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Abstract

This paper presents the dynamic and steady state analysis of 3-phase induction motor. Given the

supply voltage of 220v, SOHZ and machine's parameters generated, the average value of torque

developed verses speed showing what is normally termed the braking , motoring and generating

region of the machine was shown. In the motoring region, the developed torque is in the direction of
rotation. The generating region is above synchronous speed, and the developed torque is opposite to
the direction of rotation. In braking region, the developed torque is in the direction of the excitation
m.m.f., but opposite to the direction of the rotor rotation. The simulation of the induction motor
shows how the parameters such as q-axis current, d-axis current, electromagnetic torque and speed
varies with the variation in externally applied mechanical torque.

Keywords: Motoring region, generating region, Braking region, D-axis current, Q-axis current,

Mechanical torque.

1.0 Introduction

The induction machine has fixed stator
windings that are electrically connected to the
ac power source. Current is induced in the rotor
circuit via transformer action, resulting in a
magnetic field that interacts with the stator field
causing rotation.

The rotor must rotate slower than the stator field
for induction to occur, thus an induction motor
operates at less than synchronous speed using
no other source to excite the rotor's field.

Motors, especially those operating at 600r/min
and below have lower operating efficiencyanda
lagging power factor that draws exciting current
from connected source [1]. Since an induction
machine draws all exciting current from the ac
source, it may take in the range 0f 0.3 to 0.6 p.u.
reactive magnetizing kilovolt-amperes per
horsepower of operating load [2]. Most
induction motors are of the rotary type with
basically a stationary stator and a rotating rotor.
The stator has a cylindrical annulus magnetic
core that is housed inside a metal frame onto
which are mounted the bed plaies. end shields,
and a terminal box. At the centre of the end
shields are bearing to support the rotor's shaft.

The stator's magnetic core is formed by stacking
a thin electrical steel laminations with
uniformly spaced slots stamped in the inner
circumference to accommodate the three
distributed stator windings. For 60HZ
machines, the lamination is about 0.5mm thick.
The stator windings are formed by connecting
coils of copper or aluminium conductors.

The coils are insulated from the slot walls. The
axes of the stator windings of a p-pole machine
are spaced (p/2) (2n/3)mechanical radian apart.
with each phase belt occupying then same
number of slots. The terminals of the three stator
phase windings can be star- or delta- connected.

The rotor consists of a cylindrical laminated
iron core with uniformly spaced peripheral slots
to accommodate the rotor windings. There ar¢
two main types of rotor windings: wound and
squirrel-cage. In a wound rotor machine, rotor
windings similar to those of the distributed
windings on the stator arc wound of
cylindrical laminated core and brought ou! "J“
rings and brushes. These slip rings are insu?at‘-lt
from one another and from shaft. A Vart3b1L
amount of external resistance can be connﬂ'::-m
to the rotor winding via slip rings obt



higher starting torque or limited control of
speed below synchronous speed. In very large
and expensive drives, the terminal of the rotor
windings may be connected to a slip frequency
source to recover part of the power flowing into
the rotor circuit. The rotor of squirrel cage
machine consists of a cylindrical laminated
core with parallel slots for carrying rotor
conductors which, it should be noted clearly,
arc not wires but consist of heavy bars of copper,
aluminium or alloys. The bars are brazed or
electrically welded or bolted to twao heavy and
short-circuiting end rings. Three phase
induction machine are asynchronous speed
machines, operating below synchronous speed
when motoring and above synchronous speed
when generating They are comparatively less
expensive to equivalent size synchronous or dc
machines and range in size from a few watts to
10,000hp. They, indeed, are workhorse of
today's industry [3]. As motor, they are rugged
and require very little maintenance. However,
their speeds are not easily controlled as with dc
motors. They draw large starting currents,
typically about (5-7) times their full load value,
and operate with poor lagging power factor
when lightly loaded. Several ways have been
employed to improve the performance of
induction machine. Eddy current and hysteresis
loss in the stator core of an induction motor can
be reduced by assembling the stator core of high
grade, low electrical loss, silicon punching[4,5].

