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ABSTRACT 

DRIVER DESIGN FOR ASYNCHRONOUS MOTORS: DIGITAL SIGNAL 
PROCESSING, CONTROL AND DATA ACQUISITION 

 

ÖZ, Habib Özer 

M.Sc., Department of Electronics and Communication Engineering 

Supervisor: Associate Prof. Dr. Klaus SCHMIDT 

 

September 2012, 83 Pages 

 

In this research, a three-phase AC induction motor driver training set is designed for 

students and educators. The AC induction motor driver training set design consists 

of two main parts: the power electronic part and the system control part. The main 

components of the power electronic part are the rectifier and the inverter. The 

rectifier generates a DC voltage supply for feeding the inverter. In the thesis, it is 

realized both as a controlled and an uncontrolled rectifier. The inverter generates a 

three-phase AC voltage in order to drive the AC induction motor. As one main 

contribution of the thesis, the power electronic part is realized such that all relevant 

signals can be measured and analyzed for educational purposes.  The system 

control part uses the F28035 DSP for computations. V/F control is implemented with 

the space vector modulation method for open-loop speed control. In addition, 

closed-loop speed control is performed based on a system plant model, that is 

found with the help of MATLAB. Finally, a new method for controlling the maximum 

available torque is realized. The study is supported by various measurement 

experiments that are obtained using the data acquisition system D-LAB. 

 

Keywords: Three-phase Motor Driver, Asynchronous Motor, Power Electronics, 

Control, DSP, System Integration, 
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ÖZ 

 

ASENKRON MOTORLAR için SÜRÜCÜ TASARIMI:  
SAYISAL SİNYAL İŞLEME, KONTROL ve VERİ TOPLAMA 

 

ÖZ, Habib Özer 

Yüksek Lisans, Elektronik ve Haberleşme Mühendisliği Anabilim Dalı 

Tez Yöneticisi: Doç. Dr. Klaus SCHMIDT 

 

Eylül 2012, 83 Sayfa 

 

Bu çalışmada öğrenciler ve eğitimciler için üç faz AC indüksiyon motor sürücüsü 

eğitim seti tasarlanmıştır. AC indüksiyon motor sürücüsü eğitim seti iki ana 

kısımdan oluşur. Bu kısımlar güç elektroniği ve sistem kontrolü kısımlarıdır. Güç 

elektroniği kısımı doğrultma ve sürücü olmak üzere iki alt kısımdan oluşur. 

Doğrultma alt kısmı, sürücü için gereken DC gerilimi oluşturur. Bu DC gerilimi 

oluşturmak için kontrollü ve kontrolsüz doğrultucular tasarlanmıştır. Sürücü alt kısmı 

AC indüksiyon motorunu sürmek için üç faz AC gerilim oluşturur. Bu çalışmanın ana 

katkılarından biri olan güç elektroniği kısmında eğitim amaçlı tüm sinyaller ölçülüp, 

analiz edilebilir. Sistem kontrol kısmı F28035 sayısal sinyal işlemcisi kullanır. Motor 

açık döngü hız kontrolü için uzay vektör modulasyon methodu ile birlikte V/F 

kontrolü uygulanmıştır. Yine bu çalışma kapsamında, kapalı devre hız kontrolü 

MATLAB yardımıyla bulunan sistem modeline göre gerçekleştirilmiştir. Son olarak, 

maksimum torku kontrol etmek için yeni bir yöntem gerçekleştirilmiştir. Bu 

çalışmada veri toplama sistemi olarak D-LAB ürünü kullanılmıştır. 

    

Anahtar Kelimeler: Üç Faz Motor Sürücüsü, Asenkron Motor, Güç Elektroniği, 

Kontrol, DSP, Sistem Entegrasyonu 
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INTRODUCTION 

 

AC induction motors are the most widely used type of motor. The reasons for this 

are higher robustness, higher reliability, lower prices and higher efficiency (up to 

80%) in comparision with other motor types.[1] Each AC motor type has different 

maximum speed and torque values. In AC motor, maximum torque is changed by 

the input voltage of AC motor. Also speed is changed by the frequency of AC motor 

power supply. AC induction motor’s speed and torque control require the use of 

inverter. For this reason AC induction motor’s driver design is an important area of 

research as well as student training.  

 

Nowadays training sets are important for technical education. Accordingly, 

experimental platforms are designed in order to understand the industrial product 

design. These platforms are supposed to address different training issues. In the 

literature, different kinds of training sets are available. Unfortunately, the common 

training sets directly use industrial products in the system design. In this case, the 

training platform is not suitable for many aspects of engineering education. The 

reasons are that industrial products are a packaged end product. Hence, students 

can not access the interior architecture of such products. It is not possible to 

observe the relevant signals in the system and it is not possible to change the 

embedded software. For example, the company Yıldırım Elektronik has a power 

electronic training set which uses the industrial motor driver (ACS355) for the 

inverter experiments [49]. Hence, this platform does not support all aspecs of power 

electronic education. Differently, the company Leybold Didactic offers a power 

electronic set with both an industrial motor driver and a custom-made motor driver 

for inverter experiments. In this set, the industrial motor driver is taught as a 

compact motor driver unit. In addition, the custom-made motor driver is taught in 

order to study the design of AC motor drivers. However, this training set is lacking in 

terms of system modeling and simulation. Moreover, it does not support 

experiments for the speed and torque control of AC induction motors. Because of 
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this reason, the AC induction motor driver and control training set design is selected 

for this study with the help of the company Yıldırım Elektronik.   

In accordance with the previous discussion, the research in this thesis is interested 

in developing a three phase inverter training set for experiments in basic power 

electronic theory as well as feedback control. In the power electronics training, it is 

essential that students understand the operation of power electronic components 

and their design. Because of that reason students need a dedicated experimental 

platform for studying AC induction motor drivers. In principle, such training set 

consists of a rectifier part, an inverter part, a controller part and the AC induction 

motor for conducting power electronics experiments. In addition, the application of 

control suggests the usage of a torquemeter (torque measurements), an encoder 

(speed measurements) and a magnetic powder brake (load torque disturbance). 

 

In this study, the training set is supported by simulation work. MATLAB is used for 

finding the system plant model and PID controller design by the pole placement 

method is used to realize feedback control. The control design is validated both by 

simulation and measurements in the real hardware system. 

  

The thesis is organized as follows. Chapter 1 gives the backgroud of this study. In 

Section 1.1, rectifiers are described in a simple way. In Section 1.2, three phase 

inverters are discussed And in Section 1.3, asynchronous AC induction motors are 

explained. In Section 1.4, the operation of the magnetic powder brake is described. 

Section 1.5 explains which kind of sensors are used for motor control. In Section 

1.6, motivation and problem definition is explained for this study. Section 1.7 shows 

the selected design requirements and criteria for this study. Chapter 2 describes 

how to implement sub-systems for this study. Chapter 2 consists of the power 

electronic module design (Section 2.1), the system control module design (Section 

2.2) and the integration (Section 2.3). Section 2.1 describes the rectifier design 

(Section 2.1.1) and the inverter design (Section 2.1.2). Also Section 2.2 describes 

the scalar control (Section 2.2.1), space vector modulation method (Section 2.2.2) 

and contol system design (Section 2.2.3). Chapter 3 focuses on the evaluation of 

the power electronic module. This chapter shows the signal output of the power 

electronic subsystems. Also this chapter consists of the evaluation of rectifier 

subsystem (Section 3.1) and the evaluation of the inverter subsystem (Section 3.2). 

Chapter 4 consists of the plant model identification (Section 4.1), the controller 

design (Section 4.2) and the evaluation results of the system (Section 4.3). In 
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Section 4.2.1, pole placement method is used for the controller design. Also Section 

4.3 evaluates the behaviour of the AC induction motor (Section 4.3.1), the 

behaviour of the AC induction motor with the feedback control (Section 4.3.2) and 

the behaviour of the AC induction motor with speed and torque control (Section 

4.3.3). Finally, Chapter 5 gives conclusions.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 

 

 

CHAPTER I 

BACKGROUND 

 

The functions of the main parts of the inverter system will be learned in this chapter. 

