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ABSTRACT

This work aimed at designing and implementation of Shunt Active Power Filter (SAPF) for
power quality improvement through harmonic reduction. The current harmonics are being caused
by nonlinear characteristic of power electronics based equipments which increase power losses
and in turn reduce power quality. This work employed a three phase three wire shunt active
power filter implemented by simulation in MATLAB/Simulink for harmonic reduction.
Synchronous Reference Frame (SRF) was used as a control strategy and for reference harmonic
current generation and Space Vector Pulse Width Modulation (SVPWM) was adopted as current
controller for switching signal generation of VVoltage Source Inverter (VSI). With RL load under
balanced voltage condition, the developed SAPF-SVPWM achieved a reduction of Total
Harmonic Distortion (THD) of 0.91% as compared to 0.92% with Fuzzy Logic Pulse Width
Modulation. In addition, the developed SAPF- SVPWM model was compared with SAPF
without compensation using RL load under unbalanced voltage and the result shows that the
developed SVPWM achieved reduction in THD from 26.68% to 1.74 % after and before
compensation. All the results obtained are within IEEE 519 harmonics standard (i.e. THD less
than 5%) with nonlinear load under balanced and unbalanced voltage. The result also shows an
improvement of 1.087% with RL load under balanced voltage. This confirmed the effectiveness

of the SAPF in harmonics reduction.

Vi



TITLE PAGE
DECLARATION
CERTIFICATION
DEDICATION
ACKNOWLEDGEMENT

ABBREVIATIONS

ABSTRACT

TABLE OF CONTENTS
LIST OF FIGURES
LIST OF TABLES

LIST OF APPENDICES

LIST OF SYMBOLS

1.1 Background

1.2 Significance of Research

1.3 Statement of Problem

1.4 Aim and Objectives

2.1 Introduction

TABLE OF CONTENTS

CHAPTER ONE: INTRODUCTION

CHAPTER TWO: LITERATURE REVIEW

2.2 Review of Fundamental Concepts

2.2.1 Power Quality

Vii

Vi

vii

Xiv

Xiv

XV



2.2.2 Waveform Distortion
2.2.3 Filters
2.2.4 Shunt Active Power Filter Parameters Design Approach
2.2.5 Harmonics Current Extraction Strategies
2.2.6 Control Strategies in SAPF
2.3 Review of Similar Works
CHAPTER THREE: METHODOLOGY
3.1 Introduction
3.2 Methodology
3.3 Selection of Shunt Active Power Filter Design Parameters
3.3.1 Selection of DC Reference Voltage
3.3.2 Selection of Coupling Inductor
3.3.3 Selection of DC Side Capacitor
3.4 Modeling of Shunt Active Power Filter in d-q

3.4.1 Control in Synchronous Frame Reference (d-q)
3.4.2 DC Bus Control Using Pl
3.5 Design of Space Vector Pulse Width Modulation (SVPWM)

3.5.1 Determination ofV ,V_,V,; and Angle «

ref
3.5.2 Determination of Time DurationT,, T,and T,

3.5.3 Determination of Switching Time of Each Transistor

viii

11

15

21

24

25

34

41

41

42

43

43

43

44

47

48

50

50

52

55



CHAPTER FOUR: RESULTS AND DISCUSSION

4.1 Introduction
4.2 Output Waveform of SVPWM with SAPF

4.3 SAPF with Balanced Voltage

4.3.1 Waveform of RL Load before Compensation

4.3.2 Waveform of RL Load after Compensation with SVPWM

4.3.3 Result of FFT Analysis of RL Load before Compensation

4.3.4 Result of FFT Analysis of RL Load after Compensation with SVPWM
4.3.5 Waveform of RC Load before Compensation

4.3.6 Waveform of RC Load after Compensation with SVPWM

4.3.7 Result of FFT Analysis of RC Load before Compensation

4.3.8 Result of FFT Analysis of RC Load after Compensation with SVPWM

4.4 SAPF with Unbalanced Voltage

4.4.1 Waveform of RL load before compensation

4.4.2 Waveform of RL Load after Compensation with SVPWM

4.4.3 Result of FFT Analysis of RL Load before Compensation

4.4.4 Result of FFT Analysis of RL Load after Compensation with SVPWM
4.4.5 Waveform of RC Load before Compensation

4.4.6 Waveform of RC Load after Compensation with SVPWM

4.4.7 Result of FFT Analysis of RC Load before Compensation
4.4.8 Result of FFT Analysis of RC Load after Compensation with SVPWM

59

59

60

60

61

62

62

64

64

66

66

68

68

69

70

70

72

72

74
74



CHAPTER FIVE: CONCLUSION AND RECOMMENDATION
5.1 Conclusion
5.2 Limitation
5.3 Significant Contributions
5.4 Recommendations

REFERENCES

76

76

76

77

78



Figure 2.1:
Figure 2.2:
Figure 2.3:
Figure 2.4:
Figure 2.5:
Figure 2.6:
Figure 2.7:
Figure 2.8:
Figure 2.9:
Figure 2.10

Figure 2.11

Figure 2.12:
Figure 2.13:
Figure 2.14:
Figure 2.15:
Figure 2.16:
Figure 2.17:
Figure 2.18:
Figure 2.19:

Figure 2.20:

Figure 3.1:

Figure 3.2:

LIST OF FIGURES
Over voltage Waveform
Under voltage Waveform
Voltage interruption Waveform
Voltage fluctuations waveform
Unbalanced in Three Phase System Waveform
Voltage waveform during voltage sag
Voltage Spike Waveform
Voltage swell waveform
Harmonic waveform
: Passive Shunt Filter Block Diagram
: Series Active Power Filter Diagram
Hybrid Active Power Filter Diagram
Basic Configuration of a SAPF Block Diagram
Shunt Active Filter Block Diagram
Compensating Power Exchange between the Grid and Shunt APF
Triangular Carrier Pulse Width Modulation Waveform
Space Vector Representation Diagram
Three Phase Inverter Block Diagram
Switching Configuration of a Three-Phase Inverter
Space Vectors of Three-Phase Bridge Diagram
A 3-ph, 3-wire SAPF connected to the grid and load at PCC

Block Diagram of Principle of the Synchronous Reference Method

xi

10

10

11

16

17

18

19

20

21

27

29

30

30

31

42

45



Figure 3.3: Direct Control by PI Controllers in the Synchronous Reference

Figure 3.4: Current Controllers in Synchronous Reference Block Diagram

Figure 3.5: DC Voltage Control Loop Block Diagram

Figure 3.6: Voltage Space Vector and its Components in (D- Q)

Figure 3.7: Reference Vector as a Combination of Adjacent Vectors at Sector 1
Figure 3.8: Space Vector PWM Switching Patterns at each Sector

Figure 3.9 Flow chart for SVPWM implementation

Figure 3.10 SVPWM based current control scheme for generating switching pulses
Figure 4.1: Output Switching Pulse of SVPWM at 20 KHz

Figure 4.2: Waveforms of RL Load: Source Voltage (Vs), Source Current before

Compensation

Figure 4.3: Simulation Waveform of RL Load with SVPWM: Source Voltage (Vs),
Source Current (Is) after Compensation, Compensation Current (Ic) and

DC Bus Voltage (Vo).

Figure 4.4: FFT Analysis of Source Current (Is) with RL Load before Compensation

Figure 4.5: FFT Analysis of the Source Current (Is) after Compensation with

SVPWM for RL Load

Figure 4.6: Waveforms of RC Load: Source Voltage (Vs), Source Current before
Compensation

Figure 4.7: Simulation Waveform of RC Load with SVPWM: Source Voltage (Vs),
Source Current (Is) after Compensation, Compensation Current (Ic) and

DC Bus Voltage (Vqc).
Figure 4.8: Waveforms of RC Load: Source Voltage (Vs), Source Current before

Compensation

xii

47

48

49

51

52

55

S7

58

59

60

61

63

64

65

66



Figure 4.9: FFT Analysis of the Source Current (Is) after Compensation with
SVPWM for RC Load

Figure 4.10: Waveforms of RL Load under Unbalanced Voltage:
Source Voltage (Vs), Source Current before Compensation

Figure 4.11: Simulation Waveform of RL Load with SVPWM Under Unbalanced
Voltage: Source Voltage (Vs), Source Current (Is) after Compensation,
Compensation Current (Ic) and DC Bus Voltage (Vqc).

Figure 4.12: FFT Analysis of the Source Current (Is) before Compensation with
SVPWM for RL Load Unbalanced Voltage

Figure 4.13: FFT Analysis of the Source Current (Is) after Compensation with
SVPWM for RL Load under Unbalanced Voltage

Figure 4.14: Waveforms of RC Load under Unbalanced Voltage: Source Voltage (Vs),
Source Current before Compensation

Figure 4.15: Simulation Waveform of RC Load with SVPWM under Unbalanced
Voltage: Source Voltage (Vs), Source Current (Is) after Compensation,
Compensation Current (Ic) and DC Bus Voltage (Vqc).

Figure 4.16: FFT Analysis of the Source Current (Is) before Compensation with
SVPWM for RC Load under Unbalanced Voltage

Figure 4.17: FFT Analysis of the Source Current (Is) after Compensation with
SVPWM for RC Load under Unbalanced Voltage

Xiii

67

68

69

70

71

72

73

74

75



LIST OF TABLES
Table 2.1 Space Vectors, Switching States, and On State Switches

Table 2.2: Parameters of the a Switching Vectors, Phase Voltages and Output Line to
Line Voltages

Table 3.1: SAPF Parameters (Suleiman et al., 2017) for Balanced Voltage

Table 3.2: Switching Time Calculation at Each Sector

Table 4.1: Summary of Results of Balanced Voltage System with SAPF

Table 4.2: Summary of Results of RL Non Linear Load with Unbalanced
Voltage System with SAPF

LIST OF APPENDICES

APPENDIX A

Simulink Models of SAPF

Simulink Models of SVPWM

Xiv

32

33

43

56

67

75

83

83

83



Cac
Ma
Ve
Vdcref

o
Ly
0

f

LIST OF SYMBOLS
DC link capacitor
Amplitude modulation ratio
dc link voltage
Reference dc link voltage
Angular frequency of the output voltage
Shunt interfacing inductor
Grid impedance angle
Fundamental frequency
Inverter output voltage
Source current
Shunt active filter compensation current
Currents in synchronous reference frame
Currents in the a-f frame
Voltages in the a-p frame

Voltages in the d-q frame

XV



CHAPTER ONE

INTRODUCTION

1.1 Background

Power quality is greatly influenced by nonlinear loads such as power electronics equipment,
electrical drives, compact fluorescent lamp, oven among others which inject harmonics into
distribution system (Abhijit & Kompelli, 2016; Chennia & Benchouia, 2011; Soomro et al.,
2015: Umar, 2017). Therefore, as electric power is generated, distributed and utilized, voltage
and current waveforms distortions are produced. These distortions are known as harmonics, and
thereby cause changes in the electrical nature of the current and voltage of the power supply.
Harmonics degrade power quality by increasing Total Harmonic Distortion (THD) and reactive
power consumption lead to poor power factor, voltage flicker, bad voltage regulation, voltage
sags and swells (Suresh & Anup, 2011; Suleiman et al., 2017; Akash et al., 2016). It also leads to
significant economic losses due to fact that some electrical equipments are sensitive to power

quality problem (Suleiman et al., 2017).

