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ABSTRACT

Industries that used ac drives are growing rapidly to become more advanced because of
high performances drive technology. In industry different there are different type of motor and
variable speed. As for that, the three-phase inverters will give a variable voltage and variable
frequency supply to the machines. As for that, using Space Vector Modulation (SVM) with Field-
Programmable Gate Array (FPGA) can increase the performance of the three-phase inverter. The
problem occurs within the SPWM technique and the existing SVM works. The SPWM techniques
are difficult to control three-phase quantities such as amplitudes, frequencies and phase angle of
three-phase voltage and depending to the torque and flux demands in vector control. This method
also has a constrain for output voltage such as it cannot fully utilize the DC link voltage. Next, the
problem with the existing SVM works because it totally implement the complex calculation of
SVM algorithm and vector control in DSP which can increase the computational burden and hence
reduce AC drive performance as the sampling time increase. The main objectives to be achieved
in this task is to design and implement a space vector modulator utilizing Field-Programmable
Gate Array (FPGA) which produce appropriate switching states, according to the inputs of d- and
g- axis of space vector for measuring the output voltage and Fast Fourier Transform (FFT)
Analysis. This modulator is suitable to be employed for any type of AC motor controls. Second
objective is to verify the effectiveness of the design of SVM modulator through simulation and
experiment. The scope of the project is to study various PWM and SVM techniques, especially for
AC motor drives. Next, to develop simulation models of SVM using MATLAB or SIMULINK.
Besides, implement SVM modulator using FPGA. As well as, performing the simulation and the
experiment results to verify the effectiveness of SVM. The simulating and experimental designing
the Space Vector Pulse Width Modulation (SVPWM) technique for three phase Voltage Source
Inverter (VSI) using MATLAB/Simulink software for simulation as well as to develop the
experimental result using FPGA. SVM can operated in high voltage and high frequency. The

results that produce by SVM is high quality because it can managed to read in nanosecond.
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ABSTRAK

Industri yang menggunakan pemacu ac berkembang pesat untuk menjadi lebih maju kerana
prestasi yang tinggi memacu teknologi. Oleh itu, inverter tiga fasa akan memberikan pemboleh
ubah voltan dan pemboleh ubah frekuensi kepada mesin. Untuk itu, menggunakan Modulasi
Vektor Ruang (SVM) dengan Field-Programmable Gate Array (FPGA) boleh meningkatkan
prestasi inverter tiga fasa. Masalah yang berlaku dalam teknik SPWM dan kerja-kerja SVM sedia
ada. Teknik SPWM sukar untuk mengawal kuantiti tiga fasa seperti amplitud, frekuensi dan sudut
fasa voltan tiga fasa dan bergantung kepada tork dan permintaan fluks dalam kawalan vektor.
Kaedah ini juga mempunyai kekangan untuk voltan keluaran seperti tidak dapat menggunakan
sepenuhnya voltan pautan DC. Seterusnya, masalah dengan SVM yang sedia ada berfungsi kerana
ia benar-benar melaksanakan pengiraan kompleks algoritma dan kawalan vektor SVM di DSP
yang boleh meningkatkan beban pengiraan dan dengan itu mengurangkan prestasi pemacu AC
apabila peningkatan masa pensampelan. Objektif utama yang akan dicapai dalam tugas ini adalah
untuk mereka bentuk dan melaksanakan modulator vektor ruang yang menggunakan litar Field-
Programmable Gate Array (FPGA) yang menghasilkan litar bersesuaian sesuai dengan input d-
dan q - paksi vektor ruang untuk mengukur voltan keluaran dan Analisis Fast Fourier Transform
(FFT). Modulator ini sesuai digunakan untuk sebarang jenis kawalan motor AC. Objektif kedua
adalah untuk mengesahkan keberkesanan reka bentuk modulator SVM melalui simulasi dan
eksperimen. Skop projek ini adalah untuk mengkaji pelbagai teknik PWM dan SVM, terutamanya
untuk pemacu motor AC. Seterusnya, untuk membangunkan model simulasi SVM menggunakan
MATLAB atau SIMULINK. Selain itu, melaksanakan modulator SVM menggunakan litar FPGA.
Serta, melaksanakan simulasi dan hasil percubaan untuk mengesahkan keberkesanan SVM.
Simulasi dan eksperimen merancang teknik Modulasi Lebar Pulse Vector Space (SVPWM) untuk
tiga fasa Voltage Source Inverter (VSI) menggunakan perisian MATLAB / Simulink untuk
simulasi serta untuk membangunkan hasil eksperimen menggunakan FPGA. SVM boleh
dikendalikan dalam voltan tinggi dan frekuensi tinggi. Hasil yang dihasilkan oleh SVM adalah

berkualiti tinggi kerana ia dapat dibaca dalam nanosecond.
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CHAPTER 1

INTRODUCTION

1.1  Research Background

A conventional Sinusoidal Pulse Width Modulation (SPWM) technique is not
practical to be adapted in Alternating Current (AC) motor drives due to inflexibility
control of three-phase quantities and lower output voltages. Space Vector Modulator
Width Modulation (SVPWM) or known as Space Vector Modulator (SVM) technique
was intensively used for obtaining high performances of AC motor drives such as
produce a constant switching frequency in Direct Torque Control (DTC), fast dynamic
torque control with over modulation strategy adopted in SVM and improved torque
control capability for a wide-speed range. SVM is one of the approached to improve the

SPWM technic for a better performance.

1.2 Motivation

The development of high performance drive technology is a center in the industry
because technologies become more advanced from time to time. Industries that used AC
drives, mostly are necessary to be conducted at different speed because in industries used
different types of drives and machines. As for that, to get a variable speed, this machine
is fed from inverters with variable voltage and variable frequency supply. So, using SVM
with Field-Programmable Gate Array (FPGA) can increase the performance of the three-
phase inverter. This is because FPGA used very high speed integrated circuit VHSIC
Hardware Description Language (VHDL), where it is capable to perform Pulse Width
Modulation (PWM) control algorithm especially SVM at high speed calculation.



1.3 Problem Statement

The problem is divided into two which is the SPWM technique and the existing
SVM works. The SPWM techniques are inflexible control because difficult to control
three-phase quantities such as amplitudes, frequencies and phase angle of three-phase
voltage. It is according to the torque and flux demands in vector control of induction
motor. This technique also has a limit for output voltage such as it cannot fully utilize
the DC link voltage. Next, the problem with the existing SVM works because it totally
implement the complex calculation of SVM algorithm and vector control in DSP which
can increase the computational burden and hence reduce AC drive performance as the

sampling time increase.

1.4 Objectives

In that respect are various objectives to be achieved in this task which include:

I.  To design and implement a space vector modulator utilizing FPGA which
produce appropriate switching states, according to the inputs of d- and g- axis of
space vector for measuring the output voltage and Fast Fourier Transform (FFT)
Analysis. This modulator is suitable to be employed for any type of AC motor
controls.

ii. To verify the effectiveness of the design of the SVM modulator through

simulation and experiment

1.5  Scopes of Project

The scope of the project is to study various PWM and SVM techniques, especially
for AC motor drives. The scope of work is more to the investigate the performance of
SVM for two levels with three-phase inverter. Next, to develop simulation models of
SVM using MATLAB or SIMULINK. Besides, implement SVM modulator using
FPGA. As well as, performing and comparing the results of simulation and experiment

to validate the effectiveness of SVM.



1.6 Report Outline

Chapter 1 Introduction

This chapter will brief explains the main idea of this project is discussed in the overview.

The idea is then elaborated in research background, objectives and scopes of work.

Chapter 2 Literature Review

The review of basic inverter and principle PWM method that will used in this project.
Besides, this chapter summed up the research information in related previous work and

journals.

Chapter 3 Methodology

The overall of this chapter is discussed the principle of SVPWM switching technique for
three-phase Voltage Source Inverter (\VSI). The flow of the project is explained and
illustrated in flow chart. Besides, in this chapter also will this discuss the simulation of
the MATLAB/Simulink. In this chapter, the hardware setup will concisely explain.

Chapter 4  Result and Discussion

The software and hardware is used for simulation and experimental is described. This
chapter will discuss the comparison result between SPWM and SVM. Besides, this
chapter discusses about the switching result and the SVM result from the simulation and
hardware, which is the output voltage and FFT Analysis.

Chapter 5  Conclusion and recommendation

This chapter will summarize the idea about this report and there will be recommended

for the future works.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter discusses about the study from the journal or technical paper that
related to the three-phase inverter which contain Voltage Source Inverter (VSI) and
Current Source Inverter (CSI). This review also includes the Pulse Width Modulation
(PWM) such as Sinusoidal Pulse Width Modulation (SPWM), SPWM with third
harmonic injection and Space Vector Modulation (SVM). This review will briefly
explained about the two levels of three-phase inverter to justify the main topic in this
report. Besides, this review also discusses about the connection of Field-Programmable
Gate Arrays (FPGA).

2.2 Inverter

An inverter is used to convert Direct Current (DC) to Alternating Current (AC)
at desired output voltage and frequency. The application that will be used inverter is grid-
connected system, Uninterruptible Power Supplies (UPS), High Voltage Direct Current
(HVDC) power transmission and adjustable speed motor drive. An inverter function to
supply an induction motor and need a switching device capable of being turned off and
on through the gate. The output voltage can be controlled with the help of drives and the

switches.

