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ABSTRACT

Power quality problems are arising due to the proliferation of the sensitive electronic
loads in industrial and commercial power systems which are the sources of many power
quality distortions and disturbances in the distribution system as well as mostly affected by
these disturbances. Power quality disturbances generated by these loads propagate on the
electrical network to affect the distribution system equipments and causing malfunction of
some of the electronic equipments of others. Therefore, due to these power quality issues, the
customers are focussing attention on the quality of power necessary for the successful
operation of these loads. Ensuring good power quality requires good initial design, effective
mitigation equipment, and cooperation with the supplier, frequent monitoring and good
maintenance. A high level of power quality is understood as low level of disturbance and
agreement on the acceptable levels of disturbance. The limits on power quality are set by
certain international standards such as IEEE-1159, IEC 61000 and EN 50160 to maintain the
power quality to an acceptable benchmark. When these limits are exceeded, it is not certain

that the equipment is no longer to operate or work without any malfunction.

Power quality disturbances like voltage sag, swell, interruption, flicker, notches and
spikes commonly occur in a distribution system. Voltage sags are mostly caused by the
switching on loads with heavy starting currents and utility fault clearing while the swells are
mainly due to the sudden load reduction and a single phase fault on a three phase system. An
interruption which is the complete loss of supply voltage is mainly due to any supply grid
equipment failure or the operation of the utility protective devices. The flicker which is a
symptom of voltage variation is usually caused by large fluctuating loads such as arc
furnaces, rolling mill drives and main winders etc. The notching is due to the electronic
devices such as variable speed drives, light dimmers and arc welders under normal

conditions. The spikes are caused by the lightening, grounding and switching of the inductive
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loads. Nonlinear loads are main cause for the origin of the harmonics in the power system.
The power system parameters -frequency, voltage and current amplitude, waveform and
symmetry can serve as the frames of reference to classify these power quality disturbances
according to the impact on the quality of the available power. Disturbances like voltage sag,
swell and interruptions are called as events while disturbances like harmonics and flicker are
called as power quality variations as these continuously exist in the distribution system.
Multistage and multiple power quality disturbances also occur due to the complexity of the
power system.

Therefore, the continuous monitoring of power quality is essential today for
understanding the causes and the characteristics of various power quality distortions and
disturbances so that electrical environment at that location is evaluated to diagnose the
incompatibilities between the source and the load. Digital signal processing techniques are
used in these instruments for the recognition and the assessment of these power quality
disturbances. Power quality disturbances recognition helps the power engineers to solve the
power quality issues between the utilities and the consumers and to find the optimum solution
for the mitigation of these power quality disturbances. Therefore, the power quality
improvements are needed in the form of mitigating devices for the longevity of the electronic
equipments. Several measures can be taken at the various levels of the distribution system to
make the end use devices less sensitive and to provide the clean and consistent power to the
consumers to minimize the equipments failures and operational upsets.

PQ monitoring basically involves the measurements of the voltage and current signals to
quantify the performance of the supply, identification of the disturbances and to find the
cause of the equipment malfunction. The process of PQ monitoring requires signal processing
of the sensed signals for the analysis and the extraction of the relevant features. The main

features are extracted from the transformed signals and are used for the classification of these



disturbances so that these techniques can be effectively used for the development of the
intelligent PQ monitoring equipments. The selection of the suitable features is extremely
important as these features decide the computation time and the precision of the
classification. The practical signal processing techniques have been the discrete Fourier
transform and the root mean square but these are not suitable for the stationary measurement
data. As most of the PQ disturbances are nonstationary in nature so the joint time-frequency
domain analysis is needed with the signal processing techniques in order to track the time
evolving characteristics of the disturbances.

This research work is aimed towards the development and investigation of signal
processing techniques for the assessment and mitigation of various power quality
disturbances originating in a distribution system. The simulation to the real acquisition of
power quality disturbances are presented in this work. The disturbances are generated in the
laboratory by switching a number of linear and nonlinear loads. However, due to the non
availability of the practical data and rating constraints, numerical models are used to generate
the synthetic data of common power quality disturbances such as voltage sag, swell,
interruption, flicker, harmonics, spikes and notches as per IEEE 1159 standard. These are
analysed with a number of signal processing techniques like instantaneous symmetrical
components, complex wavelet transform, Stockwell-transform, Hilbert Huang transform for
the assessment. All the single stage power PQ disturbances are detected and classified using
symmetrical components in time domain. The multiple PQ disturbances along with the single
stage are detected and assessed with the complex wavelet transform. Stockwell-transform
based artificial neural network classifier and rule-based decision tree are proposed for the
recognition and the classification of single stage and a number of multiple disturbances.
Hilbert Huang transform along with the probabilistic neural network is proposed for the

recognition and the classification of the single stage and multiple disturbances.
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These signal processing techniques are further investigated for the mitigation of PQ
disturbances. Control algorithms based on these techniques for distribution static
compensator (DSTATCOM) are proposed for the PQ improvements in a distribution system.
A model of a DSTATCOM involving a three leg voltage source converter for a three phase
distribution system is developed with the help of Simulink and SimPower toolboxes of
MATLAB. The steady state and the dynamic performances are evaluated for both the linear
and nonlinear loads under the balanced and unbalanced load conditions simultaneously. The
simulated results are validated on a developed laboratory prototype of DSTATCOM. A
comparison table of the different algorithms under a nonlinear load in the balanced and
unbalanced conditions has been presented. The distortion in the grid current is least at a
nonlinear load in the balanced condition with instantaneous symmetrical component
technique. The S-transform based control algorithm is providing the least distortion in the
grid current during the unbalanced load conditions in the system. PQ indices with these
control algorithms are found to within the acceptable limits of international PQ IEEE-519

standard.

vii



TABLE OF CONTENTS

Page
No.
Certificate i
Acknowledgements I
Abstract iv
Table of Contents viii
List of Figures Xviii
List of Tables XXVi
List of Abbreviations XXVil
List of Symbols XXIX
CHAPTER 1 INTRODUCTION 1-13
1.1 General 1
1.2 State of Art 2
1.2.1  Importance of Power Quality 3
1.2.2  Power Quality Disturbances in Distribution Systems 4
1.2.3  Power Quality Monitoring 5
1.2.4  Power Quality Assessment 6
1.2.5 Power Quality Mitigation in Distribution Systems 7
1.3 Scope of Work 8
1.3.1 Investigations of Signal Processing Techniques for the Detection and 8
Classification of Power Quality Disturbances
1.3.2  Analysis, Design and Development of Mitigation Techniques for Power 9
Quality Improvements in Distribution Systems
1.3 OQutline of Chapters 10
CHAPTER 2 LITERATURE REVIEW 14-32
2.1 General 14
2.2  Literature Survey 14
2.2.1  Definitions of Power Quality 15
2.2.2  Origin of Power Quality Disturbances and Their Consequences 16
2.2.3  Power Quality Standards 19
2.2.4  Power Quality Indices 23

viii



2.3
2.4

2.2.5  Literature Review of Signal Processing Techniques for Analysis of
Power Quality Disturbances

2.2.6  Literature Review on Techniques for Classification of Power Quality
Disturbances

2.2.7  Literature Review on Techniques for Mitigation of Power Quality
Disturbances

Identified Research Areas
Conclusions

CHAPTER 3 MODELING AND REAL TIME GENERATION

3.1
3.2
3.3

OF POWER QUALITY DISTURBANCES

General

Classification of Power Quality Disturbances

Analysis and Mathematical Formulation of Power Quality Disturbances
3.3.1 Single Stage Power Quality Disturbances

