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ABSTRACT 
In this paper, a new control strategy for an 
induction motor (IM) drive system fed from 
three- phase pulse width modulation (PWM) 
AC chopper is proposed. The main 
objective of the proposed control scheme is  
to achieve input power factor correction 
(PFC) of the IM drive system under 
different operating conditions.  PFC  is  
achieved  by  continuously  forcing  the  
actual  three-phase  supply  currents  with  
the corresponding reference currents,  which  
are  generated  in  phase  with  the  supply  
voltages,  using  hysteresis band current 
control (HBCC) technique. The proposed 
control strategy has two loops; inner and 
outer loop. Output of the outer loop is the 
magnitude of the supply reference current  
resulting from either speed controller or 
startup controller, whereas output of the 
inner loop is PWM signals of the AC 
chopper. The proposed AC chopper features 
a smaller number of active semiconductor 
switches; four IGBTs, with only two PWM 
gate signals. As a result, the proposed 
system is simple, reliable, highly efficient  
and cost-effective. Mathematical analysis of 
the drive system is presented. Components 
of the input LC filter are designed us ing 
frequency response. The IM drive system is 
modeled using MATLAB/SIMULINK and 
a laboratory prototype was built and  tested.  
Simulation  and  experimental  results   
confirm  validity  and  robustness  of  the  
proposed  control strategy. 

 
Keywords: Choppers (circuits), Pulse 
width modulation, Voltage control, 
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INTRODUCTION 
AC voltage regulators, also called as AC 
voltage controllers, are used in  various  
applications that  require a  regulated  AC 
voltage. Lighting control using dimmer 
circuits, domestic and industrial  heating,  
speed  control  and  soft  starters  for  the 
induction  motors are examples  of such 
applications  [1], [2]. Different  topologies   
with  different  control  methods  of  these 
regulators in single phase applications and 
also in three phase applications  are  
presented.  The  purpose  of  AC  voltage 
controller is to vary the root mean square 
(RMS) value of its output that applied to the 
load circuit. There are three control methods   
are  offered  to  achieve  this  objective;  
ON/OFF method, phase angle (PA) method 
and pulse width modulation (PWM)  
method.  All  three  control  methods  can  
be implemented  in  both  single-phase  and  
three-phase applications.   
 
In  ON/OFF  control  method,  thyristors  
(i.e.  silicon- controlled  rectifiers)  are  used  
as  power  switches  to connect/disconnect  
the  circuit  of  the  load  to/from  the  AC 
voltage source continuously. Connection is 
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occurred for a few integral cycles and 
disconnection for the next few cycles of the 
feeding  voltage.    Adjusting  the  number  
of  conducted  and interrupted cycles 
controls the RMS magnitude of the output 
voltage. In ON/OFF method, the generated 
harmonics by the switching  actions  are  
reduced  as  silicon-controlled  rectifiers  
(SCRs) are switched ON at zero voltage and 
switched OFF at zero current. However, 
undesirable sub-harmonic components may 
be produced [3]. Applications of this 
method is restricted to  heating  and  
temperature  control  systems  due  to  the 
discontinuity of the power source at low 
demand levels.  
 
In  PA  control  method,  the  output  of  the  
AC  voltage controller is regulated by 
adjusting the firing angles of SCRs. The 
power circuit of a single-phase regulator 
with PA control method  is  generally  
consisted  of  two  thyristors  which  are 
joined  back  to  back  between  the  AC  
source  and  the  load circuit, while three-
phase regulator is composed of three pairs 
of SCRs. In [4], [5], soft starting for 
induction motor (IM) fed from  a  
thyristorized  voltage  regulator  is   
presented.  The artificial techniques are 
utilized to adjust the motor voltage by 
varying the firing angles of the thyristors at 
certain operating instant of speed and torque 
commands. In [6], a voltage ramp technique  
is  presented  for  starting  of  an  AC  
motor.  The voltage, in ramp technique, is  
increased gradually by adjusting the SCRs 
firing angles during starting of the motor. In 
[7], [8], a  closed  loop  current  control  
approach  that  determines  the firing angles  
of thyristors required to keep the motor 
current at starting  instant  within  a  limit  
value  is  presented.  In  these approaches, a 
smooth start-up of the IM is obtained. 
However, numerous sensors and zero 
crossing detection (ZCD) circuits are 
required which make these controllers are 

