (Vo + aVp + 27V)

three-phase balanced positive sequence (V,)), negative sequence (V) and zero sequence V, = % (V. + atV, + aV.)

(V,) voltages, using symmetrical component relations.

Vo =% (Vs + Vi + Vo)

* Motor performance can be calculated for positive and negative sequence voltages separately. Zero sequence line
voltage 1s zero due to absence of neutral connection (assumed).
* Positive sequence voltages produce an air-gap flux wave which rotates at synchronous speed in the forward

direction.

* For a forward rotor speed w,, slip s 1s given by

https://www.youtube.com/watch?v=3s-GVK8pyAY
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Fig. 1. Balanced Voltage

https://www.youtube.com/watch?v=V8m_nSOVRNY

Fig. 2. Unbalanced Voltage
: 3




* For positive sequence voltages, equivalent circuits are same, except that V is replaced
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by V,.

The positive sequence rotor current and torque are obtained by replacing V by V , in I, =

Egs. (4) and (10). Thus

Interaction between positive sequence air-gap flux wave and positive sequence

rotor currents produce positive sequence torque T,

Negative sequence voltages produce an air-gap flux wave which

rotates at synchronous speed in the reverse direction. The slip is

S

—_—
=

= mm5 = mm
_mms

Sa =(2-39)

VIR /s

’

P o 2
" (Rs+%) + (X, + X1)?

Negative sequence produce a flux

opp to positive seq

Equivalent circuits of Fig. 1 are applicable when s is replaced by (2 —s) or s, and V are replaced by V

Expressions for rotor current and torque

Va

L
Im =

R/ ; ;
[Rs * 5 ] + (X, + X))

VR /(2 = )

(Rs+

R{
(2 -+s)

2
—) + (X, + X{)?

o
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 Negative sequence torque T. 1s produced due to interaction between negative sequence flux wave and negative
n

sequence rotor currents
( 2B

* The rms rotor current and torque are given by
i': s {I:Fz 25 I:ﬂz}uz

T=T,+T,
3 Vo Ri /s V2R /2 - 5)
B N2 - > 58 ( 22)
Ons | (RS g N — —
s + + (X + X7) s T + (X + Xp)
s 25
Wg) 4
" ‘_‘:ms Positive
— séqucncce
: =
* Positive sequence, negative sequence and the resultant ! /‘
. } R
speed-torque characteristics are shown in Fig. 4(a) :‘e‘;iae‘;‘; ! /
I
1
i
4 F
T

0
(a) Unbalanced stator voltages

Fig. 4 Speed-torque curves of an induction motor with unbalance stator voltages
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Single phasing : )
Negative Vi
. , . _ sequence | / Positive

* Single phasing (when supply to any one phase fails) is the extreme case of ! /  sequence

unbalancing, when V,, = V,. At zero speed, s is also equal to s,, consequently starting - /

torque 1s zero. Speed-torque curves for single phasing are shown in Fig. 4(b) L 0 ¥

(b) Single phasing

* positive sequence torque Tp- 1s produced by interaction between positive sequence air-gap flux wave and positive
sequence rotor currents

* Negative sequence torque Tn- is produced due to interaction between negative sequence flux wave and negative sequence
rotor currents.

» Torques-are also produced due to interactions between positive sequence flux wave and negative sequence rotor currents,
and negative sequence flux wave and positive sequence rotor currents

* However, these torques are pulsating in nature with zero average values.

» The pulsating torques cause vibrations which reduce the life of motor and produce hum.

e Equations Ir’and T —indicates that while the torque is reduced, copper losses (and also core losses) are increased.

e Thus, the Unbalanced Source Voltages Operations reduces the motor torque capability and efficiency.

* when the unbalance in voltages is more than 5%- Motor is not allowed to run for a prolonged period, to prevent burning
of the motor

* For the same reason, motor is disconnected from the source whenever single phasing occurs, unless the single phasing is
always accompanied by a light load.



ATME

College of Engineering

Wy Positive ‘ @y
.. sequence
.

a

|
I
I
. / Negative i
izit;; ] 4 sequence | / Positive
j F
:l i / sequence
i ! /
i - L =
0 r D T
(a) Unbalanced stator voltages (b) Single phasing

Fig. 4 Speed-torque curves of an induction motor with unbalance stator voltages
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A 440V, 50 Hz, 6 pole, 950 rpm, Y-connected induction motor has following parameters referred to the stator: Rs = 0.50hm,
R’r = 0.40hm, Xs = X’r = 1.2ohm, Xm = 50ohm. Motor is driving a fan load, the torque of which is given by TL= 0.0123®.
Now one phase of the motor fails. Calculate motor speed and current. Will it be safe to allow the motor to run for a long
period? L & X r Xi R R, X, X' Rs

T https://www.youtube.com/watch?v=0bldZ9sSUBA

| l I https://www.youtube.com/watch?v=Q392SVHkvYk
(@) (b)

Fig. 1 Per-phase stator referred equivalent circuits of an induction motor

Forward field

<

X: ‘ 3 R! 0.4
: ') : V3 To X.=50 ¥
Ly R / 7 2—-5 &-5

Xm 2—~5 : —AM D
R. e R ¥ =12 X!=12
O—AN fOU\_ : RS=05 S r
|

Backward field
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Operation with Unbalanced Rotor Impedances
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* Unbalanced rotor impedance causes unbalance in rotor currents.

* The unbalanced rotor currents can be resolved into positive and negative sequence components.

* Positive sequence rotor currents produce driving torque similarly as of balanced rotor resistances.

* The negative sequence components produce a rotating field which moves with respect to rotor at a speed
(-Sw,,,) and 1n space at a speed of o (1- 2S)

* Interaction between positive and negative sequence components produces pulsating torques with zero
average values.

* These sequence components reduces the motor torque, but copper and core losses are increased there hv

reducing efficiency. Wy 4

M~~~ —_—
[ -.'_""-._‘
! '\\

. : : ! I

* When single phasing occurs in the rotor, peak value of steady-state H /Positive
. . I
voltage 1s excess of twice normal. \ / sequence

* If one phase of the stator also gets opened at the same time, so that the Negative |
voltages becomes higher. sequence !

