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ABSTRACT 

Three phase induction motor draws up much higher current than its rated capacity during the starting of the induction 

motor while the motor instantly reaches the full speed. These results in a voltage drop in other physical systems 

connected to the same source and high electrical stress on the windings of the motor.  In this research, the performance 

of two solid-state soft starters (IGBT &MOSFET) with a direct online start (DOL) for a three-phase induction motor 

in a close loop system are evaluated and compared. The research work lies in the use of extinction angle control and 

development of models for a close loop system on Matlab/Simulink for simulation purposes in order to determine the 

performance evaluation of the DOL and the solid state soft starters. The fuzzy logic controller is used to perform the 

system feedback. The following parameters were observed in the system with feedback: Starting Current, Speed, 

Torque, Total Harmonic Distortion, and Power Factor. The DOL starter, IGBT and MOSFET based soft starters all 

exhibit good power factor at initial start-up as none having less than 0.7 power factor. However, the IGBT-based soft 

starter offers better performance with respect to four of the five parameters observed, i.e the starting current, maximum 

torque, speed and total harmonic distortion while the MOSFET-based soft starter have a better power factor. 

Keywords: Induction motor, soft starter, fuzzy logic controller, extinction angle control 

 

1 INTRODUCTION 

In most applications like water pump, compressor, air 

conditioner, farm machines and industrial machines, three 

phase induction motor are preferable over DC machines 

due to their simple and most robust construction without 

any mechanical commutations. A large number of 

induction motors are being used for general purposes in 

our surrounding from household equipment to machine 

tools in industrial facilities, agriculture and mining 

(Harumwidiah et al, 2015). Induction Motors are widely 

used in many industries all over the world due to their 

reliability, ruggedness, high efficiency and its ability to 

operate in wide torque and speed ranges as compared to 

the DC motor. In the past, DC motor had been used 

extensively for its high starting torque and speed control 

in a wide range, but due to the presence of commutations 

and brushes it is not suitable for high speed applications, 

as it requires continuous maintenance (Talukder et al, 

2012).  

The most important phase in the induction motor is the 

starting, where the properties play a major role in the 

evaluation of the motor, and these properties are defined 

by factors such as starting torque, starting current, 

transient state, smoothness of the starting and simplicity 

and economics of starting (Shi et al, 1997). 

The common starting method for induction motor is 

direct on-line (DOL) starting which directly connect the 

induction motor to the electrical source. Direct on-line 

starting of large induction motors poses a great problem to 

the grid as well as the motor itself due to sudden voltage 

dips and large fluctuating torque because of the high 

inrush starting current (Eltamaly et al, 2007). The 

induction motor should start smoothly and gradually 

increases in speed for a safer operation till it reaches the 

rated speed, hence soft starter are used at initial start-up. 

Soft starters allow the induction motor to start without the 

initial inrush current and vary its speed with minimum 

mechanical electric stresses on the equipment. This can be 

done by appropriate adjustment of the induction motor 

terminal voltage. 

In the past, conventional soft starters (also known as 

electromechanical devices such as; autotransformer, 

star/delta, and shunt capacitor) were used to reduce the 

inrush start up current.  However, adjusting the voltage 

for a given operating condition of speed and torque is not 

a simple task (Rajaji et al 2008).  

The overall size of the induction motor and 

conventional soft starters has become enormous as well as 

the overall cost of enhancement and maintenance charge.  

The above problems can be changed by rapidly replacing 

the use of conventional soft starters with the power 

electronics converter based induction motor which has 

become popular in a very short time. This power 

electronics converter based induction motors are 

commonly called solid state soft starter induction motor 

(Saracoglu et al 2004). 

Apart from these basic disadvantages the conventional 

starters are not flexible. For example, with the solid state 

starters, a control action like decreasing or increasing the 

applied voltage to the motor under control can be 

implemented in a fraction of a second accuracy which is 
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not possible with the traditional starters. As compared to 

the conventional starters the modern solid state starters are 

realized using MOSFET or IGBT, which offers more 

flexible controllability especially when designed to 

operate with modern digital signal processing systems 

(Siddiqui and Umar, 2014). Figure 1 shows the block 

diagram of the soft starter controlled three-phase 

induction motor. 

