SURESH MIKKILI ANUP KUMAR PANDA

CURRENT
HARMONICS

A4

\ 4

N
AN
577

\ 4

Non-Linear,
Unbalanced
Load

A A
l" _I'_(_ i
/ ol aadl c ey |
w— O Vol age I v m
T [rm

A 4

Dynamic

active power

I
_’ i
Ly g [PWM —
.filter controller is Current i
. ——» | control -

S WITH VITALSOURCE®
Taylor & Francis Group [ EBOOK \*/>

CHAPMAN & HALL













UALITY
ISSUES

CURRENT HARMONICS

SURESH MIKKILI - ANUP KUMAR PANDA

CRC Press
Taylor & Francis Group
Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business




MATLAB® and Simulink® are trademarks of The MathWorks, Inc. and are used with permission. The
MathWorks does not warrant the accuracy of the text or exercises in this book. This book’s use or
discussion of MATLAB® and Simulink® software or related products does not constitute endorsement
or sponsorship by The MathWorks of a particular pedagogical approach or particular use of the MAT-
LAB® and Simulink® software.

CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway N'W, Suite 300
Boca Raton, FL 33487-2742

© 2016 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works
Version Date: 20150713

International Standard Book Number-13: 978-1-4987-2963-5 (eBook - PDF)

This book contains information obtained from authentic and highly regarded sources. Reasonable
efforts have been made to publish reliable data and information, but the author and publisher cannot
assume responsibility for the validity of all materials or the consequences of their use. The authors and
publishers have attempted to trace the copyright holders of all material reproduced in this publication
and apologize to copyright holders if permission to publish in this form has not been obtained. If any
copyright material has not been acknowledged please write and let us know so we may rectify in any
future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced,
transmitted, or utilized in any form by any electronic, mechanical, or other means, now known or
hereafter invented, including photocopying, microfilming, and recording, or in any information stor-
age or retrieval system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copy-
right.com (http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222
Rosewood Drive, Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that pro-
vides licenses and registration for a variety of users. For organizations that have been granted a photo-
copy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are
used only for identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



Dedicated to my better half Ms. Alekhya.

“What you are today is God’s gift to you, and what
you become tomorrow is your gift to God.”

—Dr. Suresh Mikkili






Contents

Preface. ..o xi
Acknowledgments ..o xiii
AULNOTS ..o XV
ADDTEVIAtIONS ...covvviiiiiiicci s xvii
INOTAtIONS ...ttt Xix
1. Introduction ..o 1
1.1  Research Background............ccocoooiiiiiiiiii e, 1

1.2 Power Quality ISSUES ........coviuriiiicic 3
121 Main Causes of Poor Power Quality ..........cccoooeviiiiriiinnn 4

122 Power Quality Problems..........cccoooooiiiiiiii 4

1.3 Solutions for Mitigation of Power Quality Problems...................... 8
1.3.1 Classification of Power Filters..........ccccooiiiiiiiiniinnnnn. 8

1.3.1.1 Passive Filters........ccccocoviiie, 8

1.3.1.2  Active Filters ..o, 10

1.3.1.3 Hybrid FIters......cccooooiiiiiic, 10

1.3.2  Active Filter Applications Depending on PQ Issues........ 10

1.3.3  Selection of Power Filters.........ccccoooiiiiinininnn. 11

1.3.4 IEEE Standards for Limitations of Current Harmonics...12

14  Introduction to APF Technology ..o, 12

1.5  Categorization of Active Power Filter ..o, 14
1.5.1 Converter-Based Categorization..........ccccooeorriiiiiineiennnes 15

1.5.2 Topology-Based Categorization..........cccccoeeruriiiiiinienennnes 16

1.5.3 Supply System—Based Categorization............ccccovevrrnrncnee. 18

1.5.3.1 Two-Wire APFs......cccoviiiiiicc, 18

1.5.3.2 Three-Wire APFs......ccccooviiiiiiiiiiin, 18

1.5.3.3 Four-Wire APFs ........ccccoovviiiiniiccicc, 20

1.6 Technical and Economic Considerations..........ccccccceuovrurieiiinnnnnnnn. 22

1.7 Selection Considerations of APFs..........cccoceiiiiiiiniiiii, 22

1.8  Introduction to Active Power Filter Control Strategies................. 23

1.9 MOtIVatioN ..ot 25
1.10 BOOK ObjJectives ........covrueieiiiieieieiicieiecc 27
1.11  BOOK SIUCHUTLE ... 28

2. Performance Analysis of SHAF Control Strategies Using

A PIL Controller ..o 31
2.1  Shunt Active Filter Basic Compensation Principle...........cccccco..... 32
2.2 Active Power Filter Control Strategies............ccccoevrvreeririirennnennnns 33

vii



viii

Contents
2.2.1  Signal Conditioning ........ccoeeveivicrieiiiiceeecce e 35
222 Derivation of Compensating Signals...........ccccceevrirnnnn. 35
2221 Compensation in Frequency Domain................ 36
2.2.2.2 Compensation in Time Domain...........ccccccccuuue 36

2.2.3  Current Control Techniques for Derivation of Gating
SIGNALS ... 46

2.23.1 Generation of Gating Signals to the Devices
of the APF......ccoiviiiic 49
2.3  Introduction to DC Link Voltage Regulation..............ccccccevenen. 51
2.3.1 DC Link Voltage Regulation with PI Controller ............ 51

24  System Performance of p-q and I,-1, Control Strategies with

PI Controller Using MATLAB®/Simulink®.........cccccccccvuvnnnnee.

25  System Performance of p-g and I,-I, Control Strategies with

PI Controller Using a Real-Time Digital Simulator.....................
2.6 SUMMATY c.cviviviiiiiiiieieieieieeeeeete ettt aae

. Performance Analysis of SHAF Control Strategies Using Type 1
FLC with Different Fuzzy MFs..............cccccoooviiiiiiiiiiciins
3.1 Type1lFuzzy Logic Controller.........ccccocovvvnnnnnnnnnnnnenes

3.1.1  Fuzzification ...,
3.1.2 Fuzzy Inference Systems ..o,
3.12.1 Mamdani Max-Min Composition Scheme.......
3.1.2.2 Mamdani Max-Prod Composition Scheme......
3.1.3  Defuzzification........cccccoviiiiiiiniiiiiiicn,
3.1.3.1 Centroid of Area.....ccccovvvivvvnnnniiininininnn
3.1.3.2 Bisector of Area ......cccooviiieiiiniiniiiiiices
3.1.3.3 Mean, Smallest, and Largest of Maximum......
3.14 Design of Control Rules..........ccccccooeiiiiiiiniiiiicnne.
3.1.4.1 Trapezoidal Membership Function ..................
3.14.2 Triangular Membership Function.....................
3.1.4.3 Gaussian Membership Function........................
3.1.5 RuleBase......cciiiiiiiiicces

3.2 System Performance of Type 1 FLC-Based p-gq Control

Strategy with Different Fuzzy MFs Using MATLAB .................

3.3  System Performance of Type 1 FLC-Based I;-I, Control

Strategy with Different Fuzzy MFs Using MATLAB ..................

34  System Performance of Type 1 FLC-Based p-q Control
Strategy with Different Fuzzy MFs Using a Real-Time

Digital SIMulator ..o

3.5  System Performance of Type 1 FLC-Based I,;-I, Control
Strategy with Different Fuzzy MFs Using a Real-Time

Digital SIMulator..........ccccoeiiiiiiiiiiccceceeas
3.6  Comparative Study ........cccoovvreiiiiiiii
3.7 SUMMATY ..ottt



Contents

4. Performance Analysis of SHAF Control Strategies Using Type 2
FLC with Different Fuzzy MFs...............ccccccccoiiiiiiiiiiiiis

41 Introduction to Type 2 FLC ..o
411 Why Type 2 FLCS? ..o,
42  The Structure of Type 2 FLC ...
43 Type 2 Fuzzy Inference System with Different Fuzzy MFs........
44  System Performance of Type 2 FLC-Based p-q Control
Strategy with Different Fuzzy MFs Using MATLAB® ................
45  System Performance of Type 2 FLC-Based I;-1, Control
Strategy with Different Fuzzy MFs Using MATLAB ..................
4.6 Comparative Study ......cccoeeeiirieiiiice
47 SUIMNIMNATY coecuiiiiiicicie et

5. Introduction to RT-LAB and Real-Time Implementation

of Type 2 FLC-Based SHAF Control Strategies.............cccccccoeeeeene,
51 Introduction to RT-LAB......cccccniiiiiciccceceeecceenes
51.1 Why Use Real-Time Simulation? ...........cccccccoeeiiiicncnns
51.2 WhatIs a Real-Time Simulation?............cccccccceeiininnes
5.2 Evolution of Real-Time Simulators ...........cccccoceueuecuiccccccccncnns
5.3  RT-LAB Simulator Architecture..........cccocoeoeeiiiiiiccccccnccenns
53.1 Block Diagram and Schematic Interface..............cccc.c.......
53.2 Inputs and Outputs ...
5.3.3 Simulator Configuration.........c.cccocooveiviririniniicicinecne
54  How RT-LAB WOIKS......ccccooiniiiiiiiiiiiiiiiicccces
5.4.1 Single-Target Configuration .........c.cccooeoeeieiniiccieieinnnnnnnn,
5.4.2 Distributed Target Configuration...........ccccooooeriieininnnnn.
5.4.3 Simulator SOIVErS ...,
5.4.4 RT-LAB Simulation Development Procedure..................
5.5 PCIOP5142 Configuration.........c.ccccceueueueueiiiiiiiiciciicieeceicenennas
551 Key Features ..o,
5.5.2  Technical Specifications............ccccccceeccciiiccccccccnns
5.5.3 Analog Conversion Interface..........ccccoovvviviiiiiininnnnnn,

5.6  System Performance of Type 2 FLC-Based p-q Control Strategy
with Different Fuzzy MFs Using a Real-Time Digital Simulator....

5.7  System Performance of Type 2 FLC-Based I,-I, Control Strategy
with Different Fuzzy MFs Using a Real-Time Digital Simulators ...

5.8 Comparative Study ......cccoeveiirieieiiicccc e

5.9 SUMMATY ..oiiiiiiiiicie e

6. Conclusions and Future Scope............cccoooiiiiiiiiiiiiiis
6.1  CoNCIUSIONS......cuiviiiiiiiiiiciiici e

6.2 Future SCOPE ..ot
References .........cccoucuiiiiiiiiiiiiiciici e

ix

102
103

122
122






Preface

Electronic equipment such as computers, battery chargers, electronic ballasts,
variable-frequency drives, and switched-mode power supplies generate per-
ilous harmonics and cause enormous economic loss every year. Because of
that, both power suppliers and power consumers are concerned about power
quality problems and compensation techniques. Harmonics surfaced as a
buzzword in the 1980s and threatened the normal operation of power sys-
tems and user equipment. Harmonics issues are of great concern to engi-
neers and building designers because they can do more than distort voltage
waveforms; they can overheat a building’s wiring, cause nuisance tripping,
overheat transformer units, and cause random end-user equipment failure.
Thus, power quality (PQ) has continued to become a more serious issue. As a
result, active power filters (APFs) have gained much more attention due to
excellent harmonic and reactive power compensation in two-wire (single
phase), three-wire (three-phase without neutral), and four-wire (three-phase
with neutral) AC power networks with nonlinear loads.

Active power filters have been under research and development for more
than three decades and have found successful industrial applications with
varying configurations, control strategies, and solid-state devices. However,
this is still a technology under development, and many new contributions
and new control topologies have been reported in the last few years. It is
aimed at providing a broad perspective on the status of APF technology to
researchers and application engineers dealing with power quality issues.

In Chapter 1, the importance of active power filters and solid-state devices
is explained in detail, and APF configurations and selection considerations
of them are also presented.

In Chapter 2, proportional-integral (PI) controller—based shunt active filter
(SHAF) control strategies (p-q and I,-1)) are discussed in detail. SHAF control
strategies for extracting three-phase reference currents are compared, with
their performance evaluated under different source voltage conditions using
a PI controller. The performance of the control strategies has been evalu-
ated in terms of harmonic mitigation and DC link voltage regulation. The
detailed simulation results are presented to support the feasibility of pro-
posed control strategies. To validate the proposed approach, the system is
also implemented on real-time digital simulator hardware, and adequate
results are reported for its verification.

In Chapter 3, type 1 fuzzy logic controller (FLC)-based SHAF control
strategies with different fuzzy membership functions (MFs) (trapezoidal,
triangular, and Gaussian) are developed for extracting three-phase reference
currents, and are compared by evaluating their performance under different
source voltage conditions. The performance of the control strategies has been

xi



xii Preface

evaluated in terms of harmonic mitigation and DC link voltage regulation.
Detailed simulation and real-time results are presented to validate the pro-
posed research.

Even though type 1 FLC-based SHAF control strategies with different
fuzzy MFs are able to mitigate the harmonics, notches are presented in the
source current. So to mitigate the harmonics perfectly, one has to choose a
perfect controller. Therefore, in Chapter 4, type 2 FLC-based SHAF control
strategies with different fuzzy MFs (trapezoidal, triangular, and Gaussian)
are introduced. With this approach, the compensation capabilities of SHAF
are extremely good. The detailed simulation results using MATLAB®/
Simulink® software are presented to support the feasibility of the proposed
control strategies.

In Chapter 5, a specific class of digital simulator known as a real-time
simulator is introduced by answering the questions “What is real-time
simulation?” “Why is it needed?” and “How does it work?” The latest trend
in real-time simulation consists of exporting simulation models to a field-
programmable gate array (FPGA). Today every researcher wants to develop his
or her model in real time. The steps involved for implementation of a model
from MATLAB to real time are provided in detail. The proposed type 2 FLC-
based SHAF control strategies with different fuzzy MFs are verified with a
real-time digital simulator (OPAL-RT) to validate the proposed research.

Last, Chapter 6 summarizes the book and looks at future work. A compar-
ative study of PI controllers and the proposed type 1 FLC- and type 2 FLC-
based SHAF control strategies with different fuzzy MFs using MATLAB and
a real-time digital simulator is also presented.

MATLAB is a trademark of The MathWorks, Inc. and is used with permis-
sion. The MathWorks does not warrant the accuracy of the text or exercises
in this book. This book’s use or discussion of MATLAB software or related
products does not constitute endorsement or sponsorship by The MathWorks
of a particular pedagogical approach or particular use of the MATLAB soft-
ware. For product informaton, please contact:

The MathWorks, Inc.

3 Apple Hill Drive

Natick, MA 01760-2098 USA
Tel: 508 647 7000

Fax: 508-647-7001

E-mail: info@mathworks.com

Web: www.mathworks.com
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1

Introduction

1.1 Research Background

Recent advancements in power electronics has encouraged large scale use of
the non-linear loads such as adjustable speed drives (ASD), traction drives,
etc. Power electronics based power converters have contributed for the dete-
rioration of the power quality and this has resulted in the increase of power
losses and great economic loss. The electronic equipment like computers,
battery chargers, variable frequency drives, etc., generate harmonics and
cause great economic loss every year. The concept of harmonics was noticed
in 1980’s and since then it has been a major problem in the power system.
Harmonics can do much more than distort voltage waveforms, they can
overheat the building wiring, overheat transformer units, etc. This made it
important to develop equipment that can mitigate the harmonics present in
the power system and we call them as harmonic Filters.

Power Quality (PQ), is defined as “Any power problem manifested in volt-
age, current or frequency deviation which leads to damage, malfunctioning
and disoperation of the consumer equipment.” Poor power quality causes
many damages to the system, and has a negative economic impact on the
utilities and customers. Highly automatic electric equipment, in particular,
causes enormous economic loss every year. The problems of harmonics can
be reduced or mitigated by the use of power filters.

In the early days, passive filters were used for mitigation of power qual-
ity problems in general and harmonics in particular. But their performance
is limited due to the problem of resonance and lack of dynamic compen-
sation. Active power filters have been developed to overcome these limita-
tions. Active power filters have been proven very effective in the reduction
of the system harmonics. One of the most severe and common power quality
problems is current harmonics. In particular, voltage harmonics and power
distribution equipment problems result from current harmonics.

The voltage generated at the generating station is not purely sinusoidal.
Due to the nonuniformity of the magnetic field and the winding distribution
in a working AC machine,voltage waveform distortions are created, and thus
the voltage obtained is not purely sinusoidal. The distortion at the point of
generation is very small (about 1% to 2%), but still it exists.



2 Power Quality Issues

When a pure sinusoidal voltage is applied to a certain type of load, the cur-
rent drawn by the load is proportional to the voltage and the current wave-
form is similar to voltage waveform. These loads are referred to as linear loads
(loads where the voltage and current follow one another without any distor-
tion to their pure sine waves). Examples of linear loads are resistive heaters,
incandescent lamps and constant speed induction motors. In contrast, some
loads cause the current to vary disproportionately with the voltage during
each half cycle. These loads are defined as nonlinear loads. The current har-
monics and the voltage harmonics are generated because of these nonlinear
loads. It is to be noted that the non-sinusoidal current results in many power
system problems such as low-power factor, low-energy efficiency, electro-
magnetic interference (EMI), power system voltage fluctuations and so on.

Various standards and guidelines have been established to specify the
limits on the magnitudes of harmonics currents and voltages. Institute of
Electrical and Electronics Engineers (IEEE) specify the limits on the volt-
ages at various harmonics frequencies. In 1983 IEEE working group made
a reference about harmonic source and effects on the electric power system.
Christopher recognized the harmonic related problems and started work on
a standard that would give guidelines to users and engineers and according
to those guidelines IEEE 519 was formulated in 1981. In 1996,IEEE working
group proposed definitions for power terms that are practical and effective
when voltage and current are distorted or unbalanced. It also suggested defi-
nitions for measurable values that may be used to indicate the level of dis-
tortion and unbalance. The IEEE standard 1459 is intended to evaluate the
performance of modern equipment or to design and build the new genera-
tions of instrumentation for energy and power qualification.

Conventionally, passive filters are available for the elimination of harmon-
ics. However, these L-C filters introduce tuning, aging, resonance problems
and these filters are large in size and are suited for fixed harmonic compen-
sation. This is the reason why power engineers and researchers are work-
ing on the dynamic,complete and comprehensive solution to PQ problems.
The solution is provided by active power filters (APFs), also known as active
power line conditioners. They are capable of suppressing various PQ issues
such voltage and current compensation, reactive power compensation, volt-
age flicker problems, system unbalance problems, etc.

In this book, the performance of the shunt active filter (SHAF) current
control strategies has been evaluated in terms of harmonic mitigation and
DC link voltage regulation. This research presents different control strate-
gies and controllers with enhanced performance of shunt active filters for
power quality improvement by mitigating the harmonics and maintaining
a constant DC link voltage. Three-phase reference current waveforms gen-
erated by proposed schemes are tracked by the three-phase voltage source
converter in a hysteresis band control scheme.

For extracting the three-phase reference currents for shunt active power
filters, we have developed instantaneous active and reactive power p-q and
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instantaneous active and reactive current I,-I, control strategies. For regulat-
ing and maintaining a constant DC link capacitor voltage, the active power
flowing into the active filter needs to be controlled. In order to maintain a
constant DC link voltage and generate the compensating reference currents,
we have developed proportional-integral (PI), type 1, and type 2 fuzzy logic
controllers with different fuzzy membership functions (MFs) (trapezoidal,
triangular, and Gaussian). The proposed active power filter is verified
through a real-time digital simulator. The detailed real-time results are pre-
sented to support the feasibility of proposed control strategies.

When the supply voltages are balanced and sinusoidal, the two control
strategies, instantaneous active and reactive power (p-9) and instantaneous
active and reactive current (I;-1)), are converging to the same compensation
characteristics, but when the supply voltages are distorted or unbalanced
sinusoidal, these control strategies result in different degrees of compensation
in harmonics. The p-g control strategy is unable to yield an adequate solu-
tion when source voltages are not ideal. Under unbalanced/nonsinusoidal
conditions, the p-g control strategy does not succeed in compensating har-
monic currents; notches are observed in the source current. The main reason
behind the notches is that the controller failed to track the current correctly,
and thereby APF fails to compensate completely. So to avoid the difficulties
that occur with the p-q control strategy, we have considered the I,-I; con-
trol strategy.

This chapter is organized as follows: Section 1.2 deals with power quality
issues, and Section 1.3 provides solutions for them. Section 1.4 introduces
the importance of active power filters and solid-state devices. Classifications
of active power filters are provided in Section 1.5. Section 1.6 gives details
of technical and economic considerations. Selection considerations of APFs
are given in Section 1.7, while Section 1.8 provides an introduction to active
power filter control strategies. Finally, motivation, book objectives, and book
structure are clearly outlined in Sections 1.9, 1.10, and 1.11, respectively.

1.2 Power Quality Issues

The power quality (PQ) issue is defined as any power problem manifested
in voltage, current, or frequency deviations that results in damage, upset,
failure, or misoperation of customer equipment. Almost all PQ issues [1-65]
are closely related to power electronics in almost every aspect of commer-
cial, domestic, and industrial application. Equipment using power electronic
devices are residential appliances such as TVs and PCs, business and office
equipment such as copiers and printers, and industrial equipment such as
programmable logic controllers (PLCs), adjustable-speed drives (ASDs),
rectifiers, inverters, and CNC (computer numerical control) tools. The PQ
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problem can be detected from one of the following several symptoms,
depending on the type of issue involved.
Power electronics (PE) has three aspects in power distribution:

1. Power electronics introduces valuable industrial and domestic
equipment.

2. Power electronics is the most important cause of harmonics: inter-
harmonics, notches, and neutral currents.

3. Power electronics helps to solve PQ problems.

1.2.1 Main Causes of Poor Power Quality

The main causes of PQ issues are nonlinear loads, adjustable-speed drives,
traction drives, the start of large motor loads, arc furnaces, intermittent load
transients, lightning, switching transients, and faults.

1.2.2 Power Quality Problems

The PQ problems [7] are short-duration voltage variations (voltage inter-
ruption, voltage sag, and voltage swell), long-duration voltage variations
(undervoltage and overvoltage), voltage flicker, voltage notching, transient
disturbance, and harmonic distortion. The descriptions, causes, and conse-
quences of power quality issues are given in Table 1.1.

The harmonics [9] are produced by rectifiers, ASDs, soft starters, elec-
tronic ballasts for discharge lamps, switched-mode power supplies, and
HVAC using ASDs. Equipment affected by harmonics include transformers,
motors, cables, interrupters, and capacitors (resonance). Notches are pro-
duced mainly by converters, and they principally affect the electronic control
devices. Neutral currents are produced by equipment using switched-mode
power supplies, such as PCs, printers, photocopiers, and any triplet’s gen-
erator. Neutral currents seriously affect the neutral conductor temperature
and transformer capability. Interharmonics are produced by static frequency
converters, cycloconverters, induction motors, and arcing devices.

Equipment present different levels of sensitivity to PQ issues, depend-
ing on the type of both the equipment and the disturbance. Furthermore,
the effect on the PQ of electric power systems, due to the presence of PE,
depends on the type of PE utilized. The maximum acceptable values of har-
monic contamination are specified in Institute of Electrical and Electronics
Engineers (IEEE) standards in terms of total harmonic distortion (THD).

Harmonics have frequencies that are integer multiples of the waveform’s
fundamental frequency. For example, given a 50 Hz fundamental waveform,
the second, third, fourth, and fifth harmonic components will be at 100, 150,
200, and 250 Hz, respectively. Thus, harmonic distortion is the degree to
which a waveform deviates from its pure sinusoidal values as a result of the
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TABLE 1.1

Description, Causes, and Consequences of Power Quality Issues

Power Quality Issues

Description, Causes, and Consequences

Very short interruptions

Voltage sag (or dip)

Voltage swell

Long interruptions

f ‘I‘M

HW

(X [ 03 [ o5

Undervoltage

Description: Total interruption of electrical supply for duration
from a few milliseconds to less than 1 min.

Causes: Mainly due to the opening and automatic reclosure of
protection devices to decommission a faulty section of the
network. The main fault causes are insulation failure,
lightning, and insulator flashover.

Consequences: Tripping of protection devices, loss of
information, and malfunction of data processing equipment.
Stoppage of sensitive equipment, such as ASDs, PCs, and
PLCs, if they’re not prepared to deal with this situation.

Description: Reduction in the rms voltage in the range of
10%-90% for a duration greater than half a mains cycle and
less than 1 min.

Causes: Caused by faults on the transmission or distribution
network. Faults in consumer’s installation. Connection of
increased load demand (heavy loads) and start-up of large
motors.

Consequences: Malfunction of information technology
equipment, namely, microprocessor-based control systems (PCs,
PLCs, ASDs, etc.), that may lead to a process stoppage. Tripping
of contactors and electromechanical relays. Disconnection and
loss of efficiency in electric rotating machines.

Description: Momentary increase of the voltage, at the power
frequency, outside the normal tolerances, with duration of
more than one cycle and typically less than a 1 min.

Causes: Caused by start/stop of heavy loads, badly
dimensioned power sources, badly regulated transformers
(mainly during off-peak hours), system faults, load switching,
and capacitor switching.