complicated and expensive. In addition, the 
thyristorized AC voltage controller provides   
significant  harmonics  and  low  input  
power  factor (PF) even if the load is a pure 
resistive. Recent developments in 
semiconductor switches make it possible to 
replace SCRs by modern power 
semiconductor switches like MOSFETs and 
IGBTs. Using PWM control method with 
the modern power switches,  the  AC  
voltage  regulators  performance  can  be 
enhanced  in  terms  of  harmonics,  filter  
size,  input  PF  and voltage control range 
[9], [10], [11]. In [12], a speed control of 
two-phase  IM  fed  from  single  phase  
PWM  AC  chopper  is presented. The 
chopper has power circuit that consists of 
four IGBT  switches.  The  RMS  value  of  
the  motor  voltage  is controlled by 
changing the duty  ratio of the chopper 
IGBTs and  hence  the  motor  speed  is   
adjusted.  This  chopper  is working in buck 
mode. Buck and boost modes are presented 
in [13]. Performance of single phase PWM 
AC chopper can be  further  improved  
using  voltage  harmonic  elimination 
techniques.  
 
 An  approach  using  a  genetic  algorithm  
(GA)  is presented in [14]. A phase shifting 
method for enhancing the input PF of a 
single phase PWM AC chopper is presented 
in [15],  [16].  Phase  shifting  of  the  output  
voltage  is   achieved using  asymmetrical  
pulse  width  modulation  (APWM)  as  a 
control  strategy.  Performance  comparison  
between conventional,  symmetrical  and  
asymmetrical  PWM techniques  is   
presented  in  [17].  However,  phase  
shifting method  decreases  the  control  
range  of  the  chopper  output voltage. 
Optimal values of the PWM single phase 
AC chopper parameters  were  selected  to  
achieve  a  unity  PF  in [18].  An extinction  
angle  control  technique  for  PF   
improvement  of  a single-phase AC voltage 
controller fed an IM is presented in [19]. 
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Different topologies of three phase PWM 
AC chopper in different applications are 
presented in [20], [21], [22], [23]. A three 
phase PWM AC chopper, has eight IGBTs, 
feeds an IM is  presented  in  [24].  A  
configuration  of  the  three-phase chopper 
with six IGBTs for soft starting of three 
phase IM is presented  in  [25],  while  a  
four-IGBT  configuration  is presented in 
[26]. However, these configurations have 
low PF. A method of determining the 
operating PF of the three-phase IM using 
only the measured current and the 
manufacturer data of the motor is presented 
in [27]. In [28], a new asymmetrical pulse  
width  modulated  (APWM)  controller  for  
AC  chopper fed three-phase IM drive is 
proposed. In [29], a hysteresis band current  
control  (HBCC)  approach  is  used  to  
control  the switching of the three-phase 
chopper fed three phase AC load. Using  
HBCC  technique,  balanced  three  phase  
sinusoidal currents  are  obtained.  However,  
the  power  circuit  of  this system uses six 
IGBTs with six gate pulses which make the 
system complex and expensive. 
Furthermore, the input PF of this approach 
is low.   
 
Although  researchers  focused  on  PFC  of  
single-phase PWM AC choppers, they have 
been given a little attention of PFC  of  
three-phase  choppers.  PFC  is  important  
in  order  to comply  with  the  necessaries   
of  the  international  standards [30],  [31]. 
On the other side, the reduction in the 
amount of semiconductor devices and 
introducing new control strategies are  
essential  for  control  simplicity,  reliability,  
higher efficiency and lower cost.   
 
