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Induction Motors

d They have the same physical stator as a
synchronous machine, with a different rotor
construction.

1 The operation is basically the same as synchronous
motors.

[ There are two different types of induction motor
rotors which can be placed inside the stator.

- Cage rotor and
- Wound rotor.

End bell Stator

Stator
electro-magnets

(AC windings) Rotor

Motor frame

Fan blades

Bearing End bell

Rotor

Cage rotor or
Wound rotor




Induction Motors - Cage Rotor

End ning {Shorting ring)

1 Rotor consists of a series of conducting bars laid
into slots carved in the face of the rotor and
shorted at either end by large shorting rings.

[ This design referred to as a cage rotor because the
conductors. \ ol

4 It look like on of the exercise wheels that squirrels Retor Sipinekougm aarviuion
or hamsters run on.

(d Cage rotor induction motors are less expensive
than wound induction motor, and they require
much less maintenance. As a result, cage rotor
induction motors are commonly used




Induction Motors - Wound Rotor

1 Rotor has a complete set of three-phase windings Slip Ring
Induction Motor,
that are mirror images of the winding on the '
stator.

[ The three phases of the rotor windings are usually
Y-connected and the ends of the three rotor wires
are tied to slip rings on the rotor’s shaft.

[ The rotor windings are shorted through brushes
riding on the slip rings. Therefore have their rotor
currents accessible at the stator brushes, where
they can be examined and where extra resistance
can be inserted into the rotor circuit.

It is possible to take advantage of this feature to
modify the torque-speed characteristic of the
motor.




Induction Motors - Cutaway Diagrams

1 Cage Rotor L Wound Rotor




Induction Motors

OTHER-MOTOR-TYPES

0

NO PERMANENT MAGNET
NO BRUSHES

NO COMMUTATOR RI
NO POSITION SENSO

SIMPLE & N
CONSTRUCTION

https://www.youtube.com/watch?v=AQqyGNOP_30



Induction Motors - Operating Principle

1 Generation of a rotation magnetic field in the stator windings.
(In lecture — AC Machine Fundamentals)

1 Induced voltage in the rotor windings/conductors.
(In lecture — AC Machine Fundamentals)

1 Induced torgue in the current-carrying loop.
(In lecture — Synchronous Motors)




Induction Motors - Operating Principle

 Generation of a rotation magnetic field in the stator windings.
B (t)=B,, sinax £0° T

B, ()= B, sinler—120°) £120° T
B .(t)=B,, sin(a)z‘—240°) £240° T

cc

1 The relationship of the electrical frequency and the resulting
magnetic field frequency.

P
lfe :El syne
 The speed of the magnetic field’s rotation.

23/, x 60
P

Ryye (rDIT) =




Induction Motors - Operating Principle

 Induced voltage in a conductor
er'nd — (V X B).l
= (VB sin90°)Zcos 0
= vBI

 Induced voltage in a coils/conductors if it has Nc turns of
wire/conductor, then .

e.; =N_x2vB,lcos(w, 1) eﬁ.d/é
= N_x2rw,, B, cos(w,,t) _
= N gy cos(@,,1)

Cic .
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Induction Motors - Operating Principle

—’-'-"
e ™

 Induced force in a current-carrying conductor. {;\r .s.;::.
F=i(IxB) !
\\ T _ai__.,
d Induced torque in a current-carrying loop. T -1
: . o’
T..q = 2rilBsin o |
¢ [y
4 ! r
J Induced torque in the machine
. Lo
T. 4= szoopB sin o !




The Development of Induced Torque

Maximum
induced voltage

Maximum

induced voltage ) B Net voltage
Maximum S

induced current

I
s Ig

The development of induced torgue in an induction motor. (a) The rotating stator field Bs induces a voltage
in the rotor bars; (b) the rotor voltage produces a rotor current flow, which lags behind the voltage
because of the inductance of the rotor; (c) the rotor current produces a rotor magnetic field B, lagging 90°
behind itself, and B interacts with B, , to produce a counterclockwise torque in the machine.
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The Development of Induced Torque

 Appling a three-phase set of voltages to the stator winding produce a rotating
magnetic field B in counterclockwise.

 The velocity of the upper rotor bars relative to the B is to the right. Appling
right-hand rule, the induced voltage in the upper rotor bars is positive and
current flow out of the page.

1 Since the rotor is inductive, the rotor current lags behind the rotor voltage.

J The current flow out of the upper bars and into the lower bars. This current
flow produces a rotor magnetic field B,.

d The net magnetic field B, , is the sum of the rotor and stator magnetic fields.

nhet



The Development of Induced Torque

4 B, interacts with B to produce a counterclockwise torque in the machine.

 If the induction motor’s rotor were turning at synchronous speed, then the
rotor bars would be stationary relative to the magnetic field and there would be

no induced voltage. If e, , were equal to O, then there would be no rotor current
and no rotor magnetic field.

J With no rotor magnetic field, the induced torque would be zero, and the rotor
would slow down as a result of friction losses.

J An induction motor can thus speed up to near-synchronous speed, but it can
never exactly reach synchronous speed.



The Concept of Rotor Slip

d Two terms are commonly used to define the relative motion of the rotor and
the magnetic fields.

 Slip speed n n. —n

slip — sync m

4 where n,,,. and n,, are the speed of the magnetic fields and speed of the rotor,

respectively.