For this reason, sub-parts, which are used in this research, are described in a 

simple way. The main working principles are explained for each sub-parts. Hence, 

motivation and problem definition is explained. After that, the selected design 

requirements and criteria are shown. 

 

1.1 RECTIFIER 

 

The rectifier converts AC voltage to DC voltage. Normally it uses diodes for rectifing 

AC voltage. If diodes are used in the rectifier design, the DC voltage gain can not be 

controlled. For controlling the DC voltage gain, it is benefical to use a thyristor in the 

rectifer design. In principle, the types of rectifiers are half wave rectifier and full 

wave rectifier. For example, a full wave single phase bridge rectifier design has 4 

diodes. In Figure 1, diodes 1/3 and 2/4 run at the same time. When the AC voltage 

is positive, 1/3 diodes run. On the other hand if the AC voltage is negative, diodes 

2/4 run. It has to be noted that the output of the full wave single phase bridge 

rectifier is not a smooth DC voltage. When a capacitor is connected, output of the 

full wave rectifier becomes smooth DC voltage. In the scope of this thesis, four 

different types of rectifiers are designed. They are uncontrolled single phase 

rectifier, controlled single phase rectifier, uncontrolled three phase rectifier, 

controlled three phase rectifier. Rectifier part which is controlled by the controller 

part, controls the DC voltage amplitude. The rectifier part are designed modular so 

that connections of modules are changeable. For this reason all design can be 

analyzed by the students.[26] 
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1.2 INVERTER 

 

The inverter converts DC voltage to AC voltage with high frequency switching. It can 

control the output of the AC voltage frequency. PWM (Pulse Width Modulation) 

signals are used for controlling the frequency. Normally a microcontroller is used for 

generating the PWM signal and PWM signals are applied to the semiconductor 

device’s gate pins.  A three phase inverter consists of 6 power semiconductor 

devices. Usually IGBT (Insulated Gate Bipolar Transistor) or MOSFET ( metal oxide 

semiconductor field effect transistor) are used in the inverter design. The basic 

design of three phase inverter is shown in Figure 2. In this figure, 6 IGBTs are used. 

Each of the two vertical IGBTs generates a single phase voltage. Also each single 

phase has a 120° phase difference compared to the other phases. Together they 

generate three phase AC power supply.[26] 

 

 

 

 

Figure 1: Full wave single phase bridge rectifier 
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Nowadays Digital Signal Processors (DSP), which are special microprocessor that 

are optimized for the fast operational needs of digital signal processing, are used in 

inverter design. Even, some kind of DSP are optimized for motor control. Because 

of that they have ePWM (Enhanced Pulse Width Modulator), ADC (Analog-To-

Digital Converter), QEP (Enhanced Quadrature Encoder Pulse), eCAP (Enhanced 

Capture) peripheral modules. DSPs can do complex mathematical operations. This 

is important for our research, because DSPs can implement complex control 

algorithm for driving AC induction motor.[39] [40] [41]  

 

1.3 AC MOTOR 

 

The idea of converting electrical energy to mechanical movement was first claimed 

by Michael Faraday in 1821. He experimented that when current flows through a 

free hanging wire around a magnet, wire starts to rotate around magnet. First 

electrical motor, used in an industrial application, is developed by Emily and 

Thomas Davenport and patented in 1837. This motor was rotating about 600 

revolutions per minute. The first successfull DC motor was invented by Zenobe 

Gramme in 1873. Gramme used two dynamos instead of one. This motor lead to 

commutator controlled DC motors. In 1886 Julien Sprague invented the modern DC 

motor. This motor was capable to work at constant speed at variable loads and con 

be controlled easily. Sprague engine started golden age for DC motors. By growing 

industry DC motors widely used for mass production.[26] [38] [45]  

 

The first successful AC motor was invented in 1888. Nicola Tesla, improved his 

machine with the help of Westinghouse  Company. Despite being small sized and 

cost effective compared to DC motors, AC motors were not preferred in industry 

Figure 2: Basic Design of Three Phase Inverter 
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untill late 20th century. Main reason was the efficiency problem. Efficiency on 

induction machine depends on the air gap between stator and rotor. This problem 

solved in time by developing production techniques of motors. But solving efficiency 

problem was not sufficient. Control of an AC motor is much harder than DC motor. 

Developing semiconductor technology, and production of cheaper control devices, 

make AC motors replace old fashioned DC motors.[38] [25] 

 

Since developed electric motor are indispensable for industry. Growing  industry, 

needs to decrease production costs in competative market. Today, almost all 

branches of industry prefer to use AC motors instead of DC motor. AC motors are 

smaller in shape, easy to produce, have lower maintenance costs, much more 

simple form and they are also cheaper than DC motors.  More than fifty percent of 

produced electricity consumed by electric motors.[38] [45] 

 

 These machines are both used for generating electricity from physical movement or 

generating rotation from electricity. In this thesis , electrical machine will be 

examined in motor mode.[31] 

 

Main principle of AC motor is following a  rotating magnetic field. This can be 

achieved by generating a static magnetic field from stator windings and excite rotor 

with AC current.  By this method, rotor magnetic field is generated by an outer 

source. Exciting rotor with an external source requires ring-brush mechanism. 

Alternate way is to generate rotating magnetic field at stator windings. Induction 

machines generate required rotor magnetic field from stator currents. Stator 

magnetic field induces current at shorted rotor winding.  This magnetic field follows 

stator magnetic field and generates mechanical rotation.[38] 

 

Most widely used type of AC motor is squirrel cage motor. Main conductors, usually 

copper bars, are shorted at both ends with a metal bar as shown in Figure 3. Stator 

current generates a rotating magnetic field at a speed (߱s). Changing magnetic 

fields creates a current at shorted rotor windings. Phase differece at stator winding 

current and induced rotor winding current causes rotation.[25] [31] 

 

After rotation begins, rotor starts to accelerate. Decreasing relative speed between 

stator magnetic field and rotor causes decreasing rotor currents. Decreasing rotor 

current, decreases the torque generated by motor. Hence, the motor reaches a 
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steady state equal to angular speed of the stator rotating magnetic field  which is 

generally called synchronous speed if it is not loaded. If motor is loaded, motor 

reaches steady state at a lower speed than synchronous speed. Ratio between 

actual rotor speed  and synchronous speed is called slip (s).[45] 

 

 

Figure 3: Induction Motor Rotor 

   
In Figure 4 the rotor speed is denoted by Ω . Stator and rotor frequencies are linked 

by the slip s, expressed in per unit as ݏ ൌ ሺ߱௦ െ ߱௥ሻ/߱௦ . 

 

 

Figure 4: Squirrel cage rotor AC induction motor cutaway view 

 
Stator rotating field speed (rad/s) :  
   

 Ω௦ ൌ 	
ఠೞ

௣
 ൜
߱௦ ∶ 	AC	supply	freq	ሺrad/sሻ
:݌	 stator	poles	pairs	number   (1.1) 

 
Rotor rotating speed (rad/s) :  
  

 Ω ൌ ሺ1 െ sሻΩୱ ൌ ሺ1 െ sሻ
ன౩

୮
     (1.2) 
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1.4 MAGNETIC POWDER BRAKE 

 

Magnetic powder brake (MPB) is a type of electromagnetic brake. When a DC 

voltage is applied to the MPB, a magnet powder is pasted around the rotor by the 

electromagnetic field. As a result, the MPB loads the motor. When the motor is 

loaded by MPB, very much heat is generated on the MPB. For this reason cooling is 

very important for MPB. 

 

1.5 SENSORS FOR MOTOR CONTROL 

 

Sensors, which are devices for measuring analog data, are used for the closed loop 

motor control. In the motor control system, we want to control the speed and torque. 

