SHUNT ACTIVE POWER FILTERING FOR POWER
QUALITY IMPROVEMENT

by
Manjula G. Nair
DEPARTMENT OF ELECTRICAL ENGINEERING

Submitted

in fulfillment of the requirements of the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
INDIA
July 2006



1 Actv Powar &ﬂm
-y Power' fv'[;éew

3. Poww cpw:ﬂg/flm vemeul

TH
¢21.314
NAI-S

{11 7. DELHL. |
LIBE ARY

Ao 301&333? ‘ t




Dedicated with Love......

At the Lotus Feet of AMMA, my Guru & God
(Sri MATA AMRITANANDAMAYI DEVI)

and to my dear ones....
my husband Vinod
my son Vishnu
my parents V.G. K. Nair and C.P.Sobhana



CERTIFICATE

This is to certify that the dissertation entitled “SHUNT ACTIVE POWER
FILTERING FOR POWER QUALITY IMPROVEMENT?, being submitted by Ms.
Manjula G. Nair to the Indian Institute of Technologj(, Delhi for award of Doctor of
Philosophy in Electrical Engineering, is a record of bonafide research work carried out
by her. She has worked under my supervision and guidance and has fulfilled the
requirement for submission of the thesis. The matter recorded in this dissertation has not

been submitted in part or full for the award of any other degree or diploma.

. %0)0
R\ \
Dr.G.Bhuvaneswari,
Supervisor,
Department of Electrical Engineering,
Indian Institute of Technology, Delhi,
New Delhi — 110 016, INDIA.



ACKNOWLEDGEMENT

I take this opportunity to express my heart-felt gratitude to my supervisor Dr. G.
Bhuvaneswari, Department of Electrical Engineering, II'T Delhi. I thank the Almighty to
have brought me under her whole-hearted, sincere and patient guidance, which alone
helped me complete this work. She has been my guide in all true senses from the very
beginning / formation of the research idea to its completion.

I am indebted to all the professors at IIT Delhi who guided me at one stage or the other
during course work and at different stages of the research. I also thank Mr. Gurcharan
Singh, Mr. Negi, Mr. Meharban Singh, Mr. Dhanraj and all other [aboratory staff who
helped me to get things done smoothly.

[ am at a loss to express my gratitude to Mr. Randhir Singh and Mr. Venkatesa Perumal
who extended timely help during the course of this project. I specially thank Ms,
Kiranmai and Mr. Sudhakar Babu, not to mention all the M.Tech and PhD students who
were always ready to help. I thank the Almighty to have showered His Grace on me in
the form of true friends whe made life at IIT Delhi campus, the most memorable one.
Mukulji, Tripta and their kids never let us miss the spiﬁtual atmosphere without which
life would have been difficult to handle. I am deeply indebted to Ms. Shantha, Ms.
Geetha and her daughters Ms, Niraj and Ms. Nirmala who were always there to help me
with my household chores.

It becomes a formality when you say thank you to your own. Still, [ cannot stop myself to
remember with gratitude, the sacrifices done by my dear husband, Vinod and my dear

son, Vishnu to make my PhD dream come true. Without their support I could not have

iii



accomplished this work. My beloved parents were equally the driving force behind this
endeavour. I seek the blessings of my parents, my in-laws, my sister and family.

I am indebted to my university, Amrita Viswa Vidyapeetom(AMRITA),Br. Abhayamrita
Chaitanya ( COO, AMRITA), Prof. T.N.Padmanabhan Nambiar (my MTech guide and
the Chairperson of EEE Dept., AMRITA) and Prof. T.R.Padmanabhan (former Dean of
Engg., AMRITA) who supported me in every possible manner throughout the period of
my PhD. I also thank my EEE Dept., AMRITA for their support.

I dedicate this work lovingly at the Lotus Feet of my beloved Sadguru, Sri Mata
Amritanandamayi Devi. I also dedicate this work with love to my dear husband Sri.

Vinod, my dear son Vishnu and my dear parents, Sri. V.G.K.Nair and Smt. C,P.Sobhana.

A

(MANJULA G. NAIR)

v



ABSTRACT

With the growing awareness about power quality issues, active power filters have
gained wide acceptance as a more flexible and dynamic means to achieve power
conditioning in retrofit systems. Various limitations of the conventional passive filters
such as huge size, problems associated with resonance and fixed compensation, to
mention a few, are overcome with the advent of active power filters. Active power filters
play an important role in solving many of the power quality problems in retrofit
applications. Various control techniques have been developed for implementing active
power filtering using PWM voltage source and/or current source inverters. A thorough
study of the most commonly used control algorithms for three phase shunt active filters
reveals the complex nature of the computations and circuit implementation involved. In
the present work, the simulation study of these algorithms has been done using suitable
simulation software to understand the effectiveness of these conventional algorithms
under \‘rarymg source conditions and loads. These include simulations under a balanced
three-phase source feeding a balanced three-phase non-linear load, an unbalanced source
feeding a balanced non-linear load as well as a balanced source feeding an unbalanced
non-linear load. The fact that the conventional algorithms are still involved or complex in
nature with regard to their computational steps, as seen from the simulation study, has
been the motivating factor in proposing a novel current compensation algorithm for shunt

active filters, in the present research work.