In this article, new control strategy for PFC 
of three phase PWM  AC  chopper  using  
HBCC  technique  fed  three  phase squirrel 
cage IM with soft starting and speed control 
operating modes is proposed. The power 
circuit of the proposed control strategy is 

simple, reliable, high efficiency and low 
cost as it has  reduced  number  of  power  
semiconductor  switches.  The three phase 
PWM AC chopper consists of four IGBTs. 
A new closed-loop control strategy, that 
uses only two gate pulses to drive  the  four  
IGBTs,  is  achieved.  The  proposed  
control strategy has three main control 
objectives: soft starting, speed control and 
input  PFC,  which are  achieved by 
adjusting  the RMS  value  of  the  input  
voltage  fed  the  IM  terminals.  The 
proposed  control  strategy  is  investigated,  
analysed  and simulation  results  are  
obtained  under  different  testing 
conditions.  A  laboratory  prototype  model  
is  implemented based  on  the  proposed  
control  strategy.  The  experimental setup  
consists  of  a  1.5  HP  squirrel  cage  IM  
coupled mechanically with a DC generator 
for loading purpose, a four- switch PWM 
AC chopper and a DSP DS-1104 control 
board. The experimental waveforms are 
obtained and compared with corresponding 
simulation waveforms. The rest of the 
article is organized  as:  first,  description  
and  operating  modes  of  the proposed  
control  strategy  is  discussed.  Then,  
mathematical analysis of the proposed 
control strategy is introduced. Finally, the 
simulation and laboratory waveforms are 
collected and the article findings are 
concluded. 
 
SYSTEM DESCRIPTION AND 
OPERATION PRINCIPLE 
Fig.  1 represents  a schematic  diagram of 
the  proposed three phase PWM AC 
chopper fed an IM. The chopper is 
composed only of four power electronics 
switches (S1, S2, S3 and S4) that are 
illustrated in the figure. The three power 
switches (S1, S2 and S3) are series-
connected with the motor. While, the power 
switch  (S4)  is  parallel-connected  via  a  
poly  phase  bridge rectifier  with  the  
motor.  The  series-connected  switches  are 
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utilized to continuously connect and 
disconnect the motor to and from the AC 
supply, respectively. Hence, they regulate 
the delivered  power  to  the  motor.  While  
the  parallel-connected switch  (S4)  offers   
a  freewheeling  way  for  discharging  the 
energy kept in the motor windings when the 
series-connected switches  are  turned  OFF.  
As  series  and  parallel  devices operate in a 
complementary way, a dead time is  
introduced to avoid  the  commutation  
problems.  There  are  three  operating 
stages:  active,  freewheeling  and  dead  
time.  In  dead  time period, all four devices  
are turned OFF. The currents paths of the 
proposed PWM AC chopper fed IM in its 
three operating stages  are  illustrated  by  
Fig.  2.  A  three  phase  ∆-connected 
snubber circuit, which has a resistance Rsn 
and a capacitance Csn per phase, is used to 
minimize high voltage spikes at IM 
terminals due to switching of the chopper as 
well as providing the current path of IM 
during the dead time period. The input filter 
is composed  of three inductors (whose 
resistance is Rf  and  inductance  is  Lf  per  
phase)  and  Y-connected  three capacitors  
(whose  capacitance  Cf   per  phase).  The  
LC  input filter  is  used  with  the  proposed  
PFC  technique  in  order  to reduce the 
harmonics of the supply current due to 
switching of the chopper. The proposed 
control circuit only generates two PWM 
complementary gate pulses (g1 and g2) 
which are used to drive the chopper IGBTs 
in order to provide the three main tasks of 
the proposed control strategy.  

FIGURE 1.  Power circuit of the proposed three-
phase PWM AC chopper fed an IM drive system 
Induction Motor 

Motion control is required everywhere, 
be it domestic application or industry. The 
systems that are engaged for this purpose 
are called drives. Such a system, if uses  
electric motors for control is known as an 
electrical drive. In electrical drives, various  
sensors and control algorithms are 
employed to control the speed of the motor 
using suitable speed control methods. The 
basic block diagram of an electrical drive is  
shown below: 

 

PROPOSED CONTROL STRATEGY 

The  proposed  control  strategy  has  three  
main  control objectives: soft starting, speed 
control, and input power factor correction 
(PFC). This strategy is depending on the 
control of the  applied  voltage  across  IM  
terminals  using  AC  chopper. Fig. 3 
illustrates the schematic diagram of the 
proposed control strategy. It has two control 
loops. The inner control loop uses HBCC to 
force the chopper actual current signals to 
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track their command current  signals to 
achieve input PFC,  whereas the outer 
control loop determines the magnitude of 
the reference currents either from starting 
mode or speed control mode. As a result, 
the inner loop controls the phase and the 
outer loop controls the magnitude of the 
chopper currents. In the first, the soft 
starting mode is working, and by giving a 
switching pulse to the selector switch, the 
speed control mode is activated and the soft 
starting mode is turned off.   