3.3.2  Multiple Power Quality Disturbances

3.3.3 Multistage Power Quality Disturbances

3.4 MATLAB Based Modeling and Simulation of Power Quality Disturbances
3.5 Real Time Generation of Power Quality Disturbances
3.5.1 Development of Hardware Prototype for Generation of Power Quality
Disturbances
3.5.2 Development of the Voltage Sensor Board for Power Quality Signal
Acquisition
3.5.3 Development of the Current Sensor Board for Power Quality Signal
Acquisition
3.5.4 Power Quality Disturbances Acquisition using LabVIEW-Data
Acquisitions Cards (DAQ)
3.6  Results and Discussion
3.6.1 Simulated Results
3.6.2  Experimental Results
3.7 Conclusions
CHAPTER 4 INSTANTANEOUS SYMMETRICAL
COMPONENTS BASED POWER QUALITY
ASSESSMENT
4.1 General
4.2 Theory of Instantaneous Symmetrical Components in Time Domain

24

27

29

30
31

33-51

33
33
36
36
37
38
39
40

41

42

45

45
46
46
50

52-70

52
52



4.3
4.4
4.5
4.6

4.7

Modeling and Simulation of Power Quality Disturbances Detection

Feature Extraction and Method for Power Quality Disturbances Classification
Hardware Implementation of Power Quality Disturbances Detection

Results and Discussion

4.6.1 Simulation Results

46.1.1
46.1.2
4.6.1.3
46.1.4
4.6.1.5
4.6.1.6
4.6.1.7
4.6.1.8

Detection of Voltage Sag

Detection of Voltage Swell

Detection of Voltage Flicker

Detection of VVoltage Harmonics

Detection of VVoltage Notches

Detection of Voltage Oscillatory Transients
Detection of Voltage Spike

Detection of Voltage Interruption

4.6.2 Experimental Results

4.6.2.1 Detection of Real Time Voltage Sag

4.6.2.2 Detection of Real Time Voltage Swell

4.6.2.3 Detection of Real Time Voltage Notch

4.6.2.4  Detection of Real Time Voltage Interruption
4.6.3 Classification of Power Quality Disturbances
Conclusions

CHAPTER 5

5.1
5.2
5.3
5.4
5.5
5.6

General

COMPLEX WAVELET BASED POWER
QUALITY ASSESSMENT

Theory of Complex Wavelet-Multiresolution Signal Decomposition
Modeling and Simulation of Power Quality Disturbances Detection

Feature Extraction and Method for Power Quality Disturbances Classification
Hardware Implementation of Power Quality Disturbances Detection

Results and Discussion

5.6.1 Simulation Results

5.6.1.1
5.6.1.2
5.6.1.3
5.6.1.4
5.6.1.5

Detection of Voltage Sag
Detection of Voltage Swell
Detection of Voltage Flicker
Detection of VVoltage Harmonics
Detection of VVoltage Notches

54
55
59
60
60
60
61
62
62
63
63
65
65
66
66
67
67
67
69
70

71-92

71
71
73
74
76
77
77
77
78
78
80
80



5.6.1.6 Detection of Voltage Oscillatory Transients 81

5.6.1.7 Detection of Voltage Spike 81

5.6.1.8 Detection of VVoltage Interruption 83

5.6.1.9 Detection of VVoltage Sag with Harmonics 83

5.6.1.10  Detection of Voltage Swell with Harmonics 84

5.6.1.11  Detection of Voltage Flicker with Harmonics 84

5.6.2 Experimental Results 86
5.6.2.1 Detection of Real Time Voltage Sag 86

5.6.2.2 Detection of Real Time Voltage Swell 87

5.6.2.3 Detection of Real Time Voltage Notch 88

5.6.2.4 Detection of Real Time Voltage Oscillatory Transient 89

5.6.3 Classification of Power Quality Disturbances 90

5.7 Conclusions 91
CHAPTER 6 STOCKWELL TRANSFORM BASED POWER 93-114

QUALITY ASSESSMENT

6.1 General 93
6.2 Theory of Stockwell-Transform 93
6.3 Modeling and Simulation of Power Quality Disturbances Detection 96
6.4 Feature Extraction and Method for Power Quality Disturbances Classification 97
6.4.1 Rule Based Decision Tree 97

6.4.2 Artificial Neural Network 98

6.5 Hardware Implementation of Power Quality Disturbances Detection 100
6.6  Results and Discussion 101
6.6.1 Simulation Results 101
6.6.1.1 Detection of Voltage Sag 101

6.6.1.2 Detection of Voltage Swell 101

6.6.1.3 Detection of Voltage Flicker 102

6.6.1.4 Detection of VVoltage Harmonics 103

6.6.1.5 Detection of VVoltage Notches 103

6.6.1.6 Detection of Voltage Oscillatory Transients 104

6.6.1.7 Detection of Voltage Spike 105

6.6.1.8 Detection of VVoltage Interruption 105

6.6.1.9 Detection of Voltage Sag with Harmonics 106

6.6.1.10  Detection of VVoltage Swell with Harmonics 107

Xi



6.7

6.6.1.11

Detection of VVoltage Flicker with Harmonics

6.6.2 Experimental Results

6.6.2.1
6.6.2.2
6.6.2.3
6.6.2.4

Detection of Real Time Voltage Sag
Detection of Real Time Voltage Swell
Detection of Real Time Voltage Notch

Detection of Real Time Voltage Oscillatory Transient
6.6.3  Classification of Power Quality Disturbances using Rule-Based

Decision Tree and Artificial Neural Network

Conclusions

CHAPTER 7

7.1
7.2

7.3
7.4
7.5
7.6

General

HILBERT HUANG TRANSFORM BASED
POWER QUALITY ASSESSMENT

Theory of Hilbert Huang Transform

7.2.1 Empirical Mode Decomposition

7.2.2 Hilbert Transform

Modeling and Simulation of Power Quality Disturbances Detection
Feature Extraction for Power Quality Disturbances Classification
Hardware Implementation of Power Quality Disturbances Detection
Results and Discussion

7.6.1 Simulation Results

7.6.1.1
7.6.1.2
7.6.1.3
7.6.1.4
7.6.1.5
7.6.1.6
7.6.1.7
7.6.1.8
7.6.1.9
7.6.1.10
7.6.1.11
7.6.1.12
7.6.1.13
7.6.1.14
7.6.1.15

Detection of Voltage Sag

Detection of Voltage Swell

Detection of Voltage Flicker

Detection of VVoltage Harmonics

Detection of VVoltage Notches

Detection of Voltage Oscillatory Transients
Detection of VVoltage Spikes

Detection of VVoltage Interruption

Detection of Voltage Flicker with Sag
Detection of Voltage Flicker with Swell
Detection of Voltage Sag with Harmonics
Detection of Voltage Swell with Harmonics
Detection of VVoltage Harmonics with Sag
Detection of Voltage Harmonics with Swell
Detection of VVoltage Transients with Harmonics

