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A three-phase induction motor performance under
different loading types supplied from balanced and

unbalanced Thyristorized supply voltage
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Abstract:

Induction motors are used .extensively in a wide variety of industrial applications. The developments in the
power electronics field have lead to an ever- increasing use of thyristors switching devices in the induction
motors supply voltage control for the purpose of speed control, soft starting, and energy saving in these
applications . Such power electronics switching devices generate different waveforms patterns of
nonsinusoidal voltage according to balanced and unbalanced condition of their operation. So, The present
paper investigates the impact of this nonsinusoidal supply voltage waveforms on the dynamic performance of
a three-phase induction motor during balanced and unbalanced operation. Also, this paper considers the IM
operation at different loading conditions. A MATLAB program has been used to model the thyristorized
induction motor performance.
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I-Introduction

Polyphase induction rﬁotors have been the
workhorse (main prime fnovers) for many
industrial applications. In some of these
applications, thyristor switching devices,
are often employed as effective and low-
cost means for voltage control of the
induction motor for the purpose of speed
control, soft starting, and energy saving.

The application of thyristors to supply the
induction motor has resulted in a number
of nonsinusoidal supply voltages according
to their switching mode of operation.
Although induction motors (IMs) are
balanced

generally  operated under

conditions, various unbalanced or

unsymmetrical conditions can occur. For

example, the stator phase voltages may.

become temporarily unbalanced due to
faults occurring in thyristor switching
devices.

Such Induction motor—electronic switching
devices can be found in applications that
involve numerous load systems such as
fans, blowers, compressors, centrifugal
pumps, elevators and escalators, assembly
lines, transport and conveyor-belt systems,
as well as heating, ventilation, and air
conditioning (HVAC) systems. In these
vital and critical applications, the study of
the impacts of the balanced and
unbalanced supply voltage on the dynamic

performance of IM is very important.

Many studies have been reported about the
influence of supply voltage on the
induction motor operation [1]-[14]. The
dynamic performance of the unloaded IM
under a balanced sinusoidal voltage source
was proposed and the effects of various
unbalanced and unsymmetrical conditions
for the voltage source on it were
investigated [1]-[2]. Berge [15], [16]
studied the dynamic performance of IM
loaded by pump load when it is supplied
through thyristors based stator voltage
control. However, an important issue
weren't considered and discussed in the
previous researches, is the impact of the
supply voltage waveforms with different
loading types on the dynamic performance
of IM. Therefore, this paper provides an
extensive investigation for the following °

problems:

1)-The dynamic performance of the motor .
in the form of a sinusoidal operation on the
supply side under both balanced and

unbalanced conditions at different loading

conditions.

2)-The dynamic performance of the motor
when used in conjunction with thyristors
switching devices under both balanced and
unbalanced conditions at different loading

conditions .
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II. Mathematical Model of
induction motor

The mathematical model of the IM in
terms of ABC/abc axes quantities is used.
Given in reference [17], [18], the voltage
equations describing an induction motor

are:

E. 17
For a magretically linear system, the flux

linkages may be expressed as

Aabcs _ LS LST iabcs
= T ; (3)

Aabcr (Lsr) ’ Lr Laper
When expressing the voltage equations in
machine variable form, it is convenient to
refer all rotor variables to the stator

windings by appropriate turns ratios:

Vabes = Tslapes T PAabes

Vaber = Trlgber T PAaber

(1)
(2)

/ NS
aber = ﬁr'/labcr
o7 T 7 Ns
sbaper = N_slabcr ’ Ly = (I-V—r 2Lr (4)
labcsjl = [ Ls L;r] [iabcs] (5)
:zbcr (Lis'r)T L;' lrlzbcr