In the proposed I.cos$ algorithm, the desired mains current will be supplying only the

active portion of the load current so that balanced currents will be drawn from the three



phase mains, which will be purely sinusoidal and in phase with the mains voltages. The
proposed method of implementation of the algorithm using simple analog circuits

involves very few computational steps and is quite straightforward.

Precisely, this research work aims at the design, development, simulation and
hardware implementation of the new shunt active filtering control algorithm applicable to
different system and load conditions, The first phase encompasses the formulation of the
control algorithm and investigating its effectiveness using computer simulation. The
modeling and simulation has been done for the following operating conditions and for
different non-linear loads.

(i) Balanced three-phase source feeding a balanced non-linear non-reactive load.

(11) Balanced three-phase source feeding a balanced non-linear reactive load.

(iii)  Unbalanced source feeding a balanced non-linear load.

(iv)  Balanced source feeding an unbalanced non-linear load.

The simulations under all the above operating conditions for the different non-linear
loads are found to work satisfactorily.

The relative size and cost of active filters for a practical three-phase system is
prohibitively high as compared to a tuned passive filter. Passive filters tuned to eliminate
most of the lower order harmonics when used in conjunction with the active filter for
eliminating higher order harmonics, reduce the rating of the active filter considerably. In
the last part of the simulation work, the hybrid filter configuration has been analyzed and
the reduction in the rating of the active filter has been estimated when used in hybrid

configuration.
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The experimental implementation and testing of this control algorithm on a laboratory
prototype of the three-phase shunt active filter system forms the second phase of the
research work. The proposed controller is implemented using simple analog circuits to
generate the reference compensation currents for the active filter instantaneously. The
firing pulses for the devices in the voltage source inverter functioning as the shunt active
filter are then generated using a hysteresis controller routine implemented using
ADMC401 DSP kit. The hysteresis comparator could also have been realized using
analog circuits but the digital hysteresis current controller allows the hysteresis band to
be adjusted appropriately according to the requirement. The DSP based routine also helps

in fast and reliable generation of the firing pulses.

The testing of the three-phase shunt active filter prototype under different operating
conditions and for different non-linear loads has been done successfully as confirmed by
the results. The experimental results are compared with the simulation results 1n each

case for validation.

In all, this research work aims at developing a more effective and simple-to-implement
shunt active filtering technique for a three-phase system. This has been achieved by
developing the required mathematical models, by performing simulation studies using
standard software packages and by developing a laboratory prototype model of the shunt
active ﬁiter. The effectiveness of the proposed algorithm for shunt active filters is evident

from the simulation and hardware results presented in this thesis.

vil



IL.

111.

CONTENTS

Certificate
Acknowledgement
Abstract

List of Figures
List of Tables

List of Symbols

INTRODUCTION

[.0  General

1.1 Power quality Definitions and Standards
1.2 State of the Art

1.3 Scope of the Work

1.4 Organization of the Thesis

LITERATURE SURVEY

2.0 Introduction
2.1  Literature Review

2.2  Conclusions

MODELING OF NON-LINEAR LOADS AND
ACTIVE POWER FILTERS

3.0 General
3.1 Power Semiconductor AC-DC Converters

3.1.1 Three-phase uncontrolled Diode Bridge Converter

Page No.

i

1

14
14
20

21
23
24

viii



IV.

VI *

32
33
3.4

35

4,0
4.1
42
4.3
4.4
4.5

5.0
5.1
5.2
5.3

5.4

6.0
6.1

6.2

3.1.2 Three-phase fully controlled Thyristor Bridge Converter 25

AC Voltage Controller
Modeling of Line commutated Converters
VSI and CSI as Active Filters
3.4.1 Active power filter configurations
3.4.2 Modeling of an Active filter

Conclusions

ACTIVE FILTERING ALGORITHMS

Introduction

Instantaneous Reactive Power theory
Synchronous Detection algorithm
Synchronous Reference Frame Theory
DC Bus Voltage algorithm

Conclusions

THE PROPOSED L.COS¢ CONTROL ALGORITHM

Introduction
The proposed Lcos¢ algorithm
Self-supporting DC bus requirement

Proposal of rate and cost reduction of active power filter

with the insertion of tuned passive filters

Conclusions

SIMULATION AND HARDWARE SETUP

-~ DESIGN AND MODELING

Introduction
Simulation model! requirements

6.1.1 Choice of simulation software

6.1.2 Block diagram representation of three-phase

simulation model

25
26
28
28
31
32

33
33
34
35
36
36

38
39
44

45
46

47
48
50

52

Hardware implementation — Laboratory prototype requirements 54

X



VIL

6.3

7.0
7.1

7.2

7.3

7.4

7.5

7.6

7.7
7.8

6.2.1 Details of Power circuit and component test results 56
6.2.2 Details of Control circuit and component test results 59
6.2.3 The Lcos¢ Controller and component test results 65

