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ABSTRACT

This thesis presents the development of Space Vector Pulse Width Modulation for 3-phase
Voltage Source Inverter in electrical drive applications. The rapid developments of power
electronic device and microprocessor have led to improvement the modulation technique to
increase the power output and efficiency of the inverters. In many industrial applications
the conventional modulation technique such as Sinusoidal Pulse Width Modulation
(SPWM) suffers a problem with limited output voltage capability. In this project it proves
that the Space Vector Modulation (SVM) technique is the best solution to increase the
inverter’s output voltage capability and suitable for digital implementation. Moreover, it
showed that the Space Vector modulation technique can provide less harmonic distortion
of the output current, and increase the efficiency due to optimal switching strategy. The
theory of SVM was validated by simulation using Matlab/Simulink and the implementation
is achieved by using optimized 1Q-Math block in Embedded IDE in Matlab 2011a. It can
be shown, the sampling time period can be minimized to 50us, and the switching frequency
can be increased up to 2 kHz. The feasibility and effectiveness of SVM implementation
using ezDSP F28335 to provide less switching losses, less harmonic distortion and better

dc bus utilization were verified through simulation and experimental results.
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ABSTRAK

Tesis ini membentangkan pembangunan Permodulatan Ruang Vektor (SVM) untuk sistem
3 fasa penyongsang sumber voltan (VSI) digunakan dalam aplikasi pemacu elektik.
Peningkatan dalam bidang alat elektronik kuasa dan mikropemprosesan telah membawa
kepada perkembangan teknik permodulatan untuk meningkatkan kuasa keluaran dan
kecekapan penyongsang sumber voltan (VSI). Dalam banyak aplikasi perindustrian teknik
permodulatan konvensional seperti Permodulatan Denyut Lebar Sinus (SPWM) mengalami
masalah dengan keupayaan voltan keluaran yang terhad. Dalam projek ini ia membuktikan
bahawa Permodulatan Ruang Vektor (SVM) adalah penyelesaian terbaik untuk
meningkatkan keupayaan voltan keluaran penyongsang sumber voltan (VSI) dan sesuai
untuk perlaksanaan digital. Tambahan lagi, ia menunjukkan bahawa Permodulatan Ruang
Vector (SVM) boleh memberikan pengurangan gangguan harmonik pada keluaran arus dan
meningkatkan kecekapan kerana strategi penukaran yang optimum. Teori Permodulatan
Ruang Vektor (SVM) telah disahkan melalui simulasi menggunakan Matlab/Simulink dan
pelaksanaan dicapai dengan menggunakan modul yang telah dioptimiskan blok 1Q-Math
dalam Embedded IDE dalam Matlab 2011a. Ini boleh ditunjukkan tempoh masa
persampelan boleh diminimumkan kepada 50pus dan frekuensi pensuisan boleh
ditingkatkan sehingga 2 kHz. Keberkesanan dan kebolehan bagi melaksanakan SVM
menggunakan ezDSP F28335 memberikan pengurangan kehilangan pensuisan, kurang
herotan harmonic arus dan bagus kegunaan dc bus disahkan melalui simulasi dan

keputusan ujikaji.

Universiti Teknikal Malaysia Melaka



TABLE OF CONTENTS

CHAPTER TITLE PAGE

ACKNOWLEDGEMENT i
ABSTRACT i
TABLE OF CONTENTS v
LIST OF TABLE viii
LIST OF FIGURE IX

1 INTRODUCTION

1.1 Introduction

1.2 Project Background
1.3 Problem Statement
1.4 Objective

1.5 Project Scope

w NN

2 LITERATURE REVIEW
2.1 Introduction 4

2.2 Introduction to Space Vector Modulation 4
2.3 Principal of SVPWM 6

Universiti Teknikal Malaysia Melaka



METHODOLOGY

3.1
3.2
3.3
3.4
3.5

3.6

3.7

3.8

Introduction
Research Methodology
Project Flow Chart

Project Schedule

Modeling Algorithm of Space Vector Modulation (SVM)