 

 

 

Input 

 

 

 

 

 

 

 

Figure 1: Block diagram of soft starter controlled three 

phase induction motor 

 

The aim of this research is to model and simulate the 

starting process of three phase induction motor using 

Insulated gate bipolar transistor and Metal oxide field 

effect transistor (IGBT AND MOSFET) on 

Matlab/Simulink platform. This aim is achieved through 

the following objectives: 

 To design models and simulate direct online 

starting and two solid state soft starters (IGBT 

AND MOSFET) for three phase induction motor 

in a closed loop system using Matlab/Similink 

software. 

 To carry out the performance evaluation of the 

DOL with IGBT and MOSFET based soft starter. 

 To compare using the parameters observed 

during simulation, the operation of the direct 

online starting (DOL) with IGBT and MOSFET 

soft starters for the three phase induction motor. 

 

In extinction angle control (EAC), the conduction 

starts exactly at the 0 degree instant and the 180 degree 

instant for the positive and negative half cycles and 

continues until or before the consequent zero crossings at 

180 and 360 degrees respectively. The output voltage is 

controlled by varying the extinction angle. 

EAC strategy is carried out by switching on the series 

switch at zero crossing point of supply phase voltage, then 

switching it off at an angle (α - π). The series switch is in 

ON state when 0<ωt< γ, in the same time the shunt switch 

is OFF. The switching state will reversed in the when 

γ<ωt<π. The switching state in the negative half cycle of 

supply voltage is same as in the positive half cycle. 

Therefore, the frequency of the switching function is 

double the supply frequency. The time variation of 

fundamental component of motor voltage is: 
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Fuzzy Logic Control (FLC) is a control technique 

meant to give an agreeable result when just an 

approximate model of the system under control is 

available, or no model is available at all. With precise 

mathematical models classical controllers can be designed 

but however the classical controllers though 

mathematically more deterministic are less robust. In 

situations where the loading on the electric motors are 

subject to unpredictable changes it is difficult to design 

classical controllers like the PID controllers robust 

enough to handle the entire range of loading conditions. 

From the control system point of view the FLC is an 

intelligent procedure to handle approximate or 

unpredictable data to arrive at an agreeable result. It deals 

with linguistic variables rather than the usual numeric 

variables. A typical FLC takes in the error and the change 

in error as its two inputs manipulated variable. The inputs 

and the output of any system may well have a feasible 

range and this range in the FLC terminology is known as 

the Universe of Discourse (UoD). The UoD of all the 

inputs and the UoD of the output of the FLC are 

normalized to a common scale and then divided into a 

number of segments. These segments are assigned with 

some name usually a meaningful name pertaining to the 

range of the contents of the segments. The segments are 

named typically HIGH, MEDIUM, and LOW (Ahmed, 

2003). 

The segments on the input side of the FLC are related 

to the segments on the output of the FLC using the RULE 

BASE. The rule base is a collection of rules framed by the 

practically experienced operator by virtue of the past 

experience gained by the system under control. 

In an FLC, decisions are made in two phases. In the 

first phase, the segments of the error and the error rate are 

related by the rule matrix and the segment of the output to 

which the next output should belong to which it is 

identified. After finding the segment to be implemented 

the degree of membership of the output in the segment is 

found. After finding the appropriate segment in the UoD 

of the output and the degree of membership in that 

segment the result will be defuzzified, denormalised and if 

necessary descaled to suit the real system (Dermoncourt, 

2013).  

        

2 METHODOLOGY 

The ideology of soft starting begins from the starting 

instant until the rated speed is reached; the voltage is 

gradually increased in such a manner that at no instant the 

Soft starter 

Fuzzy logic 

controller 
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current drawn by the motor is more than a specific limit 