D Slip g = nsync _nm § = a)S_VVlC' _a)m
n a

sync sync

 If the rotor turns at synchronous speed, s=0, while if the rotor is stationary, s=1.
All normal motor speeds fall somewhere between those two limits.



Electrical Frequency on the Rotor

d In induction motor works by inducing voltages and currents in the rotor of the
machine, and for that reason it has sometimes been called rotating transformer.

 Like a transformer, the primary (stator) induces a voltage in the secondary
(rotor).

1 Unlike a transformer, the secondary frequency is not necessarily the same as
the primary frequency.

n —n
. _ "Psyne m
f;‘ T Sf e ]Fe
n syne
. n syne n, . P ( )
T 120f e 120 sync _nm
P




Example 1: Induction Motor Rotation Calculation

d A 208-V 10-hp, four-pole, 60-Hz, Y-connected induction motor has a full-load
slip of 5 percent.

a) What is the synchronous speed of this motor?

b) What is the rotor speed of this motor at the rated load?

c) What is the rotor frequency of this motor at the rated load?
d) What is the shaft torque of this motor at the rated load?

] Solution

(a) The synchronous speed of this motor is

120
nsync = Pfse

= 120000 Hz) _ 400 ¢/pmin
4 poles

(b) The rotor speed of the motor is given by
n, =1 — s)nsync

= (1 — 0.05)(1800 r/min) = 1710 r/min



Example 1: Induction Motor Rotation Calculation

] Solution

(c) The rotor frequency of this motor is given by
= (0.05)(60 Hz) = 3 Hz

re = s kY4
Alternatively, the frequency can be found
P
fre = 120 (nsync = n,)

120 —= (1800 r/min — 1710 r/min) = 3 Hz

(d) The shaft load torque is given by

_ Pout

Tioad — w
'm

B (10 hp)(746 W/hp)
~ (1710 r/min)(2r rad/r)(1 min/60 s)

=41.7TNem



Comparison between PM synchronous and induction motor

https://www.youtube.com/watch?v=bNgB5z4MWRI&ab_channel=Lesics
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Equivalent Circuit of an Induction Motor

J Because the induction of voltages and currents in the rotor circuit of an
induction motor is essentially a transformer operation, the equivalent circuit of

an induction motor will turn out to be very similar to the equivalent circuit of a
transformer.

d However, the air gap in an induction motor greatly increases the reluctance of
the flux path, reduces the coupling between primary and secondary windings.

 Thus, higher magnetizing current is required to obtain a given flux. The
equivalent magnetizing reactance of an induction motor will have much smaller
value than ordinary transformer.

20



Equivalent Circuit of an Induction Motor

o

U The transformer model of an induction motor, with rotor and stator connected
by an ideal transformer of turns ratio s.

L Note: Rotor resistance Ry, ideal transformer of turns ratio g

O If core losses are just given by a number (X watts) instead of as a circuit
element, they are often lumped together with the mechanical losses and
subtracted at the point on the power-flow diagram where the mechanical
losses are located.



Equivalent Circuit - Rotor Model

1 The induction in the rotor windings depends on the relative motion between
the rotor and the stator magnetic fields.

 The largest voltage and rotor frequency are induced in the rotor at stationary
(s=1).

 The smallest voltage and frequency occur when the rotor moves at the same
speed (s=0) as the stator magnetic field.

1 The reactance of an induction motor rotor depends on the inductance of the
rotor and the frequency of the voltage and current in the rotor.

d The largest relative motion occurs when the rotor is stationary, called the
locked-rotor or blocked-rotor condition. The magnitude of the induced rotor
voltage at locked-rotor conditions is called £, ._;



Equivalent Circuit - Rotor Model

J The magnitude and frequency of the voltage induced in the rotor at any speed
is directly proportional to the slip of the rotor X = 2#sf,.Lg
fe = s Eg = sEg ~ Gl
= sXpo
where Ero, and Xro are the induced voltage and rotor reactance at stationary
condition (blocked-rotor), a rotor inductance of L,.

[, = — & E
R — 1 RO
R + Xx —> Ik = Re/s + jXng
Eg
Ik = R + jsXog Iy JXgo
Ix JXgr =JsXpo —_ YA

The rotor circuit model with all the trequency
The rotor circuit model of an induction motor. (slip) effects concentrated in resistor




Final Equivalent Circuit

d In an ordinary transformer, the voltages, currents, and impedances on the
secondary side of the device can be referred to the primary side by means of
the turns ratio of the transformer.

 The rotor resistance and the locked-rotor rotor reactance are very difficult or
impossible to determine directly on cage rotors, and the effective turns ratio is

also difficult to obtain for cage rotors. V. L e b
IMl + +
Vp=Vs=aVs I Define: E .
I. = R —_ 2 Ve Re Xuy E % E Eg Ry
I 2 R, = a R
Z, = ax (T + jXRO) X, = ag; Xgo ° - -
1 I
1 R] jX
Y 1

ﬁ ﬁ Ir JXgo
Primary - Secondary
O v " F 7%

Ordinary transformer
-0

The per-phase equivalent circuit of an induction motor.




Losses and the Power-Flow Diagram

1 In an induction motor (the rotor) are shorted out, so no electrical output exists
from normal induction motors. Instead, the output is mechanical.

d The higher the speed of an induction motor, the higher its friction, windage,
and stray losses.

