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Induction machine — the rotor voltage that produces the rotor current and the rotor magnetic field is
induced in the rotor windings rather than being physically connected by wires. No dc field current is
required to run the machine.

1. Induction Motor Construction

There are basically 2 types of rotor construction:

a) Squirrel Cage - no windings and no slip rings
b) Wound rotor - It has 3 phase windings, usually Y connected, and the winding ends are
connected via dlip rings.

Wound rotor are known to be mor e expensive due to its maintenance cost to upkeep the dlip rings,
carbon brushesand also rotor windings.

Cutaway diagram of atypical
large cage rotor induction motor

Conductor
shorting,
rings

Sketch of cage rotor

!

Embedded
rotor
conductors
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Typical wound rotor for induction
motors.

Cutaway diagram of awound rotor induction motor.
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2. Basic Induction M otor Concepts

The Development of Induced Torquein an Induction Motor

When current flows in the stator, it will produce a magnetic field in stator as such that B (stator magnetic
field) will rotate at a speed:

_ 120f,

sync P

Where f. is the system frequency in hertz and P is the number of polesin the machine. Thisrotating
magnetic field Bspasses over the rotor bars and induces a voltage in them. The voltage induced in the
rotor is given by:

€nd = (V X B) |
Hence there will be rotor current flow which would be lagging due to the fact that the rotor has an

inductive element. And thisrotor current will produce a magnetic field at the rotor, B,. Hence the
interaction between both magnetic field would give torque:

T..q = KBg x Bg

The torque induced would generate accel eration to the rotor, hence the rotor will spin.

However, there is afinite upper limit to the motor’ s speed.

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

|

no induced voltage

A

no rotor current

y
no rotor magnetic field

Y

Induced torque =0

A\ 4
Rotor will slow down due to friction

Conclusion : An induction motor can thus speed up to near synchronous speed but it can never
reach synchronous speed.
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The Concept of Rotor Slip

Theinduced voltage at therotor bar isdependent upon therelative speed between the stator
magneticfield and therotor. This can be easily termed as dip speed:

sync m

Where ngjp, = slip speed of the machine
Nsne = Speed of the magnetic field.
Ny = mechanical shaft speed of the motor.

Apart from that we can describe this relative motion by using the concept of dlip:

N n n
Sip, s= —2 % 100% = 2X° ™ » 100%

sync nsync

Slip may also be described in terms of angular velocity, o.

WOgpne — Oy
s=—2 T 100%

a)wnc

Using the ratio of dlip, we may also determine the rotor speed:

n,=(1-s)n or w,=(1-s)o

sync m

TheElectrical Frequency on the Rotor

An induction motor is similar to a rotating transfor mer where the primary issimilar to the stator
and the secondary would be a rotor. But unlike a transformer, the secondary frequency may not be the
same as in the primary.

If the rotor islocked (cannot move), the rotor would have the same frequency as the stator (refer to
transformer concept). Another way to look at it is to see that when the rotor is locked, rotor speed drops
to zero, hence by default, dlip is 1. But as the rotor starts to rotate, the rotor frequency would reduce, and
when the rotor turns at synchronous speed, the frequency on the rotor will be zero.

Why?
Since

S— rlg/nc ™

And rotor frequency may be expressed as:

Hence combing both equations would give:
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And since ng;,=120f./ P,
P

fr = E(nwnc - nm)

Which shows that the rel ative difference between synchronous speed and the rotor speed will determine
the rotor frequency.

Example 7.1

A 208V, 10hp, 4 pole, 60Hz, Y -connected induction motor has a full-load dlip of 5%.

(@) What is the synchronous speed of this motor?

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

(c) What istherotor frequency of this motor at the rated load?
(d) What is the shaft torque of this motor at the rated |oad?

3. The Equivalent Circuit of an | nduction M otor

An induction motor relies for its operation on the induction of voltages and currentsin itsrotor circuit
from the stator circuit (transformer action). Thisinduction is essentially atransformer operation, hence
the equivalent circuit of an induction motor is similar to the equivaent circuit of atransformer.

The Transformer Modél of an Induction M otor

A transformer per-phase equivalent circuit, representing the operation of an induction motor is shown
below:

R T b Gt I Xy
_«M Y
+ +
|
Rc Xuy E Ep § Rg

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

Asin any transformer, thereis certain resistance and self-inductance in the primary (stator) windings,
which must be represented in the equivalent circuit of the machine. They are - R; - stator resistance and
X1 — stator leakage reactance

Also, like any transformer with an iron core, the flux in the machineisrelated to the integral of the
applied voltage E;. The curve of mmf vs flux (magnetization curve) for this machine is compared to a
similar curve for atransformer, as shown below:
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6, Wb

Transformer

Induction
motor

e, Aeturns

The slope of the induction motor’s mmf-flux curve is much shallower than the curve of a good
transformer. Thisis because there must be an air gap in an induction motor, which greatly increases the
reluctance of the flux path and thus reduces the coupling between primary and secondary windings. The
higher reluctance caused by the air gap means that a higher magnetizing current is required to obtain a
given flux level. Therefore, the magnetizing reactance X, in the equivalent circuit will have amuch
smaller value than it would in a transformer.

