“I hereby declare that I have read through this report entitle Design and Modelling a Three-
Phase Grid-Connected Photovoltaic at Low Voltage Network and Its Performance Using
PSCAD Software and found that it has comply the partial fulfilment for awarding the degree

of Bachelor of Electrical Engineering (Industrial Power) with Honours”

Signature e
Supervisor’s Name 1 ......cooiiiiiiiiiiiiiiea

Date L e



DESIGN AND MODELLING A THREE-PHASE GRID-CONNECTED
PHOTOVOLTAIC AT LOW VOLTAGE NETWORK AND ITS PERFORMANCE
USING PSCAD SOFTWARE

NURUL NADIA BINTI AMINUDDIN

A report submitted in partial fulfilment of the requirements for the degree of

Bachelor of Electrical Engineering (Industrial Power) with Honours

Faculty of Electrical Engineering
UNIVERSITI TEKNIKAL MALAYSIA MELAKA

2017



I declare that this report entitle Design and Modelling a Three-Phase Grid-Connected
Photovoltaic at Low Voltage Network and Its Performance Using PSCAD Software is the
result of my own research except as cited in the references. The report has not been accepted

for any diploma and is not concurrently submitted in candidature of any other degree.

Signature e
Name L e

Date SN



To my beloved father, mother, family, lecturer and friends for their loving, understanding,

care and support in many aspects.



i

ACKNOWLEDGEMENT

I would like to express my heartily gratitude to my supervisor, Dr. Mohd Hendra Bin
Hairi for his guidance in understanding this project. Thanks to both panels for my project,
Dr. Aida Fazliana Bt Abdul Kadir and Dr. Loh Ser Lee. Thank you for your criticism and
suggestion for my project.

My appreciation also goes to my family members who has been so tolerant and
supports me all these years. Thanks for their guidance, encouragement, advice and emotional
supports that they had given to me along my way to prepare this project. I also wanted to
express my gratitude to my friends who help me during this time in need and for those who

help me during my preparation for this project.



i1

ABSTRACT

Solar photovoltaic generation system is one of distributed generation (DG) that can
generated electricity power to support load demand. Solar energy is the cleanest, sustainable
and environmentally friendly renewable energy. Environment in Malaysia is more suitable
for solar generation compared to wind generation since Malaysia receive sunlight for almost
10 hours a day besides wind speed in Malaysia is not enough to generate electricity. Since
the output of the PV generation need to connect with grid network, there could a few issues
occur. The issues that may occur including synchronization issue, overvoltage and
undervoltage issue, and stability issue. The aim for this project is to analyze the impact of
power generated by three-phase grid-connected photovoltaic system towards grid and load.
Power System Computer Aided Design (PSCAD) software was used to model the three-
phase grid-connected PV system. The flow of the three-phase grid-connected PV system was
illustrated in block diagram to summarize the actual circuit. The performance of three-phase
grid-connected photovoltaic system was analyzed based on several case studies which
includes the import and export of active and reactive power at point of common coupling
(PCC), impact of excessive power to support load demand without grid connection, effect
of generated power from PV model toward voltage impact at distribution network including
Microgrid and analysis of abnormal condition at PV model. From the case studies, it can be
concluded that voltage across load was affected by the amount of power generated from PV
model and capacity of the load. PV model also have a capability to export its generated
power to grid and load. Besides that, generated power from PV model must equal with load
demand to prevent undervoltage and overvoltage problem which can cause damage to
equipment. In Microgrid model, it can be conclude that by connecting the PV model to the
furthest load from utility grid can improves its voltage profile. Lastly, different types of fault
give different amount of fault current. Three-phase fault will provide the highest fault current
in the system and amount of generated power from PV model also can affect the amount of
fault current in a system. As conclusion, three-phase grid-connected photovoltaic system

that have been modelled able to be used in completing the case studies.
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ABSTRAK