 On the other hand, the higher the speed of the motor (up to n,,, ), the lower its
core |osses.
Pa Feony
I ! AN

P, =3 V;I, cos 6

. | |
Air-gap power
=P ! > Poy = Ti0ad®@m

| Tind®@m
| ]]/ 7

yi \ | P

Priction stray
P Prer and windage (Prnisc.)

core Rotor
Psc (Core (

copper
(Stator  |pgses) 103;;;)»0
copper

loss)

The power-flow diagram of an induction motor.



Power and Torque in the Motor

+o— AN Y " — +o— A "jx"l"
[ IMI é/é{-\)’
Ve Rc § Xy E, § %2' :> v, (Core loss) §RC R, (?)
\ (P conv)
P _ -\/gV ] 9 . . Pconv
in = rrtpr €08 E, =P b 1—g Tina =
_72p | > @y,
PSCL=3]12R1 :3[2£—3[2R })Conv_?)lzRZ( g )
5 :> 2 g 2772 :> _ })conv
P =3 E_l | @ Py =L +F,, - Oy = SOy
R, = 3122R2(— — 1] , R, 2
) g =31, =% 3R,
Prep =315 R, > _SC!)

B:onv = (1 - S)PAG syne




Example 2: Power Calculation for Induction Motor

d A 480V, 60 Hz, 50 hp, three-phase induction motor is drawing 60 A at 0.85 PF
lagging. The stator copper losses are 2 kW, and the rotor copper losses are 700
W. The friction is 600 W, the core losses are 1800 W, and the stray losses are
negligible. Find the following quantities:

The air gap power Pac

The power converted Pconv
The output power Pout

The efficiency of the motor



Example 2: Power Calculation for Induction Motor

] Solution

P = '\/gVLL]LL cos @
=4/3 x480x60x0.85

=42 4 kW

PAG — Pm — P, SCL — })core
=424-2-1.8
=38.6 kW

F, :PAG_PRCL

conv

=38.6-700=379kW

PCOI'IV

P, =3 VpI, cos 8

__Pw

(Stator |osses)

=P, —P
=37.9-600
=37.3kW

! AN
Air- apI power :
g 1 Pout = Tioad @m
:Tindwm
, /
| P
CR stray
Frer a::(\:\trli:gagc (Prnisc.)
(Rotor
copper
loss)
_ P:our
T=p
n
37.3
=—=0.88
42 4

28



Example 3: Power Calculation for Induction Motor

d A 460 V, 60 Hz, 25 hp, four-pole, Y-connected induction motor has the
following impedances in ohms per phase referred to the stator circuit:

R1=0.641, R.=0.332, X1=1.106, X2=0.464, Xm=26.3

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

a) Speed

b) Stator current

c) Power factor

d) Pconv, Pioad and Tioad
e) Efficiency



Example 3: Power Calculation for Induction Motor

 Solution ro—
(a) The synchronous speed is
120
Rgyne = Pfse = 122 (If(g eI;Iz) = 1800 r/min Ve

The rotor’s mechanical shaft speed is
n, =(1- s)nsync -0

= (1 — 0.022)(1800 r/min) = 1760 r/min
(b) To find the stator current, get the equivalent impedance of the circuit. The first step is to
combine the referred rotor impedance in parallel with the magnetization branch, and then to
add the stator impedance to that combination in series. The referred rotor impedance is

= & + jX 7. = 1
L=~ tiX% f = 1/jX,, + 1/Z, Zo=Zew + %
0.332 , . _ 1 _ : o
= 0022 TJj0464 —j0.038 + 0.06622—1.76° 0.641 + j1.106 + 12.94,.31.1°

. Q ) 1 = 11.72 + j7.79 = 14.07,33.6° ()
= 15.09 + j0.464 {2 = 15.10£1.76 = 00732 311° = 12.94/31.1° Q)

The resulting stator current is .
1

Vv .
Eﬁ Resistor R, represents core losses,
ot but will not join any calculations.

26640°V

= 1407,336°Q 188847336 A




Example 3: Power Calculation for Induction Motor

] Solution

(c) The power motor power factor is
PF = cos 33.6° = 0.833 lagging

(d) The input power to this motor is

P, = V3V, cos 6
= V3(460 V)(18.88 A)(0.833) = 12,530 W
The stator copper losses in this machine are
= 3(18.88 A)%(0.641 Q) = 685 W
The air- gap power is given by

in

Therefore, the power converted iS
P, = (- $Pg=(1—0022)(11,845W) = 11,585 W

The power Pout is given by

Pgop, =

Py = Popw — Py = 11,585 W — 1100 W = 10,485 W
1 hp
= 10,485 W(746 W) 14.1 hp

-0

(e) The induced torque is given by

__ B
ind wsync

_ 11845 W
188.5 rad/s

and the output torque is given by

out

Tioad — w,,

_ 10485 W
184.4 rad/s

(f) The motor’s efficiency is

n=h><100%
By

_10485W
12,530 W

= 62.8Nem

=569 Nem

x 100% = 83.7% 31



Induction Motor Torque-Speed Characteristics

1 Refer to the equivalent circuit, it is possible to derive a general expression for
induced torque as a function of speed.