Consequences: Data loss, flickering of lighting and screens,
stoppage or damage of sensitive equipment, if the voltage
values are too high.

Description: Total interruption of electrical supply for duration
of more than 1-2 min.

Causes: Caused by equipment failure in the power system
network, storms, objects (trees, cars, etc.) striking lines or poles,
fire, human error, bad coordination or failure of protection
devices.

Consequences: Stoppage of all the equipment.

Description: Decrease in the rms AC voltage to less than 90% at
the power frequency for a duration longer than 1 min.
Causes: Caused by switching on a large load or switching off a
large capacitor bank.
Consequences: The flickering of lighting and screens, giving the
impression of unsteadiness of visual perception.
(Continued)
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Power Quality Issues

Description, Causes, and Consequences of Power Quality Issues

Power Quality Issues

Description, Causes, and Consequences

Overvoltage

Overvtag everes e when e etage reachs 110% 120%.f e
ot . between L1V L0 o o thn it

Noise

S0uVIDV

TIME (1ma/DIV)

Voltage flicker

Voltage notching

A WAWAWAY
VAVAVAN;

Description: Increase in the rms AC voltage to a level greater than
110% at the power frequency for a duration longer than 1 min.

Causes: Caused by switching off a large load or energizing a
capacitor bank. Incorrect tap settings on transformers can also
cause undervoltages and overvoltages.

Consequences: The flickering of lighting and screens, stoppage
or damage of sensitive equipment, if the voltage values are
too high.

Description: Voltage variation in a three-phase system in which
the three voltage magnitudes or phase angle differences
between them are not equal.

Causes: Large single-phase loads (induction furnaces, traction
loads), incorrect distribution of all single-phase loads by the
three phases of the system (this may also be due to a fault).

Consequences: Unbalanced systems imply the existence of a
negative sequence that is harmful to all three phase loads. The
most affected loads are three-phase induction machines.

Description: Superimposing of high-frequency signals on the
waveform of the power system frequency.

Causes: Electromagnetic interferences provoked by Hertzian
waves such as microwaves, television diffusion, and
radiation due to welding machines, arc furnaces, and
electronic equipment. Improper grounding may also be
a cause.

Consequences: Disturbances on sensitive electronic equipment,
usually not destructive; data loss and data processing errors.

Description: A waveform may exhibit voltage flicker if its
amplitude is modulated at frequencies less than 25 Hz, which
the human eye can detect as a variation in the lamp intensity of
a standard bulb.

Causes: Caused by an arcing condition on the power system, arc
furnaces, and frequent start/stop of electric motors and
oscillating loads.

Consequences: The flickering of lighting and screens, giving the
impression of unsteadiness of visual perception.

Description: Very fast variation of the voltage value for
durations from several microseconds to a few milliseconds.
These variations may reach thousands of volts, even in low
voltage. It is an effect that can raise PQ issues in any facility
where solid-state rectifiers are used.

Causes: Caused by lightning, switching of lines or power factor
correction capacitors, disconnection of heavy loads, the
commutation of power electronic rectifiers.

Consequences: Destruction of components and of insulation
materials, data processing errors or data loss, electromagnetic

interference. .
(Continued)
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TABLE 1.1 (Continued)

Description, Causes, and Consequences of Power Quality Issues

Power Quality Issues Description, Causes, and Consequences

Harmonic distortion Description: Harmonics are periodic sinusoidal distortions of
the supply voltage or load current caused by nonlinear loads.
Harmonics are measured in integer multiples of the
fundamental supply frequency. Voltage or current waveforms
assume nonsinusoidal shape.

Classic sources: Electric machines working above the knee of
the magnetization curve (magnetic saturation), arcs (arc
furnaces, fluorescent lights), welding machines, rectifiers
(microprocessors, motor drives, any electronic load), and DC
brush motors.

Modern sources: All nonlinear loads, such as power electronics
equipment, including ASDs, switched-mode power supplies,
data processing equipment, and high-efficiency lighting.

Consequences: Overheating of transformers, neutral overload
in three-phase systems, overheating of all cables and
equipment, secondary voltage distorsion of transformers,
increase in power system losses, loss of efficiency in electric
machines, electromagnetic interference with communication
systems, failure of protective relays, explosion of capacitors,
increased probability in occurrence of resonance, errors in
measures when using average reading meters, nuisance
tripping of thermal protections.

summation of all these harmonic elements. The ideal sine wave has zero har-
monic components. In that case, there is nothing to distort this perfect wave.

Total harmonic distortion [10] of a signal is a measurement of the har-
monic distortion present and is defined as the ratio of the summation of all
harmonic components of the voltage or current waveform compared to the
fundamental component of the voltage or current wave. The THD [11] of
source current is a measure of the effective value of harmonic distortion and
can be calculated as per Equations 1.1 and 1.2, in which i, is the root mean
square (rms) value of the fundamental frequency component of current and
i, represents the rms value of the nth-order harmonic component of current
as follows:

\/(i§+i§+ii+...+i§)

THD = 1.1)

THD='1" (1.2)
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1.3 Solutions for Mitigation of Power Quality Problems

There are two methodologies for the mitigation of power quality problems.
The first methodology is called load conditioning, which ensures that the
equipment is made less sensitive to power disturbances, allowing the opera-
tion even under significant voltage distortion. The other methodology is to
install line-conditioning systems that suppress or counteract the power sys-
tem disturbances.

Passive filters have been most commonly used to limit the flow of harmonic
currents in distribution systems. They are usually custom-designed for the
application. However, their performance is restricted to a few harmonics, and
they can introduce resonance in the power system. Among the different new
technical preferences available to improve power quality, active power filters
have proved to be an important and flexible alternative to compensate for
current and voltage disturbances in power distribution systems. The idea of
active filters is relatively old, but their practical development was made pos-
sible with the new improvements in power electronics and microcomputer
control strategies, as well as with cost reduction in electronic components.
Active power filters [12] are becoming a viable alternative to passive filters
and are quickly gaining market share as their cost becomes competitive with
the passive variety. Through power electronics, the active filter introduces
current or voltage components, which cancel the harmonic components of
the nonlinear loads [13] or supply lines, respectively.

1.3.1 Classification of Power Filters

Classifications of power filters [7] and hybrid filters are shown in Figures 1.1
and 1.2. Power filters are classified as passive filters, active filters, or hybrid
filters. Passive and active filters are categorized as series filters (passive or
active), shunt filters (passive or active), or a combination of series and shunt
filters (passive or active).

Hybrid filters are used in single-phase and three-phase three-wire and
three-phase four-wire systems, and they are classified as series passive—
shunt passive filters, series active-shunt active filters, series passive—shunt
active filters, and series active—shunt passive filters

1.3.1.1 Passive Filters

Passive filters provide a low-impedance path to ground for the harmonic
frequencies.
Advantages include the following:

¢ Harmonic reduction is possible.
* Undesirable harmonics are absent.
* Reactive power compensation is possible.



Introduction

Power Filters

% |
| |

Passive Filters Active Filters

Shunt

Hybrid Filters

|

Several Combinations Are
Possible for Hybrid of

Series Shunt Series Active and Passive

Hybrid Hybrid

UPQC UPQC
FIGURE 1.1
Classifications of power filters.
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FIGURE 1.2
Classifications of hybrid filters.

Disadvantages include the following:

® Resonance with line impedance occurs.

Passive-Passive | Active-Active

Passive-Active

¢ Tuning frequency is less accurate and requires a lot of calculations.
* They cannot be used when harmonic components vary randomly.

* They are heavy and bulky.
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1.3.1.2 Active Filters

Active filters inject equal and opposite harmonics onto the power system to
cancel those generated by other equipment [26].
Advantages include the following:

® They cancel out harmonics.

¢ They block resonance.

¢ They have reactive power management.

® They are small in size.

¢ Tuning is easy and accurate.

¢ They can be used when harmonic components vary randomly.

Disadvantages include the following:

¢ They are costly.

® There is a chance of developing inherent harmonics (because of power
electronic devices).

1.3.1.3 Hybrid Filters

Advantages include the following:

* They cancel out both voltage and current harmonics.

They block resonance.

They have reactive power management.

They are cheap.

1.3.2 Active Filter Applications Depending on PQ Issues

Shunt active filters [7, 9-15, 22, 24, 26, 36, 48, 50, 61] are used for reactive power
compensation, voltage regulation, unbalance current compensation (for
three-phase systems), and neutral current compensation (for three-phase
four-wire systems). Series active filters [3, 28, 57] are used for reactive power
compensation, voltage regulation, compensation for voltage sag and swell,
and unbalance voltage compensation (for three-phase systems).

Series—shunt active filters [8, 17, 54] are used for reactive power compensa-
tion, voltage regulation, compensation for voltage sag and swell, unbalance
compensation for current and voltage (for three-phase systems), and neu-
tral current compensation (for three-phase four-wire systems). Active filter
applications depending on PQ issues are given in Table 1.2.
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TABLE 1.2

Active Filter Applications Depending on PQ Issues
Active Filter AC Supply Effect
Connection Load Effect on AC Supply on Load

Shunt active filter Unbalanced current compensation
Reactive power compensation
Voltage regulation

Neutral current compensation

Series active filter Unbalanced voltage compensation ® Voltage sag and swell
* Reactive power compensation Voltage unbalance

* Voltage regulation Voltage distortion

¢ Compensation for voltage sag and swell ¢ Voltage interruption
Voltage flicker

¢ Voltage notching

Series—shunt active ~ ® Unbalanced current compensation * Voltage sag and swell
filter * Unbalanced voltage compensation ¢ Voltage unbalance
¢ Reactive power compensation ¢ Voltage distortions
* Voltage regulation * Voltage interruptions
e Compensation for voltage sag and swell ¢ Voltage flicker
¢ Neutral current compensation * Voltage notching

1.3.3 Selection of Power Filters

The selection of power filters [7, 26, 50] is based on the following factors:

* Nature of load (voltage fed, current fed, or mixed)

* Type of supply system (single-phase and three-phase three-wire,
three-phase four-wire)

¢ Pattern of loads (fixed, variable, fluctuating)

¢ Compensation required in current (harmonics, reactive power, bal-
ancing, neutral current) or voltage (harmonics, flicker, unbalance,
regulation, sag, swell, spikes, notches)

* Level of compensation required (THD, individual harmonic reduc-
tion meeting specific standard, etc.)

* Environmental factors (ambient temperature, altitude, pollution,
humidity, etc.)

* Cost, size, weight
¢ Efficiency
* Reliability



12 Power Quality Issues

TABLE 1.3
IEEE Standard 519

Maximum Current Harmonic Distortion (% of IL)

Individual Harmonic Order (Odd Harmonics)

L/, <11 11<h<17 17<h<23 23<h<35 35<h TDD
<20 4.0 2.0 1.5 0.6 0.3 5.0
20-50 7.0 3.5 2.5 1.0 0.5 8.0
50-100 10.0 45 4.0 1.5 0.7 12.0
100-1000  12.0 55 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 25 14 20.0

Limit on Even Harmonics is 25% of Odd Harmonics limit above.
I,. = Maximum short circuit current at PCC.

I} = Maximum of fundamental component of Load Current.
TDD = Total Demand Distortion.

PCC = Point of Common Coupling.

1.3.4 IEEE Standards for Limitations of Current Harmonics

Institute of Electrical and Electronics Engineers. 1IEEE has stipulated certain
limitations on the level of current harmonics. Table 1.3 shows the IEEE 519
harmonic current limits which specify the maximum amount of harmonic
current that the customer can inject into the power system. IEEE 519 [20, 59]
is developed to limit the harmonics and it is recommended to reduce the har-
monic effects at any point in the entire system by establishing limits on certain
harmonic indices (currents and voltages) at the point of common coupling,

1.4 Introduction to APF Technology

The growing number of power electronics-based equipment has produced a
significant impact on the quality of electric power supply. Both high-power
industrial loads and domestic loads cause harmonics [1] in the network volt-
ages. At the same time, much of the equipment causing the disturbances is
quite sensitive to deviations from the ideal sinusoidal line voltage. Therefore,
power quality problems may originate in the system or may be caused by
the consumer himself or herself. Moreover, in recent years growing concern
related to power quality comes from the following:

¢ Consumers that are becoming gradually aware of the power quality
issues [2] and more informed about the consequences of harmon-
ics, interruptions, voltage sags, switching transients, and so forth.
Motivated by deregulation, they are challenging the energy suppli-
ers to improve the quality of the power delivered.
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¢ The proliferation of load equipment with microprocessor-based
controllers and power electronic devices that are sensitive to many
types of power quality disturbances.

e Emphasis on increasing overall process productivity, which has led
to the installation of high-efficiency equipment, such as adjustable-
speed drives and power factor correction equipment. This in turn
has resulted in an increase in harmonics injected into the power sys-
tem, causing concern about their impact on the system behavior.

For an increasing number of applications, conventional equipment is prov-
ing insufficient for the mitigation of power quality problems. Harmonic
distortion has traditionally been dealt with through the use of passive LC
filters. However, the application of passive filters [3] for harmonic reduction
may result in parallel resonances with the network impedance, overcompen-
sation of reactive power at fundamental frequency, and poor flexibility for
dynamic compensation of different frequency harmonic components.

The increased severity of power quality in power networks has attracted
the attention of power engineers to develop dynamic and amendable solu-
tions to the power quality problems.

Such equipment, generally known as active power filters [4], are also called
active power line conditioners, and are able to compensate current and volt-
age harmonics and reactive power, regulate terminal voltage, suppress
flicker, and improve voltage balance in three-phase systems. The advantage
of active filtering is that it automatically adapts to changes in the network
and load fluctuations. The active filters can compensate for several harmonic
orders and are not affected by major changes in network characteristics,
eliminating the risk of resonance between the filter and network impedance.
Another advantage is that they take up very little space compared with tra-
ditional passive compensators.

The demand from electricity customers for a power supply of good quality
is ever rising due to the increase of sensitive loads. This is often a stimulat-
ing task. Solid-state control of AC power using thyristors and other semi-
conductor switches is widely employed to feed controlled electric power
to electrical loads, such as adjustable-speed drives [5], furnaces, computer
power supplies, and so forth. Such controllers are also used in high-voltage
direct current (HVDC) systems and renewable electrical power generation.
As nonlinear loads, these solid-state converters draw harmonic and reac-
tive power components of current from AC mains. In three-phase systems,
they could also cause unbalance and draw excessive neutral currents. The
injected harmonics, reactive power burden, unbalance, and excessive neu-
tral currents cause low system efficiency and a poor power factor. They also
cause disturbance to other consumers and interference in nearby commu-
nication networks. The increased severity of harmonic pollution in power
networks has attracted the attention of power electronics and power system
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engineers to develop dynamic and adjustable solutions to the power quality
problems. Such equipment, generally known as active power filters [1-65],
are also called active power line conditioners (APLCs), instantaneous reac-
tive power compensators (IRPCs), and active power quality conditioners
(APQCs). In recent years, many publications have also appeared on harmon-
ics [6-9, 12-16, 26, 47, 50, 60, 65], reactive power, load balancing, and neutral
current compensation associated with linear and nonlinear loads [27, 32, 60].

The active power filter [1-65] technology has been under research and
development for providing compensation for harmonics, reactive power, and
neutral current in AC networks. APFs are also used to eliminate harmonics,
regulate terminal voltage, suppress voltage flicker, and improve voltage bal-
ance in three-phase systems. This wide range of objectives is achieved either
individually or in combination, depending upon the requirements and con-
trol strategy [7, 26, 36, 48, 50, 61, 63, 65] and configuration, which have to be
selected appropriately.

One of the major factors in advancing the APF technology is the advent
of fast self-commutating solid-state devices. In the initial stages, thyristors,
bipolar junction transistors (BJTs) [4], and power MOSFETs were used for
APF fabrication; later, static induction thyristors (SITs) and gate-turn-off
thyristors (GTOs) were employed to develop APFs. With the introduction
of insulated gate bipolar transistors (IGBTs), the APF technology got a
real enhancement, and at present, they are considered as ideal solid-state
devices for APFs. The improved sensor technology has also contributed to
the enhanced performance of the APF. The availability of Hall effect sensors
and isolation amplifiers at reasonable cost and with adequate ratings has
improved APF performance.

The next breakthrough in APF development resulted from the micro-
electronics revolution. Starting from the use of discrete analog and digital
components [5, 6], the progression has been to microprocessors, microcon-
trollers, and digital signal processors (DSPs) [6]. Now, it is possible to imple-
ment complex algorithms on-line for the control of the APF at reasonable
cost. This development has made it possible to use different controllers,
such as proportional-integral [7, 26], variable-structure, fuzzy logic [7, 11-13,
26, 50, 54, 62, 65], and neural networks [15-21], for improving the dynamic
and steady-state performance of the APF. With these improvements, APFs
[1-65] are capable of providing fast, corrective action, even with dynamically
changing nonlinear loads.

1.5 Categorization of Active Power Filter

APFs can be classified based on converter topology, type, and number of
phases. The topology can be shunt, series, or a combination of both. The
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converter type can be either a current source inverter (CSI) or voltage source
inverter (VSI) bridge structure. The third classification is based on the num-
ber of phases, such as two-wire (single-phase) [15, 22, 27] and three- or four-
wire three-phase systems [23-26, 35-41, 45-50, 61, 63, 71].

1.5.1 Converter-Based Categorization

In the development of APFs [7, 26, 50, 63] two types of converters are used:
current-fed-type APF and voltage-fed-type APF. Figure 1.3 shows the current-
fed pulse width modulation (PWM) inverter bridge structure. It behaves as
a nonsinusoidal current source to meet the harmonic current requirement
of the nonlinear load. A diode is used in series with the self-commutating
device (IGBT) [29] for reverse voltage blocking. However, GTO-based con-
figurations do not need the series diode, but they have restricted frequency
of switching. They are considered sufficiently reliable but have higher losses
and require higher values of parallel AC power capacitors. Moreover, they
cannot be used in multilevel or multistep modes to improve performance in
higher ratings.

The other converter used as an APF is a voltage-fed PWM [57] inverter
structure, as shown in Figure 14. It has a self-supporting DC voltage bus
with a large DC capacitor. It has become more dominant, since it is lighter,
cheaper, and expandable to multilevel and multistep versions, to enhance the
performance with lower switching frequencies. It is more popular in unin-
terruptible power supply (UPS)-based applications, because in the presence
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FIGURE 1.3
Current-fed-type APF.
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FIGURE 1.4
Voltage-fed-type APF.

of mains, the same inverter bridge can be used as an APF to eliminate har-
monics of critical nonlinear loads.

1.5.2 Topology-Based Categorization

APFs can be classified based on the topology [7, 26, 50, 54] used as series-type
APFs, shunt-type APFs, unified power quality conditioners (UPQCs), and
hybrid filters. Figure 1.5 shows the basic block of a stand-alone series APF
[5]. It is connected before the load in series with the mains, using a match-
ing transformer, to eliminate voltage harmonics, and to balance and regulate
the terminal voltage of the load or line. It has been used to reduce negative-
sequence voltage and regulate the voltage on three-phase systems. It can be
installed by electric utilities to compensate voltage harmonics [26] and to
damp out harmonic propagation caused by resonance with line impedances
and passive shunt compensators.

Figures 1.3 and 1.4 are examples of shunt active filters [5, 7, 9, 11-14, 22,
26, 36, 48, 50], which are most widely used to eliminate current harmonics,
compensate reactive power, and balance unbalanced currents. The inverter
circuit which is either VSI or CSI based, generates a compensating current
which is injected in the line directly to mitigate for the harmonics in source
current. They are mainly used at the load end, because current harmonics
are injected by nonlinear loads. The shunt active filter injects equal com-
pensating currents, opposite in phase, to cancel harmonics or reactive com-
ponents of the nonlinear load current at the point of connection. It can also
be used as a static var generator in the power system network for stabilizing
and improving the voltage profile [9, 22].
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FIGURE 1.6
Unified power quality conditioner (UPQC) as universal APE.

Figure 1.6 shows a unified power quality conditioner [8, 17, 54] (also known
as a universal APF), which is a combination of active series and active shunt
filters. The DC link storage element (either inductor or DC bus capacitor) is
shared between two current source or voltage source bridges operating as
active series and active shunt compensators [17]. It is used in single-phase
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as well as three-phase configurations. It is considered an ideal APF that elim-
inates voltage and current harmonics and is capable of giving clean power to
critical and harmonic-prone loads, such as computers, medical equipment,
and so forth. It can balance and regulate terminal voltage and eliminate
negative-sequence currents. Its main drawbacks are its large cost and control
complexity because of the large number of solid-state devices involved [54].
The hybrid filter [3, 34] is a combination of series filters (either active or pas-
sive) and shunt filters (either active or passive). It is quite popular because the
solid-state devices used in the active series part can be of reduced size and cost
(about 5% of the load size), and a major part of the hybrid filter is made of the
passive shunt L-C filter used to eliminate lower-order harmonics [34]. It has
the capability of reducing voltage and current harmonics at a reasonable cost.
There are many more hybrid configurations, but for the sake of brevity, they are
not discussed here; however, details can be found in the respective references.

1.5.3 Supply System-Based Categorization

Supply system-based classification of APFs is based on the supply and the
load system. They are single-phase two-wire APF, three-phase three-wire
APEF and three-phase four-wire APFs. There are many nonlinear loads, such
as domestic appliances, connected to single-phase supply systems. Some
three-phase nonlinear loads are without a neutral, such as ASDs, fed from
three-wire supply systems. There are many nonlinear single-phase loads
distributed on three-phase four-wire supply systems [7, 25, 46-48, 50, 61, 63],
such as computers [27] and commercial lighting.

1.5.3.1 Two-Wire APFs

Figure 1.7 shows a two-wire shunt APF with a two-wire (single-phase) cur-
rent source inverter [15, 22, 27]. APFs are used in all three modes as active
series active shunt, and a combination of both as unified line conditioners.

Both converter configurations, current source PWM bridge with inductive
energy storage element and voltage source PWM bridge with capacitive DC
bus energy storage elements, are used to form two-wire APF circuits [22].
In some cases, active filtering is included in the power conversion stage to
improve input characteristics at the supply end. The series APF is normally
used to eliminate voltage harmonics, spikes, sags, notches, and so forth,
while the shunt APF is used to eliminate current harmonics and reactive
power compensation [27].

1.5.3.2 Three-Wire APFs

Figure 1.8 shows a three-phase three-wire APF [23, 24, 35, 39-41, 45]. Three-
phase three-wire nonlinear loads, such as ASDs, are major applications of
solid-state power converters, and lately, many ASDs, and others, incorporate
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APFs in their front-end design. In the three-legged configuration, each leg will
develop an appropriate compensating current (i, iy, i.) for each single phase.

Alarge number of publications have appeared on three-wire APFs [23] with
different configurations. Active shunt APFs are developed in the current-
fed type (Figure 1.3) or voltage-fed type with single-stage (Figure 1.4) or
multistep/multilevel and multiseries [57] configurations. Active shunt APFs
are also designed with three single-phase APFs with isolation transformers
for proper voltage matching, independent phase control, and reliable com-
pensation with unbalanced systems. Active series filters are developed for
stand-alone mode (Figure 1.5) or hybrid mode with passive shunt filters. The
only disadvantage is that this three-wire APF do not provide anything for
neutral current compensation.

1.5.3.3 Four-Wire APFs

A large number of single-phase loads may be supplied from three-phase
mains with a neutral conductor [7, 25, 46-48, 50, 61, 63] (Figure 1.9). They
cause excessive neutral current [23, 24], harmonic and reactive power bur-
den, and unbalance. To reduce these problems, four-wire APFs have been
attempted. They have been developed as the active shunt mode with current-
fed and voltage-fed types, active series mode, and hybrid form with active
series and passive shunt mode.

3-Phase

4-Wire Supply Load
AC Mains Current Current
la—> La—> Nonlinear
lsh—> “b—>|  ynbalanced
be = he—> Loads
| «— isn - iLn
T iCﬂ
Filter :
L APF
Current| T b | I | |
T icc
LT BB
Ved
[ | [ I
FIGURE 1.9

Three-phase four-wire four-pole shunt APF.
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To employ APFs in three-phase four-wire systems, two types of configura-
tions are possible:

1. Three-phase four-wire four-pole shunt APF

2. Three-phase four-wire capacitor midpoint shunt APF

A three-phase four-wire [7, 25, 46-48, 50, 61, 63] four-pole shunt APF is a
four-leg structure, where a fourth leg is provided exclusively for neutral cur-
rent compensation (Figure 1.9), and a three-phase four-wire capacitor mid-
point shunt APF is a three-leg structure with the neutral conductor being
connected to the midpoint of a DC link capacitor (Figure 1.10). The four-
leg eight-switch APF topology is preferred for implementation, as many
researchers have appointed this configuration the most proficient alternative
to be used in shunt APF [26]. The three-leg six-switch split-capacitor configu-
ration of shunt APF suffers from several shortcomings:

¢ The control circuit is somewhat complex.

* Voltages of the two capacitors of the split capacitor need to be prop-
erly balanced.

e Large DC link capacitors are required.
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Three-phase four-wire capacitor midpoint shunt APF.
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Despite these, three-phase four-wire capacitor midpoint [26, 50] shunt APF
topology is preferred owing to its having fewer switching devices and
switching losses than the eight-switch topology [4].

