ANALYSIS, DESIGN AND CONTROL OF DSTATCOM
AND ITS APPLICATIONS

by

MANOJ BADONI
Department of Electrical Engineering

Submitted
In fulfillment of the requirements of the degree of

DOCTOR OF PHILOSOPHY

to the

DEPARTMENT OF ELECTRICAL ENGINEERING
DELHI TECHNOLOGICAL UNIVERSITY
DELHI-110042, INDIA

SEPTEMBER 2015



© Delhi Technological University- 2015
All rights reserved



CERTIFICATE

This is to certify that the thesis entitled “Analysis, Design and Control of DSTATCOM and its
Applications” being submitted by Mr. Manoj Badoni for the award of degree of Doctor of
Philosophy in the Department of Electrical Engineering, Delhi Technological University, Delhi,
is the record of student’s own work carried out by him under our supervision. The contents of
this research work have not been submitted in part or full to any other university or institute for

award of any degree.

Date_ / /

Prof. Bhim Singh Dr. Alka Singh

Department of Electrical Engineering Department of Electrical Engineering
Indian Institute of Technology Delhi Delhi Technological University Delhi

Hauz Khas, New Delhi-110016, India Shahbad Daulatpur, Delhi-110042, India



ACKNOWLEDGEMENTS

I would like to express my deep and sincere gratitude to my supervisors Prof. Bhim Singh and
Dr. Alka Singh, for their valuable guidance and continuous monitoring of my research work. It
was great honor for me to pursue my research work under their supervision. Deep insight of Prof.
Bhim Singh about the subject, enormous research experience, exposure in international forum
and strong perception have enormously helped me to do this research work. Continuous
monitoring of Dr. Alka Singh, valuable guidance and input have always been a driving force to
complete my research work. It is a life time experience to work under both of my supervisors

which I am cherished always.

My deepest thank to Prof. Madhusudan Singh for his immense support and valuable guidance
as Head of the Department. I would like to convey my sincere gratitude to Prof. Vishal Verma,
who has taught me relevant course work and allow me to work in simulation lab. I would like to
thank the SRC members mainly Prof. G. Bhuvaneswari who have given me valuable guidance
and advice to improve quality of my research work. I am extremely grateful to Prof. Pragati
Kumar, Dr. Mukhtiar Singh, Dr. M. Rizwan and Dr. M.M. Tripathi for providing me
valuable support and assistance. I am extremely thankful to staff members of Power System Lab,
DTU Delhi for providing me immense facility and assistance to carry out my research work. I
would like to thank others office staff, Central Library and Central Computer Centre for their

valuable co-operation and support.

I would like my sincere thanks to Dr. Sabha Raj Arya who has guided me to develop hardware
setup at initial stage and support me in many ways. His vast knowledge of control algorithms for

shunt compensator and research publications guided me always to carry out my research work. I

il



am also grateful to Dr. Arun Kumar, Dr. Vashist Bist, Mr. Krishan Kant Bhalla, Dr. N. K. S.
Naidu, Dr. M. Sandeep, Mr. Chinmay Jain and Mr. Ikhlaq Hussain, Research Scholars EE IITD,
for their valuable support to drive my hardware setup. I am extremely grateful to my research
group and friends Ravi Nath Tripathi, Sachin Kumar Kesharvani, Nitu Dhyani, Sandeep Kumar,
Prakash Chittora, Ashutosh Trivedi, Girish Gowd Talapur, Amritesh Kumar, Ramesh Singh,
Vivek Raiwani and Kuldeep for their valuable assistance, co-operation and great source of
learning. I would like my sincere thanks to Chairman, Graphic Era University, Dehradun for
encouraging me for research and allow me to avail study leave to pursue research work at DTU,

Delhi.

If I get any success today for my research work, the entire credit should go to my mother Smt.
Sumitra Devi, wife Akanksha and my sisters they were supporting me in various roles. I would
like express my deep concern to my little son, Master Saksham Badoni for his consideration
during the long hours of absence from home. I would like to thank other family members for

supporting me directly or indirectly to carry out my research work.

I thank to almighty, the father of all, for their blessings to accomplish my research work

successfully.

Date:_ /_/__ Manoj Badoni

Place: Delhi (2k11/Ph.D/EE/07)

il



ABSTRACT

The widespread use of power electronics based equipment is increasing these days. Poor power
quality at power distribution level is attributed to a number of reasons and the increase in power
electronics based loads is one of the major causes. These loads are nonlinear in nature and
generate harmonic currents which propagate to other connected loads at the point of common
coupling (PCC). Some other power quality problems viz. high reactive power demand, voltage
regulation, load unbalancing and poor power factor cause concern to the electric utility and
consumers of electric power supply. The current related power quality problems include

harmonic currents, high reactive power burden, poor voltage regulation and unbalanced loads.

A number of power converter based solutions have been developed in the recent past due to the
progress in speed and capacity of power semiconductor technology. The group of devices used
for power quality improvement in distribution systems is referred to as custom power devices. A
specific shunt connected custom power device used for the mitigation of current related power
quality problems is widely known as a distribution static compensator (DSTATCOM). An
implementation and control of DSTATCOM have become possible due to advancement in digital
signal processing (DSP) and self-commutating semiconductor devices. The major components
used for design of DSTATCOM include voltage source converter (VSC), interfacing inductors,

ripple filters and DSP (Digital Signal Processor).

Performance of DSTATCOM mainly depends on the control algorithm used for the estimation of
fundamental active and reactive components of reference currents. These reference currents are
used for the generation of switching pulses for control of VSC used in DSTATCOM. The control

algorithms for DSTATCOM have been divided into four categories in this proposed work. These
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include the conventional control algorithms, adaptive theory based control algorithms, recursive

theory based control algorithms and artificial intelligence based control algorithms.

The conventional control algorithms considered are based on power balance theory (PBT),
instantaneous reactive power theory (IRPT), conductance based and instantaneous symmetrical
component theory (ISCT). These control algorithms for the control of three-phase DSTATCOM,
are used for harmonic currents reduction, reactive power compensation and load balancing in
power factor correction (PFC) and voltage regulation modes. These algorithms are extended for
voltage regulation operation, which are also required in various isolated power generation
systems such as an isolated diesel generator, isolated micro hydro, biogas and biomass based

generation systems.

The control algorithms developed under adaptive theory are based on Wiener filter, fixed step
size least mean square (FSSLMS) along with its variants and variable step size least mean square
(VSSLMS). The control algorithms developed under the category of recursive theory are based
on variable forgetting factor recursive least square (VFFRLS), recursive inverse (RI) and
immune feedback principle. The category of artificial intelligence based algorithms includes
adaptive neuro fuzzy inference system (ANFIS), real time recurrent learning (RTRL) and

immune feedback based control algorithms.

All these control algorithms are developed in MATLAB using SIMULINK and Sim-power
system (SPS) tool boxes. Real time performance of these control algorithms for power quality
improvement has been extensively tested using simulation studies and experimentally on the

prototype of DSTATCOM developed in the laboratory.