Xii

108
108
108
109
110
111
112

114

115-141

115
115
115
116
118
118
120
121
121
122
122
123
123
125
125
126
127
127
128
128
130
130
131
132



7.6.1.16 Detection of VVoltage Transients with Sag
7.6.1.17  Detection of Voltage Transients with Swell

7.6.2 Experimental Results
7.6.2.1 Detection of Real Time Voltage Sag
7.6.2.2 Detection of Real Time Voltage Swell
7.6.2.3 Detection of Real Time Voltage Notch
7.6.2.4 Detection of Real Time Voltage Oscillatory Transient
7.6.3  Classification of Power Quality Disturbances using Probabilistic
Neural Network
7.7 Conclusions
CHAPTER 8 INSTANTANEOUS SYMMETRICAL
COMPONENTS THEORY BASED CONTROL
ALGORITHM OF DSTATCOM FOR POWER
QUALITY IMPROVEMENT
8.1 General
8.2  System Configuration of Distribution Static Compensator (DSTATCOM)
8.3  Control Algorithm Based on Instantaneous Symmetrical Components Theory
8.3.1  Estimation of Average Active Power
8.3.2  Estimation of Reference Currents
8.4 Modeling and Simulation of Instantaneous Symmetrical Components Based
Control Algorithm of DSTATCOM
8.5 Hardware Implementation of Instantaneous Symmetrical Components Based
Control Algorithm of DSTATCOM
8.6  Results and Discussion

8.6.1

8.6.2

Simulated Performance

8.6.1.1 Intermediate Signals of Instantaneous Symmetrical
Components Based Control Algorithm

8.6.1.2 System Performance under Balanced and Unbalanced Linear
Loads

8.6.1.3 System Performance under Balanced and Unbalanced
Nonlinear Loads

Experimental Performance

8.6.2.1 Intermediate Signals of Instantaneous Symmetrical
Components Based Control Algorithm

8.6.2.2  Steady State Performance
8.6.2.2.1 Steady State Performance under Linear Load

Xiii

132
133
134
135
136
137
137
138

140

142-163

142
142
146
147
148
148

149

151
151
151

152

153

155
155

156
156



8.7

8.6.2.2.2  Steady State Performance under Nonlinear Load

8.6.2.3  Dynamic Performance

8.6.2.3.1 Dynamic Performance under Linear Unbalanced

Load

8.6.2.3.2 Dynamic  Performance  under Nonlinear

Unbalanced Load
Conclusions

CHAPTER 9 S-TRANSFORM BASED CONTROL

9.1
9.2
9.3

9.4

9.5

9.6

ALGORITHM OF DSTATCOM FOR POWER
QUALITY IMROVEMENT

General

System Configuration of Distribution Static Compensator (DSTATCOM)
Control algorithm Based on S-Transform

9.3.1 Estimation of the PCC Voltages Unit Templates

9.3.2 Estimation of the Net Active Power Component

9.3.3 Estimation of the References Supply Currents

9.34  Generation of the Switching Pulses of VSC

Modeling and Simulation of S-Transform Based Control Algorithm of

DSTATCOM

Hardware Implementation of S-Transform Based Control Algorithm of

DSTATCOM
Results and Discussion

9.6.1 Simulated Performance

9.6.1.1 Intermediate Signals of S-Transform Based Control Algorithm
9.6.1.2 System Performance under Balanced and Unbalanced Linear

Loads

9.6.1.3 System Performance under Balanced and Unbalanced

Nonlinear Loads
9.6.2 Experimental Performance

9.6.2.1 Intermediate Signals of S-Transform Based Control Algorithm

9.6.2.2  Steady State Performance
9.6.2.2.1  Steady State Performance under Linear Load

9.6.2.2.2  Steady State Performance under Nonlinear Load

Xiv

157
159
160

161

163

164-186

164
164
165
166
167
169
169
169

172

172
172
172
174

175

176
176
178
178
179



9.6.2.3 Dynamic Performance

9.6.2.3.1  Dynamic Performance under Linear Unbalanced
Load

9.6.2.3.2 Dynamic  Performance  under  Nonlinear
Unbalanced Load

9.7 Conclusions

CHAPTER 10 COMPLEX WAVEET TRANSFORM BASED

10.1
10.2
10.3

10.4

10.5

10.6

CONTROL ALGORITHM OF DSTATCOM
FOR POWER QUALITY IMROVEMENT

General

System Configuration of Distribution Static Compensator (DSTATCOM)
Control Algorithm Based on Complex Wavelet Transform

10.3.1 Estimation of the PCC Voltages Unit Templates

10.3.2 Estimation of the Average Active Power Components of Load Currents

10.3.3 Estimation of the Active Power Component of DC Link Voltage
Control

10.3.4 Estimation of the Net Active Power Component
10.3.5 Estimation of References Currents
10.3.6  Generation of Switching Pulses of VSC

Modeling and Simulation of Complex Wavelet Transform Based Control
Algorithm of DSTATCOM

Hardware Implementation of Complex Wavelet Transform Based Control
Algorithm of DSTATCOM

Results and Discussion
10.6.1 Simulated Performance

10.6.1.1  Intermediate Signals of Complex Wavelet Transform Based
Control Algorithm

10.6.1.2  System Performance under Balanced and Unbalanced
Linear Loads

10.6.1.3  System Performance under Balanced and Unbalanced
Nonlinear Loads

10.6.2 Experimental Performance

10.6.2.1 Intermediate Signals of Complex Wavelet Transform Based
Control Algorithm

XV

180
182

184

185

187-209

187
187
189
190
190
192

192
192
193
193

196

196
196
196

199

199

200
202



10.6.2.2

10.6.2.3

10.7 Conclusions

CHAPTER

111
11.2
11.3

11.4

115

11.6

General

11

Steady State Performance
10.6.2.2.1  Steady State Performance under Linear Load

10.6.2.2.2  Steady State Performance under Nonlinear
Load

Dynamic Performance

10.6.2.3.1 Dynamic  Performance  under Linear
Unbalanced Load

10.6.2.3.2 Dynamic Performance under Nonlinear
Unbalanced Load

HILBERT HUANG TRANSFORM BASED
CONTROL ALGORITHM OF DSTATCOM
FOR POWER QUALITY IMROVEMENT

System Configuration of Distribution Static Compensator (DSTATCOM)

Control Algorithm Based on Hilbert Huang Transform

11.31
11.3.2
11.3.3
11.3.4
11.3.5

Estimation of in-Phase and Quadrature Unit Templates of PCC Voltages

Estimation of the Average Active Power Components of Load Currents

Estimation of Net Active Power Component of the Grid Current

Estimation of References Source Currents

Estimation of Gating Pulses of VSC

Modeling and Simulation of Hilbert Huang Transform Based Control Algorithm
of DSTATCOM