However, the higher-order harmonics generated in the eight-switch
configuration due to frequent switching of semiconductor devices can be
eliminated by the use of an RC (resistor and capacitor) high-pass filter, and
switching losses occurring in the VSI can also be minimized by the use of a
DC link voltage regulator.

1.6 Technical and Economic Considerations

Technical literature on the APFs has been reported since 1971 [55] and, in
the last two decades, starting around 1990, has boomed. Many commercial
development projects were completed [28, 56, 57] and put into practice. A
number of the configurations discussed earlier have been investigated, but
they have not been developed commercially because of cost and complex-
ity considerations. Initially, reported configurations were quite general, and
the rating of solid-state devices involved was substantial, which resulted in
high cost. Due to these reasons, the technology could not be translated to
field applications. Later on, the rating of active filtering was reduced by the
introduction of supplementary passive filtering [57], without deteriorating
the overall filter performance.

Moreover, modern APFs are capable of compensating quite high orders
of harmonics (typically, the 25th, but nowadays it is up to 50th) dynami-
cally. However, as high-order harmonics are small, they are compensated by
using a passive ripple filter. This approach has given a boost to field applica-
tions. Another major attempt has been to separate out various compensation
aspects of the APFs to reduce the size and cost. However, additional fea-
tures get included on specific demand. Economic considerations were the
hindrance at the initial stages of APF development [58], but now they are
becoming affordable due to a reduction in the cost of the devices used. With
the harmonic pollution in present-day power systems, the demand for APF
is increasing. Recommended standards such as IEEE 519 [59] will result in
the increased use of APFs in the coming years.

1.7 Selection Considerations of APFs

Selection of the APF for a particular application is an important task for end
users and application engineers.
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TABLE 1.4

Selection of APFs for Specific Application Considerations

Hybrid of Active  Hybrid of Active

Compensation for Active  Active Series and Shunt and
Specific Application Series  Shunt Passive Shunt Active Series
A. Current Harmonics % otk %
B. Reactive Power ook ok *
C. Load Balancing *

D. Neutral Current ok #*

E. Voltage Harmonics ok ok %
F. Voltage Regulation sk * Kk %
G. Voltage Balancing ok s %
H. Voltage Flicker s ok %
I. Voltage Sag&Dips ook * ok *
J. (A+B) ko sk *
K. (A+B+C) 3k *
L. (A+B+C+D) *

M. (E+F) ok *
N. (E+F+H_I) wok %
O. (A+E) ok *
P. (A+B+E+F) * *%
Q. (F+G) ke ®

R. (B+C) *

S. (B+C+D) *

T. (A+B+G) ok *

U. (A+C) *

V. (A+D+G) % ok

There are widely varying application requirements, such as single-phase
or three-phase three-wire and four-wire systems, requiring current- or
voltage-based compensation [1-65]. Table 1.4 gives brief guidelines for the
proper selection of APFs suited to the needs of individual (current-based
compensation, voltage-based compensation, and voltage- and current-based
compensation) requirements.

1.8 Introduction to Active Power Filter Control Strategies

For a long time one of the main concerns related to electric equipment was
power factor correction, which could be done by using capacitor banks
or, in some cases, reactors. For all situations, the load acted as a linear cir-
cuit drawing a sinusoidal current from a sinusoidal voltage source. Hence,
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the conventional power theory based on active, reactive, and apparent
power definitions was sufficient for design and analysis of power systems.
Nevertheless, some papers were published in the 1920s showing that the con-
cept of reactive and apparent power loses its usefulness in nonsinusoidal
conditions [66]. Then, two important approaches to power definitions under
nonsinusoidal conditions were introduced by Budeanu [67, 68] in 1927 and
Fryze et al. [69] in 1932. Fryze defined power in the time domain, whereas
Budeanu did it in the frequency domain. At that time, nonlinear loads were
negligible, and little attention was paid to this matter for a long time.

Since power electronics (PE) was introduced in the late 1960s, nonlinear
loads that consume nonsinusoidal current have increased significantly. In
some cases, they represent a very high percentage of the total loads. Today;, it
is common to find a house without linear loads, such as conventional incan-
descent lamps. In most cases, these lamps have been replaced by electroni-
cally controlled fluorescent lamps. In industrial applications, an induction
motor that can be considered a linear load in a steady state is now equipped
with a rectifier and inverter for the purpose of achieving adjustable-speed
control. The induction motor, together with its drive, is no longer a linear load.

The power theories presented by Budeanu and Fryze had basic concerns
related to the calculation of average power or rms values of voltage and cur-
rent. The development of PE technology has brought new conditions to power
theories. Exactly speaking, the new conditions have not emerged from the
proliferation of power converters using power semiconductor devices such
as diodes, thyristors, IGBTs, GTOs, and so on. Although these power convert-
ers have a quick response in controlling their voltages or currents, they may
draw reactive power as well as harmonic current from power networks. This
has made it clear that conventional power theories based on average or rms
values of voltages or currents are not applicable to the analysis and design of
power converters and power networks. This problem has become more seri-
ous during comprehensive analysis and design of active filters intended for
reactive power compensation as well as harmonic compensation.

From the end of 1960s to the beginning of the 1970s, Erlicki and Eigeles
[70], Sasaki and Machida [71], and Fukao et al. [72] published their pioneer
papers presenting what can be considered a basic principle of controlled
reactive power compensation. For instance, Erlicki and Eigeles [70] pre-
sented some basic ideas like “compensation of distortive power is unknown
to date.” They also determined that “a non-linear resistor behaves like a reac-
tive power generator while having no energy storage elements,” and pre-
sented the very first approach to active power factor control. Fukao et al. [72]
stated that “by connecting a reactive power source in parallel with the load,
and by controlling it in such a way as to supply reactive power to the load,
the power network will only supply active power to the load. Therefore ideal
power transmission would be possible.”

In 1976, Gyugyi and Pelly [73] presented the idea that reactive power could
be compensated by a naturally commutated cycloconverter without energy



Introduction 25

storage elements. This idea was explained from a physical point of view.
However, no specific mathematical proof was presented. In 1976, Harashima
et al. [74] presented, probably for the first time, the term instantaneous reactive
power for a single phase circuit. In that same year (1976), Gyugyi and Strycula
[75] used the term active AC power filters for the first time. A few years later, in
1981, Takahashi et al. published two papers [76, 77], giving a hint of the emer-
gence of the instantaneous power theory, or the p-q theory. The p-g theory, in
its first version, was first published in the Japanese language in 1982 [78] for a
local conference, and 1983 in Transactions of the Institute of Electrical Engineers
of Japan by Akagi et al. [79]. With a minor time lag, a paper was published in
English for an international conference in 1983 [37], showing the possibility
of compensating for instantaneous reactive power without energy storage
elements, by Akagi et al. Then, a more complete paper, including experi-
mental verifications, was published in the IEEE Transactions on Industry
Applications in 1984 by Akagi et al. [39].

The p-g theory defines a set of instantaneous powers in the time domain.
Since no restrictions are imposed on voltage or current behaviors, it is appli-
cable to three-phase systems with or without neutral conductors, as well
as to generic voltage and current waveforms. Thus, it is valid not only in
steady states, but also during transient states. Contrary to other traditional
power theories treating three-phase systems as three single-phase circuits,
the p-q theory deals with all three phases at the same time, as a unity system.
Therefore, this theory always considers three-phase systems together, not as
a superposition or sum of three single-phase circuits. It was defined by using
the o0 transformation, also known as the Clarke transformation [80], which
consists of a real matrix that transforms three phase voltages and currents
into 080 stationary reference frame currents.

In 1997, Soares et al. [44] published “Active Power Filter Control Circuit
Based on the Instantaneous Active and Reactive Current I,-I, Method” for
the IEEE Power Electronics Specialists Conference. Later in 2000, Soares et al.
[43] published “An Instantaneous Active and Reactive Current Component
Method for Active Filters” in IEEE Transactions on Power Electronics.

The I-I, control strategy is also known as synchronous reference frame (SRF)
[7, 26, 43-50]. Here, the reference frame d-q is determined by the angle 6 with
respect to the o-f frame used in the p-g theory. In the I,-I, control strategy
[43], only the current magnitudes are transformed, and the p-q formulation is
only performed on the instantaneous active I, and reactive I, components [49].

1.9 Motivation

Harmonics are mainly caused due to non-linear loads. The non-linear loads
like power electronics devices and solid state devices are main sources of
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harmonics in the power system. These harmonics cause undesirable issues
such as low power factor, overvoltage, under voltage, overheating problems,
flickering, etc. Conventionally, Passive Filters are used to mitigate this prob-
lem. Passive Filters are generally connected in Shunt with the distribution
system. However Passive Filters have certain limitations. They introduce
resonance that effects the stability of distribution system. It has also tuning
problem and not suitable for low or medium voltages.

To overcome these limitations, different configuration of Static VAR com-
pensator (SVCs) has been proposed but it generates low harmonics and also
its response time is very less for fast fluctuating loads. In recent develop-
ment the APF technology is providing compensation for harmonics as well
as reactive power. Current harmonics is one of the main power system prob-
lems but APF is able to mitigate it easily. The APF topology can be connected
in series or Shunt or combination of both (UPQC) as well as hybrid configu-
ration. The Shunt active power line conditioner is most commonly used than
the series active power line conditioner, because most of the industrial, com-
mercial and domestic applications need current harmonic compensation. By
employing the proposed circuitry, THD is reduced to below 5% under both
ideal and non-ideal conditions thereby satisfying IEEE-519 standards.

To overcome the complications encountered in power systems, APF
emerged as a significant solution. The performance of APF principally
depends upon the selection of the reference compensation current extrac-
tion method. Among the various APF control strategies, the instantaneous
active and reactive power (p-q) method is most widely used. The p-g con-
trol strategy yields inadequate results under unbalanced or nonsinusoidal
source voltage conditions. The main reason behind the notches is that the
controller failed to track the current correctly, and thereby APF fails to com-
pensate completely. So to avoid the difficulties that occur with the p-q control
strategy, we have considered the I;-I; control strategy. By employing the I,-],
method, the THD in the source current after compensation can be reduced
below 5% under both ideal and nonideal (unbalanced or nonsinusoidal) sup-
ply conditions, thereby satisfying IEEE 519 standards.

Even though the APF is efficient enough for load compensation, optimal
performance by the APF is always desirable. The optimal harmonic compen-
sation is possible by minimizing the undesirable losses occurring inside the
APF itself. The detrimental consequences due to current harmonics, exces-
sive neutral current, and unbalanced source current in the power system
can be avoided by the use of type 1 and type 2 fuzzy logic controller (FLC)-
based SHAF control strategies (p-q and I,-1,). Even though several controllers
have been proposed, most of them yield inadequate results under nonideal
supply conditions. The performance of APF with conventional PI controllers
is not quite satisfactory under a range of operating conditions.

Recently, FLCs have received a great deal of attention for their applica-
tions in APFs. The advantages of fuzzy logic controllers over conventional PI
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controllers are that they do not require an accurate mathematical model, can
work with imprecise inputs, can handle nonlinearity, and are more robust
than conventional controllers. With the development of type 2 FLCs and
their ability to handle uncertainty, utilizing type 2 FLCs has become very
significant in recent years. The membership functions of type 2 fuzzy sets
are three-dimensional and include a foot point of uncertainty, which is the
new third dimension of type 2 fuzzy sets. Hence, load compensation capabil-
ity of the APF can still be enhanced by using a type 2 fuzzy logic controller.

Thus, from the previous discussion it is evident that shunt APF is one of
the solutions for improving the power quality by mitigating current har-
monics. However, there are scopes for improving the performance of shunt
APF by implementing suitable current extraction techniques and a control-
ler for maintaining a constant DC side voltage, which is an indicator of the
performance of the shunt APE. These are the primary sources of motivation
for the present work.

The work presented here mainly concentrates on the use of p-q and I-],
control strategies. Three types of controllers—PI controller and type 1 and
type 2 fuzzy logic controllers with different fuzzy MFs (trapezoidal, triangu-
lar, and Gaussian)—have been implemented, and the results obtained with
underbalanced, unbalanced, and nonsinusoidal sources are compared to
evaluate the degree of compensation by the APF with different control strat-
egies. An extensive MATLAB® simulation was carried out, and the results
validate the superior functionality of type 2 FLC-based APF employing the
1,71, control strategy. The detailed real-time results using a real-time digital
simulator are presented to support the feasibility of the proposed control
strategies and controllers.

1.10 Book Objectives

From the preceding discussion, the book objectives may be outlined as follows:

* To develop shunt active filter control strategies (p-q and I,-I)) for
extracting the three-phase reference currents and improving the
power quality of power systems by mitigating the current harmon-
ics and maintaining a constant DC link voltage.

¢ To develop a PI controller and the proposed type 1 and type 2 FLC-
based shunt active filter control strategies with different fuzzy MFs for
extracting the three-phase reference currents and maintaining a con-
stant DC link voltage and evaluating their performance under various
source-voltage conditions in a MATLAB/Simulink environment.
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¢ To develop a hysteresis current control scheme for generation of gat-
ing signals to the devices of the APF.

¢ To verify the PI controller and the proposed type 1 and type 2 FLC-
based shunt active filter control strategies with different fuzzy MFs
with real-time digital simulator (OPAL-RT) to validate the proposed
research.

1.11 Book Structure

From the introduction, it can be observed that several fundamental factors
have been considered for the power quality improvement of power systems.
The importance of active power filters and solid-state devices is explained in
detail, and active power filter configurations and selection considerations of
them are also presented in detail.

In Chapter 2, we consider PI controller-based shunt active filter control
strategies (p-g and I,-1)). SHAF control strategies for extracting three-phase
reference currents are compared, with their performance evaluated under
different source voltage conditions using a PI controller. The performance
of the control strategies has been evaluated in terms of harmonic mitiga-
tion and DC link voltage regulation. The detailed simulation results are pre-
sented to support the feasibility of proposed control strategies. To validate
the proposed approach, the system is also implemented on real-time digital
simulator hardware, and adequate results are reported for its verification.

In Chapter 3, type 1 fuzzy logic controller (FLC)-based SHAF control
strategies with different fuzzy membership functions (MFs) (trapezoidal,
triangular, and Gaussian) are developed for extracting three-phase reference
currents, and are compared by evaluating their performance under different
source voltage conditions. The performance of the control strategies has been
evaluated in terms of harmonic mitigation and DC link voltage regulation.
Detailed simulation and real-time results are presented to validate the pro-
posed research.

Even though type 1 FLC-based SHAF control strategies with different
fuzzy MFs are able to mitigate the harmonics, notches are presented in the
source current. So to mitigate the harmonics perfectly, one has to choose a
perfect controller. Therefore, in Chapter 4, type 2 FLC-based SHAF control
strategies with different fuzzy MFs (trapezoidal, triangular, and Gaussian)
are introduced. With this approach, the compensation capabilities of SHAF
are extremely good. The detailed simulation results using MATLAB/
Simulink software are presented to support the feasibility of the proposed
control strategies.
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In Chapter 5, a specific class of digital simulator known as a real-time
simulator is introduced by answering the questions “What is real-time
simulation?” “Why is it needed?” and “How does it work?” The latest trend
in real-time simulation consists of exporting simulation models to a field-
programmable gate array (FPGA). Today every researcher wants to develop his
or her model in real time. The steps involved for implementation of a model
from MATLAB to real time are provided in detail. The proposed type 2 FLC-
based SHAF control strategies with different fuzzy MFs are verified with a
real-time digital simulator (OPAL-RT) to validate the proposed research.

Last, Chapter 6 summarizes the book and looks at future work. A compar-
ative study of PI controllers and the proposed type 1 FLC- and type 2 FLC-
based SHAF control strategies with different fuzzy MFs using MATLAB and
a real-time digital simulator is also presented.
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Performance Analysis of SHAF Control
Strategies Using a PI Controller

In Chapter 1, the main causes of harmonics were explained in detail. The
prevalent difficulty with harmonics is voltage and current waveform distor-
tion. Electronic equipment such as computers, battery chargers, electronic
ballasts, variable-frequency drives, and switched-mode power supplies gen-
erate perilous harmonics. Harmonics issues are of great concern to engineers
and building designers because they do more than distort voltage wave-
forms; they can overheat building wiring, cause nuisance tripping, overheat
transformer units, and cause random end-user equipment failure. Thus,
power quality has become more and more serious with each passing day. As
a result, the active power filter (APF) has gained much more attention due to
its excellent harmonic compensation. The importance of active power filters
and solid-state devices is explained in detail, and APF configurations and
selection considerations of them are also presented. The list of harmonics
mitigation techniques is provided in Chapter 1.

In this chapter, shunt active filter control strategies (p-q and I,-1,) for
extracting the three-phase reference currents are compared, and their per-
formance is evaluated under different source voltage conditions (balanced,
unbalanced, and nonsinusoidal) using a proportional-integral (PI) control-
ler. The performance of the control strategies has been evaluated in terms of
harmonic mitigation and DC link voltage regulation. The detailed simula-
tion results using MATLAB®/Simulink® software are presented to support
the feasibility of the proposed control strategies. To validate the proposed
approach, the system is also implemented on real-time digital simulator
hardware, and adequate results are reported for its verification.

This chapter is organized as follows: Section 2.1 provides details on the
shunt active filter basic compensation principle. Section 2.2 outlines the clas-
sifications of shunt active filter control strategies. An introduction to DC link
voltage regulation using PI controllers is provided in Section 2.3. Simulation
results of p-g and I;-1, control strategies with PI controllers using MATLAB/
Simulink are presented in Section 2.4. Real-time results of p-q and I,-I, con-
trol strategies with PI controllers using a real-time digital simulator are
presented in Section 2.5, and finally, Section 2.6 gives concluding remarks.

31
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2.1 Shunt Active Filter Basic Compensation Principle

Shunt active filter (SHAF) [7, 9-15, 22, 24, 26, 36, 48, 50, 61] design is an impor-
tant criterion to compensate current harmonics effectively [6-9, 12-16, 26, 47,
50, 60, 65].

In brief, for perfect compensation, a controller must be capable of achiev-
ing the following requirements:

1. Extract and inject load harmonic currents
2. Maintain a constant DC link voltage

3. Avoid absorbing or generating the reactive power with fundamental
frequency components.

Figure 2.1 shows a basic architecture of a three-phase four-wire shunt
active filter. The active power filter [1-65] is controlled to supply the com-
pensating current [30] to the load to cancel out the current harmonics on the
AC side and reactive power flow to the source, thereby making the source
current in phase with the source voltage.

Figures 2.2 and 2.3 show the basic compensation principle of the active
power filter, and it serves as an energy storage element to supply the real
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Basic architecture of a three-phase four-wire shunt active filter.
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Basic compensation principle.

power difference between the load and source during the transient period.
When the load condition changes, the real power balance between the mains
and the load will be disturbed. This real power difference is to be compen-
sated by the DC capacitor. This changes the DC capacitor voltage away from
the reference voltage.

In order to keep satisfactory operation of the active filter [31], the peak value
of the reference source current must be adjusted to proportionally change the
real power drawn from the source. This real power absorbed/released by the
capacitor compensates the real power difference between the power consumed
by the load and the power supplied from the source [32]. If the DC capacitor
voltage is recovered and attains the reference voltage, the real power supplied
by the source is supposed to be equal to that consumed by the load again.

2.2 Active Power Filter Control Strategies
The control strategy [7] is the heart of the APF and is implemented in three

stages:

1. In the first stage, the essential voltage and current signals are sensed
using potential transformers (PTs) and current transformers (CTs).
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Compensation principle of a shunt active power filter.

2. In the second stage, compensating commands in terms of current or
voltage levels are derived based on control techniques [7, 33-50] and

APF configurations.

3. In the third stage of control, the gating signals for the solid-state devices
of the APF are generated using pulse width modulation (PWM), hys-

teresis, sliding mode, PI controller, and

fuzzy logic-based controllers.

The control of the APF is realized using discrete analog and digital devices
or advanced microelectronic devices, such as single-chip microcomputers,
digital signal processor (DSP), and so forth. There are numerous published
methods that describe different topologies and different algorithms used for
active filtering. In many of them, the description of a single method usu-
ally prevails, but there are publications that explain and compare a few such
methods, describing their advantages and disadvantages by giving final
indices as the dynamics, the total harmonic distortion (THD) reduction, the
inverter efficiency, or the cost of the entire active filter.
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2.2.1 Signal Conditioning

For the purpose of implementation of the control algorithm, several instanta-
neous voltage and current signals are required. These signals are also useful
to monitor, measure, and record various performance indices, such as THD
[50], power factor, active and reactive power, and so forth.

The typical voltage signals are AC terminal voltages, DC bus voltage of the
APE and voltages across series elements. The current signals to be sensed
are load currents, supply currents, and compensating currents of the APF.
Current signals are sensed using CTs or Hall effect current sensors. Voltage
signals are sensed using either PTs or Hall effect voltage sensors or isolation
amplifiers. The voltage and current signals are sometimes filtered to avoid
noise problems. The filters are either hardware based (analog) or software
based (digital) with low-pass, high-pass, or band pass characteristics.

2.2.2 Derivation of Compensating Signals

In an attempt to minimize the harmonic disturbances created by the non-
linear loads, the choice of the active power filters improves the filtering effi-
ciency and solves many issues existing with classical passive filters. One
of the key points for a proper implementation of an active filter is to use
optimized techniques for current/voltage reference generation. There exist
many implementations supported by different strategies based on

¢ Frequency-domain harmonic detection methods
¢ Time-domain harmonic detection methods

The classification of harmonics methods can be done relative to the domain
where the mathematical model is developed. Thus, two major directions are
described here, the time-domain and frequency-domain methods [33, 34].
Such a classification is given in Table 2.1. The description of the methods will
be provided in subsequent sections.

TABLE 2.1

Classification of Harmonic Detection Methods

Domain Harmonic Detection Mehtod

Frequency-domain  Discrete Fourier Transform (DFT)
Fast Fourier Transform (FFT)
Recursive Discrete Fourier Transform (RDFT)
Time-domain Instantaneous power p-q theory
Instantaneous current (I,-1,) theory
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Development of compensating signals in terms of either voltages or currents
is the important part of APF control [35] and affects its ratings and transient as
well as steady-state performance. One of the most discussed software parts (in
the case of a DSP implementation) of an active filter is the harmonic detection
method. In brief, it represents the part that has the capability of determining
specific signal attributes (for instance, the frequency, amplitude, phase, time
of occurrence, duration, energy, etc.) from an input signal (voltage, current,
or both) by using a special mathematical algorithm. Then, with the achieved
information, the controller is imposed to compensate for the existing distor-
tion. It can be easily seen that if there are some errors when estimating one
of the above attributes, the overall performance of the active filter could be
seriously degraded in such a way that even sophisticated control algorithms
cannot recover the original information. Therefore, different algorithms [7, 36]
emerged for the harmonic detection, which led to a large scientific debate on
which part the focus should be put on, the detection accuracy, the speed, the
filter stability, easy and inexpensive implementation, and so forth.

2.2.2.1 Compensation in Frequency Domain

The control strategy in the frequency domain is based on the Fourier analysis
of the distorted voltage or current signals to extract compensating commands
[33, 34]. Using the Fourier transformation, the compensating harmonic com-
ponents are separated from the harmonic-polluted signals and combined to
generate compensating commands. The device switching frequency of the
APF is kept generally more than twice the highest compensating harmonic
frequency for effective compensation. The online application of the Fourier
transform (solution of a set of nonlinear equations) is a cumbersome compu-
tation and results in a large response time.

2.2.2.2 Compensation in Time Domain

Control methods of the APFs in the time domain are based on instantaneous
derivation of compensating commands in the form of either voltage or cur-
rent signals from distorted and harmonic-polluted voltage or current signals
[33-50]. There are a large number of control strategies in the time domain,
which are known as

1. Instantaneous active and reactive power p-g control strategy

2. Instantaneous active and reactive current I,-I, control strategy

2.2.2.2.1 Instantaneous Active and Reactive Power (p-q) Control Strategy

The instantaneous active and reactive power control strategy (or p-q control
strategy) was first proposed by H. Akagi and coauthors in 1984 [37], and
has since been the subject of various interpretations and improvements. The
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instantaneous active and reactive power (p-q) control strategy [38, 78, 79] has
been widely used and is based on Clarke’s (a-f) transformation of voltage
and current signals to derive compensating signals [39, 40]. In Figures 2.4
and 2.5, the entire reference current generation with the conventional p-q
control strategy using the PI controller and fuzzy logic controller (FLC) has
been illustrated. In order to maintain a constant DC link voltage [41], a PI (or
FLC) branch is added to control the active power component.

The PI (or FLC) controls this small amount of active current, and then the
current controller regulates this current to maintain the DC link capacitor
voltage [42]. To achieve this, the DC link voltage is detected and compared
with the reference voltage setting by control circuit, and then the difference
is fed to the PI or FLC. According to the voltage difference, the PI (or FLC)
decides how much active current is needed to maintain the DC link voltage.
The output of the PI (or FLC) is an active current that is the corresponding
power flow needed to maintain the DC link voltage. It is used as a part of
the reference current for the current controller, which controls the inverter to
provide the required compensation current.