Additionally, the three phase DSTATCOM system is utilized for grid integration of solar
photovoltaic (SPV) array. The VSC used in this system serves the purpose of power converter,
which is used to transfer power generated from SPV array to the grid along with functions of
power quality improvement such as harmonic currents elimination, reactive power compensation
and load balancing in PFC and voltage regulation modes under linear and nonlinear loads. The
performance of this system is studied with three control algorithms viz. synchronous reference

frame theory (SRFT), Wiener filter and recursive inverse based control algorithms.
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CHAPTER-I
INTRODUCTION

1.1 GENERAL

Power quality problems in electric distribution systems have increased tremendously. The main
concern of electricity consumer is the uninterruptable power supply with improved power
quality. There are sensitive loads such as hospitals and processing plants that require clean and
uninterruptable electric power supply [1]. A voltage dip of short duration in processing plant can
extensively damage a batch of product, which cost them significant amount of money [2-5].
Substantial increase in nonlinear loads such as converters, switch mode power supplies (SMPS),
electric arc furnaces, computers and house hold electronic equipment installed at the distribution
level plays a major cause in distorting the sinusoidal waveform of supply voltages and currents.
The power quality problems are expressed in terms of deviation in voltage, current and
frequency, which causes failure of consumer equipment [6-11]. The power quality problems are
related to voltage at point of common coupling (PCC) and current drawn from AC mains. The
power quality problems related to voltage at PCC are voltage sag/swell, interruption, harmonic,
notching and flickers [12-20]. The power quality problems related to current are harmonics,
reactive power, excessive neutral current and unbalanced currents which are affecting
performance of electric distribution system [21-29]. The mitigation of harmonics and other
power quality issues along with the supply of reliable quality power to consumers is an important
task of utilities. Various types of power filters have been developed such as passive, active and
hybrid in series, shunt or combination of both for mitigation of power quality problems [30-50].
Custom power devices, which use power electronic based controllers for distribution systems can
enhance the quality and reliability of power delivered by electric distribution system. These

devices can be shunt connected, series connected or a combination of both series and shunt



connected at PCC [51-84]. A number of international standards are developed by various
organizations such IEEE (Institute of Electrical and Electronics Engineers) and IEC
(International Electrotechnical Commission) to specify the permissible limit of power quality
problems and to provide guidelines for the end user, manufacturer and utility to improve the
quality of power [85-91]. The critical and sensitive loads are protected from power quality
problems by monitoring these power quality events. The objectives of power quality monitoring
are prediction of performance of the load and the selection of power quality mitigation system

[92-97].

The acceptable solution for current related power quality problems at distribution level is an
active shunt compensator which is also commonly named as the distribution static compensator
(DSTATCOM) [98-99]. The DSTATCOM is used for mitigation of current related power quality
problems such as harmonics distortion, poor power factor, load unbalancing and voltage
regulation in unity power factor (UPF) and voltage regulation modes. Tremendous progress in
the field of power semiconductor devices and signal processing has been made the
implementation of DSTATCOM as cost effective [100-102]. The research in this area has led to
developments in the area of different configurations and control algorithms for control of the
shunt compensator. The DSTATCOM is configured based on the number of switching devices,
the use of isolation transformer and the use of type of transformer for neutral current
compensation. Mainly DSTATCOM configurations are divided into two major categories such
as three phase three wire and three phase four wire [103-105]. The capability of DSTATCOM to
mitigate current related power quality issues enables it to be utilized in small hydro power

generation, air-craft power system and electric ship supply system.



1.2 STATE OF ART

Substantial literature has been reported on the shunt compensators and their control techniques
for power quality improvements at distribution level. Shunt compensation provides several
power quality improvement features such as harmonics elimination, reactive power
compensation, load balancing and PCC voltage regulation [106-109]. The building block of
DSTATCOM is insulated gate bipolar transistors (IGBTs) based voltage source converter (VSC)
[110]. Different configurations of DSTATCOM are possible which include three-leg, four-leg
and six-leg VSCs [111-112]. The internal control of DSTATCOM is a prerequisite to generate
gating pulses of its VSC and to achieve desired performance in steady state as well as dynamic

load conditions.

The effectiveness of DSTATCOM depends upon the type of control algorithm used for
estimation of fundamental component of load currents. The fundamental real and reactive
components of load currents are further utilized to estimate reference supply currents, which are
used for the generation of switching pulses for voltage source converter (VSC) used as
DSTATCOM. Practical implementation of DSTATCOM becomes feasible due to advancement
in power electronics devices, DSPs (Digital Signal Processors) and sensors [113-120]. Fast and
accurate control algorithms need to be developed for DSTATCOM which can also be realized
experimentally. Different techniques for extracting harmonics from distorted load current have
been suggested by various authors. The control algorithm should have fast response and stable
operation in both steady state and dynamic load conditions. The selection of a control algorithm
depends upon processing time, mathematical complexity, fast response, stable operation and easy
implementation. Based on the operating principle and mathematical formulation control

algorithms can be divided into four parts such as conventional control algorithms [121-142],



adaptive theory based control algorithms [143-161], recursive theory based control algorithms
[162-176] and artificial intelligence based control algorithms [177-193]. The VSC in
DSTATCOM is used as power converter to transfer power generated from solar photovoltaic
array to the grid. The functions of DSTATCOM such as harmonics elimination, reactive power
compensation and load balancing in UPF and voltage regulation modes are also utilized by the

grid connected SPV system [194-206].

Some conventional control algorithms reported in the literature are based on power balance
theory, instantaneous reactive power theory, admittance based control and instantaneous
symmetrical component theory. The conventional control algorithms are already reported in the
literature and mostly used for power factor correction (PFC) operation. However, the application
of conventional control algorithms can be extended for voltage regulation in various isolated
power generation system such as isolated diesel generator, isolated micro-hydro, biogas and
biomass systems [121-142]. Adaptive control has also been recognized as a powerful control
technique for extracting fundamental reference currents from the distorted load currents. This
provides a systematic approach for automatic adjustment of controllers in real time in order to
achieve desired performance. The Wiener filter based control algorithm has been found suitable
in terms of complexity and less computational burden. Adaptive least mean square (LMS) based
control algorithms with fixed step and variable step are reported in the literature, where variable
step LMS has been found to have advantages in terms of fast convergence and less steady state

error [143-161].

Recursive theory based control algorithms can also be used to the control the DSTATCOM.
These algorithms perform well even in distorted environment under steady state and dynamic

load conditions. Recursive theory based algorithms include recursive least square (RLS) theory,



and recursive inverse theory etc. RLS based control algorithm offers faster convergence, but it is
computationally demanding. However, recursive inverse based control algorithm offers less
computational complexity with moderate convergence. Recently some publications have
proposed the application of immune feedback based control algorithm for control of single phase
inverter and three phase inverter, where dead time elimination and space vector PWM control
have been used. Variants of recursive algorithms have been used for the control of the shunt

compensator [162-176].

Exhaustive literature has been reported on the use of artificial intelligence based control
algorithms for control of DSTATCOM over the past two decades. These control techniques are
based on artificial neural network (ANN), fuzzy logic and adaptive neuro fuzzy inference system
(ANFIS). Some of the publications refer to the use of these techniques for control of DC bus
voltage and AC bus voltage regulation while in others these control algorithms have been used
for estimation of fundamental active and reactive power components of load currents. The
recurrent neural network (RNN) has been found suitable for real time applications, because it
does not retain the information about large number of previous training data. Several gradient
based techniques are used for training RNN such as back propagation through time (BPTT),
recurrent back propagation (RBP), and real time recurrent learning (RTRL) [177-193]. In some
cases, artificial intelligence based techniques such as ANFIS can be used to obtain step size
parameter of adaptive LMS based control techniques. The step size parameter for LMS

techniques learns fast and improves its steady state as well as dynamic performances.