0

Speed-torque curves with unbalanced rotor
resistance
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Analysis of Induction Motor Fed From Non-Sinusoidal Voltage Supply

Furndameetad
1* Hameni

* When fed from an Semiconductor Converters (inverter or

> >
Cycloconverter), the motor terminal voltage is non-sinusoidal but it \/ \/

has half-wave symmetry. ik

* A non-sinusoidal waveform can be resolved into fundamental and
harmonic components using Fourier analysis. Because of half-
wave symmetry only odd harmonics will be present.

 The Harmonic can be divided into positive sequence, negative
sequence and zero sequence

* The harmonics, which have the same phase sequence as that of
fundamental are called positive sequence harmonics.

* The Harmonic having phase sequence opposite to fundamental are
called negative sequence harmonics.

* The harmonics which have all three-phase voltages in phase are
called zero sequence harmonics.
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Furdamert ad

https://www.youtube.com/watch?v=V8m_nSOVRNY&t=33s
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* The fundamental phase voltage components
* Van =V, sin ot,
* Ven =V, sin (ot—4n/3) with the phase sequence ABC.

The corresponding 5th and 7th harmonic phase voltages are

VAN = VS sin Sow¢

. . Ps shift=0 The Sth harmonic has a phase
Van = Vs sin S(@t — 27/3) = Vs sin(Sw! - 47/3) Ps shift=240 sequence ACB, hence it is a
Von = Vs sin S(wt — 41/3) = Vs sin(Swt — 27/3) Ps=120 negative sequence harmonic

VAN = V7 sin 7 wt .
, : hift= 7th harmonic has the phase sequence
Vow= Vy sinT(at —2513) = Vo sin(lot - 25/3) Ps snITt=0 ABC, which is the same as that of

| Ps shift=120
Ve = Vy sin N@1 — 47/3) = V, sin(Tot - 47/3) >

fundamental. Hence it is a positive
Ps=240

sequence harmonic
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* A positive sequence harmonic ‘m’ will produce a rotating field, moves in the same direction as the fundamental

at a speed m times that of the fundamental field.

* Negative sequence harmonic ‘m’ will produce rotating field, moves in opposite direction to the fundamental at

m times its speed.

» Zero sequence components do not produce a rotating field.

 F

T_WWT I;rﬁ-ﬁ-‘ AN—

or fundamental component, the equivalent circuits
of Fig.1 will be applicable.

X, Rlts

Fig.

(a)

1 Per-phase stator referrcd equivalent circuits of an induction motor

« For any ‘m’™ harmonic, equivalent circuit is shown in Fig. 2
Each reactance has been increased by a factor ‘m’. Due to the
skin effect resistances will also be increased several times.

7 Rsm .I-';mxa jn:l‘: R;-r“ l"lnfm Im m{l’i +X:}
. AW T T AW T—m\—
Vi, mX,, Vy
a - |
(a) (b)

Fig. 2 Harmonic equivalent circuits of an induction motor
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+ Slip s for the mth harmonic is given by M s F @y Negative sign -harmonics produce forward rotating fields

S =
” M@

positive sign - produce backward rotating fields.

* Since s, 1s close to unity, resistance ((R’,/s.,)) has a small value. Simplified Eqt ckt is shown 1n Fig 2b.
* When fed from a semiconductor converter, it can be shown that the net torque produced by harmonics is close to zero.

* The motor torque can be evaluated from equivalent circuits of Fig. 2(b):

* When motor is delta-connected, tripplen
V2 R r’Is

- 3
s g
o — . L : .
( — _A_?{, ) + (X, + X2)2 harmonics will circulate in delta, but will

Vis the fundamental component of supply voltage not flow in the source.

e The source current therefore can be

— V
| = :
Fundamental component of rotor current: (Rs + Ii’ ) +J (X + X7) obtained by multiplying [, given by above
* The m,, harmonic current is calculated from Fig. 2(b) as vV Eq. by V3. The rms motor phase current
In = =5 will be obtained by
* When stator is star-connected tripplen harmonics 2. =1+ 32{ 72
m=5,5%...

(third harmonic and its multiples) will not flow. 2 =124 X P

The rms motor current I will then be
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(R & ¢ o=
Effects of Induction Motor Fed From Non-Sinusoidal Voltage Supply '

For a given motor torque and power, rms current flowing through the motor has a higher
value.

Due to skin effect, harmonic rotor resistance has higher value.

Harmonics increase the copper loss, core losses, thereby reducing efficiency. Hence motor has
to be derated.

Harmonics produces pulsating torques due to interaction between the rotating field produced
by one harmonic and rotor current of another harmonic. Harmonic 5, 7, 11 and 13 are major
contributors of torque pulsations.

When motor supply frequency is not very low, the frequency of torque pulsations 1s large
enough to be filtered out by motor inertia.

The torque pulsations do not have significant effect on motor speed, although they do increase
noise and reduce motor life due to vibrations.

However, when motor supply frequency is low, these torque pulsations cause pulsations in
speed.

The motor then does not move smoothly but have jerky motion.
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Starting of IM drives are required to have following features:

* Motor should develop enough starting torque to overcome friction, load torque and inertia
of motor-load system, and thus, complete the starting process within a prescribed time limit.

 Starting current magnitude should be such that it does not cause the overheating of the
machine and does not cause a dip in the source voltage beyond a permissible value.

* Usually, a motor draws 5 to 7 times rated current during starting.

* When load torque during starting and motor-load-inertia are not large, motor can always be
started direct on line.

* For small size motors voltage dip in the supply line is usually below acceptable level.

* When the motor 1s of large capacity and/or fed from a weak system, some starting
arrangement becomes necessary for reducing the starting current.
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* When either the load torque during starting is high or load inertia 1s large, the Starting of Induction
Motor Drives process takes long time.

* [If motor carries large current during starting, it will get damaged due to overheating. Therefore, motor
cannot be started direct on line.

* In these cases, those methods of starting which allow a decrease in starting current without a decrease
In starting torque are employed.

* In some applications an increase in starting torque accompanied by a decrease in starting current may
be required.

* In a squirrel-cage motor some measures for improvement of starting performance may be taken at
design stage, as in case of high slip, deep-bar and double cage squirrel-cage motors.