. . . . o P PrG
 The induced torque in an induction motor is given by o = = €0 or Ty =
ind W Wgync
m
JAir-gap power P, is the power crossing the gap from the stator circuit to the
rotor circuit. It is equal to the power absorbed in the resistance R,/s.
RIS JXi L x I, R iX) I X R,
+o AN Y " Y'Y o AAA Y v AN
{ I (SCL) I | * (RCL)
Vo Rc§ JXm E, §—I§l :> Vg (Core loss)§Rc Xy E, § Rz(
\ (P o)




Induction Motor Torque-Speed Characteristics

[ The total air gap power is R
Py = 332
AG 275

4 If /, can be determined, then the air gap power and the induced torque will
be known.
[ Thevenin’s equivalent is one of the ways to solve the circuit.

d Thevenin’s theorem states that any linear circuit that can be separated by
two terminals from the rest of the system can be replaced by a single voltage
source in series with an equivalent impedance.

A R 5L X Ry JXtH
N Y Y Y\
+[°_MY\_MA’ ,\\ 7 m Nw\+
+
v, Xy E, §‘_§; —> U )V ) E,
— O > _ X



Induction Motor Torque-Speed Characteristics

[ Thevenin’s equivalent:

[ First, open-circuit the terminals get the Thevenin’s voltage.

1 Then, short-circuit the voltage source get the Thevenin's resistance.

Open-circuit
JX, R;
~—AW
OV
X, >R
_ JX
Vi =V R+ jX, + jX
| T JA T JA Y,
— qu XU
\/}?l2 + (Xl +XM)2

’ X +Xy

Short-circuit Thevenin’s equivalent
X Ry Rry JXH iX;
YY) W\, o Vi Y'Y\
X V. E R
JAM |:> TH ) 1 Tz
1 "
¥ 2
. . - M
_ JXM(Rl +]X1) Ry = Rl{ﬁ]
"R+ (X, +X,) LPM /7 Hot to get?
X,
X~ X, M
Xi+ Xy

34



Induction Motor Torque-Speed Characteristics

Short-circuit Thevenin’s equivalent

X R, Ry Xty jX;
YY) IVW » o

X,, >> X, and X,, >> R, Xy =) G{, Vi ) E, R
3

> O
7 JX u (R1+1X1)
TH = :
R+ (X, + Xy ) If X,, >>R,
_ JRX — X\ Xy, le _J(X1+XM) R X2 REX. +X2X. + X, X?
R+j(x,+X,) R—j(X +X,) Lo =—3 i Mz o
LTI T Ay ! oM R +(X,+ X)) R +(X,+ X))
_ JRE Xy + R X (X + Xy )= R X Xy + /X X, (X + X)) R ‘
2 M
Rlz—l—(X-l—I—XM) I:> RX? +}X1XM X, +X, + Xy
2 ~ .
:RlXM(XlJFXM)_R1X1XM + REXy + XX, (X + X)) (X, +X,,) (X, +X,,)
2 2 2 2
R +(X1+XM) R +(X1+XM) R X3, N -XIXM(XI +XMb
_RX Xy +RX; —RX X, + RIX, + XX, + XX : (X, +X,) ~ (x,+Xx,)
2 2 2 2
R +(X, + X,) R +(X, + X)) 2 X . ¢
2 2 ~ 4 JAq
R X} RIX, + XX, + X X (X, + X, ) (X1 + X))

_R12+(X1+XM)2 R12+(X1+XM)2



Induction Motor Torque-Speed Characteristics

1 The magnitude of /, can be obtained

— VTH
R +R,/s+ jX, + X,

]2

I, = &

\/(RTH "'R: /'9)2 T (XTH T X2)2

1 The air-gap power is

P =30
S

_ W2R, /s
Ry +R, /s) + (X, + X,

Thevenin’s equivalent

Ry JXty X3
~YY

VTH ) E] &
\

Air-gapI power
1

Pout = Tload®m

I
P, = V3 Vrlp cos 6 :
I
I

PSCL core
(Core

(Stator |osges)

copper

loss)



Induction Motor Torque-Speed Characteristics

1 Refer to the equivalent circuit, it is possible to derive a general expression for
induced torque as a function of speed.

[ The induced torque in an induction motor is given by

P o (1—s
Tfnd =—== Pconv — 3] 2 RZ -
O S LA X Lo R,
| o A —
P ‘SMC{-\)’ lul ¥ (RCL)
— conv R
— B ) R, |
a)s}’nc o Sa)swc ]DAG o 312 q \C (Core 'OSS)%RC } Xy JE §
2 — -
— 3]2 R2 IDAG o PRCL T ]Dconv -o

S )

sync syne

1 -
R2( s

(P conv)

’)



Induction Motor Torque-Speed Characteristics

J The induced torque of the motor is zero at
synchronous speed

 The torque-speed curve is nearly linear between no
load and full load. In this range, the rotor resistance
is much larger than the rotor reactance, so the rotor
current, the rotor magnetic field, and the induced
torque increase linearly with increasing slip.

 There is a maximum possible torque that cannot be
exceeded, pullout torque or breakdown torque, is 2
to 3 times the rated full-load torque of the motor.

 The starting torque on the motor is slightly larger
than its full-load torque, so this motor will start
carrying any load that it can supply at full power.

Induced torque, % of full load

Pullout torque \

Full-load torque \

Mechanical speed

——>

Slip 0




Maximum (Pullout) Torque in an Induction Motor

 When is the power supplied to R,/s at its maximum?