Hardware

Implementation of Hilbert Huang  Transform Based Control

Algorithm of DSTATCOM
Results and Discussion

116.1

11.6.2

Simulated Performance

11.6.1.1

11.6.1.2

11.6.1.3

Intermediate Signals of Hilbert Huang Transform Based
Control Algorithm

System Performance under Balanced and Unbalanced Linear
Loads

System Performance under Balanced and Unbalanced
Nonlinear Loads

Experimental Performance

XVi

202
203
204

206
206

207

209

210-230

210
210
211
212
213
213
213
214
214

217

217
217
218

219

220

222



11.6.2.1 Intermediate Signals of Hilbert Huang Transform Based
Control Algorithm

11.6.2.2  Steady State Performance
11.6.2.2.1 Steady State Performance under Linear Load

11.6.2.2.2 Steady State Performance under Nonlinear
Load

11.6.2.3  Dynamic Performance

11.6.2.3.1 Dynamic  Performance  under  Linear
Unbalanced Load

11.6.2.3.2 Dynamic Performance under Nonlinear
Unbalanced Load

11.7 Conclusions

CHAPTER 12 MAIN CONCLUSIONS AND SUGGESTIONS
FOR FURTHER WORK

12.1  General
12.2  Main Conclusions
12.3  Suggestions for Further Work

REFERENCES
APPENDICES

LIST OF PUBLICATIONS
BIO-DATA

XVii

222

223
223
225

225
227

229

230

231-238

231
232
237

239-246
247-251
252
253



Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

11
2.1
3.1

3.2
3.3
3.4
3.5
3.6
3.7

3.8

3.9

3.10

3.11

4.1
4.2
4.3
4.4

4.5

4.6

4.7

4.8

4.9

4.10

Fig.4.11

LIST OF FIGURES

General scheme of PQ monitoring
CBEMA curve

Prototype of the developed hardware for real-time PQ disturbances generation
and Acquisition
Actual system for the acquisition of the PQ disturbances

Interfacing circuit of voltage sensing and signal conditioning circuit

PCB developed in laboratory for voltage sensing and signal conditioning circuit
Schematic diagram of current sensing circuitry

PCB developed in laboratory for current sensing and signal conditioning circuit

Simulated disturbances as (a) sag (b) swell (c) harmonic (d) flicker (e) notch (f)
oscillatory transient (g) spike (h) interruption (i) osc. transient with sag (j) sag
with harmonic

(@) Digital storage Oscilloscope image of transient signal and (b) Real time
transient signal generated by capacitor switching

(a) Digital storage Oscilloscope image of voltage notch signal and (b) Real time
voltage notch signal generated by a three phase rectifier

(a) Digital storage Oscilloscope image of voltage sag signal and (b) Real time
voltage sag signal generated by switching a high rating load

(a) Digital storage Oscilloscope image of voltage swell signal and (b) Real time
voltage swell signal generated by removing a high rating load

Block diagram of a PLL

Schematic of the PQ disturbance detection
Block scheme for the classification of single stage PQ disturbances

A prototype of developed hardware for real-time PQ disturbance generation and
detection

(@) Voltage sag (b) Negative sequence component of disturbance phase,
Instantaneous Peak value contour calculated from the (c) positive and (d)
negative sequence components

(@) Voltage Swell (b) Negative sequence component of disturbance phase,
Instantaneous Peak value contour calculated from the (c) positive and (d)
negative sequence components

(@) Voltage flicker (b) Negative sequence component of disturbance phase,
Instantaneous Peak value contour calculated from the (c) positive and (d)
negative sequence components

(@) Voltage harmonics (b) Negative sequence component of disturbance phase,
Instantaneous Peak value contour calculated from the (c) positive and (d)
negative sequence components

(@) Voltage notch (b) Negative sequence component of disturbance phase,
Instantaneous Peak value contour calculated from the (c) positive and (d)
negative sequence components

(a) Voltage oscillatory transient (b) Negative sequence component of disturbance
phase, Instantaneous Peak value contour calculated from the (c) positive and (d)
negative sequence components

(@) Voltage spike (b) Negative sequence component of disturbance phase,
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Instantaneous Peak value contour calculated from the (c) positive and (d)
negative sequence components

(a) Voltage interruption (b) Negative sequence component of disturbance phase,
Instantaneous Peak value contour calculated from the (c) positive and (d)
negative sequence components

(a) Real time voltage sag (b) Negative sequence component of disturbance phase,
Instantaneous Peak value contour calculated from the (c) positive and (d)
negative sequence components

(a) Real time voltage swell (b) Negative sequence component of disturbance
phase, Instantaneous Peak value contour calculated from the (c) positive and (d)
negative sequence components

(@) Real time voltage notch (b) Negative sequence component of disturbance
phase, Instantaneous Peak value contour calculated from the (c) positive and (d)
negative sequence components

(@) Real time voltage interruption (b) Negative sequence component of
disturbance phase, Instantaneous Peak value contour calculated from the (c)
positive and (d) negative sequence components

Analysis filter bank for DT-DWT based CWT

Block scheme for the classification of single stage PQ disturbances
CWT decomposition of the voltage sag signal

CWT decomposition of the voltage swell signal

CWT decomposition of the voltage flicker signal

CWT decomposition of the voltage harmonics signal

CWT decomposition of the voltage notch signal

CWT decomposition of voltage oscillatory transient signal

CWT decomposition of the voltage spike signal

CWT decomposition of the voltage interruption signal

CWT decomposition of the voltage sag with harmonics signal
CWT decomposition of the voltage swell with harmonics signal
CWT decomposition of the voltage flicker with harmonics signal

(@) A real time voltage sag disturbance (b) CWT decomposition of the real time
sag signal

(@) A real time voltage swell disturbance (b) CWT decomposition of the real
time swell signal

(@) A real time voltage notch disturbance (b) CWT decomposition of the real
time notch signal

(@) A real time voltage osc. transient disturbance (b) CWT decomposition of the
real time transient signal

Block scheme for the classifications of single and multistage PQ disturbances

(@) Detection of voltage sag (b) Maximum amplitude versus time contour (c)
Amplitude versus frequency (normalized) contour
(a) Detection of voltage swell (b) Maximum amplitude versus time contour (c)
Amplitude versus frequency (normalized) contour
(@) Detection of voltage flicker (b) Maximum amplitude versus time contour (c)
Amplitude versus frequency (normalized) contour
(a) Detection of voltage harmonics (b) Maximum amplitude versus time contour
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7.4
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7.7
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(c) Amplitude versus frequency (normalized) contour

(a) Detection of voltage notches (b) Maximum amplitude versus time contour
(c) Amplitude versus frequency (normalized) contour

(a) Detection of voltage oscillatory transient (b) Maximum amplitude versus
time contour (c) Amplitude versus frequency (normalized) contour

(a) Detection of voltage spikes (b) Maximum amplitude versus time contour (c)
Amplitude versus frequency (normalized) contour

(@) Detection of voltage interruption (b) Maximum amplitude versus time
contour (c) Amplitude versus frequency (normalized) contour

(a) Detection of voltage sag with harmonics (b) Maximum amplitude versus
time contour (c) Amplitude versus frequency (normalized) contour

(a) Detection of voltage swell with harmonics (b) Maximum amplitude versus
time contour (c) Amplitude versus frequency (normalized) contour

(a) Detection of voltage flicker with harmonics (b) Maximum amplitude versus
time contour (c) Amplitude versus frequency (normalized) contour

(a) Generation of real-time voltage sag signal and its (b) S-transform analysis

(a) Generation of real-time voltage swell signal and its (b) S-transform analysis
(a) Generation of real-time voltage notch signal and its (b) S-transform analysis