Types of Starters

Star-delta starter

Auto-transformer starter

Reactor starter

Saturable reactor starter

Part winding starter

AC voltage controller starter

Rotor resistance starter is used for starting of wound-rotor motor

A il A
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| StarDelta Starter: Starting of Induction Motor
In this method, an induction motor designed to operate normally with delta
connection 1s connected in star during starting.
This allows reduction in stator voltage and current by 1/3.
Since motor torque is proportional to the square of stator terminal voltage, starting
torque 1s reduced to one-third.
A circuit for star-delta starting 1s shown. Circuit breakers CBm and CBs are closed
to start the machine with star connection.
When steady-state speed 1s reached CBs 1s opened and CBr i1s closed to connect

machine in delta.

Stator
winding

[

CB, CB,
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2. Auto-transformer Starter:

* Reduced voltage for starting is obtained from an
auto-transformer.

* For a secondary to primary turns ratio of ar,
motor terminal voltage and stator current are
reduced by a;. This reduces the current drawn

from supply by a’.

I !
Sabios.  Siabice
CB, T
oo
——O 00—
—0
Stator Auto
winding transformer

{a) Open circuit transition

Fig.

T Auto-
transforme
Stator

"l.'-']'.r.ldi“g }—‘[‘—I EE!_‘;

Ty

{b) Closed circuif transition

Auto-transformer starting

 Since torque is proportional to the square of motor terminal voltage, it is also reduced by a?;. After the motor has

accelerated, it is connected to full supply voltage.

* An auto-transformer starter circuit, with open circuit transition is shown in Fig.(a). First, CB,, is closed followed by

CB,,. When motor has accelerated to full speed, CB,, is opened and CB_, closed. Now CBy, 1s opened to disconnect

auto-transformer from switch.
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3. Closed-circuit transition

A large current inrush is produced at the time of reconnection

when induced and supply voltages are out of phase. When the ®
current inrush is not acceptable, closed circuit transition is T f
employed. S 6*31 CB A 6 *;1 CB
.. . “m Q s1
A closed-circuit transition scheme for an auto-transformer _? i_ __? ?_
starter is shown
L 4
It employs three circuit breakers: CBsl, CBs2 and CBm. First '
CBs2 is closed to close the star point connection of the auto- T Auto-
transformer. CBsl is closed next. This completes low voltage transformer
connection of auto-transformer and the motor starts. Stator
» After steady-state speed is reached, circuit breaker CBs2 is winding ?_}_?i(fl CBy
opened. Motor now runs with the upper part of auto-transformer
phase windings in series with the stator. Windings simply (b) Closed circuit transition

function as series reactors. Now circuit breaker CBm 1is closed,
which bypasses series reactors and connects motor directly to
the supply.
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4. Reactor Starter

» Starting current can be reduced by connecting a three-
phase reactor in series with stator.
* When motor reaches full speed, the reactor is bypassed.

* Here, CB, 1s closed to start the machine.

« After full speed 1s reached, CB, is closed to short the

reactor. 5 -

%? Ordinary or

* [t 1s advantageous to connect reactor at the neutral end of saturable
reactor
stator winding. Fig. Reactor starting

e This minimizes its voltage rating and also maintains its
voltage and the voltage of breaker CBs at neutral potential

during normal motor operation
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5. Soft Start Using Saturable Reactor

* In some applications, starting torque must be controlled steplessly.

. $ (i,
* For example in textile machines, it must be varied smoothly, otherwise l 1
fibre threads will break during starting. Such a starting arrangement is 5 ?+ 1
termed Soft Start. Z A0
* Thyristor voltage controller scheme i1s now widely used for soft start.
* A number of existing drives also employ saturable reactor starter is a 0 o
three-phase saturable reactor is connected in series with the stator. (a) (®) .
Fig. Starting with a single variable impedance in the stator

» Saturable reactor has dc control winding.

* Reactance of saturable reactor can be varied steplessly by changing the control winding current.
* For starting, reactance is initially set at the highest value.

 Starting torque is close to zero.

* Reactance 1s now reduced smoothly by increasing the control winding current.

» This gives stepless variation of starting torque.

* Consequently, motor starts without any jerk and accelerates smoothly.
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6.Part Winding Starting

* Some squirrel-cage motors have two or more stator windings which are

connected in parallel during normal operation.
* During starting, only one winding is connected.
» This increase stator impedance and reduces starting current.

* Such a starting scheme is called Part Winding Starting.

* Its implementation for a machine with two stator windings is shown in Fig

* Machine starts with winding 1 when CB__ is closed.

» After full speed is reached, CB, is closed to connect winding 2.

Fig. Part winding starting
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* Wound-rotor motors are generally started by connecting t
external resistors in the rotor circuit (Fig. (a)).

* The highest value of resistance 1s chosen to limit current at zero
speed within the safe value.

* As the motor accelerates, sections in the external resistor are cut
out one-by-one by closing contacts.

» As the motor accelerates, sections in the external resistor are cut
out one-by-one by closing contacts C,, C, and C; so as to limit
the rotor current between specified maximum and minimum
values Fig b.

* Here, the starting torque and torque-to-current ratio are high.

It 1is, therefore, suitable for applications requiring fast
acceleration, frequent starts and stops, starting with heavy load,
and starting with high inertia load.

 While maximum torque is independent of rotor resistance
value, speed at which maximum torque is produced can be It win
controlled by changing the value of external resistors, External (2) (b)
resistors can therefore be varied to accelerate the machine at Fig. Rotor resistance starting
maximum torque.

Normal

running

A — LR X

— e s U — J—

h
.