Three phase inverter is a large application in the industry. Adjustable Speed
Drives (ASD) or known as Variable Speed Drives (VSD) where the motor's supplied

voltage and frequency of power is changing by hold at the speed of an AC induction



motor. Using this approach the energy can save because the speed of motor can vary

according to the situation. Figure 2.1 shows the example application of ASD.

Figure 2.1 : Adjustable Speed Drives (ASD)

Next, three phase inverter can act as an Uninterruptible Power Supply (UPS) or
known as a backup power supply. When the main power from the supplier is
discontinuous, it is function to provide and supply the energy from the battery stored
while protecting the hardware. Figure 2.2 shows the example application of UPS.

Figure 2.2 : Uninterruptible Power Supply (UPS)

High Voltage Direct Current (HVDC) gives permission between unsynchronized
AC transmission systems for power transmission. This system can stabilize a network
against disturbances due to rapid changes in power using the force flow over an HYDC
link. Besides, it also can go through independently of the phase angle between source

and load. Figure 2.3 shows the illustration application of UPS.

Figure 2.3 : Hlustration of High Voltage Direct Current (HVDC)



Next, there are a lot of devices that can be used such as Bipolar Junction
Transistor (BJT), Metal Oxide Semiconductor Field Effect Transistor (MOSFET),
Insulated Gate Bipolar Transistor (IGBT), Gate Turn Off (GTO) or Thyristor with
external commutation circuit [1]. A device that will be used in this project is IGBTs
because it is a voltage controlled devices and only requires a small voltage on the gate to

maintain conduction through the device.

Besides, there are two kind of inverter which is VSI and CSI. The VSI is when
the DC voltage remains constant while the CSI is when the input current is maintained
constant. As for that, the chosen inverter is VSI because it is more effective, have higher
dependability and rapid in dynamic response [2]. Besides, the amplitude of output
voltages from inverter does not depend on the load. So, using VSI is more advantage
compared to the CSI and thus the three-phase inverter will be used.

2.3  Pulse Width Modulation (PWM)

The pulse width modulation approach is most usually used to control the output
voltage of inverters and improve performances of inverter. This method is used in
inverter to obtain a variable voltage and variable frequency of the output AC waveform
for use in most variable speed motor drives. It also used to modulate the duration of the
pulse or duty ratio in order to achieve voltage or current and frequency. As for that, there
are many ways for PWM control technique such as SPWM, SPWM with third harmonic
injection and SVM.

SPWM is a popular modulation technique because it can decrease the filter
requirements for harmonic reduction and controllability of the amplitude for the output
voltage while controlling the switching operation of three-phase inverter. SPWM used
simple control strategy by comparing reference signal with carrier signal [3]. SPWM is
about the comparison between the high frequency carrier wave with the sinusoidal
modulating signals which will be used to produce the appropriate gating signal for the
inverter [4]. As for that, each switch is controlled by comparing a sinusoidal reference

wave with a triangular carrier wave.



The reference wave and the amplitude of the output waveform is the same with
the output of fundamental frequency which can be found by the relative amplitudes of
the references and carrier waves. Refer to the figure 2.4, the upper switch is turned on
and the lower switch is turned off when the amplitude waveform is greater than the
triangular waveform,. On the other hand, the upper switch is off and the lower switch is

on when the sinusoidal waveform is less than the triangular waveform,.

Va,1 —» Sa
o N

Sq

Ub,l_:: Sp
o S

Sp

Ve 1_:: Sc
> _

S¢

Viri

Figure 2.4: PWM control circuit

The performance analysis of output voltage is based on the modulating index, M;.

(2.1)

The amplitude modulating waveform, V, is half of the V;. which multiplies with the

modulation index as (2.1) and the V,,.; is the amplitude of triangular waveform.

Vic
Va,l = TdMI (22)

The modulation ratio is also known as frequency ratio can be described as:

My = ’%m (2.3)

There is some benefit for three-phase inverter if My Value is odd, so all even
harmonic will be eliminated from the pole-switching waveform, but if the value is
triplens or multiple number of three, so all triplens harmonic will be eliminated from the

line-to-line output voltage.



SPWM with third harmonic injection can lead to the decrement in the peak of the
resultant modulating signal and thus can increase the output voltage up to the 15.47%.
As for that, the peak of the resultant modulating signal can reach at the peak value of
triangular wave. Where the normal SPWM can only reach half value of the V. with the
value of modulation index equal to 1, but with third harmonic injection it can increase
up to the 0.575V,, [4]. During normal SPWM the value for a DC-link voltage is not fully
utilized, so a lot of AC drive needed an output voltage for improving power output and

dynamic performances.

SVM has been chosen for this project due to the less voltage or current distortion,
higher output voltages and flexibility to be adopted for many AC drive systems. Next,
SVM also provides a constant switching frequency and produces higher fundamental AC
voltage. SVM is basically based on the figure 2.5 and this hexagon diagram contain six
sectors with the two planes at the stator which is direct voltage, v, and quadrature voltage
v,. Each sector has 60 degrees and have different type of switching. Which sector will
be chosen is depend on the voltage references as a red dot in the sector 1 based on the
figure 2.5. This voltage reference is given in terms of rotating space vector. The voltage
vectors are separated into two sectors, such as active vectors and zero vectors. For active
vectors (V;, V,, Vs, V5, Ve and V) and zero vectors (I, and V) . Next, the SVM method
is based on the Clarke Transformation which is the sinusoidal three-phase variables can
be indicate on a two orthogonal axis (af) [4]. As for that, three-phase voltage vector can

be express as:

1 1
- |1
Val _ 2 1 2 2| |/
] =3 o ¥ _v| | @4
2 2 VC

75 (001) 76(101)
Figure 2.5 : Basic diagram SVM



2.4  Digital Signal Processor and Field-Programmable Gate Array

Digital Signal Processor (DSP) is struggling to capture and process to get the
output data without any loss compared to Field-Programmable Gate Array (FPGA). DSP
coding using high language such as C language or used the algorithm as a block diagram
with a graphic user interface [5].FPGA is clock based, so each clock has the promising
ability to perform a mathematical operation on the incoming data stream. A lot of
engineers choose FPGA compared to DSPs because of application Measurement in
Millions of Instruction per Second (MIPS) needed [6].

An FPGA is a high performance device with the integration of many fuctions. It
has a high density to create many complex logic functions. There a lot of available input
or output standard and features. Besides, FPGA is a fast programming with Hardware
Description Language (HDL) where usually using VHDL and Verilog. FPGA can create
many types of configuration which is based on the designer itself to create a digital circuit

based on the written HDL. As for that, FPGA is more suitable for this project.

2.5 Review of previous related works

There are many research projects conducted related to SVM for three phase
inverter. Three phase inverter is one of the important product in indutry because a lot of
machines operated using AC motor type. Besides, SVM has a lot of method for

simulation and hardware setup.

Duehee Lee [7] presented the design and implementation of Three-Phase
Inverters Using a TMS320F2812 Digital Signal Processor. This thesis explain the
method to produces an inverter using TMS320F2812 Digital Signal Processor by Texas
Instruments. The puposed for this inverter is for labarotory-scaled wind turbine. This
thesis implement the complex calculation of SVM algorithm and vector control in DSP
which can increase the computational burden and hence reduce AC drive performance
as the sampling time increase. Comparing the FPGA is a high speed controller which can

read in nanosecond and conducting the SVM control algorithm using VHDL code.
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CHAPTER 3

RESEARCH METHODOLOGY

3.1 Introduction

This chapter interpret about the direction of space vector modulation (SVM) from
the start until the end of this project. This is because the research methodology also acts
as a guideline to ensure the project is developed systematically and efficiently. As for
that, it is briefly explained about the three phase inverter, space phasor, mapping of
voltage vectors, space vector modulation technique and the sequences of SVM. So, the
basic fundamental of SVM must be discussed clearly so the project can proceed
smoothly. Besides, this chapter elaborates the process of the project with the flow chart
and the simulation model using Matlab/Simulink.

3.2  Three-phase inverter

Based on figure 3.1, the three-phase inverter circuit consists of six IGBTs
components. This topology inverter circuit contains three legs, where each leg has upper
and lower IGBTs. The phase terminal is connected in between the upper and lower
switches. The switching gate of S, S, and S, is fed to the upper switch for its leg, while
the switching gate of S, S, and S, is fed to the lower switch in the same leg. Based on
the figure 3.2 the simplified circuit of three-phase Voltage Source Inverter (VSI) is
connected to the wye-winding of three-phase induction motor and fed by using a DC

voltage.

Next, the six bidirectional switches in this circuit are complimentary to each other
because of the circuit constraint where the toggle switch at the same leg cannot turn on

at the same time because it will lead to the short circuit condition. This means during the
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upper switching turn on it will be marked as 1 while the lower switching turn on it will
be marked as 0. This condition happens because there are only two states possible either
1 or 0. The output voltage of the two-level inverter for each phase can produce two levels

of voltage and the switching states can be determined as given in (3.1).