The primary internal stator voltage is E; is coupled to the secondary Ex by an ideal transformer with an
effectiveturnsratio ag. Theturnsratio for awound rotor is basically the ratio of the conductors per
phase on the stator to the conductors per phase on the rotor. It israther difficult to see ag clearly in the
cage rotor because there are no distinct windings on the cage rotor.

Er in the rotor produces current flow in the shorted rotor (or secondary) circuit of the machine.

The primary impedances and the magnetization current of the induction motor are very similar to the
corresponding components in a transformer equivalent circuit.

The Rotor Circuit Model

When the voltage is applied to the stator windings, a voltage isinduced in the rotor windings. In general,
the greater the relative motion between therotor and the stator magnetic fields, the greater the
resulting rotor voltage and rotor frequency. The largest relative motion occurs when therotor is
stationary, called the locked-rotor or blocked-rotor condition, so the largest voltage and rotor frequency
areinduced in the rotor at that condition. The smallest voltage and frequency occur when the rotor
moves at the same speed as the stator magnetic field, resulting in no relative motion.

The magnitude and frequency of the voltage induced in the rotor at any speed between these extremesis

directly proportional to the slip of therotor. Therefore, if the magnitude of the induced rotor voltage at
locked-rotor conditionsis called Egg, the magnitude of the induced voltage at any slip will be given by:

Er = skro

And the frequency of the induced voltage at any dipis:
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fr = sfe

Thisvoltage isinduced in arotor containing both resistance and reactance. Therotor resistance Rz isa
constant, independent of dlip, while the rotor reactance is affected in amore complicated way by dlip.

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. With arotor inductance of Lg, the rotor reactanceis:

Xe=0Lg=27f L,
Snce f, =f,
Xg=82rf L, =5Xg,

where Xro is the blocked rotor reactance. The resulting rotor equivalent circuit is as shown:

The rotor circuit model of an induction motor.
Therotor current flow is:

| = Ex _ Exq _ Ero
Re+ IXg R+ 15Xg RRA + [Xgg

Therefore, the overall rotor impedance talking into account rotor slip would be:

ZR,eq = RRA + ] Xgo

And the rotor equivalent circuit using this convention is:

The rotor circuit model with al the frequency (slip) effects concentrated in resistor Rr.
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In this equivalent circuit, the rotor voltage is a constant Ero V and the rotor impedance Zg o
contains all the effects of varying rotor slip. Based upon the equation above, at low dips, it can
be seen that the rotor resistance is much much bigger in magnitude as compared to Xro. At high
slips, Xro Will be larger as compared to the rotor resistance.

TheFinal Equivalent Circuit

To produce the final per-phase equivalent circuit for an induction motor, it is necessary to refer the rotor
part of the model over to the stator side. In an ordinary transformer, the voltages, currents and
impedances on the secondary side can be referred to the primary by means of the turns ratio of the
transformer.

Exactly the same sort of transformation can be done for the induction motor’ srotor circuit. If the
effective turnsratio of an induction motor is ag; , then the transformed rotor voltage becomes

E1:EII:€:aeffERO

The rotor current:

P

Je
By

Zz=a§ﬁ &4' JXgo

And the rotor impedance:

S
If we make the following definitions:
— 2
Ry = Lot Rr
X2 = &eit XRo
The final per-phase equivalent circuit is as shown below:
I X L%
Y YY)
L)
: R
V¢ RC IXM El —52’

— 0

4. Power and Torquein Induction M otor

L osses and Power -Flow diagram

An induction motor can be basically described as a rotating transformer. Itsinput is a3 phase system of
voltages and currents. For an ordinary transformer, the output is electric power from the secondary
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windings. The secondary windings in an induction motor (the rotor) are shorted out, so no electrical
output exists from normal induction motors. Instead, the output is mechanical. The relationship between
the input electric power and the output mechanical power of this motor is shown below:

P AG P conv

Air- gapI power
I

Poul = Tl My

Tind®@m

]
|
|
I
1
Py= 3 Vyl; cos 6 :

I l Py
P Phiction stray )

P RCL  ynd windage misc.
Beiy: core (Rotor
g (Core copper
(Stator jogses) loss)
copper
loss)

The input power to an induction motor P, isin the form of 3-phase electric voltages and currents. The
first losses encountered in the machine are I°R losses in the stator windings (the stator copper [0ss Psc).
Then, some amount of power islost as hysteresis and eddy currents in the stator (Peore). The power
remaining at this point istransferred to the rotor of the machine across the air gap between the stator and
rotor. This power is called the air gap power Pyg of the machine. After the power istransferred to the
rotor, some of it islost as I°R losses (the rotor copper 10ss Pre,), and the rest is converted from electrical
to mechanical form (Pyny). Finaly, friction and windage losses Prgw and stray losses Pris are
subtracted. The remaining power is the output of the motor Py.