P.=31 22 % PAG
B VR, /s “ind Wsync
(R, +R, /) (X, + X,V

B 3VZuR,/s
Tind = o o Ry + Ry/ 5 + (Xqy + X))

d Maximum power transfer to the load resistor R,/s will *
occur when the magnitude of that impedance is &
equal to the magnitude of the source impedance.

Induced torque

RZ
s =
"X VR, + Xy + X,)?

R
2= VRE + Ky + X,)°

B 3VZ,
2040 [R1i + VRE + Xy + X))7]

Tmax

Ry

JXtH

@

800

700 |-

Ln

00._

300

200 -

| | |

Power
PC

120

-1 105

250 500

750 1000 1250
Mechanical speed, r/min

1500

1750

2000
39

Power, kW



Example 4: Torque Calculation for Induction Motor

d A 460-V, 25-hp, 60-Hz, four-pole, Y-connected wound-rotor induction motor
has the following impedances in ohms per phase referred to the stator
circuit:

R1=0.641, R.=0.332, X1=1.106, X2=0.464, Xm=26.3

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

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

b) What is the starting torque of this motor?

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



Example 4: Torque Calculation for Induction Motor

[ Solution 1 R X, Lo R
+0 m,—mv-\_w_
) ) . (SMC{\)’ I * (RCL)
The Thevenin voltage of this motor is
VTH =V XM Ve (Core loss)gRC Xy E, g R2($)
¢ \[R% + (Xl + XM)2 (PMV)
(266 V)(26.3 Q) 4 -
= = 2552V
V(0.641 Q)2 + (1.106 Q + 26.3 0)? @
The Thevenin resistance is Thevenin’s equivalent
X ) Ry JXTH JXa
Row = Rl(x X )
1 M
~ 26.3 9} )2 _ V1H E, &
=~ (0.641 Q)(1.106 O +263q) ~ 0590 5
The Thevenin reactance is %

XTH = Xl = 1106Q

Resistor R represents core losses,
but will not join any calculations.
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Example 4: Torque Calculation for Induction Motor

D Solution L R, ’ijly\—_[z’ X, R,
+0 ,—NV'V'\_I\/W_
i . ) ) m | * (RCL)
(a) The slip at which maximum torque occurs is
glven by Sax = R2 Ve (Coreloss)gRC Xy JE, g R2($)
VR + Xy + X)) (P
_ 0.332 O 0108 —o
V(0.590 Q)2 + (1.106 Q + 0.464 0)? @

This corresponds to a mechanical speed of Thevenin’s equivalent

n, = (1 — $)ng,. = (1 — 0.198)(1800 r/min) = 1444 r/ min Ry Xty X,

The torque at this speed is
3V’12:H V1 E, =2
Tmax —
20y nelRry + VR, + Xy + X,)?)
- 3(255.2 V)?
2(188.5 rad/s)[0.590 Q2 + v/(0.590 Q)% + (1.106 Q + 0.464 Q)]
=229Nem
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Example 4: Torque Calculation for Induction Motor

1 Solution
250 ——T —-
(b) The starting torque of this motor is found by '
settings=1
_ 3Viu Ry
Tsiart = Ry + Ry + Xy + X)) |
_ 3(255.2 V)*(0.332 ) :
(188.5 rad/s)[(0.590 Q + 0.332 Q)7 + (1.106 (2 + 0.464 )] |-
= 104Nem — !
_ ) ) : — Original R, R
(c) If the rotor resistance is doubled, then the slip S0 C [ Dovbled Ry
at maximum torque doubles, too. Therefore, . L
Smax = 0.396 Ny = (1 — $ng = (1 — 0.396)(1800 r/min) = 1087 r/min 0 200 400 600 800 1000 1200 1400 1600 1800
n,, r/min
The maximum torque is still  Tmax = 229N em
: : - 3(255.2 V)%(0.664 Q)
The starting torque is NOW  Tsat = (1885 rad/s)[(0.590 ) + 0.664 Q)2 + (1.106 { + 0.464 )]

= 170 Nem
43



Determining Circuit Model Parameters: No-load Test

1 Wattmeter, a voltmeter and three ammeters are connected to an induction

motor.

1 The only load on the motor is the friction and winding losses. Measures the

rotational losses of the motor

magnetization current.

Variable
voltage,
variable
frequency,
three-phase
power
source

and provides information about its

IA
—

L)
Ip

—

No load

I

C

—-

()
V)
n

A Iy +Ig+1
\_/ IL= A 38 c




No-Load Test

M In this motor at no-load conditions, the input power measured by the meters
must equal the losses in the motor. The rotor copper losses are negligible
because the current |, is extremely small.

I 12=0
I . .
— R] JX] - JXZ R2
Initial
equivalent
circuit:
ince
+o Y\, o
R, (%} >> R, Wy
and . P _ S P P
Ry (=555 %, Vo Re X § Regw=R 1=9) Ner = Lser T lcore T Lpgw
this cnrcmt
reduces to: -o |ZNLT‘ _ V¢ /[1
RI jxl
+ 0O m Y Y Yy &
_ Y ~
Combining | | I Xl + XM
Regwand Xy § Risiction, windage, 1,nl
R yields: & core >> Xy




DC Test for Stator Resistance

] A voltmeter and an ammeter are connected to an induction motor.
 Atest for R, independent of R,, X; and X..