1.3 CUSTOM POWER DEVICES
The power quality problems at distribution system arise due to harmonics, low power factor,

poor voltage regulation, load unbalancing and excessive neutral current. The custom power



devices are used to mitigate above mentioned power quality problems at the distribution system.
The custom power devices are used to enhance the quality and reliability of power that is
delivered to consumer. These devices can be connected in shunt, series or in combination of
both. The custom power devices used at the distribution system include DSTATCOM, dynamic
voltage restorer (DVR) and combination of both DSTATCOM and DVR known as unified
power quality conditioner (UPQC), which are used for mitigation of current and voltage related
power quality problems. The shunt connected device such as DSTATCOM is used for
compensation of current related power quality problems with self-supported DC bus voltage.
The main components of DSTATCOM are power converter such as VSC, voltage/ current
sensors, signal processing devices, interfacing inductors and ripple filters. The DSTATCOM has
capability of mitigating power quality problems such as harmonics, poor power factor and load

unbalancing in PFC and voltage regulation modes.
1.4 SCOPE OF THE WORK

Based on the exhaustive literature review of the design and development of the shunt
compensator and its control techniques, it has been identified that there are some major issues in
the development of control algorithms which are needed to be resolved. These issues include the
speed of response, convergence, computational burden, complexity, static error, robustness and

stable operation in steady state and dynamic conditions.

The main objectives of the proposed research work are to design and develop a three-phase shunt
compensator, to implement some new control algorithms for this configuration and to investigate
some of the applications of DSTATCOM in grid integration of renewable energy sources such as

solar photovoltaic (SPV) systems. The detailed description of the proposed work is as follows.



1.4.1 Investigations on Three Phase DSTATCOM

The design and rating selection of three-phase, three-leg DSTATCOM depend on the required
power quality features it is expected to mitigate. Depending on the reactive power compensation
required along with harmonics elimination and load balancing, the design of DSTATCOM is
carried out in detail. The power circuit components of the DSTATCOM are insulated gate
bipolar transistors (IGBTs) based VSC, DC bus capacitor, interfacing inductors, ripple filters,
linear and nonlinear loads and supply system need to be designed properly. The control of the
DSTATCOM can be implemented on DSP. The appropriate sensor circuits are required for
sensing the signals (load currents, supply currents DC bus voltage and PCC voltages) in a
developed prototype of DSTATCOM. These sensed signals are made available to the control
algorithms through ADC channels of DSP. The generated switching signals from the DSP are
used to drive gating circuit of three phase VSC used as DSTATCOM and to achieve the desired

control.

1.4.2 Classifications of Control Algorithms for DSTATCOM

The proposed control algorithms are divided into four major sub-categories which include
conventional control algorithms, adaptive theory based control algorithms, recursive theory
based control algorithms and artificial intelligence based control algorithms. The detailed

descriptions of these algorithms are as follows.
1.4.2.1 Conventional Control Algorithms for DSTATCOM

The control algorithms investigated under this category are based on power balance theory,
instantaneous reactive power theory, conductance based Fryze theory and instantaneous

symmetrical component theory. The performance of these control algorithms is tested through



simulation and implementation on the prototype developed in the laboratory. The system
performance is studied in power factor correction (PFC) and voltage regulation modes under
linear and nonlinear loads. These algorithms have already been developed in the literature for
PFC operation. In the proposed research work, these algorithms are also extended for voltage
mode. The voltage regulation is required in various isolated power generation systems such as
isolated diesel generator, isolated micro-hydro, biogas and biomass based systems. It is also
required in distributed generation system, when the system is operating in islanding mode. The
conventional algorithms are developed and tested on the developed DSTATCOM system in the
laboratory. The performance of these algorithms are also compared with the proposed control

algorithms presented in the following sections.

1.4.2.2 Adaptive Theory Based Control Algorithms for DSTATCOM

The control algorithms investigated under this category include Wiener filter, fixed step size
least mean square (FSSLMS), variable step size least mean square (VSSLMS). Different
variations of VSSLMS are studied, tested and compared to control DSTATCOM. The
performance of these control algorithms is verified using MATLAB based Simulink models
which are also implemented experimentally in PFC and voltage regulation modes of

DSTATCOM under nonlinear loads.

1.4.2.3 Recursive Theory Based Control Algorithms for DSTATCOM

The control algorithms investigated under this category are based on recursive theory and
include algorithms such as variable forgetting factor recursive least mean square (VFFRLS),
variable forgetting factor based recursive inverse (VFFRI) and immune feedback principle for

the control of three phase DSTATCOM. These algorithms are tested through simulation and



implementation in PFC and voltage regulation modes of DSTATCOM under linear and nonlinear

loads.

1.4.2.4 Artificial Intelligence Based Control Algorithms for DSTATCOM

The control algorithms investigated under this category are based on principle of human
intelligence to achieve a specific task for which they are designed. These control techniques have
the capability of learning, self-organizing or self-adapting. The control algorithms developed
under this category are based on adaptive neuro fuzzy inference system (ANFIS), real time
recurrent learning (RTRL) and adaptive neuro fuzzy inference system least mean square
(ANFIS-LMS) for the control of three phase DSTATCOM. The performances of these
algorithms are studied using simulation results and test results in PFC and voltage regulation

modes under balanced/unbalanced linear and nonlinear loads.

1.4.3 DSTATCOM Application to Grid Integration of Solar Photovoltaic (SPV) Array
System

The DSTATCOM provides load compensation and solves several power quality problems such
as power factor correction, meeting the reactive power demand and providing voltage regulation.
It provides reactive power compensation in grid connected SPV systems. The transfer of real
power into the grid is also possible, if a source of real power is connected at the DC bus of the
VSC. Solar photovoltaic array has been designed, simulated and analyzed for real power transfer

along with power quality improvement at the distribution system.

1.5 OUTLINE OF CHAPTERS

The content of the thesis have been divided into following chapters.

Chapter-I: This chapter presents several power quality issues and solutions using custom power

devices. The scope of work includes investigation on three phase DSTATCOM and classification
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of control algorithms for improving power quality problems such as harmonics, reactive power
and load unbalancing. These algorithms are divided into four sub-groups such as conventional
control algorithms, adaptive theory based control algorithms, recursive theory based control

algorithms and artificial intelligence based control algorithms.

Chapter-II: This chapter includes the literature review on quality problems and their solutions.
Exhaustive literature survey on the configurations and control algorithms for the shunt
compensator is given in this chapter. Based on the exhaustive literature review, identified

research areas are presented at the end of this chapter.

Chapter-III: This chapter presents system configuration of three phase DSTATCOM. The
design and selection of various component of DSTATCOM such as VSC, DC bus voltage, DC
bus capacitance, interfacing inductors and ripple filter are given in detail. The design of voltage
sensor circuits, current sensor circuits, gating circuits for generation of pulses for three phase
VSC are discussed in this chapter. The designs of interfacing inductors used for the laboratory

prototype of DSTATCOM are presented in this chapter.

Chapter-IV: This chapter includes the need of controller and classification of different
algorithms for the control of DSTATCOM. Mathematical formulation, MATLAB based
modeling and DSP based implementation of conventional control algorithms are presented here.
Simulation and test results of conventional control algorithms are also given. These test results
are studied based on MATLAB simulation models and verified experimentally on the developed

DSTATCOM prototype for a variety of loading conditions.

Chapter-V: This chapter presents mathematical formulation, MATLAB based modeling and
DSP based implementation of adaptive theory based control algorithms for DSTATCOM.

Performance of adaptive theory based control algorithm is presented using simulation as well as

10



experimental results obtained on a developed prototype of DSTATCOM. Control algorithms
investigated in this category include Wiener filter, fixed step size least mean square (FSSLMS),
variable step size least mean square (VSSLMS) and its variations for the control of

DSTATCOM.