The core losses do not always appear in the power-flow diagram at the point shown in the figure above.
Because of the nature of the core losses, where they are accounted for in the machine is somewhat
arbitrary. The core losses of an induction motor come partially from the stator circuit and partially from
the rotor circuit. Since an induction motor normally operates at a speed near synchronous speed, the
relative motion of the magnetic fields over the rotor surface is quite slow, and the rotor core losses are
very tiny compared to the stator core losses. Since the largest fraction of the core losses comes from the
stator circuit, all the core losses are lumped together at that point on the diagram. These losses are
represented in the induction motor equivalent circuit by the resistor R¢ (or the conductance Gc). If core
losses are just given by anumber (X watts) instead of asacircuit element, they are often lumped together
with the mechanical losses and subtracted at the point on the diagram where the mechanical losses are
located.

The higher the speed of an induction motor, the higher the friction, windage, and stray losses. On the
other hand, the higher the speed of the motor (up to Nngyc), the lower its corelosses. Therefore, these
three categories of losses are sometimes lumped together and called rotational losses. The total

rotational losses of a motor are often considered to be constant with changing speed, since the component
losses change in opposite directions with a change in speed.

Example 7.2

A 480V, 60Hz, 50hp, 3 phase induction motor is drawing 60A at 0.85 PF lagging. The stator copper
losses are 2kW, and the rotor copper losses are 700W. The friction and windage |osses are 600W, the
core |losses are 1800W, and the stray losses are negligible. Find:

a) Theair gap power Pac

b) The power converted Py
¢) The output power Py

d) Theefficiency of the motor

10
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Power and Torquein an Induction Motor

By examining the per-phase equivaent circuit, the power and torque equations governing the operation
of the motor can be derived.

Theinput current to a phase of the motor is: | — V¢
L =—
Zeq
Where
. 1
Ly, =R+ )X+ _ 1
G.- By +v
vV, .
S+ X,
S

Thus, the stator copper losses, the core losses, and the rotor copper losses can be found.
. — 2
The stator copper losses in the 3 phases are: PSCL =31 1 R1
2
The corelosses: PCore =3 El GC

So, the air gap power: PAG = Pin — PSCL - Pcore

Also, the only element in the equivalent circuit where the air-gap power can be consumed isin the
resistor R,/s. Thus, the air-gap power: R2

PAG = 3122 ?

The actual resistive lossesin the rotor circuit are given by:
Prct =31°R
RCL — R MR
Since power is unchanged when referred across an ideal transformer, the rotor copper losses can also be
expressed as. )
PreL =3 12" Ry

After stator copper losses, core losses and rotor copper |osses are subtracted from the input power to the
motor, the remaining power is converted from electrical to mechanical form. The power converted,
which is called devel oped mechanical power is given as:

I:)(:onv = I:)A - I:)RCL

=3I22&—3I22R2

S

-2inf2)
1-s

=31,°R, —

P

conv

And the rotor copper losses are noticed to be equal to the air gap power timesthe slip > Prcl = S Pag

11
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Hence, the lower the dlip of the motor, the lower the rotor losses. Also, if the rotor is not turning, the slip
iss=1 and the air gap power is entirely consumed in the rotor. Thisislogical, sinceif the rotor is not
turning, the output power Poyt ( = Tioad ®m) Must be zero. Since Peony = Pac — PreL , this also gives
another relationship between the air-gap power and the power converted from electrical and mechanical
form:

Peonv = Pag — PreL
= Pac —SPac
I:)conv - (1'3) PAG
Finaly, if the friction and windage losses and the stray losses are known, the output power:
Pout = Peonv — Prew = Prisc
The induced torgue in a machine was defined as the torque generated by the internal electric to

mechanical power conversion. Thistorque differs from the torque actually available at the terminals of
the motor by an amount equal to the friction and windage torques in the machine. Hence, the developed

torqueis:
P
__ ' conv
Tind =
a)m
Other ways to express torque: (1_ S)P
AG
Tind =
" (1-S)og,
Pac
Tind =
a)sync

Separ ating the Rotor Copper L osses and the Power Converted in an I nduction Motor’s Equivalent
Circuit

A portion of power transferred viathe air gap will be consumed by the rotor copper loss and also
converted into mechanical power. Hence it may be useful to separate the rotor copper loss element since
rotor resistance are both used for calculating rotor copper loss and also the output power.

Since Air Gap power would require R,/s and rotor copper loss require R, element. The difference
between the air gap power and the rotor copper loss would give the converted power, hence;

R = 2R =R 1]

S

12
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Therefore the equivalent circuit would be modified to be as follows:
_1_1_ Ry JX _IE__ 7%y Ry
W\l Y'Y NVY\_W\,___
(SCL) L (RCL)
(Core loss) §Rc Xy 1E § Rz( 1 ; s)
(PCOI]V)

Example 7.3

A 460V, 25hp, 60Hz, 4 pole, Y -connected induction motor has the following impedances in ohms per
phase referred to the stator circuit:

R;=0.641Q R,=0.332Q
X1 =1.106 Q X2 =0.464 Q Xm=26.3Q

Thetotal rotational losses are 1100W and are assumed to be constant. The core lossislumped in with
the rotational losses. For arotor slip of 2.2% at the rated voltage and rated frequency, find the motor’s

a) Speaj d) I:’conv and IDout
b) stator current €) Ting and Tjox
C) power factor f) efficiency

13
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5. Induction Motor Torque-Speed Characteristics

The torque-speed relationship will be examined first from the physical viewpoint of the motor’s magnetic
filed behaviour and then, a general equation for torque as a function of slip will be derived from the
induction motor equivalent circuit.