Sistem solar fotovolta (PV) merupakan salah satu sistem penjanaan kuasa teragih
(KT) yang berupaya menjana kuasa elektrik bagi memenuhi permintaan pengguna. Tenaga
solar merupakan satu tenaga yang boleh diperbaharui yang bersih, mampan dan mesra alam.
Keadaan negara Malaysia lebih sesuai menggunakan tenaga solar untuk menjana tenaga
elektrik berbanding tenaga angin kerana Malaysia menerima cahaya Matahari sekurang-
kurang 10 jam dalam sehari. Hasil keluaran sistem penjanaan solar perlu disambungkan ke
grid pembahagian dan ini mungkin akan menimbulkan beberapa masalah. Antara masalah
yang mungkin timbul adalah masalah ketidakserasian antara sistem fotovolta dan grid,
masalah lebihan dan kekurangan voltan pada beban dan juga masalah kestabilan sistem
apabila berlakunya gangguan. Tujuan utama projek ini dilakukan adalah untuk menganalisis
kesan penjanaan kuasa dari sistem solar fotovolta tiga fasa terhadap grid dan juga beban.
Perisian PSCAD digunakan untuk membuat model sistem solar fotovolta tiga fasa. Beberapa
kajian kes dijalankan untuk menganalisis keupayaan sistem iaitu import dan eksport kuasa
di titik sambungan (TS) grid, sistem fotovolta, dan beban, kesan kuasa berlebihan untuk
menampung beban tanpa penyambungan grid, kesan jumlah kuasa yang dijana oleh sistem
fotovolta terhadap voltan dibeban termasuk dengan menggunakan model Microgrid dan
yang terakhir adalah analisis terhadap gangguan yang berlaku pada sistem fotovolta.
Berdasarkan kajian kes yang dijalankan, model fotovolta mampu mengeksport kuasa yang
dihasilkan kepada grid dan juga beban. Selain itu, jumlah kuasa dari model fotovolta
haruslah sama dengan jumlah beban bagi mengelak berlakunya masalah lebihan atau
kekurangan voltan. Profil voltan dalam model Microgrid boleh diperbaiki dengan
menyambungkan model fotovolta dengan beban yang paling jauh dari grid. Beban yang
paling jauh mempunyai kejatuhan voltan yang paling tinggi. Akhir sekali, jenis gangguan
yang berbeza menghasilkan jumlah arus gangguang yang berbeza. Gangguan tiga fasa
menghasilkan arus yang paling tinggi dan jumlah kuasa dari model fotovolta juga
mempengaruhi jumlah arus gangguan. Kesimpulannya, sistem solar fotovolta tiga fasa yang

dimodel mampu berfungsi dengan baik untuk melengkapi kajian yang dijalankan.



TABLE OF CONTENTS

CHAPTER TITLE

ACKNOWLEDGEMENT

ABSTRACT

ABSTRAK

TABLE OF CONTENTS

LIST OF TABLES

LIST OF FIGURES

LIST OF APPENDICES

1 INTRODUCTION

1.1 Background

1.2 Problem Statement

1.3 Objectives

1.4 Scope of Project

2 LITERATURE REVIEW

2.1 Three-Phase Grid-Connected Photovoltaic System

2.2 Components of Three-Phase PV System
2.2.1 PV Array
2.2.2  Three-Phase Inverter
2.2.3 Insulated-Gate Bipolar Transistor (IGBT)
2.2.4 Pulse Width Modulation (PWM)
2.2.5 Phase Locked Loop (PLL) Controller
2.2.6 Proportional-Integral (PI) Controller
2.2.7 ABC to DQ Converter
2.2.8 Filter

2.3 Power Flow Between Two Buses

2.4 Behaviors of Three-Phase PV System
2.4.1 Normal Condition

PAGE

i
il

v

viil

X

0 - O L L bR R W W N = = B
E.

e e e e e
LN O A WD = O



242

Abnormal Condition

2.4.2.1 Single Line-to-Ground Fault
2.4.2.2 Double Line-to-Ground Fault
2.4.2.3 Line-to-Line Fault

2.4.2.4 Three-Phase Fault

DESIGN AND MODELLING THREE-PHASE PV SYSTEM

3.1 Introduction

3.2 Flow of Project
3.3 Block Diagram of Three-Phase Grid-Connected PV System
3.4 Detailed Components in Three-Phase Grid-Connected PV