A. SOFT STARTING MODE  
The role of the soft starting mode is to 
generate the reference value of the supply 
current in a manner that limits the starting 
current of the IM at a preset value. The 
actual current of IM (Im)  is  measured  and  
its  RMS  value  is  evaluated  by  RMS 
detector. The command or preset value of 
the  motor current (Im*) and its actual value 
(Im) are compared. The comparison resulted  
error  is  passed  into  a  proportional  
integral  (PI) *). controller  to  generate  the  
command  motor  current  (Is ) Limiting the  
starting current  provides a  smooth 
acceleration and  reduces the torque  
pulsations of IM  during  soft  starting 
period. 
B. SPEED CONTROL MODE  
There are several methods for controlling 
the speed of three- phase  IMs.  These  
methods  can  be  classified  into  two  main 
categories  according  to  the  control  side  
of  the  IM:  a)  speed control  methods  
through  the  stator  such  as  changing  the 
applied frequency, changing the applied 
voltage, changing the number of the stator 
poles and voltage/frequency (v/f) control, 
and b) speed control methods through the 
rotor such as rotor resistance  control  and  
rotor  slip  power  recovery.  Variable 
frequency  drives  (VFDs)  are  the  
commercial  drives.  Speed control by VFDs 

is based on changing both the stator voltage 
and frequency of the IM. VFDs are widely 
used for wide-range variable-speed  IM  
applications.  However,  they  are  very 
expensive and hence not convenient when 
they are used for limited-range  variable-
speed  IM  applications.  Since  the 
proposed  speed  control  strategy  depends  
on  changing  the stator  voltage  only,  so  it  
is  simple,  low  cost  and  more convenient  
for  limited-range  variable-speed  IM  
application which is intended in this  
research. The role of the speed control mode 
is to generate the reference current value 
(Is*) in a way that  makes  the  measured  
speed  of  IM  (ωm)  follows  the *).  
Command  and  measured  speed  are 
command  speed  (ωm compared and the 
difference is used as an input signal to a PI 
*. speed controller to generate Is.  
C. PFC CONTROL  
Since PWM AC/AC choppers can only 
modify the magnitude of the applied 
voltage, they are normally negatively 
viewed; when  they  are  used  in  IM  drive  
systems,  for  their  low  PF. Therefore,  the  
main  contribution  of  the  proposed  
control strategy is achieving high PF 
approximately unity as in case of resistive 
loads. The proposed PFC strategy was 
implemented during starting and speed 
control operating modes of IM drive while  
using  AC  chopper.  The  principle  of  
harmonic minimization  of  the  proposed  
control  strategy  depends  on using  PWM  
technique.  Whereas,  the  principle  of  
reactive power management is to obtain 
PFC depends on the proposed current 
control technique; in which the actual 
supply currents are forced to track their 
reference currents that are in phase  with 
supply voltages. The role of PFC block is to 
continuously correct the input PF during IM 
operation.  Fig.  4a shows the proposed PFC 
using HBCC technique. The reference value 
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of the  stator  current  (Is*)  is  utilized  to  
obtain  the  three  phase reference supply 
currents (isa * ) by multiplying the value 
(Is*) by unit vectors of the supply voltages  
(usa, usb and usc) as: 