Induced Torgue from a Physical Standpoint

(b)
The magnetic fields in an induction The magnetic fields in an induction
motor under light loads motor under heavy loads

No-load Condition

Assume that the induction rotor is aready rotating at no load conditions, hence its rotating speed is near
to synchronous speed. The net magnetic field B, is produced by the magnetization current I, . The
magnitude of | and B, is directly proportional to voltage E; . If E; is constant, then B, is constant. In
an actual machine, E; varies as the load changes due to the stator impedances R; and X; which cause
varying volt drops with varying loads. However, the volt drop a R; and X; is so smadll, that E; is
assumed to remain constant throughout.

At no-load, the rotor dlip isvery small, and so the relative motion between rotor and magnetic field is
very small, and the rotor frequency is also very small. Since the relative motion is small, the voltage Ex
induced in the bars of the rotor is very small, and the resulting current flow I isalso very small. Since
the rotor frequency is small, the reactance of the rotor is nearly zero, and the max rotor current Ig is
almost in phase with the rotor voltage Er . The rotor current produces a small magnetic field Br at an
angle dlightly greater than 90 degrees behind B,,«. The stator current must be quite large even at no-load
since it must supply most of B .

The induced torque which is keeping the rotor running, is given by:

Tind = kBR X Bnet

and its magnitudeis Ting = kBR B« sno

In terms of magnitude, the induced torque will be small due to small rotor magnetic field.

14
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On-load Conditions

As the motor’ sload increases, its slip increases, and the rotor speed falls. Since the rotor speed is slower,
there is now more relative motion between rotor and stator magnetic fields. Greater relative motion
means a stronger rotor voltage Er which in turn produces alarger rotor current Iz . With large rotor
current, the rotor magnetic field Br also increases. However, the angle between rotor current and B
changes as well.

Since therotor dlip islarger, the rotor frequency rises (f, =sfe) and the rotor reactance increases (oLg).
Therefore, the rotor current now lags further behind the rotor voltage, and the rotor magnetic field shifts
with the current. The rotor current now has increased compared to no-load and the angle 8 has
increased. Theincrease in B tends to increase the torque, while the increase in angle  tends to decrease
the torque (Ting is proportional to sin 8, and 5>90°). Sincethefirst effect is larger than the second one, the
overall induced torque increases to supply the motor’ s increased load.

Astheload on the shaft is increased, the sin 6 term decreases more than the B term increases (the value
is going towards the O cross over point for a sine wave). At that point, a further increase in load
decreases Ting and the motor stops. This effect is known as pullout torque.

Modelling the torque-speed characteristics of an induction motor

Looking at the induction motor characteristics, a summary on the behaviour of torque:
Note: 7;,q = KBzB,,SINO

a) Rotor magnetic field will increase as the rotor current will increase (provided that the rotor core is
not saturated). Current flow will increase as slip increase (reduction in velocity)

b) The net magnetic field density will remain constant since it is proportiona to E; (refer to equivalent
induction motor equivaent circuit). Since E; is assumed to be constant, hence B¢ will assume to be
constant.

c) The angle 5 will increase as dip increases. Hence the sin & value will reduce until as such that the
reduction of sin d will be greater than the increase of Br (pullout torque). Since o is greater than 90
degrees, as such that:

sin§ =sin (6, +90°) = cos 6,
where:
0, is the angle between Er and Ik (note that Eg isin phase with B,y Since it isin phase with Bg).

Adding the characteristics of al there elementswould give the torque speed characteristics of an
induction motor.

oS Ok can also be known as the motor power factor where:

o]

G Xy X
R R

The torque speed curve may be divided into 3 regions of operations:

0, =tan

a) Linear region or low dlip region
b) Moderate slip region located until the pullout torque level.
¢) Highdlipregion

15
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Typical values of pullout torque would be at about 200% to 250% of the rated full load torque of the
induction machine. The starting torque would be about 150% than the rated full load torque; hence
induction motor may be started at full load.

IR
or
IBg |
nm
nS nc
(a) ’
Bnel
Graphical development of an induction
motor torque-speed characteristics
1 n,
nS nc
) ’
cos fp
1 L
0 : P
n@ nc
© N
Tind
n,

Mgyne

(a)

The Derivation of the Induction Motor Induced-Torgue Equation

Previously we looked into the creation of the induced torque graph, now we would like to derive the
Torque speed equation based upon the power flow diagram of an induction motor. We know that,

P P
conv or Ti o — AG

W, a)wnc

Comparing between the 2 equations, the second equation may be more useful since it is referenced to
synchronous speed. Hence there is a need to derive Pag. By definition, air gap power is the power
transferred from the stator to the rotor viathe air gap in the induction machine. Based upon the induction
motor equivalent circuit, the air gap power may be defined as:

16
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Prco e = 13

per phase =

hence, total air gap power :

Our next task isto find I, (current flow in the rotor circuit). The easiest way is viathe construction of the

Thevenin equivaent circuit.
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.

