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Simulation of Three Phase Voltage Controlled
Soft Switching Start of Induction Motor Drive

Bibhu Prasad Ganthia, Lipsa Ray, Priyanka Senapati, Subrat Kumar Barik

Abstract: In this paper a three phase voltage regulator
(thyristor based) with RL load and induction motor load is
simulated for fixed firing anglefirst. As was seen from the results
obtained that the induction motor response is highly impaired
with thisfixed firing angle starting. The transient response as well
asthe steady stateresponseis highly oscillatory in nature. Then a
suitable firing scheme was developed to vary the firing angles of
each thyristor in reference to the zero crossing of the respective
phase voltages. The control circuit was studied for R-L load first
and then theinduction motor was simulated with thisfiring angle
control scheme. The basic objective of thiswork isto improve the
transient response of the voltage regulator fed induction motor.
One basic requirement for the induction motor to have an
improved transient response is that the applied voltage to the
motor must gradually increase. The same was achieved with the
proposed control logic. Next the fault mode (short circuit and
open circuit switch fault) analysis of the induction motor was
taken up. Till now not much work has been done on this fault
tolerant induction motor drive. Here a 2-phase close loop control
was adopted to improve response of the induction motor in fault
mode. We used both the voltage control loop aswell asthe current
control loop to do so. Unfortunately not much can be done on this
fault tolerant operation as the time was very short. Till the speed
and torque pulsation during a short circuited switch fault was
greatly improved by adopting this two phase control strategy.

Index Terms: Soft Starter, Voltage Control Loop, Current
Control Loop, Induction Machine, 2-Phase Control Loop, Fault
Tolerant Operation.

. INTRODUCTION

Poly-phase induction motors have been the workhorse (main
prime movers) for industrial and manufacturing processes as
well as numerous propulsion applications. The energization
of such motors in these processes and applications can be
achieved through the following ways.

(1) Direct across-the-line starting

(2) Soft-starting

(3) Adjustable-speed drive (ASD) control
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It is well known that direct across-the-line starting of
induction motors, which offers absolutely no control
capability, is characterized by high starting inrush currents
and high starting torque pulsations. In certain applications
such as conveyor belt drives, these high starting torque
pulsations may result in belt dippage, which consequently
may lead to undesirable damage to motor-load systems.
Frequent direct across-the-line motor starting may introduce
significant electrical and thermal stresses on motor bearings
and winding components including insulation, heating in
motor windings, as well as mechanical stresses on motor
cages, shafts and load couplings. The adverse effects due to
such stresses on motors may result in undesirable
consequences such as squirrel-cage bar breakages, stator
winding damage, and inter-turn short-circuit faults, which
may |ead to catastrophic failuresin motors. The losses during
starting or say during no-load make s significant contribution
to poor efficiency of the induction motor. More to the cause
the transient response in case of adjustable speed drives will
be critical concernin casethe motor is started by conventional
starter. Accordingly, reduced voltage starters, or the so-called
soft starters, are often employed as effective means to reduce
high starting currents and torque pulsations through use of
thyristor based voltage control both during starting as well as
in adjustable speed drives. While the basic concept is simple,
the problem of optimizing the performance of the so called
soft starter isacomplex task. Also the selection of the control
variable and the control law is pretty important in order to
improve the motor performance under various conditions.

[I. THREEPHASE VOLTAGE CONTROLLER

The three phase loads that is to be fed from the regulator may
be connected in different manner. The different connections
are shown below:
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igl
Figure.1 Different configuration three phase voltage
regulator configuration [10]
Here we have considered the three phase star connected RL
load with isolated neutral.
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Figure.2 Three phase voltage regulator with RL load
The voltage regulator with Rl load (star connected) is
shown in figure (2.2). Let s;, s, and s; represents the three

thyristor switches such that:
{l,when the phase a is conducting
5 =

0, when phase is not conducting

5, =

{1,when the phase a is conducting
0, when phase is not conducting

B {l,whenthe phase a is conducting
37| 0,when phase is not conducting

Now at any moment any two phases or three phases are
conducting. For this we define a new variable s=1 for any
two or three phase conducting and is equal to zero for no
phase conducting.
2.1.1. Voltage equationsfor different conduction modes:
We assume there is no mutual coupling between the
phases, the voltage expressions for different modes are as
follows-