  
The unit vectors (usa, usb and usc) are 
generated by measuring the phase voltages  
of the supply (vsa, vsb and vsc) and by 
using three zero crossing detection (ZCD) 
circuits and three lookup tables as shown in 
Fig. 4a. The reference currents of the supply 
(isa *), are compared with their 
corresponding actual values  (isa,  isb  and  
isc)  respectively.  The  resulted  errors  are 
passed through three hysteresis bands (HBs) 
and their outputs are the three  switching  
signals  (S1,  S2  and  S3).  Operation  of 
HBCC  technique  to  obtain  the  switching  
signal  (S1)  is explained by Fig. 4b. The 
logic control signals block is utilized to  
find  the  higher  value  of  the  supply  
phase  voltages.  The switching  signal  F  is   
generated  from  the  three  switching 
signals (S1, S2 and S3) and the three logic 
control signals (q1, q2 and q3) as: 

  
x  

FIGURE 2. The currents paths of the 
proposed PWM AC chopper fed IM. (a) 

Active stage. (b) Dead time stage. (c) 
Freewheeling stage. 

 The  switching  signal  F  and  its   
complementary  signal  are passed through a 
dead time block in order to obtain the two 
PWM complementary signals (g1 and g2) 
that are used to drive the chopper IGBTs.  

The  idea  of  the  proposed  PFC  technique  
is  to  force continuously  the  actual  supply  
currents  to  follows  their corresponding  

command  currents  which  are  in  phase  
with supply voltages in both the two control 
modes. Considering a sinusoidal supply 
voltage, the PF at which a converter system 
operates is defined as follows: 

  

where Is and Is1 are the RMS values of the 
supply current and its  first  order  
component,  respectively.  DPF  is  the 
displacement power factor that equals the 
cosine of the angle by which the first order 
component of the current is displaced with 
respect to the input voltage wave.   

 FIGURE 3.  Block diagram of the proposed 
control circuit.  

 
FIGURE 4.  a) Proposed PFC using HBCC 
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technique, (b) Generation of switching 
signal S1. 

  However, IS1/IS (i.e. the distortion factor) 
is the ratio of the RMS value of the first 
order component to the RMS value the 
supply current Is; which can be calculated 
as follows: 

  
From (4), the RMS value of the distortion 
component can be written as: 

  

However, the percentage total harmonics  
distortion (THD) is defined as: 

  

From (3), (4) and (6), the PF can be written as: 

  

Thus, the DPF should be high and the THD 
should be low to yield a higher input PF. 
These factors (DPF and THD) are 
controlled using the proposed PFC control. 

 MATHEMATICAL ANALYSIS 

The mathematical analysis of the proposed 
AC chopper, LC input filter, and the three-
phase squirrel-cage IM are discussed in the 
following subsections.   

A. ANALYSIS of THE PROPOSED 
AC CHOPPER  
The three-phase supply voltages can 
be defined as: 

  

   where  Vm  is   the  peak  value  of  the  
supply  voltage  and  its angular frequency 

is . The supply voltages are chopped by the 
power regulating switches (S1, S2 and S3). 
Variation of the duty ratio for IGBT 
switches of the AC chopper is utilized to 
change  the  effective  values  of  the  
voltage  and  hence  the current of IM. 
Increasing the duty ratio will allow the 
value of the  input  voltage  to  increase.  
While  reducing  the  duty  ratio reduces the 
value of the input voltage. The IM input 
voltage is calculated using the following 
equation: 

  

where the duty ratio is D. Equation (9) 
illustrates that the IM voltage is mainly 
depending on the duty ratio of the PWM AC 
chopper. The duty ratio can be given by: 

  

where Ton is the on time, Toff is the off 
time and Tsw is the switching time period. 
The switching frequency (Fsw) is given by: 

  

In the active stage, the power semiconductor 
devices (S1, S2 and S3) are ON and the 
power device S4 is OFF. Therefore, the 
following equations can be derived:   

  

where vma, vmb, vmc are the three phase 
motor voltages, and the  input  voltages  to  
the  AC  chopper  are  vca,  vcb,  vcc.  In  
the freewheeling  stage,  the  power  switch  
S4  is  ON  and  the regulating power  
switches are  OFF. The voltages on the IM 
terminals are zero as a result we can write   
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B. ANALYSIS OF THE LC INPUT 
FILTER  
The theoretical analyses  of the LC input 
filter are  described using the following 
equations as in [26]:   

   

where  iSa,  iSb,  iSc are  the  supply  line  
currents;  Rf  is  the  input filter resistance, 
Lf is the inductance of input filter and Cf is 
the capacitance  of  the  input  filter;  p  is  
the  differentiation operator. The  filter  
capacitors currents are ifa, ifb, ifc; and  the 
chopper line currents are ica, icb, icc. The 
variation of the supply currents (isa, isb, isc) 
is evaluated by the input filter and the IM 
parameters. 