Calculation via thevenin equivalent method

X
Vi o
TR R X Ky
Py y
R, a X P
| 1 M.
s -0
(a)
JXi R,

. X, (R, + X))
X 7o o Sy Y A
M TH = R+ X, + X,

® —o0
(b}
Ry JXry JXs
Vo E, Ry
s
(c)

17
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1) Derivethe thevenin voltage (potential divider rule):
v %
H ¢ . .
R+ X+ X,

VT

Hence the magnitude of thevenin voltage:

X

" ¢\/Rf+(xl+ Xm)2

Since Xm >> X1, Xm >> R1, therefore the magnitude may be approximated to:

Xm
VSV X,
1 m

Vi

2) Find the thevenin impedance
Take out the source and replace it with ashort circuit, and derive the equiva ent impedances.

— JXm(R1+ Jxl)
"R IX X,

Since Xm>> X1, Xm >> R1,

2
Xm
RTH ~ Ri[xl"‘ Xm\J
Xm =X

Representing the stator circuit by the thevenin equivalent, and adding back the rotor circuit, we can
derivel2,

V.

TH

| =
Ru + T4+ (X + X,)

2

Hence the magnitude will be,

I, =

Vi
SR B 0 w0y

18
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Hence air gap power,

0
3
1l
w
i'<
w |,}U

Hence, induced torque,

3 Vi R
\/(RTH +R%)2+(XTH +X2)2 >
Tina = Dore

If agraph of Torque and speed were plotted based upon changesin slip, we would get asimilar graph as
we had derived earlier.

Commentson the Induction Motor Torgue Speed Curve

a) Induced Torqueiszero at synchronous speed.

b) The graphisnearly linear between no load and full load (at near synchronous speeds).

¢) Max torqueisknown as pull out torque or breakdown torque

d) Starting torqueisvery large.

€) Torquefor agiven slip value would change to the square of the applied voltage.

f) If therotor were driven faster than synchronous speed, the motor would then become a generator.

g) If wereversethedirection of the stator magnetic field, it would act as a braking action to the rotor —

plugging.
Since Py may be derived as follows:

P = Ti nd wm

conv

Hence we may plot asimilar characteristic to show the amount of power converted throughout the
variation of load.

Maximum (Pullout) Torquein an Induction M otor

Since induced torque is equal to Pag / @gnc , the maximum pullout torque may be found by finding the
maximum air gap power. And maximum air gap power is during which the power consumed by the R,/s
resistor isthe highest.

Based upon the maximum power transfer theorem, maximum power transfer will be achieved when the
magnitude of source impedance matches the load impedance. Since the source impedance is asfollows:

Zsource = I:QTH + ijH + JXZ

19
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Hence maximum power transfer occurs during:

R, 2 2
?Z\/RTH +(XTH + Xz)
Hence max power transfer is possible when slip is as follows:

Srax = R >
JR, + (X + X,)

Put in the value of S5 into the torque equation,

Tmax = 5 2
Za)wncliRTH +\/ H +(XTH +X2) :|
From here we can say:

a) Torqueisrelated to the square of the applied voltage

b) Torqueisasoinversely proportiona to the machine impedances

¢) Slip during maximum torque is dependent upon rotor resistance

d) Torqueis asoindependent to rotor resistance as shown in the maximum torque equation.

By adding more resistance to the machine impedances, we can vary:

a) Starting torque
b) Max pull out speed

Example 7.4
A 2 pole, 50 Hz induction motor supplies 15kW to aload at a speed of 2950 r/min.

(@) What isthe motor’sdlip?

(b) What is the induced torque in the motor in Nm under these conditions?

(c) What will the operating speed of the motor be if its torque is doubled?

(d) How much power will be supplied by the motor when the torque is doubled?

Example 7.5

A 460V, 25hp, 60Hz, 4-pole, Y -connected wound rotor induction motor has the following impedancesin
ohms per-phase referred to the stator circuit:

R, =0.641Q R, =0.332Q
X1 =1.106 Q X2 =0.464 Q Xm=26.3Q

(d) What isthe max torque of this motor? At what speed and dlip doesit occur?

(b) What isthe starting torque?

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

20



6. Variationsin Induction Motor Torgue-Speed Characterictics

Tind

HIGH resistancerotor

|

Starting torque HIGH

Slip HIGH at normal
conditions

|

Pconv = (1'5) PAG
Sincrease, P, decrease,
and efficiency decrease.
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L OW resistance r otor

Starting torque LOW, HIGH
starting current

Slip LOW at normal
conditions

Pconv = (l'S) I:>AG
Sdecrease, Py increase, and
efficiency increase.

|
|

/

Use awound rotor induction motor and insert extra resistance into
the rotor during starting, and then removed for better efficiency

during normal operations.

\ 4

But, wound rotor induction motors are more
expensive, need more maintanence etc.

\ 4

Solution - utilising |eakage reactance — to obtain
the desired curve as shown below

ot o — — —

Desired
curve

rs Low R,

low R,

Looks like

A torque-speed
characteristic curve
combining high-
resistance effects at low
speeds (high dlip) with
low resistance effects at
high speed (low dip).
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Control of Motor Characteristics by Cage Rotor Design

Leakage reactance X, represents the referred form of the rotor’ s |eakage reactance (reactance due to the
rotor’ s flux lines that do not couple with the stator windings.)