System

34.1
342
343
3.4.4
3.4.5
3.4.6
3.4.7
34.8

PV Arrays

Inverter Model

Pulse Width Modulation (PWM)
Phase Locked Loop (PLL)
Proportional-Integral (PI) Controller
ABC to DQO Converter

Filter

Microgrid Network Model

3.5 Gantt Chart
RESULT AND DISCUSSION

4.1 Introduction

4.2 Case Studies of Condition to Import and Export Output of

Active and Reactive Power at Point of Common Coupling

(PCC)

4.2.1

422

423

Case 1: PV Model Set to Have Priority to Supply
Constant Active Power

Case 2: The PV Model Set to Supply Constant
Complex Power

Discussion

4.3 Case Studies for Impact of Excessive Power to Support

Load Demand without Grid Connection

17
17
18
19
20
22
22
22
25
26

26
27
27
28
29
30
31
31
33
34
34
34

34

35

37
41

vi



4.3.1 Case 1: Power Generated by PV at Each Phase <
Load Demand

4.3.2 Case 2: Power Generated by PV at Each Phase =
Load Demand

4.3.3 Case 3: Power Generated by PV at Each Phase >
Load Demand

4.3.4 Discussion

4.4 Case Studies for the Effect of Generated Power at PV Model

against Voltage Impact at Low Voltage Distribution

Network

4.4.1 Case 1: Effect on Voltage Profile for Light Load

4.4.2 Case 2: Effect on Voltage Profile for Heavy Load

4.4.3 Case 3: Find Optimum Connection Point of Voltage
Profile and Voltage Drop at Each Bus on the
Microgrid Model

4.4.4 Discussion

4.5 Case Studies for Abnormal Condition at PV Model

4.5.1 Case 1: Single Line to Ground (SLG) Fault at
Modelled Circuit

4.5.2 Case 2: Double Line to Ground (DLG) Fault at
Modelled Circuit

4.5.3 Case 3: Three-Phase Fault at Modelled Circuit

4.5.4 Discussion

5 CONCLUSION AND RECOMMENDATION

REFERENCES
APPENDICES

vil

41

41

43

44
46

47
48
49

50
53
53

55

56

57

62

64
66



viil

LIST OF TABLES

TABLE TITLE PAGE
2-1 Comparison between IGBT, MOSFET and BJT 8
3-1 Project Gantt Chart 33



LIST OF FIGURES

FIGURE TITLE

2-1
2-2
2-3
2-4
2-5
2-6
2-7
2-8
2-9
2-10
2-11
2-12
2-13
2-14

2-15
2-16
2-17
2-18
2-19
2-20

2-21
2-22
2-23
2-24

Basic Diagram for Three-Phase Grid-Connected PV System
Structure of Solar Cell

The Circuit for Three-Phase Inverter

Switching Sequence for Three-Phase Inverter

Symbol of IGBT

The References and Carrier Signal for Three-Phase PWM Inverter
The Output of PWM Three-Phase Inverter

Block Diagram for Synchronization of PLL

Basic Block Diagram for Proportional-Integral (PI) Controller
Clarke and Park Transformation

Configuration of LCL Filter

Connection of Synchronize Generator to Infinite Bus

Phasor Diagrams of Synchronize Generator

Output Voltage, Current and Power of PV Arrays for Normal
Condition

Output Voltage of Inverter and Grid during Normal Condition
Output Voltage and Current from Grid during Normal Condition
Circuit for Single Line-to-Ground Fault Condition

Output Voltage and Current during SLG Fault

Circuit for Double Line-to-Ground Fault Condition

Output Voltage and Current for Grid and Inverter during Fault
Condition

Circuit for Line-to-Line Fault Condition

Output Voltage and Current for Grid during Line-to-Line Fault
Circuit for Three-Phase Fault Condition