Research has shown that the punching are
insulated from one another by coating of
varnish or oxide produced by heat treatment [6].
Careful alignment is required to prevent the
rotor from rubbing against stator, the air-gap
between the stator and rotor being very small.
The rotor shaft of induction machine must be
made short and stiff so that the rotor may not
have any significant deflection [7, 8]. Even a
minor deflection in the shaft would develop
large irregularities in the air-gap which would
lead to production of an unbalanced magnetic
pull. It has been discovered by researchers that
increase in air-gap length causes increase in
magneliZing current necessary 10 sel up air-gap
flux ' 10]. So in order to reduce the

magnetizing

current, itis obvious to have air-gap between the
stator and rotor as small as practicable.

2.0 Methodology

2.1 Dynamic Model of an Induction Motor in
Arbitrary Reference Frame,

The voltage equations of induction motor in
arbitrary are stated below. [11-13]
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Substituting the values of flux from equation (3)
into the rotor and stator voltage equations (1)
and (2), gives
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2.2 Induction Machine Equation in
Stationary Reference Frame
By setting speed, w=0 in equation (1) and (2)
gives: ——
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Rotor Voltage Equations
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Electromagnetic torque can be given as,
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1.2 Equations for Simulation of Induction
Motor in Stationary Reference Frame

The model equations 6, 7 and & may be
rearranged into the following form for
simulation:

Voltage and flux linkage equations are:
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The torque equation is

3 P

2 2w

T. C¥, 1 =¥ 1) Nm

The equation of motion of the rotor is obtained

by equating the inertia torque to the accelerating
torque, that is,

& et Tui-T, Nmo (6
Where

T,....= the externally applied mechanical torque
in the direction of the rotor speed.

Tym = the damping torque in the direction

opposite to rotation.

The per unit speed, w/w, needed for building

the speed voltage terms in the rotor voltage

equations, can be obtained by integrating (17)
2, diw, /%, )

P &
Equation (16) can be written in terms of the
inertia constant, H, defined as the ratio of the
kinetic energy of the rotating mass at base speed
to the rated power, that is

=Tem+Tinach-Tdamp N.m (17)
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Expressed in per unit values of the machine's
own base power and voltage, equation (16) can
be rewritten as

dliw_iw, } I

1H T_+T_ . -T, . tnperunit (19)

The equation for transforming abc phase
voltage to qd0 voltage is given as:
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The equation for transforming of qd0 stator
current back to phase current is given as:

Lot il @
no==2 B, i, 29
Lo==U2 B, i, (02)

The simuli S : s Ayetion
[he simulink model for simulation of induc"™
) ¢ i e
motor is shown in figure 1. This simulink MY g
3 1 : At
was developed using equation (10) 10 equat
(25)
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3.2 Steady State Analysis of Induction Motor
In a steady state operation, the derivative terms
in the voltage equations (1) and (2) are made
zero.

From equation (1)

"‘,""'L apd_ 41,
ifp=0
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Similarly from equation (2), when =0,
Then ;- .y sow-w i, an

Using the transformation F, =] f,, (sinceq andd
are in space quadrature).

Herefore, equation (26) and (27) become
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(28), we have
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If the g-axis is aligned with 'a’ phase of the
machine such that

l,'f’ =l -j =
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Equation (31) becomes
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While equation (33) becomes
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Now dividing both sides of equation (34) by s,
we have
v
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Now the steady state equivalent circuit can be
drawn using equation (33) and (35) as shown
below:
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Figure 2: per phase equivalent circuit of an
induction motor.

In induction machine, the rotor winding are
normally short-circuit and thus no voltage

applied to the rotor.
HenceV,=0
Therefore equivalent circuit becomes
I B o, m 4
 §

!

V.

|
Figure 3: Equivalent circuit of an induction
motor.

|

3.3 Analysis of Equivalent Circuit

The equivalent circuit of figure 3 can be used to
determine a wide variety of steady state
performance characteristics of poly-phase
induction machine.

These include variation of current, speed, and
losses as the torque-load requirements change
as well as the starting torque and maximum

Lorq ue.

. i ¥ - T .
The equivalent circuit of figure 3 can be
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redrawn to account for the loss in the rotor as
shown in figure

| P
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“n
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Figure 4: Equivalent circuit of an induction
motor.

3.4 Steady State Performance Equations of
Induction Machines

By applying Thevenin's theory to figure 3,
looking into the circuit from left.

2 v 1
e

I - N,
Fo=fia, =11 I

38
7 oAl 26

S TE

where V, and Z, are Thevenin equivalent
voltage and impedance respectively.