(@) Generation of real-time voltage transient signal and its (b) S-transform
analysis
Probabilistic neural network

Voltage sag and its corresponding first three intrinsic mode functions (A1-A3),
its instantaneous amplitude (B1-B3), instantaneous phase (C1-C3) and its
instantaneous frequency (D1-D3)

Voltage swell and its corresponding first three intrinsic mode functions (Al-
A3), its instantaneous amplitude (B1-B3), instantaneous phase (C1-C3) and its
instantaneous frequency (D1-D3)

Voltage flicker and its corresponding first three intrinsic mode functions (Al-
A3), its instantaneous amplitude (B1-B3), instantaneous phase (C1-C3) and its
instantaneous frequency (D1-D3)

Voltage harmonics and its corresponding first three intrinsic mode functions
(A1-A3), its instantaneous amplitude (B1-B3), instantaneous phase (C1-C3)
and its instantaneous frequency (D1-D3)

Voltage notches and its corresponding first three intrinsic mode functions (Al-
A3), its instantaneous amplitude (B1-B3), instantaneous phase (C1-C3) and its
instantaneous frequency (D1-D3)

Voltage oscillatory transient and its corresponding first three intrinsic mode
functions (A1-A3), its instantaneous amplitude (B1-B3), instantaneous phase
(C1-C3) and its instantaneous frequency (D1-D3)

Voltage spikes and its corresponding first three intrinsic mode functions (Al-
A3), its instantaneous amplitude (B1-B3), instantaneous phase (C1-C3) and its
instantaneous frequency (D1-D3)

Voltage interruption and its corresponding first three intrinsic mode functions
(Al1-A3), its instantaneous amplitude (B1-B3), instantaneous phase (C1-C3) and
its instantaneous frequency (D1-D3)

Voltage flicker with sag and its corresponding first three intrinsic mode
functions (A1-A3), its instantaneous amplitude (B1-B3), instantaneous phase
(C1-C3) and its instantaneous frequency (D1-D3)
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7.20

7.21

1.22
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8.2
8.3

8.4
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8.7

8.8

Voltage flicker with swell and its corresponding first three intrinsic mode
functions (A1-A3), its instantaneous amplitude (B1-B3), instantaneous phase
(C1-C3) and its instantaneous frequency (D1-D3)

Voltage sag with harmonic and its corresponding first three intrinsic mode
functions (A1-A3), its instantaneous amplitude (B1-B3), instantaneous phase
(C1-C3) and its instantaneous frequency (D1-D3)

Voltage swell with harmonic and its corresponding first three intrinsic mode
functions (A1-A3), its instantaneous amplitude (B1-B3), instantaneous phase
(C1-C3) and its instantaneous frequency (D1-D3)

Voltage harmonic with sag and its corresponding first three intrinsic mode
functions (A1-A3), its instantaneous amplitude (B1-B3), instantaneous phase
(C1-C3) and its instantaneous frequency (D1-D3)

Voltage harmonic with swell and its corresponding first three intrinsic mode
functions (A1-A3), its instantaneous amplitude (B1-B3), instantaneous phase
(C1-C3) and its instantaneous frequency (D1-D3)

Voltage transient with harmonics and its corresponding first three intrinsic mode
functions (Al- A3), its instantaneous amplitude (B1-B3), instantaneous phase
(C1-C3) and its instantaneous frequency (D1-D3)

Voltage transient with sag and its corresponding first three intrinsic mode
functions (Al- A3), its instantaneous amplitude (B1-B3), instantaneous phase
(C1-C3) and its instantaneous frequency (D1-D3)

Voltage transient with swell and its corresponding first three intrinsic mode
functions (Al- A3), its instantaneous amplitude (B1-B3), instantaneous phase
(C1-C3) and its instantaneous frequency (D1-D3)

(@) Generation of real-time voltage sag signal and its (b) first three intrinsic
mode functions (Al- A3), its instantaneous amplitude (B1-B3), instantaneous
phase (C1-C3) and its instantaneous frequency (D1-D3)

(@) Generation of real-time voltage swell signal and its (b) first three intrinsic
mode functions (Al- A3), its instantaneous amplitude (B1-B3), instantaneous
phase (C1-C3) and its instantaneous frequency (D1-D3)

(@) Generation of real-time voltage notch signal and its (b) first three intrinsic
mode functions (Al- A3), its instantaneous amplitude (B1-B3), instantaneous
phase (C1-C3) and its instantaneous frequency (D1-D3)

(@) Generation of real-time voltage oscillatory transient signal and its (b) ) first
three intrinsic mode functions (Al- A3), its instantaneous amplitude (B1-B3),
instantaneous phase (C1-C3) and its instantaneous frequency (D1-D3)
Schematic of a DSTATCOM

Instantaneous symmetrical component theory based control algorithm of VSC

MATLAB model of DSTATCOM using Instantaneous symmetrical component
theory based control algorithm

Instantaneous symmetrical component theory based control algorithm (a)
estimation of the PCC voltage unit templates (b) reference current estimation
Prototype of the developed hardware of DSTATCOM

Intermediate signals of the Instantaneous Symmetrical Components Based
Control Algorithm for a nonlinear load with unbalancing in ‘¢’ phase

System behaviour under balanced linear load with unbalancing from time t=0.4
sto0.5s

System behaviour under balanced nonlinear load with unbalancing from time
t=04st00.5s
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Harmonic spectra of the proposed system at balanced load condition (a) Vsan (b)
Isa (C) iLa

Harmonic spectra of the proposed system at unbalanced load condition (a) Vsan
(b) isa (C) il_a

Salient internal signals of the control algorithm during the nonlinear load
disconnection () iLc, s, Pst and Pioss (b) D, Pst /D, icret and isc

Salient internal signals of the control algorithm during the nonlinear load
injection () iLc, Ps, Pst and Pioss (b) D, Pst/D, icrer and isc

DSTATCOM performance under linear balanced load (a) Grid power (b) Load
power (c) Compensating power

DSTATCOM performance under linear unbalanced load (a)-(c) grid currents isa,
isb, Isc With grid voltage vsan (d)-(f) load currents iLa, iLb, iLc with grid voltage Vsan
(9)-(i) compensating currents isa, isb, isc With grid voltage Vsan

DSTATCOM performance under nonlinear balanced load (a)-(c) grid currents
Isa, Isb, Isc With grid voltage Vsab (d)-(f) THD’s of isa, isb, isc (g)-(i) load currents
iLa, Ib, iLc with grid voltage vsao (j)-(I) THD’s of ia, iw, ic  (m)-(0)
compensating currents isa, ish, isc along with voltage vsan (p)-(r) grid power, load
power and compensating power

DSTATCOM performance under nonlinear unbalanced load (a)-(c) grid currents
Isa, Isb, Isc @along with grid voltage vsap (d)-(f) load currents iLa, iLb, iLc with grid
voltage vsap (g)-(i) compensating currents isa, ish, isc With grid voltage Vsap
DSTATCOM performance during the linear load disconnection in phase ‘c’ (a)
Vsab , Isa, Isb @Nd isc (D) Vsab, iLa, itb @nd iLc (C) Vsab, Ica, icb @nd ice (d) Ve, Isc, itcand icc
DSTATCOM performance during the linear load injection in phase ‘¢’ (a) Vsab,
Isa, Isb @nd isc (D) Vsab, iLa, iLb@nd it (C) Vsab, ica, ico and icc (d) Vac, Isc, itcand icc
DSTATCOM performance during the nonlinear load disconnection in phase ‘c’
(@) Vsab, Isa, Isb and isc (D) Vsab, iLa, iLb @nd irc (C) Vsab, ica, fco @nd ice (d) Ve, Isc, iLc and
lec