Chapter-VI: This chapter deals with the mathematical formulation, MATLAB based modeling
and DSP based implementation of recursive theory based control algorithms for DSTATCOM.
The control algorithms such as VFFRLS, VFFRI and immune feedback based algorithms for
control of three-phase DSTATCOM have been developed and verified using simulation and test

results.

Chapter-VII: This chapter includes the mathematical formulation, MATLAB based modeling
and DSP based implementation of artificial intelligence based control algorithms for control of
DSTATCOM. The algorithms developed under this category are based on ANFIS, RTRL and
ANFIS-LMS for the control of three-phase VSC used as DSTATCOM. The simulation results
are obtained using MATLAB based simulation. The performance of these algorithms are verified

experimentally on the developed prototype of the DSTATCOM.

Chapter-VIII: This chapter presents design and simulation of a solar photovoltaic (SPV) array
fed grid in balanced generating system. This system includes SPV array, a DC-DC boost
converter and a VSC for seamless transfer of generated solar power along with all the features of
DSTATCOM such as harmonics elimination, reactive power compensation and load balancing in

PFC and voltage regulation modes.

Chapter-IX: This chapter summarizes performance of different control algorithms presented for
DSTATCOM and highlights the main conclusions of the proposed work. The scope of further

work in this area is also enlisted at the end of this chapter.
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CHAPTER-II
LITERATURE REVIEW

2.1 GENERAL

In the previous chapters, various power quality problems, mitigation techniques using custom
power devices are presented. The scope of the work is discussed, which includes investigation of
control algorithms for DSTATCOM and its application in grid connected solar photovoltaic
system. This chapter deals with the literature review related to power quality mitigation
techniques using active shunt compensator, power quality standards and identified control
algorithms. The solutions to power quality problems and configurations of active shunt
compensator are reviewed. The control algorithms for DSTATCOM presented in the literature is
investigated. The control algorithms are investigated and categorized into conventional controls,
adaptive theory based controls, recursive theory based controls and artificial intelligence based
controls. The applications of DSTATCOM and control algorithms are investigated in integration
of renewable energy sources such as solar photovoltaic system to the utility grid. The identified
research areas such as control algorithms, which are fast, robust and work well in distorted
environment are discussed along with the application of DSTATCOM to grid integration of solar

photovoltaic system at the end of chapter.

2.2 LITERATURE SURVEY ON POWER QUALITY PROBLEMS AND THEIR
SOLUTIONS

The problems related to power quality are reviewed here. There are several power quality
problems related to voltage and currents, such as voltage sag, voltage swell, notches, harmonics,
reactive power and load unbalancing. The power quality problems and their solutions are

reviewed and given as follows.
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2.2.1 Power Quality Problems [1-29]

The injection of harmonics at power distribution level is a cause of major concern to power
system engineers. The reasons are mainly due to increase in the power electronics loads, which
cause supply current and voltage to become non-sinusoidal [1]. The power electronics based
loads are realized using solid state converters. Nonlinear loads are usually classified as
harmonics current sources and voltage sources. Some of the harmonic producing loads include
converters, switch mode power supplies (SMPS), electric arc furnaces, inverters and personal
computers [2-3]. The others advantages of solid state converters are the decrease in the losses, an
increase overall efficiency and increasing production [4-8]. The consequence of this is more
penetration of nonlinear loads, which increase harmonic level, distortions and notches in the
system. The use of renewable energy sources such as solar photovoltaic (SPV) in the distributed
generation has increased power quality issues. These sources require solid state converters and
there is variation in input power, which causes current and voltage related power quality

problems occur at PCC [9-11].

Three phase converters, which are used to convert DC to AC require commutation of the AC
from one phase to another. During this period, there is a momentary short circuit between the
two phases, which cause periodic voltage disturbance called notching [12]. This appears due to
source impedance and isolating inductance between the converter and the point being mentioned,
which causes extra burden on the insulation of electrical equipment [13]. Due to loads with solid
state rectifiers, arcing equipment and switching power supplies noise can occur in the power
system. This problem can be worse by improper grounding. Noise disturbed various electronics

equipment [14-16].
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There is not only the problem of harmonics, but also other power quality problems such as
reactive power, excessive neutral current, load unbalancing and unregulated voltage [17-18]. An
increase demand of reactive power by load reduces the supply power factor. This effect causes
low power factor is overloading the power cables and equipment failure. The load unbalancing is
due to removal of a phase load, can increase or the decrease of current in any phase. The

unbalanced load draws unbalanced currents from utility [19-20].

The disturbances in supply voltages are due to short duration voltage variations and long
duration voltage variations. The short duration voltage variations are voltage sag, voltage swell
and an interruption [21-25]. Voltage sag is basically decrease in r.m.s. voltage at the power
frequency ranging from half cycle to a minute, voltage swell is an increase in voltage upto a
level 1.1 to 1.8PU in r.m.s. voltage at power frequency ranging from half cycle to a minute and
an interruption occurs when the supply voltage decrease to less than 0.1PU for a period of time
not exceeding one minute. Long duration voltage variations are under voltage and overvoltage.
These are defined as less than 90% and greater than 110% for the period longer than one minute
respectively. The under voltage is due to switching on large load or switching off a large
capacitor bank. The overvoltage is due to switching off large load or energizing a capacitor bank.
These voltage variations have significant impact on domestic and industrial consumers. The
process chain can stop even due to small duration of voltage interruption, which causes huge

production can be wasted [26-29].

2.2.2 Power Quality Solutions [30-84]

Passive filters such as tuned L-C circuits have been used to compensate harmonics in the past.

The various configurations for passive filters are such as single tuned, double tuned, triple tuned,
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quadruple tuned, damped and automatically tuned. The other configurations of passive filters are
passive series filter, passive shunt filter and combination of both. The passive series filters are
used to prevent a particular harmonic component from voltage fed type loads by offering large
impedance to that frequency component. The passive shunt filters are used to mitigate the
harmonic current and partially to meet reactive power requirement of current fed type loads.
Combining both series and shunt passive filters called hybrid passive filters. The hybrid passive
filters can eliminate voltage and current harmonics. It can balance and also regulate the terminal
voltages. Although the passive filters have low initial cost and are efficient, yet they suffer from
problems of bulky size, higher space requirements, detuning with age and possibility of

resonance with load or system impedance [30-39].

Power converters based solutions have now been developed especially due to progress in speed
and capacity of power semiconductor technology in power electronics [40]. High speed and
higher capacity power converters are employed for mitigating power quality related problems
such as power factor correction, harmonics compensation, voltage sag/swell, voltage flicker and
unbalanced/fluctuating loads [41-45]. The devices which can mitigate these power quality
problems are custom power devices such as active power filters (APFs) [46-50]. The topologies

of these devices existed are series, shunt or combination of both.

An active series compensator is used mitigate voltage related power quality problems such as
harmonics, voltage sag, voltage swell, flickers, voltage fluctuations and imbalance [51]. Theses
power quality problems increase losses in the system and stop functioning of sensitive loads
causes loss of production [52-53]. An active series compensator is connected in series with the
AC mains using a matching transformer used to inject the voltage of required magnitude and

frequency and to restore the voltage across the loads to protect the sensitive loads and reduces
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the losses in the system. It is also useful to damp out harmonics propagation caused by resonance
between the line impedance and passive shunt compensator [54-56]. These compensators are
known as solid state series compensators (SSCs) and dynamic voltage restorers (DVRs) [57-58].
The IGBTs (Insulated Gate Bipolar Transistors) based voltage source converters (VSC) is used
in these compensator to inject equal and opposite voltage of disturbance in series with AC mains

to provide clean and regulated voltage.