Retrieval Number: C6441098319/2019©BEIESP
DOI:10.35940/ijrte.C6441.098319
Journal Website: www.ijrte.org

8105

Mode 1: when all three phases are conducting.
Inthiscasesl=1, s,=1, ;=1 and s=1. Then from the
fig. itisclear that-
Val =Va; Vbl=Vbh; and Vel =
M ode 2: when two phases are conducting (phase aand phase
b). That iss1=1, s,=1, s;=0 and s=1 then from the fig.2.2
1 1
Var = S Vaps Vit = T Voai Ve = 05
M ode 3: when two phases are conducting (phase aand phase
C). That issl=1, sz =0, ;=1 and s=1thenfr0mthef|922

Llr VRG‘ V D" VGL chﬂ"
Mode 4: when two phases are conducting (phase b and
phase c). That is s1=0, s,=1, ;=1 and s=1 then from the
fig.2.2

Vbc* Ve 1 Vcb

c

Mode 5: when two phases or al three phases are not
conducting s1=0, $,=0 s;=0 and s=0, so from the fig.2.2

Var = 0; Vy = 0; V; = 0

So the generalized load voltage for all states can expressed
asfollows

Var = 102 oy ([Sﬂ + 530V, — 5.V, _Savc)

Vi = 1es, 41, (G +sIVy — sV, —s5V)
(2.2)

Ve = ((s2+ sV, —5,V, —5,V,)

" 1+a, +3..

Where I, V,,, IV, are the instantaneous supply voltages.

1. INDUCTION MOTOR SOFT STARTER

A soft starter is normally used to reduce the starting voltage
automatically so that the magnetizing inrush reduces. This
may be done by using open loop control or closeloop control.
The open loop control delays the application of the firing
pulses to the thyristors and with a set time delay it produces
the pulses. Herewe go for close control of the soft starter. As
mentioned earlier in the previous chapter, soft starter
technology is widely employed as effective and low-cost
means, as compared to modern PWM adjustable-speed
drives, to reduce high starting currents and torque pul sations
of medium voltage and large ac motors in numerous critical
industrial, manufacturing, and transportation applications
through use of thyristor-based voltage control [11][15]. The
circuit topology and its control scheme are simple and easy to
implement, which will be described in the following
subsection.In an induction motor, the set of differentia
equations in dq representation that govern the instantaneous
relationship between the voltages and currents in the
synchronously rotating frame of reference can be expressed as
follows[21]:
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Where, A5, =L_iZ + L, iz,
AZS = LS'II:S' + L?ﬂi:?‘
As,=L,i%, +L i,
(3.29)
I!Hi:"' = L?'i:?"-l_ L?ﬂi::'n'

Here L_,=L;,+ L ad L,.= L, + L, , where, L.
the stator leakage inductance, L, is the reffered rotor

leakage inductance, and L, isthe magnetizing inductance in
the T- equivalent circuit of an induction machine [22]. The
first two equations of (3.28) correspond to the dqg stator
windings, while the last two equations of (3.28) correspond to
the dq rotor windings. The equations of (3.29) represent the

dq stator and rotor flux linkages. Meanwhile, the terms, ¢,

and .., represent the synchronous and rotor speed in
radiang/sec. subscript denotes synchronously rotating frame.
In principle, reducing the impressed voltage upon the motor
during starting reduces the starting current and torque
pulsations. This is due to the fact that the starting torque or
locked rotor torque is approximately proportiona to the
square of the starting current or locked rotor current, and
consequently it is proportional to the square of the starting
voltage [17]. Therefore, by properly adjusting the applied
effective voltage during startup, the locked rotor torque and
current can be reduced. The most common control strategy
employed by the soft starter of Figure 2.1 is the open loop
voltage control. Such control approach is widely adopted in
commercialy available soft starters, as well as soft starter
designs reported in the literature [18]-[19]. The voltage
control isimplemented by adjusting either the delay angle, .,
or the hold-off angle, y , of the conduction cycle of the
oncoming thyristor with respect to either the zero crossing of
the supply voltage (o) or the zero crossing of the line current
(v), respectively, as shown in Figure 2.2. The thyristors are
then selectively fired to conduct current in the appropriate
phase, and naturally commutate off when the current reaches
zero. The larger the delay angle, a, or the hold-off angle, v ,
thelarger the notch width in the applied motor voltage, which
consequently reduces the effective or RMS value of such
voltage impressed upon the motor. However, improper
control of a or y firing angles may result in relatively high
starting torque and current oscillations. Therefore, optimum
starting profiles of the o or y firing angles have been
extensively investigated to produce smooth starting torque
and current profiles.
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Figure.3 Conventional three-phase soft starter topology