Generally, the farther away the rotor bar is from the stator, the greater its X,, since a smaller percentage
of the bar’ s flux will reach the stator. Thus, if the bars of a cage rotor are placed near the surface of the
rotor, they will have small leakage flux and X, will be small.

Laminations from typical cage

induction motor, cross section of

the rotor bars

L » (&) NEMA classA —large

(a) (b) bars near the surface

(b) NEMA classB —large,
deep rotor bars

(c) NEMA class C —double-
cage rotor design

(d) NEMA class D —small
bars near the surface

(c) @

NEMA (National Electrical Manufacturers Association) class A

» Rotor bars are quite large and are placed near the surface of the rotor.

» Low resistance (dueto itslarge cross section) and alow leakage reactance X, (dueto the bar’s
location near the stator)

Because of the low resistance, the pullout torque will be quite near synchronous speed

Motor will be quite efficient, since little air gap power islost in the rotor resistance.

However, since R, issmall, starting torque will be small, and starting current will be high.
This design is the standard motor design.

Typical applications — driving fans, pumps, and other machine tools.

NEMA classD

= Rotor with small bars placed near the surface of the rotor (higher-resistance material)

» High resistance (dueto its small cross section) and alow |eakage reactance X, (dueto the bar’s
location near the stator)

= Like awound-rotor induction motor with extra resistance inserted into the rotor.

» Because of the large resistance, the pullout torque occurs at high dlip, and starting torque will be
quite high, and low starting current.

= Typical applications— extremely high-inertia type loads.
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Typical torque-speed curves for
different rotor designs.

How can a variable rotor resistance be produced to combine the high starting torque and low starting
current of Class D, with the low normal operating slip and high efficiency of class A??

—> Use deep rotor bars (Class B) or double-cage rotors (Class C)

The basic concept isillustrated below:

! Rotor with deep bars
(a)

,—i Top of bar

Slip
ring R Ly

u Bottom of bar L

Slip
ring

(a) For acurrent
flowing in the top of
the bar, the flux is
tightly linked to the
stator, and leakage L
issmall.

- (b) At the bottom of the
bar, theflux is
loosely linked to the
stator, and leakage L
islarge.

() Resulting equivalent
circuit
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NEMA ClassB

= At the upper part of adeep rotor bar, the current flowing is tightly coupled to the stator, and hence the
leakage inductance is small in thisregion. Deeper in the bar, the leakage inductance is higher.

= Atlow dips, therotor’s frequency is very small, and the reactances of all the pardlel paths are small
compared to their resistances. The impedances of all parts of the bar are approx equal, so current
flows through all the parts of the bar equally. The resulting large cross sectional area makes the rotor
resistance quite small, resulting in good efficiency at low dlips.

= At high dips (starting conditions), the reactances are large compared to the resistances in the rotor
bars, so al the current is forced to flow in the low-reactance part of the bar near the stator. Since the
effective cross section is lower, the rotor resistance is higher. Thus, the starting torque is relatively
higher and the starting current is relatively lower than in aclass A design.

= Applications similar to class A, and thistype B have largely replaced type A.

NEMA ClassC

» Itconsistsof alarge, low resistance set of bars buried deeply in the rotor and a small, high-resistance
set of bars set at the rotor surface. It issimilar to the deep-bar rotor, except that the difference
between low-dlip and high-slip operation is even more exaggerated.

= At starting conditions, only the small bars are effective, and the rotor resistance is high. Hence, high
starting torque. However, a normal operating speeds, both bars are effective, and the resistanceis
amost as low asin a deep-bar rotor.

= Used in high starting torque loads such as loaded pumps, compressors, and conveyors.

NEMA ClassE and F

» ClassE and Class F are aready discontinued. They are low starting torque machines.

7. Starting Induction Motors

An induction motor has the ability to start directly, however direct starting of an induction motor is not
advised due to high starting currents, which will be explained later.

In order to know the starting current, we should be able to calculate the starting power required by the
induction motor. The Code Letter designated to each induction motor, which can be seenin figure 7-34,
may represent this. (The starting code may be obtained from the motor namepl ate).

S, = rated horsepower x code letter

S

— Start

| = Ssart
L \/_3\/T

Based upon example7-7, it is seen that to start an induction motor, there is a need for high starting
current. For awound rotor type induction motor, this problem may be solved by incorporating resistor
banks at the rotor terminal during starting (to reduce current flow) and as the rotor picks up speed, the
resistor banks are taken out.
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Three-phase
autotransformer '~

Line terminals
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I nduction motor starting cir cuits

e B

o——/—4

Disconnect
switch

Induction
motor

OL

o
1 | o
—_— 2 :'f 2
g 4 4
| I
I 1
3 o 3 <L o
Motor terminals
Starting sequence:
{a) Close | and 3
(b) Open 1 and 3
(c) Close 2
Overload
F, M, heaters
|
1
F
2 M_2|
|
Fy
Stop I
——QJ_Q——«—O o—4

Chapter 7

For asquirrel cage rotor, reducing starting current may be achieved by varying the starting voltage across
the stator terminal. Reducing the starting terminal voltage will also reduce the rated starting power hence
reducing starting current. One way to achieve thisis by using a step down transformer during the starting
sequence and stepping up the transformer ratio as the machine spins faster (refer figure below).
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Operation:

When the start button is pressed, the relay or contactor coil M is energized, causing the normally open
contacts M1, M2 and M3 to shut.