Torquemeter, which is a device for measuring the torque on a rotating system, is a 

kind of sensor. It is  mounted between motor and load. An encoder is a sensor for 

measuring the speed. The basic encoder type, which is shown in Figure 5, consist 

of an optical encoder disk and a simple optocoupler. Optocoupler generate pulse 

signal when the optical encoder disk is rotated. If the period of the pulses is 

calculated, motor’s speed value is found. But number of hole on the optical disk is 

very important for sensitivity and calculation.[25] [38] 

 

The speed calculation for a basic encoder is as follows: 

 

 

 motor	speed ൌ 	
଺଴

୘.୬
	ቄ	T: period	of	pulse	signal

n ∶ number	of	holes
    (1.3)  

 
 
 
    
      

 

 

 

 

 

 

 

 

Figure 5: Encoder Disk and Output Signal 
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1.6 MOTIVATION AND PROBLEM DEFINITION 

 

Nowadays training is very important for technical education. Educators want training 

sets for applying theoretical information in the real world such that student learn 

how to use the lecture material. For this reason training sets are made for learning 

the design of products which are commonly used in the market. Because of that, the 

three phase asynchronous AC induction motor driver is selected for this research. 

The motivation behind this research is to make an experiment platform for three 

phase asynchronous AC induction motor driver and deliver experience and 

understanding of the power electronic and control system design. 

 

1.7 DESIGN REQUIREMENTS / CRITERIA  

 

For this research, design requirements are divided into two parts, which are power 

electronics and system control. In the power electronics part, inverter and rectifier 

are designed. The inverter design requirements are as follows: 

 

 Inverter should operate at least 1KW three phase asynchronous AC 

induction motor 

 DC voltage input is minimum 400V/20A 

 Switch input must be isolated for saving the microcontroller 

 All generated signals can be observed by students 

 

Rectifier parts design requirement are as follows: 

 

 They must rectifiy single phase AC voltage 

 They must rectify three phase AC voltage 

 Outputs must be controlled for DC voltage amplitude 

 All generated signals can be observed by students 

 All designs must be modular 

 

In system control part, microcontroller, torquemeter and encoder can be chosen. 

Microcontroller requirements are as follows: 

 

 DSP-based microcontroller must be used in the research due to easy 

programming and user interface. 
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 Microcontroller must have at least six PWM outputs. 

 Microcontroller must have at least two ADC inputs. 

 Microcontroller must implement V/F control method 

 Microcontroller must implement space vector modulation method 

 

Torquemeter requirements are as follows: 

 

 Torquemeter is able to measure 0-20Nm 

 Torquemeter is mounted between motor and load 

 

Encoder requirements are as follows: 

 

 Encoder consist of optical encoder disk and simple optocoupler 

 Encoder must measure motor speed with enough sensitivity. 

 Encoder output must be pulse signal. 
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CHAPTER II 

IMPLEMENTATION 

 

Modular design technique is used in this thesis. Code Composer Studio, which is a 

programing platform for Texas Instrument DSP, is used for coding the control 

algorithm. Eagle, which is a graphical layout editor, is used for PCB design. Matlab, 

which is a language of technical computing software, is used for finding the motor 

model and validation. D-LAB, which is a computer interface trainer, is used for data 

logging and computing. In this chapter, three-phase asynchronous AC induction 

motor driver design is described investigating each sub-block implementation. This 

research is divided into two main parts which are power electronic and system 

control. The power electronic part consists of inverter, rectifier and signal isolation 

sub-parts. The system control part consists of DSP controlcard and sensors 

(torquemeter and encoder). The main block diagram of the system is shown in 

Figure 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Speed 

Torque Controller 

Rectifier  Inverter Filter (C) 
AC 

Motor 

Single  
or  

Three 
Phase  

AC Supply 

Brake 

Figure 6:Main Block Diagram of the System 
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2.1 POWER ELECTRONIC MODULE DESIGN 

 

2.1.1. Rectifier Design 

 

Four kind of rectifiers are designed in this thesis. They are uncontrollable single 

phase rectifier, controllable single phase rectifier, uncontrollable three phase 

rectifier, controllable three phase rectifier. All rectifier types are designed in a 

modular way. 

  

Diodes, which are two terminal electronic components with low resistance to current 

flow in one direction and high resistance in the other direciton, are used for 

uncontrollable single or three phase rectifier design. One module is designed which 

consists of six diodes. Each diode is independent on the module. Hence, it is 

possible that the single-phase rectifier uses 4 diodes and the three-phase rectifier 

uses 6 diodes on the module. IOR 25F120, which is a standard recovery diode, is 

used. Voltage and current maximum ratings are 1200V/25A. Diode voltage and 

current values suitable for the design in the thesis. A schematic of the diode module 

is shown in Figure 7.[26] 

 

 

    

 

 

 

 

 

 

 

 

 

We use thyristors for the controlled single or three phase rectifier designs. A 

thyristor is a solid-state semiconductor device with four layers of N and P type 

material. Thyristor conducts when its gate receives a current trigger and continues 

to conduct while it is forward biased. Three modules are designed for the single and 

three phase rectifier. They are thyristor module, single phase thyristor controller 

Figure 7: Diode Module Design 
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module, three phase thyristor controller module. The thyristor module is used in 

both thyristor controller modules and consists of six thyristors. Each thristor is 

independent. Hence, it is possible that the single phase rectifier uses 4 thyristors 

and the three phase rectifier uses 6 thyristors on the module. IOR 25RIA120, which 

is a medium power thyristor, is used for each diode. Voltage and current maximum 

ratings are 1200V/25A. Thyristor voltage and current values are chosen to fit the 

requirements in the thesis. A schematic of the thyristor module is shown in Figure 8. 
[26] 

 

 

 

 

 

 

 

 

 

 

 

 

 

Single-phase thyristor controller module is used to realize the controllable single-

phase rectifier. It generates 4 trigger signals for the thyristors. When the AC input 

signal is positive, first and third outputs generate the trigger signal. Otherwise the 

AC input signal is negative, and the second and fourth outputs generate the trigger 

signal. If the thyristor trigger time is controlled in the AC input voltage’s period by 

single phase thyristor controller, the DC voltage output amplitude is controlled. The 

rectified voltage for the thyristor control method is shown in Figure 9. In this module 

design, TCA785, which is a phase control integrated circuit (IC), is used. This phase 

control IC is intended to control thyristors, triacs and transisitors. In addition, 

CD4050, which is a buffer, duplicates the output of the TCA785. BD139, which is a 

NPN transistor, drives the output signals. Transformers are used for isolating the 

module outputs. Single phase tyristor controller module design is shown in Figure 

10.[26]  

 

Figure 8: Thyristor Module Design
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Figure 9: Single Phase Rectifier DC Voltage Output with Thyristors 

 

 

 

Three phase thyristor controller module, which is shown in Figure 12, is used for 

controllable three phase rectifier. It generates 6 trigger signals for the thyristors. 

When the three phase AC input signal is positive, the first output of each phase 

generates the trigger signal. Otherwise if the three phase AC input signal is 

negative, each second output generates trigger signal. Together, control of the 

thyristor trigger time allows to control the DC voltage output amplitude. For this 

Figure 10: Single Phase Thyristor Controller Design 
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method, the DC voltage output is shown in Figure 11. In principle, this module 

design is identical to the single phase thristor controller module. Only three TCA785 

are used in the design and generate two trigger outputs for each AC voltage phase. 

As a result, the three phase thyristor control module can trigger six thyristors.[26] 

 

 

Figure 11: Three Phase Rectifier DC Voltage Output with Thyristors 

 

2.1.2. Inverter Design 

 

The inverter, which is an electrical device that changes DC voltage to AC voltage, is 

designed using transistors. Here, the kind of transistor is very important for the 

design. In this thesis, IGBTs are used in the design, because they come with the 

advantage of high current handling capability of bipolar transistors with the ease of 

control of a MOSFET transistor. The application area of IGBTs and MOSFETs is 

illustrated in Figure 13. IGBTs are preferred under the following conditions: 

 Low duty cycle 

 Low frequency (<20kHz) 

 High voltage application 

 Operation at high junction temperature is allowed (>100°C) 
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Figure 12: Three Phase Thyristor Controller Module 
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Figure 13: Where MOSFETs and IGBTs are preferred 

 

For this reason, 7MBP50RJ120, which is an IGBT block, is used in the inverter 

design. This block consists of 7 IGBTs. Voltage and current maximum ratings are 

1200V/50A. This block needs four isolated DC power supplies (+15V) for operating 

properly. Each up-side IGBT has an own isolated DC power supply. The down-side 

three IGBTs are supplied by one isoleted DC supply. Each up-side IGBT has an 

own alarm output, whereas the down-side three IGBTs use the same alarm output. 