In order to obtain good dynamic characteristics, a
symmetrical-triggering firing pulse sequence is necessary.
Due to the fact that the thyristor is a half-controlled device,
its firing pulse must be synchronized with the ac mains. The
six thyristorswill be turned on with the proper sequence, and
the firing signal is in phase with the zero-crossing of the
supply voltage. Since\ there is an inherent delay associated
with athyristor turn-off, the input current of the motor is not
continuous, which results in time harmonics in the machine
air gap flux. These generated harmonics are generally odd
order harmonic terms. In the commercially available soft
starters, thisfiring angle profileis preset by the user based
ontheinitial setting of the locked-rotor torque (LRT) and the
ramp time, asimple illustration of which is shown in Figure
3.3. The LRT istheinitia starting torque that is required to
accel erate the motor during starting, and the ramp time isthe
time it takes for the voltage to go from the initial voltage
value at the LRT setting to the maximum full voltage that is
being applied to the motor. By adjusting the ramp time, the
acceleration time of the motor can be controlled.
Accordingly, the firing angle, which controls the amount of
applied motor voltage, is reduced gradually depending on
the ramp time during the period of starting until the motor
has reached its full speed and rated current, whereupon the
contactors are closed to bypass the thyristors. Evidently,
such predetermined o or y firing angle control offers very
limited control flexibility. It should be noted from Figure 3.2
that the phase angle, ¢ , isrelated to the delay angle, o , and
the hold-off angle, v , by the following relation:

T =a—vy
ST TNy T 21,
L N
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Figure4 (a) 3-phase conduction mode. (b) 2-phase
conduction mode.

IV. FAULT MODEANALYSIS

The earlier formulations of the closed-form
analytical expressions of the motor phase voltages and
currents are employed herein to investigate the impact of
falure modes in soft starters on the motor transient
performance. Two distinct types of failure modes considered
in this work are: (1) short-circuit SCR fault (see Figure
4.1(a)), and (2) open-circuit SCR fault (see Figure 4.1(b)),
occurring only in one phase of the soft starter. A short-circuit
SCR fault can happen in situations such as loose wire in the
circuit or breakdown in the snubber circuit. Conversely, an
open-circuit SCR fault can occur due to malfunctions either in

the gate driver or the pulse generator of the controller.
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V. SIMULINK MODEL AND RESULTS
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Figure.9 Proposed Control circuit model in fault mode

(2-phase close loop control)

a. Simulation resultsfor the RL load
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a = 30"
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Figure.12 Current waveform with rl load for
a = 45°

Published By:
Blue Eyes Intelligence Engineering
& Sciences Publication

Exploring Innovation'



International Journal of Recent Technology and Engineering (IJRTE)
pren (o) 2CcEss | SSN: 2277-3878, Volume-8 | ssue-3, September 2019

Olput oltage phase avoliage

Sveinput voltages

Seefing pulee for delay angle 45 degree>

1 T Yephase b currentz
! 10 ‘
DB . [TETTTTY RN ' [T . -
05F FUPURT . UTTTN 4
Ui L. -
02 L. -
X
1 Yh<phase ¢ currents
100 ‘
DB T - : . . .
- . |
- 4
02 L... _ '
) L : ;
0 0t i I 0 I - | | | | |
) . Xl
Figure.13 Voltage waveform with rl load for &« = 60° 0 0 1 1 1 04

Figure.14 Current waveform with rl load for &« = 60°

Retrieval Number: C6441098319/2019©BEIESP

DOI: 10.35940/ijrte.C6441.098319 g:‘b”éhed IBy:eII' Enineeri
Journal Website: www.ijrte.org 8110 ue Eyes Intefligence Engineering

& Sciences Publication



Simulation of Three Phase Voltage Controlled Soft Switching Start of Induction Motor Drive

ot oage phas 2 voiage

| | | | | 40
et ol Yphasea ourenb>
g T I
a \ T T T T | |
5"1.\\' : - 1‘ .
\: ;