The shunt APFs are applicable for current related power quality problems and sometimes known
as distribution static compensator (DSTATCOM) [59-64]. The DSTATCOM is used to mitigate
current related power quality problems such as power factor correction (PFC), harmonics
compensation, load unbalancing and voltage regulation [65-67]. The major factors in advancing
the shunt compensator are the introduction of fast solid state devices. In the initial stage, bipolar
junction transistors (BJTs) and power metal oxide semiconductor field effect transistors
(MOSFETS) and gate turn off thyristor (GTOs) have been used to develop shunt compensator.
The introduction of IGBTs has boosted up DSTATCOM technology and considered ideal solid

state device for it [68-72].

The improvement in the sensor technology such as Hall effect voltage and current sensors with
accurate sensing, vast variety, reasonable cost and easy availability has contributed to enhance
the performance of shunt compensator [73-74]. The advancement in the technology of signal
processing, starting from the use of discrete analog and digital computers, microprocessors,
microcontrollers and DSPs (Digital Signal Processors) has also contributed in enhancing the
performance of DSTATCOM. Tremendous development in DSP technology has made possible
to implement fast and complex control algorithms for control of VSC used in DSTATCOM [75-
78].
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Combining active series and active shunt compensators can compensate for both voltage and
current related power quality problems. A custom power device known as unified power quality
conditioner (UPQC) is combination of both series and shunt compensators [79-80]. This consists
of two voltage source converters joint back to back with common DC bus capacitor. The shunt
device for UPQC known as DSTATCOM used to compensate for current related power quality
problems such as harmonics elimination, reactive power compensation and load balancing. The
series connected device of UPQC is known as DVR used to compensate for voltage harmonics,

sag, swell, flickers, notches and voltage unbalancing [81-84].

2.3 POWER QUALITY STANDARDS [85-91]

The quality of power affects end user in many ways such as equipment failure, power loss and
loss of production. A number of power quality standards have been developed by various
organizations, to maintain an acceptable level of power quality at utility level [85]. The various
aspects of power quality such as permissible level of deviations, mitigation and monitoring are
defined in these standards. Several power quality standards are defined by IEEE (The Institute of
Electrical and Electronics Engineers) and IEC (The International Electrotechnical Commission).
An |IEEE-519-1992standard [86], is recommended practice and the requirement for harmonic
control at distribution level. The guidelines for the design of electric power system with
nonlinear loads are provided and the limits are set for steady state and dynamic load conditions.
This standard recognizes the responsibility that end user do not degrade the voltage if the utility
serving other users by requiring nonlinear current from the utility and also recognizes the
responsibility of the utilities to provide voltage close to sine wave. The other IEEE standards are
IEEE-1159-1995 [87] recommended practice for monitoring electric power quality and IEEE-

1100-1999 [88] recommended practice for powering and grounding sensitive electric equipment.
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An |IEEE 1459-2010 [89] standard stipulates that maximum efficiency in electrical network is
obtained when only the fundamental active current is demanded and also the PCC voltages
contain the fundamental positive sequence component. Apart from this, several IEC standards
are recommended such as IEC 6100-2-2, IEC-61000-2-4, IEC-61000-3-2 and IEC-61000-4-15.
These standards recommended compatibility levels for low frequency conducted disturbance and
signaling in public supply systems, compatibility level in industrial plants for low frequency
conducted disturbance, limits for harmonic current emissions and functional and design

specifications for flicker measuring apparatus [90-91].

2.4 LITERATURE REVIEW ON POWER QUALITY MONITORING [92-97]

In electric distribution system, power quality disturbance such as voltage sag/swell, over voltage,
under voltage, harmonic distortion, spikes, notches, transients etc., need to be identified before
necessary mitigation action can be taken. Dash et al. [92] have introduced a new approach based
on an adaptive neural network for the estimation of harmonic amplitudes and phase and total
harmonic distortions. Gaouda et al. [93] have presented wavelet transform for monitoring power
quality problems. They have identified the ability of wavelet transform to separate power quality
problems that overlap in both time and frequency. Yang and Liao [94] have identified degraded
performances of wavelet transform due to the existence of noises riding on the signal. They have
proposed a de-noising scheme for enhancing performances of wavelet transform based power
quality monitoring. This scheme can detect and localized the occurrence of the power
disturbances in the noisy environment. VVoltage sag detection techniques have been discussed in
various literature based on Fourier transform, phase lock loop (PLL) and matrix method [95].
Some authors have presented power quality monitoring techniques such as S-transform,

probabilistic neural network, Stockwell transform etc. [96-97].
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2.5 LITERATURE REVIEW ON CONFIGURATIONS OF DSTATCOM [98-120]

The increase in current related power quality problems has led interest of various researchers in
developing active shunt compensator also known as distribution shunt compensator
(DSTATCOM). The DSTATCOM is capable of compensating various current related power
quality problems such as reactive power, harmonics, neutral current and load balancing in power
factor correction (PFC) and voltage regulation modes. The basic objective of PFC mode is to
compensate for the reactive power by connecting shunt compensator parallel to the consumer
load. Voltage at the PCC is generally not regulated and there is some voltage drop due to internal
impedance of the utility and distribution network. Therefore, the purpose of operating shunt
compensator in voltage regulation mode is to regulate voltage at PCC. Singh et al. [98] have
presented a comprehensive study of configurations of DSTATCOM. They have suggested that
the DSTATCOM can be configured based on the number of switching devices used, use of
isolation transformer and use of type of transformer for neutral current compensation. A number
of configurations such as three phase three wire and three phase four wire are reported in the
literature [99]. The active shunt compensators can also be classified based on the type of
converters used such as voltage source converter and current source converter. The detail

literature survey on configurations of DSTATCOM is given as follows.

2.5.1 Three Phase Three Wire DSTATCOM Configuration

Three phase three wire system requires three leg VSC used as DSTATCOM and used for
compensation of consumer load in three phase three wire distribution system. The DSTATCOM
under this configuration is able to mitigate various power quality problems such as harmonics,
reactive power, voltage regulation and load balancing. Gyugyi and Strycula [100] have introduce

first the concept of active shunt compensator in 1976. In three phase three wire system, there is
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absence of neutral current conductor, consequently absence of zero sequence current
components. Peng et al. [101] have presented active power filter using quad series voltage source
pulse width modulation (PWM) converters to suppress harmonics by injecting compensating
currents. Fugita and Akagi [102] have discussed the capability of shunt active power filter to
regulate the distribution line voltage by means of adjusting reactive power. Simulation and
experimental results have been shown to verify the effectiveness of shunt active power filter

capable of both harmonic damping and voltage regulation.

Mishra et al. [103] have presented operation of a DSTATCOM in voltage control mode. The
DSTATCOM used as a voltage regulator to maintain voltage of a particular bus. The amplitude
of the bus voltage is calculated, whereas its phase angle is generated from the DC capacitor
control loop. Chandra et al.[104] have discussed shunt active power filter for voltage regulation,
harmonic elimination, power factor correction and load balancing. In this, a three phase IGBTs
based current controlled voltage source converter (CC-VSC) with DC bus capacitor is used as
shunt active power filter. Singh et al. [105] have discussed modeling and design of different
control strategies for three phase, three wire DSTATCOM. Singh et al. [106] have investigated a
three-pole shunt active power filter system working with three phase/single phase load. They
have developed a prototype model which operates in two modes, three pole device and four pole
device. Babaei et al. [107] have discussed symmetrical and asymmetric multilevel inverter
topologies with reduced switching devices. They designed multilevel inverter with reduced
number of switching device in comparison with the other topologies. Modeling of DSTATCOM
using battery energy storage system with improved power quality is also reported in the literature
[108].The presented system is designed for voltage control, power factor correction and active

power control.