The instantaneous active and reactive power can be computed in terms of
transformed voltage and current signals. From instantaneous active and reac-
tive powers, harmonic active and reactive powers are extracted using low-
pass and high-pass filters. From harmonic active and reactive powers, using
the inverse o-f transformation [39], compensating commands in terms of
either currents or voltages are derived. The active filter currents are achieved
from the instantaneous active and reactive powers p and q of the nonlinear
load. Transformations of the phase voltages V,, V;, and V, and the load cur-
rents i, iy, and 7, into the o- orthogonal coordinates using Clarke’s transfor-
mation [40] are given in Equations 2.1 and 2.2 and shown in Figure 2.6.

The compensation objectives of active power filters are the harmonics pres-
ent in the input currents. The present architecture represents three-phase
four-wire, and it is realized with the constant power control strategy [5].

V(x [ ia ila
VB =C Oy |, iﬁ =C ilb (21)
Vo (% iO ilc
1 1]
V2 V2
c= %1 1 2.2)

where C is the so-called transformation matrix [C|=1and C' = C".
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FIGURE 2.6

Control method for shunt current compensation based on a p-q control strategy.

Generalized instantaneous power, p(t), is

Oq

P=|v .[ila iy ilc] =0, 1jg + 0y iy + U e

(40
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Instantaneous active current on the B-axis, ig,, is

B

- .2
Uuﬁo

iy P (2.13)

Instantaneous reactive current on the B-axis, igg, is

) Vg Vo
[ % 214
Bg V0 do V0 q (2.14)

In the new coordinate system, the instantaneous power has two compo-
nents: the zero-sequence instantaneous real power P, and the instantaneous
real power due to positive- and negative-sequence components Pig.

P(t) = Ry(t) + B (t) (2.15)

Py(t) = vy (2.16)
Oq.

Py(t)= L} :|[ia iy | = va in+0p i 2.17)
B

Using the above equations and considering the orthogonal nature of vec-
tors v and (v ® g =0), the reference source current in the o0 frame is

; e 0 vy -1 1P
SO
. 1
ip|=——|vp —v0 0 4 e (2.18)
; Uapo qs
s0 v v —va 0 |q
. v 0 vy —vp ||PLos+Pho
lsaref 1 0
l.s[;rgf m g — 0o 0 Uy, 0 (219)
. o
Lsoref 0 v -0y 0 | 0
et Oo
Sourey -
. P Lop + B, L0
Igref |[=—>——|© 2.20
bref vg +0f (220

isOref 0
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2.2.2.2.2 Instantaneous Active and Reactive Current (I,-1,) Control Strategy

In Figure 2.7, the entire reference current generation scheme has been illus-
trated. This control strategy is also known as the synchronous reference
frame (SRF) [7, 26, 43-50]. Here, the reference frame d-q is determined by
the angle 6 with respect to the - frame used in the p-q theory. In the I -],
control strategy [43], only the current magnitudes are transformed, and the
p-q formulation is only performed on the instantaneous active I, and reac-
tive I, components. In the synchronous d-q reference frame [44], voltage and
current signals are transformed to a synchronously rotating frame, in which
fundamental quantities become DC quantities, and then the harmonic com-
pensating commands are extracted. The DC bus voltage feedback is gener-
ally used to achieve a self-supporting DC bus in voltage-fed APFs [45].

AC Mains i i
S
|_® A —_d Nonlinear
Load
VypVpVe
ViV Ve
bbb

Voltage ﬂ C

Source

Inverter Ve

888
A4 \ 4
I [ Park transformation
abc -dq
and harmonic
current injection
ica’icb’icc +
bca"sley " slec”
Inverse Park
»| Transformation
dq - abc
icq* icd* _ .
lignh
A .
1lqnh
+
DC Voltage -
iqine Controller + Ve
ig1ne =0
Vdc_ref
FIGURE 2.7

Control method for shunt current compensation based on the I,-I; control strategy.
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If the d-axis has the same direction as the voltage space vector v, then the
zero-sequence component of the current remains invariant. Therefore, the
1,71, method can be expressed as follows:

io . 1 0 0 1o
i |= o 0 cos0 sin® || iy, (2.21)
it ®10 _—sin® cosO ip

ild ila
BER

Vo O
S= 1[ P } (2.23)
Uap —Up Vo
Ve U
S= 1[ P } (2.24)
JUa+05 7B Yo

where the transformation matrix S satisfies [S|=1 and S~ = ST.
Each current component (I, ) has an average value or DC component and
an oscillating value or AC component:

ig=iu+ig and iy =iy +iy, (2.25)

The compensating strategy [26] (for harmonic reduction and reactive
power compensation) assumes that the source must only deliver the mean
value of the direct-axis component [46] of the load current. The reference
source current will therefore be

isdref = E; isqref = isOref =0 (226)
liq 1 (5 Up 0 o
izq = Tﬁ —0Up Og, 0 iLB (227)
. o .
1o 0 0 ap || o
Vglre + Vgl P,
iy = otLa BELR Lop (228)

Vap Jo& + 0k
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The DC component of the above equation will be

T PLocB PLuB
Iy = =| F— (2.29)
( Vs )dc e+ 75 l

where the subscript dc means the average value of the expression within
the parentheses.

Since the reference source current must be in phase with the voltage at
the PCC (point of common coupling) [47] (and have no zero-sequence com-
ponent), it will be calculated (in a-B-0 coordinate) by multiplying the above
equation by a unit vector in the direction of the PCC voltage space vector
(excluding the zero-sequence component):

|
isref = ZLd 7)7[3 %) (230)
* 1o
isaref Va
gt =[PL°‘") . 2.31)
. of de UocB
ZsOref 0
is(xref Vo,
) B 1
iy | = y sz | rew - (2.32)
isOref Yo T 0 dc U 08 0

The reference signals thus obtained are compared with the actual compen-
sating filter currents in a hysteresis comparator, where the actual current is
forced to follow the reference and provides instantaneous compensation by
the APF [48] on account of its easy implementation and quick prevail over fast
current transitions. This consequently provides switching signals to trigger
the IGBTs inside the inverter. Ultimately, the filter provides necessary com-
pensation for harmonics in the source current and reactive power unbalance
in the system. Figure 2.8 shows voltage and current vectors in stationary and
rotating reference frames. The transformation angle 8 is sensible to all voltage
harmonics and unbalanced voltages; as a result, 46/dt may not be constant.

Reference currents are extracted with the I,-I, control strategy using Pl and
FLC, which are shown in Figures 2.9 and 2.10. In order to maintain a constant
DC link voltage, a PI (or FLC) branch is added to the d-axis in the d-q frame
to control the active current component. The PI (or FLC) controls this small
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FIGURE 2.8
Instantaneous voltage and current vectors.

amount of active current, and then the current controller regulates this cur-
rent to maintain the DC link capacitor voltage [50].

One of the advantages of this control strategy is that angle 0 is calculated
directly from main voltages, and thus makes this control strategy frequency
independent by avoiding the PLL in the control circuit. Consequently, syn-
chronizing problems with unbalanced and distorted conditions of main volt-
ages are also eluded. Thus, I,-I, achieves a large-frequency operating limit,

9
essentially by the cutoff frequency of the voltage source inverter (VSI) [49].

2.2.3 Current Control Techniques for Derivation of Gating Signals

Most applications of three-phase voltage source pulse-width-modulated
(VS-PWM) converter-fed AC motor drives, active power filters, high-power-
factor AC/DC converters, uninterruptible power supply (UPS) systems,
and AC power supplies have a control structure comprising an internal
current feedback loop. Consequently, the performance of the converter sys-
tem largely depends on the quality of the applied current control strategy.
Therefore, current control of PWM converters is one of the most important
subjects of modern power electronics. In comparison to conventional open-
loop voltage PWM converters, the current-controlled PWM (CC-PWM) [51]
converters have the following advantages:

¢ Control of instantaneous current waveform and high accuracy
¢ Peak current protection

* Overload rejection

¢ Extremely good dynamics

¢ Compensation of the semiconductor voltage drop and dead times of
the converter

¢ Compensation of the DC link and AC-side voltage changes



47

SHAF Control Strategies

oqe-bp

UOTJRULIOJSURI],
SIeJd 9SIoAU]

“IS[[013U0D [ Y3m ASa3en3s [013u00 '] Y3Lm UO1IORIIX® JUSLIND 90URID)oy

6'C TANDH
wﬁ
19)[1] SseJ MO :
[ yaom 1omng bp-oqe
o 1y 7T
UOIJeUWLIOJSURI], €
- I9)[1] SSBJ MO J1ed
110/, IoNNg
+qu.~ h r7
Umu>
Id “ 4 Prop A




Power Quality Issues

48

“19[[013u02 D130 AZZNnj Ypm ASa3en3s [013u0d '] Y3m UOIIdRIIX® JUSLIND 90USIRjay

0L’z 3NOI4
0 = +I1PT
qu
I9)[1] SSeJ MO
2 1 I |
* - YO\ Tonng bp-oqe
>qe-bp P 1,97 7Ty
q - [
J uonewIojsuRLy, L1 UOjeWIOJSURI], ¢
v SIeJ 9SIoAU] I9)1] SSeJ MO Jred
J < < Y110\ 1o1ng ,
+r_:uq.~ o
r
A
q i - Jor-op o
o011 [«
+
* av
-Z ¢




SHAF Control Strategies 49

2.2.3.1 Generation of Gating Signals to the Devices of the APF

The third stage of control of the APF is to generate gating signals for the solid-
state devices of the APF based on the derived compensating commands, in
terms of voltages or currents. A variety of approaches, such as hysteresis-
based current control, PWM current or voltage control, deadbeat control, slid-
ing mode of current control, PI controller, fuzzy-based current control, neural
network-based current control, and so on, can be implemented, through either
hardware or software, to obtain the control signals for the switching devices
of the APF. Out of all these approaches, we have considered hysteresis-based
current control [50-54], PI controller [7], and fuzzy logic controller [7-11, 26,
50]. In Chapter 3, the fuzzy logic controller is explained in detail.

2.2.3.1.1 Hysteresis Current Control Scheme

The hysteresis band current control technique [50] is the most suitable for
the applications of current-controlled voltage source inverters in active
power filters, grid-connected systems, and interior permanent magnet (IPM)
machines. Basic requirements of a CC-PWM are as follows:

* No phase and amplitude errors (ideal tracking) over a wide output
frequency range

e Provision of a better dynamic response of the system
* Low harmonic content

¢ Limited or constant switching frequency to guarantee APF opera-
tion of converter semiconductor power devices

The hysteresis band current control is characterized by unconditioned
stability, very fast response, and good accuracy [50]. However, this control
scheme exhibits several demerits, such as variable switching frequency, the
possibility of generating resonances, and a difficult-to-design passive filter
system. This unpredictable switching function affects the active filter effi-
ciency and reliability. It may well be that fuzzy logic systems [7, 11-13, 26,
50, 54, 62, 65] resolve some of the challenges that existing methods face. The
hysteresis band current control idea used for the control of active power filter
line current is demonstrated in Figure 2.11a and b.

The actual source currents are monitored instantaneously, and then com-
pared to the reference currents generated by the proposed algorithm. In order
to get accurate control, switching of the IGBT [29] device should be such that
the error signal should approach zero, thus providing quick response. For
this reason, hysteresis current controller with a fixed band [51] that derives
the switching signals of a three-phase IGBT-based VSI bridge is used.

Hysteresis control schemes are based on a nonlinear feedback loop with
two-level hysteresis comparators (Figure 2.11a). The switching signals
are produced directly when the error exceeds an assigned tolerance band
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(a) Details of voltage and current waves with hysteresis band current controller. (a) Details of
hysteresis band current controller. (c) Typical hysteresis current controller.

(Figure 2.11b). The controller generates the sinusoidal reference current of
desired magnitude and frequency that is compared with the actual motor
line current. If the current exceeds the upper limit of the hysteresis band
[52], the upper switch of the inverter arm is turned off and the lower switch
is turned on. As a result, the current starts to decay. If the current crosses
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the lower limit of the hysteresis band, the lower switch of the inverter arm
is turned off and the upper switch is turned on. As a result, the current gets
back into the hysteresis band. Hence, the actual current is forced to track the
reference current within the hysteresis band [53].

The upper device and the lower device in one phase leg of VSI are switched
in a complementary manner; otherwise, a dead short circuit will take place.

* *

The APF reference currents % I,* I.* compared with the sensed source

currents I, I;, I., and the error signals are operated by the hysteresis current
controller to generate the firing pulses, which activate the inverter power
switches in a manner that reduces the current error. The hysteresis band cur-
rent controller [54] decides the switching pattern of the active power filter.
Figure 2.11c shows the hysteresis current control modulation scheme, con-

sisting of three hysteresis comparators, one for each phase.

2.3 Introduction to DC Link Voltage Regulation

For regulating and maintaining a constant DC link capacitor voltage, the active
power flowing into the active filter needs to be controlled. If the active power
flowing into the filter can be controlled equal to the losses inside the filter, the
DC link voltage [59] can be maintained at the desired value. The quality [60]
and performance of the SHAF depend mainly on the method implemented to
generate the compensating reference currents [61]. This dissertation presented
two methods to get the reference current, which is the key issue in the con-
trol of the SHAF [62]. In order to maintain a constant DC link voltage and
generate the compensating reference currents, we have developed the follow-
ing controllers:

1. PI controller

2. Fuzzy logic controller
a. Type 1 fuzzy logic controller with different fuzzy MFs
b. Type 2 fuzzy logic controller with different fuzzy MFs

2.3.1 DC Link Voltage Regulation with PI Controller

Figure 2.12 shows the internal structure of the control circuit. The control
scheme consists of the PI controller, limiter, and three-phase sine wave gen-
erator for reference current generation and generation of switching signals.
The peak value of reference currents [63] is estimated by regulating the DC
link voltage. The actual capacitor voltage is compared with a set reference
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FIGURE 2.12
Conventional PI controller.

value. The error signal is then processed through a PI controller, which con-
tributes to zero steady error in tracking the reference current signal.

The output of the PI controller [64] is considered a peak value of the supply
current (I,,,,), which is composed of two components:

max)/

1. Fundamental active power component of load current

2. Loss component of APF, to maintain the average capacitor voltage to
a constant value

The peak value of the current (I,,,,) so obtained is multiplied by the unit
sine vectors in phase with the respective source voltages to obtain the
reference compensating currents. These estimated reference currents (L%
5 L) and sensed actual currents (I, I, L) are compared in a hysteresis
band, which gives the error signal for the modulation technique. This error
signal decides the operation of the converter switches. In this current control
circuit configuration, the source/supply currents I, are made to follow the
sinusoidal reference current I, within a fixed hysteretic band [65, 81]. The
width of the hysteresis window determines the source current pattern, its
harmonic spectrum, and the switching frequency of the devices.

The DC link capacitor voltage is kept constant throughout the operating
range of the converter. In this scheme, each phase of the converter is con-
trolled independently. To increase the current of a particular phase, the lower
switch of the converter associated with that particular phase is turned on,
while to decrease the current, the upper switch of the respective converter
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phase is turned on. With this, one can realize the potential and feasibility of
the PI controller.

2.4 System Performance of p-q and I -1, Control Strategies
with PI Controller Using MATLAB/Simulink

Figures 2.13 and 2.14 highlight the performance of SHAF using the p-q
and I;-I, control strategies with the PI controller under balanced, unbal-
anced, and nonsinusoidal conditions, using MATLAB/Simulink. As load is
highly inductive, current draw by load is integrated with rich harmonics.
Figures 2.13 and 2.14 give the details of source voltage, load current, compen-
sation current, source current with filter, DC link voltage, and THD of the
p-g and I;-1, control strategies with the PI controller using MATLAB under
balanced, unbalanced, and nonsinusoidal supply voltage conditions.

When the supply voltages are balanced and sinusoidal, the two control
strategies—instantaneous active and reactive power (p-q) control strategy
and instantaneous active and reactive current (I;-I,) control strategy—are
converging to the same compensation characteristics. But, when the sup-
ply voltages are distorted or unbalanced sinusoidal, these control strategies
result in different degrees of compensation of harmonics. The p-q control
strategy is unable to yield an adequate solution when source voltages are
not ideal.

The THD:s of the p-g control strategy with the PI controller under balanced,
unbalanced, and nonsinusoidal conditions using MATLAB are 2.15%, 4.16%,
and 5.31%, respectively, and the THDs of the I,-I, control strategy with the PI
controller are 1.97%, 3.11%, and 4.93%, respectively.

2.5 System Performance of p-q and I,-I, Control Strategies
with PI Controller Using a Real-Time Digital Simulator

In Chapter 5, a specific class of digital simulator known as a real-time simula-

tor is introduced by answering the questions “What is real-time simulation?”

“Why is it needed?” and “How does it work?” Real-time implementation of
the shunt active filter model is shown in Figure 2.15. It consists of

* A host computer
¢ Target (real-time simulator)
* Oscilloscope
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FIGURE 2.13

SHAF response using p-q control strategy with a PI controller using MATLAB under (a) bal-
anced sinusoidal, (b) unbalanced sinusoidal, and (c) balanced nonsinusoidal. (i) Source voltage,
(ii) load current, (iii) compensation current, (iv) source current with filter, (v) DC link voltage,
and (vi) THD of source current.
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FIGURE 2.14

SHAF response using the I,-I, control strategy with a PI controller using MATLAB under
(a) Balanced Sinusoidal, (b) Unbalanced Sinusoidal, and (c) Balanced NonSinusoidal. (i) Source
voltage, (ii) load current, (iii) compensation current, (iv) source current with filter, (v) DC link
voltage, and (vi) THD of source current.
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FIGURE 2.15
Real-time implementation of shunt active filter control strategies using OPAL-RT.

In the host computer, an edition of the Simulink model, model compila-
tion with RT-LAB and user interface, is done. In the target system, the I/O
and model execution process is done, and results are displayed in an oscil-
loscope. In Figure 2.15, the oscilloscope displays four waveforms; the first
waveform is the load current (or source current before filtering), the sec-
ond waveform is the filter current (compensation current), the third wave-
form is the source current after filtering, and finally, the fourth waveform is
the DC link voltage.

Application fields of the OPAL-RT simulator are

Electrical

* Aerospace and defense

Automotive

Academic and research

Figures 2.16 and 2.17 present the details of source voltage, load current,
compensation current, source current with filter, DC link voltage, and THD
of the p-q and I,-I; control strategies with a PI controller using a real-time
digital simulator under balanced, unbalanced, and nonsinusoidal supply
voltage conditions.

The THDs of the p-q control strategy with a PI controller under balanced,
unbalanced, and nonsinusoidal conditions using a real-time digital simula-
tor are 2.21%, 4.23%, and 5.41%, respectively, and the THDs of the LI, con-
trol strategy with a PI controller are 2.04%, 3.26%, and 5.05%, respectively.
Figure 2.18 clearly illustrates the THD of the source current for shunt active
filter control strategies (p-q and I,-1,) with a PI controller using MATLAB and
a real-time digital simulator under various source voltage conditions.

While considering the p-g control strategy with the PI controller, SHAF
does not succeed in compensating harmonic currents; notches are observed
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FIGURE 2.16

SHAF response using p-q control strategy with PI controller using real-time digital simula-
tor under (a) balanced sinusoidal, (b) unbalanced sinusoidal, and (c) balanced nonsinusoi-
dal. (i) Source voltage, (ii) load current (scale 20 A/div), (iii) compensation current (scale 20
A/div), (iv) source current (scale 30 A/div) with filter, (v) DC link voltage, and (vi) THD of
source current.

in the source current. The main reason behind the notches is that the control-
ler failed to track the current correctly, and thereby APF fails to compensate
completely. The PI controller is unable to mitigate the harmonics effectively,
and notches are observed in the source current. So to mitigate the harmonics
perfectly, one has to choose the perfect controller. So to avoid the difficulties
that occur with the PI controller, we have considered the type 1 fuzzy logic
controller (type 1 FLC)-based p-q and I,-I, control strategies with different
fuzzy MFs (trapezoidal, triangular, and Gaussian MF). The system param-
eters are given in Table 2.2.
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FIGURE 2.17

SHAF response using I,-I, control strategy with PI controller using real-time digital simula-
tor under (a) balanced sinusoidal, (b) unbalanced sinusoidal, and (c) balanced nonsinusoidal.
(i) Source voltage, (ii) load current (scale 20 A/div), (iii) compensation current (scale 20 A/div),
(iv) source current (scale 30 A/div) with filter, (v) DC link voltage, and (vi) THD of source current.
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THD of source current for p-q and I,-I; control strategies with PI controller using MATLAB and

real-time digital simulator.

TABLE 2.2

System Parameters

Parameter Value
Supply voltage V,=311.12V
Source resistance R,=0.1Q
Source inductance L,=1mH
Filter phase-branch-resistance ~ R,;=0.01 Q
Filter phase-branch inductance ~ L,=0.1 mH
DC link capacitance C,. = 3000 pf
DC link voltage V,.=800V
Hysterisis band +02A

Load Diode rectifier

Load resistance
Load inductance

Snubber resistance R, = 500 Q
Snubber capacitance L, =250 e-9 f
R, =15Q

L, =6mH
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2.6 Summary

In this chapter, PI controller-based shunt active filter control strategies (p-q
and [-I,) were considered for extracting the three-phase reference currents
for power quality improvement. Three-phase reference current waveforms
generated by the proposed scheme are tracked by the three-phase voltage
source converter in a hysteresis band control scheme. The performance of
the control strategies has been evaluated in terms of harmonic mitigation
and DC link voltage regulation using MATLAB/Simulink and a real-time
digital simulator.

The mitigation of harmonics is poor when the THD of the source current is
greater. Under unbalanced and nonsinusoidal conditions, PI controller—based
shunt active filter (p-q and I,-1)) control strategies are unable to mitigate har-
monics completely and THD is close to 5%. But, according to IEEE 519-1992,
THD must be less than 5%. So to mitigate harmonics effectively, we have
considered type 1 FLC-based p-q and I,-I, control strategies with different
tuzzy MFs (trapezoidal, triangular, and Gaussian MF).
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Performance Analysis of SHAF
Control Strategies Using Type 1
FLC with Different Fuzzy MFs

In Chapter 2, shunt active filter (SHAF) control strategies were discussed. It
is concluded that under unbalanced and nonsinusoidal conditions, the PI
controller is unable to mitigate the harmonics completely and THD is close
to 5%. But, according to IEEE 519-1992, THD must be less than 5%. So to miti-
gate the harmonics perfectly, one has to choose the perfect controller.

In this chapter, we have developed type 1 fuzzy logic controller (FLC)
with different fuzzy membership function (MFs) (trapezoidal, triangular,
and Gaussian). The shunt active filter control strategies (p-q and I,-I)) for
extracting the three-phase reference currents are compared, evaluating their
performance under different source voltage conditions using type 1 FLC.
The performance of the control strategies has been evaluated in terms of
harmonic mitigation and DC link voltage regulation. The detailed simula-
tion results using MATLAB®/Simulink® software are presented to support
the feasibility of the proposed control strategies. To validate the proposed
approach, the system is also implemented on a real-time digital simulator,
and adequate results are reported for its verification.

This chapter is organized as follows: Section 3.1 provides the details of the
type 1 fuzzy logic controller, which include types of fuzzy inference systems,
defuzzification methods, design of control rules, and rule base. Simulation
results of type 1 FLC-based p-q and I;-I, control strategies with different
fuzzy MFs using MATLAB are presented in Sections 3.2 and 3.3, respec-
tively. Real-time results of type 1 FLC-based p-q and I,-I, control strategies
with different fuzzy MFs using a real-time digital simulator are presented in
Sections 3.4 and 3.5, respectively. Section 3.6 provides the comparative study,
and finally, Section 3.7 gives concluding remarks.

3.1 Type 1 Fuzzy Logic Controller

The concept of fuzzy logic (FL) [82] was proposed by Professor Lofti Zadeh in
1965, at first as a way of processing data by allowing partial set membership

61
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FIGURE 3.1

Proposed fuzzy logic controller.

rather than crisp membership. Soon after [83-107], it was proved to be an
excellent choice for many control system applications [84] since it mimics
human control logic.

Figure 3.1 shows the internal structure of the control circuit. The control
scheme consists of the fuzzy logic controller (FLC) [85], limiter, and three-
phase sine wave generator for reference current generation and generation
of signals for the switching devices of the active power filter (APF). The peak
value of reference currents is estimated by regulating the DC link voltage
[26]. The actual capacitor voltage is compared with a set reference value. The
error signal is then processed through FLC, which contributes to zero steady
error in tracking the reference current signal.

The block diagram [50] of the fuzzy logic controller is shown in Figure 3.2.
It consists of the following blocks:

¢ Fuzzification * Knowledge base
¢ Fuzzy inference system * Defuzzification

3.1.1 Fuzzification

The process of converting a numerical variable (real number) to a linguistic
variable (fuzzy number) is called fuzzification [86].