DSTATCOM performance during the nonlinear load injection in phase ‘c’ (a)
Vsab, Isa, Isb and isc (b) Vsab, ILa, ILtband ic (C) Vsab, Ica, Icoand icc (d) Ve, Isc, iLcand ice
Schematic of a DSTATCOM

Block diagram of S-transform based control algorithm for a DSTATCOM
MATLAB model of DSTATCOM using S-transform based control algorithm

S-transform theory based control algorithm of DSTATCOM (a) extraction of
fundamental component of load current (b) extraction of the active component
of load current (c) extraction of average active component of load current (d)
unit templates estimation (e) generation of gate signals

Harmonic components of the ‘c’ phase load current

Intermediate signals of the S-transform based control algorithm for a nonlinear
load with unbalancing in ‘c’ phase

System behaviour under balanced linear load with unbalancing from time t=0.4
sto0.5s

System behaviour under balanced nonlinear load with unbalancing from time
t=04st00.5s

Harmonic spectra of the proposed system at balanced load condition (a) Vsan (b)
Isa (C) iLa

Harmonic spectra of the proposed system at unbalanced load condition (a) Vsan
(b) isa (C) il_a

Salient internal signals of the control algorithm (a) i, ifc, iaic and abs(iafic)
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(b) iLc, lapLg, Inaprg @nd lpde (C) e, Ucp, icref and isc

DSTATCOM performance under linear balanced load (a) Grid power (b) Load
power (c) Compensating power

DSTATCOM performance under linear unbalanced load (a)-(c) grid currents isa,
isb, Isc With grid voltage vsan (d)-(f) load currents ipa, iLb, iLc with grid voltage Vsan
(9)-(i) compensating currents isa, isb, isc With grid voltage Vsan

DSTATCOM performance under nonlinear balanced load (a)-(c) grid currents
Isa, Isb, Isc With grid voltage vsap (d)-(f) THD’s of isa, ish, isc (g)-(i) load currents
iLa, Ib, iLc with grid voltage vsab (j)-(I) THD’s of ia, iw, ic  (m)-(0)
compensating currents isa, ish, isc along with voltage vsan (p)-(r) grid power, load
power and compensating power

DSTATCOM performance under nonlinear unbalanced load (a)-(c) grid currents
Isa, Isb, Isc @along with grid voltage vsan (d)-(f) load currents iLa, iLb, iLc with grid
voltage vsap (g)-(i) compensating currents isa, ish, isc With grid voltage Vsap
DSTATCOM performance during the linear load disconnection in phase ‘c’ (a)
Vsab , Isa, Isb @Nd isc (D) Vsab, iLa, itb @nd iLc (C) Vsab, Ica, icb @and ice (d) Ve, Isc, itcand icc
DSTATCOM performance during the linear load injection in phase ‘c’ (a) Vsan,
Isa, Isb @nd isc (D) Vsab, iLa, iLb@nd it (C) Vsab, ica, ico and icc (d) Vac, Isc, itcand icc
DSTATCOM performance during the nonlinear load disconnection in phase ‘c’
(@) Vsab, Isa, Isb and isc (D) Vsan, iLa, iLb @nd iic (C) Vsab, ica, ico and icc (d) Ve, isc, iLc and
lec

DSTATCOM performance during the nonlinear load injection in phase ‘c’ (a)
Vsab, Isa, Isb and isc (b) Vsab, ILa, Itband ic (C) Vsab, Ica, Icoand icc (d) Ve, Isc, iLcand ice
Schematic of a DSTATCOM

Block diagram of DT-CWT based control algorithm for a DSTATCOM
DT-CWT decomposition of load current signal
MATLAB model of DSTATCOM using DT-DWT based control algorithm

DT-DWT based control algorithm of DSTATCOM (a) extraction of PCC
voltage unit templates (b) estimation of the fundamental component of ‘c’ phase
load current (b) estimation of the active component of load current (d)
extraction of average active component of load current (e) reference current
estimation (f) generation of gate signals

Coefficients of imaginary tree of the ‘c’ phase load current

Harmonic estimation of the CWT levels of ‘c’ phase load current (a) I.c (@) Ie2
(@) lica

Intermediate signals of the CWT based control algorithm for a nonlinear load
with unbalancing in ‘c’ phase

System behaviour under balanced linear load with unbalancing from time t=0.4
sto0.5s

System behaviour under balanced nonlinear load with unbalancing from time t =
04sto0.5s

Harmonic spectra of the proposed system at balanced load condition (a) Vsan (b)
Isa (C) ILa

Harmonic spectra of the proposed system at unbalanced load condition (a) Vsab
(b) isa (C) iLa

Salient internal signals of the control algorithm (@) icc, igfLc, Uep and abs(iarc) (b)
L, |ApLg,abS(|pdc) and InapLg (©) e, InapLg, lcref and isc

DSTATCOM performance under linear load (a) Grid power (b) Load power (c)
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Compensating power

DSTATCOM performance under unbalanced linear load (2)-(C) isa, isb, isc With
Vsab (d)'(f) iLa, iLb, iLc With Vsap (g)'(l) ica, icb, icc along with vsap

DSTATCOM performance under nonlinear balanced load (a)-(C) isa, isb, isc With
Vsab (d)-(f) THD’s of isa, isb, isc (9)-(i) iLa, iLb, iLc With Vsap (j)-(1) THD’s of iia,
iLb, Ic (M)-(0) lica, b, Icc With vsan (p)-(r) grid power, load power and
compensating power

DSTATCOM performance under nonlinear unbalanced load (a)-(C) isa, isb, isc
with Vsab (d)'(f) il_a, iLb, iLc with Vsab (g)'(l) ica, icb, icc with Vsab

DSTATCOM performance during the linear load disconnection in phase ‘c’ (a)
Vsab , Isa, Isb and isc (b) Vsab, ILa, ILtb and ic (C) Vsab, Ica, Icoand icc (d) Ve, Isc, iLcand iee
DSTATCOM performance during the linear load injection in phase ‘C’ () Vsa,
Isa, Ispand isc (b) Vsab, ILa, iLb and icc (C) Vsab, Ica, Icoand icc (d) Ve, Isc, iLcand ice
DSTATCOM performance during the nonlinear load disconnection in phase ‘c’
(a) Vsab, Isa, Isb and isc (b) Vsab, ILa, iLpand ire (C) Vsab, Ica, Icoand icc (d) Ve, lsc, iLcand
lcc

DSTATCOM performance during the nonlinear load injection in phase ‘c’ (a)
Vsab, Isa, Isb @Nd isc (D) Vsab, iLa, Ib @nd iLc (C) Vsab, Ica, icb and ice (d) Ve, isc, itcand icc
Schematic of a DSTATCOM

Block diagram of HHT based control algorithm for a DSTATCOM
MATLAB model of DSTATCOM using HHT based control algorithm