20



2.5.2 Three Phase Four Wire DSTATCOM Configuration

This configuration of DSTATCOM in three phase four wire system is for mitigation of neutral
current along with other power quality problems such as harmonics elimination, reactive power
compensation and load balancing. Four wire configurations can be classified as isolated and non-
isolated based on type of transformers and number of switches used by VSC. Various
connections of VSC such as four leg VSC, three leg VSC with split capacitors, three single phase
VSCs, three leg VSC with zig-zag transformer etc. are used in four wire configuration.

Singh et al. [109], have presented three phase, four wire DSTATCOM system for load balancing,
neutral current compensation, power factor correction and voltage regulation feeding commercial
and domestic consumers. Various topologies are available in the literature for three phase four
wire DSTATCOM system for compensating neutral current along with necessary compensation
features of three phase three wire system [110]. These topologies are classified as three H bridge,
three phase four wire capacitor mid-point and three phase four wire four leg [111-113]. The H-
bridge shunt compensator topology uses three H-bridge voltage source converters which are
connected through isolation transformers. The basic difference between capacitor mid-point
topology and four wire four leg topologies is the number of power semiconductor devices and
the connection of the neutral wire. Shukla et al.[114] have discussed two different multilevel
topologies for three phase four wire DSTATCOM. These are diode clamped multilevel inverter
and flying capacitor multilevel inverter. The advantages of multilevel inverters in DSTATCOM
are smaller filter size, lower switching losses, lower electromagnetic interference, and lower
voltage stress of power semiconductors. The need of interconnecting transformer can be
eliminated with the help of multilevel inverters [115]. The topology of DSTATCOM is reported

based on non-isolated three leg VSC with a zig-zag transformer. This is used to reduce neutral
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current and advantageous due to passive compensation and less complexity over the active
compensator [116]. The other transformers such as T-connected, star and hexagon are also used
along with three leg VSC as three phase four wire DSTATCOM [117-118]. The isolated
topologies for three phase four wire DSTATCOM are based on three single phase VSC, consist
of three H-bridge VSCs that supported by common DC storage capacitor and three leg VSC with

transformers [119-120].

2.6 LITERATURE REVIEW ON CONTROL ALGORITHMS

The effectiveness of shunt compensator depends upon control technique used for estimation of
reference supply currents, which are used for generation of switching pulses for three phase VSC
used as DSTATCOM. The estimated reference supply currents consist of fundamental active and
reactive component of load currents. Substantial literature is available on control algorithms for
DSTATCOM. The developed control algorithms are classified into four major categories such as
conventional control algorithms, adaptive theory based control algorithms, recursive theory
based control algorithms and artificial intelligence based control algorithms. The literature

survey on the developed control algorithms is given as follows.

2.6.1 Conventional Control Algorithms[121-142]

These control algorithms are based on the theories such as power balance theory, instantaneous
reactive power theory, conductance based and instantaneous symmetrical component theory.
Singh et al. [121] have developed a method for shunt compensator, which is used to compensate
reactive power and balance the load of three phase, four wire distribution system. Singh et al.
[122] have presented active power filter for three phase, three wire system to eliminate
harmonics and to compensate for reactive power under nonlinear loads. Singh et al. [123] have

developed power balance theory for active power filter for controlling the flow of real power
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from the AC mains to the load, harmonics and reactive power from the active filter to the load. A
number of literature is available where power balance theory based control algorithm is used for

harmonics mitigation, reactive power compensation and load balancing [124]-[125].

Akagi et al. [126] have discusses instantaneous reactive power compensator comprising
switching devices which require no energy storage devices and the instantaneous imaginary
power has been introduced on the same basis as the conventional instantaneous real power for
the three phase system. Substantial literature is available on instantaneous reactive power theory
for shunt compensator using multiple voltage source PWM converters, three phase four wire
system, three phase power system used for sinusoidal or non-sinusoidal, balanced or unbalanced,
three-phase power systems with or without zero sequence currents and voltages and power
quality enhancement in distributed generation system [127-131]. In some literature, the
conductance based control algorithm is developed for voltage regulation of asynchronous
generator in isolated small hydro power generation [132]. This type of algorithm is applied to
shunt compensator for mitigation of current related power quality problems [133-135]. Ghosh
and Joshi [136] have presented new concept of reactive power generation in power distribution
system for load balancing and power factor correction. Rao et al. [137] have discussed
instantaneous symmetrical theory to explore various control strategy of load compensation under
balanced and unbalanced supply voltages and merits and demerits of these control algorithms are
presented based on total harmonic distortion, power factor of source currents and compensator
ratings. This theory is discussed in the literature for compensation of load in three phase four
wire distribution system, load compensation under unbalanced and distorted voltages and control
of micro grid VSC for bidirectional power flow along with power quality compensator [138-

142].
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2.6.2 Adaptive Theory Based Control Algorithms [143-161]

Adaptive control techniques provide a systematic approach for automatic adjustment of
controllers in real time in order to achieve desired performance. This area is developed in terms
of adaptive filtering, control algorithms and analysis. Adaptive control can provide automatic
tuning in closed loop for the developed controller parameters [143-145]. Luo and Hou [146]
have discussed a new adaptive detecting method for harmonics and reactive currents based on
adaptive interference cancelling theory. Adaptive detecting approach of harmonic current for
active power filter based on a neuron through studying mapping relation and learning algorithm
of the neuron model and its realization using analog circuitry have been presented in the
literature [147-149]. Elnadyet al. [150] have presented a novel method for the mitigation of the
voltage sag and voltage flicker by using adaptive and extended Kalman filter and its derivatives.
In some literature, an adaptive notch filtering approach is introduced to extract the harmonic and
reactive current components for power quality improvement in grid-connected converters [151-
152]. Arya et al. [153] have developed leaky least mean square (LMS) based control algorithm
for control of three phase DSTATCOM, with improved dynamic response and fast convergence.
Various other adaptive filtering techniques based on Wiener filter, fixed step LMS and variable
step size LMS have been presented for numerous applications of noise reduction in signal
processing and harmonic detection in shunt active power filter [154-160]. Singh et al. [161] have
presented an implementation of adaptive filter for three phase DSTATCOM for harmonics

elimination, reactive power compensation and load balancing.

2.6.3 Recursive Theory Based Control Algorithms [162-176]
In the recursive techniques, computation starts with initial conditions and the information

contained in new data samples is used to update the old estimated values [162]. Chen et al. [163]
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have designed a shunt active power filter based on recursive least square (RLS) control algorithm
for compensation of reactive power, harmonics and load balancing. Zawawi et al. [164] have
presented RLS based control algorithm for harmonic identification. Pereira et al. [165] have
discussed two control techniques based on LMS and RLS to improve the transient response time
of harmonic detection. The variable forgetting factor RLS control techniques has been used for
various applications in signal processing such as signal representation, system identification etc.
[166-169]. The recursive inverse control technique uses variable step size and instantaneous
value of the autocorrelation matrix in the coefficient update equation that leads to an improved
performance of the algorithm in terms of fast convergence and less steady state error [170-172].
Recursive theory such as immune feedback based control techniques recent application includes
the control of a single phase inverter [173], and a three phase inverter [174]. The literature
review shows the application of immune based feedback law for a single STATCOM for voltage
control [175], as well as multiple STATCOM [176]. The authors have taken a 10 machine, 39
node system and used STATCOM for the control of voltage at the bus bar where STATCOM is
installed. They have applied humoral immune system for control of two STATCOM. Both the

papers present simulation results for large interconnected power system.