When each alarm output is active, the IGBT block stops to run. 7MBP50RJ120 

block diagram is shown in Figure 14.[26] [12] [17] [10] 
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In this thesis, one +15V DC power supply is used for the inverter realization. The 

other four isolated DC supplies are generated by the DC-DC converter 

(SPR01M15). The isolated four DC supply design is shown in Figure 15. 

 

Figure 14: Block Diagram of 7MBP50RJ120 [17] 



20 

 

Figure 15: Isolated Four DC Supply Design 

 

Isolation is very important for the inverter design. The IGBT block needs four 

isolated DC power supplies for running. As a result, the microcontroller and IGBTs 

gate inputs have different ground levels. For this reason the microcontroller PWM 

outputs can not be directly connect to the IGBTs gate inputs, since isolation must be 

provided. Also microcontroller PWM outputs must be isolated for saving. Since the 

PWM outputs are digital signals. An optocoupler is enough for isolating the PWM 

outputs. In this thesis, HCPL4502, which is high speed transistor optocoupler, is 

used for isolating microcontroller PWM outputs. PWM outputs isolation design is 

shown in Figure 16. 
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Figure 16: Isolated IGBT Drive Part 

 

Alarm outputs must be connected to the microcontroller digital inputs for warning. 

But IGBT block and microcontroller’s ground level is not same. Hence, isolated 

alarm outputs are generated for protecting the microcontroller. Isolated alarm 

outputs are shown in Figure 17. 
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Figure 17: Isolated IGBTs Alarm Output Design 

    

In this thesis, the torquemeter and encoder device are connected to the inverter 

card in order to achieve a compact design. Their output signals are carried over to 

the microcontroller interface connector. Hence, the inverter card is only a carrier for 

torquemeter and encoder outputs. Inverter card is shown in Figure 18. 
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Figure 18: Inverter Card 

  

2.2 SYSTEM CONTROL MODULE DESIGN 

 

2.2.1. Scalar Control 

 

In this thesis, the scalar control (V/F) method is used. It performs speed control of 

induction motor by the adjustable magnitude of stator voltages and frequency in 

such a way that the air gap flux is always maintained at the desired value at the 

steady-state. The working principle of this method is shown in Figure 19, in a 

simplified version of the steady-state equivalent circuit. Hence, the stator resistance 

(Rs) is assumed to be zero, the stator leakage inductance (LIs) is embedded into the 

rotor leakage inductance (LIr) and the magnetizing inductance is moved in front of 

the total leakage inductance (LI = LIs + LIr). The phasor equation of the magnetizing 



24 

current (generates the air gap flux) for steady-state analysis is given in equation 2.1 

which is approximately the stator voltage to frequency ratio.[2] 

 

Iሚ୫ ൌ෥ 	
୚෩౩

୨ன୐ౣ
         (2.1) 

 

If the AC induction motor is operating in the linear magnetic region, Lm is constant. 

So that equation 2.1 can be shown in terms of magnitude as; 

 

I୫ ൌ 	
ஃౣ
୐౉

ൌ෥ 	
୚౩

ሺଶ஠୤ሻ୐ౣ
⇒	Λ୫ ∝ 	

୚౩
୤
                                (2.2) 

 

Where V and Λ represent the magnitude of stator voltage and stator flux, and V෩ 

represents the phasor. 

 

 

Figure 19: Simplified steady-state equivalent circuit of induction motor 

 

As seen in Equation 2.2, if the ratio V/F is constant for any frequency, the flux is 

constant and the torque becomes independent from the power supply frequency. In 

order to keep the flux Λ୫ constant, the ratio of Vs/f must be constant at a different 

speed. If the motor speed increases, the stator voltage must also be increased in 

order to keep the constant ratio of Vs/f. But due to a slip as a function of the motor 

load, the frequency is not equal to the real speed. If there is no load which means 
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slip is very small, the motor speed is almost equal to the synchronous speed. In this 

case, the open loop V/F system will realized the desired speed. However, The V/F 

system is not be able to control the speed precisely if an load is applied. If the 

speed is measured within the system, the slip compensation can simply be 

included. The closed loop V/F system is shown below in Figure 20.[47] 

 

 

Figure 20: Stator Voltage vs Frequency Profile under V/F control 

 

Usually, the V/F ratio is based on the rated values of these variables. The three 

speed ranges in the V/F profile are listed below: 

 

 At 0-fc, V/F profile is not linear since the voltage drop across the stator 

resistance can not be negleted and must be compensated for by increasing 

Vs. It is possible to compute the cutoff frequency (fc) and the suitable stator 

voltages analytically from the steady-state equivalent circuit with Rs≠0. 

 At fc-frated, this region V/F is linear. Flux (V/F) is constant at this region. 

 It is not possible to keep V/F constant at higher frequencies than frated since 

the stator voltages would be limited at the rated value in order to avoid any 

insulation breakdown at the stator windings. For this reason, the air gap flux 

would be reduced which decreases the torque. 
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If the stator flux is constant, the torque depends only on the slip speed as shown in 

Figure 21. The torque and speed of an AC induction motor is able to be controlled 

with the constant V/F , by regulating the slip speed.[47] [2] 

 

 

Figure 21: Torque vs Slip Speed of an Induction motor with Constant Stator Flux 

 

In this thesis, cutoff frequency (fc) is selected to 24Hz and frated is selected to 60Hz. 

Vrated is a maximum single phase full rectified signal, which is 285VDC. Hence, all 

experiments are made in the linear region. 

  

2.2.2. Space Vector Modulation Method 

 

Space vector modulation method (SPVM) is used for generating PWM signals 

which control the inverter gate inputs. The structure of the typical three phase 

voltage source inverter (VSI) is shown in Figure 22. Va, Vb and Vc are the output 

voltages of the inverter. Q1-Q6 are power transistors which are controlled by gate 

inputs (a, a’, b, b’, c, c’). When each upper transistor is switched on, the 

corresponding lower transistor is switched off. The state of gate inputs (a,b,c) are 

sufficient to evaluate the output voltage.[48] [30] 
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Figure 22: Typical Three Phase VSI Diagram 

 

The relationship between the switching variable vector [a b c]t, the line-to-line output 

voltage vector [Vab Vbc Vca]t and line-to-neutral output voltage vector [Va Vb Vc]t 

are shown in equations 2.3 and 2.4 where Vdc refers to the DC supply voltage.[35] [46] 

 

൥
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Vୡୟ

൩ ൌ 	Vୢୡ 	൥
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c
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c
቉    (2.4) 

 

The derived output line-to-line and phase voltages in terms of DC supply voltage 

Vdc for the eight possible combinations of on and off states for the three upper 

power transistors of typical three phase VSI are given in table 1.[37] [18] 
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a b c Va Vb Vc Vab Vbc Vca 

0 0 0 0 0 0 0 0 0 

1 0 0 2/3 -1/3 -1/3 1 0 -1 

1 1 0 1/3 1/3 -2/3 0 1 -1 

0 1 0 -1/3 2/3 -1/3 -1 1 0 

0 1 1 -2/3 1/3 1/3 -1 0 1 

0 0 1 -1/3 -1/3 2/3 0 -1 1 

1 0 1 1/3 -2/3 1/3 1 -1 0 

1 1 1 0 0 0 0 0 0 

 

Table 1: Device ON/OFF State and Corresponding Outputs of Three Phase VSI 

 

If it is assumed that d and q are the fixed horizontal and vertical axes in the plane of 

the three motor phases, the vector representations of the phase voltages 

corresponding to the eight combinations can be obtained by applying the d-q 

transformation to the phase voltages: 