Since the proposed topology depends on the 
capacitance of the LC filter, so analysis of 
the capacitance ripple current is essential.  
In  order  to  study  the  ripple  current  of  
the capacitance, the filter current (ifa) for 
phase a can be separated into  two  
components;  average  component  (̅ )  and  
ripple component ( ̃) as follow:    

  

The  rms  value  of  the  ripple  component  
of  the  filter capacitance  current  ( )  phase  
a  can  be  derived approximately as follows  
[32]: 

  

where Ioca is the rms value of phase a 
chopper output current. Parameters design 
of the LC input filter depends on its cut-off 
frequency (Fc) that can be given as:    

  

Proper selection of the cut-off frequency 
will properly filter out  the  input  pulsating  
current  resulting  from  the  chopper 
switching.  The cut-off frequency should 
fulfil the following relation: 

  

where Fs and Fsw are the supply and the 
switching frequencies, respectively. The 
cut-off frequency (Fc) should be selected 
10- 20 times lower than the switching 
frequency (Fsw) of the PWM AC  chopper  
in  order  to  suppress  effectively  the  high-
order harmonics of the input current and, at 
the same time, higher than the fundamental 
frequency of the supply; i.e. 60 Hz. Since 
the average switching frequency of the 
chopper is 10 KHz as seen in Fig. 5a, the 
parameters of LC filter have been taken as : 
Lf=  6  mH,  Rf  =  0.5  Ω,  and  Cf=  7  µF,  
and  hence  the  cut-off frequency of the LC 
input filter is equal to 776.6 Hz; about 13 
times  lower  than  the  switching  
frequency.  The  frequency response of the 
designed low-pass second-order LC input 
filter is seen in Fig. 5b.   

 IM MODEL 

 The equations of the  IM  in quadrature and 
direct  (q-d)  axes synchronously  rotating  
reference  frame  are  presented  as follows: 
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 where  Ls =  Lls+Lm,  and  Lr =Llr+Lm.  
The  electrical  torque  is given by; 

  
The motion equation can be given as :   

 

  
FIGURE 5.  (a) Switching frequency, (b) 

Frequency response of the LC input filter. 

HARDWARE IMPLEMENTATION 

To validate and verify the simulations of the 
proposed control strategy, a laboratory 
system of the proposed control strategy was  
implemented  and  runs  under  different  
operating  states. Fig. 6 shows the schematic 
diagram of the laboratory system, including  
an  input  filter,  AC  chopper,  snubber  
circuit,  three phase IM coupled with DC 
generate as a load, a digital signal 
processing control board dSPACE 
(DS1104) and IGBT gate driver. AC 
chopper switches S1, S2, S3 and S4 are 
50A/1200V IGBT MITSUBISHI Module 
(CM50DY-24H). The required pulses  (g1  
and  g2)  are  generated  by  using  a  digital  
signal processing  control  board  (DS1104)  
Synchronized  with MATLAB/SIMULINK 
environment.  A  gate interface  board 
circuit  is  connected  between  the  outputs  
of  digital  signal control  board  (DS1104)  
and  the  IGBTs  to  obtain  pulses  of nearly 
15 V to enforce effective IGBT switching 
states. The three  phase  supply  voltages   
(VSa,b,c),  three  phase  supply currents 
(iSa,b,c) and  motor phase current (ima)  are 
measured using voltage and current sensors 
and sent their signals to the digital signal 
control board (DS1104) through the 
analogue to digital  converter  ports.  The  
IM  speed  (ωm)  is  measured  by position 
encoder (HENGSTLER) connected to rotor 
shaft of IM. The DSP-DS1104 control board 
has facilitates to capture the  experimental  
data  and  export  them  numerically  per 
sample. The DSP-DS1104 board can record 
the experimental waveforms as capture 
images or MATLAB files (.mat). Since the 
captured images have a low resolution, so 
the experimental waveforms  are  plotted  
with  MATLAB  program  to  obtain figures  
with a high resolution. 
 