+lde (5, =1)

Ve, = 2 ,n = a-, b- or c-phase (3.1)
N G O )
Sa_‘ Sp _|
Vdc___!__ a b
Sa | S 4

1
— s ©
de p— Saff b%* cc(oo

3-phase VSI ‘

3-phase Induction Machine

Figure 3.2 : Simplified circuit of three-phase VSI
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3.3  Space phasor defination

The voltage space phasor is representing the three-phase voltage by a single
vector that in voltage vector plane. The output voltage of a three-phase inverter is
expressed in a space vector form for simplifying complex equations that contain three-
phase voltage. The space voltage vector for each phase has 120~ and can be defined as
(3.2).

V= %(van + Vpn + Ven) (3.2)

Equation (3.3) can be written in terms of a unit vector @, as shown in (3.3) and shown in

figure 3.3.
7 = = (Van + @ Vpp + 8% Ven) (3.3)

Space vector can be written in terms of d- and g-axis components of voltage as given in

(3.4) and proven through figure 3.3.
U =v4+ v, (3.4)

The unit vector @ can be expressed into an exponent and a rectangular form as represent

in figure 3.3.
q=el*™3

= cos (z—ﬂ) + jsin (2—)

-test 9
a2 = i3

1 .V3
—>=J5 (3.6)
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Substitute the rectangular form of unit vectors from (3.5) and (3.6) into (3.3).

\/2_5) VUpn + (_ % =] \/2_5) vcn] (37)

5 =2{vgn + (=5 +J

wIinN

Then, (3.7) is separated into real and imaginary parts because © contain the elements of

d- and g-axis as (3.4) which represent the real and imaginary axis respectively.

2 1 1
Vg = 3 [van - Evbn - Evcn] (3.8)
1
Vg = 73 [Von = Venl (3.9)
q
A
> d

Figure 3.3 : Space phasor diagram based on d- and g-axis
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The simulation from figure 3.4 is to prove the space phasor definition of the
output voltage in a d-q plane where the three-phase quantities (a, b and c) are

transforming into two phase quantities (d and q) as given in figure 3.5.

==

Sine Wave
Van >
I .
Sine Wave
e —_
WVbn
[ _ >
Sine Wave -+
Wen
-

X Graph

Figure 3.4 : Simulation for space phasor

1] o0z 0004 Q006 0003 0o ooz 0014 0016 03

Time offset. 0

Figure 3.5 : Result transformation of three phase to two phase quantities
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3.4  Mapping of voltage vector

Two levels of three-phase voltage inverter contain eight possible switching
pattern according to (3.10) and table 3.1, thus it contains two types of vector which is
zero vectors (V; and V) and active vectors (V;, V,, Vs, V3, Ve and V).

2™ = 23 = 8 possible switching , n = type of phase (3.10)

Table 3.1 : Switching vectors according to voltage vectors

Voltage Switching vectors
b

vectors

N
~| o of o r| k| of r| o

1
0
0
1
1
1
0
0

| P R O O O] O k| O

Mapping voltage vectors in figure 3.6 can be produced by rewriting (3.3) in terms of

switching states.
0 = Vg (Sq + @S, +a%.S,) (3.11)

Then, (3.8) and (3.9) also can be expressed in terms of switching states.

2 1 1
vy =2Vae [Sa =35 —35] (3.12)
Vg = %Vdc [Sy — Sc] (3.13)
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So, two-level inverter is during all six active voltage vectors lies along the radial
of a hexagon and each sector has 60 degrees. Besides, the six active vectors acts as a DC
link voltage which is supplied to the load. The two zero vectors there no voltage is

supplied to the load and located at the origin of the hexagon.

Figure 3.6 : Mapping of voltage vectors

3.5  Space vector modulation technique

The space voltage vector or the magnitude of ¥ becomes the voltage references
which rotates in the forms of the circular locus at an angular velocity of w where the
movement direction of rotation depends on the sequences of voltages. As for that, the
positive sequence will rotate counterclockwise direction while the negative sequence will
rotate in the clockwise direction. Next, the total of zero vector and two adjacent voltage
vectors to get the resultant space voltage vector for any sectors.
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3.5.1 Calculation of on-duration

Diagram in figure 3.7 is general representation which is valid for every sector.
Referring the general representation, the position of v, must always aligned to a-axis.
While, the angle within a sector (6,..) must being in the range where the 6,,, more than 0
degrees and less and equal than 60 degrees. The different angle is located between ¥ and v,,.

Given on the figure 3.7, the resultant space voltage vector for any sector is:

~
o~
o~

a

b —_
? +UZ

T

z (3.14)

V=1,2+7D, =z
Where, T is the sampling period.

T =t + tyatqi (3.15)
Based on the space voltage vector in (3.14) it can rewrite as a rectangular form.

V=1, + Vg (3.16)

Used the Trigonometry Identities and the Theorem Pythagoras to get the value of the

voltage components of v, and vz which act as scalar quantities.

Vg = Vg t?“ + v, %” cos(607) (3.17)
Vg =1y %”sin(60°) (3.18)
The voltage components of v, and vz can expressed in form of voltage space vector v.

Vg = V.cos(Osec) (3.19)

vg = V.sin(0sec) (3.20)
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So, the angle and the magnitude of the voltage components of v, and vy is :

V= |(vZ+ vﬁ) (3.21)
0., = tan~? (Z—i) (3.22)

Refer to the figure 3.6 to get the magnitude of voltage vectors.
2
va = vb = EVdC (323)

Applying (3.17), (3.18) and (3.23) to get the on-duration of t;, and t,.

ty = \/§.T;TB (3.24)
_3T [, _"
ta= 25 |va - (3.25)

Rewrite (3.15) to get the on duration of t,,.

t,=T—(t, +t,) (3.26)
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7 =V20

t
g = T, ?bsin(60°)

a

Figure 3.7 : General representation for every sector

The effect of on-time at the v location will have three cases. The first cases
happen went v is closed to v, based on the figure 3.8(a) and during this condition the
time on t, is more than t;. Given the second case in the figure 3.8(b), ¥ is located at the
middle of 7, and 7,. As for that, time on the t, and t; is equal. While for the third case
on the figure 3.8(c), ¥ is being closed to 7, and the time on t; is more than t,. So all

these three cases is based on the position of the space voltage vector.
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B v, = 7, (110)

Vg = Vg7 (000)

U; = Uy, (111) Vo Vg = U
(100)
(a)
7o = o7 (000)
v, = Uy, (111) >_> a
Vg = Uy
(100)
Do = Do (000)
7, =Dy, (111) —>
ﬁa == 171
(100)

(©)

Figure 3.8: Location space voltage vector (a) Case 1 is v closed to v,, (b) Case 2 is v

at the middle v, and v, (c) Case 3 is ¥ closed to 7,
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3.5.2  Sequences of selection for voltage vectors

Pattern for selection or switching is different for every sector because itrefersr to
the location of the reference space voltage vectorr. The sequences, selection of voltage
vectors must start at the beginning and ending of the switching period, which is the zero
voltage vector 7, with states (000) must be selected. Next, it is desirable to minimize the
number of switching states commutation and thus to identify the voltage vectors of 7,
and v,,. Besides, figure 11 showing the sequence of space voltage vector within the sector
I. As for that, the sequence start with zero voltage vector which is ¥, and goes to the
active voltage vectors. Then continue at the zero voltage vector which is 7, with the
states (111) and goes back to the active voltage vectors and stop at te zero active vector.
For instance, vy— v; = v,—» U, —» U, —» U; —> 1, IS the sequence for sector |

based on the figure 3.11.

. (110)

VU3 ] Up =V
1
1
1
]
1
1
1
1
1
1
1
|
1
1
1
1
1
1

a=d

Osec
> >
, = (000) (111) 7, =7, (100)

Figure 3.9 : ¥ is located within sector |
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3.6 Flow chart

Figure 3.11 shows the flow chart which represents the scope of work in the SVM.
The construct of coding and calculation in block diagram of MATLAB/Simulink to
generate the switching states. Other than that, for the whole process of work has been

shown in the Gantt chart and Milestone from the appendix A.