3.5.1 Determination of the sector
3.5.2 XYZ calculation (Derivation)
Simulation of SVPWM algorithm
3.6.1 Three-phase sinusoidal voltage
3.6.2 Clarke transform
3.6.3 Inverse Clarke transforms (1)
3.6.4 Sector detection
3.6.5 XYZ calculation
3.6.6 Duty cycle Ta, Tbhand Tc
3.6.7 Switching states
3.6.8 Voltage source inverter
Hardware implementation of the SVPWM algorithm
3.7.1 Block diagram of the SVPWM algorithm
3.7.2 Blanking time generator

Project Implementation

EXPERIMENTAL SET-UP

41
4.2
4.3
4.4
45
4.6

Introduction
Digital Signal Processor (DSP)
Field Programmable Gate Array (FPGA)
Buffer circuit
Gate driver circuit
3-Phase VSI

Universiti Teknikal Malaysia Melaka

12
12
13
14
15
16
17
23
24
24
25
25
26
26
27
27
28
29
30
32

33
34
34
35
35
36



4.7

Induction motor

ANALYSIS AND DISCUSSION

5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
59

Introduction

Formation Valpha and Vbeta
Selection of sector

Switching states

Output voltage and current
Total Harmonic Distortion
Time duration of Sa, Sb and Sc

Switching patterns for each sector

Discussion

CONCLUSION AND RECOMMENDATION

6.1
6.2
6.3

Introduction
Conclusion

Recommendation

REFERENCES
APPENDIX

Universiti Teknikal Malaysia Melaka

vii

36

37
37
38
38
40
41
45
49
51

52
52
53

54
55



TABLE

Table 2.1

Table 2.2

Table 3.1
Table 3.2
Table 3.3
Table 5.1
Table 5.2

LIST OF TABLE

TITLE

Switching on/off patterns and resulting instantaneous voltages of
the

3-phase power inverter

Switching patterns corresponding space vector and their (a, )
component

Project planning of overall project

Time duration of the voltage vector

Assigning the right duty cycle to the right motor phase

THD value at different carrier frequency

Amplitude of the reference voltage vector change with time

duration

Universiti Teknikal Malaysia Melaka

viil

PAGE

14
21
22
41
45



FIGURE

Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4

Figure 2.5
Figure 3.1
Figure 3.2

Figure 3.3
Figure 3.4
Figure 3.5

Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9
Figure 3.10
Figure 3.11
Figure 3.12
Figure 3.13
Figure 3.14
Figure 3.15
Figure 3.16

LIST OF FIGURE

TITLE

Principle of SVM

3-Phase Voltage Source Inverter (VSI)

Basic space vector define hexagon

Reconstruction of the reference voltage vector from basic
space vector

Switching sequence

Project flow chart

(0, B) component reference voltage and voltage Vrefl, Vref2
and Vref2

Projection of the reference voltage vector at sector 3
Projection of the reference voltage vector at sector 1
PWM patterns and duty cycles for sector contained by
U, and Uy,

Simulation algorithm of SVPWM using Matlab/Simulink
Three-phase sinusoidal voltage (Van, Vbn, Vcn)

Clarke transform

Inverse Clarke transform (1)

Sector detection

X,Y and Z calculation

Assignment the duty cycle Ta, Tband Tc

Switching states Sa, Sb and Sc

Voltage source inverter

Flow chart of the hardware implementation

Hardware implementation SVPWM algorithm using 1Q-
Math

Universiti Teknikal Malaysia Melaka

PAGE

10
11

11
13
16

18
20
22

23
24
24
25
25
26
26
27
27
28
29



Figure 3.17
Figure 3.18
Figure 3.19
Figure 3.20
Figure 4.1

Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.6
Figure 4.7
Figure 5.1
Figure 5.2
Figure 5.3
Figure 5.4

Figure 5.5
Figure 5.6
Figure 5.7
Figure 5.8
Figure 5.9
Figure5.10

Figure 5.11

Figure 5.12

Figure 5.13(a)
Figure 5.13(b)
Figure 5.13(c)
Figure 5.13(d)
Figure 5.13(e)
Figure 5.13(f)

Switching states Sa,Sb and Sc from output Ezdsp
Blanking time generator

Blanking time from the output FPGA

Project implementation

Complete prototype for hardware implementation SVM
algorithm

DSP board

Field Programmable Gate Array (FPGA)

Buffer circuit

Gate driver circuit

3-Phase voltage source inverter (VSI)

Induction motor

Transformation three phase voltage into two phase voltage

Vief 1 Vrer2o Vrer,3 @and sector determination.