Output Voltage and Current of Inverter for Three-Phase Fault

Condition

X

PAGE

O 0 9 9 N

—_
—_

12
14
14
15
16

16
17
18
18
19
19

20
20
21
21



FIGURE TITLE PAGE

3-1 Flow of the Project 24
3-2 Block Diagram for Three-Phase Grid-Connected PV System 25
3-3 Modelled DC Power Source 26
3-4 Modelled Three-Phase Inverter 27
3-5 Modelled PWM Output for Inverter Switching 28
3-6 Modelled PLL used for Three-Phase Grid-Connected PV System 28
3-7 Modelled Circuit for Power Controller 29
3-8 Modelled Circuit for Current Controller 29
3-9 Block Diagram from Current Controller and Power Controller 30
3-10 ABC to DQO Converter used in Modelled Circuit 30
3-11 Developed LCL Filter Circuit 31
3-12 Microgrid Network Model 32
4-1 PV Model Have Priority to Supply Constant Active Power 35
4-2 Result for Export and Import of Active and Reactive Power with 35

120kW Injected Active Power

4-3 PV Model Have Priority to Supply Constant Apparent Power 36

4-4 Result for Export and Import of Active and Reactive Power with 36
120kW+j60kVar Apparent Power

4-5 Inverter Export Active Power to Load and Grid, Load Import 37

Reactive Power from Grid

4-6 Load Import Active Power from Inverter and Grid, Load Import 38
Reactive Power from Grid

4-7 Inverter Export Active and Reactive Power to Grid and Load 38

4-8 Inverter Export Active Power to Load and Grid, Load Import 39
Reactive Power from Grid and Inverter

4-9 Load Import Active Power from Inverter and Grid, Inverter Export 40

Reactive Power to Load and Grid

4-10 Load Import Active and Reactive Power from Grid and Inverter 40
4-11 Circuit Connection of PV and Load without Grid Connection 41
4-12 Result for Condition of Power Generated by PV Less Than Load 42

Demand



X1

FIGURE TITLE PAGE

4-13 Result for Condition of Power Generated by PV Equal to Load 43
Demand

4-14 Result for Condition of Power Generated by PV Higher Than Load 44
Demand

4-15 Flow of Power from Grid and PV Model to Support Load 46

4-16 Circuit Connection of Micro-Grid Network with Grid Connected 47
to System

4-17 Percentage of Voltage Increment for Light Load 48

4-18 Percentage of Voltage Increment for Heavy Load 49

4-19 Voltage Profile for Different Point of Connection in Microgrid 50
Model

4-20 Phasor Diagram for Voltage Increment Using Light Load. 51

4-21 Phasor Diagram for Voltage Increment Using Heavy Load. 51

4-22 Summary of Comparison between Case 1 and Case 2 52

4-23 Connection of Circuit with Single Line to Ground Fault at Phase A 54

4-24 Output Fault Voltage and Current Waveform of Single Line-to- 54
Ground Fault for 30kW Generated Power

4-25 Circuit connection for Double Line to Ground Fault 55

4-26 Output Fault Voltage and Current Waveform of Double Line-to- 56
Ground Fault for 30kW Generated Power

4-27 Circuit Connection for Three-Phase Fault 56

4-28 Output Fault Voltage and Current Waveform of Three-Phase Fault 57
for 30kW Generated Power

4-29 Single line-to-ground Fault at Phase A 58

4-30 Double Line to Ground Fault at Phase A and Phase B 59

4-31 Output of fault Voltage and Current for Three Phase Fault 60

4-32 Summary for Different Types of Fault with 120kW Power 61

Supplied to Inverter



LIST OF APPENDICES

APPENDIX TITLE

A
B
C

Proposed Three-Phase Grid-Connected Photovoltaic System
Microgrid Network Model

Proposed Three-Phase PV Model Connected with Microgrid
Network

Calculation for Line Impedance in Microgrid Network Model
Datasheet of PVC Insulated Distribution Cable (BS6346:1989)
600/1000V

Output Waveforms for Case Studies of Abnormal Condition

xii

PAGE
66
68
69

70
71

72



CHAPTER 1

INTRODUCTION

1.1  Background

Electrical power network is a system that consist of several electrical component that
are able to produce electrical power. There are three major sections in electrical power
network which are generation, transmission, distribution and end users. Generation side will
generates voltage from generating plant and the voltage is then step up and transmitted to
distribution network. At distribution side, the voltage will be stepped down before distribute
to end users. End users include large customer (factory), medium customer (business) and
small customer (residential) [1].