"rr mak



Braking of Induction Motor

Following methods are employed for Braking of Induction Motor Drive:
1. Regenerative braking
2. Plugging or reverse voltage braking
3. Dynamic (or Rheostatic) braking further categorized as:
1.  AC dynamic braking
11.  Self-excited braking using capacitors
111.  DC dynamic braking

1v. Zero sequence braking

https://www.youtube.com/watch?v=WfxnUOGrKkQ
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B 1. Regenerative Braking:

The power input to an induction motor is given by £, = 3VI cos ¢

* For motoring operation: @, < 90° }
e If N > Ns, The rotor speed becomes greater than synchronous speed, relative speed
between the rotor conductors and air-gap rotating field reverses.
* This reverses the rotor induced emf, rotor current and component of stator current which  pegenerative "EJ"-“--...,___
balances the rotor ampere turns. hraki s,
P ReRINE Motoring 3
* Consequently, angle @, becomes greater than 90° and power flow reverses, /
giving regenerative braking. f.r"
* Equations (1)-(13) are applicable, except that slip is negative. o
}
* The nature of speed-torque characteristic is shown in Fig. !
—
* When fed from a source of fixed frequency, regenerative braking is possible only for 0 T

speeds greater than synchronous speed

 With a variable frequency source it can also be obtained for speeds below synchronous

speed. P
_ “ms It
* Main advantage of regenerative braking is that generated power is usefully employed. =T s ¢ D

* Main drawback being that when fed from a constant frequency source, it cannot be

employed below synchronous speed. : Ve —

nuﬂ_zw.n,, R;*JR;Z _':(Xs_t_x:)z

(13)
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2. Plugging or Reverse Voltage Braking

* When phase sequence of supply of the motor running at a speed 1s reversed, by interchanging connections of any two

phases of stator with respect to supply terminals, operation shifts from motoring to plugging as shown in below Fig..

* Plugging characteristics are actually extension of motoring characteristics for negative phase sequence from quadrant

A (,r_]:m a-}m“'
III to II. Plugging -&3‘“..’1_ Wrys |,
. . . -‘hh > r'l::..\‘
* Reversal of phase sequence reverses the direction of rotating field. 2 ! Mﬂmfmﬁv} AN
. . . r Ty Yy
— — @
* If the slip for plugging is denoted by s, the | ; _ m_“";} I @ @) VN -
ms i . 0 1 3 -
"’n.,};’ @) i Plugging
* Motor performance can be calculated from Eqgs. (4)-(10) when s 1is g
.f- \'

replaced by s, or (2 —5s). ‘
» Since at the instant of switchover to plugging, slip can be upto 2, the ~  ~7==-- s

rotor induced voltage can be twice of its value at zero speed. (a) 1 : Natural characteristic (a) Plugging in IV quadrant with

1 : : 2 : With external resistance in rotor large external Tesistance in rotor
* Consequently, motor current is large, although braking torque is low.
. . . . Fig. P1 i

A special case of plugging occurs when an induction motor connected to & AR

positive sequence voltages is driven by an active load in the reverse

direction (quadrant I'V). I} = T (4)
* Crane hoist is one such application where large rotor resistance is (R‘ o ) eIt %)

employed shown in fig.b
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3. Dynamic Braking of Induction Motor(or Rheostatic Braking)

a. AC Dynamic Braking
AC Dynamic Braking of Induction Motor is obtained when the Ao 0 0C A C A o-dBGC
Y Yie

motor 1s run on a single phase supply by disconnecting one

phase from the source and either leaving it open (Fig.b) or

connecting it with another machine phase (Fig.c). The two

connections of Figs. (b) and (¢) are, respectively, known as two (a) Motoring (b) Two lead {c) Three lead
. connection connection

and three lead connections. Fig. ac dynamic braking of a wound rotor motor

* When connected to a 1-phase supply, the motor can be considered to be fed by positive and negative sequence three-
phase set of voltages.
* Net torque produced by the machine 1s sum of torques due to positive and negative sequence voltages.

*  When rotor has a high resistance, the net torque is negative and braking operation is obtained.
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Two Lead Connection: Assume that phase A of a Y-connected motor 1s open circuited. Then IA = 0 and IC = -IB.

* Hence positive and negative sequence components Ip and In, respectively.

= o

Ipzé-(iA +(x73 +a27(~_)=%(0+ain—aﬁa):jl-,,/ﬁ Nﬂgﬂti'ﬁﬂ “mm
sequence
. U 27 7 1 27 R I . Whys
I ==(Is+0atly +alc) = —= 0+ a?ly — olg) = — jlg /3
n 3 A B C _\/§ B o \I ll"'u
i ]
|\ Net \
* As positive and negative sequence components are equal and : \
I e
: al L b d : ! \  Positive
opposite, two equivalent circuits can be connected In Series \ \ sequence
i
opposition. Voltage to be applied to this series combination will be \ ‘11
0 r
(Vo= V) =5 (Va + oV + V) - %— (V) + a2V + V) (a) Equivalent circuit (b) Speed-torque curves

) Fig. ac dynamic braking with two lead connection
(@-a?)(Vg-Vo)= ':1; (JN3) (Vge) = jVsc /43

» The nature of speed-torque curves for positive and negative sequence currents, and net torque are shown in Fig. (b)
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Three Lead Connection: Here two phases of Y-connected motor winding are connected in parallel in series with the

third phase (Fig. (c)). Let phases A and B be connected together, then

VAB=O,VBC='\[§V and VCA=—'\/§V

V, (line) = Vyp + Ve + 0t*Vea)/3

=(0+ a3V - a?3V)3=jV
Vo (line) = (Vap + a2V + aViea )3
=0+ a?J3V-a+f3V)3=—jV

V, (phase) = V, (phase) = -

3

* In contrast to two lead connection, here magnitude of positive and negative sequence components of voltage are equal

and not the positive and negative sequence components of currents.
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* In this method three capacitors are kept permanently

connected across the motor terminals. o
| C
* Values of capacitors is so chosen that when disconnected - ik
E_

from the line, motor works as a self-excited induction
generator.
* Braking connection 1s shown in Fig. (a) and self-excitation

process 1s explained in Fig. (b) for no load condition.

O 4
* Curve A 1s no load magnetization curve of the machine at a
given speed, and line B represents the current through
capacitors, given by
I. = V3 E|X.= J3E0C L7
(b) (c)

Fig. Self-excited braking of induction motor
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(¢) DC Dynamic Braking
* It is obtained when the stator of an induction motor A p
running at a speed is connected to a dc supply. _Vd sule :,d
* Two commonly used connections, two and three lead, o B -
for star and delta connected stators are shown in © @
below Fig.1 Fig. Various stator connections for de dynamic braking, (a) and (d) are two lead connections
* A method of getting dc supply with the help of a diode 402 (b) and (c) are thee lead commections
bridge for two lead connection is shown in Fig. 2 .
* DC current flowing through the stator produces a stationary I JIF ~o ]
magnetic field. Motion of rotor in this field induces voltage ] ” suT

in the rotor winding.