Duty cycle and switching states Sa, Sb and Sc.

Switching states Sa, Sb and Sc from hardware

Output voltage and current from simulation
Output voltage and current from hardware

Total Harmonic Distortion at 1.25 kHz

Total Harmonic distortion at 2 kHz

Total Harmonic Distortion at 3 kHz

Total harmonic distortion at 1.25 kHz from hardware
implementation

Total harmonic distortion at 2 kHz from hardware
implementation

Total harmonic distortion at 3 kHz from hardware
implementation

Amplitude Reference voltage vector at 0.75
Switching patterns at 0.75

Amplitude Reference voltage vector at 0.5
Switching pattern at Uref =0.5

Amplitude Reference voltage vector at 0.25

Switching pattern at Uref = 0.25

Universiti Teknikal Malaysia Melaka

30
31
31
32
33

34
34
35
35
36
36
37
38

39
39

40
41
42
42
43
44

44

45

46
46
47
47
48
48



Figure 5.14

Figure 5.15

Switching pattern for every sector SVPWM from simulation

Switching pattern for every sector SVPWM from hardware

implementation

Universiti Teknikal Malaysia Melaka

49

50

Xi



PWM
SVM
SVPWM
EZdsp
IGBT
FPGA
MOSFET
2D

DSP

1/0

Hz

THD
SPWM

LIST OF ABBREVIATION

Pulse Width Modulation

Space Vector Modulation

Space Vector Pulse Width Modulation
Digital Signal Processor from Texas Instrument
Insulated Gate Bipolar Transistor
Field Programmable Gate Array
Metal-oxide Semiconductor Field Effect Transistor
Two Dimension

Digital Signal Processor

Input and Output

Frequency unit in Hertz

Total Harmonic Distortion

Sinusoidal Pulse Width Modulation
Direct Current

Alternating Current

Very High Description Language
Voltage Source Inverter

Voltage DC Source

Degree

Alfa and beta refer to stationary frame
Voltage phase A to neutral

Current phase A

Micro Second

Unit for resistance (OHM)

Unit for inductance (Henry)

Universiti Teknikal Malaysia Melaka

Xii



APPENDIX

O O m >»

LIST OF APPENDIX

TITLE

Digital Signal Processor (eZdsp) Feature
Field Programmable Gate Array Features
Altera Quartus Software

Turnitin

Universiti Teknikal Malaysia Melaka

Xiii

PAGE

55-57
58
59

60



1.1

CHAPTER 1

INTRODUCTION

Introduction

This chapter will discuss the background of the project, project statement,

objectives and scope of the project.

1.2

Project Background

In general, inverter is the one of the power electronic device that converts
DC voltage into AC voltage. Many type of application that required the use of
inverter in other to regarding AC waveform such as uninterruptable power supply
(UPS), variable-frequency ac drives, high power ac traction and high voltage direct
current (HVDC) power transmission. Basically inverters have a two type of
topology which is voltage source inverter (VSI) and current source inverter (CSI).
For voltage source inverter the controlled ac output is a voltage waveform where it
popular for variable frequency ac drives in industrial application and current source
inverter (CSI) independently controlled ac output is a current waveform for high

quality voltage waveform application.

At high frequency application three-phase inverter is use in other to provide
three-phase voltage source where the amplitude, phase and frequency can be
controlled. To realize the VSI, modulation technique is required in other to control
the switching power transistor. There have several types of modulation technique
that widely use for three-phase VSI which is Sinusoidal PWM and Hysteresis
(Bang-bang) PWM .These modulation technique have several aims which is less

Total Harmonic Distortion (THD), less switching losses, and thus commutation
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1.3

1.4

losses, wider linear modulation range and achieving the chance of controlling the
frequency and magnitude of the output voltage.