2.6.4 Artificial Intelligence Based Control Algorithms [177-193]

The control algorithms based on artificial intelligence work on the principle of human
intelligence to achieve a specific task for which they are designed. These control algorithms have
the capability of learning, self-organizing or self-adapting. Singh et al. [177] have designed and
developed a neural network based control scheme for selective compensation of current related
power quality problems. Arya et al. [178] have presented learning-based anti-Hebbian control

algorithm for compensation of linear and nonlinear loads. This algorithm is proposed to control
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the DSTATCOM reactive power compensation, harmonics elimination and load balancing. The
controllers based on intelligent techniques such as neural network, fuzzy logic and adaptive
neural-fuzzy network have been presented in the literature [179-183]. Various authors have
proposed in the literature that the parameters of conventional controller such as proportional
integral (P1) vary according to variation in system parameters and require exact mathematical
model of the system. However, intelligent controllers such as fuzzy, adaptive neuro-fuzzy etc.
are robust and exhibit better transient and steady state response than conventional PI controller
[184-185].

The other type of artificial intelligence control technique is recurrent neural network (RNN)
[186]. The back propagation and back propagation through time learning methods for neural
network retain the information about large number of previous training data, which can be
drawback for the real time application. This can be overcome by the recurrent neuron network
such as (RNN). Several gradient based techniques are used for training RNN such as back
propagation through time (BPTT), recurrent back propagation (RBP) [187], and real time
recurrent learning (RTRL) [188-190]. The variable step size LMS based control technique
exhibits fast convergence and less static error [191-193]. The step size estimated using ANFIS

learns faster and achieves less error in estimation.

2.7 LITERATURE REVIEW ON DSTATCOM APPLICATION TO GRID
INTEGRATION OF SPV ARRAY [194-207]

The voltage source converter (VSC) used to interface renewable energy source (RES) such as
solar photovoltaic (SPV) array can be used to incorporate power quality solutions. The VSC can
be utilized as power converter to inject power generated from SPV array to the grid and perform
functions of DSTATCOM such as harmonics elimination, reactive power compensation and load

balancing [194-197]. The solar photovoltaic-micro turbine grid interface using VSI has been
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given the voltage support and control in rural application with sliding mode control [198].
Chidurala et al. [199] have presented application of PV inverter as a solar-DSTATCOM with a
new control strategy provides the individual phase voltage regulation, harmonics and reactive
power compensation at the integration point during both day and night time. Tsengenes and
Adamidis [200] have given a strategy for better utilization of the SPV system, according to this
strategy during sunlight the system sends active power to the grid and at the same time
compensates the reactive power of the load. In case there is no sunlight, the inverter only
compensates the reactive power of the load. Essakiappan et al. [201] have indicated that power
converter used in SPV system operates at high frequency, which produce common mode voltage
at the output in addition to the differential mode voltage. This increases the voltage on the lines
and switches potentially leading to reduction in lifetime. Thus it is prerequisite to minimize

effect of common mode voltage and current in SPV system.

Villalva et al. [202] have proposed a method of modeling and simulation of photovoltaic arrays.
Verma et al. [203] have designed solar photovoltaic array of 20kW peak power capacity. In this
a current synchronous detection based control of a grid interfaced SPV power generating system
is presented with an improved power quality at AC mains. Singh et al. [204] have proposed
design of various components of SPV system such as SPV array panel, DC-DC boost converter,
DC bus capacitance, DC bus voltage and AC interfacing inductors. Kamatchi Kannan et al. [205]
have investigated a three-phase DSTATCOM, which is fed by PV array or battery operated DC-—
DC boost converter is proposed for power quality improvement in the distribution system. Jain et
al. [206] have proposed a solar energy conversion system also performs in improving power
quality at PCC. This consists of a boost converter, which serves the purpose of maximum power

point tracking (MPPT) and VSC, which performs reactive power compensation, harmonics
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elimination and feeds solar power to the grid. Singh et al. [207] have proposed an improved
linear sinusoidal tracer (ILST)-based control algorithm for a single-stage, three-phase grid
connected solar photovoltaic (SPV) system, not only feeds extracted solar energy into the grid
but it also helps in improving power quality in the distribution system.

2.8 IDENTIFIED RESEARCH AREAS

Based on exhaustive literature review on power quality problems, monitoring and mitigation
techniques, the research areas which have been identified based on this review are some major
issues related to complexity, computational burden, response time and robustness need to be
resolved in development of control algorithms for DSTATCOM and its applications. The key
objectives of the proposed research work are aimed to design and develop some new control
algorithms for three phase DSTATCOM, which perform faster with reduced complexity and
computational burden. The application areas of DSTATCOM in integrating RES such as SPV
array to the grid have also been proposed. This system can be utilized as power converter to
inject power generated from SPV array to the grid and performs functions of DSTATCOM such
as harmonic elimination, reactive power compensation and load balancing.

The algorithms which are identified in this investigation are classified into four major categories
based on their operating principle. These algorithms are classified as conventional control
algorithms, adaptive theory based control algorithms, recursive theory based control algorithms
and artificial intelligence based control algorithms for control of three phase DSTATCOM. The
detail description of these investigated control algorithms and DSTATCOM application to grid

integration of SPV array are given as follows.

e Conventional Control Algorithms
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In conventional control algorithms, the estimation of reference supply currents for generation of
switching pulses for control of three phase VVSC are performed with investigated power balance
theory (PBT), instantaneous reactive power theory (IRPT), conductance based control algorithm
and instantaneous symmetrical component theory (ISCT).

e Adaptive Theory Based Control Algorithms

In adaptive theory based control, the control techniques provide a systematic approach for
automatic adjustment of controllers in real time in order to achieve desired performance. These
control algorithms can provide automatic tuning in closed loop for the developed controller
parameters. The control algorithms investigated under this category are based on Wiener filter
theory, fixed step size least mean square (FSSLMS) and variable step size least mean square
(VSSLMS). Different variants of LMS technique are designed, developed and compared for
control of three phase DSTATCOM.

e Recursive Theory Based Control Algorithms

The control techniques under this category works by starting computation with initial conditions
and the information contained in new data samples is used to update the old estimated values.
The control algorithms investigated under this category are based on recursive theory and
include algorithms such as variable forgetting factor recursive least mean square (VFFRLS),
variable forgetting factor based recursive inverse (VFFRI) and immune feedback principle for
estimation of reference supply currents, which are used to control three phase VSC used as
DSTATCOM.

e Artificial Intelligence Based Control Algorithms

The control algorithms under this category are based on the principle of human intelligence to

achieve a specific task for which they are designed. These control algorithms have the capability
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of learning, self-organizing or self-adapting. The control algorithms investigated under this
category are based on intelligent techniques such as fuzzy logic, adaptive neuro fuzzy inference
system (ANFIS), real time recurrent learning (RTRL) and adaptive neuro fuzzy inference system
-least mean square (ANFIS-LMS) for estimation of reference supply currents, which are used to
control of three phase VSC used as a DSTATCOM.

e DSTATCOM Application to Grid Integration of SPV Array

The VSC used in DSTATCOM s utilized as power converter to inject power generated from
SPV array to the grid. The functions of DSTATCOM of such as harmonic elimination, reactive
power compensation, voltage regulation and load balancing are also performed along with
injecting real power to the grid. The two stage three phase SPV grid connected system is
developed, which consists of DC-DC boost converter and VSC as power converter. The duty
cycle of DC-DC boost converter is determined by maximum power point tracking (MPPT)
algorithm. The control of VSC for real power injection along with power quality improvement is

performed with the developed control algorithms mentioned under above categories.