 The current in the stator windings is adjusted to the rated value in an
attempt to heat the windings to the same temperature they would have
during normal operation.

Current-
limiting
resistor

— W7 '
74
" TR — dc
(va:',ig(l:)le) C—) (‘b * 1 / d




Locked-Rotor Test

1 Similar to no-load test, wattmeter, a voltmeter and three ammeters are

connected to an induction motor.

1 This test corresponds to the short-circuit test on a transformer. Therefore,
parameters are measured before the rotor can heat up too much.

I,
a P —-
) -
Adjustable-
voltage, B
adjustable- b (2 — Locked
frequency, \_/ rotor
three-phase
power source c
[ N\ — [ ]
),
Jr=te=feest
Iy +1g+ 1,

3 = I1 rated



Locked-Rotor Test

M Since the rotor is not moving, s=1.
J A problem in that the line frequency does not represent the normal

operating conditions of the rotor.
1 A typical compromise is to use a frequency 25 percent or less of the rated

frequency.
R JX) L jX;
O.—M___NW Yy
| ‘
|
_ R
Ve Rc ? J Xm §Tz =R
| Xp >> |Ry + jX|
'. | Re >> Ry + jXy|
So neglect R and X,




Determining Circuit Model Parameters

 No-Load Test Py =Py + P, +P Pyrr

core F&W COS QNLT - =
| 3V, 1
= 3]12R1 + P¢:07'6+F&I'V \/_ Her
Zyir = Ry Xy + X0 | Reore +raw
= Rl +j(X1 +Xm)
~ |ZyirlcosOy;r +j|yNLT|Sin9NLT
[ DC Test for Stator Resistance
|4 4
2R1 —_ dec Rl _ dc
]dc 2]dc
J Locked-Rotor Test Poo
Prrr = FPsep + Preyr COS Uy = \EVLL]L

LRt :(Rl +Rz)"‘f(X1 +X2)

= |ZLRT | coS &y pr + ]|ZLRT| Sin 6, pr



Example: Determining Circuit Model Parameters

The following test data were taken on a 7.5-hp, four-pole, 208-V 60-Hz, design
A, Y-connected induction motor having a rated current of 28 A.

DC test: No-load test: Locked-rotor test:

Vee=13.6V VI =208V VT =25V

lie=28.0 A f=60Hz ,=28.1A,1;=28.0A,1.=27.6 A
|, =8.12A, 1;=8.20A,1.=8.18 A f=15 Hz
Pin=420W Pin=920 W

(a) Sketch the per-phase equivalent circuit for this motor.
(b) Find the slip at the pullout torque, and find the value of the pullout
torque itself.



Example: Determining Circuit Model Parameters

Solution
(a)

o

From the dc test,

_Voc __136V
2Ihc ~ 2(28.0 A)

R, = 02430

From the no-load test,

_812A +820A +8.18A

I = 3 =8.17A
Vou = 205 = 120V
Therefore,
120V
|Zal = 357 A = 147Q =X, + X,

When X, is known, X;, can be found. The stator copper losses are
Poop = 313 R, = 3(8.17 A)*(0.243 Q) = 48.7T W

Therefore, the no-load rotational losses are

Fot = Bon — PscLn
=420W — 48 7TW =3713W
R, X, X, =j0.67Q
ﬁM Y™, Y™y

02430 j0670

R¢ Xy =j14.030Q R _o01510
(unknown) s 5

—_———

R —

From the locked-rotor test,

_28.1A +280A +276A
J’!L.a'ur - 3

=219A

The locked-rotor impedance is

v V 25V
|21l I, - V3L - V3AaioA) -~ 05170

and the impedance angle € is

6= cos™!
V3V,
R 920 W
COs V325 V)(27.9 A)

= cos~!0.762 = 40.4°

Therefore, R g = 0.517 cos 40.4° = 0.394 () = R, + R,. Since R, = 0.243 (),
R, must be 0.151 (). The reactance at 15 Hz is

Xi{g = 0517 sin 40.4° = 0.335 ()

The equivalent reactance at 60 Hz is

Jeest

15Hz
For design class A induction motors, this reactance is assumed to be divided
equally between the rotor and stator, so
X, =X, =0670
Xy =|Za| - X, = 1470 - 0670 = 14030

Xir
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Example: Determining Circuit Model Parameters

Solution:

(b) For this equivalent circuit, the Thevenin equivalents are found from Equations

V= 1146V Ry =02210 Xy =067 Ry iX, Xy =j0.670Q
. o o M Y - Y
Therefore, the slip at the pullout torque is given by 0.243 0 61 |
I - B |
Smax = VRiy + Xy + X)) mnﬂﬁwné JXy=j14.03Q g Ry _01510
§ L)

= 0.151.4) = 0.111 = 11.1% i
V(0.243 Q)% + (0.67 Q + 0.67 Q)2 i
o »

The maximum torque of this motor is given by

3Viy
T =
M 200 Ry + VR + (Xqy + X9)]
_ 3(114.6 V)?
2(188.5 rad/s)[0.221 Q + V(0.221 )? + (0.67  + 0.67 Q)]

=662N*m
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Determining Circuit Model Parameters

[ No simple way to separate the contributions of stator and rotor reactances.

d In normal practice, it does not matter just how X, and X, is broken down.
Since the reactance appears as the sum X, + X, in all the torque equations.