* So, Machine works as a generator. Generated energy is Switch

dissipated in the rotor circuit resistance, thus giving Dynamic

Braking of Induction Motor

Fig. Details of two lead dc dynamic braking connection
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(d) Zero Sequence Braking

In this braking, three stator phases are connected in series across either a single phase ac or a dc source as shown in Fig. (a).
Such a connection is known as a Zero Sequence Connection, because currents in all the stator windings are co-phasal.

The mmf caused zero-sequence currents produces a magnetic field having three times the number of poles for which the

machine is actually wound.

Wi
With an ac supply, resultant field is stationary in space and pulsates at the frequency

of supply. ‘

ac or

de
With dc supply, resultant field is stationary in space and is of constant magnitude. /él supply
T

The nature of speed-torque curves for ac and dc supply is shown in Fig. (b).

3y

{a) (b}
Fig, Zero-sequence braking

With ac supply, braking could be used only up to one-third of synchronous speed.

However, braking torques produced by this connection are considerably larger than motoring. Motor essentially works

in regenerative braking.
For motors with low rotor resistance, a significant part of generated energy 1s recovered.

It does not require large rotor resistance, can be used both—with squirrel-cage and would-rotor motors.
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Transient Analysis of Induction Motor

* For starting and plugging operation of machine, torque is given by Eq. - 2
s 2, im
da fme B
J = d;n =T(0y) - T (0g)

dw, 2 1

. E, - L
y161dS df .T-".S“m s Sm IS

(o)

* In some cases, Eq. will be in integrable form, and therefore, can be solved analytically.
» [t 1s useful to examine the transients for starting and plugging operations when operating on no load. Thus, from

Eq. for no load operation
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Starting and Plugging
Differentiating Eq. @y = (1 - 5) Dn o 0, % 180y __ 2Tuy

dt 35y + 515

d::fm(s'" + "“)azs

2\ 8 3, 1., 1s the mechanical time constant of motor. It is defined as the time taken by motor to
i 2s Ja reach its synchronous speed from standstill under constant accelerating torque equal to the
m = T1 )
o maximum torque of the motor.
. . . . ‘r’ 0.05 x
time required to start an induction motor on = (::L + Tf“] ds
no load 1s 1 -

* When operating on no load, steady-state is reached when s = 0. Thus during starting slip changes from 1 to 0. However, if eq
1s integrated for s = 1 to s = 0 an infinite value is obtained for starting time.

* When final speed is the steady-state equilibrium speed, transients are considered to be over when 95% range of speed is

e

covered. Therefore, in Eq. integration is done from s = 1 to s = 0.05. Solving gives - [ I .y ]
57 Ym 43 od S

m
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* Thus starting time is a function of sm. Starting time has a minimum value of 1.22tm at sm = 0.4. From Eq. ,
"Fi'l'l- - :I: —1.-_£__._=
VR + (X, + X;)?

* when Rs is negligible, rotor resistance required to start the motor in minimum time 1s (Rl =04 (X, + X])

* Time required for stopping by plugging, when initially running at synchronous speed, can be expressed as

[
fy == Im (JT— +'Si] ds=rm[n.34s Sm + E‘_I—'i:|

PN PO s S

* Stopping time is again a function of s_,. It has a minimum value of 1.027t_ at s, = 1.47. Corresponding value of rotor

resistance 1s
{R:m 5 = 1.47 (X, + XY

* Time required for speed reversal by plugging when running on no load is given by
=T [ (St s = v 3695+ L]
K 2 3 Ein 5 Fm
* Minimum time for reversal i1s thus 2.88t, and corresponding value of s 1s 0.52
Rotor resistance required for speed reversal by plugging in minimum time is (Rim }r =052 (X, + X/)
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Calculation of Energy Losses

* Let us next obtain expressions for energy loss in motor windings for starting and plugging

operations. The rotor winding loss for starting can be written as Is
o= J. 312Rdt
0

* As the machine is operating under no load Ao,
J—R=T
. ds 0
E, = _[ 09, Tsclt ~lo =T
0 | E,= - J. fm%wgdj = %Jmﬁls
Tdl = — J,ds L

* Rotor winding energy loss is equal to the kinetic energy stored in moving parts at completion of the

starting process, and it is independent of the starting time or rotor resistance.

* Energy loss in stator winding, neglecting magnetizing current is fs
E. = j I}2Rdt
* Total winding loss during starting under no load is 0
1!
E, = -%Jm,%], 1+ f;- :
Rotor winding loss during stopping by plugging under no load By = _L JO s ds = % J W

can be written as
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Rotor winding loss can be reduced when started by using methods based on the variation
of synchronous speed.

* As an example let us consider a motor with an arrangement for doubling the pole number.

Let 1t be started with higher pole number for which the synchronous speed 1s mms/2.

Then, from eq, rotor copper loss for change of speed from 0 to oms/2 will be Jo2ms/8.

Now the pole number is lowered. Consequently, rotor copper loss for speed range wms/2

to oms will be 0

Jar,
B, = Jwi. sds = =2t
0.5 8

* Thus, total rotor winding loss is Jo?_ /4, which is one-half of the copper loss when there is no provision for

doubling the pole number.

Self study uptil here
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Speed control of Induction Motor 25 ¢

The conventional methods of speed control of induction motors are,
Stator Side

» Stator voltage control

> Variable frequency control

Rotor Side
Stator current control

>
> V/f control
>

> Rotor resistance control

. » Injecting emf in the rotor
Changing the number of poles on stator
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Stator Voltage Control of Induction Motor:

* Speed of induction motor can be varied by varying the voltage applied to the stator winding.

* Torque developed by 3 phase induction motor is directly proportional to the square of the stator voltage as given by

the equation
Tm =

3 S.E2.R,

P
2Ny R3 + (8.X;)?

—————— 1| o)

(S.X2)2 is very small as compared to R2

S, 2
R,

— T, o

R2 is constant

=T, «S.E2

Ng =

3 S.EZ.R,

w —
2nT,, R3+ (5.X;)?

Current is proportional to voltage

i,' =

(RS-O-R
Y

v
r)+j(){,+

X7)

E2 is proportional to the supply voltage V1 .