Get the input data of
vy and v,

Calculate the magnitude and angle

Detection of sector

yes

no

A 4 \ 4

Calculate angle within a sector Calculate v, and vg

\ 4 A 4

Y

Calculation of on-time (ta, tb and tz) and duty ratio (da, db and dc)

\ 4

Generate of switching states

Y

Selection of suitable voltage vector using look up table

\ 4

Voltage source
inverter

Figure 3.11: Flow chart
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3.7  Simulation Model of Space Vector Modulation

This section presents a simulation of SVM using MATLAB /Simulink. Figure
3.12 shows the complete simulation model to control the algorithm of SVM which
generates switching status. This simulation model utilizes to generate switching states
for driving IGBTSs of two level inverter depends on the input values of d- and g- axis
compounds of space vector. Basically, the simulation model is constructed using two
methods of programming approach utilizing Simulink block diagram and the c-
programming approach written in MATLAB function blocks. Based on figure 3.12, in
the MATLAB function block there a written code about sector identification about the
voltage vector of alpha and beta as Appendix B. Next, the MATLAB Function 1 is about
the calculation of duration the coding are also shown in Appendix B is coding about the
mapping vector in the MATLAB Function 2.

|Im plesentation of Space Vector Modulator (SVM) for There-Phase Inverter ufilizing Field-Programmable Gate Arrays [FDEA}'

L ket = e
by oy e 4 2n
abl vagna el | wanz mfllpn =

am - oz Zn
5] N
MATLAB Finctbn — Bl =
ppra btz mepn) vo= MATLAB Funclbnt  SUlejeem3

Subsyetems

{3 bulation of on-gu o)

m:ord'l aztor
foga_wt

w

MATLAB Functbin
(Look-up 1)

Figure 3.12 : Complete simulation model for space vector modulation
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Based on the figure 3.13, the switching period is set at T = 1/5000s. The on
duration t, and t;,, produced from the MATLAB Function 1 block are used to calculate
duty ratios of switching states for each phase such as d,, d;, and d.. As figure 3.13 the
calculation of duty ratios is performed by Subsystem 3 block. The Simulink block

diagram of figure 3.13 is constructed inside subsystem 3.

| > —
d1
Fen
171000
- > ({42 w3V 4+ul1 Y2V ui4) (2 )
[+ g
iz
Feni
L i :'_n..l ! :'I i :'m |":'m:':'l i :' —.'
! ] (uf4 2 u{3V4+u{1V2+u{2V2)Vuf4 m
L d3
Fecn2

Figure 3.13: Simulation model of duty ratio calculation at subsystem 3

Figure 3.14 shows a simulation model of switching states which are developed
based on the comparison between duty ratios and triangular waveform. The Simulink

blocks from figure 3.24 is constructed inside the Subsystem 4.

T " >
I? | Al "5 .‘rEDn'u'Esrt—h-@
Relstional =1
Operator
L2} 2 .
- | ] o 7= p|Convert— 2
Relsticnal 52
Operatori
L3} + e
- | 1] o = .."rE::-nvErt—h-
Relstional =2
Operator2
-
Ll
:

R epeating
Sequencel

Figure 3.14: Simulation model of switching states at subsystem 4
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Lastly, the switching states are used to drive IGBTs of the inverter. Figure 3.15
shows the simulation model of inverter circuit foe two level inverter. The switching of
IGBTSs is determined by the switching states where the switching of upper and lower
IGBTS for each leg must be complimentary to each other. The output of each inverter is
associated to the resistive and inductive loads.

i qu i

-|P'_
H
H
H

Figure 3.15: Simulation model of inverter circuit foe two level inverter

3.8 Detail of the hardware setup

This segment shows the detail of the explanation about the component which has
been set up for the experimental platform for authenticate the capability of SVM control
algotrithm for two-level inverter. All the component that assembles on the circuit is based
on the schematic diagram designed into simulation part. Figure 3.16 shows the
experimental setup while figure 3.17 in the hardware and all hardware setup is stated in
table 3.2. Based on the figure 3.17, one of the supply will directly connect to the FPGA
board to supply the 5V. The other supply connects to inverter and the voltage is up to the
50V. Next, laptop will be used to upload the program to the FPGA. The FPGA circuit is
connected to the inverter using rainbow cable. The output Sa, Sb and Sc are connected
to the series connected resistive and inductive loads. Then from that it goes to the
oscilloscope.
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r - 1
I I S
v °_:_ FPGA | Sa
ALTERA BLASTER |——mm— S,
| Cyclone IV E | > S,

| EP4CE22F17C6 |
Vg 00— Se
c

I I
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Q

pe)

—

S, - A YV
* T GATE R L

s, ——| DRIVER # VOLTAGE SOURCE o N
- »| CIRCUITS INVERTER

Sb »|  (6-unit) R L

S —'\N\J—,YV\_

a

|

Figure 3.16 : Experimantal setup

rﬁ!“_
Figure 3.17 : Hardware setup
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Table 3.2 : Hardware component description

No Component Description
1 Two power supply Connect to inverter and power circuit of FPGA
2 Laptop Simulation MATLAB and Quartus
3 Inverter and FPGA Inverter for convert DC to AC voltage and FPGA
to load the program
4 Oscilloscope The output waveform
5 | Series Connected Resistive Connect to the phase a, b and c at inverter.

and Inductive Loads

6 Voltage probe Measure the voltage and goes to oscilloscope

3.8.1 Inverter hardware

This inverter combines with the gate driver to become one completed circuit as
figure 3.18. The inverter side contains a heat sink for absorbing the unwanted heat. There
are eight of IGBTs will attach to the to the heat sink, but before it attached the mica sheet
will be attached first to avoid the short circuit. This circuit contains two capacitors. There
also connector goes to the DC-link and also connector goes to the load which is sa, sb
and sc. The gate driver side, there are six DC-DC Converter and six Optocoupler. There
are two Integrated Circuit (IC), resistor and also capacitor. There are connector goes to

the FPGA circuit using rainbow cable.

Figure 3.18: Inverter with the gate driver
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3.8.2 Field-Programmable Gate Array

FPGA can be used to create a fast low logic devices where it only need to use a
code and FPGA chips wil create a logic for designers. As for that, it is suitable for high
speed interfaceses because it contain Random Access Memory (RAM), High Defination
Multimedia Interface (HDMI) and Universal Serial Bus (USB). Besides, it can create a

softcore such as building a microcontroller with a logic at FPGA.

FPGA has power entirely by USB port where during developing it did not need a
power supply. The limitation is it possibly not get enough power for Input and Output
pin, but it can plug a five volt supply at the FPGA. It comes with a USB Blaster which is
a device that connect from a Personal Computer (PC) USB port to the programming
header of a device. On the FPGA board there is eight of Light Emitting Diode (LED) to
act as an indicator to make sure whether the coding has been uploaded or not. Figure 3.19
shows the Altera FPGA Cyclone IV DEO-Nano Controller Board.

Figure 3.19 : The Altera FPGA Cyclone IV DEO-Nano Controller Board

3.9  Software
Software is an important part to make sure that hardware can run properly.
Software is a safety precaution before run the hardware. Software also gives a direction

to the hardware for running properly.
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3.9.1 Quartus Il (Altera)

Altera Quartus 1l is used to run the FPGA as shown in figure 3.20. This software
gives a perfect design with a lot of fuction that facilitates the user to adapt their specific
design needs. As for that, it is a suitable for system-on-a-programmable-chip (SOPC)
design. It allows users to use the Quartus Il graphical user interface and command-line
for each phase of the design flow. Besides, users also can use one of these interfaces for

the overall flow, or they can use another alternative at different phases.

This software also contains a modular Compiler which includes a module such
as Analysis and Synthesis, Partition Merge, Fitter, Assembler, TimeQuest Timing
Analyzer, Design Assistant, EDA Netlist Writer and HardCopy Netlist Writer [8]. To run
all Compiler module as part of a full compilation, on the processing menu, click Start
Compilation. User can also run each modules individually by pointing to Start on the

processing menu, and then clicking the command for the modules to start.

Getting Started With Quartus® Il Software

Start Designing Start Learning

Desigmiing vwith Quertus I softurare e Buviowided iileragt Ve furdnal 085Ches

wequiras 2 praject wou the Bask featirss OF Qe e i £ s
le:mwﬁ::]ﬁn Open Interactive Tutorial

Open Existing Project ]

Open Recent Project
C:/Users/AsusA455L D-UseriDeskiop/L...GA/pwmiullbridge/pwmiullbridge.qpf
C:/Users/AsusAd55. D-UseriDesktop/Li...gos/pwmifullbridge/pwmiulibridge.qpf
C:/Users/AsusAd 550 D.UseriDesktop/Li 23 n 28 ogosiutorialftutorial.qpf
D:/# Software Installers Folder/QUA...PGA/pwmifullbridge/pwmfullbridge.qpf

et Ve Sabtenptan | [ Buy Subtoapren | TkeStGee | I Testalag | OWERe DemeY| | SORRGNT
Edition

Figure 3.20 : Software Altera Quartus I

The first step to use Altera Quartus Il is go to ‘File’ on the menu, click ‘New
Project Wizard’ to display Quartus layout. Click ‘Next’ on Introduction page. On page 1
of 5 there will be a Directory, Name and Top-Level Entity, find the directory folder of
‘tutol_pwm’ and apply the name for the project. Then click ‘Next’” until reach page 3 of
5 about Family & Device Settings. As for that, the selection is set as family select

Cyclone IV E, package select FBGA, pin count select 256 and speed grade is any. Then
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select type of FPGA which is EP4CE22F17C6. Click ‘Next’ until it reaches page 5 of 5
which is Summary thus choose ‘Finish’. Therefore, project’s name is appeared on

Quartus layout.

Next, click ‘New’ on menu and select ‘“Memory Initialization File’ and type
‘12001 into no. of words which mean total nombor of data and ‘1’ on word size for take
the maximum binary. The purpose for this method is to create .mif file. Based on this
project create 12 files and save the file as sa, sb and sc for all switching respectively
under ‘tutol pwm’ folder. Open the .mif file and also notepad of all files from
‘tutol_pwm’ folder. On .mif file, copy and paste the excel file to stored the data at the
sa. Save and close the both files. The updated .mif file will be displayed at the Quartus.

Repeat all step about for sab and sc.