 

௔ܶ௕௖ିௗ௤ ൌ 	ට
ଶ

ଷ
		቎
1 െ

ଵ

ଶ
െ

ଵ

ଶ

0 √ଷ

ଶ
െ √ଷ

ଶ

቏    (2.5) 

 

The transformation is equivalent to an orthogonal projection of [a, b, c]t onto the two 

dimensional plane perpendicular to the vector [1, 1, 1]t in a three-dimensional 

coordinate system, the results of six non-zero vectors and two zero vectors are 

shown in Figure 23. The nonzero vectors form the axes of a hexagonal and the 

angle between any adjacent two non-zero vectors is 60 degrees. The zero vectors 

are at the origin and apply zero voltage to a three-phase load. The eight vectors are 

called the Basic Space Vectors and are referred to as U0, U60, U120, U180, U240, 

U300, O000 and O111.[18] [37] [46] 
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Figure 23: The Basic Vectors and Switching States 

 

As the d-q transform is applied to a desired three-phase voltage output, a desired 

reference voltage vector Uout is being obtained in the d-q plane as shown in Figure 

23. The magnitude of Uout is the RMS value of the corresponding line-to-line 

voltage with the defined d-q transform. 

 

By the combination of the switching states that are corresponding to the basic 

space vectors, the reference voltage Uout is approximated. The average inverter 

output is the same as the average reference voltage Uout for any small period of 

time (T), as shown in equation 2.6. T1 and T2 are respective durations for switching 

states corresponding to Ux and Ux+60 (or Ux-60) are applied. 

 

 

Ux and Ux+60 are the basic space vectors, and Uout consists of Ux and Ux+60. But 

if the reference voltage Uout is changed even a bit within T, the equation 2.6 

becomes equation 2.7, in which T1 + T2 ≤ T. It is very important that T is very small 

in respect to the speed change of Uout.[35] [48] [30] 
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The sum of T1 and T2 must be less than or equal to Tpwm. The inverter needs to 

be in zero state for the rest of period. For T1 + T2 + T0 = TPWM = T, equation 2.7 

becomes equation 2.8. 

 

TPWM Uout = T1 Ux + T2 Ux±60 + T0(O000 or O111)     (2.8) 

 

Equation 2.8 is used for calculating the equation 2.9 

 

[T1 T2]
t = TPWM [Ux Ux±60]

-1 Uout         (2.9) 

where [Ux Ux±60]-1 is normalized decomposition matrix for sector. 

 

In order to calculate T1 and T2, we may assume the angle between Uout and Ux is 

α. Accordingly, the T1 and T2 equations are shown in equation 2.10. 

 

୘భୀ	√ଶ	୘ౌ౓౉|୙౥౫౪| ୡ୭ୱሺ	஑ାଷ଴°	ሻ
୘మୀ	√ଶ	୘ౌ౓౉|୙౥౫౪| ୱ୧୬ሺ஑ሻ													

      (2.10) 

 

 

2.2.3. Control System Design 

 

Texas Instruments TMS320F28035 Piccolo DSP is used in this research. It is 

special microcontroller for motor control due to the easy implementation capability 

of V/F control and space vector modulation PWM method. It is very capable for 

future upgrading. It's highlighted features are explained in:[28] [39] [41] 

 

 High-Efficiency 32-bit CPU 

 60MHz device 

 Single 3.3V supply 

 Integrated power-on and brown-out resets 

 Two internal zero-pin oscillators 

 Up to 45 multiplexed GPIO pins 
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 Three 32-bit timers 

 On-chip flash, SARAM, OTP Memory 

 Serial port peripherals (SCI/SPI/I2C/LIN/eCAN) 

 Enhanced control peripherals 

o Enhanced Pulse Width Modulator (ePWM) 

o High-Resolution PWM (HRPWM) 

o Enhanced Capture (eCAP) 

o High-Resolution Input Capture (HRCAP) 

o Enhanced Quadrature Encoder Pulse (eQEP) 

o Analog to Digital Converter (ADC) 

o Comparator 

 

The control system is designed as both open loop and closed loop systems. For 

open loop control, V/F and SVGEN program functions are used. Motor speed is 

adjustable by the speed reference which is given by the end user. If the motor is 

loaded, the system may not keep the speed at the desired value. The open loop 

system that is developed for this research is shown in Figure 24. 

 

 

Figure 24: V/F controlled Open Loop System 

 

Firstly open loop system is operated and later encoder is mounted to the system for 

measuring the speed. F28035 DSP’s CAP input pin is used for measuring the 

speed by the use of pulse signal that is generated by encoder. With the help of the 

CAP program function, the period of the pulse signal is measured. The 

multiplication of the period data (T) and the number of slots on the encoder disk (n) 

gives the RPM value (nT). The block diagram of this structure is given in Figure 25. 
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Figure 25: V/F controlled Open Loop system with speed measurement 

 

When the motor is loaded, the system does not keep the speed at the desired level. 

So closed loop control is necessary for keeping the speed for the different load 

levels. It is adequate to measure speed value in a closed loop system in order to 

keep the speed value at the desired level. Equation 2.11 is used to form the closed 

loop system. As it is shown in equation 2.12, the PID control algorithm is applied to 

the error signal. So the system plant of this research is formed as it is shown in 

equation 2.13. V/F controlled closed loop system is shown in Figure 26. 

 

eሺsሻ ൌ SP െ PV	 ቐ
SP: Set	point	ሺspeed	or	torque	referenceሻ

PV: Process	variable	ሺmeasured	speed	or	torqueሻ
eሺsሻ: Error

          (2.11) 

 

uሺtሻ ൌ K୮eሺtሻ ൅	K୧ ׬ eሺtሻdt
୲
଴ ൅	Kୢ

ୢ

ୢ୲
	eሺtሻ      (2.12) 

 

PI ൌ SP ൅ uሺtሻ						ሼPI: Plant	Input               (2.13) 
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Figure 26: V/F Controlled Closed Loop System with Speed Sensor 

  

Although the previous paragraphs are only explaining the constant speed control, 

torque is the other control parameter of this system. In V/F method, maximum 

torque is applied to the AC motor. If maximum torque is not necessary for the 

system, it is waste of power. So that in this research power efficiency is increased 

by controlling the DC supply voltage value. The critical torque value, which stops 

the motor operation, should be known for each load value. In this research, critical 

torque values are measured for loads and a look-up table is generated. For the 

control of maximum torque level, the instant torque value is measured by the 

torquemeter which is the sufficient level for the present condition. Then the DC 

supply voltage level is decided according to the look up table and the F28035 DSP 

controls the rectifier part for generating this DC supply voltage. So that the required 

torque is generated by AC motor. The block diagram of this system part is shown in 

Figure 27. 

 

 

     

 

 

 

 

 

 

 

 
Figure 27: DC Supply Input Control for Closed Loop Torque Control 
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2.3 INTEGRATION 

 

The overall system in this thesis consists of many subsystems that should be 

integrated carefully. The first problem of integration concerns the ground levels 

which should be common except for the isolated circuitry's ground levels. For this 

reason the inverter, rectifier and microcontroller subsystem grounds are connected 

to each other. The second problem of integration is the isolation requirement of the 

AC voltage input with the mains for safety and measurement reliability. Since the 

high end bench top measurement devices such as oscilloscopes are usually 

capable of measurements with respect to the mains ground level, it is convenient to 

use a differential probe for isolated subsystems of this study. The third problem of 

integration is the requirement of an analog voltage output for controlling the rectifier 

subsystem. Since the F28035 DSP does not include a digital to analog converter 

(DAC), an external DAC integrated circuit (IC) is used on the inverter printed circuit 

board (PCB) for the rectifier control. The fourth problem of integration is about 

different supply voltage levels which affects the communication between 

subsystems due to the difference in digital input/output (I/O) high and low levels. 