) T oS, Vi— ——

From eqn. 2, it 1s clear that any reduction in supply voltage will

reduce the motor speed.

But from equation 3, it is seen that any reduction in supply voltage

will reduce the torque also.
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* Therefore, as voltage is reduced to reduce speed, for the same current motor develops lower torque.

* This method 1is suitable for applications where torque demand reduces with speed, such as for fan and pump

drives.

* Hence this method is used in applications where torque demand reduces with
reduction in voltage.

* Here the slip increases at low speeds. Hence the efficiency of the drive reduces

 If stator copper loss, core loss, and friction and windage loss are ignored, then

from eqns , motor efficiency 1 is given by F

=p=-9

—

Fig. .6.31 Stator voltage control

* The equation shows that the efficiency falls with decrease in speed

* The speed control is essentially obtained by dissipating a portion of rotor input power in rotor resistance.

* Thus, not only the efficiency is low the power dissipation occurs in the rotor itself, which may overheat the rotor.

* Because of these reasons, this drive is employed in fan and pump drives of low power rating and for narrow speed range.
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Control by AC Voltage Controllers and Soft Start

Single-phase

Domestic fan motors, which are always single-phase, are

controlled by a single-phase Triac Voltage Controller shown in Fig. a.

Speed control is obtained by varying firing angle of the Triac.
These controllers, commonly known as solid state fan regulators, are now preferred

over conventional variable resistance regulators because of higher efficiency.

Three-phase motors.

Industrial fans and pumps are usually driven by Three-phase motors.

Fig.b shows thyristor voltage controller for speed control of 3-phase motors.

Motor may be connected in star or delta. In delta connection, third harmonic voltage produced

by motor back emf causes circulating current through the windings which increases losses and

thermal loading of motor.

Speed control 1s obtained by varying conduction period of thyristors.

For low power ratings, anti-paralleled thyristor pair in each phase can be replaced by a triac.

Triac
controller

— -
I-phase

AC

O

(a)

I-phase
induction
MoLor

3-phase

Thyristor voliage
controller

3-phase
induction

(®)

Fig. Stator voltage control by

semiconductor voltage Controller
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Variable Frequency Control From Voltage sources

i. Variable Frequency Control of an Induction Motor
il. il. Slip Speed Control
ili. Torque and Power Limitations, and Modes of Operation
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i. Variable Frequency Control of an Induction Motor

The motor speed can be controlled by varying supply frequency.

Voltage induced 1n stator 1s proportional to the product of supply frequency and air-gap flux.

Increase in flux will saturate the motor, which increases the magnetizing current, distort the line current and
voltage, increase the core loss and the stator copper loss, and produce a high-pitch acoustic noise.

Increase in flux beyond the rated value is undesirable from the consideration of saturation effects, a decrease
in flux is also avoided to retain the torque capability of the motor.

Therefore, the variable frequency control below the rated frequency is carried out at rated air-gap flux by

varying terminal voltage with frequency so as to maintain (V/f) ratio constant at the rated value.

From Torque Equation

v

T3 %
20 R,:I:-JRE+]{X,+X§)’

The maximum torque in an induction

motor is given by,

KWV/f)*

Tmﬂx -

F1 \“(HT)E +am3(L, + L;,)ﬂ

K is a constant and Ls & Lr’ are the stator and stator
referred rotor inductances.
+ve: For Motoring

-ve: Braking
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* At high frequencies, the value of (Rs/f) will be very much less than 2w
r KW/
(Ls+ Lr’). max T — JTAm2(Ls + L/)2]
* So (Rs/f) can be neglected and hence the torque equation becomes KV /)2
fmax = X ono vy~ T~

* From above equation, if the ratio (V / f) is kept constant, the motor can produce a constant maximum torque, Tmax. 1.e
constant torque operation.
* Hence if maximum torque needs to be maintained constant at low speeds, then (V / f) ratio must be increased.

* Near to base speed (or rated speed), the supply voltage will be maximum and it cannot be increased further.

* Therefore, above base speed, the frequency is changed by keeping supply voltage constant.

* But this will decrease the maximum torque produced by the motor as per the equation

Tmax = T — H(V/sz
JIAT2 (L, + L2
L KW/P?
Tmax = % 2n(L.+ L)
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Variation in terminal voltage with frequency is shown in Fig.a.

(V/f) ratio 1s increased at low frequency to keep maximum torque
constant, which leads to increase in maximum braking torque.

Above base speed, frequency 1s changed with V kept constant.

up to base frequency- (V/f) ratio is kept constant.

above base frequency- V is kept constant and frequency is varied

At low frequencies - (V/f) ratio is Increased to keep maximum torque

constant.
Corresponding speed torque curves are shown in Fig. 6.33(b) both for

motoring and braking operations.

The curves suggest that speed control and braking operation are available

from nearly zero speed to above synchronous speed.

L/ Base frequency
0 : . f’ ;
(a) V-frelation

]
|
1
1
]
]
|
I
i

‘”mr
Increasing k\
S 4 =y
S ’ '
; ase .
— e frequency
- Uiy 9
L 4" .
G o
1 j.
: gt
1 1 .
"Tm 0 Tm

(p) Speed-torque characteristics
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The variable frequency control provides good running and transient performance because of the following

features:

(a) Speed control and braking operation are available from zero speed to above base speed.

(b) During transients(starting, braking and speed reversal) the operation can be-carried out at the maximum
torque with reduced current giving good dynamic response.

(c) Copper losses are low, and efficiency and power factor are high as the operation is restricted between
synchronous speed and maximum torque point at all frequencies.

(d) Drop 1n speed from no load to full load 1s small.
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Block diagram of variable frequency speed control scheme is shown in Fig. The motor is fed from a variable

frequency variable voltage source (VFVS).

V* and f* are voltage and frequency commands for VFVS.

Flux control block produces a voltage command V* for VFVS in

order to maintain the relation between V* and f* as per the v-f

Graph.

Reference frequency * is changed to control speed.

A delay circuit 1s introduced between f* and f', so that even

when 1s changed by a large amount, f* will change only
slowly so that motor speed can track changes in f*.

Thus restricting the motor operation for each frequency
between synchronous speed and the maximum torque point.