The voltage equations expressed in terms of machine variables referred to the stator windings

may now be written as

[vabCS] - [7:9 +pLs pLs ] [iabcs] (6)
Vaber p(Ltsr)T 7"rl + pL’r itlzbcr
- I
Lm: + Ll.v - Lm —=
2
Where L =| - Ly, L +L, - Léns
_i _i Lms + LI:
L2 J
(Lm +Ly - L —i
2 2
L = —flﬂ L.,+Lr -~ L
‘ 2
_i _ﬂ. ‘Lms + Lllr
L 2 2 ]
LmsC0S8r  Lingcos (B, +25) Ly cos (6,~%)

L ={Lpscos (Br - 2?”) L s COS 6,

L, cos (9, + 3371) L5 COS <6r - 2—375)

L5 cos (HT + 23—75)

Lns cos 6,
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[ Ly Lisr]_l [vabcs] _ [73‘] [iabcs
L)t L Vaber il ligper

And the electromagnetic torque can be

expressed as

P s a .t
T, = (5) (Labcs)Ta_er [Lsrligber (10)
The mechanical part is represented by the
following equation
Te=Jpom + fo, + T, (11)

Where

friction and windage coefficient, w,, the

] is the moment of inertia, f

mechanical motor speed, and T;, the shaft
load torque.
III-proposed Procedure:

This paper

performance of motor electromagnetic

investigates the dynamic
torque, speed and supply currents for
operation on sinusoidal and non-sinusoidal
under both balanced and unbalanced
conditions at different loading conditions.

The proposed procedure is applied using

the following steps
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[Vabcs] _ [rs] [iabcs
! -_ ! 2!
Yaber Trd Waber

Yabes1 _ 75 [iabcs] ([iabcs])[ Lg
[vclzbcr] - [rrl] i{zbcr +p ’:clzbcr (L,sr)T

(Pt | ) )

Flelele(uty Fren @

|- [Ziij P ([(Léj)T LLS: ) p<9r)) (©)

1)-First case (sinusoidal operation)

The IM is connected directly to three-
phase sinusoidal supply wunder the
following conditions:

a)-Balanced condition

b)-Unbalanced condition

the unbalanced condition considered in this
paper is opening one phase of the stator
phases of IM under the following loading
conditions [19]:

a)-No-load(Free acceleration)

b)-Constant torque load in which the load
torque remains constant over a given speed
range such as conveyors, augers,
reciprocating compressors, crushers and
elevators.

¢)- Variable torque load in which the load
torque varies either linearly with speed

such as calenders, and textile

paper
glazing, and eddy-current brakes or with
the square of the speed such as centrifugal
centrifugal centrifugal

centrifugal

pumps, fans,

blowers, vehicles and

Compressors.
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~d)- Pulsed or transient load in which
sudden impact i)eak load on the motor
shaft, usually involves sharp, abrupt
changes in load which are not dependent
on speed. Impact loads may be non-cyclic
in nature,

(2)-Second case (non-sinusoidal

operation)
The IM is connected to three-phase

sinusoidal supply through two thyristors
connected in reverse parallel to each phase.
The schematic diagram of the thyristorized
IM is given in Fig.1 .It is composed of
three pairs of back-to-back connected
thyristors (A1,A2,B1,B2,C1,C2) in series
with each phase of the motor’s stator phase
windings. Both the stator winding voltage
and motor currents have different
nonsinusoidal waveforms that depend on
the triggering angle and the load

impedance.

=

The non-sinusoidal operation is carried

out under the following condition
a)-Balanced condition

b)-Unbalanced condition

Two distinct types of unbalanced
conditions considered in this work are:

(1) short-circuit thyristor fault , and

(2) open-circuit thyristor fault,

This is investigated under the above
loading conditions.

IV- Matlab Model of the
System

Using the mathematical model developed

in II, A three-phase induction motor is

modeled using Matlab software [21] .

The validity of the model at sinusoidal and
nonsinusoidal operation of the IM was
checked with previous works [1],[15],[16].
The results obtained from the model were
in complete agreement with their results.
So, the model can be applied with

sufficient certainty.