Passive power filter is a traditional restraint harmonic mitigation method; because it is limited in
its ability to reduce harmonic current in the distribution system. Passive power filter also suffers
many drawbacks such as heavy weight and bulky sizes, series and parallel resonance with system
impedance (Abhijit & Kompelli, 2016; Chennia & Benchouia, 2011; Sindhu et al., 2015;
Suleiman et al., 2017; Varaprasad & Siva, 2014; Naresh & Prabhat, 2012). Passive filter
(combination of capacitor and inductor) were used to mitigate the Power Quality (PQ) problems.

This approach was extensively used in High Voltage Direct Current transmission (HVDC) for



filtering the harmonics on AC and DC sides. However, this approach is not suitable at the

distribution level as passive filter can only correct specific load condition (Soomro et al., 2015)

In recent times Active Power Filters (APF) were introduced and accepted as one of the most
common compensation method. APF are switch mode power electronics converters that injects
harmonics current in equal and opposite phase at point of common coupling (PCC) so that utility
need to supply only the distortion free currents (Saravanan & Balachrishnan, 2014; Sindhu et al.,
2015; Akash et al., 2016; Niklesh & Sandeep, 2017). There are three types of active power filter
(APF) which are shunt, series and hybrid which is the combination of active and passive filter
(Soomro et al., 2015). The effectiveness of shunt active power filter (SAPF) depends on the
methods used to obtain the reference current, current controller, power inverter topology and
DC-link voltage (Venkata et al., 2014; Chennia & Benchouia, 2014; Akash & Mukund, 2015;

Ali et al., 2015; Suleiman et al., 2017).

There are many control scheme for reference current generation and harmonics extraction
techniques that have been used for improving the steady state and dynamic performance of APF,
such as synchronous reference frame (d-g-0) theory, instantaneous real-reactive power (p-q)
theory, modified instantaneous (p-q) theory, flux-based controller, notch filter and Artificial
Neural Network (ANN) techniques (Zahira & Peer, 2011; Narsesh & Prabhat, 2012; Chelli et al.,
2015). Instantaneous power theory is widely used in different research work; this technique
provide good results under different voltage source conditions but present some drawbacks such
as much calculation which necessitates complex mathematical transformation and difficult
implementation in practice (Chennia & Benchouia, 2011; Chelli et al., 2015). Synchronous

Reference Frame (SRF) theory is commonly used in three phase system for reference current



generation from the load current and this due because of its simplicity, easy implementation,

accuracy and dynamics response (Abhijit & Kompelli, 2016).

Similarly, various current control methods such as hysteresis, triangular wave control, dead beat
control, Space vector pulse width modulation among others have been presented in the literature
(Naresh & Prabhat, 2012). Space Vector Pulse Width Modulation (SVPWM) is a more
sophisticated, advanced, computation intensive technique for generating sine wave that provides
a higher voltage with lower total harmonic distortion and is one of the best among all the pulse
width modulation techniques because of advantages of low switching loss, wide range of
modulation index and less harmonics distortion. SVPWM technique also utilizes the DC bus
voltage more efficiently when compared with the other techniques (Phuong 2012).

1.2 Significance of Research

The significance of this research is the development of a shunt active power filter based
SVPWM techniques for switching pulse generation to mitigate the load current harmonic cause

by non linear loads under balanced and unbalanced input voltage condition.

1.3 Problem Statement

Harmonic generation is undesirable outcome of industrial electronic devices and non-linear
loads. The harmonics in the system induce several undesirable issues; such as increased heating
in transformers, low power factor, and voltage drop across the network impedance (Akash et al.,
2016).

Shunt active power filter has proven to be the best for both harmonics current and reactive-power
compensation. Shunt active power line conditioner is most commonly used among the topologies

of active power filter. The effectiveness of shunt active power filter depends on the methods used



to obtain the reference current. Several methods of harmonics current identification and
extraction techniques such as synchronous reference frame (d-q), instantaneous real-reactive
power (p-q) and synchronous detection method have been used (Chelli, et al., 2015). SRF
technique is chosen because of simplicity and easy implementation. Generation of compensation
current by SAPF depends also on switching strategy used. The hysteresis, SPWM and artificial
intelligent current control techniques are generally used by many researchers (Naresh & Prabhat,
2012). The drawback of fuzzy logic is the over dependent on expert rules and large number of
membership function for it effective performance and this drawbacks make fuzzy logic difficult
or almost impossible to achieve. In this work, SVPWM s used to improve the performance of
SAPF because of the advantages of low switching loss, wide range of modulation index and less
harmonics distortion.

1.4 Aim and Objectives

The aim of the research is to design shunt active power filter for harmonic reduction using

synchronous reference frame with space vector pulse width modulation.

The objectives of the research are as follows:

1. Development of Shunt Active Filter (SAPF) parameters. Adopted from the work of
Suleiman et al., (2017).

2. Development of a control strategy model for Shunt Active Power Filter (SAPF) for
the extraction of reference harmonic current.

3. Implementation of a current controller technique for switching pulse generation for

voltage source inverter using MATLAB/SIMULINK.



4. Validation of the developed SAPF performance under balanced and unbalanced
sinusoidal voltage conditions using IEEE 519 harmonic standard (That is THD less

than 5%) and the work of Suleiman et al., 2017.



CHAPTER TWO
LITERATURE REVIEW
2.1 Introduction
This chapter presents details of overview of fundamental concept and the review of similar
works.
2.2  Review of Fundamental Concept
Fundamental Concepts of this research work are reviewed in this section.

2.2.1 Power Quality

The term power quality is defined as properties of power quality as supply to user in common
operating condition in term of continuity of power supply and feature of voltage like symmetry,
frequency, magnitude and waveform as described in IEC and according to IEEE standard
(Mohammed, 2012). The increasing use of power semiconductors in the most of industrial and
domestic procedures, the electric grids are polluted with different harmonic currents and voltages
(Mohammed, 2012). Power quality include all the concerned sides of power supply, which are
under voltage, over voltage, voltage sag, voltage swell, phase shift, flicker, frequency, transient,
voltage unbalanced e.t.c. (Yogesh, 2014; Mohammed, 2012; Hussein, 2012 ). The maximum
tolerable value of harmonics pollution in term of THD should be less than 5% according to

IEEE-519 standard.

2.2.1.1 Over voltage

It is a momentary increase in voltage outside the normal tolerance most especially when the
voltage variations exceed 110 percent of the terminal value. The diagram of over voltage is
shown in Figure 2.1. Faults and switching off of heavy electrical equipment cause voltage swell.

The increased energy from a voltage swell often overheats equipment and reduces its life.

6



Voltage regulator, motor-generator set and uninterruptible power supply can mitigate the voltage

swell effects (Hussein, 2012).

Voltage

Figure 2.1: Over Voltage Waveform (Hussein, 2012)
2.2.1.2 Under voltage
It is a decrease in the root mean square (rms) ac voltage to less than 90% of the nominal value as
shown Figure 2.2. A load switching on or a capacitor bank switching off can cause an under
voltage until the voltage regulation equipment in the system brings the voltage back within
tolerances. Overloaded circuits and the loss of major transmission support can also result in
under voltages. It can cause sensitive computer equipment to read data incorrectly and motor to

stall and operate inefficiently (Hussein, 2012).

Valtage per unit
==
=
E—

H

=]'e
Figure 2.2: Under Voltage Waveform (Hussein, 2012)

2.2.1.3 Voltage Interruption
The cutoff of the voltage happens when the load voltage decreases until less than 10% of its
nominal value for a short period of time less than 1 minute as shown in Figure 2.3. The voltage

interruption can be the effect of defaults in the electrical system, defaults in the connected



equipments, or bad control systems. The main characteristic of the voltage interruption is the

period over which it happens (Mohammed, 2012).

100 4

rms voltage variation (%)

time {ms)
0 T —r
0 1 2 3

Figure 2.3: Voltage Interruption Waveform (Emmanuel, 2012)
2.2.1.4 Voltage Fluctuations (Flicker)
They are cyclical variations in the voltage root mean square (rms) values or a series of random
voltage changes, whose magnitude does not normally exceed voltage ranges of 0.9 p.u. to 1.1 p.u
(Hussein, 2012) as shown in Figure 2.4. A common phenomenon of voltage fluctuations is the
voltage flicker. Loads, which can exhibit continuous, rapid variations in the load current

magnitude can cause voltage fluctuations or flickers (Hussein, 2012).

voltage (pu)
(=]

time {ms]h

L

0 50 100 150 200

Figure 2.4: Voltage Fluctuations Waveform (Emmanuel, 2012)
2.2.1.5 Unbalanced in Three Phase Systems
The three phase system is unbalanced when the currents and voltages are not identical in
amplitude; or when the phase angle between each two phases is not 120° as shown in Figure 2.5.

In the ideal conditions, the three phase system is balanced with identical loads but in reality, the

8



loads are not identical (Mohammed, 2012). The ratio of either the negative or zero sequence
components to the positive sequence component can be used to specify the percent imbalance

(Hussein, 2012).

15

10

5 F

Voltage (V)

—5 }

—10

—15 " " M " N " . M N
o] 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Time (s)

Figure 2.5: Unbalanced in Three Phase System (Ravindra et al., 2012)
2.2.1.6 Voltage Dips
The voltage dips or sags are periodic perturbations. This phenomenon causes bad functioning of
the protection equipments (Mohammed, 2012). It is a reduction in voltage outside the normal
tolerance for a short time less than few seconds. The magnitude of the reduction is between 10

percent and 90 percent of the normal (rms) voltage as shown in Figure 2.6 (Hussein, 2012).

AA AN
" \/VV\/\/\/\/

Time

WVoltage Amplitude

Figure 2.6: Voltage Waveform during Voltage Sag (Hussein, 2012)



2.2.1.7 Voltage Spikes and Surges

It is a short duration from microsecond to millisecond voltage increase as shown in Figure 2.7. It
occurs due to lightning, switching of heavy loads and power system faults. It leads to equipment
failure, system lock-up, data corruption and data loss. Solutions to voltage spikes and surges

problems include equipment such as surge arresters, filters and isolation transformer (Hussein,

2012).

volage o)
e

time (ms)
20 a0 o

Figure 2.7: Voltage Spike Waveform (Emmanuel, 2012)
2.2.1.8 Voltage Swell
It is @ momentary increase in voltage outside the normal tolerance as shown in Figure 2.8. Faults
and turning off of heavy electrical equipment cause voltage swell. The increased energy from a
voltage swell often overheats equipment and reduces its life. VVoltage regulator, motor-generator

set and uninterruptible power supply can mitigate the voltages swell effects (Hussein, 2012).

Voltage (Volts)

Time (ms)

Figure 2.8: Voltage Swell Waveform (Hussein, 2012)
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2.2.2. Waveform Distortion

Waveform distortion is defined as a steady-state deviation from an ideal sinusoidal wave of
power frequency. It is characterized by the spectral content of the deviation (Karuppananp,
2012). Primary types of waveform distortion are harmonics, notching, inter-harmonics, DC
offset and noise (Karuppananp, 2012).

2.2.2.1 Harmonics

Harmonic related problems are not new in the electric power system. From the early 1920’s
harmonics are observed in power equipment because of telephone line interference. The
proliferation of power converter equipment connected to the distribution power system which
limits harmonic current injection maintains good power quality (Karuppanan, 2012).

Harmonics are sinusoidal voltages or currents having frequencies that are integer multiples of the
fundamental frequency (Hussien, 2012). Distorted waveforms can be decomposed into the sum
of the fundamental frequency and the harmonic components as shown in Figure 2.9.

—+

- Fundamental wawve

Resultant wave

P Harmonic wave
.

Figure 2.9: Harmonic Waveform (Hussein, 2012)
The following are the effect of harmonics (Karuppananp, 2012)
I Amplification of harmonic levels resulting from series and parallel resonance.
ii. Plant mal-operation.
iii. Malfunctioning and failure of electronic components.

iv. Overheating and failure of electric motors.