1 Experience has shown that motors of certain design types have certain

proportions between the rotor and stator reactances.

X, and X, as functions of X 3

Rotor Design X, X,

Wound rotor 0.5 X;r 0.5 Xir
Design A 0.5 X 0.5 X
Design B 0.4 X, r 0.6 X
Design C 0.3 X;r 0.7 X g
Design D 0.5 Xir 0.5 X r

XLR

_ frated

ftest

Xir =X, T X,

Rules of thumb for dividing rotor and stator circuit reactance.




Class of Motors and Their Applications

O Class A— Normal starting torque, normal starting current, normal slip. It is
the most popular type of cage induction motor. They are used in fans,
compressors, pumps, conveyors etc which are having low inertia loads so 350
that the motor can accelerate in less time.

300
[ Class B — Normal starting torque, low starting current, normal slip. They

are used where load is having high inertia. e.g. large fans, machine tools
applications, for driving electric generators, centrifugal pumps, etc.

250
Class C

200

O Class C — High starting torque, low starting current, normal slip. They are
generally double cage type. These motors are used where sufficiently
high starting torque with reduced starting voltage is required. Eg.
Crushers, compression pumps, large refrigerators, extile machinery, wood
working equipment etc. 5%

Class B
150

Percentage of full-load torque

O Class D- High starting torque, low starting current, high slip. Full load slip
may vary from 5% to 20% depending upon application. eg. bulldozers, % 20 40 6 80 100
shearing machines, metal drawing equipment, laundry equipment etc. Percentage of synchronous speed




Summary

1 Torque is proportional to the square of the supply voltage

1 Torque is inversely related to the size of the stator impedances and rotor
reactances.

[ The smaller machine’s reactances, the larger the maximum torque .

A Slip at which the maximum torque occurs is directly proportional to rotor
resistance.

A The value of the maximum torque is independent of the value of rotor resistance.

Ry <Ry<Ry<R;<Rs<Rq 350

800

| Rs R, Ry Ry R 300

250

200

Class B
150 -

Induced torque, N+ m
Percentage of full-load torque

100 |-

S0

0 1 1 1
0 20 40 60 80 100

Percentage of synchronous speed

0 I 1 1 I I L 1
0 250 500 750 1000 1250 1500 1750 2000

Mechanical speed, r/min



Induction
Motor Control




Speed Control by Pole Changing

1 There are two major approaches to changing the number of poles :

1. The method of consequent poles 120f=1€
n —
2. Multiple stator windings sync P

 Consequent poles is quite an old method for speed control, which relies on the fact
that the number of poles in the stator windings of an induction motor can easily be
changed by a factor of 2:1 (also is the ratio of speed change - main drawback).

Connections
at far end
of stator

57



Speed Control by Pole Changing

[ By combining the method of consequent poles with multiple stator windings, it is
possible to build a four-speed induction motor. For example, with separate four-

and six-pole windings, it is possible to produce a 60-Hz motor capable of running
at 600, 900, 1200, and 1800 r/min.

T T
T
Ts Ts
g Lines
L L, Ly
Tﬂ_. ij Tﬁ
Low Tl Tz T::' Upen
. T,-T,-T:
High | Ty | Ts | Ts | jooether

Speed
L L, Ly
T-T,-T
Low T4 Tj Tﬁ mgﬂlhel'
, Ty T, T,
High | T, T, T, -*Gpg,, 6

Speed
pe L Ly Ly
Td-' Tﬁi Tﬁ
Low T| TI T3 open
. T -T,-T
High | T, Ts T, ;05351;

Rsync

Torque

_120f,
P

Speed, r/min
(d)
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Speed Control by Changing the Line Frequency

 If the electrical frequency applied to the stator of an induction motor is changed,
the rate of rotation of its magnetic field ny . will change in direct proportion to
the change in electrical frequency, and the no-load point on the torque-speed
characteristic curve will change with it.

[ The synchronous speed of the motor at rated conditions is known as the base
speed. By using variable frequency control, it is possible to adjust the speed of
the motor either above or below base speed.

 Variable-frequency induction motor drive is very useful. However, it is important
to maintain certain voltage (avoid excessive magnetization current) and torque
limits on the motor as the frequency is varied, to ensure safe operation.



Speed Control by Changing the Line Frequency

 (Left) The family of torque-speed characteristic curves for speeds below base
speed, assuming that the line voltage is derated linearly with frequency.

 (Right) The family of torque-speed characteristic curves for speeds above base
speed, assuming that the line voltage is held constant.

800

800

700 700+

600 -

:

s
3

Induced torque, N * m
lad
g 8
| T

Induced torque, N * m

2

200

] | | ] | | ] 1 | | I ] ]
0 200 400 600 800 1000 1200 1400 1600 1800 0 500 1000 1500 2000 2500 3000 3500

Mechanical speed, r/min Mechanical speed, r/min

The synchronous speed of the motor at rated conditions is known as the base speed. 60



Speed Control by Changing the Line Voltage

[ The torque developed by an induction motor is proportional to the square of the
applied voltage.

[ The speed of the motor may be controlled over a limited range by varying the
line voltage. This method of speed control is sometimes used on small motors
driving fans. 500

700+

600

500

400

Induced torque, N * m

300

200

100

0

1 | L |
0 250 500 750 1000 1250 1500 1750 2000

Mechanical speed, r/min




Speed Control by Changing the Rotor Resistance

M In wound-rotor induction motors, it is possible to change the shape of the
torque- speed curve by inserting extra resistances into the rotor circuit of the

machine.