- AC Motor

bé

Fig.1 Thyristorized Induction Motor
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V- Simulation results:

Simulation results on the dynamic
performance of IM were obtained for a
three-phase induction motor, the equivalent
circuit parameters of which, given in
Appendix (A). Two simulation cases were
conducted, namely: 1)-Sinusoidal
operation, 2)-Non-sinusoidal operation at
different loading conditions such as 1)-
Free acceleration (no-load), 2)-constant
load" Ty, =20 Nm =full load torque,3)-
Pump load T;, = K w3, N.m Where K; is
the Load coefficient and equal
t0 0.88042 « 1073 N.m/(rdd/s)? which
was used to

Provide a mechanical load torque of 20
N.m at the rated speed, and

4)-Pulsed load in which average load
torque applied equal to rated load torque
20Nm.

1)-Sinusoidal operation

the dynamic performance of motor
electromagnetic torque, speed and supply
currents under the balanced sinusoidal
voltage condition are shown in Fig.2,

Fig.3, Fig4 and Fig.5 with different
loading types.

the unbalanced opération of IM considered
in this paper is the phase-c of the induction
motor is disconnected from the supply at

time (t=0.41) at that voltage passes through

Zero going positive, and then reconnected

after five cycles from the disconnection
time.Fig.6, Fig.7, Fig.8 and fig.9 shows the
dynamic characteristics of the induction
motor under this condition with different
loading types.

2)-Nonsinusoidal operation

In this case, The IM is connected to three-
phase sinusoidal supply through thyristors
connected in series with three phases
(three-leg thyristorized IM) .The continuity
of the motor line current waveform is

dictated by the setting of firing angle. For

the discontinuous the line current, the
firing angle should be greater than the
critical angle "¢" which is found to be 63°
and 65° for the low voltage and medium
voltage IMs respectively [20], so we take
the firing angle of thyristors "a" equal to
70° .the dynamic characteristics of the
motor under the balanced non-sinusoidal
voltage condition are shown in Fig.10,

Fig.11, Fig.12 and Fig.13.
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Fig.(13), Transient current, Speed, Torque ,
and RMS current vs time for balanced non-

sinusoidal operation at pulsed load
application. (three-leg thyristorized IM)

leg thyristorized IM)

and RMS current vs time for balanced non-

sinusoidal operation at pump load

Fig.(12), Transient current, Speed, Torque ,
application. (three
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In the unbalanced

thyristorized IM, two distinct types of

operation  of

unbalanced conditions considered in this
work are: (1) short-circuit thyristor fault, it
can happen in situations such as loose wire
in the circuit or breakdown in the snubber
circuit, and (2) open-circuit thyristor fault
occurring only in one phase of thyristor-
controlled three-phase IM, it can occur due
to malfunctions either in the gate driver or
the pulse generator of the céﬁtrc;lier

During a short-circuit thyristor fault, the
motor terminal of phase-c is connected
directly to the supply as shown in Fig.14;a.
As a consequence, the prbblem of voltage
unbalances impressed upon the motor
windings. This is due to the fact that the
motor phase winding without the thyristor
connection experiences a full applied
voltage at its terminal, whereas the other
two phases experience reduced voltages
impressed upon them. Fig.15, Fig.16,
Fig.17 and Fig.18 show the dynamic
performance of motor electromagnetic
torque, speed and supply currents when
continuous short —circuit thyristor of

phase-c fault occurs at which the IM is

connected to a three-phase sinusoidal
supply through thyristors connected in
series with two phases, and the last phase
is connected directly to the supply (two-leg
thyristorized IM).

During an open-circuit fault in the thyristor
switches, both the thyristor switches of
phase-c are inactive as shown in Fig.14-b.
Fig.19, Fig.20, Fig.21 and Fig.22 shows
the dynamic characteristics of the
induction motor when the phase ¢ of the
induction motor is disconnected from the
supply at the same speed of disconnection
time in the case of sinusoidal operation due
to open-circuit thyristor fault and then
reconnected after five cycles from the
disconnection time.