RESULTS 
The  proposed  AC  chopper  is  simulated  
in  the MATLAB/Simulink  environment   
and  a  prototype  model  is implemented.  
The  simulation  was  used  to  confirm  the 
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proposed  control  strategy  theoretically.  
While  the experimental  prototype  has  
been  constructed  to  confirm  the proposed  
strategy  experimentally.  Three  test  cases  
are examined. Corresponding simulation 
and experimental results are obtained and 
compared. Parameters of the  system  under 
study are given in the appendix. 

 

FIGURE 6.  Schematic diagram of the 
experimental setup. 
A.  CASE 1: STARTING OF THE MOTOR  
   
In this test case, the motor is started with the 
proposed control strategy (soft starting 
mode) at load torque (TL) equal to 25% of 
the rated torque (TL= 1.75 N.m), and Im * = 
7.5A which is 2 times  of the rated  motor 
current.  Fig.  7 illustrates the motor speed  
(ωm),  motor  phase-a  current  (ima),  and  
RMS  motor phase-a voltage (Vma) 
responses during starting, respectively. As  
seen,  the  rise  of  the  motor  phase  voltage  
is  controlled during  the  starting  period  in  
order  to  restrict  the  starting current at the 
predetermined level; 2 times of the rated 
current. Furthermore, the motor speed has a 
smooth acceleration. So, soft startup of the 
motor is achieved avoiding the electrical 
and mechanical drawbacks of the direct  
online (DOL) starting and hence the motor 
life is increased.   
  

Fig.  8  illustrates  the  instantaneous  
waveforms  of  the chopped  motor  voltage  
(vma),  motor  current  (ima),  supply 
voltage (vsa), and supply current (isa) 
during startup of the IM. As  seen  from  the  
results,  the  motor  current  lags  the  motor 
voltage due to the inductance of the IM 
windings. Whereas, by  the  help  of  the  
proposed  HBCC  technique,  the  supply 
current (isa) is forced to be in phase  with 
the  supply  voltage (vsa) regardless the 
inductive load type of IM making the input 
PF of the drive system to be approximately 
unity. 
  
B.  CASE 2: ACTIVATION THE SPEED 
CONTROLLER  
Fig.  9  shows  the  motor  speed,  current   
and  phase  voltage responses  when  the  
speed  control  mode  is  launched.  This  
mode  is  activated  in  simulation  at  time  
t=  1.5  s  with  speed reference (ωm) load  
torque  (1.75  N.m).  It  is  clear  from  the  
illustrated waveforms in Fig. 9 that the 
motor speed effectively tracks its reference 
value. Also, the motor voltage and hence the 
current decreases with decreasing the motor 
speed. The experimental results  are  similar  
to  simulation  results  and  verify  the 
validation of the proposed control 
algorithm. 
 
C.  CASE 3: STEP CHANGE IN THE 
MOTOR LOAD TORQUE    
Variation of the motor speed, current and 
phase voltage at step change in the load 
torque from 25% (1.75 N.m) to 80% (5.6 
N.m) of rated load torque are illustrated in  
Fig.  10.  As seen from the waveforms, the  
motor current and voltage increase with  
increasing  the  load  torque.  Also,  the  
motor  speed decreases  with  increasing  the  
load  torque  and  returns  back quickly to its 
command value which proves the 
effectiveness of the proposed speed 
controller versus sudden loading with 80% 
of full load torque. 
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A. CASE 4: STEP CHANGE IN THE 
REFERENCE SPEED  
Fig.  11  shows  the  motor  speed,  current  
and  phase  voltage responses at step change 
of the reference speed. In this case, at 80% 
full load torque, the system is subjected to a 
step decrease of the reference speed from 
1420 rpm to 1250 rpm followed by  a  step  
increase  in  the  reference  speed  from  
1250  rpm  to 1350 rpm as shown in Fig. 
11a. It is clear from the results that the 
speed controller is robust and effective as 
the actual motor speed (ωm) tracks the 
variations in the reference speed (ωm)  
quickly with a minimum steady state error. 
 Fig. 12 shows the simulation and 
experimental results of the reference and 
measured currents of the supply. It is clear 
that the measured current follows the 
reference current in a certain band.  This   
proves  the  effectiveness  of  the  proposed  
HBCC strategy.      