Among of this modulation technique there have a best advance pulse width
modulation (PWM) method which is space-vector pulse width modulation
(SVPWM). SVM provides better dc bus utilization, reduce switching losses, less
total harmonic distortion and easy to implement [1-4]. SVM is very suitable for
digital implementation compare to sinusoidal pulse width modulation (SPWM),
because it provide higher dc bus utilization that will result a better total harmonic
distortion (THD) [4]. In recent years SVM is widely use in power electronic
application for variable-frequency ac drives due to its better performance

characteristic.

Problem Statement.

The conventional Sinusoidal Pulse Width Modulation (SPWM) technique
used to drive 3-phase inverter has some major drawbacks which is it requires 3
references signals as input of modulator to generate gate pulses for driving power
switches in 3-phase inverter. The need of 3 references signals results in inflexibility
control for advanced electrical drive which is complicated to implement in digital
processors. Besides that SPWM cannot fully utilize the available DC link voltage to
produce higher output voltages. Note that, the higher output voltage is required to

improve power output and dynamic performance.

Objective

The two main objective of this project as listed below:
To develop a simulation model of 3-phase voltage source inverter based on
space vector modulation technique.
To prove the performance of SVPWM that can produce higher output voltage,
less harmonic distortion and a constant switching frequency.

To verify the SVM algorithm and its improvement via experimental results.
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1.5  Project Scope.

The scopes of the project are firstly to study the SPWM and SVM theory for
driving 3-phase voltage source inverter, next to model the simulation of SVM using
MATLAB/Simulink, third to analyze the performance of inverter based on SVM
technique, in terms of switching frequency, output voltage, total harmonic distortions and
efficiency and lastly to implement prototype inverter based on SVM using Ezdsp F28335
and FPGA.
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CHAPTER 2

LITERATURE REVIEW

21 Introduction

This chapter will discuss about the review of journal or technical paper that related
to the project. This chapter also covers the space vector modulation theory and
mathematical modeling algorithm of the space vector briefly explained. Subsequently, the

basic principles of space vector modulation are specified.

2.2 Introduction to Space Vector Modulation.

In recent years, advance in power electronic in voltage source inverter (VSI) for
electrical drive application has led increase and gained popularity since it can offer higher
efficiency and improvement output power [1,4,5]. Besides that faster growth in technology
impact on manufacturing of power solid state switch device that provide excellent
characteristics and performances. Mostly there are two solid states switches that popular
use in practical inverter application such as metal-oxide-semiconductor field effect
transistors (MOSFET) and insulated gate bipolar transistors (IGBT). This two solid state
switches have excellent characteristic to operate at high switching frequency for low,
medium and high power application with lower conduction losses [6].

The performance characteristic of the inverter depends on the modulation technique
that employed into three-phase voltage source inverter (VSI) [5]. In last few decades most
of inverter drives employed the traditional sinusoidal PWM for industrial application
because it’s well established theory and implementation [6]. However, this technique is not
flexible to be adapted for advanced variable voltage and frequency drive and limited output
voltage capability [6- 7].

Recently, many of technical papers reported that space vector modulation (SVM)

technique provide great advantages which is it increase the output voltage capability of the
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sinusoidal PWM scheme without distorting the line-to-line output voltage waveform [6].
Besides that SVM technique offers superior performance over another technique in term of
lower THD, switching losses, torque ripple, better dc link utilization and simply

implemented in digital system [5]. Besides that, voltage utilization by using SVPWM is
2/+/3 times of SPWM.