Go to “Tools’ on menu and click “MegaWizard Plug-In Manager’ as and choose
‘Next’. Select the device family which is Cyclone IV E and choose type of output file,
the VHDL. On the left layout of ‘MegaWizard Plug-In Manager [page 2a]’ go the
‘Memory Comepiler’ folder and select ‘ROM: 1-PORT’. Meanwhile, give name for the
output file similar as .mif file. Click ‘Next’. On ‘ROM: 1-PORT’ page [page 3 of 7], edit
g output with 1 bits while memory is 16384 which is near to and more than 12001 words.
Click “Next’ until it reaches page 5 of 7 and on this page, browse thus insert the sa.mif
file and click ‘Next’” followed by ‘Finish’ on the last page. Apply the similar process for

sh and sc in the .mif file.

Create VHDL File by selecting ‘“New’ on the File menu. Start writing a coding
for tutol_pwm, upper counter, lower counter, comparator, blanking time generators,
blanking_mod18 and clk_div as Appendix C into VHDL layout then save the file as
‘tutol_pwm’.vhd. Modify the entity name into ‘tutol_pwm’. Save the VHDL File once
modification occurs. On the left of FPGA layout, click the ‘Analysis & Synthesis’ on
‘Task’ to analyze the project or click the start compilation on the processing. If the
analysis is unsuccessful, thus need to trace the error on ‘Message’ at the bottom of FPGA
layout. The compiler will provide error massages, read them throughlt to underdstand
what the problem is. Then, the file is saved and analyzed again. Finally, the analysis or

compilation is successful as shown in figure 3.21.
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Figure 3.21 : The successful complation of VHDL coding

The important step on FPGA is assigning pin, click *‘Assignment’ on Menu and

select ‘Pin Planner’. The top view of FPGA is displayed. Click the location of each node

to assign the pin according to the particular FPGA datasheet as Appendix D. Pin for each

node is as assigned such as the clock select PIN_R8 and the reset select PIN_E1. While

other pin are select as figure 3.22. Full compilation is done by clicking button at *Compile

Design’ on ‘Task’ of FPGA layout. Otherwise, it can be done by clicking the ‘Start

Compilation’ at ‘Processing” menu. It will compile the whole setting of design. If the

design is unsuccessful, thus error and warning appear on compilation report.
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Figure 3.22 : Assigning the pin at the pin planner
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Finally, connect the USB port of FPGA to computer/laptop and select
‘Programmer’ on ‘Tools’ menu. Hence, ‘Programmer’ layout is displays and click *Add
File’ to choose file from “Select Programming File’. Click output_files then select “.sof’
file (In this case, ‘tutol_pwm.sof’ is selected). Therefore, ‘.sof’ is available on
‘Programmer’ layout. Click ‘Hardware Setup’ to select USB-Blaster [USB-0].Then,
click “Start’ to upload the program into FPGA.. Status of successful uploaded the program

into FPGA is shown as in figure 3.23.

File Edit  View Processing Tools Window Help = Search altera.com 9

g Hardware Setup...

[] Enable real-time ISP to allow background programming (for MAX T and MAX V devices)

™ File Device Checksum Userco de Program/ Verify Blank- Examing
eti Start Configure Check

i ston output_files/tutor 1_pwm. ... EP4CE3F17 001D7BEC 001D7BEC
&4 Auto Detect

9% Delete

TN =

M, Add File... |

|15 Change File. .. < N
= File L

(2% Add Device...

Figure 3.23: Status of successful uploded the program

3.9.2 MATLAB

MATLAB in figure 3.24 is a numerical computation and simulation tools that
were efflorescent into a commercial tool with an interface for the numerical function
libraries, which basically written in the programming language. Next, the principle in
MATLAB is a purely numerical calculation. Basically MATLAB only include a single
data structure and all its operations are based. Besides, MATLAB name are standing for
MATrix LABoratory. The elementary MATLAB operations can be divided into 5
examples such as arithmetic operations, logical operation, mathematical functions,
graphical functions and input/output operations. Simulink in the MATLAB is a tool for
simulating dynamic systems with a graphical interface [9]. Before run the program set
the end time to ensure the amount of data to be collected. The end time for this project is
0.06s, thus the number of data will equal to 12000 which get from 0.06s divide by 5e-6s

which is sampling time in the simulation.
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Figure 3.24: Software Matlab

3.9.3 Microsoft Excel

Excel is a spreadsheet application that allows you to organize data, entire
calculations, make decisions, graph data, develop professional-looking reports,
organized the data, and access real-time data [10]. There are four part in the Excel such
as workbooks and worksheets, charts, tables and \Web support. Using this application, it

can help to store a lot of data.

Obtain the data from the MATLAB workspace and copied the number of data
from 1 to 12001 and paste into a new document of Excel file. In the new document, it is
modified by placing the data numbering by sequence (must start from 0 onwards), colon
(:), binary number (data obtained from the workspace) and semicolon (;) into column 1,
2 3 and 4 respectively. Save the Excel file into an empty folder, named it as a data_signal
because all FPGA’s files will be combined into the same folder. The binary data will be

used in the tutorial FPGA as figure 3.25.

(7] = data_signal.xlsk - Excel ? EH - a0 x
FILE HOME INSERT PAGE LAYOUT FORMULAS DATA Fr
111985 M e b
A B = D E F G -
1 0: o;
2 1: 0 ;
3 2: o;
4 3 0;
3 4 : a;
& 5 o;
7 6 : o;
8 FAH 0 ;
2 8: o;
10 9: 0; -
sa sb | sC | @ : 4 3
READY EH M -———+ 100%

Figure 3.25 : The binary data
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CHAPTER 4
RESULT AND DISCUSSION

4.1 Introduction

This chapter presents the process and scope of work to obtain the simulation and
the experimental result to show performances of two level inverter utilizing Space Vector
Modulation (SVM) technique. The simulation result obtains by the MATLAB/Simulink
and Quartus Altera. This chapter also showing and proving the calculation of SVM based
on the simulation and the experimental. The comparison waveform between simulation

and hardware will be show and illustrated.

4.2 Result analysis between SPWM and SVM

Simulation results performed using MATLAB/ Simulink to obtain the
comparison result between Sinusoidal Pulse Width Modulation (SPWM) and SVM. The
results from SPWM as figure 4.1 and 4.2 while the result for SVM as figure 4.3 and 4.4.
The purpose of this comparison is to show that the SVM method SVM is better than

SPWM. This comparison is shown in the form of output voltage and FFT Analysis.

The design specification and simulation specification are given as follows:
» DC link voltage, V;. = 100V

triangular carrier frequency, f;,; = 1000 Hz

>

> peak of triangular waveform, V., = 1V

» fundamental frequency of modulating signal, f; = 50 Hz
>

simulation sampling time, t, = 5 us
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Figure 4.1 shows the output voltage to the input voltage is 100V and the output
voltage is 66.67V.

vd = =Vdc = 2(100) = 66.67V (4.1)

Selected signal: 3 cycles. FFT window (in red): 2 cycles
80
T T T T T

N
60— X:0.009979 —
Y:66.67

s -

20— =

20+

40

1 | | | |
0.01 0.02 0.03 0.04 0.05 0.06
Time (s)

-80
0

Figure 4.1 : The output voltage for SPWM

The FTT analysis from figure 4.2 can be made based on the frequency spectrum

of the output voltage using powergui block from MATLAB.

vg = V1m12hsren = 50K (4.2)

Fundamental (50Hz) = 50.01 , THD= 68.62%
120 T T T T T T T T T T

100~ 1

80 1

601 X=50 —

Mag
<
=

20 1

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Frequency (Hz)

Figure 4.2 : FTT Analysis for SPWM



37

Figure 4.3 show the v, with the input voltage is 100V and his can be proved by the

calculation of v,.

vd

-80
0

= 2Vdc = 2(100) = 66.67V

Selected signal: 3 cycles. FFT window (in red): 2 cycles

(4.3)

X:0.008195
Y: 66.67

0.01 0.02 0.03 0.04
Time (s)

Figure 4.3 : The v,; waveform for SVM

0.05

0.06

The FTT analysis from figure 4.4 can be made based on the frequency spectrum

of the output voltage using powergui block from MATLAB.

Vbc 100
vq = V=2t IS SN (4.4
V3 V3
Fundamental (50Hz) = 57.49 , THD= 54.01%
120 T T T T T T T T T T
100~ -
X=50
Y =100

. 80— —
g
&
£
3
c
Z 60— |
5
g
g
=

40~ —

200~ ‘ -

0 | ‘ ‘lxl ‘I..I.II || IINII I| RNITAN n.lhlnl Sl ulln (PR AIRR RN RRTIR T A R A R le | IATR T R WA

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Frequency (Hz)

Figure 4.4 : FTT Analysis for SVM
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This proving the percentage different between SPWM and SVM.

(F)-(39) (5)-(2)
AVY% = W X 100% = W X 100% = 15.47% (45)

4.3  Result of switching states

Results of switching states showing the approach to prove the calculation of
simulation based on the given parameters. The parameters are given as follows:
» DC link voltage, V;. = 100V
» Triangular carrier frequency, f;,; = 1000 Hz
» Simulation sampling time, t; = 1 us

> References voltage vector, v* = 452 — 130°

Figure 4.5 shows that the d and g-axis voltage vd. The value vd can be observed
by x-axis of the graph. Refer to the figure 4.5 (b) the value of vd is 66.67V while vq can
be taken from y-axis of graph which is 57.735V as states in figure 4.5(a).