ﬂ' "“" e
: |/
/i
| .
i . e\./_._,‘._
1
| | | | | |
Yoephase b ourent>
el s for el ange 0 e L . I T .
' I | : :
/| S RUTS 4
M_ ................................ —
| \ |
T I FINSU SOOI T FFUURTSY SOV, NSRRI SN SRR AU o Qg eereeees — e - e T T E
i Bl : / ‘ ] : ff ‘
| fﬂ ! ! /
L/ e '
T e Y [EIRETEY RRLTOLIPITEII BITRN MR PITIPERREE | | f |
- \/ s - v
“_ ................................ —
A0
! Y aeb
100 | ‘
1
”_ ................................................................................................
W.. ................................................................................................
“_. ..... —
“_ ................................................................................................ mﬂ | | | ‘ | ‘ |
. . ‘ ‘ il il i I i3 il w
i i i i .
I
. u I o " I I W Figure.16 phase voltage and Current (a,b,c) waveform

. — o
Figure.15 Voltage waveform with rl load for ¢ = 90° with rl load for & = 90

Retrieval Number: C6441098319/2019©BEIESP

DOI:10.35940/ijrte.C6441.098319 Eﬁf’;‘é’;ﬁ IE:]{; ligence Enginesring
Journal Website: www.ijrte.org 8111 & Seiences Publication

Exploring Innovation'



OPEN 8 ACCESS

Simulation result for R=300hm and L=50M ho
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Figure.17 (a): Phase Voltage and current waveform with
rl load for ¢ = 30°

b. Simulation results for the 3-phase voltage

regulator fed induction motor

Figure.18 Phase voltage and current for delay angle 60°
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Figure.19 First few

Figure.20 Speed versustimefor delay angle 60°

Figure.21 Phase voltage for delay angle 60° and 50%
load torque
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Figure.221* few cycles of phase current and phase Figure.25First few cycles of torque for delay angle 900
voltagesfor delay angle 90” and 50% load torque rated load

tarque speed characteristies
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Figure.26 Torque versus speed characteristics of close
loop controlled induction motor

Figure.231st few cycles of phase current and phase
voltages for delay angle 900 and 50% load torque

Figure.27 Speed ver sustime characteristics of close loop
controlled induction motor

Figure.24 Speed versustimefor delay angle 900

Retrieval Number: C6441098319/2019©BEIESP Published By:
?(g:ﬁg.ﬁfg{grte.C6?1%é0§8319 Blue Eyes Intelligence Engineering
- Winw.[jrte.org 8113 & sciencesPublication S



OPEN 8 ACCESS

Figure.28 Transient voltage and current of close loop
controlled induction motor
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Figure.29 Steady state voltage and current of closeloop
controlled induction motor
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controlled induction motor
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Figure.31 RM S output voltage (phase B) of close loop
controlled induction motor
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Figure.32Phase voltages and phase cur rents of close loop
controlled induction motor

Simulink Results of Fault M ode

Figure.33 Speed versustimegraph in case short circuit
fault
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Figure.34 Polar plot (healthy condition) and Polar plot
(short ckt)

Figure.35 Torque versustime during a short circuit fault

VI. CONCLUSION

This paper is based on a simulation study of a three phase
voltage controller with RL and induction motor load. Both the
cases were also simulated for soft starting. The results
obtained are pretty satisfactory. Theinitial magnetic inrushis
greatly reduced with the help of a soft starter (thyristor
voltage regulator based) along with the torque pulsation
reduction. Also closed form derivation of the induction motor
is conceived to analyze the transient performance during soft
starting. Next the fault tolerant operation of the induction
motor under various switch faults was studied. An analytical
study was carried out but the simulation could not be carried
satisfactorily because of shortage of time. But still the results
obtained for the short circuit fault seems to be highly
improved by this 2- phase close loop control method.

APPENDIX

Machine ratings
Rated Power 2 hp (1492 Watts)

Rated Voltage (Line-Line) 460 Volts

Rated Current 3.0 Amps

Rated Frequency 50 Hz

Rated Speed 1440 rpm

Rated Torque 8.169 Nm

Phase 3

Number of Poles 4

Stator Resistance, R=3.850 Q

Rotor Resistance, R=2.574 Q

Stator Leakage Inductance, Li; = L 17.5594 mH
Rotor L eakage Inductance, Ly = 17.5594 mH
Magnetizing Inductance, L, = 0.372674 H
Moment of Inertia, J 0.028 kg.m2

Load Coefficient, k.= 0.24493x10 Nnv (m. rad/s) >
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