Distributed Generation (DG) system also known as embedded system and it is a small
scale electricity power generation technologies that produce electricity at site close to load
or customers. Distributed generation can be a single structure or part of a Microgrid. DG can
be classified as Microgrid when a smaller grid tied into the larger electricity delivery system.
There are several DG that has been used for generation such as solar photovoltaic system,
wind turbines, biomass combustion and combined heat and power (CHP) systems. DG was
is one of alternative to produce electricity as it is convenient to avoid transmission and
distribution losses. DG also requires lower cost to build the infrastructure as it is in small
size. Besides that, DG technologies can produce near-zero or zero pollution [2].

Solar PV system is one of distributed system that was used to generate electricity.
Compared to other renewable energy, solar energy is more suitable to be implemented in
Malaysia since Malaysia receives direct sunlight approximately 10 hours a day. For solar
irradiance between 800 W /m? and 1000 W /m?, Malaysia receives approximately 6 hours
a day. Besides that, solar energy system is more environmentally friendly as it does not
produce any pollution during operation and require low maintenance. However, the
installation of PV technologies requires higher cost as it is long lasting renewable energy

technology [3]. Solar panels which is used to absorb solar energy can be mounted anywhere



as long as it facing the sun and the angle of solar panel is important in order to receive 100%
sunlight.

Photovoltaic arrays produce electricity once it is exposed to sunlight. Basically, solar
energy that is collected by photovoltaic arrays is in DC form and will be converted into AC
form using inverter. The electron that are freed by solar energy can be induced to travel
through an electrical circuit, powering electrical devices or sending electricity to the grid [4].
Three-phase inverted was required to convert the DC electricity produced onto AC form
before connect to grid. Switching mechanism that was use in the inverter is Insulated-Gate
Bipolar Transistor (IGBT) because IGBT is a minority-carrier device with high input
impedance and high current-carrying capability. Due to its bipolar output characteristics,
IGBT also suitable to scale in current handling capability at higher voltage levels [5]. Each
phase from solar PV system is 240V with 50H;which will be connected to three-phase grid

network.

1.2 Problem Statement

Distributed Generation (DG) system also known as embedded system and it is a small
scale electricity power generation technologies that produce electricity at site close to load
or customers. Solar PV system is one of distributed generation system that was used to
generate electricity. PV generation system can be connected with grid network and this
might lead to several issues such as synchronization issue, overvoltage and undervoltage
issue, and stability issue. Synchronization issue occur when frequency, magnitude of voltage
and phase angle from PV model are not same with grid network. The failure to follow this
requirement could damage the equipment connected with the system. Besides that,
overvoltage issue occur when voltage across load is higher than 5% allowable tolerance
limit. This is due to the power generated by PV model that exceed the load demand.
Insufficient power supply from grid can cause undervoltage problem as voltage across load
is below 230V. This problem can occur especially at the load that was connected the furthest
from grid network. Lastly, stability of the system can be affected by the occurrence of fault
in the system. There are several types of fault that can occur in three-phase grid-connected
photovoltaic system which are single line-to-ground (SLG) fault, double line-to-ground
(DLG) fault and three-phase fault. Equipment can be damage if there is no protection in the

system. Objectives for this project was developed in order to know the possible



consequences from the following problem towards three-phase grid-connected photovoltaic
system. In future development of PV model, suitable protection device can be choose based

on the results from this project.

1.3 Objectives

This project should fulfil the following objectives:

e To design and model a three-phase grid-connected photovoltaic system and
Microgrid model using PSCAD software.

e To examine the impact of power generated by three-phase grid-connected
photovoltaic system towards grid and load using PSCAD software based on case
studies which includes:

i.  Import and export of active and reactive power at point common of coupling
(PCC).
ii.  Impact of excessive power to support load demand without grid connection.
mii.  Effect of generated power from PV model toward voltage impact at
distribution network including Microgrid.
iv.  Stability of system — using single line-to-ground (SLG) fault, double line-to-
ground (DLG) fault and three-phase fault.