Since the F28035 DSP supply is 3.3V while the rest of system, including encoder 

and inverter, is operating with 5V; the bidirectional voltage level translator TXB0108 

is used for digital I/O. Also, since the MCP4725 of inverter subsystem uses inter-

integrated circuit (I2C) bus for the interface, the bidirectional I2C bus voltage level 

translator PCA9306  is used. Another problem is that F28035 DSP’s analog to 

digital converter (ADC) input voltage level is between 0-3.3V while the torquemeter 

output voltage level is between 0-5V. Hence, OPA4350, which is a high speed 

operational amplifier, is used for decreasing the voltage level of the ADC input. A 

PCB card is designed for F28035 prescaling integration problems. The schematic 

design is shown in Figure 28 and PCB design is shown in Figure 29. 
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Figure 28: Translator Card Schematic Design 
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Figure 29: Translator Card PCB Design 

 

Figure 30: Translator Card 
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CHAPTER III 

 

EVALUATION OF POWER ELECTRONICS MODULE 

 

The power electronics part of the system consists of rectifier, inverter and isolation 

subsystems. After the succesful system integration and implementation, the desired 

measurements for educational purposes can be performed. In this chapter, the most 

revelant signal outputs are shown and discussed for the power electronics part of 

the system. 

 

3.1 EVALUATION OF RECTIFIER SUBSYSTEM 

 

The rectifier subsystem consists of four modules, which are uncontrollable single 

phase rectifier, uncontrollable three phase rectifier, controllable single phase 

rectifier and controllable three phase rectifier. For testing the uncontrollable single 

phase rectifier, 220V AC RMS voltage is applied to the input and a 200R (resistive) 

load is connected to the output. The basic shematic is shown in Figure 31. 

 

 

Figure 31: Single Phase Rectifier Test Circuit 
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The output voltage is shown in Figure 32. Since there is no capacitor connected to 

the output, the output is not a smooth DC voltage. When 220V AC RMS signal is 

rectified, peak value of DC voltage is 330V. If the required capacitor is connected to 

the output, a smooth DC voltage level of 217V is available at output.  The capacitor 

included output signal is observed as shown in Figure 33. 

 

Figure 32: Single Phase Rectifier Output Voltage Without Capacitor 

 

Figure 33: Single Phase Rectifier Output Voltage With Capacitor 
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For testing uncontrollable three phase rectifier, three phase 220V AC RMS voltages 

are applied to the inputs and 200R load is connected to the output. The basic 

shematic is shown in Figure 34. 

 

 

Figure 34: Three Phase Rectifier Test Circuit 

 

The output voltage is shown in Figure 35. Since there is no capacitor connected to 

the output, the output is not a smooth DC voltage. When three phase 220V AC 

RMS signal is rectified, peak value of DC voltage is 494V. 

 

Figure 35: Three Phase Rectifier Output Voltage Without Capacitor 
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For testing controllable single phase rectifier, 220V AC RMS voltage is applied to 

the inputs and 200R load is connected to the output. The basic shematic is shown 

in Figure 36. The single phase thyristor controller module is used for triggering the 

gate inputs. 

 

 

Figure 36: Controlled Single Phase Rectifier Test Circuit 

 

The output voltage is shown in Figure 37. Since there is no capacitor connected to 

the output, the output is not a smooth DC voltage. When the controller analog 

voltage output is 0.58V, the maximum peak DC output voltage of 328V is observed 

on the oscilloscope. If the capacitor is connected to the output, a smooth DC 

voltage level of 217V is available at output.  The output signal for the experiment 

with capacitor is observed as shown in Figure 38.  
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Figure 37: Controllable Single Phase Rectifier Output Voltage Without Capacitor 

 

Figure 38: Controllable Single Phase Rectifier Output Voltage with Capacitor 

 

For testing the controllable three phase rectifier, a three phase 220V AC RMS 

voltages is applied to the inputs and a 200R load is connected to the output. The 

basic shematic is shown in Figure 39. The three phase thyristor controller module is 

used for triggering the gate inputs. 
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Figure 39: Controlled Three Phase Rectifier Test Circuit 

 

The output voltage is shown in Figure 40. Since there is no capacitor connected to 

the output, the output is not a smooth DC voltage. When the analog voltage output 

of the controller module is 0.58V, a maximum peak DC output voltage of 494V is 

observed on the oscilloscope. If the capacitor is connected to the output, a smooth 

DC voltage level of 469V is available at output.  

 

 

Figure 40: Controllable Three Phase Rectifier Output Voltage Without Capacitor 
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3.2 EVALUATION OF INVERTER SUBSYSTEM 

 

The inverter part is an important subsystem where rectified DC supply voltage, 

control signals, output of the three phase signals and alarm signals are evaluated. 

Rectified DC supply voltage is discussed in the previous section and the control 

signals are discussed in chapter 4. In this section, output of the three phase voltage 

signals is observed for both delta and star connections of the AC motor. In case of a 

star connection, a three phase input voltage is applied to the stator inputs 

(U1,V1,W1), while the other three inputs (U2,V2, W2) are connected together to 

form the virtual neutral line. The star connection is illustrated in Figure 41. When the 

voltage is measured between line and the neutral, the phase voltage can be seen 

as shown in Figure 42. In this Figure, output of the system is noisy. Because 

capacitor is not connected to the output of the inverter. But noisy output is not 

important for the AC induction motor. This output is suitable for driving the AC 

motor. 

 

Figure 41: Star Connection for AC induction Motor 

 



44 

 

Figure 42: Inverter Output Voltage (Line to Neutral) 

 

In the star connection, each stator voltage is 220V. In contrast, a delta connection is 

more powerful than the star connection, since each stator voltage is 380V. The 

delta connection is shown in Figure 43 and the line to line voltage measurement is 

depicted in Figure 44. In this figure, output of the inverter is observed. Hence, the 

end user learns that the output of the inverter is not sinusodial without capacitor.    

 

Figure 43: Delta Connection for AC Induction Motor 



45 

 

Figure 44: Inverter Voltage Output (Line-to-Line) 

 

Star connection is used with mains AC voltage at the motor startup since a delta 

connection maintains high power due to the sink of high current. Usually a star 

connection is used at motor startup,since a delta connection may damage the 

motor. After startup, the connection is usually changed to delta. For this reason star 

conncetion is not used for variable frequency driver (VFD) which controls the speed. 

 

 

 

 

 

 

 

 

 



46 

 

 

CHAPTER IV 

 

EVALUATION OF THE CONTROL MODULE 

 

The controller subsystem is the most valuable part of the system. All control system 

algorithm are running on the microcontroller. Scalar control method and SPVM as 

described in Chapter 2 are used for open-loop speed control of the motor. However, 

if closed-loop speed control is desired, a plant model should be identified. For this 

reason, the AC motor model, system plant model, step response of the open loop 

system, step response of the closed loop system and different controller designs 

are discussed in this chapter. In addition, various experiments are performed and 

the measurement results are discussed.  

 

In this research V/F control is used for controlling the AC induction motor. Also 

SVGEN is used for generating the PWM signals for the inverter which are shown in 

Figure 45. These signals are the upper IGBT’s gate inputs (cf Figure 14). The 

inverted upper IGBT’s gate input signals are applied to the lower IGBT’s gate 

inputs. These PWM signals control the inverter for generating the three phase AC 

voltage. 

 

Figure 45: PWM Signals (Upper Side IGBT) for Controlling the Inverter 
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4.1 PLANT MODEL IDENTIFICATION 

 

In this research, the system plant consist of the AC induction motor and the open-

loop control implementation of the F28035 DSP controller as it was shown in Figure 

27. F28035 DSP is used for safe acceleration of the AC induction motor in order to 

avoid large peaks of the motor current. In order to perform feedback controller 

design, a model of the plant should be obtained. In this thesis, the MATLAB 

identification toolbox is used for identifying the system plant from a step response 

measurement. The result of the identification is the plant transfer functionThe plant 

transfer function used for identification is shown in equation 4.1. 