11



V. Overloading, overheating and failure of power factor correction capacitors.

Vi. Overloading % errors in metering equipments.

vii.  Spurious operation of fuses, circuit breakers and other protective equipments.

viii.  Voltage glitches in computer systems results in loss of data.

IX. Electromagnetic interference in HF communication systems such as television, radio,

communication and telephone systems and similar signal conditioning devices.

Harmonics also have the following economic effect (Karuppanan, 2012).

I Higher power cost

ii. Premature office equipment failure and data corruption or loss

iii. Computer and system lockups

v, Loss of productivity and higher cost of products and/or services

V. Reduced product or service quality and reduced quality assurance

Vi, Loss of customer confidence and revenue
There are two types of harmonics that can be encountered in a power system which are
synchronous harmonics and asynchronous harmonics. Synchronous harmonics are sinusoids with
frequencies which are multiples of the fundamental frequency. The synchronous harmonics can
be subdivided into two categories (Mohammed, 2012).

I Sub-harmonics: when the harmonic frequency is less than the fundamental frequency.

ii. Super harmonics: when the harmonic frequency is more than the fundamental
frequency.

The rapid growth of solid-state power electronics has greatly increased the number and size of

these loads. The concept of harmonics was introduced in the beginning of the 19th century by

Joseph Fourier. Fourier has demonstrated that all periodic non-sinusoidal signals can be

12



represented by infinitive sum or series of sinusoids with discontinuous frequencies (Mohammed,
2012). The distorted periodic current and voltage waveform expanded into a Fourier series is

expressed as follows: (Hussein, 2012).

I(t) = 1, + 1, cos(hot + @, ) 2.1)
h=1
V(D) =V, + 3 V,cos(hot + @, 2.2)
h=1
Where,

I, and V, are the direct component of current and voltage
I, and V, are the h™harmonic peak current and voltage

@, is the h™ harmonic current and voltage phase

o is angular frequency
2.2.2.2 Total Harmonic Distortion (THD)
The total harmonic distortion (THD) of a signal is a measurement of the harmonic distortion
present in current or voltage. It is defined as the ratio of the sum of the powers of all harmonic
components to the fundamental component. Harmonic distortion is caused by the introduction of
waveforms at frequencies in multiplies of the fundamental (Mohammed, 2012).
The most commonly used harmonics indexes are shown as follows: (Hussein, 2012).

>V

THD,, (%) = 1222 (2.3)

Q »~< j

2
Ih

p=n

=2

L (2.4)

THD, (%) =
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Total Harmonic Distortion is defined as the ratio of the rms value of the harmonic components to
the rms value of the fundamental component and usually expressed in percent. This index is used
to measure the deviation of a periodic waveform containing harmonics from a perfect sine wave.
For a perfect sine wave at fundamental frequency, the THD is zero.

Similarly, the measures of individual harmonic distortion for voltage and current at h™ order are

defined as V, /V,and 1, /1, respectively (Hussein, 2012).

The Total Harmonic Distortion (THD) is a useful tool for many applications, most especially in
measurement of harmonic index. However, its limitation is that, it is not a good indicator of
voltage stress within a capacitor because that is related to the peak value of voltage waveform
(Mohammed, 2012).

2.2.2.3 Distortion Factor

The distortion factor (F,) is defined as the ratio between the fundamental and the signal in root
mean square (RMS) values. It is then equal to unity when the current is purely sinusoidal and
decreases when the distortion appears (Mohammed, 2012). The distortion factor (F,) equation

can be obtained as follows: (Mohammed, 2012).

rms (2 5)

Where,

I, is the fundamental value of current

I is the RMS value of current

rms
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2.2.2.4 Crest Factor

The crest factor (F,) of a signal be obtained as the ratio of crest maximum value to effective
value. The crest factor for sinusoidal waves is 1.41. It can achieve the value of 5 in the case of

highly distorted waves. The crest factor (F,) is expressed as follows: (Mohammed, 2012).
Imax

Where,

| is the crest maximum value

max

| is the rms value of current

rms

2.2.3 Filters

There are three different types of filters each offering their own unique solution to reduce and
eliminate harmonics. These harmonic filters are broadly classified into passive, active and hybrid
structures. The choice of filter used is dependent upon the nature of the problem and the

economic cost associated with implementation (Nalini et al., 2011).
2.2.3.1 Passive Filter

It is a combination of inductors, capacitors, and resistors designed to eliminate one or more
harmonics (Roger et al., 2004). The most common type is simply an inductor in series with a
shunt capacitor, which short-circuits the major distorting harmonic component from the system.
Passive filters are inexpensive compared with most other mitigating devices. Its structure may be
either of the series or parallel type. The structure chosen for implementation depends on the type
of harmonic source present. There are many types of passive filters, the most common ones are

single-tuned filters and high-pass filters. This type of filter removes the harmonics by providing
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a very low impedance path to the ground for harmonic signals. Passive filters has disadvantages
such as frequency variation of the power system, tolerances in filter components which affect the
compensation characteristics of the LC filters and source impedance which influences the
compensation characteristics of the LC filters (Nalini et al., 2011; Roger et al., 2004; Farzad &
Mahid, 2014; Balasubramaniam et al., 2014; Mohamed et al., 2017). Conventionally, passive LC
filters have been used to eliminate line current harmonics and thereby increase the load power
factor. Passive filters can be classified into three categories such as passive shunt, passive series
and passive hybrid. Passive shunt is the commonly used among the three classifications. Figure

2.10 shows the schematic diagram of passive shunt filter (Manjulata, 2012).
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Figure 2.10: Passive Shunt Filter Block Diagram (Manjulata, 2012)
2.2.3.2 Active Filters
Active filters use active components such as IGBT transistors to inject negative harmonics into
the network and effectively replacing a portion of the distorted current wave coming from the
load (Nalini et al., 2011). Active filter is implemented when orders of harmonic currents are
varying. Its structure may be either of the series or parallel type and the structure is chosen based

on the type of harmonic sources present in the power system and the effects that different filter
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solutions would cause to the overall system performance (Nalini et al., 2011). Active filters have
the advantage of being able to compensate for harmonic without fundamental frequency reactive
power concerns. Another advantage of active filters over passive filters is that the active filters
can respond to changing load and harmonic conditions, whereas passive filters are fixed in their
harmonic response. (Sankara, 2002; Nalini et al., 2011).

Active filter can be classified based on the connection scheme as shunt active filter, Series
active filter and Hybrid active filter. Hybrid filters combine an active filter and a passive filter.
Its structure may be either of the series or parallel type. The passive filter carries out basic
filtering (5th order, for example) and the active filter, through precise control, covers higher
harmonics. Shunt active filter is most commonly used among the three classifications
(Balasubramaniam et al., 2014).

2.2.3.3 Series Active Power Filter
The aim of the series APF is to locally modify the impedance of the grid. It is considered as

harmonic voltage source which cancel the voltage perturbations which come from the grid or
these created by the circulation of the harmonic currents into the grid impedance as shown in
Figure 2.11. However, series APFs can’t compensate the harmonic currents produced by the

loads (Mohammed, 2012).

Rs Ls R, L
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Figure 2.11: Series Active Power Filter Diagram (Mohammed, 2012)
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2.2.3.4 Hybrid Filters
Hybrid filter is a filter topology which combines the advantages of the passive and active filters

in other to mitigate the issues of active and passive filters as shown in Figure 2.12. It provides
value effective and sensible harmonic compensation approach for prime power non linear loads
Hemachandran et al., 2015; Mohammed, 2012). The Volt Ampere rating of the active converter
is reduced as much as possible in order to reduce the overall cost, electromagnetic interference
and losses and this reason, it is considered as the best solution to eliminate the harmonic currents
from the grid. Economically, hybrid power filters allow reducing the cost of implementation of
APF (Naresh & Prabhat., 2012; Mohammed, 2012).

Hybrid power filters can be classified according to the number of elements used in the topology,
the treated system (single phase, three phase three legs or four legs) and the used inverter type

(current source inverter or voltage source inverter) (Mohammed, 2012).

AC
(~
%,

| Diode

IGBT IGBT
Figure 2.12: Hybrid Active Power Filter Diagram (Mohammed, 2012)
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2.2.3.5 Shunt Active Power Filter (SAPF)

The active filter concept uses power electronic equipment to produce harmonic current
components that cancel the harmonic current components from the nonlinear loads. In this
configuration, the filter is connected in parallel with the load being compensated; therefore the
configuration is often referred to as an active parallel or shunt filter (Nalini et al., 2011). The
basic principle of Shunt Active Filter is that it generates a current equal and opposite to the
harmonic current drawn by the load and injects it to the point of coupling there by forcing the
source current to be pure sinusoidal (Nalini et al., 2011). The basic configuration of a shunt

active filter is shown in Figures 2.13.

I Source Current L I_.oad Current
Is EX

Non-Linear
L.oad
Compensation

Ly A currgnt
R

__I Active
Power Filter
| | ( Ve l

Figure 2.13: Basic Configuration of a SAPF Block Diagram (Abdeldjabbar & Tayeb, 2017)

The three-phase source voltages equation is given as (Suleiman et al., 2017).

V., = V,,sin(wt)
V., =V, sin(wt-120°) (2.7)
V.. =V, sin(wt +120°)

Where,

V.

sa’?

V,,, V,. are instantaneous voltage phase A, B and C

V.., and w are voltage amplitude and angular frequency
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The shunt active power filter operating principle is to inject into the power supply network the
same harmonics current as that generated by the nonlinear load but in the opposite direction. The
SAPFs are connected in parallel with the harmonic producing loads.

The performance of active power filter depends mainly on the technique used to identify and
extract the reference current (harmonic current) and the inverter control strategy (Chelli et al.,
2015; Mernis, 2015). The block diagram of shunt active filter in a 3-phase power system is

shown in Figure 2.14.

Grid Inductive
It |16 | It
|La?|Lb?|Lc
Udc
N\
T
Vdc ref
Wb bve T F 1 y
Synchronization| [ Modulation | Dc Bus
TUaTUbTUc
——{Current controller |
Fvret <« 1BUS
4>| Extraction method |«

Figure 2.14: Shunt Active Filter Block Diagram (Zahira & Peer, 2011)

Therefore, from the Figure 2.14, source current (I5) can be written as (Chelli et al., 2015).

Ll (2.8)
Where,

I is source current (rms)
I, is compensation current or inverter current (rms)

I, is load current (rms)
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2.2.4 Shunt Active Power Filter Parameters Design Approach

Several approaches for designing of the SAPF system parameters have been discussed in
literatures. This section discussed the basic design configuration for selecting the appropriate
design components for 3-ph and 3-wire distribution system. The components needed in

designing the SAPF are DC bus voltage, V. coupling inductor, L, and DC capacitor, C,,

2.2.4.1 Dc Voltage,V,,

A working diagram of phase A of the grid at the PCC and compensating power exchange
mechanism of the APF is shown in Figure 2.15 (Shafiuzzaman et al., 2014). The Ssi., value is
calculated from and of the APF4,, (which depends on the Vg, If, Lsy and fs,) to compensate for
specific harmonics, the maximum limit of these values should be considered to determine the
maximum acceptable as P oss Well as Sysi.n. Again, from the study of switching dynamics it is

found that the switching frequency is very much dependent on the Vpec, Vsn and Iy, Lsh and h.

1 +
Rt if vSh swi
L — © swa g Vi
Vpp e, Vsh
_ VTt _ ]
Grid — SAPF interaction Phase Leg representation
(a) (b)

Figure 2.15: Compensating Power Exchange between the Grid and Shunt APF (Shafiuzzaman,

2013)
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The maximum harmonic compensation capacity of the APFsh can be written as (Shafiuzzaman et

al., 2014).