In general space vector theory employs the rotating space vector form of a balance
three phase voltage as reference signal [5]. There are eight possible combination of on and
off state of three phase power transistor available in an inverter output are used to
approximate the reference vector and waveform for all three phase can be achieve
simultaneously [1,6]. Basically, the principle of SVM technique based on the application of
averaged switching states per sampling period (Ts) with respect to the given reference
voltage (v'). For convinience, the switching of inverter states per sampling period for a
given reference voltage, e.g. v =(v,.t,+v1.ti+v2.t)/Ts ,where v,=vq or v7 can be illustrated as

shown in Figure 1.

A

A4

< > & > i —> < >

< > < > —> +—>: < >

0. 0 0B6 0
——

eg.
[SaSbSc] = [100]—vy

(b) (c)

Figure 2.1: Principle of SVM. (a) simplified circuit of 3-phase VSI (b) eight possible
switching configuration in VSI (c) timing diagram of switching states generation for one-

sampling cycle.
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A symmetrical space vector modulation algorithm will be use in this project
because it shows advantage of lower THD without increasing the switching losses [2]. This
project is to develop a prototype space vector modulator for three phase voltage source
inverter (VSI) by using low-cost Digital Signal Processor (DSP) controller board i.e. eZdsp
F28335. In other to prevent short circuit between upper and lower gate of the transistor,

blanking time is develop by using field programmable gate array (FPGA).

2.3 Principle of SVPWM

The Space Vector Pulse Width Modulation (SVPWM) refers to a special switching
sequence of the upper three power device of three-phase voltage source inverter (VSI).
This special switching scheme for the power devices results in 3 pseudo-sinusoidal
currents in the stator phases. It has been shown that SVPWM generates less harmonic
distortion in the output voltages or currents in the windings of the motor load and provides
more efficient use of DC supply voltage in comparison to direct sinusoidal modulation
technique [1]. Basically SVPWM treats the three-phase sinusoidal voltage as a constant
amplitude vector rotating at constant frequency, ® conveniently analyzed in terms of
complex space vectors (or phasor) is given in the equation (2.1). This amplitude vector is
represent in the (o, B) frame where it denotes the real and imaginary axis by using Clarke
transform equation. For the three phases power inverter configurations shown in Figure 2
there are eight possible combinations of on and off states of the upper power transistor that

the result is approximates the reference voltage, V...

Qi Q3 Q5

VDC —< *
Q2 Q4 Q6

[’] Va L] Vb Ve

Figure 2.2: Power Bridge for the three-phase VSI
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From Figure 2.1 there are six power transistor that shape the output voltage which is upper
transistor is (Q1, Q3, Q5) and lower transistor (Q4, Q6, Q2). When the upper switch is turn
oni.e. when a, b and c are 1, the corresponding lower transistor is turn off, i.e. a’, b’ and ¢’
is 0[1]. This employs eight possible combinations of on and off switching patterns for the
three upper transistors (Q1, Q3, and Q5) that resulting instantaneous output line-to-line and
phase voltages, for a dc bus voltageVp, by using the equation (2.2) and (2.3) are shown in
Table 2.1

Table 2.1: Switching on/off patterns and resulting instantaneous voltages of a 3-phase

Power Inverter.

a b c Van Ven Ven Vap Vpc Vea
0 0 0 0 0 0 0 0 0

1 0 0 2Vpe/3 | =Vpe/3 | —Vpc/3 Vbc 0 —Vbc
0 1 0 —Vpe/3 | 2Vpe/3 | —Vpe/3 | —Vpe Vbc 0

1 1 0 Vbe/3 Vpe/3 | —2Vpc/3 0 Vbce —Vbc
0 0 1| ~Vpe/3 | ~Voc/3 | 2Vpe/3 | 0 | —Voe | Vic
1 0 1 Vbe/3 | =2Vpc/3 | Vpc/3 Vbc —Vbc 0

0 1 1 | =2Vpe/3| Voe/3 | Voe/3 | =Voe | 0 | Vi
1 1 1 0 0 0 0 0 0

Reference voltage vector, U,,; in complex form:

2 2.1
Uout = § [Va +alj + aZVC] ( )

Where :

a=e’3
V, = V,,sin (wt)

V, =V, sin(wt — 120°)
V. = V,sin (wt + 120°)
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