Conclusions 71

DESIGN, MODELING, SIMULATION & HARDWARE
IMPLEMENTATION OF SHUNT ACTIVE FILTER -
UNDER BALANCED SOURCE & BALANCED LOAD

Introduction 73
Simulation of the Instantaneous PQ algorithm 74
7.1.1 Simulation circuit and results for diode rectifier load 75
7.1.2 Simulation circuit and results for
thyristor converter load 79
Simulation of the Synchronous Detection algorithm 82
7.2.1 Simulation circuit and results for diode rectifier load 83
7.2.2 Simulation circuit and results for
thyristor converter load 86
Simulation of the proposed L.cosd algorithm 88
7.3.1 Simulation circuit and results for diode rectifier load 90
7.3.2 Simulation circuit and results for
thyristor converter load 92
Transient analysis in simulation 95
7.4.1 Response to Joad perturbations 95
7.4.2 Starting response 96
Hardware Implementation of shunt active filter
using proposed 1.cos control afgorithm 98
7.5.1 Experimental results for diode rectifier load 98
7.5.2 Experimental results for thyristor converter load 102
7.5.3 Experimental results for AC voltage controller load 104
Transient analysis 107
7.6.1 Response to load perturbations 107
7.0.2 Starting response 109
Comparison of simulation and experimental results 110

Hybrid Filter — estimation of rate and cost reduction



VIIIL.

7.9

8.0

8.1

8.2

8.3

8.4

8.5
8.6

in active filter with the insertion of tuned passive filters 111

7.8.1 Simulation circuit 112
7.8.2 Simulation resuits 114
Conclusions 115

DESIGN, MODELING, SIMULATION & HARDWARE
IMPLEMENTATION OF SHUNT ACTIVE FILTER -
UNDER UNBALANCED/ DISTORTED SOURCE &
BALANCED LOAD

Introduction 117
Simulation of the Instantaneous PQ algorithm 117

8.1.1 Simulation results for diode rectifier load
for unbalanced source 118

8.1.2 Simulation results for thyristor converter

load for unbalanced source 120
8.1.3 Simulation results for distorted source 123
Simulation of the Synchronous Detection algorithm 126

8.2.1 Simulation results for diode rectifier load
for unbalanced source 127

8.2.2 Simulation results for thyristor converter

load for unbalanced source 129
8.2.3 Simulation results for disiorted source 131
Simulation of the proposed Lcos¢ algorithm 132

8.3.1 Simulation results for diode rectifier load
for unbalanced source 133
8.3.2 Simulation results for thyristor converter
load for unbalanced source 135
8.3.3 Simulation results for distorted source 137
Hardware Implementation of shunt active filter using
Lcos¢ control algorithm for unbalanced/distorted source 139

8.4.1 Experimental results for unbalanced

& distorted source voltage 140
Comparison of simulation and experimental results 141
Conclusions 142

xi



IX.

5.0
9.1

9.2

9.3

9.4

9.5
9.6

DESIGN, MODELING, SIMULATION & HARDWARE

IMPLEMENTATION OF SHUNT ACTIVE FILTER -

UNDER BALANCED SOURCE & UNBALANCED LOAD

Introduction
Simulation of the Instantaneous PQ algorithm
9.1.1 Simulation results for diode rectifier load
9.1.2 Simulation results for thyristor converter load
Simulation of the Synchronous Detection algorithm
9.2.1 Simulation results for diode rectifier load
9.2.2 Simulation results for thyristor converter load
Simulation of the proposed I.cos:b-;a-igoﬁthm
9.3.1 Simulation results for diode rectifier load
932 Simﬁlation results for thyristor converter load
Hardware Implementation of shunt active filter using
proposed L.cosd control algorithm

9.4.1 Experimental results for diode rectifier load

9.4.2 Experimental results for thyristor converter load

Comparison of simulation and experimental results

Conclusions

143
143
144
146
149
150
151
153
154
156

158
159
161
163
163

CONCLUSIONS AND SCOPE FOR FURTHER WORK

10.1 General

10.2 Main conclusions

10.3 Suggestions for future work

165
165
168

Xil



REFERENCES

i. Review Papers on Active Power Filters

ii. Power Quality and Harmonics

iii. Active Power Filters - Basic Concepts

iv. Active Power Filters — Topologies

V. Active Power Filters - Control Algorithms
vi, Active Power Filters — Implementation

vii., Hybrid Power Filters

viti, Improved Power Quality Converters
ix. Simulation Software
APPENDICES

i. Appendix A - Details of Power circuit
ii. Appendix B - Details of Control circuit

List of Publications

Bio-Data

170
170
171
172
173
175
176

177

177

178
180

188

190

Xiii