3V V.

H _ pcc-max v sh-max

hme Z,, (2.9)

Also, the main VSI rating for harmonic power compensation of the APFsh can be written as

(Shafiuzzaman et al., 2014).

Svsi—h = \l Hsh + pIZOSS (210)

P,... is the total active power loss of the APFg, during its compensation task which includes

loss

conduction loss of interfacing inductor, transformer (if any), VSI and switching loss of VVSI. The

overall impedance of the APF system is considered as ( joL; +R;), then P, will be expressed

0SS
as (Shafiuzzaman et al., 2014).

P

loss

— 2
= 3I’R, (2.41)

Depending on the topology, different methods or approaches have been presented on the relation
between Vpe, Vsh and V.. For a 3-ph, 3-wire system, considering the amplitude modulation

or 2\/§Vsh or greater

CC-max

factor, ma=1, the minimum value of Vac should be at least equal to 2V,

than\/§vs Based on this information, the minimum value of Vdc can be derived as

h-max *

(Shafiuzzaman, 2013; Marwa et al., 2017)
Vdc P %Vpcc—mm (212)

2.2.4.2 Coupling Inductor L,

The selection of smoothing inductance (L, ) directly affects the performance of the active power

filter. In order to limit the maximum slope of the current within compensation capability of the
active filter, a smoothing has been inserted to prevent inverter saturation (Laith, 2016). The main
benefit is to smoothing the wave shape of the current by elimination of the ripples produced in
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the current (Shrutisnata, 2016). The inductor should not be large so that it can adjust to track
sudden load current variations. It should not be too small to prevent high ripple content (Laith,
2016). The interface inductor design is based on its ability to compensate both reactive power

and harmonic current. The inductor required in the active power line conditioner for current

control is determined from the constraint on the maximum ripple current, | (Marwa et al.,

f-max
2017). In power transistor, the maximum ripple current occurs at the zero-crossings of the
fundamental frequency component of the output voltage (Karuppanan, 2012). The minimum
value of interfacing inductor is computed as (Shafiuzzaman, 2013; Marwa et al., 2017).

Vdc

f>—"3 —
12fswkl; .., (2.13)

Where,

I - Maximum ripple current

f-max
K — Limiting maximum current (i.e. 0.05 - 0.15)
fsw — Switching frequency

2.2.4.3 DC Side Capacitor C,_

The design of the DC side capacitor is based on the principle of instantaneous power flow. A
resistor is connected in series with the capacitor to protect the VSI from initial high current
which could damage the component since the impedance of (X,) is theoretically zero at the
moment filtering energization (Laith, 2016). DC capacitor (Cg4c) helps to maintain a DC voltage
with small ripple in steady state and serves as an energy storage element to supply real power
difference between the load and source during the transient period (Shafiuzzaman, 2013).

The value of the capacitor must be higher than the minimum calculated value for capacitor

voltage to be maintained constant (Mernis, 2015).
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The selection of C,. can be governed by reducing the voltage ripple (Yogesh, 2014). The energy

handling capacity determines the size of the capacitor. The basic equation can be written as

(Shafiuzzaman, 2013).

_ 2S.n.T _ 2S.n.T _SnT
dc — Vz

domax ™ Vecomin {(1+2)V, }2 -11-2)V, }2 22V, (2.14)

where S is the power required to be compensated during the steady state condition; supplied to
the load during the transient condition and absorbed due to the load change during the transient
condition. T is the required time period for one complete cycle, n is the number of cycles for
energy transfer and z is the percentage of Vdc to replace the Vdecmax and Vdemin, the maximum and
minimum allowable Vdc respectively to perform the specific task.

2.2.5 Harmonics Current Extraction Strategies

Harmonics current extraction strategies consist of dc voltage control methods and the extraction
method. There are two major approaches that have been proposed in the literature for harmonic
detection, namely, frequency domain and time domain methods (Rathika & Devaraj, 2011). The
time domain methods require less computation and are widely followed for computing the
reference current. The two mostly used time domain methods are synchronous reference (d-g-0)
theory and instantaneous real-reactive power (p-q) theory (Rathika & Devaraj, 2011).

2.2.5.1 Synchronous Reference Frame (d-q)

The synchronous system theory or d-q theory is predicated on time-domain reference signal
estimation techniques. It performs the operation in steady-state or transient state in addition as
for generic voltage and current waveforms (Balasubramaniam et al., 2014). Another necessary
feature of this theory is the simplicity of the calculations that involves algebraic calculation

(Hemachandra et al., 2015).
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The essential structure of synchronous reference frame (d-g-0) theory consists of direct (d-g) and
inverse (d-q) ™ park transformation (Balasubramaniam et al., 2014; Hemachandra et al., 2015).

The transformation equation is given as follows: (Sunitha & Kartheck, 2014).

I 5 cos® cos(0-120) cos(0+120) |1,
i =\F -sind  -sin(0-120) -sin(0+120) ||i, (2.15)

q

W YE yE

2.2.5.2 Instantaneous Real and Reactive Power (P-Q) Theory

The theory was introduced by Akagi et al. (1983) in Japan (Brahim & Chellali, 2011). This
theory based on instantaneous values in three-phase power systems with or without neutral wire,
and is valid for steady-state or transitory operations. Instantaneous Power Theory (p-q) theory
which consists of an algebraic transformation (Clarke transformation) of the three-phase voltages
in the a-b-c coordinates to the a-f coordinates, followed by the calculation of the p-q theory
instantaneous power components (Nalini et al., 2011; Umar, 2017).

Instantaneous Power Theory or Active- Reactive (p-q) theory has good transient response time
and steady state accuracy, it was found to be not suitable for estimating reference current under
non-ideal source voltage conditions (Rathika & Devaraj, 2011; Celli et al., 2015).

2.2.6 Control Strategies in SAPF

The control strategies in SAPF consist of direct current of bus voltage control method and
current control strategies.

2.2.6.1 Direct Current Bus Voltage Control Method

The control of the DC voltage of the APF is of great importance because of its main effect on the
stability of the compensation system and the harmonic compensation efficiency. The DC voltage
must be kept within certain limits to ensure the control of energy transfer between the grid and

the APF (Mohamed, 2012).
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However, for making the APF normally achieving the required effect, the DC bus voltage has to
be high enough and stable (Naresh et al., 2012). Another important task in the development of
active filter is the maintenance of constant DC voltage across the capacitor connected to the
inverter. This is necessary to compensate the energy loss due to conduction and switching power
losses associated with the diodes and IGBTSs of the inverter in APF (Rathika et al., 2011). DC
bus voltage equation is expressed as (Soomro et al. 2015).

e=V, -V,

dc (216)

c-ref ~

Where,

e is the voltage error

V,..ref 1S the reference dcbus voltage

V,. is the actual dcbus voltage
2.2.6.2 Current Control Strategies for PWM
Most of the current control techniques used in active power filter is based on PWM-current
control strategy. Various PWM-current control strategies such as hysteresis, triangular wave
control, dead beat control, PI control, predictive current control, Sliding Mode Control (SMC)
have been applied for active power filter applications. Among the various current control
techniques, hysteresis control is the most commonly used method because of its simplicity in
implementation. But, with fixed hysteresis band, the slope of the reference current is
unpredictable, which leads to increase in switching frequency (Rathika & Devaraj, 2011).
Active Power filter must supply the anti-harmonics as per the load requirement (Karuppanan,
2012). The current control techniques should posses the following properties for efficient
performance of the active power filter which are: (i) better utilization of the voltage source
inverter, for producing high current in a given non-linear load (ii) low static and dynamic

current-control errors (difference between the reference current and actual currents is less) (iii)

26



wide linear modulation range (iv) low amplitudes of lower order harmonics in output voltage to
minimize the harmonics in output current; lower switching losses in the power transistor (voltage
source inverter) switches and easy implementation and less computation time (Karuppanan,
2012).

2.2.6.3 Sinusoidal Pulse Width Modulation (SPWM)

Pulse width modulation (PWM) strategy plays an important role in the minimization of
harmonics and switching losses in converters, especially in three-phase applications. The first
modulation techniques were developed in the mid-1960s by Kirnnich, Heinrick, and Bowes
(Phuong, 2012). Pulse width modulation is a powerful technique for controlling analogue circuits
in digital form with a microprocessor’s digital outputs. The key advantage of the PWM
techniques is that the ON-OFF behaviors changes the average power of the signal with the output
signal alternates between ON and OFF with specified period and therefore, limit the switching
power loss (Suleiman et al., 2017). The modulation method in Figure 2.16 below uses a
triangular carrier wave, which is one of many methods applied for controlling power inverter

(Yogesh, 2014).

Figure 2.16: Triangular Carrier Pulse Width Modulation Waveform (Bimal, 2006)
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2.2.6.4 Space Vector Pulse Width Modulation (SVPWM) Technique

Space vector pulse width modulation (SVPWM) was first introduced in the mid-1980s and was
greatly advanced by Van Der Broeck in 1988 (Phuong, 2012).

The main aim of any modulation technique is to obtain a variable output with a maximum
fundamental component and minimum harmonics and to lower the switching losses, maximize
bus utilization, reduce harmonic content, and still achieve precise control. The SVPWM
technique utilizes the DC bus voltage more efficiently and generates less harmonic distortion
when compared with the other technique (Kumar et al., 2015, Phuong, 2012).

Space vector pulse width modulation (SVPWM) is a more sophisticated, advanced, computation
intensive technique for generating sine wave that provides a higher voltage with lower total
harmonic distortion (Irfan et al., 2016).

2.2.6.5 Concept of Space Vector Pulse Width Modulation (SVPWM)

SVPWM technique was originally developed as a vector approach to pulse width modulation for
three-phase inverters. Space vector pulse width modulation (SVPWM) is accomplished by
rotating a reference vector around the state diagram, which is composed of six basic non-zero

vectors forming a hexagon. Figure 2.17 shows the maximum control voltage using sine wave
pulse modulation of 1/2V, and space vector pulse width modulation of J/JI?Vdc . The area inside

the inscribed circle is called the linear modulation region or under-modulation region. The area
between the inside circle and outside circle of the hexagon is called the nonlinear modulation
region or over-modulation region (Phuong, 2012). The maximum modulation index for the
SPWM method is 0.785 with the sinusoidal waveform between the phase and the neutral current

of the system. However, the modulation index can be increased to 0.907 for the SVPWM. The
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basic principle of the SVM technique is that it treats the inverter as a whole unit, which is

different when compared to PWM technique.
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Figure 2.17: Sﬁace Vector Representation Diagram (Kumar et al., 2015)

Given a set of three-phase voltages, a space vector can be defined as (Phuong, 2012).

V(t)z%[\/a(t)ejO +Vb(t)ej%n +Vc(t)eji:]vdc (2.17)

Where, V,(t), V,(t), and V,(t) are three sinusoidal voltages of the same amplitude and

frequency but with +120° phase shifts. In the space-vector modulation, a three-phase two-level
inverter can be driven to eight switching states where the inverter has six active states (1-6) and
two zero states 0 and 7 (Naresh & Prabhat, 2012; Phuong, 2012).