  

The identification toolbox needs measured inputs and output values for determining 

the transfer function coefficients. The system input is phase frequency (Hz) and the 

system output is speed (RPM). The desired phase frequency and the motor speed 

values are measured at the same time and the synchronous data are used for 

identifying the plant model.[29] 

 

Trሺsሻ ൌ 	
୏౪

ୟୱమାୠୱାୡ
                   (4.1) 

 

For this research, D-LAB is used for logging the phase frequency and motor speed 

at the same time. At the beginning of the experiment, the desired phase voltage is 

35Hz, and it is instantly increased to 50Hz in the form of a step input. 

Simultaneously, the motor speed is 1050rpm, at the beginning, and its dynamic 

response increases to 1500rpm. The phase voltage (plant input) is shown in Figure 

46 and the motor speed (plant output) is shown in Figure 47. 
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Figure 46: Desired Phase Frequency Graph (Plant Input) for Acceleration 

 

 

Figure 47: Motor Speed Graph (Plant Output) for Acceleration 

 

These values are used in the MATLAB identification tool for identifying the system 

plant model. This tool matches the measured step response with the step response 

of the identified transfer function. Afterwards, the system plant transfer function 

coefficients can be exported. The output of the MATLAB identification tool is shown 

in Figure 48. Also the graph of the open loop system step response is shown in 

Figure 49. 
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Figure 48: Output of The MATLAB Identification Fitting Tool 

 

The following transfer function coefficients are found by the identification tool. They 

are a=1, b=10.03, c=25.16 and K=749.1.  Then, Equation 4.1 is used for finding the 

transfer function of the plant.  

 

After the identification, the system plant model is validated. To this end, , the output 

of the system (motor speed) and the step response of the plant transfer function are 

drawn in the same figure. If the step response follows the output of the system, the 

system plant model is validated. This validation is shown in Figure 50. The blue line 

is the step response of the plant. The red line is the output of the system. 
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Figure 49: Open Loop System Step Response 

 

Figure 50: Plant Model Validation 

 

The AC induction motor phase frequency and the output of the motor speed is used 

for finding AC induction motor model. The motor phase frequency is the input and 

the motor speed is the output. The input and output values are used in the MATLAB 

identification tool for finding the AC induction motor step response, which is shown 

in Figure 51. Also this tool gives the coefficient of the AC motor transfer function. In 

this case, a=1, b=1040, c=3.978e4 and K=1.184e6. In order to get this result, 

equation 4.1 is used for finding the transfer function of the AC motor. 
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Figure 51: AC Induction Motor Step Response 

 

The AC induction motor model and the system plant model are compared in the 

same figure, and the differences between the models are shown. The system plant 

is slower than the motor because the DSP is programmed to increase the motor 

speed slowly. The reason for this is that the motor sinks current when it runs. That 

is, if it accelerates instantly, it may damage itself. The differences of the models is 

illustrated in Figure 52. 

 

 

Figure 52: Differences of The AC Induction Motor and Plant Model 
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4.2 CONTROLLER DESIGN 

 

PID (Proportional + Integral + Derivative) control is the most widely used control 

strategy in process industries. PID controller attempts to reduce the error by 

adjusting the process control inputs. For this reason, PID controller is chosen to 

control this research system. A basic feedback control is shown in Figure 53. PID 

controller consists of proportional, integrational and derivative parts which are 

shown in Figure 54. The proportional part multiplies a constant value to the error 

signal. This constant value’s name is Kp. As a result of the multiplication, the 

response time increases. But If the proportional gain is too much, the system may 

become unstable. The integration part integrates the error signal in order to 

increase the response time. But it’s effect is smaller than the proportional part. Also 

it decreases the ess (error steady-state). Ki is the name of the integrative gain 

constant. The derivative part derivates the error signal for decreasing the settling 

time. If there is too much ripple in the error signal, the derivative part is applied. Kd 

is the name of derivative gain constant. These constants are declared in equation 

4.2. The PID parameters, which are Kp, Ki and Kd, must be found for each process 

(system). In this thesis, pole placement method is used for finding the PID 

parameters.[29] 

 

Figure 53: A Basic Feedback Control System 
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Figure 54: The Ideal PID Controller 

 

ሻݏሺܩ ൌ ௣ܭ	 ൅	
௄೔
௦
൅	ܭௗ(4.2)          ݏ 

 

4.2.1. Pole Placement Method 

Pole placement method is used for finding PID parameters. In this research, the 

pole placement method is applied in the Laplace domain. Firstly, the desired PO 

(percent overshoot) and ts (settling time) is decided. Formulation for these 

parameters are shown in equation 4.4 and 4.5. They are also shown in figure 55. 

Then “ξ” and “ωn” are found by PO and ts. “ξ” is the damping ratio of the system and 

“ωn” is the undamped natural frequency. After that, the closed loop transfer function 

(CLTF) of the desired second order unity feedback system, has its formula shown in 

equation 4.3, the poles are found by using “ξ” and “ωn”. For this research, the 

desired system requirement is selected as PO is 15% and ts is 1 second.[29] 

 

ሻݏሺܩ ൌ 	
ன౤

ୱమାଶஞன౤ୱାன౤
మ                  (4.3)    

PO ൌ 100݁

ష഍ഏ

ටభష഍మ     (4.4) 

 

tୱ ൎ
ସ

ஞன౤
               (4.5) 
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Figure 55: Unit Step Response 

 

When ξ and ω୬ are found, the desired second order system equation is generated. 

This equation is represents the characteristic polynomial of the closed-loop system. 

Using this polynomial, the PID parameters are found by solving two equations 

together. The system plant model is found in chapter 4. System open loop transfer 

function consists of the PID compensator and the plant transfer function. The closed 

loop transfer function is calculated by equation 4.6.[29] 

 

ܨܶܮܥ ൌ 	
ீ

ଵାீ
	ቐ

ܩ ൌ ௖ܩ	x	௣ܩ
:௣ܩ ݊݋݅ݐܿ݊ݑ݂	ݎ݂݁ݏ݊ܽݎݐ	ݎ݋ݐ݋݉	ܥܣ

:௖ܩ ݎ݋ݐܽݏ݊ܽ݌݉݋ܿ	ܦܫܲ
   (4.6) 

 

The calculated CLTF of the system is shown in equation 4.7. ‘a’, ‘b’, ‘c’ parameters 

are coefficient of the system plant transfer function. After the calculation, the desired 
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second order transfer function equate the calculated CLTF of the system. As a 

result of the equations, the PID parameters are found. which are Kp=0.18, Ki=1, 

Kd=0.014. 

 

CLTFሺsሻ ൌ
ሺ୏౪ା୏ౚሻୱమାሺ୏౪୏౦ሻୱା୏౪୏౟

ୟୱయାሺ୏౪୏ౚାୠሻୱమା൫୏౪୏౦ାୡ൯ୱା୏౪୏౟
   (4.7)  

 

The step response of the designed closed loop system is shown in Figure 56. As it 

is seen in the figure, "PO" and "ts" are under the desired values which indicated that 

the compensator design has succeeded.[29] 

 

 

Figure 56: The Step Response of Closed Loop System 

 

After the simulation, these PID parameters are applied to the real AC motor system 

without load. Accordingly, the output of the system is expected to resemble the 

simulation. However, the output of the system is slightly different than the 

simulation. This is because of model uncertainties that usually appear in practical 

systems but that do not exist in the simulation. In this case, the theoretical 

calculation results are not as same as the practical values. In any case, the practical 

closed-loop esult is similar to the theoretical outputs. If the output of the system is 
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observed in Figure 57, the success of the closed loop PID control is shown. As it is 

seen in Figure 58 which shows all simulation results and real time data together, the 

controller design and validation are successful.  

 

 

Figure 57: Closed Loop System Output with PID Control 

 

 

Figure 58: Simulation and Real Time System Validation 
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4.3 EVALUATION RESULTS OF THE SYSTEM 

 

In the previous section, there was no load in the system, therefore there was no 

disturbance. In this section, a magnetic powder brake is used in order to apply a 

disturbance in the form of a load torque. Hence, it is possible to observe the 

behaviour of the controlled AC induction motor under load. Also the parameters of 

the AC induction motor with both speed and torque controllers are discussed in this 

section. 