HHT based control algorithm of DSTATCOM (a) unit templates estimation (b)
extraction of fundamental component of load current (c) extraction of the active
component of load current (d) extraction of average active component of load
current (e) reference current estimation (f) generation of gate signals

EMD decomposition of the phase ‘c’ load current

Salient internal signals of the control algorithm for a nonlinear load with
unbalancing in ‘c’ phase

System behaviour under balanced linear load with load unbalancing from time
t=0.2st0 0.3 s

System behaviour under balanced nonlinear load with unbalancing from time
t=0.2st0 0.3 s

Harmonic spectra of the proposed system at balanced load condition (a) Vsan (b)
Isa (C) ILa

Harmonic spectra of the proposed system at unbalanced load condition (a) Vsab
(b) Isa (C) iLa

Salient internal signals of the control algorithm during the nonlinear load
disconnection () ivc, ifLc, iaic and laprg (b), abs(lpdc), InapLg, icref and ice

Salient internal signals of the control algorithm during the nonlinear load
injection (@) ivc, ifLc, iarc and lapLg (b), abs(lpdac), InapLg, Teret @and isc
DSTATCOM performance under linear balanced load (a) Grid power (b) Load
power (c) Compensating power

DSTATCOM performance under linear unbalanced load (a)-(c) grid currents isa,
Ish, Isc With vsap (d)-(f) load current iLa, i, iLc With vsap (9)-(i) compensating
currents isa, isb, isc along with vsap

DSTATCOM performance under nonlinear balanced load (a)-(c) grid currents
Isa, Isb, Isc @along with grid voltage vsap (d)-(f) THD’s of isa, isb, isc (9)-(i) load
currents iia, i, iLc With vsap (j)-(I) THD’s of iLa, i, iLc (M)-(0) compensating
currents isa, isb, Isc along with vsan (p)-(r) grid power, load power and
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compensating power

DSTATCOM performance under nonlinear unbalanced load (a)-(c) grid currents
Isa, Isb, Isc With Vsap (d)-(f) load currents iLa, ib, iLc With Vsap (g)-(i) compensating
currents ica, ich, Icc With Vsap

DSTATCOM performance during the linear load disconnection in phase ‘c’ (a)
Vsab, Isa, Isb @Nd isc (D) Vsab, iLa, Itb @nd iLc (C) Vsab, Ica, ico and ice (d) Ve, isc, itcand icc
DSTATCOM performance during the linear load injection in phase ‘c’ (a) Vsan,
Isa, Isb @nd isc (D) Vsab, iLa, iLb@nd it (C) Vsab, ica, ico and icc (d) Vac, Isc, itcand icc
DSTATCOM performance during the nonlinear load disconnection in phase ‘c’
(@) Vsab, Isa, Isp and isc (D) Vsab, iLa, iLb @nd irc (C) Vsab, ica, ico @nd ice (d) Ve, Isc, itc and
lec

DSTATCOM performance during the nonlinear load injection in phase ‘c’ (a)
Vsab, Isa, Isb and isc (b) Vsab, ILa, ILtband iic (C) Vsab, Ica, Icoand icc (d) Ve, Isc, iLcand iee

XXV



LIST OF TABLES

Table 3.1 Categories and typical characteristics of power system electromagnetic
phenomena [IEEE std. 1159]
Table 3.2 Numerical modeling of single stage PQ disturbances

Table 3.3 Numerical modeling of multiple PQ disturbances

Table 3.4 Numerical modeling of multistage PQ disturbances

Table 5.1 Filter coefficients of various levels of CWT

Table 5.2 Frequency components of the various decomposition levels
Table 6.1 Confusion matrix for the disturbances of G21 group

Table 7.1 Confusion matrix for the PQ disturbances

Table 12.1  Comparison of S-transform performance with different classifiers
Table 12.2  Performance comparison of different techniques

Table 12.3 A comparison of computation burden

Table 12.4 A comparison of different algorithms with a nonlinear load in the balanced
condition

Table 12.5 A comparison of different algorithms with a nonlinear load in the unbalanced
condition

XXVi



ACO
AF
ANN
ASD
BNT
CAIFI
CBEMA
CENELEC
CF

CPD
CWT
DAQ
DSTATCOM
DVR
DWT
EKF
EMC
EMD
EN

ES

ESD
FES

FL

GA
HHT
HMM
HSA

IEC
IEEE

IGBT
IMF

IRP
ISC

LIST OF ABBREVIATIONS

Ant Colony Optimization

Active Filter

Artificial Neural Network

Adjustable Speed Drives

Balanced Neural Tree

Customer Average Interruption Frequency Index
Computer Business Equipment Manufacturer Association
European Committee for Electrotechnical Standardization
Crest Factor

Custom Power Device

Complex Wavelet Transform

Data Acquisition

Distribution Static Compensator

Dynamic Voltage Restorer

Discrete Wavelet Transform

Extended Kalman Filter

Electromagnetic Compatibility

Empirical Mode Decomposition

European Norms

Expert System

Electrostatic Discharge

Fuzzy Expert System

Fuzzy Rule

Genetic Algorithm

Hilbert Haung Transform

Hidden Markov Model

Hilbert Spectral Analysis

Instantaneous Amplitude

International Electrotechnical Commission
Institute of Electrical and Electronics Engineers
Instantaneous Frequency

Insulated Gate Bipolar Transistor

Intrinsic Mode Function

Instantaneous Phase

Instantaneous Reactive Power

Instantaneous Symmetrical Component

XXVii



ITI
ITIC
KF
MAV
MIF
ML
NEMP
NI
NN
PCC
PLC
PLL
PNN
PQ
PSO
RBF
RMS
SAIDI
SAIFI
SLG
SNR
SRF
ST
STFT
SVM
THD
UPQC
VSC
WT

Information Technology Industry Council
Information Technology Industry Council
Kalman Filter

Moving Average Filter

Mean Instantaneous Frequency
Maximum Likelihood

Nuclear Electromagnetic Pulses

National Instruments

Neural Network

Point of Common Coupling
Programmable Logic Controller

Phase Locked Loop

Probabilistic Neural Network

Power Quality

Particle Swarm Optimization

Radial Basis Function

Root Mean Square

System Average Interruption Duration Index
System Average Interruption Frequency Index
Single Line to Ground

Signal to Noise Ratio

Synchronous Reference Frame

Stockwell Transform

Short Time Fourier Transform

Support Vector Machine

Total Harmonic Distortion

Unified Power Quality Conditioner
Voltage Source Converter

Wavelet Transform

XXViii



Codc

Ct

D

fs

IAfLa, IAfLD, IAfLC
iApLg
ica,icb,icc
lerpp
ILa,lfLb, IfLc
ILa,lLb,lLc
|nApLg

|peak

|pdc
isa,isb,isc
iaref, ibref, icref
Ki

Kp

L

m

Pravg

Ploss

Ps

Pst

Rs

S11t0 Se

Ts

Uap, Up, Ucp
Uag,Ubq, Ucq
Va, Vb, Vc
ia, ib, ic
Va', Vo, Ve
Va', Vb, V¢’
Val, w2, vl
Ve