Fig.23, Fig.24, Fig.25 and Fig.26 show the
dynamic characteristics of the induction
motor when the phase ¢ of the induction
mbtor is connected directly to the supply at
the same speed of disconnection time in
the case of sinusoidal operation due to
short-circuit thyristor fault and then
reconnected  to the supply through
thyristors after five cycles from the

disconnection time. .
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Fig.(18), Transient current, Speed, Torque ,

and RMS current of phase-a vs time for

unbalanced non-sinusoidal operation at

pulsed load application. (two-leg

thyristorized IM)

unbalanced non-sinusoidal operation at pump
load application. (two-leg thyristorized IM)

Fig.(17), Transient current, Speed, Torque ,

and RMS current of phase-a vs time for
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Fig.(19),Transient current, Speed, and Torque

vs time for unbalanced non-sinusoidal

Fig.(20), Transient current, Speed, and

Torque vs time for unbalanced non-

sinusoidal operation (open-circuit thyristor

fault ) at constant load application.

operation (open-circuit thyristor fault ) at no-

load application.
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vs time for unbalanced non-sinusoidal
operation (short-circuit thyristor fault ) at

constant load application.
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operation (short-circuit thyristor fault ) at

pulsed load application.

sinusoidal operation (short-circuit thyristor

fault ) at pump load application.
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TABLE I:Sinusoidal IM operation under different loading types ,

E 35

peak Acceleration +ve peak torque/ | RMS
current time -ve peak torque starting
. current
Free Balanced 79 0.63 145/30 52
acceleration | Unbalanced 79 0.65 145/30 52
Constant Balanced 79 0.79 145/30 52
load Unbalanced 79 0.88 145/30 52
Pump load | Balanced 79 0.65 145/30 52
Unbalanced 79 0.7 145/30 52
Pulsed load | Balanced 79 - 0.72 145/30 52
Unbalanced 79 0.75 145/30 52
TABLE II: thyristorized IM operation under different loading types
peak Acceleration | +ve peaktorque/ | RMS starting
current time -ve peak torque current
Free _Three-leg 50 1.1 68/0 37
acceleration | connection
Two-leg 60 0.9 15/20 44
connection
0.C thyristor 50 115 68/0 37
fault
1 S.C thyristor 50 1.05 68/0 37
fault
Constant Three-leg 50 2.2 68/0 37
load connection
Two-leg 60 1.5 115/20 44 .
connection
0.C thyristor 50 2.4 68/0 37
fault '
S.C thyristor 50 2.05 68/0 37
fault
Pump load | Three-leg 50 1.4 68/0 37
' connection
Two-leg 60 1.05 15/20 44
connection ’
0.C thyristor 50 1.7 68/0 37
fault
S.C thyristor 50 1.4 68/0 37
fault
Pulsed load | Three-leg 50 1.6 68/0 37
connection
Two-leg 60 1.2 115/20 44
connection
0.C thyristor 50 1.75 68/0 37
fault
S.C thyristor 50 1.5 68/0 37
fault
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VI-Disscussion

At the instant of starting of IM, as one can

see in the simulation results, the air-gap '

torque is momentarily increased; reaches

positive maximum value, then negative
maximum Vailue, and then oscillates about
a positive average value. The oscillations
in the air-gap torque are caused by the
interactions between the stator and rotor
flux linkage. The negative oscillations in
the electromagnetic torque of the induction
motor are presented at the beginning of the
start-up period. These are periods of
momentary deceleration that occur during
regeneration when the electromagnetic
torque becomes negative. The rotor speed
only increases when the torque is positive.
The oscillations that are present in
transient of air-gap torque of the induction
motor are damped at the end of start up
period and finally the steady state
condition is attained without oscillations.
the oscillations are longer presented in case
of bigger load torque on the motor shaft.
The response of the air-gap torque is in
accordance with the response of the motor
currents. the starting cumrent of an
induction motor is large , several times
larger than the rated current since the back
emf induced by Faraday’s law grows
smaller as the rotor speed increases.