A typical two-level inverter has six power switches that generate three phase voltage outputs. A
detailed drawing of a three-phase bridge inverter is shown in the Figure 2.16. When an upper

transistor is switched on, the corresponding lower transistor is switched off.
Therefore, the ON and OFF states of the upper transistors S, , S, and S, can be used to determine

the current output voltage (Naresh & Prabhat, 2012). The output pole voltages Vao, Vbo, and
Vco of the inverter switch between -Vdc=2 and +Vdc=2 voltage levels where Vdc is the total

DC voltage. Depending on the switching states, either the positive or negative half DC bus
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voltage is applied to each phase (Phuong, 2012). The switches are controlled in pairs as [(S1;

S4), (S3; S6), and (S5; S2)].
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Figure 2.18: Three Phase Inverter Block Diagram (Phuong, 2012)
There are eight possible inverter states that can generate eight space vectors. Figure 2.19 shows
the eight switching configuration of a three-phase inverter (Phuong, 2012; Kumar et al., 2015;

Naresh & Prabhat, 2012).
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Figure 2.19: Switching Configuration of a Three-Phase Inverter (Priyanka & Shruti, 2017)
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The reference voltage vector Ve rotates in space at an angular velocity w = 2xtf , where f is

the fundamental frequency of the inverter output voltage. Figure 2.20 shows the reference vector

Ve in the first sector (Phuong, 2012).

vz (010) V5 (110)

\, V1(100)

V5(001) V(101)

Figure 2.20: Space Vectors of Three-Phase Bridge Diagram (Thamizhazhagan & Shuha, 2015)

The entire space is divided into six equal-size sectors of 60°. Each sector is bounded by two

active vectors. Vo and V7 are two voltage vectors with zero amplitude located at the origin of

the hexagon.
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When the reference voltage vector passes through each sector, different sets of switches in Table
2.1 will be turned on or off (Phuong, 2012).

Table 2.1: Space Vectors, Switching States, and On State Switches (Phuong, 2012)

Space Switching On-state Vector Definition

Vector State Switch
vo [000] S$4,56,S2 \70 =0
V, [100] S1,S6,S2 Vi, = %Vdcejo
VA 110 S1,S3,S2 . i
Vs 1110] V, = %Vdcej3
VA 010 S$4,S3,52 . 2
V, [010] Vs = %Vdcej s
VA 011 54,53,55 . d
v, | b Vi=2v,e
VA 001 S$4,56,S5 . jAm
V, [001] Ve = %Vdcej 3
VA 101 S1,56,55 _ il
v, | bon Ve=2v,e"
VA 111 S51,S3,S5 . g
V. [111] v, = %Vdcej 3

The relationship between the switching variable vector [a,b,c] and line-to-line voltage vector
[V, Vie: V., ]is given as (Irfan et al., 2016).

V,, 1 -1 0]fa
V,.[=V,.[0 1 -1|lb (2.18)
V 10 1

ca

Also, the relationship between the switching variable vector [a,b,c] and the phase voltage vector

[V, Vin: V., ] can be expressed as (Irfan et al., 2016).

V] o, [2 1 e
Vo [= 251 2 Afb (2.19)
V, 1 -1 2]|c

cn
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According to equations 2.18 and 2.19 the eight switching vectors, output line to neutral voltage
and output line to line voltages with reference to dc-link V., are given in Table 2.2 (Phuong,

2012)

Table 2.2: Switching Vectors, Phase Voltages and Output Line to Line Voltages (Phuong, 2012)

Space Switching Line to Neutral Line to Line
Vector Vector Voltage Voltage
a b C Van Vbn Vcn Vab Vbc Vca

\70 0 0 0 0 0 0 0 0 0
\71 1 0 0 23 |-13 |-1/3 |1 0 -1
\72 1 1 0 1/3 | 1/3 213 |0 1 -1
\73 0 1 0 -1/3 | 213 -1/3 | -1 1 0
\74 0 1 1 =213 | 1/3 1/3 -1 0 1
\75 0 0 1 -1/3 | -1/3 | 2/3 0 -1 1
V: 1 0 1 1/3 | -213 1/3 1 -1 0
\77 1 1 1 0 0 0 0 0 0

The SVPWM scheme is more complicated than that of the conventional SPWM. It requires the
determination of a sector, calculation of vector segments, and it involves region identification

based on the modulation index and calculation of switching time durations (Phuong, 2012).
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2.3 Review of Similar Works

Some literatures relevant to shunt active power filter (SAPF) are described in this section.

Kale & Ozdemir (2013) developed a new hysteresis band (HB) current control technique to
reduce the power losses in a shunt active power filter. In this research work, a zero- crossing
regions during a fundamental frequency cycle was avoided. The result for the proposed method
iIs 4.77% THD. The extraction method used was instantaneous reactive power theory. The
hysteresis current controller method used has low switching frequency which resulted to slow
dynamic response.

Soomro et al., (2013) designed an application of three-phase shunt active power filter (SAPF)
using active and reactive power (p-q) theory as control strategy to mitigate harmonics and power
factor correction was presented. Hysteresis current controller (HCC) was used as a current
controller. DC-link voltage is maintained using proportional integral (P1) controller. The result of
the method is 1.77% (THD) and 0.9993 power factor. The hysteresis current controller method
used was known for uneven switching pulse generation which causes switching power losses of
the inverter.

Sunitha & Kartheck (2013) developed a method of maintaining reference current for shunt
active power filter (SAPF) using synchronous reference frame (SRF) as a control method.
Sinusoidal pulse width modulation (SPWM) was used switching signal generation. DC-link
voltage was maintained using proportional integral (PI) controller. Sinusoidal pulse width
modulation (SPWM) has a narrow range of modulation index which limits it harmonics
reduction capability.

Rama & Sobharani (2014) discussed a shunt active power filter (SAPF) for mitigating the
power quality problem using instantaneous active and reactive current component (id-ig) control
strategy. Pulse width modulation (PWM) was used for the control of compensation current. DC-
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link voltage was maintained using proportional integral (P1) controller. The result of the method
is 3.77% (THD). Sinusoidal pulse width modulation (SPWM) is also known for high harmonic
component frequency generation which leads to harmonics distortion of the inverter.
Varaprasad & Siva (2014) developed an improved space vector pulse width modulation
(SVPWM) techniques based on shunt active power filter (SAPF) using synchronous reference
frame (SRF) theory as a control method. DC-link voltage was maintained using proportional
integral (PI) controller. The result of the method is 4.47% (THD). Space vector pulse width
modulation (SVPWM) is a more sophisticated though it has computational complexity. SVPWM
has a wide range of modulation index which allows it to have a wider range of harmonics
reduction capability.

Chenai & Benchouia (2014) developed a shunt active power filter (SAPF) performances based
on three level (NPC) inverter using conventional pulse width modulation (PWM) logic controller
and artificial neural network (ANN) as a switching signal generation techniques. The control
strategy used was proportional integral (PI) controller with synchronous current detection (SD)
method. The results of ANN (3.96%) showed little improvement over the PWM (4.32%)
method. ANN algorithm requires starting values for the angles which does not always converge
to the required solution.

Balasubramaniam et al., (2014) proposed a method of maintaining reference current of the
shunt active power filter (SAPF) using synchronous reference frame (SRF) as a control method
was discussed in the paper. Hysteresis current controller (HCC) is used as a current controller.
DC-link voltage was maintained using proportional integral (P1) controller. The result of the
method was 2.72% (THD). The hysteresis current controller method used was known for uneven

switching pulse generation which leads to power losses of the inverter and acoustic noise.
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Venkata et al., (2014) developed the design of shunt active power filter (SAPF) for development
of power quality using instantaneous active and reactive power (p-q) theory as a control method.
Hysteresis current controller (HCC) was used to generate switching pulse. DC-link voltage was
maintained using proportional integral (PI) controller based artificial neural network and
proportional integral (P1) controller based particle swarm optimization techniques. The result for
PI-ANN is 2.34% (THD) and PI-PSO is 1.66% (THD). The hysteresis current controller method
used was known for high switching frequency which causes distortion at the inverter output.
Akash & Makund (2015) developed shunt active power filter (SAPF) was discussed for steady
load condition using hysteresis current controller (HCC) and sinusoidal pulse width modulation
(SPWM) as current control techniques. Synchronous reference frame (SRF) was used as a
control method. DC-link voltage was maintained using proportional integral (PI) controller. The
result of the method is 1.17% (THD). The hysteresis current controller method used was known
for uneven switching pulse generation. Sinusoidal pulse width modulation (SPWM) was also
known for high harmonic component frequency generation and therefore has more harmonics
distortion at the output waveform.

Kumar et al., (2015) discussed a reference current generation using self tuning filter (STF)
method with instantaneous active and reactive power (p-q) theory. The reference currents
generated was further used to generate gate pulses for inverter. This method reduced the
harmonic to 4.98%. The switching pulse generation method used was not stated.

Soomro et al., (2015) developed a design and application of three-phase shunt active power filter
(SAPF) using proportional integral (PI) with instantaneous active and reactive power (p-q)
theory as control strategy to mitigate harmonics and power factor correction. Hysteresis current

controller (HCC) was used as a current controller. The result of the method is 1.77% (THD) and
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0.9993 power factor. The hysteresis current controller method used was known for uneven
switching pulse generation which leads switching losses at the inverter output.

Chelli et al., (2015) developed an improved performance of shunt active power filter (SAPF) to
compensate for harmonic distortion in three phase four-wire system. A novel instantaneous
active and reactive power (p-q) theory is used as a control strategy based on phased locked loop
(PLL) for unbalance main voltages to control shunt active power filter (SAPF). Hysteresis
current control was used to generate switching pulse signal for the gate. The results of the
method were 1.69%, 1.89% and 1.85% (THD) for phase A, B and C. The hysteresis current
controller method also has an uneven switching pulse generation due to high switching
frequency generation.

Kumar (2015) developed the application of space vector pulse width modulation (SVPWM)
based hysteresis current control techniques as switching signal generation method for shunt
active power filter (SAPF) to eliminate current harmonics and improved the power factor.
Instantaneous active and reactive power (p-q) theory was used as control strategy. DC-link
voltage was maintained using proportional integral (PI) controller. Space vector pulse width
modulation (SVPWM) was used to make the fixed switching pattern associated with hysteresis
band to be variable, therefore sacrificed the high dynamic response for low response.

SVPWM is known for its computational complexity, though is more sophisticated because of its
harmonics current compensation capability. This is due to the fact that the switching technique
defines the state of all the inverter as one block.

Irfan et al., (2016) developed an efficient Space vector pulse width modulation (SVPWM) for
shunt active power filter (SAPF) as current controller. The performance of SVPWM and PWM

was compared using instantaneous active and reactive power (p-q) theory as a control strategy.

37



Space vector pulse width modulation (SVPWM) is a more sophisticated though it has
trigonometric computational complexity. SVPWM has a wide range of modulation index which
allows it to have a wider range of harmonics reduction capability.

Prakash et al., (2016) developed a proportional integral artificial neural network for the
extraction method (PI-ANN). Hysteresis current controller (HCC) was used as switching signal
generation for the inverter. The performance of the proposed controller was compared with
Proportional integral instantaneous active and reactive current component (Pl-id-iq) control
method under balanced and unbalanced sinusoidal voltage condition. The result of the proposed
method is 0.97% (THD). The hysteresis current controller method also has an uneven switching
pulse generation due to high switching frequency generation.

Abhijit & Kompelli (2016) developed a shunt active power filter (SAPF) for harmonic current
elimination using synchronous reference frame (SRF) theory as control strategy. DC-link voltage
is maintained using fuzzy logic controller. Hysteresis current controller (HCC) was used to
generate switching pulse for the inverter. The result of the method used is 1.75% (THD). The
hysteresis current controller method also has an uneven switching pulse generation due to high
switching frequency generation.