 

4.3.1. Behaviour of AC Induction Motor 

 

For observing the behaviour of the AC induction motor, an open-loop system is 

used. This system is shown in Figure 59. In this case, system consists of a AC 

induction motor and a magnetic powder brake. For observation, a constant phase 

frequency is applied to the AC induction motor. Then the AC induction motor is 

loaded by the MPB. When the system is loaded by a small load, the AC motor 

speed decreases a little bit but still works. In this case, the ACmotor phase 

frequency does not change because the system is an open-loop system. Also the 

DC input voltage decreases a little bit because of the load. These situations are 

shown in Figure 60. If the load is too high, the AC motor stalls. That is, the AC 

motor speed slows down to zero RPM. Also the DC input voltage decreases 

because of the load. This situation is shown in Figure 61. 

 

Figure 59: Open-Loop System with Disturbance 
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Figure 60: Behaviour of the AC Motor under a Few Load 

 

 

Figure 61: Behaviour of the AC Motor under High Load 
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4.3.2. Behaviour of The AC Induction Motor with Feedback Control 

 

For observing the behaviour of the AC induction motor with the PID feedback 

controllerThe system is shown in Figure 62. In this case, the system consists of the 

AC induction motor with the speed controller and a magnetic powder brake. For 

observation, a reference phase frequency is applied to the AC induction motor. 

Then AC induction motor is loaded by the MPB. When the system is loaded by a 

small load, the AC motor speed does not change because of the speed controller. 

In this case, the AC motor phase frequency is automaticcally adjusted by DSP. 

Also, theDC input voltage decreases a little bit because of the load. These 

situations are shown in Figure 63. Even if the load is approximately equal to 

maximum motor torque (critical load), the AC motor continues to run at the specified 

speed.This situation is shown in Figure 64. That is, the load that stalls the motor in 

the open-loop case can be tolerated in the feedback control case. 

 

Figure 62: Closed-Loop System with Disturbance 
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Figure 63: Behaviour of the AC Motor with the Speed Controller under a Small 

Load 

 

 

Figure 64: Behaviour of the AC Motor with the Speed Controller under Critical Load 
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4.3.3. Behaviour of The AC Induction Motor with Speed and Torque Control 

 

The DC input voltage limits the maximum torque in the system. That is, the 

maximum torque can be controlled by adjusting the DC voltage. In particular, if the 

DC voltage input value is maximum, the motor torque limit is maximum. But if the 

system does not need the maximum torque limit, it is waste of power. Becuase of 

this reason, it is proposed to establish power efficiency by controlling the DC input 

voltage level of the inverter. By this way, the maximum torque limit is controlled. The 

DC voltage input is adjusted by the rectifier which is controlled by applying an 

analog voltage level between 0 to 5VDC. This analog voltage is generated by 

F28035 DSP. In this system, look up table is used for controlling the maximum 

torque limit. 

  

The look up table values, which are measured from the system, are shown in table 

2. Normally rectifier module are controlled by reference module. Reference module 

control signal output is 0 to 10VDC. Also reference module is controlled by manuel 

or analog voltage level. This analog voltage level is 0 to 5VDC and also it is 

generated by DSP. Hence, rectifier reference voltage is shown in table 2.[29] 

 

In the feedback loop with torque control, the torque value is measured by the 

torquemeter as an input for the F28035 DSP. Then the DSP adjusts the DC voltage 

input value according to the required maximum torque in the look up table. The 

control system always adjusts the DC voltage value with a slightly larger voltage 

value in order to establish a higher torque value than the critical torque. The main 

resultof this procedure is to keep the motor running as the motor torque changes 

instantly. 

 

For observing the behaviour of the AC induction motor with the torque controller, a 

closed-loop system is implemented. This system is shown in Figure 62. In this case, 

the system consists of the AC induction motor with the torque controller and a 

magnetic powder brake. For observation, a constant phase frequency is applied to 

the AC induction motor, whereas the DC Input voltage is adjusted by the DSP. Then 

the AC induction motor is abruptly loaded by the MPB. When the system is loaded 

by a small load, the AC motor speed decreases a little bit but still works. In this 

case, the DC input voltage is increased by the DSP when the AC motor is loaded. 

These situations are shown in Figure 65. 
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Reference Voltage of Rectifier Torque (a x Nm) DC Supply Voltage 

5.087 28 285 

5.204 24 281 

6.034 22 275 

6.147 21 268 

6.312 20 262 

6.4 19 259 

6.45 18.6 256 

6.5 18.3 253 

6.55 18 250 

6.6 18 250 

6.7 17.7 241 

6.8 17.4 236 

6.9 16 231 

7 14 225 

7.1 13 221 

7.2 12 210 

7.3 12 206 

7.4 11 194 

7.5 10 188 

7.6 10 177 

7.7 9 166 

7.8 8 154 

7.9 7 143 

8 6 137 

8.1 5 128 

8.2 4 116 

8.3 3 0 

 

Table 2: Look Up Table for Maximum Torque Limit 
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Figure 65: Behaviour of the AC Motor with the Torque Controller under a Small 

Load 

 

 

Figure 66: Behaviour of the AC Motor with the Speed and Torque Controllers under 

the Critical Load 
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Finally, torque control and speed control are combined in order to achieve constant 

speed without break down. For observing the behaviour of the AC induction motor 

with the speed and torque controllers, a closed-loop system is used. This system is 

shown in Figure 62. In this case, the system consists of the AC induction motor with 

the speed and torque controllers and a magnetic powder brake. For observation, a 

reference phase frequency is applied to the AC induction motor. Also the DC Input 

voltage is adjusted by the DSP. Then the AC induction motor is loaded by the MPB. 

Even if the system is loaded by the critical load, the AC motor speed does not 

change because of the speed controller. In this case, the DC input voltage is 

increased by the DSP when the AC motor is loaded. These situations are shown in 

Figure 66. It has to be remarked that this control loop uses two independent 

controllers. SISO speed control is performed using the speed measurement. In 

addition, the torque limit is adjusted based on the torque measurement. 

 

If the load is higher than the maximum motor torque limit, the AC induction motor 

stalls. In that case, the AC motor speed slows down to zero RPM. At the same time, 

the motor phase frequency is increased by DSPand the DC input voltage is 

increased up to the maximum level. However, the speed and torque controllers do 

not help for keeping the speed at the same level. Also the DC input voltage 

decreases because of the load. These situations are shown in Figure 67. 
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Figure 67: Behaviour of the AC Motor with the Speed and Torque Controllers under 

High Load 
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CONCLUSION 

 

In this research, all goals are achieved. An AC induction motor driver training set is 

designed for students and educators. This training set allows to both conduct power 

electronics experiments as well as feedback control experiments. Accordingly, the 

training set consists of a controller subsystem and a power electronics subsytems 

which are designed modularly. All desired measurements are observed in the both 

subsystems.  

 

In the power electronic subsystem, 4 types of rectifiers are designed for supplying 

the desired DC voltage. The include both uncontrolled and controlled rectifiers. In 

addition, an inverter is designed for driving the AC induction motor. This inverter is 

based on IGBT transistors and is suitable for up to 4KW AC induction motors.   

 

In the controller subsystem, the F28035 DSP is used. The V/F (voltage/frequency) 

control method is applied to the motor and the space vector modulation principle is 

used in order to generate suitable PWM signals. Control experiments are conducted 

based on a system plant and motor model that is obtained based on real time 

measurements. In this context, MATLAB is used for model identification and control 

system simulation. A PID controller for reference steps and disturbances is 

designed with pole placement method. Very good agreement between the 

simulation experiments and the hardware measurements is obtained. In addition, 

the maximum torque limit of the motor is controlled by adjusting the DC voltage of 

the rectifier.  

 

In the scope of this thesis, the AC induction motor driver training set design is 

completed. Students and educators have a new training platform for inverstigating 

power electronic components and to perform control with an AC motor case study. 

Users can apply different control methods or may change controller parameters for 

experimentation. Throughout this thesis, the design steps and algorithms are given 

with  the metodologies used in this research.      
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