The initial part of the transients of

‘electromagnetic tdrque and current at the

starting , as one can see in the simulation
result and tables LI, is equal in both cases
(load and no-load condition) but the
acceleration time in case of load condition
is longer than in case of no-load condition.
In addition the acceleration time is longer
When the bigger load torque on the motor
shaft is applied. Also decreasing the
terminal voltage causes longer acceleration
time.

From Tables L1II, it was observed that
thyristorized IM affects the following
aspects. A

1)-It reduces the inrush current drawn by
the motor.

2)- It has significant effects on the motor
electromagnetic torque during . starting
period in which the negative torque
pulsation is disappeared and the positive
torque pulsation is reduced so the torque
pulsations decrease.

3)-Speed build up is found to be smooth
since the torque pulsations is re&uced.

4)- It results into a high acceleration time ,
where as it is largely increasing with
constant load application .

In the unbalanced condition, the simulation
result for the case of continuous open-
circuit thyristor switch fault is not

presented here since the motor does not

produce a starting torque during the

occurrence of such fault; hence, it
constitutes a total failure of motor starting.

Also, open-circuit thyristor switch fault for
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five cycles cause deceleration of the motor
because  the  average  value of
electromagnetic torque is lower than the
load torque. )

During a short-circuit SCR fault, the motor
terminal of phase-c is connected directly to
the utility grid, as a consequence, the
problem of voltage unbalances impressed
upon the motor windings arises during
starting. This is due to the motor phase
winding without the SCR' connection
experiences a full applied voltage, whereas
the other two phases experience reduced
voltages impressed upon them during
starting. the voltage unbalances introduce a
negative sequence components in the stator
currents, which consequently lead to
average torque reduction and torque
pulsations during the “starting transients
since it produces a negative torque
opposite to the motor’s rotation.

Also from the simulation results, It is
noted that the short-circuit thyristor switch
fault produces undesiréd fault response on
motor performance with unbalanced, high
motor currents, which accordingly imposes

a greater stress on the motor windings.

VII-Conclusion

This paper presents the dynamic
performance of IM under different supply
voltage waveforms and different loading
types. And it is observed that the dynamic

performance of IM is greatly affected by

changes in its supply voltage and load
types.

In this paper, It is investigated that

l-the peak torque and current at the
starting are independent of the load value
and its type but depend upon the motor
terminals voltage.

2- The oscillations of the transient torque
depénd upon the load .they are longer in

case of bigger load torque on the motor

- shaft.

3-The average of the transient torque

- depend upon the value of the load and its

type and the motor terminal voltage.

4- The acceleration time depends upon the
load type, its value, and the motor
terminals voltage.

5-The unbalanced supply voltage produces
undesired response on motor performance
with uﬁbalanced, high motor currents,
which accordingly result in high motor
transient torque pulsations and long

acceleration time.
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APPENDIX (A): (MOTOR DATA)
Rs=1.405Q;R'r= 1.395

Lls =0.005839H; L'Ir = 0.005839H;
Lm=0.1722 H;

pole = 4; rated Volt'age =380V;

rated power = 3 kW rated current = 7 A;

winding connection = Wye;

rated frequency = 50 Hz;
total inertia = 0.203 kg-m2;
rated speed = 1440 r/min.

NOMENCLATURE

r  Rotor quantity

s Stator quantity

Rs, Lis  Stator resistance and leakage
inductance

Ln  Magnetizing inductance
L Total stator inductance
Vabess Lapes Stator voltages and currents

Om Mechanical angular velocity of the
rotor

®m  Rotor angular position
P Number of poles.

o:  Electrical angular velocity (@
P/2)

®;  Electrical rotor angular position (@,
x P/2)

Te  Electromagnetic torque
Tm  Shaft mechanical torque

J . Combined rotor.and load inertia
coefficient.

F Combined rotor and load friction
coefficient

L':  Total rotor inductance

R', L'y Rotor resistance and leakage
inductance

Vabers Laper  TOtOT Voltage and current
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