for that instant. A three-phase AC voltage regulator is 

suitable for soft starting the three-phase induction motor, 

by continually changing the switching angle, thereby 

controlling the conduction period continuously. The 

voltage applied to the motor can be gradually increased in 

a manner with respect to time such that only the required 

power is imparted to the motor during the starting process 

as the speed picks up from 0 rpm.  The rate of rise of 

current and speed is monitored and a decision is made 

using Fuzzy Logic Control (FLC). The extinction angle 

control scheme will be applied to vary the voltage in both 

MOSFET and IGBT AC regulator for a three-phase 

induction motor, as the main focus of this research and the 

findings in simulation using Matlab/Simulink. The 

performance of the extinction angle control techniques for  

both MOSFET and IGBT soft starting is compared in 

terms of  parameters such as; stator current, total 

harmonic distortion of stator current, power factor during 

starting, torque pulsations during starting and the rate of 

rise of speed. Figure 1 shows the block diagram of a soft-

starter controlled induction motor with fuzzy logic 

controller being used as the feedback into the system. 

 

The properties of the induction motor used are shown 

in Table 1 

Table 1: Motor Specification 

Voltage 

 

Frequency 

 

Type 

 

Power 

440V 3 Phase 

 

50Hz 

 

Squirrel Cage Induction 

Motor 

5.4HP 

 

 

2.1 THE INDUCTION MOTOR MODEL 

In order to simulate the induction motor, the motor is 

represented by a set of equations and values according to 

the following steps:  

The motor equations on the coordinate system (𝜶 − 𝜷) are 

set as: 

 

2.1.1 CURRENTS EQUATIONS 

The following are the current equation for Alpha and 

Beta axis is expressed as: 
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2.1.2 CURRENT THROUGH PHASES OF THE 

INDUCTION MOTOR 

The current through the phases of the induction motor 

is expressed as: 
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The models are built according to the following 

values. The model is a combination of standard models 

that were implemented according to standard equations. 

 

                                        

                                        

                                   

                                    

                                                

                                 

 

2.2 MODELLING OF THE STARTERS IN 

MATLAB/SIMULINK 

Simulink is a graphical extension to Matlab for the 

modelling, analysis and simulation of systems. In 

Simulink, systems are drawn on screen as block diagrams. 

Many elements of block diagrams are available (such as 

transfer functions, product, summing junctions), as well as 

virtual input devices (such as three phase source, three 

phase Induction motor, power electronic converters) and 

output devices (such as oscilloscopes). Simulink is 

integrated with MATLAB and data can be easily 

transferred between the programs. In this research, 

Simulink is being used as a basic building block to model 

and simulate the system. 

 

2.2.1 IMPLEMENTATION OF A DIRECT 

ONLINE START ON SIMULINK 

The DOL method of starting the induction was 

implemented on Simulink as shown in the Figure 2. 
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Figure 2: The Matlab/Simulink Model for DOL 

starting of three phase Induction Motor 

 

2.2.2 IMPLEMENTATION OF FUZZY LOGIC 

CONTROLLER EXTINCTION ANGLE 

TECHNIQUE FOR IGBT AND MOSFET 

 

The model to be tested is a closed loop of IGBT and 

MOSFET based soft starting for three phase induction 

motor using extinction angle control. The speed of the 

motor and the current drawn are continuously monitored. 

With extinction angle, conduction begins at 0 degree on 

the half positive cycle and 180 degrees at the negative 

cycle and continued until the next zero crossing at 180 

and 360 degrees respectively. The conduction angle 

determines the rate of rise of current and speed. The rate 

of rise of current and speed is monitored and a decision is 

made using FLC. Once the decision is made the angle of 

conduction is either incremented or decremented based on 

the decision made by the FLC system. The process of 

observation of the rate of change of current, speed and the 

inference made by the FLC and the implementation of the 

new conduction angle continues repeatedly until the 

machine reaches the rated speed. 

 

The Matlab/Simulink screens of the FLC are shown in 

Figure 3, in this particular application the Mamdani type 

of FLC was used and the UoD of each variable was 

divided into five segments. Triangular membership 

functions were adopted for the segments and twenty five 

rules were formed. 

 

 
Figure 3: Fuzzy Inference System Editor 

 

 

2.2.3 SWITCHING PULSE GENERATION 

 

In the extinction angle control scheme, for every half 

cycle of the AC source a switching pulse is generated. 

Thus, a train of switching pulses with increasing order of 

pulse widths is hence generated synchronously as shown 

in Figure 4. 