%Y Plot ™ Xor plot.
100 100

50 b 50

0

Y Axis
o
Y Axis

50 1 -60

-0 . : : -100 . : :
~100 50 0 50 100 ~100 50 0 50 100

@ “(b)

XY Plot

100

50

100 . . \
-100 -50 0 50 100

X Axis

(©)

Figure 4.5 : Switching status (a) d-axis voltage, vd (b) g-axis voltage, vq

Y Axis
=

(c) combination of vd and vq
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Figure 4.6 shows the triangle voltage supplied with 1volt. The frequency of
triangle voltage is 1kHz.

15

1

0.5
0.058 0.0582 0.0584 00586 0.0588 0.059 0.0592 0.05%4 0.05% 0.0598 0.06

Figure 4.6 : Voltage triangle, V,.; waveform

Figure 4.7 is the illustration for the position references voltage vector, v* based on
the parameter. The given angle of the references voltage vector, v* from the parameter
is —130, which can get the 10° for angle theta sector, 6,,.. This is because value angle
of the references voltage vector, v* subtract with the angle from the theta sector VI and

V which is 60°. Besides, Figure 4.8 showing the general representation for sector IV.

Vs (010) Uy (110)

Y (000) 7

(011)

d
ﬁlll) 7y

~130° (100)

Vi

Us (061) g (101)

Figure 4.7 : The position references voltage vector, v*
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1 b, =7
b= Vs
U = V260,
Uﬁ = Uq
— HSBC
Uy p—>
Vg = Vg V,=Vg

Figure 4.8 : General representation for sector 1V

The equation of (4.6), (4.7), (4.8), (4.9) and (4.10) is used to prove the result

simulation in figure 4.9.

vy = v, = VcosBg,, = 45 cos(107) = 44.3163V (4.6)
Vg = v, = Vsinbse, = 45sin(10°) = 7.8142V 4.7)
ty = \/§Tﬁ = V3() 25" = 135.346ps (4.8)
« =17 [ve— 2] = 3(1/11%0) [44.3163 — 22| = 597.07s (4.9)
t,=T—(t, +t,) = (Tloo) — (597.07p + 135.346) = 267.584us (4.10)

Figure 4.9 based on the switching status waveform of S, S, and S, in the sector IV.

“To.oss 0.0582 0.0584 0.0586 0.0588 0.059

X= 0.058366 I

Y=1

“"b.oss 0.0582 0.0584 0.0586 0.0588 0.059

1.5 T

X= 0.058067

Y=1

-0.5
0.058 0.0582 0.0584 0.0586 0.0588 0.059

Figure 4.9 : Switching status waveform for S,, S, and S, respectively



4.4  Performance Analysis of AC output voltage at different switching frequency

using SVPWM

There are two types of frequency that have been used in this simulation and
experimental to get the accurate value which is 1000 Hz and 2550Hz. Table 4.1 is to
show the exact value of FFT Analysis based on the formula and calculation. Firstly, the

value of DC link voltage, V,;. which is 100V is multiplied by the modulation index, M;
and divide with the square root of three (v/3) for simulation. While, for hardware is the

same method with the simulation, but it need to divide with the square root of two (v2)

because the results that appear on the oscilloscope is in the form of Root Mean Square

(RMS).

Table 4.1: Comparison result between simulation and hardware based on the formula

Types Simulation, Hardware,

M;, MVae/V3 (MVae /N3) /V2
Modulation index

0.2 11.54701 8.16497

0.4 23.09401 16.3299

0.6 34.64102 24.4949

0.8 46.18802 32.65986

1.0 57.73503 40.82482
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4.4.1 Triangular carrier frequency, f,; for 1000Hz

Figure 4.10, figure 4.11, figure 4.12, figure 4.13, and figure 4.14 are generated
using 1000Hz of triangular carrier frequency, f;,;. All this figure contains 3 parts which
is a, b and c. Result in figure a and b is obtained from MATLAB simulation which is a
from M file and b from FFT Analysis. While the figure in part ¢ shows the result of
hardware from the oscilloscope, which is indicated the output voltage on the upper part
and the FFT Analysis on the lower part of the oscilloscope. As for that, the result from
the simulation part are compare with the hardware to get the precise results. This

comparison is proved using formula and calculation approach.

Table 4.2 : Result simulation and hardware of FFT Analysis for 1000Hz

Types
M;, FFT Analysis
Modulation index
0.2 11.30
0.4 22.97
0.6 34.33
0.8 45.99

1.0 57.26
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Figure 4.10 : The comparison of simulation and experimental results for amplitude 0.2

with frequency of 1kHz (a) Signal waveform from the simulation (b) Carrier signal

from the FFT Analysis from simulation (c) the experimental result from the scope.
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Figure 4.11 : The comparison of simulation and experimental results for amplitude 0.4
with frequency of 1kHz (a) Signal waveform from the simulation (b) Carrier signal from

the FFT Analysis from simulation (c) the experimental result from the scope.
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Figure 4.12: The comparison of simulation and experimental results for amplitude 0.6
with frequency of 1kHz (a) Signal waveform from the simulation (b) Carrier signal from

the FFT Analysis from simulation (c) the experimental result from the scope.
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Figure 4.13 : The comparison of simulation and experimental results for amplitude 0.8

with frequency of 1kHz (a) Signal waveform from the simulation (b) Carrier signal from

the FFT Analysis from simulation (c) the experimental result from the scope.
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Figure 4.14 : The comparison of simulation and experimental results for amplitude 1.0
with frequency of 1kHz (a) Signal waveform from the simulation (b) Carrier signal

from the FFT Analysis from simulation (c) the experimental result from the scope.
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4.4.2 Triangular carrier frequency, f,; for 2550Hz

Figure 4.15, figure 4.16, figure 4.17, figure 4.18, and figure 4.19 are generated
using 2550Hz of triangular carrier frequency, f;,;. All this figure contains 3 parts which
is a, b and c. Result in figure a and b is obtained from MATLAB simulation which is a
from M file and b from FFT Analysis. While the figure in part ¢ shows the result of
hardware from the oscilloscope, which is indicated the output voltage on the upper part
and the FFT Analysis on the lower part of the oscilloscope. As for that, the result from
the simulation part are compare with the hardware to get the precise results. This

comparison is proved using formula and calculation approach.

Table 4.3 : Result simulation and hardware of FFT Analysis for 2550Hz

Types
M;, FFT Analysis
Modulation index
0.2 11.53
0.4 23.12
0.6 34.75
0.8 46.38

1.0 57.79
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Figure 4.15 : The comparison of simulation and experimental results for amplitude
0.2 with frequency of 2.55kHz (a) Signal waveform from the simulation (b)
Carrier signal from the FFT Analysis from simulation (c) the experimental result

from the scope.
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Figure 4.16 : The comparison of simulation and experimental results for amplitude
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 Introduction

This last chapter will summarize and conclude for this chapter with conclusion
and recommendation. Besides, this chapter also has a recommendation for a better design

to improved this project for future work.

5.1 Conclusions

Designing a space vector modulator using FPGA controller to produce
appropriate switching states, according to the input of v,and v,. This modulator is
suitable for any type of AC motor controls. The design of SVM modulator through
simulation and experiment while comparing the resulting simulation for Sinusoidal Pulse
Width Modulation (SPWM) and Space Vector Modulation (SVM). The result simulation
has been proved that the SVM has better performance compared to the SPWM. This is
because the percentage different SVM and SPWM is 15.47%. Besides, the SPWM
techniques are inflexible control because difficult to control three-phase quantities such
as amplitudes, frequencies and phase angle of three-phase voltage compared to the SVM
where it only need to focus at the voltage references and switching states. The design of
the space vector modulator using MATLAB/Simulation has successfully produced an
appropriate switching state, according to the inputs of d- and g- axis compounds of space
vector which is though the output voltage and the FFT Analysis, it is proven that the
SVM is the best technique used to control switching for three-phase Voltage Source
Inverter (VSI). SVM can operate in high frequency and high voltage which is suitable
for the industries that mostly used the three phase inverter. The result is precise and
detailed because it can operate in a nanosecond.
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5.2 Recommendations

The proposed hardware set-up for future work is adding the battery stored beside
the inverter which is will be placed inside the inverter box. The reason for adding the
battery stored beside the inverter as a backup plan when the power is shut down or no
electrical supply from the supplier such as Tenaga Nasional Berhad (TNB) and Sarawak
Energy Berhad. Then, when the supply are discontinuous the inverter still can supply the
energy from a battery which has been stored. As for that, the load or user still can receive
the power even though the supply is discontinuous. The battery stored and the inverter
can join as a one item. Besides, the inverter is functioning to convert the Direct Current
(DC) to Alternating Current (AC). As a conclusion, the inverter and battery stored can

give the benefit to the users. Figure 5.1 will showing the area for placing the battery store.

Area for
Battery stored

Figure 5.1 : Proposed for future works
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GHANTT CHART AND MILESTONE
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This ghantt chart and milestone showing the process and journey to complete the final

year project 1 and 2. Each semester contain fourteen weeks.

FYP 1

FYP2

Description Weeks 2017

2018

112

13

14

Title confirmation 1

Review journal, paper, and

articles about title.