VEVS can be a voltage source inverter or a cycloconverter.

g

Bu; frequency
0 = > o
(a) V-frelation
Flux Supply

Inductior
motor

Fig. 6.34 Variable frequenc'y control



ii. Slip Speed Control

* Let V and f be the rated voltage and frequency of the machine.
* When the motor is operated below the base speed with constant (V/f) control, for a frequency kf, the terminal voltage will be
kV, where k 1s a factor such that, 0 <k < 1.

* Thus, as frequency is changed from 0 to f, k changes from 0 to 1 and voltage changes from 0 to V.

¥ o V 3 V2R!/ks
2 ’ LAY T:
V(RITKs)? + (X, + X!) @ms | (R} 1ks)? + (X, + X{)?

» If (ks) i1s maintained constant as k is varied, then rotor current I'r and torque T will remain constant.

» Since the slip is small I'r will be in phase with voltage. Since flux is constant Im will also be constant. Now | I, = /I + I% = constant

* Thus if the motor operation is carried out at constant value of ks as the frequency is varied then the motor will operate at a

constant current and torque. Synchronous speed = ks
e Let us examine the meaning of ks. | 7 T O
Slips = —°
K6 e

* At frequency kf,
R g — Wy, Wy

ks = =
ml’l’li mms

m'si = kcﬂ!ﬂﬁ i mm
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Where w, is the slip speed, which is the difference in the rotating field speed kw,,, and rotor speed w,,.

 It1s also the drop in motor speed from its no load speed, when the machine 1s loaded.

* Operation of the machine at a constant slip speed also implies the operation at a constant rotor frequency as

shown below

ks

_khs _ £ _ o,

o

o

where f. and w, are rotor frequency in Hz and rad/sec, respectively.

Fors <s, (R'/ks) >> (X, + X'),

For s <s,, the speed torque curves are nearly

—_— VER! fks
O | (R Es)? + (X, + XY —>

T

straight lines. Since they are also parallel, the

z
%V (ks) = constant - _
R me speed-torque  curves are approximately

parallel straight lines for s <s, .

* Let us next consider the operation above base speed. As stated earlier, machine operates at a constant

voltage V. Now

i L4

— T er—— ——

R: 2 2 £y
R + = + E( X, + XD




OATME

atme| College of Engineering

* As the frequency is higher than the rated k > 1. Since the operation is again constrained between the

synchronous speed and the maximum torque, slip has a small value, hence

F:.ﬂfz'if kmm—ﬂ}m
" R{ R/ KO e

&,

R
(ke — W) = g = ?r' W s (A7)

* Since the slip 1s small, I'. 1s in phase with V. If the machine copper loss is neglected, the developed

power P_ 1s given by

Py, = 3VI;



OATME

atme| College of Engineering

ili. Torque and Power Limitations, and Modes of Operation

4

ity

* When the stator current has the maximum permissible value, these will i,
. eqe . . f S

represent the maximum torque and power capabilities of the motor in
Variable Frequency Control of Induction Motor Drive.

Constant
power focus

* Zero to base speed o, : The motor has a constant maximum torque, ( 4
. . ¢ Constant
hence the drive operates in constant torque mode. ; i
* Beyond the speed o . :The machine 1s operated at a constant slip ] B oae
speed and the maximum permissible current and maximum power e
1

v

are allowed to decrease.

 Now the motor current reduces inversely with speed and torque
decreases inversely as the speed squared.

* The operation in this region is required in drives requiring wide
speed range but low torque at high speeds.

 For example in traction applications the drive operates in this
region when running at full speed because the torque required in : = 20 &
steady state at high speeds is very small compared to its value
during acceleration..

Constant
| Constant torque mode | Constant power mode [ slip |
I

i % 1 speed |




ExaMmpPLE 6.8 - . 5
A 2.8 kW, 400 V, 50 Hz, 4 pole, 1370 rpm, delta connected squirrel-cage induction motor has

following parameters referred to the stator: R,=2Q,Ri=35Q,X, = X! =5Q,X,=80 Q .
Motor speed is controlled by stator voltage control. When driving a fan load it runs at rated speed
at rated voliage. Calcilate (i) motor terminal voltage, current and torque at 1200 rpm an
(if) motor speed, current and torque for the terminal voltage of 300 V.
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3 VIR!/s

T=—==

e , 23
" (R,‘l"’%‘" +(xl+x:)z

Synchronous speed = 2-3-[ = 120 : 20 n‘JSOO rpm = 50 wrad/sec

2 2 = . |7
At full load s = 1300 = 1370 _ 0 0367
. 1500 967

. ' 2
Atfulliosd ;= . T x— X 5/0.0867_

--5-5-1? ' 5 N2 ‘z.
: g (24--6:6-56—7-).4-(54-5?

=48.13N-m

For a fan load torque is proportional to (speed)”.
Thus i ' o Tu=K(1-8)?
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At full load T= Ty,

or
Hence .

(i) At 1200 rpm

Al this speed from Eq. (i)
Since T= Ty, T = 36.9 N-m

Now

which gives V=253.2V

- M
Som %

i
z

K(1 - 0.0867)* = 43.'}3
K= 57.75
Ty =57.7(1 - 5)% |

|
15025 0(;200 =02
! ' ;
Ty = 57.7(1 = 0.2)* = 36.9 N-m

V2 x5/02

()

+ (10)2

' -

253.2

i;--—-g--—-=sz46-;3054

- (2+ )+le ' |

¥ . 2532 ’
JX =780

Ay =17+ Ty = 8246 - j3.054 - j3.165= 10328 £ - 37°

Line current = /3 x 10.328 = 17.89 A

.;. = 36.9
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. ) - ‘ ' .
7'3637:"‘ 3002 x 5/s 27 x 1045 '
(2+ %)! “(10? 10::(1104: + 205+ 25)

In steady state T = Ty, Therefore, from Eqgs. (i) and (ii)

27 x 104 s
107(1045% + 205 + 25)

or 1045* - 1885 + 8957 - 1795+ 25 =0

=57.7(1 - 5)?

which gives 5 = 0.147,
* Hence torque produced by the motor

I T=577 (1'=0.147)% = 41.94 N-m
Speed = N, (1 — ) = 1500 (1_-0.‘47) = 1279 rpm

Lul +'= 300 POV .. M N [ L
"80 2+ S +j10
- \**o1a7

Line current = /3 X 9.75 = 16.88 A

r



Induction Motor Drives

Summary & VIU OP- CBCS
1) Explain with relevant operations of induction motor with unbalanced source voltage.