3.1.2 Fuzzy Inference Systems

The fuzzy inference system (FIS) [87] is a popular computing framework
based on the concepts of fuzzy set theory [88], fuzzy if-then rules, and fuzzy
reasoning. It has found successful applications in a wide variety of fields,
such as expert systems, data classification, decision analysis, time-series pre-
diction, automatic control, pattern recognition, and robotics. Because of its
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FIGURE 3.2

Block diagram of fuzzy logic controller (FLC).

multidisciplinary nature, the FIS is known by various other names, such as
fuzzy rule-based system, fuzzy expert system [89], fuzzy model [90], fuzzy
logic controller [91], fuzzy associative memory [92], and simply fuzzy system.

The basic structure of a FIS consists of three components: a rule base, which
contains a selection of rules; a database, which defines the membership func-
tions used in the fuzzy rules; and a reasoning mechanism, which performs the
inference procedure upon the rules and given facts to derive a reasonable
output. The basic FIS [93] can take either crisp inputs or fuzzy singletons, but
the outputs it produces are almost always fuzzy sets. Sometimes it is neces-
sary to have a crisp output, especially in a situation where a FIS is used as a
controller. Therefore, we need a method of defuzzification to extract a crisp
value that best represents a fuzzy set. A FIS with a crisp output is shown in
Figure 3.3, where the dashed line indicates a basic fuzzy inference system
with fuzzy output, and a defuzzification [94] block serves the purpose of
transforming an output fuzzy set into a crisp value. Defuzzification strate-
gies [95] are explained in Section 3.1.3.

The Mamdani fuzzy implication models [97] are used for evaluation of indi-
vidual rules. There are mainly two types of implication methods used. The
differences between these two fuzzy inference systems lie in the consequences
of their fuzzy rules, and thus their aggregation, and differ accordingly.

1. Mamdani max-min composition scheme

2. Mamdani max-prod composition scheme
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Block diagram of fuzzy inference system.

3.1.2.1 Mamdani Max-Min Composition Scheme

The Mamdani fuzzy inference system using the max-min composition [50]
scheme is shown in Figure 3.4. In this figure, the aggregation used is maxi-
mum operation and the implication is minimum operation.

3.1.2.2 Mamdani Max-Prod Composition Scheme

The Mamdani fuzzy inference system using a max-prod composition [96]
scheme is shown in Figure 3.5. In this figure, the aggregation used is maxi-
mum operation and the implication is product operation.

3.1.3 Defuzzification

The rules of FLC generate required output in a linguistic variable [97] (fuzzy
number), and according to real-world requirements, linguistic variables have
to be transformed to crisp output (real number).

Wa(x) = defuzz(x, mf, type) (3.1

where defuzz(x, mf, type) gives a defuzzified value of a membership func-
tion (MF) positioned at an associated variable value x using one of several
defuzzification methods [98] according to the argument type. The variable
type can be one of the following:

e COA: Centroid of area
BOA: Bisector of area
MOM: Mean value of maximum

SOM: Smallest (absolute) value of maximum

LOM: Largest (absolute) value of maximum
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The Mamdani fuzzy inference system using max-min composition.
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Defuzzification methods.

After the inference step, the overall result is a fuzzy value. This result
should be defuzzified to obtain a final crisp output. This is the purpose
of the defuzzifier component of an FLC. Defuzzification [99] is performed
according to the membership function of the output variable. For instance,
assume that we have the result in Figure 3.4 at the end of the inference. In
Figure 3.6, the shaded areas all belong to the fuzzy result. The purpose is to
obtain a crisp value, represented with a dot in Figure 3.6, from this fuzzy
result. Defuzzification methods are shown in Figure 3.7.

3.1.3.1 Centroid of Area

Centroid defuzzification returns the center of the area under the curve [100].
Mathematically, a centroid of area (COA) can be expressed as
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jbmx) xdx
e 3.2

COA="2
[ s x

With a discretized universe of discourse, the expression is

COA=-+EL 3.3)

3.1.3.2 Bisector of Area

The bisector is the vertical line that will divide the region into two sub-
regions of equal area. It is sometimes, but not always, coincident with the
centroid line. Mathematically, BOA can be expressed as

XTAMA(X)dx = j Ha(x)dx (34)

3.1.3.3 Mean, Smallest, and Largest of Maximum

MOM, SOM, and LOM stand for mean, smallest, and largest of maximum,
respectively. These three methods key off the maximum value assumed by
the aggregate membership function. If the aggregate membership function
has a unique maximum, then MOM, SOM, and LOM [101] all take on the
same value. Mathematically, MOM can be expressed as

jxdx

Xnmom = X
jdx

X’

(3.5)

where

X ={xua=n"}
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The fuzzy controller is characterized as follows:

* Seven fuzzy sets for each input and output
¢ Fuzzification using a continuous universe of discourse
¢ Implication using Mamdani’s min operator
* Defuzzification using the centroid method

3.1.4 Design of Control Rules

In an FLC [102], a rule base is constructed to control the output variable. A
fuzzy rule is a simple if-then rule with a condition and a conclusion. The
fuzzy control rule design involves defining rules that relate the input variables
to the output model properties. As FLC is independent of the system model,
the design is mainly based on the intuitive feeling for and experience of the
process [103]. The rules are expressed in English like language with syntax,
such as if {error E is X and change in error AE is Y}, then {control output is Z}.

For better control performance, finer fuzzy petitioned subspaces {NB
(negative big), NM (negative medium), NS (negative small), ZE (zero), PS
(positive small), PM (positive medium), and PB (positive big)} are used. These
seven membership functions are the same for input and output and charac-
terized using trapezoidal, triangular, and Gaussian membership functions
[104], as can be seen in Figures 3.8 through 3.10.

Fuzzy sets [105, 106] are chosen based on the error in the DC link voltage.
We have considered a 7 x 7 membership function. Readers may raise ques-
tions such as the following: Why a 7 x 7 MF only? Why nota3 x 3 or5 x 5
MEF? While considering a 3 x 3 or 5 x 5 MF, the SHAF is unable to maintain
a constant DC link voltage, and the error voltage develops due to the voltage
difference. Because of this error voltage, the system is unable to track the cur-
rents perfectly, and THD also becomes high. So to avoid these difficulties, we
have considered 7 x 7 membership functions. With the use of 7 x 7 MF, SHAF
is able to maintain a constant DC link voltage, which is nearly equal to the
reference voltage, and it also tracks the currents perfectly [50].

3.1.4.1 Trapezoidal Membership Function

The trapezoidal curve is a function of a vector, x, and depends on four scalar
parameters [50, 65, 98, 104], a, b, ¢, and 4, as given by

0 ifx<a
x-a ifa<x<b
b-a
La(x)=11 ifb<x<c 3.6)
d-x ifc<x<d
d—c
0 ifx>d
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FIGURE 3.8

(a) Trapezoidal MF. (b) Input variable error E trapezoidal MF 3 x 3. (c) Input change in error
normalized trapezoidal MF 3 x 3. (d) Output I, normalized trapezoidal MF 3 x 3. (e) Input
variable error E trapezoidal MF 5 x 5. (f) Input change in error normalized trapezoidal MF 5 x 5.
(g) Output I,,, normalized trapezoidal MF 5 x 5. (h) Input variable error E trapezoidal MF 7 x 7.
(i) Input change in error normalized trapezoidal MF 7 x 7. (j) Output ,,,, normalized trapezoi-
dal MF 7 x 7. (Continued)
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FIGURE 3.8 (Continued)

(a) Trapezoidal MF. (b) Input variable error E trapezoidal MF 3 x 3. (c) Input change in error
normalized trapezoidal MF 3 x 3. (d) Output I, normalized trapezoidal MF 3 x 3. (e) Input
variable error E trapezoidal MF 5 x 5. (f) Input change in error normalized trapezoidal MF 5 x 5.
(g) Output I, normalized trapezoidal MF 5 x 5. (h) Input variable error E trapezoidal MF 7 x 7.
(i) Input change in error normalized trapezoidal MF 7 x 7. (j) Output I,,,, normalized trapezoi-
dalMF 7 x 7.
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FIGURE 3.8 (Continued)

(a) Trapezoidal MF. (b) Input variable error E trapezoidal MF 3 x 3. (c) Input change in error
normalized trapezoidal MF 3 x 3. (d) Output I,,,, normalized trapezoidal MF 3 x 3. () Input
variable error E trapezoidal MF 5 x 5. (f) Input change in error normalized trapezoidal MF 5 x 5.
(g) Output I, normalized trapezoidal MF 5 x 5. (h) Input variable error E trapezoidal MF 7 x 7.
(i) Input change in error normalized trapezoidal MF 7 x 7. (j) Output ,,,, normalized trapezoi-
dalMF7 x 7.



72 Power Quality Issues

1 H(Imay
NB NM NS 11 ze PS PM PB
/ \0.5 \
-1 -08 —06 -04 —02 0 0.2 0.4 0.6 0.8 1

Output Variable Current I
0]

max

FIGURE 3.8 (Continued)

(a) Trapezoidal MFE. (b) Input variable error E trapezoidal MF 3 x 3. (c) Input change in error
normalized trapezoidal MF 3 x 3. (d) Output I, normalized trapezoidal MF 3 x 3. (e) Input
variable error E trapezoidal MF 5 x 5. (f) Input change in error normalized trapezoidal MF 5 x 5.
(g) Output I, normalized trapezoidal MF 5 x 5. (h) Input variable error E trapezoidal MF 7 x 7.
(i) Input change in error normalized trapezoidal MF 7 x 7. (j) Output I,,,, normalized trapezoi-
dal MF 7 x 7.

It can also be represented as

uA(x)=max(mm(z:Z,1,Z:ic),0J 3.7)

The parameters a and d locate the “feet” of the trapezoid, and the parameters
b and c locate the “shoulders.”

3.1.4.2 Triangular Membership Function

In Figure 3.9a, the parameters g, b, and c represent the x coordinates of the
three vertices of ,(x) in a fuzzy set A [50] (2, lower boundary; ¢, upper bound-
ary where membership degree is zero; and b, the center where membership
degree is 1). The triangular curve is a function of a vector, x, and depends on
three scalar parameters, 4, b, and ¢, as given by

[0 ifx<a
%:E ifa<x<b
Wa(x) = C_z (3.8)
—= fb<x<c
c—b
0 ifx>c
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(a) Triangular MF. (b) Input variable error E triangular MF 7 x 7. (c) Input change in error nor-
malized triangular MF 7 x 7. (d) Output I,,,, normalized triangular MF 7 x 7.



Power Quality Issues

74
eL
a
X
1NB ' CONM NS ZE " ps oM ) PB
0.5
0 T
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Input Variable “Error”
(b)
1N'B ' Y NS ZE " ps Y ' PB
0.5
0 T .
-1 -08 -06 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Input Variable “Change__in__Error”
©
NB ) CONM NS ZE S Y ) PB
1
05 4
0 T T T T T T Y Y T
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Output Variable “Output”
)
FIGURE 3.10

(a) Gaussian MF. (b) Input variable error E Gaussian MF 7 x 7. (c) Input change in error normal-
ized Gaussian MF 7 x 7. (d) Output I,,,, normalized Gaussian MF 7 x 7.
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It can also be represented as

X— —-X

pa(x)= max(min( ),O) 39

AN
(o}

b—a’c-b

3.1.4.3 Gaussian Membership Function

The Gaussian [26, 50, 65, 98, 104] curve is a function of a vector, x, and depends
on three scalar parameters c, s, and m, as given by

1

uA(x,c,s,m)zexp[—z

X—cC

o

} (3.10)

where c is the center, ¢ is the width, and m is the fuzzification factor.

3.1.5 Rule Base

The elements of this rule base [7, 26, 50, 65, 98, 104] table are determined
based on the theory that in the transient state, large errors need coarse
control, which requires coarse input/output variables. In the steady state,
small errors need fine control, which requires fine input/output variables
[104]. Based on this, the elements of the rule table are obtained as shown in
Tables 3.1 through 3.3 with E and pE as inputs.

Figure 3.11 shows the fuzzy inference system. It consists of

¢ Fuzzy inference system (FIS) editor
* Membership function editor
Rule editor

e Rule viewer

Surface viewer

TABLE 3.1
Rule Base 3 x 3
AE
E N P
N N N z
z N z P
p z p p
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TABLE 3.2
Rule Base 5 x 5

AE
E NB NS z PS PB

NB NB NB NB NS z

NS NB NB NS V4 PS

V4 NB NS z PS PB

PS NS z PS PB PB

PB V4 PS PB PB PB

TABLE 3.3
Rule Base 7 x 7

AE
E NB NM NS z PS PM PB

NB NB NB NB NB NM NS z

NM NB NB NB NM NS Z PS

NS NB NB NM NS z PS PM

z NB NM NS zZ PS PM PB

PS NM NS z ) PM PB PB

PM NS Z PS PM PB PB PB

PB V4 PS PM PB PB PB PB

The FIS editor [104] handles the high-level issues for the system: How
many input and output variables? What are their names? The present model
consists of two inputs and one output: error, change in error, and output,
respectively. The membership function editor is used to define the shapes of
all the membership functions associated with each variable. The rule editor
is used for editing the list of rules that defines the behavior of the system. In
the present model, 49 rules are developed.

The rule viewer and the surface viewer are used for looking at, as opposed
to editing, the FIS. They are strictly read-only tools. Used as a diagnostic,
they can show which rules are active or how individual membership func-
tion [26] shapes are influencing the results. The surface viewer is used to
display the dependency of one of the outputs on any one or two of the inputs;
that is, it generates and plots an output surface map for the system.
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Type-1 FLC Trapezoidal
MF Editor

Type-1 FLC Trapz MF-7
FIS Editor

Type-1 FLC Trapz MF-7
Rule Editor

Fuzzy
Inference
System

Type-1 FLC Surface Viewer
(E Vs AE)

Type-1 FLC Trapz ME-7
Rule Viewer

Type-1 FLC Surface Viewer
(only Error)

(@)

FIGURE 3.11
(@) Type 1 fuzzy inference system with trapezoidal MF 7 x 7. (b) Type 1 fuzzy inference system
with triangular MF 7 x 7. (c) Type 1 fuzzy inference system with Gaussian MF 7 x 7. (Contiued)

The FIS editor [7, 26, 50, 65, 98, 104], the membership function editor, and
the rule editor can all read and modify the FIS data, but the rule viewer
and the surface viewer do not modify anything in the FIS data.

* One of the key issues in all fuzzy sets is how to determine fuzzy MFs.
* The membership function fully defines the fuzzy set.

* A membership function provides a measure of the degree of similar-
ity of an element to a fuzzy set.

® Membership functions can take any form, but there are some com-
mon examples that appear in real applications.
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Type-1 FLC Traiangular
M.F Editor

Type-1 FLC Tri MF-7 FIS e e Type-1 FLC Tri MF-7 Rule
Editor Editor

Fuzzy
Inference
System

Type-1 FLC Tri MF-7 Rule
Viewer

Type-1 FLC Surface Viewer
(E Vs AE)

Type-1 FLC Surface Viewer
(only Error)

(b)

FIGURE 3.11 (Continued)
(@) Type 1 fuzzy inference system with trapezoidal MF 7 x 7. (b) Type 1 fuzzy inference system
with triangular MF 7 X 7. (c) Type 1 fuzzy inference system with Gaussian MF 7 x 7. (Continued)

* Membership functions can be either chosen by the user arbitrarily,
based on the user’s experience (membership function chosen by two
users could be different, depending upon their experiences, perspec-
tives, etc.), or designed using machine learning methods (e.g,, artifi-
cial neural networks, genetic algorithms).

There are different shapes of membership functions [7, 26, 50, 65, 98, 104]:
trapezoidal, triangular, sigmoidal, Gaussian, bell shaped, and so forth. Out
of all these approaches, we have considered trapezoidal, triangular, and
Gaussian MPFs.
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Type-1 FLC Gaussian
M.F Editor

Type-1 FLC Gauss MF-7 Rule
Editor

Type-1 FLC Gauss MF-7 FIS
Editor

ST
1
f

i Pnuil

Type-1
Fuzzy
Inference
System

- e s ==
= =11

Type-1 FLC Surface Viewer
(E Vs AE)

Type-1 FLC Gauss MF Rule
Viewer

Type-1 FLC Gauss Surface Viewer
(only Error)

©

FIGURE 3.11 (Continued)
(@) Type 1 fuzzy inference system with trapezoidal MF 7 x 7. (b) Type 1 fuzzy inference system
with triangular MF 7 x 7. (c) Type 1 fuzzy inference system with Gaussian MF 7 x 7.

3.2 System Performance of Type 1 FLC-Based p-q Control
Strategy with Different Fuzzy MFs Using MATLAB

Figures 3.12 through 3.14 present the details of source voltage, load current,
compensation current, source current with filter, DC link voltage, and THD
of the type 1 FLC-based p-q control strategy with different fuzzy MFs (trape-
zoidal, triangular, and Gaussian) using MATLAB/Simulink under balanced,
unbalanced, and nonsinusoidal supply voltage conditions.
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p-q control strategy with Type-1 FLC with Trapezoidal, Triangular,
and Gaussian M.F’s under Balanced Sinusoidal
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FIGURE 3.12

SHAF response using the p-q control strategy with type 1 FLC (trapezoidal, triangular, and
Gaussian MF) under the balanced sinusoidal condition using MATLAB. (a) Source voltage,
(b) load current, (c) compensation current using trapezoidal MF, (d) source current with fil-
ter using trapezoidal MF, (e) DC link voltage using trapezoidal MF, (f) compensation current
using triangular MF, (g) source current with filter using triangular MF, (h) DC link volt-
age using triangular MF, (i) compensation current using Gaussian MF, (j) source current with
filter using Gaussian MF, (k) DC link voltage using Gaussian MF, (I) THD of source current
with trapezoidal MF, (m) THD of source current with triangular MF, and (n) THD of source
current with Gaussian MF.
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FIGURE 3.13

Harmonic Order

(m) Triangular M.F

THD of Source Current Using

Harmonic Order

(n) Gaussian M.F

SHAF response using the p-q control strategy with type 1 FLC (trapezoidal, triangular, and
Gaussian MF) under the unbalanced sinusoidal condition using MATLAB. (a) Source volt-
age, (b) load current, (c) compensation current using trapezoidal MF, (d) source current with
filter using trapezoidal MF, (e) DC link voltage using trapezoidal MF, (f) compensation cur-
rent using triangular MF, (g) source current with filter using triangular MF, (h) DC link volt-
age using triangular MF, (i) compensation current using Gaussian MF, (j) source current with
filter using Gaussian MF, (k) DC link voltage using Gaussian MF, (1) THD of source current
with trapezoidal MF, (m) THD of source current with triangular MF, and (n) THD of source

current with Gaussian MF.
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p-q control strategy with Type-1 FLC with Trapezoidal, Triangular,
and Gaussian M.F’s under Nonsinusoidal condition
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FIGURE 3.14

(m) Triangular M.F
THD of Source Current Using

(n) Gaussian M.F

SHAF response using the p-q control strategy with type 1 FLC (trapezoidal, triangular, and
Gaussian MF) under the nonsinusoidal condition using MATLAB. (a) Source voltage, (b) load
current, (c) compensation current using trapezoidal MEF, (d) source current with filter using trap-
ezoidal MF, (e) DC link voltage using trapezoidal MF, (f) compensation current using triangular
MEF, (g) source current with filter using triangular ME, (h) DC link voltage using triangular MF,
(i) compensation current using Gaussian MF, (j) source current with filter using Gaussian MF,
(k) DC link voltage using Gaussian MF, (1) THD of source current with trapezoidal MF, (m) THD
of source current with triangular MF, and (n) THD of source current with Gaussian MF.
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Initially, the system performance is analyzed under balanced sinusoidal
conditions, during which the type 1 FLC with all MFs is good enough at sup-
pressing the harmonics, and the THDs are 1.87%, 1.27%, and 0.76%, respec-
tively, using MATLAB. However, under unbalanced and nonsinusoidal
conditions, the type 1 FLC with Gaussian MF shows superior performance
over the type 1 FLC with the other two MFs.

The THD of the p-q control strategy using type 1 FLC with trapezoidal MF
under the unbalanced condition is 3.74%, and under the nonsinusoidal con-
dition it is 4.93%. The THD of the p-q control strategy using type 1 FLC with
triangular MF under the unbalanced condition is about 2.98%, and under the
nonsinusoidal condition it is about 3.85%.The THD of the p-g control strat-
egy using type 1 FLC with Gaussian MF under the unbalanced condition is
1.82%, and under the nonsinusoidal condition it is 2.65%.

When the supply voltages are balanced and sinusoidal, the p-g control
strategy using type 1 FLC with all membership functions (trapezoidal, trian-
gular, and Gaussian) is converging to similar compensation characteristics.
However, under unbalanced and nonsinusoidal conditions, the p-g control
strategy using type 1 FLC with Gaussian MF shows superior performance
over the type 1 FLC with the other two MFs.

The p-g control strategy using type 1 FLC with different MFs is unable to
mitigate the harmonics perfectly; notches are observed in the source current.
The main reason behind the notches is that the controller failed to track the
current correctly, and thereby APF fails to compensate completely. So to miti-
gate the harmonics perfectly, one has to choose the perfect control strategy.
So to avoid the difficulties occurring with the p-q control strategy, we have
considered the I,-I, control strategy.

3.3 System Performance of Type 1 FLC-Based I,-I, Control
Strategy with Different Fuzzy MFs Using MATLAB

Figures 3.15 through 3.17 present the details of source voltage, load current,
compensation current, source current with filter, DC link voltage, and THD
of the type 1 FLC-based I, control strategy with different fuzzy MFs under
balanced, unbalanced, and nonsinusoidal supply voltage conditions.

Initially, the system performance is analyzed under balanced sinusoidal
conditions, during which the type 1 FLC with all MFs is good enough at
suppressing the harmonics. The corresponding THDs are 1.15%, 0.97%, and
0.64%, respectively, using MATLAB.

The THD of the I,-I, control strategy using type 1 FLC with trapezoidal
MEF under the unbalanced condition is 2.26%, and under the nonsinusoidal
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11 control strategy using Type-1 FLC with Trapezoidal, Triangular,
d’q
and Gaussian M.F’s under balanced Sinusoidal condition
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FIGURE 3.15

(m) Triangular M.F
THD of Source Current Using

(n) Gaussian M.F

SHAF response using the I;-I, control strategy with type 1 FLC (trapezoidal, triangular, and

q

Gaussian MF) under the balanced sinusoidal condition using MATLAB. (a) Source voltage,
(b) load current, (c) compensation current using trapezoidal MF, (d) source current with fil-
ter using trapezoidal MF, (e) DC link voltage using trapezoidal MF, (f) compensation current
using triangular MF, (g) source current with filter using triangular MF, (h) DC link voltage
using triangular MEF, (i) compensation current using Gaussian MF, (j) source current with filter
using Gaussian MF, (k) DC link voltage using Gaussian MF, (1) THD of source current with
trapezoidal MF, (m) THD of source current with triangular MF, and (n) THD of source current

with Gaussian MFE.
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I4-1, control strategy using Type-1 FLC with Trapezoidal, Triangular,
and Gaussian M.F’s under unbalanced Sinusoidal condition
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FIGURE 3.16

SHAF response using the I,-I, control strategy with type 1 FLC (trapezoidal, triangular, and
Gaussian MF) under the unbalanced sinusoidal condition using MATLAB. (a) Source voltage,
(b) load current, (c) compensation current using trapezoidal MF, (d) source current with filter
using trapezoidal MF, (e) DC link voltage using trapezoidal MF, (f) compensation current using
triangular MF, (g) source current with filter using triangular MF, (h) DC link voltage using
triangular MF, (i) compensation current using Gaussian MF, (j) source current with filter using
Gaussian MF, (k) DC link voltage using Gaussian MEF, (I) THD of source current with trapezoi-
dal MF, (m) THD of source current with triangular MF, and (n) THD of source current with
Gaussian MF.
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11, control strategy using Type-1 FLC with Trapezoidal, Triangular,
and Gaussian M.F’s under balanced Sinusoidal condition
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SHAF response using the I,-I, control strategy with type 1 FLC (trapezoidal, triangular, and
Gaussian MF) under the nonsinusoidal condition using MATLAB. (a) Source voltage, (b) load
current, (c) compensation current using trapezoidal MF, (d) source current with filter using
trapezoidal MF, (e) DC link voltage using trapezoidal MF, (f) compensation current using tri-
angular MF, (g) source current with filter using triangular MF, (h) DC link voltage using tri-
angular ME, (i) compensation current using Gaussian MF, (j) source current with filter using
Gaussian MF, (k) DC link voltage using Gaussian MF, (1) THD of source current with trapezoi-
dal ME, (m) THD of source current with triangular MF, and (n) THD of source current with

Gaussian MF.
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condition it is 3.62%. The THD of the I,-I, control strategy using type 1 FLC
with triangular MF under the unbalanced condition is 1.64%, and under
the nonsinusoidal condition it is 3.01%. The THD of the I,-I, control strat-
egy using type 1 FLC with Gaussian MF under the unbalanced condition is
1.03%, and under the nonsinusoidal condition it is 2.05%, using MATLAB.