Identify objective and scope 2

Report writing

Developthe simulation of SVM
using MATLAB/SIMULINK

Setup and implementation of

hardware

Evaluate experimentation sefup

using SVM techmique

Proposal FYP and presentation 3

Report submission 4

' 25 SEPTEMBER 2017
’ 13 OCTOBER 2017

6 DECEMBER 2017
22 DECEMBER 2017
18 MAY 2017

21 MAY 2017
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APPENDIX B
LIST FOR MATLAB FUNCTION SOURCE CODE
B.1  Sector identification and calculating the alpha and beta voltage vector

This source code is written in MATLAB FUCTION blocks in figure 3.12.

%%%%%%%%%%%%%%%%%%%%%%%%%%% %% %% % %% %% %% %% %% % %% %% %% %% %% % %% %%

%  WRITTEN BY HALIMAHANI BINTI ROSLI
% identification sector and calcutation valpha and vbeta

% Inputs are magnitude ul(:), angle u2(:), and
% ramp time signal for comparison u3(:)

function sector_valpha vbeta =subl(u)
9%%%%%%%%%%%%%%%%%%%%%%%%% %% %% %% %% %% %% %% %% % %% % %% % %% % %% %% % %%
%initialization

sec=1; o initial value of sector=1
theta_sec = 0; %-angle within a sector = 0

=N

%define input

vd=u(l1);

va=u(2);

%Calculation of magnitude and angle -reference vector
mag = sqrt(vd™2+vgh2); % magnitude

theta = atan2(vq,vd); % angle

theta_deg = theta*180/pi; % conversion: degrees to theta

%WDetermination of sector
iT((theta _deg >=0)&&(theta_deg < 60))
sec = 1; % sector = 1

elseif((theta_deg >=60)&&(theta_deg < 120))
sec = 2; % sector = 2
elseif((theta_deg >=120)&&(theta_deg < 180))
sec = 3; % sector = 3
elseif((theta_deg >= -180)&&(theta_deg < -120))
sec = 4; % sector = 4
elseif((theta_deg >= -120)&&(theta_deg < -60))
sec = 5; % sector = 5

elseif((theta_deg >= -60)&&(theta_deg < 0))
sec = 6; % sector = 6



end
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%Calculation of valpha and vbeta

%theta sec is
%theta sec is
if(sec==1)
theta _sec
elseif(sec
theta _sec
elseif(sec
theta_sec
elseif(sec
theta _sec
elseif(se
theta _sec
elseif(sec
theta_sec

the angle within a sector
ranging from O to 60 degrees

theta;

2)

= 2*pi/3-theta;
3)

= theta-2*pi/3;
4)

= -2*pi/3-theta;
5)

= theta+2*pi/3;
6)

= -theta;

end
valpha =
vbeta =

mag*cos(theta_sec);
mag*sin(theta_sec);

% output

sector_valpha vbeta=[sec, valpha, vbeta];

end
%%%6%%6%%6%%%%%6%%%%%%%%%6% % %% 6%%% % %%6% %6 %% %% %% %% % %% %0%% %% %% %% % %%

B.2  On times calculation

This source code is written in MATLAB FUCTION 1 blocks in figure 3.12.

%%%%%%%%%%%%%%%%%%%%%%%%%%% %% %% % %% %% %% %% %% % %% %% %% %% %% % %% %%
%  WRITTEN BY HALIMAHANI BINTI ROSLI
%  CALCULATION ON DURATION

function ontimescalculation =sub2(u)
%69%9%6%%%%6%%%6%%%6%%%6%%%6%%%6%%%6%6%%%6%% %% % %% % 6% % %6%%%6%%%6%6% % %% % %% % %%

initialization
Vdc = 100;
T = 1/1000;

% input DC link voltage
% sampling period = 1/Ff

%define input
valpha=u(l);
vbeta=u(2);

%calculation of ta, tb & tz.
ta = 1.5*T/Vdc*(valpha-vbeta/sqrt(3));
tb = sqrt(3)*vbeta*T/Vdc;
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tz =T - ta - tb;

% output

ontimescalculation=[ta; tb; tz];

end
%%%6%%6%%%%%6%%6%%6%%%6%%6%%6%% %% %6%%6%% %% %% %6%% %% %% %6 %% %% %% % %% %% %% % %%

B.3  Mapping of vector

This source code is written in MATLAB FUCTION 2 blocks in figure 3.12.

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% %% %% %% % %% % %% % %% % %% % %% % %% %% % %
% WRITTEN BY HALIMAHANI BINTI ROSLI
% Calculation of on-duration

function mapping vector = fpga lut(u)
%%%%%%%%%%%6%%%%%%%%%%%%%%%%% %% % %% %% %%%%%% %% % % % %% %%%%%%%% %%

initialization
sx=[0; 0; 0];

%define Input

sec=u(l); % no of sector
sl=u(2);

s2=u(3);

s3=u(4);

%generation of gate pulses s1, s2 & s3;
WFor sector=1
R S e e e e e e e S e S e e S e e o
if (sec == 1)
iIfT (s1 ==0 && s2 == 0 && s3 == 0)
sx = [0; O; 0];
elseif (s1 == 1 && s2 == 0 && s3 == 0)
sx = [1; O; O];
elseif (s1 == 1 && s2 == 1 && s3 == 0)
sx = [1; 1; O];
elseif (sl == 1 && s2 == 1 && s3 == 1)
sx = [1; 1; 1];
end
elseif (sec == 2)
iIT (s1 == 0 && s2 == 0 && s3 == 0)
sx = [0; O; 0];
elseif (s1 == 1 && s2 == 0 && s3 == 0)
sx = [0; 1; 0O];
elseif (s1 == 1 && s2 == 1 && s3 == 0)
sx = [1; 1; 0O];
elseif (s1 == 1 && s2 == 1 && s3 == 1)
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sx = [1; 1; 1];
end

elseif (sec == 3)
if (sl ==0 && s2 == 0 && s3 == 0)
sx = [0; O; O];
elseif (s1 == 1 && s2 == 0 && s3 == 0)
sx = [0; 1; O];
elseif (s1 == 1 && s2 == 1 && s3 == 0)
sx = [0; 1; 1];
elseif (s1 == 1 && s2 == 1 && s3 == 1)
sx = [1; 1; 1];
end

elseif (sec == 4)
iIf (s1 == 0 && s2 == 0 && s3 == 0)
sx = [0; O; 0];
elseif (s1 == 1 && s2 == 0 && s3 == 0)
sx = [0; O; 1];
elseif (s1 == 1 && s2 == 1 && s3 == 0)
sx = [0; 1; 1];
elseif (s1 == 1 && s2 == 1 && s3 == 1)
sx = [1; 1; 1];
end

elseif (sec == 5)
if (sl == 0 && s2 == 0 && s3 == 0)
sx = [0; O; 0O];
elseif (s1 == 1 && s2 == 0 && s3 == 0)
sx = [0; 0O; 1];
elseif (sl == 1 && s2 == 1 && s3 == 0)
SX=t/ 2 ; Ol
elseif (s1 ==1 && s2 ==1 && s3 == 1)
sx = [1; 1; 1];
end

elseif (sec == 6)
iIT (s1 == 0 && s2 == 0 && s3 == 0)
sx = [0; O; 0];
elseif (s1 == 1 && s2 == 0 && s3 == 0)
sx = [1; O; 0O];
elseif (s1 == 1 && s2 == 1 && s3 == 0)
sx = [1; O; 1];
elseif (s1 == 1 && s2 == 1 && s3 == 1)
sx = [1; 1; 1];
end

end

% output

mapping_vector = SX;

end
%%%%%%%%%%%%%%%%%%%%%%%%%%%% %% %% %% %% %% %% %% % % %% % % % %% % % % %% % %



APPENDIX C

LIST FOR VHDL SOURCE CODE LISTING

C.1  The main VHDL coding structure

-- Entity: main coding
-- Author: HALIMAHANI BINTI ROSLI

LIBRARY ieee;
USE ieee.std logic_1164._.all;

USE ieee.numeric std.all;

entity tutorl pwm is
port(
clk: In std logic;
rst: in std _logic;

saup, salow: out std logic;

sbup, sblow: out std logic;
scup, sclow: out 'std logic

);
end entity;

architecture rtl of tutorl pwm is

signal address : std logic vector (13 downto 0);
-- "n-1 downto 0" 2”™n=16384 < num_data=12001, where n=14

signal clk 200k: std logic;
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-—- clk freq FPGA = 50MHz, clock freq i1s divided to 200 kHz

(1/5us)

signal sa, sb, sc: std logic vector (0 downto 0);



begin

process (clk, rst) is
begin
if (rst = "0") then
address <= (others =>"07);
elsift (rising edge(clk)) then
if (clk_200k = "1") then
iT (unsigned(address) < 12001) then
-— num_data = 12001 in simulation
address <=
std logic vector(unsigned(address) + 1);
else
address <= (others =>"07);
end 1f;
end if;
end 1f;

end process;

lut_sa:

entity work.sa (SYN) port map (address => address,
clock => clk, g => sa);

lut_sb:

entity work.sb (SYN) port map (address => address,
clock => clk, g => sb);

lut_sc:

entity work.sc (SYN) port map (address => address,
clock => clk, g => sc);
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gen_200KHz_clk:
entity work.clk div (rtl) port map (clk => clk, rst
=> rst, clkout => clk 200k);

blanking_time_2microsec:

entity work.blankingtime_main (behavioral) port map
(clock =>clk, sal => sa, sbl =>sb, scl => sc, saupper =>
saup, salower => salow, sbupper => sbup, sblower => sblow,
scupper => scup, sclower => sclow);