1.4 Scope of Project

The scope of project are:
1. Designing and modelling of three-phase grid-connected photovoltaic system at low
voltage network to reduce losses at load side using PSCAD software.
ii.  The effect of injected power at point of common coupling (PCC).

1ii.  Abnormal condition occur at the photovoltaic model only.



CHAPTER 2

LITERATURE REVIEW

2.1  Three-Phase Grid-Connected Photovoltaic System

Solar energy is the cleanest, sustainable and environmentally friendly renewable
energy. In generating electricity using solar energy, there are two different ways which is
using solar collector and using photovoltaic system. Photovoltaic system can be use either
as stand-alone or grid-connected system. Stand-alone PV generation system requires battery
as energy storage while grid-connected PV system doesn’t need battery since power is
normally stored in the grid itself. Grid-connected PV system can reduce the dependencies
on utility power and increase renewable energy production. Solar PV panel can be mounted
anywhere as long as it can receive sunlight. Since PV system is classified as DG, it helps
grid network to support active loads. If the PV system produced electricity more than
demand, the excessive power will automatically flow to the grid. The main disadvantages of
battery-less grid-connected PV system is the PV system will be affected by the failure occur
at grid. When there is no power from grid, so does the PV system. So, consumers are not
able to use output of PV system when grid is not operational [6].

Photovoltaic arrays are made of semiconductors that allow sunlight to be converted
directly into electricity. The electron that was freed by solar energy can be induces to travel
through an electrical circuit, powering electrical devices or sending electricity to the grid.
The electricity produced by these arrays is in DC form. Since it will be connected with grid,
an inverter is needed as power conversion in order to convert electricity from DC form into
AC form. Besides that, power electronics inverter also function as interconnection and
control optimization. In order to get proper grid synchronization, the output of the inverter
which is voltage, frequency and phase angle must be properly sinusoidal [7].

Three-phase grid-connected PV system is able to support grid by supplying three-
phase power to consumers. This distributed generation system also able to reduce losses in

distribution network. This system requires three-phase PWM inverter that will convert the



DC power generated by PV panels into AC form. In order to obtain the desired performance
and allow the system operates in stable condition, proper controller through inverter need to
be implemented [8]. Three-phase PWM inverter will compare the reference wave of the
system with triangular square wave. The amplitude of the output is determined by amplitude
of the reference and carrier wave. Isolated transformer is used to isolate the output of inverter
which is suitable for three-phase system [9]. Figure 2-1 shows the basic diagram for three-

phase grid-connected PV system.

Figure 2-1: Basic Diagram for Three-Phase Grid-Connected PV System.

2.2  Components of Three-Phase PV System
2.2.1 PV Array

PV array is one of the most important part in photovoltaic system. In PV array, there
are solar cells which is use to absorb the solar energy. Solar cell is made from semiconductor
material and it comes in various sizes. Silicon is one of material that is use as solar cell. Solar
cells have two different layer of silicon which is known as n-type and p-type. The silicon
atoms will absorb some light and the lights energy knocks some electrons out of the atoms
which is then flows between the two layers. The excess electrons from n-type region will
diffuse with holes from p-type region and vice versa. The depletion region will be form as
the movement of electrons to p-type region produce positive ion in the n-type region while
movement of holes to n-type region produce negative ion in p-type region. This process will
produce power in DC form. Only light with right wavelength will be absorbs by solar cells

and transform into electricity power [4]. Figure 2-2 shows the structure of solar cell.



Figure 2-2: Structure of Solar Cell.

2.2.2 Three-Phase Inverter

Three-phase inverters are used for converting DC voltage and current into AC form.
Since this system use PV solar, an inverter is needed in order to allow it connect with grid.
There are three single-phase inverter switches each connected to one of the three load
terminal in basic three-phase inverter. Operation of three switches is coordinated in basic
control scheme (S3,S,), (S3,S¢), (Ss, S2) which means one switch will operates at each 60
degree point of the fundamental output waveform [9]. Figure 2-3 shows the circuit for three-

phase inverter.