The Thevenin's equivalent circuit is shown in
figure 5

Figure 5: Thevenin equivalent circuit of an
induction motor.
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The mechanical power developed is given as
the power dissipatedin  Zu-s)
which is given by
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4.1 Torque Speed characteristic of The
Induction Motor
For the induction motor with parameters shown
intable 1, the torque speed characteristics curve
is plotted using equation (40) and is shown in
figure (6)and (7a)

Table 1: 4-pole induction motor

Parasseters ] Valmes
v, ~ | 226+

£ E— -

F S0Hz
™ 0340
I S — 0278 02 3
X 0150

X 1200

[ ¥m 00
Moment of

Inertia, hs 0. Lkgm’

The values of the resistance and reactance in the
table 1 were obtained by changing their values
in Matlab environment until the appropriate
torque speed curve is obtained as shown in
figure 6.

Torgue speed characteristic of induction motor
is shown in figure 6. It was plotted with Matlab
by substituting the values of parameters in table
1 into equation (40) and varying the slip from |
to0
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Figure. 6: Torque-speed characteristics of
induction motor in motoring mode.

Plot of torque-speed characteristic of induction
motor  showing motoring, generating and
breaking region is shown in figure 7a. It was
plotted with Matlab by substituting the values
of parameters in table | into equation (40) and
varying the slip from 2 10 -

BB il o e
el : }
} mal.. 5 rie i

serh £ T -

ArErEY
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Figure 7a: The plot of torque-speed
characteristics showing motoring, generating
and breaking region.

Figure 7b: Torque-speed characteristics of
induction motor showing breaking, motoring
and generating region [14]

4.2 Determination of the output power of the
induction motor.

Operating slip

The mechanical power developed by an
induction motor is given as P =(1-s)p,,
Where p,,, is the power transferred across the air
gap to the rotor circuit. Also the power losses to
the rotor circuitis givenby P, =sp,.

From this it is obvious that the less the slip (as
the motor operates close to the synchronous
speed,w,), the less the rotor loss and hence the
higher the efficiency. For a typical induction
motor, between the slip ranges of 0.06 to 0.02,
the motor is relatively most efficient. In this
paper, slip is assumed to be 0.02.

From figure 4, the total circuit impedance is

given as,
1&['—"—+Jx,]
5

a’-"'ix. "'x#)

41

Z mr o+ Jx,+

Substituting the values of parameters from
tablelinto equation (41).
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9 /! n)
53

921 jwei)
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Output power, P,,= 3I',r/s (1-s) = 3x 19.68
0.278/0.02 x (1-0.02)
= 16480.11 watts

4.3 Simulation result of the 4-pole induction
motor

The simulation result of the 4-pole induction
motor is shown in figure 8. They are obtained by
substituting the values of the parameters of
induction motor in table | into the simulink
model of figure 1 built with equations (10) to
(25).

The time and value arrays of the mechanical
torque, Tmech repeating sequence source signal
for simulation of the 4-pole induction motor is
shown below:

o= [0 0.750751.251.2515152)

Toes vakoe=[0 0 -$0-80 20-8000)
Other parameters for simulation of the
induction motor are calculated as shown below.

Base speed ,w, = 2af =2xax50

= 1007
J...= 0.8kgm‘
ik AT gy
P
Inertia constant, H s
[ 4 A ZE“
N 0.8x(50r)° -06
2x16480.11

B LT T i e et

Electromagnetic Torque

Figure 9b: Electromagnetic torque
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Figure 9d: D-axis current and Q-axis current

5.0 Conclusion

Figure 6 and 7 are the plot of the average value
of the torque developed verses speed of an
induction machine. Figure 6 is Figure 7 shows
what is normally termed the braking, motoring
and generating rtegions of the machine's
operation. In motoring region (slip range of 1 to
0). the developed torque is in the direction of
rotation. The generating region (slip range of 0
to -1) is above synchronous speed and the
developed torque is opposite to the direction of
the rotor rotation.

As shown in figure 9a, for the 4-pole induction
motor, the machine will be motoring when
mechanical Torque (T,.,) 1S negative and
generating when T, is positive.

The step responses for the simulation of the
machine are shown in figure 9a, 9b, 9¢, 9d. It
follows that as the value of  parameter,
mechanical torque varies, there 1s
corresponding change in electromagnetic
torque, speed, Q-axis current and D-axis
current.
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