--X <= address;

end rtl;

-- Entity: Blanking Time Generator
-- Author: HALIMAHANI BINTI ROSLI

library ieee;
use ieee.std logic_1164.all;

use ieee.numeric _std.all;

entity blankingtime_main is
port ( clock : i1n std logic;
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——INPUT PORT--

sal, sbl, scl: in std logic vector (0O downto
0);

--OUTPUT PORT--

saupper, sbupper, scupper: out std logic;

salower, sblower, sclower: out std logic);

end blankingtime_main;

--blanking_time_signal--
architecture behavioral of blankingtime_main is
signal al,a2, bl, b2, cl, c2: std logic vector (12 downto

0);

--clock _out

signal T : std logic;

ul - entity work.blanking_modl8(behavioral) port map (clk

=> clock, clkout => T);

u2 : entity work.blanking_upper_counter(behavioral) port
map (clk => T, clearl => sal, clear2 => sbl, clear3 =>
scl, ucl => al, uc2 => bl, uc3 => cl);
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u3 : entity work.blanking_lower_counter(behavioral) port
map (clk => T, clearl => sal, clear2 => sbl, clear3 =>
scl, Icl => a2, Ic2 => b2, Ic3 => c2);

u4 : entity work.blanking_comparator(behavioral) port map
(Cinl => al, Cin2 => b1, Cin3 =>cl, Cinl3 => a2, Cinl4 =>
b2, Cinl5 =>c2, Coutl => saupper, Cout2 => sbupper, Cout3
=> scupper, Coutl3 => salower, Coutl4 => sblower, Coutl5

=> sclower);

end behavioral;

-- Entity: .clk_div
—-- Author: HALIMAHANT BINTT ROSLI

-- Brief I tol/generate xMHz clock' from 50MHz sys clk

LIBRARY ieee;
USE i1eee.std _logic_1164.all;

USE ieee.numeric_std.all;

entity clk div is

port (

clk : In std_logic;
rst : In std_logic;
clkout : out std _logic
);

end entity;
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architecture rtl of clk_div is

constant cnt_max : integer range O to 250 := 250;

-- 250 = Ts_matlab / Ts_FPGA = 5us/20ns, 20ns = 1/FPGA clk
freq

signal cnt : Integer range O to cnt_max-1;

begin

process (clk, rst) is

begin

ifT (rst = "0") then

cnt <= 0;

elsift rising_edge (clk) then

iT (cnt = cnt_max-1) then

cnt <= 0;

else

cnt <= cnt + 1;

end if;

end if;

end process;

-- divide by !5, result a pulse in‘every 250 cycles
clkout <= "1" when (cnt = cnt_max-1) else "07;
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The pictures below mdicate the pin 1 location of the expansion headers.
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Figure 3-3 Pin1 locations of the GPI0 expanslon heaters

Table 3-6 GFI0-0 PilAﬁ'iEnlmnls

Nama FPGA Pin No. Descripmon |0 Standarg
GPIO_0_IND PIN_&8 GPIO Connechion DATA 3.3V
GPIO_00 PIN_D3 GPIO Connschion DATA 3.3V
GPIO_0_IN1 PIN_B8 GPIO Connechion DATA 3.3V
GPI0_01 PIN_C3 GPIO Connechion DATA 3.3V
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02 PIN_&2 |GPIO Connection DATA 3.3V
lePi0 o3 PIN_A3 |GPIO Connection DATA 3.3
_04 PIN_B3 |GPIO Connection DATA 3.3V
05 PIN_B4 |GPIO Connection DATA 3.3V
06 PIN_24 |GPIO Connection DATA 3.3V
_o7 PIN_BS |GPIO Connection DATA 3.3V
lePI0_08 PIN_A5 |GPIO Connection DATA 3.3V
03 PIN_D5 |GPIO Connection DATA 3.3V
010 PIN_BE |GPIO Connection DATA 3.3V
lePo_on PIN_AG |GPIO Connection DATA 3.3V
012 PIN_B7 |GPIO Connection DATA 3.5V
013 PIN_DE |GPIO Connection DATA 3.3V
014 PIN_AT |GPIO Connection DATA 3.3
015 PIN_CE GPIO Connection DATA 3.3V
lePio_018 PIN_CB GPIO Connaction DATA 3.3V
|GPI0_017 | E5 GPIO Connection DATA 3.3V
|GPIO_D18 | E7 |GPIO Connection DATA [3.3v
lEPI0 019 |PIN_DE |GPI0 Connection DATA XD
_020 |PIN_EB |GPID Connection DATA 3.3
oM PIN_FE |GPIO Connection DATA 337
022 |_F3 GPI0 Connection DATA Bav
\GPI0_023 = GPIO Connection DATA 3.3V
lePI0 024 PIN_C3 GPIO Connection DATA B3V
|GPIO_025 PIM_D3 GPIO Connection DATA i
026 PIN_E11 GPID Connaction DATA 3.3V
lePI0_ 027 PIN_E10 GPIO Conneclion DATA 33V
|GPIO_028 PIN_CT PO Connection DATA 3.3V
023 PIN_B11 GPID Connection DATA 3.3V
_03a PIN_a12 P10 Connection DATA 3.5V
03 PIN_D11 GPIO Connection DATA 3.3V
lePio o3z PIN_D12 |GPIO Connection DATA 3.3V
033 PIN_B12 |GPIO Connection DATA 3.3V
Table 3-7 GFIO-1 Fin Assignments

\signal Namea FPGA PIn No. \Descripaon {10 STandara
lePI0_1 M0 PIN_T3 |GPID Connection DATA 3.3V
10 PIN_F13 |GPID Connection DATA 3.3V
RE L PIN_R3 |GPIO Connection DATA 3.3V
lePio_1 PIN_T15 |GPIO Connection DATA 3.3V
12 PIN_T14 |GPIO Connection DATA 3.3V
13 PIN_T13 |GPIO Connection DATA 3.3V
14 PIN_R13 |GPIO Connection DATA 3.3V
1GPIO_15 PIN_T12 |GPIO Connection DATA 3.3V
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|GPIO_1E PIN_R12 |GPIO Connaction DATA 3.3V
lePi0 17 PIN_T1 |GPI0 Connection DATA 3.3V
18 PIN_T10 |GPIO Connection DATA 3.3V
13 PIN_R11 |GPID Connection DATA 3.3V
{ePI0_110 PIN_F11 |GPIO Connection DATA e
lePIo_11 PIN_R10 \@PIO Connection DATA 3.3V
leP0_12 PIN_N12 |GPIO Connection DATA 3.3V
_113 PIN_P3 |GPIO Connection DATA 3.3V
14 PIN_N3 |GPID Connection DATA 3.3V
lePI0 15 PIN_N11 |GPIO Connection DATA 3.3V
[GPI0_TE PIN_L1& |GPI0 Connection DATA 3.3V
lePi0_n7 PIN_K1& |GPIO Connection DATA 3.3V
118 PIN_R1& |GPIO Connection DATA 3.3V
113 PIN_L15 |GPID Connection DATA 3.3V
lzPIo_120 PIN_P15 GPID Connaction DATA 3.3V
[ePI0_121 PIN_P1E GPID Connection DATA e
IR0 122 PIN_R14 GPIO Connection DATA 3.3V
lePio 123 PN _M1g |GPIO Connection DATA 3.3V
124 [Pi_N15 |GPIO Connection DATA 33
125 Pil_P14 |GPI0 Connection DATA 3.3V
125 PIH_L14 GPI0 Connection DATA 4
\ePI0_127 PIN_N14 GPIO Conneclion DATE 3.3V
lePi0 128 PIN_Mi0 GPIO Connection DATA 3.3V
|GPI0_129 PIN_L13 GPIO Connection DATA 3.3V
lEPIo_130 PIN_HE GPIO Connection DATA 3.3V
lePi0 13 PIN_K15 GPIO Connection DATA 3.3V
|GPI0_132 PIH_J13 GPIO Connechion DATA 3.3V
lGPIo_133 PIN_114 GPID Connaction DATA 3.3V

3.6 A/D Converter and 2x13 Header

The DE0O-Wmno comtzins am ADCIZES022 lower power, eight-chammel CMOS 12-bit
analog-to-digital comverter This A-to-D) poovides coowersion thovughput rates of 30 ksps to 200
ksps. It can be configured to accept up to eizht input sienals at inputs D0 thooagh INT. This eight
input sigmals are connected to the Ix13 header, as shown in Figurs 3-10. The remaining I'0s of the
1x13 header are a DC +3 3V (WCC33), a GND and 13 pins, which are connect directly fo the
Cyclope IV E device.

For more detailed informatien on the AT converer chip, please refer to ifs datashest which is
available on manufacturer’s website or under the /datasheet folder of the system CT0.
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