 
Figure 4: Scheme for producing the switching pulses - 

Extinction angle control  

 

Figure 5 and 6 shows the model of the power circuit 

for MOSFET and IGBT topology respectively. In each 

phase have one main MOSFET or IGBT in series with the 

induction motor feeding phase, controlling power and one 

MOSFET for freewheeling. 
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Figure 5: Matlab/Simulink model of the Power circuit 

(MOSFET) topology for Extinction angle control. 

 

 

 
Figure 6:  Matlab/Simulink model of the Power circuit 

(IGBT) for solid state soft starter topology for Extinction 

angle control. 

 

Figure 7 and 8 shows the complete model of the two 

solid-state soft starters with a feedback system 

 

 
Figure 7: Complete model for IGBT soft starting 

scheme 

 
Figure 8: Complete model for MOSFET soft starting 

scheme 

   

3 RESULTS AND DISCUSSION 

 

The simulation of DOL with IGBT and MOSFET 

based soft starters for a close loop system has been carried 

out using Matlab/Simulink software. Figure 9 shows the 

switching pulses generated for every half cycle of the AC 

source, while Figure 10 shows the voltage through the 

load and current across the load. 

 

 
 

Figure 9: Methodology of creating the switching 

pulses for extinction angle control and the wave form of 

the output voltage 

 

 
Figure 10: Voltage output across the load and current 

through the load - Extinction Angle Control 
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3.1 SIMULATION RESULT 

The result of the simulation of DOL with soft starter 

(IGBT and MOSFET) illustrating: Starting Current, 

Speed, Torque, THD, Power Factor with respect to time 

as shown in Figures 11 to 13 

 

 
 

Figure 11: Stator current, speed, torque, total harmonic 

distortion and power factor of DOL 

 

 
 

Figure 12: Stator current, speed, torque, total harmonic 

distortion and power factor of IGBT 

    

 
 

Figure 13: Stator current, speed, torque, total harmonic 

distortion and power factor of MOSFET 

3.2 DISCUSSION OF RESULT 

A comparison of all the vital parameters has been 

carried out among the two schemes of starting. A 

convenient Matlab/Simulink model was adopted to easily 

compare the performance of the two schemes of starting. 

 

3.2.1 STARTING CURRENT 

With reference to Figures 14 -16, it is clear that DOL 

draws heavy current starting current of 70.1A which is 

about 5 times its rated current. IGBT based soft starter 

draw current of 18.13A and has not exceeded maximum 

current of 49.34A before attaining rated speed at a settling 

time of 0.10s. While in the case of the soft starting with 

MOSFET based soft starter, the start-up current drawn is 

18.1A and then reaches maximum current of 50.08A 

before settling at 0.13s. From the graph, it is evident that 

the soft starting method using the IGBT scheme offers a 

much smoother starting current characteristics during the 

start-up and reaches rated speed in a short period when 

compared to MOSFET based soft starter. With solid state 

soft starters, the current was reduced by one fourth of the 

DOL (25.8 % DOL current initial start-up). DOL starting 

reaches rated speed at the longer time interval than the 

two solid state soft starter. 

 

 
Figure 14: Direct online starting 

 

 
 

Figure 15: Starting current of IGBT soft starter 

 

 
 

Figure 16: Starting current of MOSFET soft starter 

 

3.2.2 RATE OF RISE OF SPEED 

(ACCELERATION) 

A comparison of the acceleration of the motor in the 

two methods of soft starting is given in Figures 17 - 19. 

The DOL starting scheme exhibits a huge acceleration, 

Both IGBT and MOSFET based soft starter offers good 

reduced acceleration however MOSFET based soft starter 

have more reduced acceleration and also take longer time 

to reach rated speed than the IGBT based soft starter. 

Reduced acceleration reduces electro mechanical stresses 

in the motor and increases the life of both the motor and 

the associated physical systems connected to the same 

supply source. However the induction motor should be 
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able to able to attain rated speed within the shortest time 

possible for efficiency. On these basics, IGBT based soft 

starter is most preferred as it reaches rated speed within a 

short period. 