Vice

LIST OF SYMBOLS

Overloading factor

DC link Capacitances

Ripple filter capacitance

Second norm of the supply voltage

Sampling frequency

Three phase active power components of load currents
Average active power component of load currents
Three phase instantaneous compensating currents
Current ripples

Three phase fundamental load components

Three phase instantaneous load currents

Net active power component of supply currents
Peak value of current

DC link voltage controller output

Three phase instantaneous supply currents

Three phase reference supply currents

Integral gain

Proportional gain

Interfacing inductance

Modulation index

Average active power of load

Losses of DSTATCOM

Instantaneous three phase power of load

Total power from source

Ripple filter resistance

Gating signals

Sampling time

In-phase unit voltage templates

Quadrature phase unit voltage templates

three phase instantaneous voltages

three phase instantaneous currents

Positive sequence components of the three phases
Negative sequence components of the three phases
Zero sequence components of the three phases
DC link voltage

DC link voltage error

XXiX



Vsa,Vsh,Vsc
Vsab,Vsbe,Vsca
Vsw

Zsa, Lsb, Zsc
o

D
€
®
T

Minimum DC link voltage

Line to line voltage

Peak value of PCC voltage

Peak value of the positive sequence components
Peak value of the negative sequence components
Three phase instantaneous supply voltages
Three phase instantaneous line voltages
Voltage rating

Three phase source impedance

Fortescue operator

Phase angle

Hysteresis band

Angular frequency

Shifting operator

XXX



	Rajkumar_2010IDZ8717.pdf
	A1-Front Page
	RAJ KUMAR
	RAJ KUMAR
	Instrument Design Development Centre

	A2-Certificate
	A2-Z
	A3-Acknowledgement
	A4-Abstract
	A5-Contents(r)
	A6-List of figures(r)
	A7-List of tables(r)
	A7-Z
	A8-List of abbreviations
	A9-List of Symbols
	Chapter 1r
	Chapter 1-Z
	Chapter 2r(2)
	Chapter 2-Z
	Chapter 3r
	Chapter 3-Z
	Chapter 4r
	Chapter 4-Z
	Chapter 5r
	Chapter 6r
	Chapter 7r
	Chapter 7-Z
	Chapter 8r(1)(1)
	Chapter 9r(1)(1)
	Chapter 9-Z
	Chapter 10r(1)(1)
	Chapter 10-Z
	Chapter 11r(1)(1)
	Chapter 11-Z
	Chapter 12r
	Z1r-References(1)
	Z2-APPENDIX A
	Z2-Z
	Z3-APPENDIX B
	Z4-APPENDIX C
	Z5-Publications
	Z5-Z
	Z6-Biodata
	Rajkumar_2010IDZ8717.pdf
	A1-Front Page
	RAJ KUMAR
	RAJ KUMAR
	Instrument Design Development Centre

	A2-Certificate
	A2-Z
	A3-Acknowledgement
	A4-Abstract
	A5-Contents(r)
	A6-List of figures(r)
	A7-List of tables(r)
	A7-Z
	A8-List of abbreviations
	A9-List of Symbols
	Chapter 1r
	Chapter 1-Z
	Chapter 2r(2)
	Chapter 2-Z
	Chapter 3r
	Chapter 3-Z
	Chapter 4r
	Chapter 4-Z
	Chapter 5r
	Chapter 6r
	Chapter 7r
	Chapter 7-Z
	Chapter 8r(1)(1)
	Chapter 9r(1)(1)
	Chapter 9-Z
	Chapter 10r(1)(1)
	Chapter 10-Z
	Chapter 11r(1)(1)
	Chapter 11-Z
	Chapter 12r
	Z1r-References(1)
	Z2-APPENDIX A
	Z2-Z
	Z3-APPENDIX B
	Z4-APPENDIX C
	Z5-Publications
	Z5-Z
	Z6-Biodata

	Rajkumar_2010IDZ8717.pdf
	A1-Front Page
	RAJ KUMAR
	RAJ KUMAR
	Instrument Design Development Centre

	A2-Certificate
	A2-Z
	A3-Acknowledgement
	A4-Abstract
	A5-Contents(r)
	A6-List of figures(r)
	A7-List of tables(r)
	A7-Z
	A8-List of abbreviations
	A9-List of Symbols
	Chapter 1r
	Chapter 1-Z
	Chapter 2r(2)
	Chapter 2-Z
	Chapter 3r
	Chapter 3-Z
	Chapter 4r
	Chapter 4-Z
	Chapter 5r
	Chapter 6r
	Chapter 7r
	Chapter 7-Z
	Chapter 8r(1)(1)
	Chapter 9r(1)(1)
	Chapter 9-Z
	Chapter 10r(1)(1)
	Chapter 10-Z
	Chapter 11r(1)(1)
	Chapter 11-Z
	Chapter 12r
	Z1r-References(1)
	Z2-APPENDIX A
	Z2-Z
	Z3-APPENDIX B
	Z4-APPENDIX C
	Z5-Publications
	Z5-Z
	Z6-Biodata

	Rajkumar_2010IDZ8717.pdf
	A1-Front Page
	RAJ KUMAR
	RAJ KUMAR
	Instrument Design Development Centre

	A2-Certificate
	A2-Z
	A3-Acknowledgement
	A4-Abstract
	A5-Contents(r)
	A6-List of figures(r)
	A7-List of tables(r)
	A7-Z
	A8-List of abbreviations
	A9-List of Symbols
	Chapter 1r
	Chapter 1-Z
	Chapter 2r(2)
	Chapter 2-Z
	Chapter 3r
	Chapter 3-Z
	Chapter 4r
	Chapter 4-Z
	Chapter 5r
	Chapter 6r
	Chapter 7r
	Chapter 7-Z
	Chapter 8r(1)(1)
	Chapter 9r(1)(1)
	Chapter 9-Z
	Chapter 10r(1)(1)
	Chapter 10-Z
	Chapter 11r(1)(1)
	Chapter 11-Z
	Chapter 12r
	Z1r-References(1)
	Z2-APPENDIX A
	Z2-Z
	Z3-APPENDIX B
	Z4-APPENDIX C
	Z5-Publications
	Z5-Z
	Z6-Biodata

	Rajkumar_2010IDZ8717.pdf
	A1-Front Page
	RAJ KUMAR
	RAJ KUMAR
	Instrument Design Development Centre

	A2-Certificate
	A2-Z
	A3-Acknowledgement
	A4-Abstract
	A5-Contents(r)
	A6-List of figures(r)
	A7-List of tables(r)
	A7-Z
	A8-List of abbreviations
	A9-List of Symbols
	Chapter 1r
	Chapter 1-Z
	Chapter 2r(2)
	Chapter 2-Z
	Chapter 3r
	Chapter 3-Z
	Chapter 4r
	Chapter 4-Z
	Chapter 5r
	Chapter 6r
	Chapter 7r
	Chapter 7-Z
	Chapter 8r(1)(1)
	Chapter 9r(1)(1)
	Chapter 9-Z
	Chapter 10r(1)(1)
	Chapter 10-Z
	Chapter 11r(1)(1)
	Chapter 11-Z
	Chapter 12r
	Z1r-References(1)
	Z2-APPENDIX A
	Z2-Z
	Z3-APPENDIX B
	Z4-APPENDIX C
	Z5-Publications
	Z5-Z
	Z6-Biodata