FIGURE 7. Starting of the motor with the proposed 
PWM AC chopper. (a) Simulation. (b) Experimental  

FIGURE 8. PFC of the drive system during start -up 
of the IM 

FIGURE 9. Variation of the motor speed, current and 
phase voltage at  activation of the speed controller.  
(a) Simulation. (b) Experimental. 
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FIGURE 10. Variation of the motor speed, current  
and phase voltage at  step change in the load torque.  
(a) Simulation. (b) Experimental. 
 

FIGURE 11. Variation of the motor speed, current  
and phase voltage at step change in the reference 
speed. (a) Simulation. (b) Experimental. 
 

FIGURE 12. Reference and measured currents of the 
supply. (a) Simulation. (b) Experimental. 

The simulated and experimented waveforms  
of vsa and isa for the first three testing 
cases; case 1, case 2 and case 3, are 
presented  in  Fig.  13.  As  illustrated,  the  
simulated  and experimental  results  are  in  
a  close  agreement,  the  supply currents are 
approximately sinusoidal and are in phase 
with the corresponding supply voltages  
during all the test cases which ensure that 
the input PFC is achieved and hence prove 
the  validity  of  the  proposed  current  
control  strategy.  The drawback of the 
proposed PWM AC chopper fed IM is that 
it is one quadrant converter. Therefore, it 
has not the ability to reverse the speed 
direction of the motor nor to handle with the 
negative load torque. 

A. THD AND PF COMPARISON  
The performance of IM without PFC is 
roughly compared in accordance with 
concerning the proposed PFC technique. 
Regarding  the  technical  performance  that  
can  be summarized  from  the  previous   
study,  Table  I  shows  the THD and PF 
values are used in the comparison 
evaluation. From the results in this table, the 
PF of IM without control of the proposed 
PFC strategy is low. Also, the control with 
PFC  has  better  performance  during  soft  
starting,  speed control  and  loading  
conditions.  With  evaluating  PF  using 
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simulation and experiments, the PF for case 
1 has 0.99999 and 0.99955 respectively, 
also the PF for case 2 has 0.99597 and 
0.9982 respectively, while the PF for case 3 
has 0.99756  

 

 

FIGURE 13. Supply voltage and current at different 
testing cases of the proposed system. (a) Case 1. (b) 

Case 2. (c) Case 3. 
 

CONCLUSION 
A new control strategy of three-phase 
squirrel cage IM fed from PWM AC 

chopper has been simulated and laboratory 
implemented using dSPACE (DS1104) 
control board. The main  control  objective  
is  to  correct  the  input  PF  with different 
operating conditions of the induction motor 
drive system. Input PFC is achieved by 
forcing the actual currents of  the  chopper  
to  track  their  reference  currents  that  are  
in phase with the input voltages using 
HBCC technique. The proposed  control  
strategy  uses  only  two  PWM  signals  for 
driving the active switches of the AC 
chopper. The proposed system is  simple,  
reliable and low cost as it has  only four 
IGBT  switches.  Operation  principle  and  
mathematical analysis of the proposed 
system are introduced. The system was  
simulated  using  MATLAB/SIMULINK  
and  a laboratory  system  was  
implemented.  The  effectiveness  of the  
proposed  control  strategy  has  been  tested  
at  starting, reference  speed  change  and  
load  torque  variation.  The obtained  
results  from  the  experimental  and  
computer simulation works verify the 
validity of the proposed control strategy  
during  all  testing  conditions.  Performance  
of  the system  without  PFC  is  roughly  
compared  in  accordance with  concerning  
the  proposed  PFC  technique  during  the 
three  test  cases.  Comparative  results  
illustrate  that  the system with the proposed 
PFC technique has a corrected PF and hence 
a better performance.    
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