3.4 System Performance of Type 1 FLC-Based p-gq
Control Strategy with Different Fuzzy MFs
Using a Real-Time Digital Simulator

Figures 3.18 through 3.20 highlight the performance of the type 1 FLC-based
p-q control strategy with different fuzzy MFs under balanced, unbalanced,
and nonsinusoidal conditions using a real-time digital simulator.

Initially, the system performance is analyzed under balanced sinusoidal
conditions, during which the type 1 FLC with all MFs are good enough at
suppressing the harmonics, and the THDs of the p-g control strategy using
a real-time digital simulator are 2.12%, 1.45%, and 1.23%. However, under
unbalanced and nonsinusoidal conditions, the type 1 FLC with Gaussian MF
shows superior performance over the type 1 FLC with the other two MFs.

The THD of the type 1 FLC with trapezoidal MF under the unbalanced
condition is 3.98%, and under the nonsinusoidal condition it is 5.23%. The
THD of the type 1 FLC with triangular MF under the unbalanced condition
is about 3.27%, and under the nonsinusoidal condition it is 4.15%. The THD of
the type 1 FLC with Gaussian MF under the unbalanced condition is 2.26%,
and under the nonsinusoidal condition it is 2.89% using the p-q strategy with
a real-time digital simulator.

3.5 System Performance of Type 1 FLC-Based I,;-1,
Control Strategy with Different Fuzzy MFs
Using a Real-Time Digital Simulator

Figures 3.21 through 3.23 highlight the performance of the type 1 FLC-based
171, control strategy with different fuzzy MFs under balanced, unbalanced,
and nonsinusoidal conditions using a real-time digital simulator.

Initially, the system performance is analyzed under balanced sinusoidal
conditions, during which the type 1 FLC with all MFs is good enough at sup-
pressing the harmonics. The respective THDs of the type 1 FLC-based 1,7,
control strategy in a real-time digital simulator are 1.46%, 1.26%, and 0.93%.
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p-q control strategy with Type-1 FLC with Trapezoidal, Triangular, and Gaussian
M.F’s under balanced Sinusoidal
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FIGURE 3.18

SHAF response using the p-q control strategy with type 1 FLC (trapezoidal, triangular, and
Gaussian MF) under the balanced sinusoidal condition using a real-time digital simulator.
(a) Source voltage, (b) load current (scale 20 A/div), (c) compensation current (scale 20 A/div)
using trapezoidal MF, (d) source current (scale 30 A/div) with filter using trapezoidal MF, (e) DC
link voltage using trapezoidal MF, (f) compensation current using triangular MF, (g) source
current with filter using triangular MF, (h) DC link voltage using triangular MF, (i) compensa-
tion current using Gaussian MF, (j) source current with filter using Gaussian MEF, (k) DC link
voltage using Gaussian MF, (I) THD of source current with trapezoidal MF, (m) THD of source
current with triangular MF, and (n) THD of source current with Gaussian MF.
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p-q control strategy with Type-1 FLC with Trapezoidal, Triangular, and Gaussian
M.F’s under Unbalanced Sinusoidal
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FIGURE 3.19
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SHAF response using the p-q control strategy with type 1 FLC under the unbalanced sinusoi-

dal condition using a real-time digital simulator.
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p-q control strategy with Type-1 FLC with Trapezoidal, Triangular, and Gaussian
M.F’s under Nonsinusoidal
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FIGURE 3.20
SHAF response using the p-q control strategy with type 1 FLC (trapezoidal, triangular, and
Gaussian MF) under the nonsinusoidal condition using a real-time digital simulator.
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I,-1, control strategy with Type-1 FLC with Trapezoidal, Triangular, and Gaussian
M.F’s under balanced Sinusoidal condition
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SHAF response using the I;-, control strategy with type 1 FLC under the balanced sinusoidal

condition using a real-time digital simulator.
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I;-1, control strategy with Type-1 FLC with Trapezoidal, Triangular, and Gaussian
M.F’s under Unbalanced Sinusoidal
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FIGURE 3.22

SHAF response using the I,-I, control strategy with type 1 FLC (trapezoidal, triangular, and
Gaussian MF) under the unbalanced sinusoidal condition using a real-time digital simulator.
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I;-1, control strategy with Type-1 FLC with Trapezoidal, Triangular, and Gaussian
M.F’s under Nonsinusoidal Condition
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FIGURE 3.23
SHAF response using the I,-I, control strategy with type 1 FLC (trapezoidal, triangular, and
Gaussian MF) under the nonsinusoidal condition using a real-time digital simulator.
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The THD of the type 1 FLC with trapezoidal MF under the unbalanced con-
dition is 2.78%, and under the nonsinusoidal condition it is 4.07%. The THD
of the type 1 FLC with triangular MF under the unbalanced condition is
1.94%, and under the nonsinusoidal condition it is 3.54%. The THD of the
type 1 FLC with Gaussian MF under the unbalanced condition is 1.57%, and
under the nonsinusoidal condition it is 2.53%, with the I,-I, control strategy
using a real-time digital simulator.

With the I-], control strategy using type 1 FLC with different fuzzy MFs,
the SHAF is able to mitigate harmonics in a better way than that of the p-g
control strategy using type 1 FLC with different fuzzy MFs. Even though
the I,-I, control strategy using type 1 FLC is able to mitigate the harmon-
ics, notches are present in the source current. So to mitigate the harmonics
perfectly, one has to choose the perfect controller. So to avoid the difficulties
that occur with the p-g and I-I, control strategies using type 1 FLC with dif-
ferent fuzzy MFs, we have considered type 2 FLC with different fuzzy MFs.
In Chapter 4, type 2 FLC with different fuzzy MFs is explained in detail.

3.6 Comparative Study

Figures 3.24 through Figure 3.27 clearly illustrate the THD of the source cur-
rent for shunt active filter control strategies using the PI controller and type 1
FLC with different fuzzy MFs.
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FIGURE 3.24

THD of source current for the p-g method using the PI controller and type 1 FLC with different

fuzzy MFs using MATLAB.
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FIGURE 3.25

THD of the source current for the I,-I, method using the PI controller and type 1 FLC with dif-
ferent fuzzy MFs using MATLAB.
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THD of source current for p-q method using the PI controller and type 1 FLC with different
fuzzy MFs using a real-time digital simulator.

Figures 3.28 through Figure 3.31 clearly illustrate the amount of THD of the
source current reduced from one controller to another controller for shunt
active filter control strategies (p-q and I,-I,) under various source conditions
(balanced, unbalanced, and nonsinusoidal) using MATLAB and a real-time
digital simulator.
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FIGURE 3.27

THD of source current for the I,-1, method using the PI controller and type 1 FLC with different
fuzzy MFs using a real-time digital simulator.
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The amount of THD reduced for the PI controller and type 1 FLC with different fuzzy MFs
using the p-q control strategy with MATLAB.
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FIGURE 3.29
The amount of THD reduced for the PI controller and type 1 FLC with different fuzzy MFs
using the I,-, control strategy with MATLAB.
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The amount of THD reduced for the PI controller and type 1 FLC with different fuzzy MFs

using the p-q control strategy with a real-time digital simulator.
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The amount of THD reduced for the PI controller and type 1 FLC with different fuzzy MFs
using the I -, control strategy with a real-time digital simulator.

3.7 Summary

In this chapter, type 1 FLC with different fuzzy MFs (trapezoidal, triangular,
and Gaussian) were developed to improve the power quality of shunt active
filter control strategies (p-g and I,-])) by mitigating the current harmonics.
The control scheme using three independent hysteresis current controllers
has been implemented. The simulation results are validated with real-time
implementation on a real-time digital simulator.

The real-time implementation and simulation results demonstrate that
even if the supply voltage is nonsinusoidal, the performance of the type 1
FLC-based I;-I, theory with Gaussian MF showed better compensation capa-
bilities in terms of THD than the I -], control strategy with P, the type 1 FLC
with trapezoidal and triangular ME the p-g theory with PI, and the type 1
FLC with all MFs.

The control approach has compensated the neutral harmonic currents,
and the DC bus voltage of SHAF is almost maintained at the reference value
under all disturbances, which confirms the effectiveness of the controller.
While considering the -, control strategy using FLC with Gaussian MF, the
SHAF has been found to meet the IEEE 519-1992 standard recommendations
on harmonic levels, making it easily adaptable to more severe constraints,
such as highly distorted and unbalanced supply voltage.

With the -], control strategy using type 1 FLC with different fuzzy MFs,
the SHAF is able to mitigate current harmonics in a better way than that of the
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p-q control strategy using type 1 FLC with different fuzzy MFs. Even though
the type 1 FLC-based I, control strategy with different fuzzy MFs is able
to mitigate the current harmonics, notches (small amount of harmonics) are
present in the source current. So to mitigate the current harmonics perfectly,
one has to choose the appropriate controller. Hence, to avoid the difficulties
that occur with type 1 FLC-based p-g and I,-I, control strategies using dif-
ferent fuzzy MFs, we have considered type 2 FLC-based p-g and -1, control
strategies with different fuzzy MFs.






4

Performance Analysis of SHAF
Control Strategies Using Type 2
FLC with Different Fuzzy MFs

In Chapter 3, type 1 fuzzy logic controller (FLC)-based shunt active filter
(SHAF) control strategies with different fuzzy membership functions (MFs)
were discussed. Simulation and real-time results were also presented. Even
though type 1 FLC-based shunt active filter control strategies with different
fuzzy MFs are able to mitigate the harmonics, notches are present in the
source current. So to mitigate the harmonics perfectly, one has to choose
the perfect controller. In this chapter, the proposed type 2 FLC-based shunt
active filter control strategies with different fuzzy MFs are introduced.
Detailed simulation results using MATLAB®/Simulink® software are pre-
sented to support the feasibility of the proposed control strategies. With this
approach, the compensation capabilities of SHAF are extremely good.

This chapter is organized as follows: Section 4.1 introduces the advantages
of using type 2 FLC. Section 4.2 presents the detailed structure of type 2 FLC.
Section 4.3 gives the details of the type 2 fuzzy inference system with differ-
ent fuzzy MFs. Simulation results of the type 2 FLC-based p-q control strat-
egy with different fuzzy MFs using MATLAB are presented in Section 4.4.
Simulation results of the type 2 FLC-based I -], control strategy with different
fuzzy MFs using MATLAB are presented in Section 4.5. Section 4.6 provides
the comparative study, and finally, Section 4.7 gives concluding remarks.

4.1 Introduction to Type 2 FLC

The concept of fuzzy systems was introduced by Lotfi Zadeh in 1965 to process
data and information affected by nonprobabilistic uncertainty/imprecision
[82]. Soon after, it was proven to be an excellent choice for many applications,
since it mimics human control logic. These were designed to represent math-
ematically the vagueness and uncertainty of linguistic problems [84], thereby
obtaining formal tools to work with intrinsic imprecision in different types
of problems. It is considered a generalization of the classic set theory [85].
Intelligent systems based on the fuzzy logic controller are fundamental tools

101



102 Power Quality Issues

for nonlinear complex system modeling [108]. The advantages of fuzzy logic
controllers [7, 26, 50, 65, 98, 104] over conventional (proportional-integral (PI))
controllers are that they do not require an accurate mathematical model, can
work with imprecise inputs, can handle nonlinearity, and are more robust
than conventional PI controllers.

With the development of type 2 FLCs [105] and their ability to handle uncer-
tainty [109], utilizing type 2 FLC has attracted much significance in recent
years. It is an extension [110] of the concept of well-known type 1 fuzzy sets.
A type 2 fuzzy set is characterized by a fuzzy membership function; that is,
the membership grade for each element is also a fuzzy set in [0, 1], unlike
a type 1 fuzzy set, where the membership grade is a crisp number in [0, 1].
The membership functions of type 2 fuzzy sets are three-dimensional and
include a foot point of uncertainty (FOU) [107-116], which is the new third
dimension of type 2 fuzzy sets. The FOU provides an additional degree of
freedom to handle uncertainties.

Type 2 fuzzy sets [114] are used for modeling uncertainty and impreci-
sion in a better way. The concept of type 2 fuzzy sets was first proposed
by Lofti Zadeh in 1975 and is essentially fuzzy-fuzzy [115] sets where the
fuzzy degree of membership is a type 1 fuzzy set. The new concepts were
introduced by Mendel [117-122] and Liang [118, 122], allowing the character-
ization of a type 2 fuzzy set with a superior membership function and an
inferior membership function. These two functions can each be represented
by a type 1 fuzzy set membership function.

There are different sources of uncertainty [123] in the evaluation process.
The five types of uncertainty that emerge from the imprecise knowledge
natural state are

* Measurement uncertainty: It is the error on observed quantities.
* Process uncertainty: It is the dynamic randomness.
® Model uncertainty: It is the wrong specification of the model structure.

* Estimate uncertainty: It is the one that can appear from any of the pre-
vious uncertainties or a combination of them, and it is called inex-
actness and imprecision.

o Implementation uncertainty: It is the consequence of the variability
that results from sorting politics, that is, incapacity to reach the exact
strategic objective.

4.1.1 Why Type 2 FLCs?

Using type 2 fuzzy sets to represent the inputs/outputs of an FLC has many
advantages when compared to the type 1 fuzzy sets. As the type 2 fuzzy
sets membership functions are fuzzy and contain an FOU, they can model
and handle the linguistic [125] and numerical uncertainties associated with
the inputs and outputs of the FLC [125]. Using type 2 fuzzy sets to represent
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the FLC inputs and outputs will result in the reduction of the FLC rule base
when compared to using type 1 fuzzy sets [126]. This is because the uncer-
tainty represented in the FOU in type 2 fuzzy sets allows us to cover the
same range as type 1 fuzzy sets with a smaller number of labels.

It has recently been shown that the extra degrees of freedom provided by
the FOU enable a type 2 FLC [116-124] to produce outputs that cannot be
achieved by type 1 FLCs [127] with the same number of membership func-
tions [128]. A type 2 fuzzy set may give rise to an equivalent type 1 member-
ship grade [129] that is negative or larger than unity. Each input and output
will be represented by a large number of type 1 fuzzy sets, which are embed-
ded in the type 2 fuzzy sets [130]. The use of such a large number of type 1
fuzzy sets to describe the input and output variables allows for a detailed
description of the analytical control surface, as the addition of the extra lev-
els of classification give a much smoother control surface and response. In
addition, the type 2 FLC can be thought of as a collection of many different
embedded type 1 FLCs.

4.2 The Structure of Type 2 FLC

From Figure 4.2, it can be seen that the structure of a type 2 FLC [131, 132] is
very similar to the structure of a type 1 FLC (Figure 4.1), and the only dif-
ference exists in the output processing block. For a type 1 FLC [104, 132], the
output processing block contains only a defuzzifier, but for a type 2 FLC,
the output processing block includes a type reducer [104].

The fuzzy logic theory [133] is based on computation with fuzzy sets. While
type 1 fuzzy sets allow for a fuzzy representation of a term to be made, the
fact that the membership function of a type 1 set is crisp means that the

Rule Base

Crisp Out
-8

y Inference

Type-1 Input Type-1 Output
Fuzzy Sets Fuzzy Sets

FIGURE 4.1
The architecture of type 1 FLC.
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Output Processing

Crisp Out

Defuzzifier —

Type-1 Reduced
Fuzzy Sets
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Crisp Input Type Reducer

Fuzzifier

Inference

Type-2 Input Type-2 Output
Fuzzy Sets Fuzzy Sets

FIGURE 4.2
The architecture of type 2 FLC.

UMF

v
v

(a) (b)

FIGURE 4.3
Membership functions of (a) type 1 FLC and (b) type 2 FLC.

degrees of the membership set are completely crisp—not fuzzy. In a type 1
fuzzy set (Figure 4.3a), the membership grade [134] for each element is a crisp
number in [0, 1]. A type 2 fuzzy (Figure 4.3b) set is characterized by a three-
dimensional membership function and a foot point of uncertainty (FOU).

In the design of the type 2 FLC [116, 135], the same configuration as that of
the type 1 FLC is chosen. There are two inputs and a single output, and each
input/output variable has the same seven linguistic variables, which are
defined in Figure 4.3b. In this book, the Mamdani fuzzy inference system is
used. Operation on the type 2 fuzzy set is identical with the operation on the
type 1 fuzzy set. However, on the type 2 fuzzy system, fuzzy operation [136]
is done at two type 1 membership functions [137], which limits the FOU,
lower membership function (LMF), and upper membership function (UMF)
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to produce firing strengths. Hence, the membership value (or membership
grade) for each element of this set is a fuzzy set in [0, 1].

A type 2 fuzzy set [138] is bounded from below by a lower member-
ship function. The type 2 fuzzy set is bounded from above by an upper
membership function. The area between the lower membership function
and the upper membership is entitled the footprint of uncertainty (FOU)
[139]. The new third dimension of type 2 fuzzy sets and the footprint of
uncertainty provide additional degrees of freedom that make it possible to
directly model and handle uncertainties. Hence, type 2 FLCs that use type 2
fuzzy sets in either their inputs or outputs have the potential to provide a
suitable framework to handle the uncertainties in real-world environments.
It is worth noting that a type 2 fuzzy set embeds a huge number of type 1
fuzzy sets [140]. A is a type 1 fuzzy set [141], and the membership grade [142]
of xeX in A is n,(x), which is a crisp number in [0, 1]; a type 2 fuzzy set in X
is A, and the membership grade of xeX in A is pz(x), which is a type 1 fuzzy
set in [0, 1].

A type 2 fuzzy set, denoted 4, is characterized by a type 2 MF wz(x,u),
where xeX and u € |, < [0,1], that is,

A:{((x,u),pA(x,u))‘VxeX,Vue]x g[O,l]} @1

in which
0<p;(x,u)<1

where A can also be expressed as

A= [ watewen)  1pco @2)

xeX uejx

where [[ denotes union over all admissible x and u. For a discrete universe of
discourse, [ is replaced by 3.
A can be reexpressed as

A={(x,uA(x))\VxeX} @.3)

A= @@= J| [ rtm] x o ee0n @y

xeX xeX | uefx
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If X and ], are both discrete, then

A3 St

uefx

A= Z|:2f* (u)/u]/c,- @.5)

My
i3

K=1

fol(ulk)/ulk]/ﬁ +22[z fo (Mzk)/MZk]/Cz +...

ue]"l K=2 ue[xz

4.6
ZN!wam)/uNJ/C N
K=1| uejxy

The discretization [29] along each u; does not have to be the same, which
is why we have shown a different upper sum for each of the bracketed terms.
If, however, the discretization along each u; is the same, then M, = M, = ...
= My = M. Uncertainty in the primary memberships of a type 2 fuzzy set A
consists of a bounded region that we call the footprint of uncertainty [143]. It
is the union of all primary memberships, that is,

FOU(A)= ur, 4.7)

4.3 Type 2 Fuzzy Inference System with Different Fuzzy MFs
Figure 4.4 shows the type 2 FLS [104, 132] with different MFs. It consists of

* Type 2 fuzzy inference system (type 2 FIS) editor
e Type 2 fuzzy membership function editor

¢ Type 2 fuzzy rule editor

¢ Type 2 fuzzy rule viewer

e Type 2 fuzzy surface viewer

Type 2 fuzzy reduced surface viewer
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Type-2 FLC Trapezoidal
MF Editor

Type-2 FLC Trapz MF-7
FIS Editor

Type-2 FLC Trapz MF-7
Rule Editor

Fuzzy
Inference
System

Read only | Tools

Type-Reduced Surface Viewer

Type-2 FLC Trapz MF-7 (EVs AE)

Rule Viewer

Type-Reduced Surface Viewer
(only Error)

FIGURE 4.4
(@) Type 2 fuzzy inference system with trapezoidal MF 7 x 7. (b) Type 2 fuzzy inference system
with triangular MF 7 x 7. (c) Type 2 fuzzy inference system with Gaussian MF 7 x 7. (Continued)

Figure 4.4a—c shows the type 2 FIS implementation with different fuzzy
MFs using MATLAB. In this FIS we have designed [104, 132]

* Number of inputs and outputs (dual input and single output)

e Number of rules (49 rules)

* Type of membership function (trapezoidal, triangular, and Gaussian)
¢ Number of membership functions (seven)

* Type of implication (Mamdani max-min operation)

* Type of defuzzification method (centroid of area method)
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Type-2 FLC Triangular
M.F Editor

Type-2 FLC Tri MF-7 FIS
Editor

Type-2 FLC Tri MF-7 Rule
Editor

Fuzzy
Inference
System

Type-Reduced Surface Viewer

Type-2 FLC Tri MF-7 Rule (EVs AE)

Viewer

Type-Reduced Surface Viewer
(only Error)

FIGURE 4.4 (Continued)
(@) Type 2 fuzzy inference system with trapezoidal MF 7 x 7. (b) Type 2 fuzzy inference system
with triangular MF 7 x 7. (c) Type 2 fuzzy inference system with Gaussian MF 7 x 7. (Continued)

The type 2 FIS [104] editor handles the high-level issues for the system.
How many input and output variables? What are their names? The type 2 FIS
doesn't limit the number of inputs. However, the number of inputs may be
limited by the available memory of the PC (personal computer). If the number
of inputs is too large, or the number of type 2 membership functions [38] is too
big, then it may also be difficult to analyze the type 2 FIS using the other GUI
tools. The type 2 membership function editor is used to define the shapes of
all the type 2 membership functions associated with each variable. The type 2
rule editor is for editing the list of rules that define the behavior of the systems.
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Type-2 FLC Gaussian
M.F Editor

Type-2 FLC Gauss MF-7 Rule
Editor

Type-2 FLC Gauss MF-7 FIS
Editor

Type-2
Fuzzy
Inference
System

Type-2 FLC Gauss MF-7 Rule

Viewer

Type-Reduced Surface Viewer
(EVs AE)

Type-Reduced Surface Viewer
(only Error)

FIGURE 4.4 (Continued)
(a) Type 2 fuzzy inference system with trapezoidal MF 7 x 7. (b) Type 2 fuzzy inference system
with triangular MF 7 x 7. (c) Type 2 fuzzy inference system with Gaussian MF 7 x 7.

The type 2 rule viewer and the surface viewer or type-reduced surface
viewer are used for looking at, as opposed to editing, the type 2 FIS [132].
They are strictly read-only tools. The type 2 rule viewer is a MATLAB-based
display of the type 2 fuzzy inference diagram shown in Figure 4.4. Used as
a diagnostic, it can show which rules are active, or how individual type 2
membership function shapes are influencing the results. The surface viewer
is used to display the dependency of one of the outputs on any one or two of
the inputs; that is, it generates and plots an output surface map for the system.
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4.4 System Performance of Type 2 FLC-Based p-g Control
Strategy with Different Fuzzy MFs Using MATLAB

Figures 4.5 through 4.7 give the details of source voltage, load current, com-
pensation current, source current with filter, DC link voltage, and total har-
monic distortion (THD) of the type 2 FLC-based p-gq control strategy with
different fuzzy MFs using MATLAB under balanced, unbalanced, and non-
sinusoidal supply voltage conditions.

Initially, the system performance is analyzed under balanced sinusoidal
conditions, during which it is observed that the type 2 FLC with all MFs is
good enough at suppressing the harmonics. The respective THDs of SHAF
using the p-q control strategy in MATLAB are 0.93%, 0.78%, and 0.45%. The
THD of the p-q control strategy using type 2 FLC with trapezoidal MF under
the unbalanced condition is 1.86%, and under the nonsinusoidal condition
it is 2.95%. The THD of the p-q control strategy using type 2 FLC with tri-
angular MF under the unbalanced condition is 1.53%, and under the non-
sinusoidal condition it is 2.66%. The THD of the p-q control strategy using
type 2 FLC with Gaussian MF under the unbalanced condition is 0.85%, and
under the nonsinusoidal condition it is 1.29%. These simulations results are
obtained using MATLAB.

While considering the p-q control strategy using type 2 FLC with trapezoi-
dal MF, SHAF succeeded in compensating harmonic currents, but notches
are observed in the source current. The main reason behind the notches is
that the controller failed to track the current correctly, and thereby SHAF
fails to compensate completely. It is observed that the source current wave-
form is somewhat better; notches in the waveform are eliminated by using
the p-g control strategy with type 2 FLC triangular MFE. By using the p-q con-
trol strategy with type 2 FLC Gaussian MF, the source current waveform is
improved in quality and notches in the waveform are minimized.

Even though the p-g control strategy using type 2 FLC with different fuzzy
MFs is able to mitigate the harmonics, notches are observed in the source
current. So to mitigate the harmonics perfectly, one has to choose the perfect
method. To avoid the difficulties that occur with the p-q control strategy, we
have considered the type 2 FLC-based I,-I, control strategy.