[ This method of speed control is mostly of historical interest, since very few
wound-rotor induction motors are built anymore.

800

700+

600

500

400

Induced torque, N * m

300

R1=2R.0
200+ R,=3R,
R3=4R,
Rs=5R,
100 Rs=6R

0

1 | 1 | | | |
0 250 500 750 1000 1250 1500 1750 2000
Mechanical speed, r/min



Solid-State Drives (Advanced Power Electronics)

d The method of choice today for induction motor speed control is the solid-state
variable-frequency induction motor drive. The method is much more flexible and
efficient due to the popular of advanced power electronics.

Three-phase Three-phase
diode rectifier inverter
A Induction
© | motor
B + 1 Braking
o— p
chopper
¢ |
S a— I
|
t B |
SUM B | Speed

sensor
Speed Speed !
—
reference controller

F
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M The output from this drive is a three-phase set of
voltages whose frequency can be varied from O up
to 120 Hz and whose voltage can be varied from 0 V
up to the rated voltage of the motor.

d PWM method — high frequency drive low frequency.

Isolated o

B nsors
Gate Driver !
Speed &
Direction
T Sensors
> Liquid Cooling
l Pump Drivers

Regulator ICs Micro-
& Muilti-Output processor
PMICs

®BP ”

ooooooo

1 '\\ TN 1 \\
1 =
I\
10 30
0
20 4
b ]

VVVVVVVV

e
e [
[ ] Y z o
=1 ya
v i
.
_
= ¢
E
LY
o

[ 1o i .ll1 s
WU 20
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Variable-Voltage and Variable-Frequency Speed Control

d VVVF control has been widely adopted for speed control of induction drives. It is
based on constant volts/hertz control for frequencies below the rated
speed/frequency, and variable-frequency control with constant rated voltage for
speed/frequencies beyond the rated frequency.

 For very low frequencies, voltage boosting is applied to compensate the
difference between the applied voltage and induced EMF (Dubey, 1989).

(1 Because the measurement of the back EMF is very difficult, the applied voltage is
generally adopted to approximate the back EMF. Thus, the desired constant E/f
strategy is approximated by the constant V/f strategy for most operating
frequencies, except under low frequencies for low-speed operation.

1 At low speeds, the stator impedance drop becomes appreciable so that the
applied voltage can no longer be valid to approximate the back EMF. Thus, a
boosting voltage is normally required to compensate for the stator impedance
drop for low-speed operation using the constant V/f strategy.

*Only need to know the concept of VVVF control.



Variable-Voltage and Variable-Frequency Speed Control

It can be observed that there are three operating regions. The first region is
called the constant-torque region in which the motor can deliver its rated torque

for speeds below the rated speed (normally called the base speed w,).

M In the second region, called the constant-power region, the slip is increased
gradually to the maximum value so that the stator current remains constant and

the motor can maintain its rated power capability.

Torque Constant

T,

0

torque locus

N

Constant
power locus

Reduced
power locus

.............................

Constant Constant Reduced

A torque region _, power region power rt.&lon
[—

/\

\ IllL

Current
¢ Powel
.
; —— = SHip
: g l'orque
H
H
A ' '
0 on w, Speed
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Field-Oriented Control (FOC)

 In order to improve the dynamic performance of induction motor drives, FOC is
preferred to VVVF control. By using FOC, the mathematical model of the
induction motor is first transformed from the stationary a—b—c frame to the
stationary ds—gs frame (direct-quadrature), then to the synchronously rotating
de—qge frame with speed w,. Thus, at steady state, all sinusoidal variables in the
stationary frame such as the stator voltage vs, stator current is, stator flux linkage
A, rotor voltage v,, rotor current i, and rotor flux linkage 4. can be represented
by DC quantities in a synchronously rotating. g“-axis

b 1

!
Jos ‘\m(

U(, =l

. . S avio
_{{q.s _[{}x ¢’ -axis

\&;\’ "q'-axis
0,
: Jas a ‘ e
J({‘,\,' Jl(h‘
c d°-axis

Y Jas 5
I Jas

d*-axis

d*-axis

Stationary a—b—c frame to stationary d, - g, frame Stationary d, - g, frame to synchronously rotating d, - g, frame
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Direct Torque Control (DTC)

 The DTC is an advanced scalar control scheme that can offer comparable
performance as the FOC for the induction motor drive. This scheme is to directly
control the stator flux linkage and the torque by properly selecting the switching
modes of the voltage-fed PWM inverter. The selection is made to restrict the
torque and flux errors within the respective torque and flux hysteresis bands,
hence to achieve the faster torque response and flexible control (Vas, 1998; Bose,

2001). | §
: ’< > 0_]— HT '—~|
- e ] S, S,
| Voltage S, Ss
» Inverter
_,| vector table S S
|
e — 10— B,
+ X
»| Sector selector
0. ;
6.= COS-IL‘I“ :v" Vo Ve
‘ As
/1\- §2 o112 R
~ As=(Ags + ) Iq Ip I
T, 3P, s .5 s .S
e T.= T(Ad_‘. lgs — '{q.\' ids) M

DTC block diagram for induction motor drive. W,
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