Akash et al., (2016) developed fuzzy logic controller for DC-link voltage regulation for shunt
active power filter (SAPF). Instantaneous active and reactive power (p-q) theory was used as
control strategy. Hysteresis current controller was used to generate the gate pulse for the inverter.
The result of the method used is 1.66% (THD). The hysteresis current controller method also has
an uneven switching pulse generation due to high switching frequency generation.

Rama et al., (2016) developed an approach to determine reference current of three phase shunt

active power filter (SAPF) using synchronous reference frame (SRF) control strategy. Hysteresis
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band current control was used for switching pulse signal generation. The result of the method
used is 3.32% (THD) for diode bridge rectifier and 4.35% (THD) for thyristor bridge rectifier.
The switching frequency of the hysteresis current controller method used is high and therefore
leads to switching power losses and acoustic noise.

Niklesh & Sandeep (2017) discussed a shunt active power filter (SAPF) based on instantaneous
active and reactive power (p-q) theory and instantaneous active and reactive current component
(id-ig) techniques as control strategy. Hysteresis band current control was used for switching
pulse signal generation. DC-link voltage was maintained using proportional integral (PI)
controller. The hysteresis current controller method also has an uneven switching pulse
generation due to high switching frequency generation.

Shashibhushan & Nikhil (2017) developed shunt active power filter (SAPF) was compared for
steady load condition for both hysteresis current controller (HCC) and sinusoidal pulse width
modulation (SPWM) as current control techniques. Synchronous reference frame (SRF) was
used as a control method. DC-link voltage was maintained using proportional integral (PI)
controller. SPWM achieved a harmonic reduction of 2.17%. The hysteresis current controller
method used was known for uneven switching pulse generation. Sinusoidal pulse width
modulation (SPWM) was also known for high harmonic component frequency generation and
therefore has more harmonics distortion at the output waveform.

Suleiman et al., (2017) developed a modified synchronous reference frame (MSRF) as a control
strategy for three phase shunt active power filter (SAPF). Fuzzy logic controller (FLC) based
current control pulse width modulation (PWM) was used to generate switching signal for the
inverter. The result was 0.92 %THD. The major drawback of fuzzy logic controller is over

dependency on the expert knowledge which may not be available or accurate most time and this
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make the development of a fuzzy logic controller become time consuming and tedious or
sometimes impossible.

Mohamed et al., (2017) developed control strategy that combines synchronous reference frame
and the unit vector template generation method for shunt active power filters for harmonic
reduction. The result of the method used is 3.87% (THD) and the result of the technique was
validated using IEEE-519 Standard. The switching frequency of the hysteresis current controller
method used is high and therefore leads to switching power losses and acoustic noise.
Abdeldjabbar & Tayeb (2017) proposed a fuzzy hysteresis band technique for the current
control for shunt active power filter (SAPF) was discussed. The control strategy for reference
current generation was proportional integral (PI) controller with instantaneous active and
reactive power (p-q) theory. The result of the method used is 1.08% (THD), though the result is
still within the IEEE-519 Standard. The work did not consider unbalanced voltage condition.
Fuzzy logic was used to make the fixed switching pattern associated with hysteresis band to be
variable, therefore sacrificed the high dynamic response for low response.

The literatures reviewed showed that harmonics reduction have been given a significant attention
in the field of power engineering. The authors showed that most of the work done on harmonic
reduction is based on balanced sinusoidal voltage source which does not occur often in reality.
However, Shunt active power filter (SAPF) is presented in this work, using synchronous
reference frame as harmonic current extraction method and space vector pulse width modulation
(SVPWM) current controller as current controller to eliminate high harmonic component
frequency generation and narrow range of modulation index in sinusoidal pulse width
modulation (SPWM). Harmonics compensation under both balanced and unbalanced sinusoidal

voltage conditions was considered for both RL and RC non linear loads.
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CHAPTER THREE
METHODOLOGY

3.1 Introduction

The methods for designing a three-phase three-wire Shunt Active Power Filter (SAPF) based on
VSI are presented in this chapter. The controller is categorized into three parts, extraction of
reference signal generation, DC bus voltage control and current control. Strategies to generate
compensation commands are implemented in time-domain techniques.
3.2 Methodology
The objectives of this work were achieved with the following steps.
1. Design of a shunt active power filters parameters. The parameters are as follows:
0] Selection of DC bus voltage
(i) Selection of coupling inductor
(i)  Selection of DC storage capacitor
2. Design of control Strategy method for reference signal generation using synchronous
reference frame (SRF) theory.
3. Design of space vector pulse width modulation (SVPWM). The procedures are as

follows:

and angle a

ref

Q) Determination of V,,V,,

(i)  Determination of time duration T,, T, and T,

(iii)  Determination of switching time of each transistor (Si- Sg)
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3.3 Selection of Shunt Active Power Filter Design Parameters

The selection of shunt active power filter is based on the design approach presented and detailed
in Section 2.2.4, the initial target of maximum harmonic compensating current, lsmax, has been set
at 100A which requires an APFg, of 48.8 kVA rated capacity (Hsn) in a 400V distribution
system. The fswmax of IGBT limit is around 20 kHz. The wide range of values of lsnax, h, Lt, Rt
and Vg4 have been chosen to calculate the VSI power rating, Sysi-n and Piess for harmonic
compensation using equation 2.10 and 2.11. The connection topology and switching
configuration of a 3-ph, 3-wire APFg, together with the generalized chosen parameters range is

shown in Figure 3.1.
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< | =<} S Qrmax=(5-149) kKVA R

= 3 lmae = (10 — 100) A fsw max = upto.. 20 kHz

: ]
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Figure 3.1: A 3-ph, 3-wire SAPF connected to the grid and load at PCC
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3.3.1 Selection of DC Reference Voltage

The minimum value of VVdc was calculated using equation 2.12 (Shafiuzzaman, 2013)
V,. =~/3Vpcc - max

Vpce-max = 400V

The required minimum of V. was calculated to be 693V. Therefore, 700V was chosen.

3.3.2 Selection of Coupling Inductor
The minimum value of L; was calculated using equation 2.13 (Shafiuzzaman, 2013)

P
12fswkl

£ -max
The converter maximum ripple current = 10A

Vdc = 693V (for modulation index = 1.7)

Switching frequency = 20 KHz.

The minimum value of Lswas calculated to be 2.88mH. Therefore, 3mH was chosen.

3.3.3 Selection of DC Side Capacitor

The minimum value of C4 was calculated using (2.14) (Shafiuzzaman, 2013)

. 25nT 2S.n.T _snT
* dec—max - dec—min {(1 + Z)Vdc }2 - {(1 = Z)VdC }2 ZZVdZC

The allowable compensator power transfer is 20kVA
Number of cycle, n = 0.5 (i.e. half cycle)

Period, T for one complete cycle is 0.02Sec

Change in VVdc of 10% (i.e. z=0.1)

Vdc = 693V (for modulation index = 1.7)

The minimum capacity of C4. was calculated to be 2082uF. Therefore, 3000 F was chosen.

43



The design SAPF parameters is therefore summarized in Table 3.1 (Suleiman et al., 2017)

Table 3.1 SAPF Parameters (Suleiman et al., 2017)

PARAMETER

VALUE

SUPPLY

LOAD INDUCTANCE

SAPF

V, =220V, F, =50H,, R, =0.15Q L, =0.03mH
R, =40Q, L, =2mH

V, =700 L. =3mH C, =3000uF

3.4 Modeling of Shunt Active Power Filter in d-q

The SRF method is implemented by transforming the three-phase source Va, Vb and V¢ and load

current 1, , I, , and I,

quantities as expressed as

Iy cos6
. 2| .

I :\/; -sind
iy /2

into the three-phase (d-g-0) synchronous reference frame in DC

cos(0-120) cos(0+120) || 1,
-sin(0-120) -sin(0+120) || i, (3.1)

Y2 yvz o Lk
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The voltage equation for each phase of the three phase shunt active power filter is expressed as

(Mohammed, 2012).

di

L & =V, -Ri. -V
f dt fa f'fa sa (32)
di .
Le —2 =V, -Riig -V,
dt (3.3)
f dlc =Vfc_Rfifc_Vsc
dt (3.4)
Cdc dVdc = Saifa +Sbifb +Saifc
(3.5)

Equations 3.2 to 3.5 are transformed to synchronous reference frame using equation 3.1. as

expressed as

di . .
L =9 =V -V, -Ryig - L;oig,

dt (3.6)

di
Ly — =V, -V, -Ryig + Loy

dt (3.7)
Cdc%—s Iy + Syl

dt (3.8)

Figure 3.2 shows a low pass filter (LPF) is connected immediately after the SRF to separate

fundamental harmonic from harmonic load current.

i |
PLL——»{ 30C/} Lo LPF % “ ) N

=, LPF by =

abc ——

dq

Figure 3.2: Block Diagram of Principle of the Synchronous Reference Method
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Harmonics with DC quantities are transformed entirely into non-DC quantities at appropriate

corner frequency are shown as (Rama & Sobharani, 2014; Suleiman et al., 2017).

HEtE

Where,

i, and Tq fundamental harmonic in d and q axis

i, and Tq - distorted harmonic in d and q axis

The shunt active power filter extracted reference current therefore expressed as

|:i:d:| _ |:Td:|
i | |1
a (3.10)

Where,

i-,- Reference current in d axis

i:q - Reference current in q axis
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3.4.1 Control in Synchronous Frame Reference (d-q)

Proportional Integral (P1) controller is used to directly control the current in the synchronous

reference frame (d-q) as shown in Figure 3.3. (Mohammed, 2012).

Rs Ls Rr Lr 1 RL
O M Isa, e, el
AC Rs Ls I Rr Lr
YW sb o | A AN Lt
Rs Ls Rr Lr
O)—— /M Isc, e, AN
e |fc“|fbwfa“ R Lt Diode
_MR{\—/W—-
| = Vac
g 5o
AAAN A A A '
IGBT
abc |
Vdcref q
Vsabc -
v Vdc
L 1Y * 3
v Vsd P! lta| | I
abc
' dq
Vsq .
Idc
! . _— i‘ - |* _ + A4
1 l._ fal Y fd Ud v V*id
abe d LPE |d H- > Pl dq \/f* 2
AP + a
+ +
ILsabo WL | + B
(= >
1 -— I k & - WL - -
Iq I _ 1. [lI.. =1 ¥ lv*f Vfﬂ >
d . q fq| fq q Uq a .
q » LPF ;@—» Pl | — "l N
+ + " af

Figure 3.3: Direct Control by PI Controllers in the Synchronous Reference (Mohammed, 2012)
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Equation 3.6 to 3.8 is re-arranged as expressed as

] di
Vi = Vi - Relgg - L Sw L o1

fq

- difq .
Vi = Vi - Rl - L It + L, omig,
dv, . . .
CdC dtd = Sdlfd +Sq|fq

The currents on the axes d and g are decoupled into two components as

di )
U, = L d—f[d"' Rl

di, )
dtq * Rl

U, =L,

a
Therefore, equation 3.14 and 3.15 is re-written as expressed as
Vg = Uy +V, + Loig,
V;; =U, +V,, + Lol

Equation 3.16 and 3.17 was model in MATLAB/SIMULINK as shown in Figure 3.4

Vsd l
ud + .

. + o P Vi
I ’C?/ o +
. -A +
tg WL
ifd WL

- Uy -v

) 4 *
-k + V
—+
Vo

Figure 3.4: Current Controllers in Synchronous Reference Block Diagram
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3.4.2 DC Bus Control Using PI

The control of DC bus is done by comparing the actual capacitor voltage with a set reference
value. The error signal is then processed through a PI controller, which contributes to zero steady
error in tracking the reference current signal. The output of the PI controller is taken as peak
value of the supply current (1), which is composed of fundamental active power component of
load current and loss component of APF (Rahul, 2014). The control of DC bus derived as
expressed as follow (Mohammed, 2012).