4.5 System Performance of Type 2 FLC-Based 1,-1, Control
Strategy with Different Fuzzy MFs Using MATLAB
Figures 4.8 through 4.10 give the details of source voltage, load current, com-

pensation current, source current with filter, DC link voltage, and total har-
monic distortion (THD) of the type 2 FLC-based -1, control strategy with
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FIGURE 4.5

SHAF response using the p-q control strategy with type 2 FLC under the balanced sinusoi-
dal condition using MATLAB. (a) Trapezoidal MEF, (b) triangular MF, and (c) Gaussian MF.
(i) Source voltage, (ii) load current, (iii) compensation current, (iv) source current with filter,
(v) DC link voltage, and (vi) THD of the source current.

different fuzzy MFs using MATLAB under balanced, unbalanced, and non-
sinusoidal supply voltage conditions.

Initially, the system performance is analyzed under balanced sinusoidal
conditions, during which the type 2 FLC with all MFs are good enough at
suppressing the harmonics. The respective THDs of SHAF in MATLAB are
0.48%, 0.35%, and 0.27%.
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FIGURE 4.6
SHAF response using the p-q control strategy with type 2 FLC under the unbalanced sinusoi-
dal condition using MATLAB.

The THD of the I,-I, control strategy using type 2 FLC with trapezoidal
MF under the unbalanced condition is 1.23%, and under the nonsinusoidal
condition it is 2.46%. The THD of the I,-I, control strategy using type 2 FLC
with triangular MF under the unbalanced condition is 0.96%, and under
the nonsinusoidal condition it is 1.83%. The THD of the I,-I, control strat-
egy using type 2 FLC with Gaussian MF under the unbalanced condition is
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FIGURE 4.7

SHAF response using the p-gq control strategy with type 2 FLC under the nonsinusoidal con-
dition using MATLAB. (a) Trapezoidal MF, (b) triangular MF, and (c) Gaussian MF. (i) Source
voltage, (ii) load current, (iii) compensation current, (iv) source current with filter, (v) DC link
voltage, and (vi) THD of the source current.

0.66%, and under the nonsinusoidal condition it is 1.44%. The simulations are
performed using MATLAB.

When the supply voltages are balanced and sinusoidal, the I,-I, control
strategy using type 2 FLC, with all membership functions (trapezoidal, trian-
gular, and Gaussian), is converging to the same compensation characteristics.
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FIGURE 4.8

SHAF response using the I,-I, control strategy with type 2 FLC under the balanced sinusoi-
dal condition using MATLAB. (a) Trapezoidal MF, (b) triangular MF, and (c) Gaussian MF.
(i) Source voltage, (ii) load current, (iii) compensation current, (iv) source current with filter,
(v) DC link voltage, and (vi) THD of the source current.
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SHAF response using the I,-I, control strategy with type 2 FLC under the nonsinusoidal con-
dition using MATLAB. (a) Trapezoidal MF, (b) triangular MF, and (c) Gaussian MF. (i) Source
voltage, (ii) load current, (iii) compensation current, (iv) source current with filter, (v) DC link
voltage, and (vi) THD of the source current.
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However, under unbalanced and nonsinusoidal conditions, the I,-I, control
strategy using type 2 FLC with Gaussian MF shows superior performance
over the type 2 FLC with the other two MFs.

While considering the I;-I, control strategy using type 2 FLC with differ-
ent fuzzy MFs, SHAF succeeds in compensating harmonic currents. It is
observed that the quality of source current waveforms is extremely good,
and notches in the waveform are eliminated.

4.6 Comparative Study

Figures 4.11 and 4.12 illustrate the THD of the source current for p-q and
1,71, control strategies using the PI controller, type 1 FLC, and type 2 FLC
with different fuzzy MFs under various source voltage conditions (balanced,
unbalanced, and nonsinusoidal), respectively.
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z
& 30
X
2.0 4 0.851.29
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MATLAB  MFusing  MFusing  MF using MF using  MF using MF using
MATLAB MATLAB MATLAB MATLAB MATLAB  MATLAB
FIGURE 4.11

Bar graph indicating the THD of the source current for the p-4 control strategy using the PI
controller, type 1 FLC, and type 2 FLC with different fuzzy MFs using MATLAB.



118 Power Quality Issues

6.0
3 114'92 [ Balanced
5.0 1/ OUn-bal | |
B Non-sin

% THD

Il with 1ol with Lol with Lol with -l with 1 -1 with I -1, with

PIcontroller =~ T1FLC TIFLC TIFLC T2FLC T2FLC T2FLC
using Trapezoidal Triangular ~ Gaussian  Trapezoidal Triangular  Gaussian
MATLAB  MFusing  MFusing  MF using MF using  MF using MEF using
MATLAB MATLAB MATLAB MATLAB MATLAB  MATLAB

FIGURE 4.12
Bar graph indicating the THD of the source current for the I,-I, control strategy using the PI
controller, type 1 FLC, and type 2 FLC with different fuzzy MFs using MATLAB.

4.7 Summary

In this chapter, type 2 FLC-based shunt active filter control strategies (p-g
and I,-1,) with different fuzzy MFs are developed to improve the power qual-
ity by mitigating the harmonics. The control scheme using three indepen-
dent hysteresis current controllers has been implemented. The performance
of the control strategies has been evaluated, in terms of harmonic mitigation
and DC link voltage regulation. The proposed SHAF with different fuzzy
MFs (trapezoidal, triangular, and Gaussian) is able to eliminate the uncer-
tainty in the system, and SHAF gains outstanding compensation abilities.
The detailed simulation results using MATLAB/Simulink software are pre-
sented to support the feasibility of the proposed control strategies.

The simulation results showed that even if the supply voltage is nonsinu-
soidal, the performance of the type 2 FLC-based I;-I, control strategy with
Gaussian MF showed better compensation capabilities in terms of THD than
the I,-1, theory with PI, type 1 FLC with all MFs, and type 2 FLC with trap-
ezoidal and triangular MFs, and also the p-g theory with PI, type 1 FLC,
and type 2 FLC with all MFs. While considering the I,-I, control strategy
using type 2 FLC with different fuzzy MFs, SHAF succeeded in compensat-
ing harmonic currents. It is observed that the quality of source current wave-
forms is extremely good, and notches in the waveform are also eliminated.

The control approach has compensated the neutral harmonic currents,
and the DC bus voltage of SHAF is almost maintained at the reference value
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under all disturbances, which confirms the effectiveness of the controller.
While considering the I;-I, control strategy using type 1 FLC and type 2
FLC and the p-g control strategy with type 2 FLC, the SHAF has been found
to meet the IEEE 519-1992 standard recommendations on harmonic levels,
making it easily adaptable to more severe constraints, such as highly dis-
torted or unbalanced supply voltage.






5

Introduction to RT-LAB and Real-
Time Implementation of Type 2 FLC-
Based SHAF Control Strategies

In Chapter 4, the proposed type 2 fuzzy logic controller was discussed, and
simulation results were also presented. It was concluded that the proposed
type 2 FLC-based shunt active filter (SHAF) control strategies are suitable for
mitigation of harmonics presented in the system even if the supply voltage
is nonsinusoidal or distorted. So in this chapter, the proposed type 2 FLC-
based shunt active filter control strategies are verified with a real-time digital
simulator (OPAL-RT) to validate the proposed research.

This chapter is organized as follows: Section 5.1 introduces the role and
advantages of using real-time simulation by answering three fundamental
questions: What is real-time simulation? Why is it needed? How does it work?
Section 5.2 provides the details of the evolution of real-time simulators. The
details of the RT-LAB simulator architecture are given in Section 5.3, while
Section 5.4 provides the details of how RT-LAB works, and Section 5.5 details
the OP5142 configuration. Real-time results of type 2 FLC-based p-q and -],
control strategies with different fuzzy MFs using a real-time digital simula-
tor (OPAL-RT) are presented in Sections 5.6 and 5.7. Section 5.8 provides the
comparative study, and finally, Section 5.9 gives the concluding remarks.

5.1 Introduction to RT-LAB

Simulation tools have been widely used for the design and enhancement of
electrical systems since the mid-twentieth century. The evolution of simula-
tion tools has progressed in step with the evolution of computing technologies
[132]. In recent years, computing technologies have upgraded dramatically in
performance and become extensively available at a steadily decreasing cost.
Consequently, simulation tools have also seen dramatic performance gains,
and there is a steady decrease in cost. Researchers and engineers now have
access to affordable, high-performance simulation tools that were previously
too costly, except for the largest manufacturers and utilities. RT-LAB [7, 50,
65, 98, 104, 132, 144-157], fully integrated with MATLAB®/Simulink®, is the

121
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open real-time simulation software environment that has revolutionized the
way model-based design is performed. RT-LAB’s flexibility and scalability
allow it to be used in virtually any simulation or control system application,
and to add computing power to simulations where and when it is needed.

This simulator was developed with the aim of meeting the transient simu-
lation needs of electromechanical drives and electric systems while solving
the limitations of traditional real-time simulators. It is based on a central
principle: the use of extensively available, user-friendly, highly competitive
commercial products (PC platform, Simulink). The real-time simulator con-
sists of two main tools: a real-time distributed simulation package (RT-LAB)
[144] for the execution of Simulink block diagrams on a PC cluster, and algo-
rithmic toolboxes designed for the fixed-time-step simulation of stiff electric
circuits and their controllers. Real-time simulation [145] and hardware-in-the-
loop (HIL) applications [146-148] are progressively recognized as essential
tools for engineering design, especially in power electronics and electrical
systems [149].

5.1.1 Why Use Real-Time Simulation?

Gain time
¢ Allows test engineers to gain time in the testing process
¢ Finds problems at an earlier stage in the design process

* Proceeds to a device design while the actual system is not physi-
cally available

Lower cost

* Reduces enormous cost on testing a new device under real
conditions

¢ Tests many possible configurations without physical modification
¢ Reduces total cost over the entire project and system life cycle
Increase test functionalities

* Fakes and tests all possible scenarios that could happen in real
life in a secure and simulated environment

¢ Has high flexibility by being able to modify all parameters and
signals of the test system at a glance

¢ Has an automatic test script in order to run tests 24 hours a day,
7 days a week

5.1.2 What Is a Real-Time Simulation?

Fixed-step solvers solve the model at regular time intervals from the begin-
ning to the end of the simulation. The size of the interval is known as the step



Type 2 FLC-Based SHAF Control Strategies 123

size: Ts. Generally, decreasing Ts increases the accuracy of the results while
increasing the time required to simulate the system [150].

In a real-time system [151], we define the time step as a predetermined
amount of time (e.g.,, Ts = 10 ps, 1 ms, or 5 ms). Inside this amount of time,
the processor has to read input signals, such as sensors, to perform all neces-
sary calculations, such as control algorithms, and write all outputs, such as
control actuators.

Inputs or outputs are the highest-frequency sampling consideration; gen-
erally, decreasing the time step increases the accuracy of the results, while
increasing the time required to simulate the system. The rule of thumb is to
have around 10 to 20 samples per period for an AC signal for a 1 kHz signal:
1/(20 * 1 kHz) = 50 ps.

5.2 Evolution of Real-Time Simulators

Simulator technology has evolved from physical/analog simulators (high-
voltage direct current (HVDC) simulators and transient network analyzers
(TNAs)) for electromagnetic transient (EMT) and protection and control
studies to hybrid TNA /analog/digital simulators capable of studying EMT
behavior to fully digital real-time simulators, as illustrated in Figure 5.1.
Physical simulators served their purpose well. However, they were very
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on-Chip
Digital COTS*

Simulators

Digital Custom Simulators ]

Digital Supercomputer
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To—

Hybrid (Analog/Digital) Simulators
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FIGURE 5.1
Evolution of RT-LAB simulator.
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Speed, cost, and size of RT-LAB simulators.

large, expensive, and required highly skilled technical teams to handle the
tedious jobs of setting up networks and maintaining extensive inventories
of complex equipment [150]. With the development of microprocessor and
floating-point digital signal processor (DSP) technologies, physical simula-
tors have been gradually replaced with fully digital real-time simulators.
Figure 5.2 gives the details of speed, cost, and size of RT-LAB simulators

Commercial off the shelf (COTS)-based high-end real-time simulators equipped
with multicore processors have been used in aerospace, robotics, automo-
tive, and power electronic system design and testing for a number of years
[6]. Recent advancements in multicore processor technology have made such
simulators available for the simulation of EMT expected in large-scale power
grids, microgrids, wind farms, and power systems installed in all-electric ships
and aircraft. These simulators, operating under Windows, LINUX, and stan-
dard real-time operating systems (RTOS), have the potential to be compatible
with a large number of commercially available power system analysis software
tools, such as PSS/E (Power System Simulator for Engineering), EMTP-RV
(Electromagnetic Transients Program—Restructured Version), and PSCAD
(Power Systems Computer Aided Design), as well as multidomain software
tools such as Simulink and DYMOLA. The integration of multidomain simula-
tion tools with electrical simulators enables the analysis of interactions between
electrical, power electronic, mechanical, and fluid dynamic systems.

The latest trend in real-time simulation consists of exporting simulation
models to a field-programmable gate array (FPGA). This approach has many
advantages. First, computation time within each time step is almost inde-
pendent of system size because of the parallel nature of FPGAs [152]. Second,
overruns cannot occur once the model is running and timing constraints are
met. Last, but most important, the simulation time step can be very small, in
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the order of 250 ns. There are still limitations on model size since the number
of gates is limited in FPGAs. However, this technique holds promise.

5.3 RT-LAB Simulator Architecture
5.3.1 Block Diagram and Schematic Interface

The present real-time electric simulator is based on the RT-LAB real-time,
distributed simulation platform; it is optimized to run Simulink in real time,
with efficient fixed-step solvers, on a PC cluster [153]. Based on COTS nonpro-
prietary PC components, RT-LAB is a flexible real-time simulation platform,
for the automatic implementation of system-level, block diagram models
on standard PCs. It uses the popular MATLAB/Simulink as a front end for
editing and viewing graphic models in block diagram format. The block
diagram models become the source from which code can be automatically
generated, manipulated, and downloaded onto target processors (Pentium
and Pentium compatible) for real-time or distributed simulation.

5.3.2 Inputs and Outputs

A requirement for real-time HIL applications is interfacing with real-world
hardware devices, controller or physical plant alike. In the RT-LAB real-time
simulator, input/output (I/O) interfaces are configured through custom
blocks, supplied as a Simulink toolbox. The engineer merely needs to drag
and drop the blocks to the graphic model and connect the inputs and out-
puts to these blocks, without worrying about low-level driver programming.
RT-LAB manages the automatic generation of I/O drivers and models code
to direct the model’s data flow onto the physical I/O cards.

5.3.3 Simulator Configuration

In a typical configuration (Figure 5.3), the RI-LAB simulator consists of

® One or more target PCs (computation nodes). One of the PCs (master)
manages the communication between the hosts and the targets and
the communication between all other target PCs. The targets use the
Red Hat real-time operating system.

® One or more host PCs allowing multiple users to access the targets. One
of the hosts has full control of the simulator, while other hosts, in read-
only mode, can receive and display signals from the real-time simulator.

* 1/Os of various types (analog in and out, digital in and out, pulse
width modulation (PWM) in and out, timers, encoders, etc.).
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RT-LAB simulator architecture.

The simulator uses the following communication links:

¢ Ethernet connection (100 Mb/s) between the hosts and target PCs
¢ Ethernet connection between target nodes, allowing parallel compu-

tation of models with low and medium step size (in the millisecond
range), or for free running, on a real-time simulation

Fast shared-memory communication between processors on the
same motherboard (dual, quad, or eight processors)

Fast IEEE 1394 (FireWire) communication links (400 Mb/s) between
target PCs for parallel simulation of models with small step sizes
(down to 20 ps) and tight communication constraints (power sys-
tems, electric drive control, etc.)

5.4 How RT-LAB Works

RT-LAB allows the user to readily convert Simulink models, via Real-Time
Workshop (RTW), and then to conduct real-time simulation of those models
executed on multiple target computers equipped with multicore PC proces-
sors [147]. This is used particularly for HIL and rapid control prototyping
applications [155, 156]. RT-LAB transparently handles synchronization, user
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interaction, real-world interfacing using I/O boards, and data exchanges for
seamless distributed execution.

5.4.1 Single-Target Configuration

In this configuration (Figures 5.4 and 5.5), typically used for rapid control
prototyping, a single computer runs the plant simulation or control logic.
One or more hosts may connect to the target via an Ethernet link. The target
uses QNX or Linux as the RTOS [157] for fast simulation or for applications
where real-time performance is required. RT-LAB [7, 50, 65, 98, 104, 132] used
Red Hat ORT, which is the standard Red Hat distribution package with an
optimized set of parameters to reach real-time performance, enabling a
model time step as low as 10 us on multicore processors to be reached.

TCP/IP
g
Host Computer-Windows Target Computer
B Edition of Simulink model B) 1/O and real-time model execution
E) Model compilation with RT-LAB B> QNX or Linux OS
. £) FTP and Telnet communication
B User interface Possible with the Host
FIGURE 5.4
RT-LAB simulator with a single-target system.
RT-LAB Hardware in
RT-LAB Target-PC the Loop (HIL)

Command Station

HILI/O
Interfaces

FIGURE 5.5
RT-LAB simulator with a single-target system and HIL.
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5.4.2 Distributed Target Configuration

The distributed configuration (Figures 5.6 and 5.7) allows for complex mod-
els to be distributed over a cluster of multicore PCs [147] running in parallel.

The target nodes in the cluster communicate between each other with
low-latency protocols such as FireWire, signal wire, or Infinite Band, which
are fast enough to provide reliable communication for real-time applica-
tions. The real-time cluster is linked to one or more host stations through
a Transmission Control Protocol/Internet Protocol (TCP/IP) network. Here
again, the cluster of PCs can be used for real-time applications (using QNX
or Red Hawk Linux), or fast simulation of complex systems (using QNX, Red
Hawk, or Windows). RT-LAB PC cluster targets are designed for flexible and
reconfigurable megasimulation [157]. The user can build and expand the PC

TCP/IP

- -

Host Computer-Windows

Real-time

Link E

FIGURE 5.6
RT-LAB simulator with a distributed target system.

RT-LAB
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RT-LAB
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Interfaces
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FIGURE 5.7
RT-LAB simulator with a distributed target system and HIL.
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cluster as needed, and then redeploy the PCs for other applications when
the simulation is done. RT-LAB can accommodate up to 64 nodes running
in parallel.

5.4.3 Simulator Solvers

The RT-LAB electrical simulator uses advanced fixed-time-step solvers
and computational techniques designed for the strict constraints of real-
time simulation of stiff systems. They are implemented as a Simulink tool-
box called ARTEMIS (Advanced Real-Time Electro-Mechanical Transient
Simulator) [144], which is used with the Sim power systems. PSB (Power
System Blockset) is a Simulink toolbox that enables the simulation of elec-
tric circuits and drives within the Simulink environment. While PSB now
supports a fixed-time-step solver based on the Tustin method, PSB alone is
not suitable for real-time simulation due to many serious limitations, includ-
ing iterative calculations to solve algebraic loops, dynamic computation of
circuit matrices, undamped switching oscillations, and the need for a very
small step size that greatly slows down the simulation. The ARTEMIS solver
uses a high-order fixed-time-step integration algorithm that is not prone to
numerical oscillations, and advanced computational techniques necessary
for the real-time simulation of power electronic systems and drives, such as

¢ Exploitation of system topology to reduce matrix size and number
by splitting the equations of separated systems

* Support for parallel processing suitable for distributed simulation of
large systems

¢ Implementation of advanced techniques for constant computation
time

e Strictly noniterative integration

® Real-time compensation of switching events occurring anywhere
inside the time step, enabling the use of realistic simulation step

sizes while ensuring a good precision of circuits with switches (GTO,
IGBT, etc.) [7, 50, 65, 98, 104, 132]

5.4.4 RT-LAB Simulation Development Procedure

Electric and power electronic systems are created on the host personal com-
puter by interconnecting the following:

¢ Electrical components from component model libraries available in
the Power System Blockset (PSB).

¢ Controller components and other components from Simulink and its
toolboxes that are supported by Real-Time Workshop (RTW).
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* I/O blocks from the simulator I/O toolboxes; the easy-to-use drag-
and-drop Simulink interface issued at all stages of the process.

® These systems are then simulated and tuned off-line in the MATLAB/
Simulink environment [144]. ARTEMIS fixed-step solvers are used
for the electric part and Simulink native solvers for the controller
and other block diagram parts. Finally, the model is automatically
compiled and loaded to the PC cluster with the RI-LAB simulation
interface [145].

The simulator software converts Simulink and Sim power systems non-
real-time models to real-time simulation by providing support for

® Model distribution: If a model is too complex to be computed within
the time step, the simulator allows the model to be distributed over
several processors, automatically handling the interprocessor com-
munication through TCP/IP, FireWire, or shared memory. Electric
systems can be separated by using natural delay in the system
(analog-to-digital conversion delays, filtering delays, transmission
lines, etc.).

® Multirate computation: Not all the components in a system need to be
executed at very small time steps. If the system can be separated into
subsystems and executed at different update rates, cycles can be freed
up for executing the subsystem(s) that need to be updated faster.

¢ Specialized solvers: The simulator uses libraries of specialized solvers
(ARTEMIS) and blocks that address many of the mathematical prob-
lems that arise when taking a model to real time [140], such as new
fixed-step integrators that reduce the errors introduced when replac-
ing a variable-step integrator, and a special toolbox that compen-
sates for errors introduced when events occur between time steps
(RT events).

* Software and hardware interfaces: In addition to the wide range of I/O
types and boards, the simulator includes a comprehensive applica-
tion program interface (API) that allows signals in the model to be
used in other on-line software for visualization and interaction.

5.5 PCI OP5142 Configuration

OP5142 (Figure 5.8) is one of the key building blocks in the modular OP5000
I/O system from OPAL-RT Technologies [144]. It allows the incorporation
of FPGA technologies in RT-LAB simulation clusters for distributed execu-
tion of nine (hardware description language) functions and high-speed,
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FIGURE 5.8
OP5142 layout.

high-density digital I/O in real-time models. Based on the highest-density
Xilinx Spartan-3 FPGAs, the OP5142 can be attached to the backplane of an
I/O module of either a Wanda 3U- or Wanda 4U-based OPAL-RT simulation
system. It communicates with the target PC via a PCI Express (Peripheral
Component Interconnect Express) ultra-low-latency real-time bus interface.

OP5142 includes connectivity to up to four 4U digital or analog 1/O con-
ditioning modules. This allows the incorporation of task-specific I/O hard-
ware, such as high-speed analog signal capture and generation. Furthermore,
FPGA [152] developers can incorporate their own functionality, using the
System Generator for DSP toolbox or their favorite HDL development tool,
through the PCI Express interface without the need for connecting to the
Joint Test Action Group (JTAG) interface. Configuration files can be uploaded
and stored on the built-in flash memory for instant start-up. The PCI Express
port on the OP5142 adapter board allows the user to connect the distrib-
uted processors together and operate at faster cycle times than ever before.
This real-time link takes advantage of the FPGA [152] power to deliver up
to 2.5 Gbits/s full-duplex transfer rates. Table 5.1 gives a description of the
OP5142 layout [7, 50, 65, 98, 104, 132].

5.5.1 Key Features

Reconfigurability: The OP5142 platform FPGA [152] device can be con-
figured exactly as required by the user. Integration with Simulink,
the system generator for the DSP toolbox from Xilinx, and RT-XSG
from OPAL-RT Technologies allows the transfer of Simulink sub-
models to the OP5142 FPGA processor for distributed processing. In
addition, standard and user-developed functions can be stored on
the onboard flash memory for instant start-up. The OP5142 board is
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TABLE 5.1
Description of Components in OP5142 Layout (OPAL-RT)

Pin Name Description

1 S1 FPGA Engine manual reset
2 JTAG1 FPGA JTAG interface
3 JTAG2 CPLD JTAG interface
4 JUMP4 JTAG Architecture selection
5 JTAG3 PCle Bridge JTAG interface
6 JTAG4 SerDes JTAG interface
7 JP1 PCle and Synchronization bus and Power supply
8 J1/]2/J3  Backplane data, ID and I2C interface
9 JUMP1 Identification EEPROM write protection

10  JUMP2 FPGA configuration mode selection

1 JUMP3 Flash memory Write protection

12 J4 Flash memory forced programmation voltage

configurable on the fly using the PCI Express bus interface and the
RT-LAB design environments.

Performance: The OP5142 [7, 50, 65, 98, 104, 132] series products enable
update rates of 100 MHz, providing the capability to perform time-
stamped capture and generation of digital events for high-precision
switching of items, such as PWM I/O signaling up to very high fre-
quencies, as I/O scheduling is performed directly on the OP5142
board [144].

Channel density:

e Up to 256 software-configurable digital I/O lines for event
capture/generation, PWM I/O, and user functions

* Up to 128 16-bit analog I/O channels, simultaneous sampling at
1 MS/s per channel for digital-to-analog conversion and 400 kS/s
for analog-to-digital conversion

1. FPGA engine manual reset: This button is connected to the mas-
ter reset signal of the OP5142 board. Pressing this button forces
the FPGA reconfiguration, and then sends a reset signal to all
OP5142 subsystems.