Then, power is applied to the induction motor, and the motor starts.

Contact M4 also shuts which shorts out the starting switch, allowing the operator to release it without
removing power from the M relay.

When the stop button is pressed, the M relay is deenergized, and the M contacts open, stopping the
motor.

A magnetic motor starter of this sort has several built in protective features:

a) Short Circuit protection — provided by the fuses
b) Overload protection — provided by the Overload heaters and the overload contacts (OL)
¢) Undervoltage protection — deenergising of the M relays.

3 Step resistive Starter |nduction motor

M Overload

Fy 1 heaters

C—
: F, M,
___[D] 11 Induction

I motor

Fy M3

1TD 2 3

T'ifélr—lgr%

e

1TD 21D

21D 31D

Operation:

Similar to the previous one, except that there are additional components present to control removal of
the starting resistor. Relays 1TD, 2TD and 3TD are called time-delay relays.

When the start button is pushed, the M relay energizes and power is applied to the motor.

Since the 1TD, 2TD and 3TD contects are all open, the full starting resistor are in series with the
motor, reducing the starting current.

When M contacts close, the 1TD relay is energized. Thereisafinite delay before the 1TD contacts
close. During that time, the motor speeds up, and the starting current drops.

After that, 1TD close, cutting out part of the starting resistance and simultaneously energizing 2TD
relay. And finally 3TD contacts close, and the entire starting resistor is out of the circuit.
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8. Speed Control of Induction M otor

Induction motors are not good machines for applications requiring considerable speed control. The
normal operating range of atypical induction motor is confined to less than 5% dlip, and the speed
variation is more or less proportional to the load.
Since PreL = SPag , if dip is made higher, rotor copper losses will be high aswell.
There are basically 2 general methods to control induction motor’ s speed:

a) Varying stator and rotor magnetic field speed

b) Varyingdip

Varying the magnetic field speed may be achieved by varying the electrical frequency or by changing
the number of poles.

Varying slip may be achieved by varying rotor resistance or varying the terminal voltage.

I nduction M otor Speed Control by Pole Changing

There are 2 approaches possible:
a) Method of Consequent Poles (Old Method)
b) Multiple Stator Windings Method

Method of Consequent Poles

General |dea:

Consider one phase winding in a stator. By changing the current flow in one portion of the stator
windings as such that it is similar to the current flow in the opposite portion of the stator will
automatically generate an extra pair of poles.

Connections
at fur end
of stator

(@) Inthe?2-pole
configuration, one coil isa
north pole and the other a
south pole.

(b) When the connection on
one of the 2 coilsis
reversed, they are both
north poles, and the south
poles are called
consequent poles, and the
windingsis now afour -
pole windings.

27



EEEB344 Electromechanical Devices
Chapter 7

By applying this method, the number of poles may be maintained (no changes), doubled or halfed, hence
would vary its operating speed.

In terms of torque, the maximum torque magnitude would generally be maintained.

Disadvantage:

This method will enable speed changesin terms of 2:1 ratio steps, hence to obtained variations in speed,
multiple stator windings has to be applied. Multiple stator windings have extra sets of windings that may
be switched in or out to obtain the required number of poles. Unfortunately this would an expensive

alternative.

Speed Control by Changing the Line Frequency

Changing the electrical frequency will change the synchronous speed of the machine.

Changing the electrical frequency would also require an adjustment to the terminal voltage in order to
maintain the same amount of flux level in the machine core. If not the machine will experience:

a) Core saturation (non linearity effects)
b) Excessive magnetization current.

Varying frequency with or without adjustment to the terminal voltage may give 2 different effects:
a) Vary frequency, stator voltage adjusted — generally vary speed and maintain operating torque.
b) Vary Frequency, stator voltage maintained — able to achieve higher speeds but a reduction of
torgque as speed is increased.

There may also be instances where both characteristics are needed in the motor operation; hence it may
be combined to give both effects.

With the arrival of solid-state devices/power electronics, line frequency changeis easy to achieved and it
is more versatile to a variety of machines and application.

Speed Control by Changing theLine Voltage

Varying the terminal voltage will vary the operating speed but with also a variation of operating torque.
In terms of the range of speed variations, it is not significant hence this method is only suitable for small
motors only.

il | | ! | A
250 500 750 1000 1250 1500 1750 2000

Mechanical speed, r/min

28



EEEB344 Electromechanical Devices
Chapter 7

Speed Control by Changing the Rotor Resistance

Itisonly possible for wound rotor applications but with a cost of reduced motor efficiency.