Neglect the losses in the inverter and the output filter, the relation between the absorbed power

by the filter and the voltage around the capacitor can be given as (Mohammed, 2012).

d 1
P.=—(=C, V2
dc dt(2 dc dc)

(3.18)
By applying the laplace transformation to the equation 3.18, is expressed as
Pdc = 1SCdc\/ch
2 (3.19)
Therefore, the capacitor voltage is given as
V2 = 2P,
CacS (3.20)

The control loop of DC voltage is represented in Figure 3.5

Ki [
Kpdc + Sd

*2
Vdc

\ 4
O
o

Figure 3.5: DC Voltage Control Loop Block Diagram.
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The control transfer function is therefore written as

1+ o)
H(S) — I‘<idc

5?4250 gy 5
Cd

kidc
Cac (3.21)

C

The PI controller parameters are therefore derived as

Kige = 1Colcc‘)?
2 (3.22)
kpdc = .(C:"\} 2C:dckidc
(3.23)
Where,
w, = 27t (3.24)

3.5 Design of Space Vector Pulse Width Modulation (SVPWM)

Space vector pulse width modulation can be implemented by the following steps

(i) Determination of V,, V,, and angle o

ref
(i) Determination of Time DurationT,, T,and T,
(iii) Determination of switching time of each transistor (S, - S;)

3.5.1 Determination of V,V,, and Angle o

ref
Determination of V;, V,, V,,; and angle o is derived as follows: (Mohammed, 2012; Renu et al.,

2016; Jin-Woo, 2015).
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Consider the sector 1 of the space vector hexagonal diagram in Figure 3.6.

Figure 3.6: Voltage Space Vector and its Components in (D- Q)

Direct voltage equation and quadrature voltage equation can be written as

V, =V, -V,,c0s60-V,_cos60 =V, -lvan - 1VCn
2 2 (3.25)
V, =0+V,, c0s30-V, cos30 =0+ ?Vbn - gvm (3.26)
Equation 3.25 and 3.26 can be re-written in matrix form as
1 1
|:Vd:| _2 2 2
Vo 3 0 ﬁ _ﬁ
2 2 (3.27)
Also equation of the alpha voltage and beta voltage is given as
{Va} B [cose -sine}
\A sin@  cosO (3.28)
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Therefore, reference voltage equation and alpha angle are written as

Veer| = (V2 + V7 (3.29)

o =tan” {%J = wt
p (3.30)

Where,
a - Angle between reference voltage and alpha voltage

Equations 3.25, 3.26, 3.29 and 3.30 was written as algorithm in MATLAB function in

and angle a

ref

Matlab/SIMULINK to calculate V, V,,
3.5.2 Determination of Time DurationT,, T,and T,

The procedures for determining the switching timeT,, T,and T, is illustrated as follows (Tej &

Ruchi, 2014).
Consider the sector 1 of the space vector hexagonal diagram in Figure 3.7 (Naresh et al., 2012).
If the amplitude V¢ at an angle o from the a-axis, then the inverter must spend time in the

bounding states of the sector and the zero space vector state (Naresh et al., 2012). Let the

inverter spend time T, duration of time in state (1 0 0), T, duration of time in state (1 1 0) and

T, duration of time in the zero space vector state (Tej et al., 2014).

v

Figure 3.7: Reference Vector at Sector 1(Naresh et al., 2012)
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The switching duration of any sector is given as (Renu et al., 2016; Rahul, 2014)

[V = ["Vidt+ [Tt + [ Vdt
0 ref 0 1 T, 2 T,+T, 0 (331)

By integrating equation 3.31 from 0 toT, , is therefore written as

TV =(MV, +T,V,)

ref (332)
From the Figure 3.7V, V, and V, are expressed as
_ — | cosa
Vref = Vref |: - :|
sina (3.33)
_ 1
Vl = E\/d(: |: i|
3 Lo (3.34)
T
_ 2 COSg
V, ==V, (3.35)
3 . T
sin=
3
V.., V, and V, was substituted into equation 3.32 as
COoS—
— | cosa 2 1 2 3
=T,=V +T,=V 3.36
ref |:Sin(li| 1 3 dc |:0j| 2 3 dc I ( )
sin—=
Where,
O<a=<60
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Therefore, T,, T,and T,are as

si n(E -)
T,=Ta_ 3
- 7T
sin(=)
3 (3.37)
T, =T.a sin(o)
- 7T
sin(=)
3 (3.38)
To=T,- (Tl + Tz) (3.39)
Where,
T, = fi , T, is total time duration (3.40)
\Y/
a= [Vee | , is modulation index (3.41)
2/3V,.
The switching time duration at any sector is therefore written as
J3T, |V
T, = —="(sin D rcoso-cos N Tsina)
V. 3 3 (3.42)
J3T, |V _
T, = 21 Vet (sin(a -2t oy
Ve 3 (3.43)
To=T-T-T, (3.44)
Where,

n =1 (i.e. sector 1 -6) 0<a<60

Equations 3.42, 3.43 and 3.44 were written as algorithm in MATLAB function in
Matlab/Simulink for sector identification and to calculate T,, T, and T,
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3.6

Determination of Switching Time of Each Transistor (S;—Sg)

The switching pattern of each transistor (S;—Sg) of the voltage source inverter is therefore

configured as shown in Figure 3.8 (Dev, 2015).
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Figure 3.8: Space Vector PWM Switching Patterns at each Sector (Dev, 2015)



The switching time at each sector is summarized in Table 3.2 based on Figure 3.7, and it was

written as algorithm in MATLAB function in MATLAB/SIMULINK to implement the switching

time of each sector (Dev, 2015).

Table 3.2: Switching Time Calculation at Each Sector

Sector Upper Switches (S1, S3, S5) Lower Switches (S4, S6, S2)
S1=T1+T2+T0/2 S4=TO0/2
S3=T2+T0/2 S6=T1+T0/2

1 S5=T0/2 S1=T1+T2+T0/2
S1=T1+TO0/2 S4= T2+ T0/2
S3=T1+T2+T0/2 S6 =T0/2

2 S5=T0/2 S1=T1+T2+T0/2
S1=T0/2 S4= T1+T2+T0/2
S3=T1+T2+T0/2 S6 =T0/2

3 S5=T2+T0/2 S1=T1+T0/2
S1=T0/2 S4= T1+T2+TO0/2
S3=T1+T0/2 S6= T2+ T0/2

4 S5= T1+T2+T0/2 S1=T0/2
S1=T2+T0/2 S4= T1+T0/2
S3=T0/2 S6=T1+T2+T0/2

5 S5= T1+T2+T0/2 S1=T0/2
S1=T2+T0/2 S4= T0/2
S3=T0/2 S6=T1+T2+T0/2

6 S5= T1+TO0/2 S1=T2+T0/2
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Figure 3.9 show the flow chart of implementation of space vector pulse width modulation

techniques in MATLAB/SIMULINK.
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\ 4
Calculation of Time duration
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v
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A 4

Calculation of duty cycle to compare with
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Figure 3.9: Flow chart for SVPWM implementation (Asma & Sayed, 2017).
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The switching block diagram of space vector pulse width modulation techniques for generation

of pulse signal for three phase inverter is shown in Figure 3.10
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_-> n
Thi -
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Figure 3.10: SVPWM based current control scheme for generating switching pulses (Subhransu

& Siddharth, 2016).
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Introduction

The results of simulations are detailed in this chapter. The harmonic analysis was done using
Fast Fourier Transform (FFT) in MATLAB/SIMULINK environment as stated in methodology
of this work. The performance of the developed SAPF model with space vector pulse width
modulation was tested under balanced and unbalanced sinusoidal voltage source. The result
obtained was compared with IEEE harmonic standard limit (< 5% THD). The work of Suleiman

et al., (2017) was used for validation.

4.2 Output Waveform of SVPWM with SAPF

The developed SVPWM model was simulated in Matlab/Simulink to compute the duty cycle of
the three phase inverter switches and switching time duration of each sector. The three phase
inverter is controlled by six switches configurations. In each configuration the vector
identification uses a ‘0’ to represent the negative phase voltage level and a ‘1’ to represent the
positive phase voltage level. The inverter voltage is “1” if the switch is on and “0” if it is off. The
carrier signal with voltage amplitude of 1 and carrier frequency of 20 KHz was compared with

reference signal. The output switching signal waveform is shown in Figure 4.1

Voltage(V)
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e
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i
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Time(Sec) w107

Figure 4.1: Output Switching Pulse of SVPWM at 20 KHz
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4.3 SAPF with Balanced Voltage

The developed SAPF model was tested under balanced voltage before compensation and after
compensation using SVPWM for RL and RC load. The result of SVPWM was compared with

IEEE harmonic standard limit of 5% and Suleiman et al., (2017) for validation.

4.3.1 Waveform of RL Load before Compensation

Figure 4.2 shows the waveforms of the source voltage and source current before compensation.
The waveform of the simulation shows that source current is distorted and not in phase with
source voltage due to the harmonic current generated by the RL load. The waveform shows that
both fundamental and harmonics component are present in source current. This will increase the

power loss as a result of poor power factor.
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Figure 4.2: Waveforms of RL Load: Source Voltage (Vs) and Source Current (Is) before
Compensation
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4.3.2 Waveform of RL Load after Compensation with SVPWM
The developed SAPF model was tested with RL balanced load condition. Figures 4.3 shows the

simulation waveforms of Source Voltage (Vs), Source Current (Is), Compensation Current (Ic)
and DC Bus Voltage (Vqc). The results show that, the source current (Is) is now sinusoidal and in
phase with the source voltage (Vs) when compared with the waveform in Figure 4.2. The result
also shows the output waveform of SAPF (i.e. compensation current, Ic) injected at the PCC in
equal opposite direction to cancel the harmonics present in the load current. The reference DC
bus voltage was maintained constant at 700V using PI1 controller for effective performance of

SAPF in harmonics mitigation. The initial delay time of the developed mode is 0.067s.

T T | T T
200 : KEY
S‘ = Red Phase
S —
0 u === Blue Phase
>

'zu u — | = Yellnw Phase
|

% Egg I I I I ]
g 500 = i i i i
0.067 0.087 0.107 0.127 0.147 0.167 0187 0.2

Time(Sec)

Figure 4.3: Simulation Waveform of RL Load with SVPWM: Source Voltage (Vs), Source
Current (Is) after Compensation, Compensation Current (Ic) and DC Bus Voltage (Vyc).
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4.3.3 Result of FFT Analysis of RL Load before Compensation

Figure 4.4 shows the Fast Fourier Transformation (FFT) of source current before compensation.
The THD obtained is 25.60 % and the fundamental value of current at 50 Hz is 10.4 A. This
THD value is large when compared with the IEEE standard harmonic limit (i.e < 5%). This is
due to harmonics present in load current. Therefore, SAPF was applied to reduce the harmonics

present in load current.

Fundamental (50Hz) = 10.4 , THD= 25.60%

‘ | 1 1
] 200

400 600 800 1000
Frequency (Hz)

— e ]
wn =]

=

n

Mag (% of Fundamental)

=

Figure 4.4: FFT of Source Current (Is) with RL Load before Compensation
4.3.4 Result of FFT Analysis of RL Load after Compensation with SVPWM

The developed SAPF model was subjected to Fast Fourier Transformation (FFT) analysis under
balanced voltage with SVPWM. The result obtained in Figure 4.5 shows the Fast Fourier
Transformation (FFT) analysis of source current after compensation. The result shows a
significant Total Harmonic Distortion reduction from 25.6% to 0.91% as seen in Figure 4.4. The

result is within the range of IEEE harmonic standard limit of 5%.
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The result shows that SVPWM has performed better than fuzzy logic controller as developed by
Suleiman et al., (2017) which is 0.92% in term of harmonic reduction.