2) Explain DC dynamic braking of 3-phase Induction motor .

3) Explain reverse voltage braking of an induction motor .

4) Explain the behaviour of 3-phase induction motor when fed from non-sinusoidal voltage
source.

5) Explain ac dynamic braking of 3-phase Induction motor with 1) Two lead and 11) Three lead
connections.

6) Derive the expressions for time required to stop induction motor by plugging when running at

synchronous speed .



Induction Motor Drives

Summary & VIU OP- Non-CBCS

7) What are the methods employed for braking of an induction motor. Explain briefly

regenerative braking.

8) What 1s single phasing. Explain the operation of 3-phase induction motor with unbalanced

voltages.

9) Explain reverse voltage braking(plugging) of an induction motor.

10) Explain the available frequency control of an induction motor and mention any two features.
11) Derive an expression for time required and rotor resistance for stopping of Induction motor

by plugging.
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Induction Motor Drives
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Summary & VIU QP

12) With neat diagram, star-delta and autotransformer method of starting 3-phase induction
motor.

13) Explain variable frequency control of an induction motor and draw speed and torque curves.



* Electric Drives - module 4 - Rotor Resistance control of induction
motor

* -https://www.youtube.com/watch?app=desktop&v=F6brjpmJqgxo



Numericals

* https://www.youtube.com/watch?v=4CHLW4iN7CA



https://www.youtube.com/watch?v=4CHLW4iN7CA
https://www.youtube.com/watch?v=4CHLW4iN7CA
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Pole Changing of Induction Motor

Pole Changing of Induction Motor — For a given frequency, the synchronous speed is inversely proportional to the
number of poles.

Synchronous speed, and therefore, motor speed can be changed by changing the number of poles.

Provision for changing the number of poles has to be incorporated at the manufacturing stage and such machines are

called, ‘pole changing motors‘ or ‘multi-speed motors'

1 2 3 4 5 6
2 i b a g b
s @ S @ S N O ’510‘ o :
a = o0 o I\ o
b— c 2 4 6 d le2 4 6 d
c -
4 2 (b) Series connection (c) Parallel connection

(a) Connection for 6 poles

In wound-rotor motor, arrangement for changing the number of poles 1n rotor is also required, which complicates
the machine.
Therefore, this Pole Changing of Induction Motor method of speed control is only used with squirrel-cage motors.

An economical and common alternative is to use a single stator winding divided into few coil groups.
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1 Wy,

& pole

12 pny?
0 = I

(a) High speed (6-pole) (b) Low speed (12-pole) (c) Speed-torque curves

e For simplicity, winding 1s divided only in two coil groups. This allows the change in pole number by a

factor 2. A winding arrangement for this particular case 1s explained as follows:

Wyt 6 pole

12 pole
0 ; - 0
a) High speed (G-pole) (b} Low speed (12-pole) {c) Specd-torgque curves

For variable torque control
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Pole Amplitude Modulation Induction Motor

speed reduction to reduce power output at the most to half of rated.

possible by Pole Amplitude Modulation Induction Motor.

generally as Fy = F, 8in p0

Fg = F,p sin (pf - 27/3)
Fer= Fcsin (p@ - 471/ 3)
Fy = F sin p0Osin kO
Fy = F sin (p@ — 27x/3) sin (k@ — o)

Feo = Fsin (p0 - 4m/3) sin (k0 - 2a) 0 :-r

{a) Coil inversion

Pole changing method as already discussed allows a change of speed by a factor 2.

Since, torque is proportional to speed squared in a fan drive, power is proportional to (speed)’.

Fos = Fsin k0
Fop = F sin (k0 - o)
Foe = Fsin (k@ - 2a)

2m

T inld

In some applications, speed change is required only by a small amount, e.g. some fan and pump drives require

Half of rated power is obtained when speed is reduced approximately by 20%. Such a small change in speed i1s

The mmf distribution in air-gap owing to stator winding of a three-phase induction motor may be written

0

3mi4

{b) Coil inversion and omission

i
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2 4 5 6 F B

{a) Comnnection for 8 poles

0000900¢

{b) Connection for 10 poles

Aot D
1

->
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1=2h=2h>=li>/s
From Fig., it is clear that the maximum torque is same at all different Rl
speeds. This volts / Hertz control offers speed control from standstill Torque 4
up to rated speed of IM.
* This (V/f) control is achieved by using VSI and CSI fed induction T
motor drives.
 If a six step inverter is used, the frequency alone can be varied at the
inverter output and the output voltage is controlled by varying the

i f f, f,

input dc voltage.
Speed —=

« If a PWM inverter is used, both voltage and frequency can be varied inside the inverter itself by changing the turn on and
off periods of the devices.

* This volts / Hertz control offers speed control from standstill up to rated speed of IM.

* This (V/f) control is achieved by using VSI and CSI fed induction motor drives.

« If a six step inverter is used, the frequency alone can be varied at the inverter output and the output voltage is controlled by
varying the input dc voltage.

« Ifa PWM inverter is used, both voltage and frequency can be varied inside the inverter itself by changing the turn on and

off periods of the devices
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The Variable Frequency Control of Induction Motor Drive provides good running and transient performance because of

the following features:

* Speed control and braking operation are available from zero speed to above base speed.

* During transients (starting, braking and speed reversal) the operation can be carried out at the maximum torque with
reduced current giving good dynamic response.

* Copper losses are low, and efficiency and power factor are high as the operation is restricted between synchronous

speed and maximum torque point at all frequencies.
Flux

e Drop in speed from no load to full load is small. il Suiply

* Block diagram of Variable Frequency Control of Induction Motor Drive scheme 1/‘_ A VEVS
1s shown in Fig. ? K : f*

* The motor is fed from a variable frequency variable voltage source (VFVS). V* - e
and f* are voltage and frequency commands for VFVS. motor

* Flux control block produces a voltage command V* for VFVS in order to
maintain the relationship of Fig. 6.33(a) between V* and f*.

« Reference frequency f* 1s changed to control speed.
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