2. FPGA JTAG interface: This connector give access to the OP5142 JTAG
chain. It is used to configure the flash memory with its default con-
figuration file. The JTAG connection enables the user to program
manually the reprogrammable components on the board and to
debug the design using the chip scope, through the system genera-
tor for the DSP “chip scope” block. The use of this port is reserved
for advanced users. In general, this port should not be used after the
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board is manufactured. Depending upon the JUMP4 jumper pres-
ence, this interface may give access to either the FPGA and CPLD
configuration or only the FPGA configuration.

3. CPLD JTAG interface: If the JUMP4 jumpers are set to the indepen-
dent mode, this connector gives access to the CPLD JTAG configu-
ration interface. The JTAG connection enables the user to program
manually the reprogrammable components on the board. The use of
this port is reserved for advanced users. In general, this port should
not be used after the board is manufactured. If the jumpers are set
to the shared mode, the CPLD and FPGA JTAG configuration are
daisy-chained, and the JTAG1 connector must be used instead of
this one.

4. JTAG architecture selection: This connector enables the JTAG inter-
face of the OP5142 CPLD and FGPA to be daisy-chained. For inde-
pendent operation, place the jumper between pins 6 and 8. For
daisy-chain operation, place jumpers between pins 1 and 2, 3 and 4,
5and 6, and 7 and 8, and use the FPGA JTAG connector only.

5. PCI Express bridge JTAG interface: This connector gives access to
the PLX PCI Express bridge JTAG interface. It is used during manu-
facturing to configure the bridge with its default configuration, and
should not be used by the user.

6. SerDes JTAG interface: This connector gives access to the Texas
Instrument serializer—deserializer JTAG interface. It is used during
manufacturing to configure the chip with its default configuration,
and should not be used by the user.

7. PCI Express and synchronization bus and power supply: This port
implements all data and power transfers that need to be done with
the external world. It carries to the external PCI Express adapter
the following;:

¢ The synchronization pulse train to a real-time system integra-
tion (RTSI) connector

¢ Data communication packets to the PCI Express bus

¢ Power supply voltages

8. Backplane data, ID, and I?C interface: These three connectors are to
be attached to the Wanda Backplane Adapter J1, J2, and J3 headers.
They exchange all I/O-related data to the I/O module, including
identification data, serial communication with I2C devices, and user
I/0O data flow.

9. Identification EEPROM (Electrically Erasable Programmable Read-
Only Memory) write protection: This header enables the write pro-
tection of the EEPROM located on the OP5142. EEPROM contains the
board revision ID, and it always remains write protected.
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10. FPGA configuration mode selection: This header enables the devel-
oper to select the way the OP5142 FPGA should be configured. The
two options are (a) JTAG configuration or (b) slave parallel config-
uration (from the flash memory). In normal use, the FPGA should
always be configured using the slave parallel feature. Note that pin
1 is on the left-hand side of the header (i.e., the “J”"UMP side).

11. Flash memory write protection: This header is used to enable the
developer to write some reserved sectors of the configuration flash
memory. These sectors should never be used by the user.

12. Flash memory forced programmation voltage: This header provides
a 12 V supply voltage to the JUMP3 connector. JUMP3 is used to
enable the developer to write some reserved sectors of the configura-
tion flash memory. These sectors should never be used by the user.
Note that pin 1 is on the left-hand side of the header.

5.5.2 Technical Specifications

Digital I/O

¢ Number of channels: 256 input/output configurable in 1-32 bits

¢ Group compatibility: 3.3 V

* Power-on state: High impedance
FPGA

* Device: Xilinx Spartan 3

* [/O package: fg676

* Embedded RAM available: 216 Kbytes

¢ Clock: 100 MHz

¢ Platform options: XC355000

* Logic slices: 33,280

¢ Equivalent logic cells: 74,880

¢ Available I/O lines: 489

¢ Dimensions (not including connectors): PCI Express x1
e Data transfer: 2.5 Gbit/s

5.5.3 Analog Conversion Interface

Two types of analog conversion modules are available: the OP5340 is a bank
of analog-to-digital converters (ADCs), and the OP5330 is a bank of digital-
to-analog converters (DACs). The analog conversion banks must be placed
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onto an OP5220 passive carrier, thus providing an easy access to the modules
on the front panel of the Wanda box. OP5330 and OP5340 [144] features are

¢ Up to 16 analog input (OP5340) or digital output (OP5330) channels
® One 16-bit ADC (OP5340) or DAC (OP5330) per channel
® Accuracy of £5 mV

¢ Simultaneous sampling on all channels, which eliminates skew
errors inherent in multiplexed channels

e Up to 500 kS/s update rate for every channel; total throughput of up
to 8 MS/s

¢ Dynamic range of +16V

* Hardware-configurable onboard signal conditioning and antialias-
ing filter

® Onboard EEPROM memory for calibration parameters

e Library of drag-and-drop OPAL-RT RT-XSG blocks for Simulink

5.6 System Performance of Type 2 FLC-Based p-g
Control Strategy with Different Fuzzy MFs
Using a Real-Time Digital Simulator

Figures 5.9 through 5.11 give the details of source voltage, load current, com-
pensation current, source current with filter, DC link voltage, and THD of
the type 2 FLC-based p-q control strategy with different fuzzy MFs under
balanced, unbalanced, and nonsinusoidal supply voltage conditions using a
real-time digital simulator (OPAL-RT) hardware.

Initially, the system performance is analyzed under balanced sinusoidal
conditions, during which the type 2 FLC with all three MFs is good enough
at suppressing the harmonics and the THDs of the p-g control strategy
using a real-time digital simulator are 1.36%, 1.02%, and 0.73%, respectively.
However, under unbalanced and nonsinusoidal conditions, the type 2 FLC
with Gaussian MF shows superior performance. The THD of the p-q control
strategy using type 2 FLC with trapezoidal MF under unbalanced condition
is 2.28%, and under nonsinusoidal conditions, it is 3.31%. The THD of the p-q
strategy using type 2 FLC with triangular MF under the unbalanced condi-
tion is 1.87%, and under the nonsinusoidal condition it is 2.92%. The THD of
the p-g control strategy using type 2 FLC with Gaussian MF under the unbal-
anced condition and using a real-time digital simulator is 1.25%, and under
the nonsinusoidal condition it is 2.14%.
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FIGURE 5.9

SHAF response using the p-q control strategy with type 2 FLC (trapezoidal, triangular, and
Gaussian MF) under the balanced sinusoidal condition using a real-time digital simulator.
(a) Source voltage, (b) load current (scale 30 A/div), (c) compensation current (scale 20 A/div)
using trapezoidal MF, (d) source current (scale 40 A/div) with filter using trapezoidal MF, (e) DC
link voltage using trapezoidal MF, (f) compensation current using triangular MF, (g) source
current with filter using triangular MF, (h) DC link voltage using triangular MF, (i) compensa-
tion current using Gaussian MF, (j) source current with filter using Gaussian MF, (k) DC link
voltage using Gaussian MF, (I) THD of source current with trapezoidal MF, (m) THD of source
current with triangular MF, and (n) THD of source current with Gaussian MF.
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FIGURE 5.10
SHAF response using the p-q control strategy with type 2 FLC (trapezoidal, triangular, and
Gaussian MF) under the unbalanced sinusoidal condition using a real-time digital simulator.
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FIGURE 5.11

SHAF response using the p-q control strategy with type 2 FLC (trapezoidal, triangular, and
Gaussian MF) under the nonsinusoidal condition using a real-time digital simulator.
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Even though the p-g control strategy using type 2 FLC with different
fuzzy MFs is able to mitigate the harmonics, a small amount of notches are
observed in the source current. The main reason behind the notches is that
the controller failed to track the current correctly, and thereby APF fails
to compensate completely. So to mitigate the harmonics perfectly, one has to
choose the perfect control strategy. So to avoid the difficulties that occur
with the p-q control strategy, we have considered the I,-I, control strategy
with type 2 FLC.

5.7 System Performance of Type 2 FLC-Based I,-1,
Control Strategy with Different Fuzzy MFs
Using a Real-Time Digital Simulators

Figures 5.12 through 5.14 give the details of source voltage, load current,
compensation current, source current with filter, DC link voltage, and THD
of the type 2 FLC-based I-I, control strategy with different fuzzy MFs using
a real-time digital simulator.

Initially, the system performance is analyzed under balanced sinusoidal
conditions, during which the type 2 FLC with all three MFs (triangular, trap-
ezoidal, and Gaussian) is good enough at suppressing the harmonics. The
respective THDs of SHAF in the real-time digital simulator are 0.66%, 0.52%,
and 0.43%.

The THD of the I,-I, control strategy using type 2 FLC with trapezoidal MF
under the unbalanced condition is 1.38%, and under the nonsinusoidal con-
dition it is 2.62%. The THD of the I,-I, control strategy using type 2 FLC with
triangular MF under the unbalanced condition is 1.17%, and under the non-
sinusoidal condition it is 1.98%. The THD of the I,-I, control strategy using
type 2 FLC with Gaussian MF under the unbalanced condition is 0.79%, and
under the nonsinusoidal condition it is 1.63%. These are all obtained using a
real-time digital simulator.

While considering the I,-I; control strategy using type 2 FLC with differ-
ent fuzzy MFs, SHAF succeeds in compensating harmonic currents. It is
observed that source current waveforms are very good; notches in the wave-
form are eliminated by using the I;-I, control strategy with type 2 FLC dif-
ferent fuzzy MFs.

The real-time implementation results showed that even if the supply volt-
age is nonsinusoidal, the performance with the I,-I, theory with type 2 FLC
comfortably outperformed the results obtained using the p-q theory with
type 2 FLC.
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SHAF response using the I -1, control strategy with type 2 FLC (trapezoidal, triangular, and
Gaussian MF) under the balanced sinusoidal condition using a real-time digital simulator.
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SHAF response using the I,-I; control strategy with type 2 FLC under the nonsinusoidal condi-
tion using a real-time digital simulator.
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5.8 Comparative Study

Figures 5.15 and 5.16 clearly illustrate the THD of the source current for the
p-q and I;-1, control strategies using the PI controller, type 1 FLC, and type 2
FLC with different fuzzy MFs using a real-time digital simulator under vari-
ous source conditions.
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Bar graph indicating the THD of the source current for the p-q control strategy using the PI con-
troller, type 1 FLC, and type 2 FLC with different fuzzy MFs using a real-time digital simulator.
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Bar graph indicating the THD of the source current for the I,-I, control strategy using the
PI controller, type 1 FLC, and type 2 FLC with different fuzzy MFs using a real-time digital
simulator.
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5.9 Summary

Modern power systems continue to evolve, requiring constant evaluation
of new constraints. Major studies will require the use of very fast, flexible,
and scalable real-time simulators. This chapter has introduced a specific
class of digital simulator known as a real-time simulator. The latest trend in
real-time simulation consists of exporting simulation models to FPGA. This
approach has many advantages. First, computation time within each time
step is almost independent of system size because of the parallel nature of
FPGAs. Second, overruns cannot occur once the model is running and tim-
ing constrains are met. Last, but most important, the simulation time step
can be very small, in the order of 250 ns. There are still limitations on model
size since the number of gates is limited in FPGAs. However, this technique
holds promise.

The real-time implementation results showed that even if the supply volt-
age is nonsinusoidal, the performance of the type 2 FLC-based I;-I, theory
with Gaussian MF showed better compensation capabilities in terms of
THD than the I,-I, theory with the PI controller, type 1 FLC (with all three
MFs), and type 2 FLC (trapezoidal, triangular MF), and the p-q theory with
the PI controller, type 1 FLC (with all three MFs), and type 2 FLC (with all
three MFs).

While considering the I;-I, theory using type 1 FLC and type 2 FLC, and
the p-g control strategy with type 2 FLC, the SHAF has been found to meet
the IEEE 519-1992 recommendations on harmonic levels, making it easily
adaptable to more severe constraints, such as highly distorted and unbal-
anced supply voltage. The control approach has compensated the neutral
harmonic currents, and the DC bus voltage of SHAF is almost maintained at
the reference value under all disturbances, which confirms the effectiveness
of the controller.
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Conclusions and Future Scope

6.1 Conclusions

In this book, with the main objective being compensation of current har-
monics generated due to the presence of nonlinear loads in a three-phase
four-wire distribution system, the research studies presented start with an
introduction to harmonics, clearly specifying its description, causes, and
consequences. The role of passive power filters in harmonics elimination is
discussed. But to avoid the inevitable drawbacks of passive filters, we moved
toward the use of active power filters (APFs). After comparing various APF
configurations, the three-phase four-wire capacitor midpoint shunt APF VSI-
PWM (voltage source inverter—pulse width modulation) configuration was
chosen for the modeling of shunt APF.

The performances of the p-q and I,-I, control strategies were evaluated by
comparing the total harmonic distortions (THDs) in compensated source
currents and DC link voltage regulation under balanced, unbalanced, and
distorted/nonsinusoidal supply conditions. DC link voltage regulation with
the help of the proportional-integral (PI) controller, type 1 fuzzy logic con-
troller (FLC), and type 2 FLC with different fuzzy MFs (trapezoidal, triangu-
lar, and Gaussian MF) to minimize the power losses occurring inside APF is
studied. The various drawbacks encountered in the conventional PI control-
ler were discussed. Next, research concentrated on the implementation of
type 1 FLC with different fuzzy MFs (trapezoidal, triangular, and Gaussian
MEF); this also suffers from several drawbacks, resulting in severe deteriora-
tion of APF performance. Hence, we developed type 2 FLC with different
fuzzy MFs that could overcome the drawbacks observed in the PI and type
1 FLC. Three-phase reference current waveforms generated by the proposed
scheme were tracked by the three-phase voltage source converter in a hys-
teresis band control scheme. The performance of the control strategies was
evaluated in terms of harmonic mitigation and DC link voltage regulation.
The simulation (MATLAB®) results were validated with real-time implemen-
tation on a real-time digital simulator (OPAL-RT).
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The investigations carried out in this book yield the following important
conclusions:

¢ It can be inferred from the simulation and real-time results of
Chapter 2 that the p-g control strategy yields inadequate results
under unbalanced and nonsinusoidal source voltage conditions.

¢ Under unbalanced and nonsinusoidal conditions, the p-g control strat-
egy does not succeed in compensating harmonic currents; notches are
observed in the source current. The main reason behind the notches is
that the controller failed to track the current correctly, and thereby APF
fails to compensate completely. So to avoid the difficulties occurring
with the p-g control strategy, we considered the I,-I, control strategy.

* The I I, scheme is the best APF control scheme for compensation
of current harmonics for a wide variety of supply voltage and load-
ing conditions. The THD in source current can also be satisfactorily
lowered below 5%, thereby satisfying the IEEE 519 standards on a
harmonic level. Simultaneously, it also compensates for excessive
neutral current.

e Under unbalanced and nonsinusoidal conditions, the PI controller
is unable to maintain a constant DC link voltage (V,, is nearer to
780V, but V., is 800 V), and it is unable to mitigate the harmonics
completely and THD is close to 5%. The mitigation of harmonics is
poor when the THD of the source current is greater. But according to
IEEE 519-1992, THD must be less than 5%. So to mitigate harmonics
effectively, we considered type 1 FLC with different fuzzy MFs.

* With the I,-1, control strategy using type 1 FLC with different fuzzy
MFs, the SHAF is able to maintain a constant DC link voltage (V,, is
nearer to 790 V, but Vs 800 V), and it is able to mitigate harmon-
ics (THD is nearly equal to 2.5%-3.5%) in a better way than the p-q
control strategy using type 1 FLC with different fuzzy MFs (THD is
nearly equal to 3%-5%).

* Even though the I,-1, control strategy using type 1 FLC with differ-
ent fuzzy MFs is able to mitigate the harmonics, notches are present
in the source current. So to avoid the difficulties that occur with type
1 FLC-based p-q and I-I, control strategies with different fuzzy MFs,
we considered type 2 FLC with different fuzzy MFs.

¢ The proposed type 2 FLC-based SHAF with different fuzzy MFs is
able to eliminate the uncertainty in the system, and SHAF gains out-
standing compensation abilities. Type 2 FLC is able to maintain a
constant DC link voltage (V,, is nearer to 797 V, which is almost equal
to V,..,s 800 V), and it is able to mitigate harmonics (THD is nearly
equal to 1%-2%) in a superior way compared to type 1 FLC (THD is
nearly equal to 2.5%-5%).
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* While considering the I,-1, control strategy using type 1 FLC (trap-
ezoidal, triangular, and Gaussian MF) and type 2 FLC (trapezoidal,
triangular, and Gaussian MF) and the p-gq control strategy with type
1 FLC (triangular and Gaussian MF) and type 2 FLC (trapezoidal,
triangular, and Gaussian MF), the SHAF has been found to meet the
IEEE 519-1992 standard recommendations on harmonic levels.

¢ The PI controller—, type 1 FLC—, and type 2 FLC-based shunt active
filter control strategies (p-q and I,-1)) with different fuzzy MFs (trap-
ezoidal, triangular, and Gaussian) are verified with real-time digital
simulator (OPAL-RT) hardware to validate the proposed research.

* The simulation and real-time implementation results showed that
even if the supply voltage is unbalanced or nonsinusoidal, the per-
formance of SHAF using the I,-I, theory with type 2 FLC (Gaussian
MEF) shows better compensation capabilities in terms of THD than
the I,-1, theory with PI, type 1 FLC (trapezoidal, triangular, and
Gaussian MF), and type 2 FLC (trapezoidal, triangular MF), and the
p-q theory with PI, type 1 FLC (trapezoidal, triangular, and Gaussian
ME), and type 2 FLC (trapezoidal, triangular and Gaussian MF). The
control approach compensates the neutral harmonic currents, and
the DC link voltage of SHAF is almost maintained at the reference
value under all disturbances, which confirms the effectiveness of
the controller.

e RT-LAB real-time simulation results further confirm the results
obtained from MATLAB simulations; that is, the I,-I, scheme is
the best reference compensation current extraction scheme, and
the type 2 FLC-based controller is the most efficient out of all the
other conventional (PI) and type 1 FLC-based controllers discussed
in this book.

The findings of the above investigations are summarized in Figures 6.1
through 6.4. These figures clearly illustrate the amount of THD of source
current reduced from one controller to another for shunt active filter control
strategies under various source conditions using MATLAB and a real-time
digital simulator.

6.2 Future Scope

In this book, efforts have been made to improve the power quality of power
systems by mitigating the current harmonics and maintaining a constant DC
link voltage using PI controller—, type 1 FLC—, and type 2 FLC-based shunt
active filter control strategies (p-g and I,-1,) with different fuzzy MFs under



148 Power Quality Issues

THD of Source Current

[
= Balanced
Un-bal
= Non-sin
444 % THD
¢ v v Reduction | |

% THD

65 & _— 4 266

v v A
-0.30 v 0.29 \{37
82 6

il

153 : 1.29
-0.04 0.33 ;- 0.68
1.0 U.-'O_A/—O.L.\U 8, —085
v :
¥-0.17 V15 | 3y 045
0.33
0.0

p-q with p-q with p-q with p-q with p-q with p-q with p-q with
PI controller T1FLC TI1FLC TI1FLC T2FLC T2FLC T2FLC
using Trapezoidal ~ Triangular Gaussian Trapezoidal ~ Triangular Gaussian

MATLAB MF using MF using MF using MF using MF using MF using
MATLAB MATLAB MATLAB MATLAB MATLAB MATLAB

FIGURE 6.1
Line graph indicating the amount of THD reduced for the PI controller, type 1 FLC, and type 2
FLC with different fuzzy MFs using the p-q control strategy with MATLAB.

THD of Source Current
6.0 I
» Balanced
5.0 4.92 ry Un-ba}
: 1.30 = Non-sin
5 444 % THD
4.0 362 ¢ v Reduction | |
o M 4061
& 311 , 085 ; 301 096
z 3.0 - ¥

-041 246
226 A 2063
2.0 197 062 e
‘ f0.82 L el v 4039 144
; : -020 b3 v

115
v A 0.97 1.03 927 196 030
1‘0 v U.00
0.18 4 0.64 A
v 4 oss ,
033 Voo | ——285 4 027
. 0.13 v
0.0 0.08
Iplwith  Lelowith Il owith  Lelowith Lol owith  Lelwith Ll with
PI controller TIFLC TI1FLC T1FLC T2FLC T2FLC T2FLC
using Trapezoidal ~ Triangular Gaussian Trapezoidal  Triangular Gaussian

MATLAB MF using MF using MF using MF using MF using MF using
MATLAB MATLAB MATLAB MATLAB MATLAB MATLAB

FIGURE 6.2
Line graph indicating the amount of THD reduced for the PI controller, type 1 FLC, and type 2
FLC with different fuzzy MFs using the I,-I, control strategy with MATLAB.



Conclusions and Future Scope 149
THD of Source Current
6.0 I
% 3 = Balanced
v . A 1.08 Un-bal
5.0 : b
: ® Non-sin
423 | 025 Nus 444 % THD
40 98 ¥ ‘ 1.26 v+ v Reduction | |
3p7 i -042 381 |, 039
g 071 29 % 5 2
£ 30 & : =
R
2126 _0.03 2.
2214 09 202, g7 L01 s 04
2.0 \ 1.
; 145
v A 0.22 1h3 4—0.13 1.86 4 0.34
v : 1
1.0 Y :
Y029
0.0
p-q with p-q with p-q with p-q with p-q with p-q with p-q with
PI controller T1FLC T1FLC TI1FLC T2FLC T2FLC T2FLC
using Trapezoidal ~ Triangular Gaussian Trapezoidal ~ Triangular Gaussian
RTDS MF using MF using MF using MF using MF using MF using
RTDS RTDS RTDS RTDS RTDS RTDS
FIGURE 6.3

Line graph indicating the amount of THD reduced for the PI controller, type 1 FLC, and type 2
FLC with different fuzzy MFs using the p-q control strategy with a real-time digital simulator.

THD of Source Current
6.0 I
= Balanced
50 505 Un-bal
' = Non-sin
N8 A44 % THD
H 4.07 0.53 Pl
40 v NM &+ v Reduction | |
3.26 v \‘
a i 1.01
E 30 0.48 abg
- H 253 4 -0.09 2.62 R
°© 0.84 + 0.64
20 204 1.p4 oy 198 035
' : BT v : 163
\:'\146 N 1.57 0.19 138 021 v
Vo058 T—— 126 | : =1 117 | 038 079
b 0.93 .
1.0 \ 4 A
0.33 NM\ugz 043
0.27 Vo ——
) v 0.09
0.0
Ip—Iq with Ip—lq with IP—Iq with IP—Iq with Ip—Iq with Ip—Iq with Ip—Iq with
PI controller T1FLC T1FLC T1FLC T2FLC T2FLC T2FLC
using Trapezoidal ~ Triangular Gaussian Trapezoidal ~ Triangular Gaussian
RTDS MF using MF using MF using MF using MF using MF using
RTDS RTDS RTDS RTDS RTDS RTDS
FIGURE 6.4

Line graph indicating the amount of THD reduced for the PI controller, type 1 FLC, and type 2
FLC with different fuzzy MFs using the -, control strategy with a real-time digital simulator.



150 Power Quality Issues

various source voltage conditions. It has explored some good ideas and suit-
able solutions, but further investigation is necessary.

¢ In this book, we have attempted to improve the power quality of
power systems by mitigating the current harmonics and maintaining
a constant DC link voltage. Many applications require a compensa-
tion of a combination of voltage- and current-based problems, a few
of them being interrelated. A hybrid of active series with active shunt
filters is an ideal choice for such a mixed compensation. Moreover,
this hybrid of both APFs (also known as a unified power quality
conditioner (UPQC)) is also quite suitable for individual current- or
voltage-based compensation. However, the rating, size, and cost of
this UPQC is on the higher side; therefore, for a few combinations of
compensation, such as voltage and current harmonics, other APFs
(active series with passive shunt) are considered the most suitable.

e The proposed shunt active filter has been operated by using two
control strategies: p-q and I,-1,. Applying the improved control strat-
egies (perfect harmonic cancellation control strategy, etc.) can still
improve the power quality. So, the potential of the proposed version
could be explored by adopting different control strategies.

* The proposed shunt active filter has been operated by using three
controllers—PI controller, type 1 FLC, and type 2 FLC—with different
fuzzy MFs. Applying the improved controllers (neurofuzzy, etc.) can
still improve the power quality. So, the potential of the proposed
version could be explored by adopting different controllers.

¢ In this book, the hysteresis current control scheme was considered
for generation of gating signals to the devices of the APFE. Applying
the improved switching techniques (adaptive hysteresis control-
ler, etc.) can still improve the output quality. So, the potential of the
proposed version could be explored by adopting different switch-
ing techniques.

¢ In this book, we considered the Mamdani type of fuzzy logic con-
troller with 49 rules. The types of membership functions are trap-
ezoidal, triangular, and Gaussian. There are seven membership
functions. The type of implication is the Mamdani max-min opera-
tion, and the type of defuzzification method is the centroid of area
method. Takai Sugeno fuzzy logic control (TS FLC) is better than
the Mamdani type of fuzzy control in the sense that it requires
only 2 fuzzy sets and 4 rules compared to the 7 fuzzy sets and 49
rules used for the Mamdani type FLC. Hence, the TS FLC is a good
aspirant for improving the performance of a system by eliminating
the harmonics.
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