Fundamental (50Hz) = 10.52 , THD= 0.91%

0.25

o
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Frequency (Hz)

Figure 4.5: FFT of the Source Current (Is) after Compensation with SVPWM for RL Load
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4.3.5 Waveform of RC Load before Compensation

The SAPF model was subjected to RC load with load capacitance of 2200uF and load resistance
of 20Q (Suleiman et al., 2017). Figure 4.6 shows the waveforms of the source voltage and source
current before compensation. The waveform of the simulation shows that source current is not
sinusoidal and not in phase with the source voltage due to the harmonic current generated by the
RC load. The waveform shows that both fundamental and harmonics component are present.

This will increase the power loss (i’R) as a result of poor power factor (Suleiman et al., 2017).
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Figure 4.6: Waveforms of RC Load: Source Voltage (Vs), Source Current before Compensation
4.3.6 Waveform of RC Load after Compensation with SVPWM

The developed SAPF model was tested with RC balanced load condition. Figure 4.7 shows the
simulation waveforms of Source Voltage (Vs), Source Current (Is), Compensation Current (Ic)
and DC Bus Voltage (Vqc). The results show that, the Waveform of the source current (Is) is now

sinusoidal and in phase with the source voltage (Vs) when compared with the waveform in
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Figure 4.6. The waveform also shows compensation current (Ic) for harmonic cancellation at the
PCC and the DC bus voltage (Vdc). The reference DC bus voltage was maintained constant at

700V using PI1 controller for effective performance of SAPF. The initial delay time of the

developed model is 0.09s
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Figure 4.7: Simulation Waveform of RC Load with SVPWM: source voltage (Vs), Source
current (Is) after compensation, Compensation current (Ic), and DC bus voltage (Vq¢).
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4.3.7 Result of FFT Analysis of RC Load before Compensation

Figure 4.8 shows the Fast Fourier Transformation (FFT) analysis of Source current before
compensation. The THD obtained is 35.46 % and the fundamental value of current at 50Hz is
18.87 A. This THD value is large when compared with the IEEE standard. This is due to the
harmonics present in the load current. Therefore, SAPF was applied by injecting compensating

current at the PCC to reduce the value of harmonics present in the load current.

Fundamental (50Hz) = 18.87 , THD= 35.46%
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Figure 4.8: FFT of Source Current (Is) with RC Load before Compensation
4.3.8 Result of FFT Analysis of RC Load after Compensation with SVPWM

The developed SAPF model was subjected to Fast Fourier Transformation (FFT) analysis under
balanced voltage with SVPWM. The result obtained in Figure 4.9 shows the Fast Fourier
Transformation (FFT) analysis of Source current after compensation. The result shows a

significant reduction of Total Harmonic Distortion from 35.46% to 1.35% as seen in Figure 4.9.
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The result is within the range of IEEE harmonic standard limit of 5%. The fundamental current

value was also increased from 18.87A to 19.21A.

Fundamental (50Hz) = 19.21 , THD= 1.35%
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Figure 4.9: FFT of Source Current (Is) after Compensation with SVPWM for RC load

Table 4.1 Summary of Results of Balanced Voltage System with SAPF

Load Control THD THDs (%) with SAPF
Strategy ~ without
SAPF SVPWM FLCPWM
RL MSRF 25.60 0.91 0.92
RC SRF 35.46 1.35 -
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4.4 SAPF with Unbalanced Voltage

The performance of developed SAPF model was also tested under unbalanced voltage before
compensation and after compensation using SVPWM for RL and RC load. The performance of
SVPWM was compared with IEEE harmonic standard limit of 5%. The National Electrical
Manufacturers Association (NEMA) standard (1993) defines percentage unbalance voltage as the
ratio of maximum voltage deviation from average value to the average voltage. They

recommended that the percentage voltage unbalance should not exceed 1% at motor terminal.

4.4.1 Waveform of RL Load before compensation
The developed SAPF model was tested with unbalanced source voltage of V, =200V,

Vy =210V V., =220V . Figure 4.10 shows the waveforms of the source voltage and source

current before compensation. The waveform of the simulation shows that source current is highly
distorted and not sinusoidal due to the harmonic current generated by the combination of RL
load and unbalanced voltage. The waveform shows that both fundamental and harmonics

component are present. This will increase the power loss as a result of poor power factor.

www""""‘""‘""‘""‘
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Figure 4.10: Waveforms of RL Load Under Unbalanced Voltage: Source Voltage (Vs), Source
Current before Compensation
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4.4.2 Waveform of RL Load after Compensation with SVPWM

The developed SAPF model was tested with RL balanced load condition. Figures 4.11 shows
simulation waveforms of Source Voltage (Vs), Source Current (Is), Compensation Current (Ic)
and DC Bus Voltage (Vqc). The results show that, the source current (Is) is now sinusoidal and in
phase with the source voltage (Vs) when compared with Figure 4.10. The result also shows the
waveform of compensation current (Ic) injected at the PCC in equal opposite direction to cancel
the harmonics present in the load current and the DC bus voltage (Vdc). The reference DC bus
voltage was maintained constant at 700V using Pl controller for effective performance of SAPF

in harmonics mitigation. The initial delay time of the developed model is 0.067s
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Figure 4.11: Simulation Waveform of RC Load with SVPWM: source voltage (Vs), Source
current (Is) after compensation, Compensation current (Ic), and DC bus voltage (Vq¢).
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4.4.3 Result of FFT Analysis of RL Load Prior to Compensation

Figure 4.12 shows the Fast Fourier Transformation (FFT) analysis of Source current before
compensation. The THD obtained is 26.68 % and the fundamental value of current is 9.701 A.
This THD value is large when compared with the IEEE standard harmonic limit (i.e < 5%). This
is due to harmonics present load current. Therefore, SAPF was applied to reduce the harmonics

present in load current.

Fundamental (50Hz) = 9.701, THD= 26.68%
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Figure 4.12: FFT of Source Current (Is) with RL Load before Compensation
4.4.4 Result of FFT Analysis of RL Load after Compensation with SVPWM
The developed SAPF model was subjected to Fast Fourier Transformation (FFT) analysis under
balanced voltage with SVPWM. The result obtained in Figure 4.13 shows the Fast Fourier
Transformation (FFT) analysis of Source current after compensation. The result shows a

significant 1.74% reduction of THD when compared with 26.80% in Figure 4.12. The result is
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within the range of IEEE harmonic standard limit of 5%. The fundamental current value has

increased from 9.701A to 9.938A.

Fundamental (50Hz) = 9.938 , THD= 1.74%
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Figure 4.13: FFT of the Source Current (Is) after Compensation with SVPWM for RL Load
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4.4.5 Waveform of RC Load before Compensation

The SAPF model was subjected to RC load with load capacitance of 2200uF and load resistance
20Q (Suleiman, 2017). Figure 4.14 shows waveforms of the source voltage and source current
before compensation. The waveform of the simulation shows that source current is not sinusoidal
and not in phase with the source voltage due to the harmonic current generated by the RC load.
The waveform shows that both fundamental and harmonics component are present. This will

increase the power loss (i°R) as a result of poor power factor (Suleiman et al., 2017).
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Figure 4.14: Waveforms of RC Load: Source Voltage (Vs), Source Current before Compensation

4.4.6 Waveform of RC Load after Compensation with SVPWM

The developed SAPF model was tested with RC unbalanced load condition. Figures 4.15 shows
simulation waveforms of Source Voltage (Vs), Source Current (Is), Compensation Current (Ic)
and DC Bus Voltage (Vqc). The results show that, the Waveform of the source current (Is) is now

sinusoidal and in phase with the source voltage (Vs) when compared with Figure 4.14. The result
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also shows the output waveform of SAPF (i.e. compensation current, Ic) and the DC bus voltage

(Vdc). The reference DC bus voltage was maintained constant at 700V using PI controller for

effective performance of SAPF. The initial delay time of the developed model is 0.095s
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Figure 4.15: Waveform of RC Load with SVPWM: source voltage (Vs), Source current (Is) after
compensation, Compensation current (Ic), and DC bus voltage (V).
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4.4.7 Result of FFT Analysis of RC Load before Compensation

Figure 4.16 shows the Fast Fourier Transformation (FFT) analysis of Source current before
compensation. The THD obtained is 41.83 % and the fundamental value of current is 16.09 A.
This THD value is large when compared with the IEEE standard. This is due to the harmonics
present in the load current. Therefore, SAPF was applied by injecting compensating current at

the PCC to reduce the value of harmonics present in the load current.

Fundamental (50Hz) = 16.09 , THD= 41.83%
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Figure 4.16: FFT of Source Current (Is) before Compensation with RC Load
4.4.8 Result of FFT Analysis of RC Load after Compensation with SVPWM

The developed SAPF model was subjected to Fast Fourier Transformation (FFT) analysis under
balanced voltage with SVPWM. The result obtained in Figure 4.17 shows the Fast Fourier
Transformation (FFT) analysis of Source current after compensation. The result shows a

significant reduction of Total Harmonic Distortion from 41.83% to 3.01% as seen in Figure 4.16.
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The result is within the range of IEEE harmonic standard limit of 5%. The fundamental current

value was also increased from 18.25A to 16.09A. See Table 4.2 for summary of the results

Fundamental (50Hz) = 18.25 , THD= 3.01%
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Figure 4.17: FFT of Source Current (Is) after Compensation with SVPWM for RC Load
Table 4.2: Summary of Results of Balanced Voltage System with SAPF

Load Control THD THDs (%) with SAPF
Strategy without
SAPF SVPWM
RL SRF 26.68 1.74
RC SRF 41.83 3.01
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATION
5.1 Conclusion
Shunt Active Power Filter (SAPF) with Space Vector Pulse Width Modulation (SVPWM) based
current control method has been developed for harmonic reduction. Synchronous reference frame
theory was used to transform ac in a-b-c quantities into DC in d-q quantities and also as control
strategy to extract reference harmonic current. The developed model was tested for both RL and
RC load under balanced and unbalanced sinusoidal voltage. FFT analysis shows that harmonic
has been reduction from 25.60 % to 0.91 % (THD) for RL nonlinear load. The result shows an
improvement of 1.087% when compared with the work of Suleiman et al., 2017 using FLCPWM
with the result of 0.92% (THD). FFT analysis shows that all the results are within the limit of
IEEE 519 standard.
5.2 Limitation
The developed SVPWM model was tested with balanced loads condition. It was not tested with
unbalanced loads condition.
5.3 Significant Contribution
The following are some of the significant contributions from the research work
1. A SAPF was developed for harmonic reduction using SVPWM as a current controller for
switching pulse signal generation.
2. SVPWM was tested under balanced sinusoidal voltage using RL non linear load and a
harmonic reduction of 0.91% THD was achieved as compared to 0.92% THD of the work of

Suleiman et al., (2017). This shows an improvement of 1.087%.
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3. SVPWM was also tested under unbalanced sinusoidal input voltage using RL load and a
significant harmonic reduction of 1.74% THD after compensation was achieved as compared to
26.68% THD before compensation.

5.4 Recommendation
The following are recommended as future works that can be considered:

I. Intelligent controller can be used to replace Pl controller to maintain the DC bus

voltage constant during the transient period.

ii. This work can be implemented on hardware to validate the performance of shunt

active power filter.
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Figure A2: Complete Simulink Models of SVPWM
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