 

 
Figure 17: Rate of rise of speed (DOL) 

 

 
Figure 18: Rate of rise of speed (IGBT) 

 

 
Figure 19: Rise of Speed (MOSFET) 

 

3.2.3 TORQUE 

With reference to Figures 20 -22 shows a comparison 

of the torques produced by the DOL and two solid state 

soft starter schemes. The maximum torque is produced by 

the DOL schemes and it is as high as 106 Nm and this 

torque is produced by the DOL starting scheme at a very 

early stage of starting. There is a slow and gradual 

increase in torque when soft starting with IGBT and 

MOSFET. IGBT based soft starter torque reaches rated 

speed earlier when compared to MOSFET based soft 

starter. The maximum torque produced is as high as 55 

Nm for IGBT based and 57Nm for MOSFET based soft 

starter. With the soft starters, the maximum torque was 

reduced approximately by 50%. Both soft starting 

schemes offer the same starting pattern. With both solid 

soft starter based, the maximum torque produced during 

start up till the rated speed is achieved by DOL was 

reduced by approximately 50%.  Because of the switched 

nature of the source voltage there is much ripple in the 

torques produced by the both soft starting scheme.  

 

 
Figure 20: Output Torque DOL Scheme  

 
Figure 21: Output Torque of IGBT Scheme 

 

Figure 22: Output Torque of MOSFET Scheme 

3.2.4 TOTAL HARMONIC DISTORTION 
 

Total Harmonic distortion is the measure of power 

quality of the stator current. From Figures 23- 25, the 

DOL starter does not exhibit power quality issues since it 

does not have any discretely switching systems. The THD 

of the two solid state soft starter of the stator currents has 

been monitored and plotted. Due to the switching 

sequence, both solid state soft starters exhibit some level 

of total harmonic distortion at initial start-up. The IGBT 

based soft starter offers 2.0% THD while the MOSFET 

based offer 2.1% THD.  

 

 

 
Figure 23: Total Harmonic Distortions of  DOL 

 
Figure 24: Total Harmonic Distortions Soft Starter 

(IGBT) 

 
Figure 25: Total Harmonic Distortions Soft Starter 

(MOSFET) 

 

3.2.5 POWER FACTOR 

 

With reference to the Figures 26 -28, the DOL starter 

scheme of starting shows high power factor for a moment 

and then fluctuate be stabilizing at rated speed. Both solid 

state soft starter scheme shows up high power factor at 

start up. Soft starting with a MOSFET provides leading 

power factor of 0.9922 as shown in Figure 28 and IGBT 

gave about 0.9918. Compared to the IGBT, the MOSFET 

soft starter offers High Power Factor of 0.7844 at rated 

speed and current where IGBT based soft starter offer 

0.7406. 

 

 

Figure 26:  Starting Scheme Power Factor (DOL) 

 

Figure 27: Soft Start Scheme Power Factor (IGBT) 
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Figure 28: Soft Start Scheme Power Factor (MOSFET) 

4 CONCLUSION 

Invention of modern fast switches such as; IGBT and 

MOSFET improves the performance of ac voltage 

regulators. Extinction control strategy has been used to 

soft start both solid states for three-phase induction motor. 

The modelling and simulation for the DOL and soft 

starters have been carried out using Matlab/Simulink 

software. The simulation results revealed that both IGBT 

and MOSFET based soft starters give some level of 

harmonics during start-up of about 2.0% and 2.1%, which 

is less than the 3% THD, observed with the open loop. 

The motor speed variation with motor voltage is slightly 

different with MOSFET based having more reduced 

acceleration before attaining steady state. The efficiency 

of IGBT based is high in current smoother characteristics 

and lesser time to reach rated speed and drops down as 

MOSFET based soft starter gives better power factor than 

the IGBT based soft starter. Therefore, IGBT based soft 

starter offer better performance with respect  to four of the 

five parameters observed, i.e the starting current, 

maximum torque, speed and total harmonic distortion 

while the MOSFET based soft starter have a better power 

factor. 

The contribution to knowledge in this work is in the use 

of extinction angle strategy with fuzzy logic controller to 

develop a model for soft starting of three-phase induction 

motor using IGBT and MOSFET in a closed loop system. 

Physical realization of these models will enhance the 

safety of the induction motor and solves the problem 

related to its starting. 
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