800

Ry Ry R, Ry Ry

700

600

500

400

300

Induced torque, N - m

R;=2R,
200 R,=3R,
Ry=4R,
R4= 53Ry
100 - Rs=6R,

0 | | | | | | !
0 250 500 750 1000 1250 1500 1750 2000

Mechanical speed, r/min

9. Determining Circuit M odel Parameters

There are basically 3 types of tests that can be done on an Induction motor:
a) No-load test
b) DCtest
¢) Locked Rotor test or Blocked Rotor test

These tests are performed to determine the equivalent circuit elements— Ry, R, X1, X, and Xy.
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TheNo-Load Test

The no-load test measures the rotational 1osses and provides info about its magnetization current.

The induction motor is not loaded; hence any load will be based upon frictional and mechanical losses.
The rotor will be rotating at near synchronous speed hence dlip is very small. The no load test circuit and
induction motor equivalent circuit is shown below:

Variable 1.7,
voltage,
variable
frequency, :
three-phase No load
power
source -

1,

(@)

— o_ &
R, X
+ o“l\/\/\,___rvm _
V¢ jXM § Rfriction, windage,
& core = XM
- O
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With its very small dlip, the resistance corresponding to its power converted, Ro(1-s)/s, is much larger
than the resistance corresponding to the rotor copper losses R, and much larger than the rotor reactance
Xo.

In this case, the equivalent circuit reduces to the last circuit. There, the output resistor isin parallel with
the magnetization reactance Xy and the corelosses Rc.

In this motor at no-load conditions, the input power measured by the meters must equal the lossesin the
motor. The rotor copper losses are negligible because |, is extremely small (because of the large load
resistance Rx(1-s)/s), so they may be neglected. The stator copper lossis given by:

a2
PSCL =3l 1 Rl
Hence,
PIN = PSCL + PCORE + PF&W + PMISC
“317R, + Py
Prot = Peore  Praw + Prisc

Also,

V¢

]zeq]=|—~ X, + X,

1nl

TheDC Test

Thisisatest for R; independent of R,, X;, and Xo.

DC voltageis applied to the terminals of the stator windings of the induction motor. SinceitisDC
supply, f =0, hence no induced current in the rotor circuit. Current will flow through the stator circuit.
Reactanceis zero at dc. Thus, the only quantity limiting current flow in the motor is the stator resistance,
and it can be determined.

AssumewehaveaY connected induction motor circuit as shown:
Current-
limiting
resistor 11 ~ Ilra[ed

oK

Steps:

a) DC voltage isapplied across the motor terminal and current flow is adjusted to rated condition
(to simulate normal operating condition)
b) Voltage and current flow is noted.

Based upon the test configuration,

2R1:\I/L° ,  ~“R=

DC 2| DC
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Since we are able to determine the value of R1, hence Psc, can be calculated. Unfortunately, this method
is not accurate since it is done using a DC power source where skin effects, that occurs when an ac
voltageis gpplied to the windings, are neglected.

The L ocked-Rotor Test

Adjustable-
voltage,
adjustable-
frequency,
three-phase
power source T
c m —- l——-. L
- P
X
fr =fc =fiest
Lyvig+]
(a) IL= 4 ég t zl[,l‘:lllﬂ
—I—]- R, X __I_%, JXz
o W\l Yy VY
:—1!
i
. R
V!” RC ? J XM % = R2
: Xy >> 1Ry + j X0l
' | Re >> 1Ry + /X
© So neglect R and Ay,
(b)

Steps:
a) Therotor islocked.

b) AC voltageisapplied across the stator terminals and current flow is adjusted to full load
condition.

¢) Measure voltage, current and power flow.
Since the rotor is locked, hence slip would be at a maximum as such that the R, terms are small. Hence
bulk of the current will flow through the rotor circuit rather than the magnetizing branch. Therefore the
overall circuit is reduced to:
jX1 JXZ

- MA—~YNN Y

R', = R2 = small value
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From here we may calculate:

RNZ\/_SVTILCOSG : PF = cosf = Px

NEYAR

Also,
V V. oo . )
|ZLR|=|—i= \/§T|L =R+ |Xg =|Z.|c0OSO + j|Z,5|siNO
Note:R;=R+R, , Xip= X+ X,

Note: Thistest is generally inaccurate due to the fact that in real operation, slip would vary from starting
and as the rotor approaches operating speeds. Since slip would also correlate to rotor current and voltage
frequency (at small slip, frequency issmall, at high dlip, frequency is high). Frequency would affect the
rotor reactance. Therefore, thistest is done with alower supply frequency (25% or less) to simulate small
dlip during operation. However, the true value of X may be found in the following formulae:

Since R1 may be found from the DC test, therefore we can calculate R2. The value of X, r may aso be
calculated by using the formulae below:

fra '
X p=—22 X = X, + X,

LR
ftest

Example 7-8

The following test data were taken on a 7.5 hp, 4-pole, 208V, 60Hz, desing A, Y -connected induction
motor having arated current of 28A.

DC Test: Vpc=13.6V Ipc=28.0A
No-load test:

V=208V f=60Hz
=812 A P., = 420W
lg=8.20 A

lc=8.18A

Locked-rotor test:

V=25V f=15Hz
A=281A Pn = 920W
lg=28.0A

[c=276A

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