Figure 2-3: The Circuit for Three-Phase Inverter.

Each pair of switch must turned on at different time in order to allow the current flow
through all phases. If both switch in each pair is turned on at the same time as short circuit
will be occur in the system [9]. Figure 2-4 shows the switching sequence for three-phase

inverter.
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Figure 2-4: Switching Sequence for Three-Phase Inverter.

2.2.3 Insulated-Gate Bipolar Transistor (IGBT)

Insulated-Gate Bipolar Transistor (IGBT) is three-terminal semiconductor switch
that was used as to control electrical energy in three-phase inverter. IGBT consists of three-
terminal which is labelled as emitter ‘E’, collector ‘C’ and gate ‘G’. IGBT have combination
properties from Metal-Oxide Semiconductor Field-Effect Transistor (MOSFET) and Bipolar
Junction Transistor (BJT) [10]. Figure 2-5 shows the symbol of IGBT.

Figure 2-5: Symbol of IGBT.

IGBT is voltage-controlled device with maximum voltage rating equal to 3.5kV and
2kA maximum current rating. IGBT have high switching frequency which is up to 30 kHz
compared to MOSFET and BJT. Since IGBT is a voltage-controlled device, small voltage
on the gate is required to maintain the conduction through the device [11]. Table 2-1 shows

the comparison between IGBT, MOSFET and BJT switching device.



Table 2-1: Comparison between IGBT, MOSFET and BJT.

Characteristics IGBT MOSFET BJT
Control Variable Voltage Voltage Current
Max. Voltage Rating 3.5kV 1kV 1.5kV
Max. Current Rating 2kA 150A 1kA
Switching Frequency | High (up to 30kHz) | Very High (up to IMHz) | Medium (10kHz)

2.2.4 Pulse Width Modulation (PWM)

There will be disturbance in each electrical system which is also known as harmonics
distortion. Using Pulse Width Modulation (PWM) and filter is one of the way to reduce the
harmonic distortion. PWM can be divided into two types which are bipolar PWM and
unipolar PWM [9]. In three-phase grid-connected PV system, PWM three-phase inverter can
be used. Harmonics will be at higher frequencies than square wave for unfiltered PWM
output. This will make filtering process easier. In PWM, modulating waveform can control
the amplitude of output voltage. Modulating waveform which is in sinusoid is used to control
the switches for PWM output while carrier wave which is in triangular wave is used to
control the switching frequency [10]. Figure 2-6 shows the references and carrier signal for

three-phase PWM inverter.

Figure 2-6: The References and Carrier Signal for Three-Phase PWM Inverter.

By using PWM in the three-phase inverter system can reduced the filter requirement
and control the output of the voltage amplitude. But, PWM can make the control circuit for
switches become more complex. Since it have six switching mechanisms which operate in
pair. Each pair of switches require difference reference signal. For balanced three-phase
output, the three reference signals are 120° apart. The condition of each switch in the inverter

are as follow [10].



S; is on when v, > v,
S, 1s on when vc, < v,
S5 is on when v, > v,
Se 1s on when v, < v,
S5 is on when v, > v,
S, is on when v, < v,

Pair of Sy, S, is used for phase A while S,, Sg and S,, S5 used for phase B and phase
C. The phase voltage for phase A, phase B and phase C are shown in (2.1) when S, S5 and Sg
in close condition. All the phase voltage will become negative for opposite condition of
switch which means §4, Sg and S, in close condition as shown in (2.2). The output of three-
phase inverter was shown in Figure 2-7 [10].

Vi
Vabc,n = > (2.1)

_4 (2.2)

Vabc,n =73

Figure 2-7: The Output of PWM Three-Phase Inverter.

PWM output voltage has same fundamental frequency with reference signal in
Fourier series. Frequency modulation, ms is a ratio of frequency of carrier signal and

frequency of modulating signal. Formula used to calculate the frequency modulation was