2.9 CONCLUSIONS

Extensive research work has been carried out in the area of shunt active compensator in terms of
configuration, control and its applications. This technology has been found to be well established
and practical shunt compensators are installed at distribution level for mitigating current related
power quality problems. It has been observed after review of literature that significant
development is carried out in the broad area of active shunt compensator. However, there exists a
scope in terms of development of fast, less complex and accurate control algorithms with less
computational burden. The application of shunt compensator for integrating RES such as SPV to

the grid is a recent trend and needs to be explored further.
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CHAPTER-III
DESIGN AND DEVELOPMENT OF DSTATCOM

3.1 GENERAL

This chapter deals with the design and development of a three phase DSTATCOM at distribution
level. The selected DSTATCOM configuration consists of three-leg voltage source converter
(VSC) with insulated gate bipolar transistors (IGBTs) using antiparallel diodes and a DC
capacitor. The simulation model of the system is developed in MATLAB environment using
SIMULINK and Sim Power System (SPS) tool boxes. The simulation study is carried out using
components such as VSC works as current controlled voltage converter. The interfacing
inductors along with ripple filters are used to limit the ripple currents. A set of three phase
linear/nonlinear loads are considered in this distribution system to be compensated by proposed
DSTATCOM. An experimental prototype is developed in the laboratory to validate the
simulated performance of DSTATCOM. This developed system uses VSC as a DSTATCOM,
which is controlled by digital signal processor (DSP). The system configuration, simulation and
hardware development of DSTATCOM are discussed in detail in different sections of this

chapter.

3.2 CONFIGURATION OF THREE PHASE DSTATCOM

This section discusses the configuration and design of three phase DSTATCOM. Fig. 3.1 shows
the block diagram of three-phase distribution static compensator (DSTATCOM). A three phase
AC mains with grid impedance, shown using series Ls-Rs branch, feeds a variety of loads. The
DSTATCOM s designed using three phase voltage source converter (VSC) and it is realized
using a three leg converter bridge having six insulated gate bipolar transistors (IGBTSs) with anti-

parallel diodes and high value capacitors at DC side. Interfacing inductors (L¢) are used at the AC
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Fig. 3.1 Schematic diagram of the DSTATCOM

side of VSC, which couple the VSC to the grid. Series connected capacitive (Cs) and resistive
(Rr) elements at PCC help to reduce the high frequency switching noise generated by the
switching of IGBTs. Three phase linear and nonlinear loads are connected at the point of
common coupling (PCC) to be compensated by proposed DSTATCOM. The linear load is
realized using three phase star connected R-L branches. The nonlinear load is realized using a

three phase uncontrolled bridge rectifier with series R-L branch.

3.3 OPERATING PRINCIPLE AND FEATURES OF DSTATCOM

The DSTATCOM is a shunt connected static converter. It comprises of a VSC having
semiconductor devices such as IGBTs with antiparallel diodes [61]. The single line diagram of
shunt compensator is shown in the Fig. 3.2, which presents the basic operating concept of the

shunt compensator. The three leg VSC is used in the system, where switches of each leg
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switched on and off once in a complete cycle. The antiparallel diodes allow flow of current in

the reverse direction. The VSC output RMS voltage is given as,

VLL = \/ngdc (31)

where Vg is the DC bus voltage and m is the modulation index. The shunt compensator is able to
supply leading reactive power if V. is greater than the PCC line voltage (va), otherwise it

draws lagging reactive power from the AC mains.
The load current (ij) for the nonlinear load at n™ sampling instant is given as,
ij(t) = Lipsin(wt + @f) + Xp=s7. Lin sin(hwt + @p) (3.2

where I.¢, I, @rand @ydenote the peak value of fundamental load current, peak value of
harmonic current, phase angle of fundamental component of load current and phase angle of the
harmonic component of load current respectively. It is observed from Eq. (3.2), that the load
current can be broadly divided into two parts. The first part corresponds to fundamental
component and second part corresponds to harmonics component. Fundamental and harmonic

components can be further divided into two parts viz. one part corresponding to active power

Load

Fig. 3.2 Basic Principle of DSTATCOM
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components (i;r, and iz, ) and another part corresponding to reactive power components (i;z,

and i;p4 ), as shown in Eqgns. (3.3) and (3.4),
i[j(n) = ijr sinwn cos @ + i;r cos wn sin P

+ Y h=3s,7. (lin sinhon cos @ + iy, cos hwn sin @) (3.3
ii(n) = Lfp T Upq + linp + ling (3.4

The shunt active compensator should compensate for harmonics and reactive current (iitq, imp and
iihg), SO that the supply provides only fundamental active current (i) component of the load

current.
3.4 DESIGN OF COMPONENTS FOR THREE PHASE DSTATCOM

The design of three phase VSC based DSTATCOM is presented here. The main components of
shunt compensators are VSC, voltage sensors, current sensors, interfacing inductors and ripple

filters [1, 9]. The parameters for design components are given in Appendix-A.
3.4.1 Design and Selection of Voltage Source Converter

The design and selection of three phase VSC depends upon the compensation requirement such
as harmonic elimination, reactive power compensation and load balancing. The rating of VSC
should be greater than the harmonic and reactive power compensation required for linear and
nonlinear loads. The rating of VSC considered here is around 415V, 50Hz and 25kVA for the

load compensation of 20kVA.
3.4.2 Design and Selection of DC Bus Voltage

The DC bus voltage is calculated as [1],
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Ve = 2V2V,, /N3m = 2228 = 677,69V (3.5)

where V. is the AC line voltage of the shunt compensator and m is modulation index.
Modulation index m is selected 1 and AC line voltage of DSTATCOM is 415V, then Vg is

obtained as 677.69V. Thus the DC bus voltage is selected as 700V.
3.4.3 Design and Selection of DC Bus Capacitance

The design of DC bus capacitance of VSC is given as [1],

6X0.1X239.60%x1.2X19X0.015

CdC = 6k1VphaIpht/(dec - decl) = (7002—677.692)

= 15991F (3.6)

where Vg is nominal DC bus voltage, Vqc1 is minimum voltage level of the DC bus voltage, a
overloading factor selected to be 1.2, the constant ki is selected 0.1, Vpn is phase voltage, Iph is
phase current and ‘t’ represents time by which DC bus voltage is to be recovered. According to
above given formula in Eqn. 3.6, DC bus capacitance (Cqc) is calculated to be around 1599uF

and is selected as 1650uF.
3.4.4 Design and Selection of AC Interfacing Inductors
The design of AC interfacing inductors is given by the formula as [9],

Ly = V3mVa/(12a filoypp) = Vaxix700 __ _ 5 g5mpy (3.7)

12X1.2x10000%2.85

where m is the modulation index, V4. DC bus voltage, a is overloading factor selected 1.2 and
lerpp IS current ripple of the 15% of VSC current. Switching frequency fs, is selected to be at least
two times the frequency of the highest order harmonic to be compensated by the shunt

compensator and it is also related to the speed of the processor as sampling frequency depends
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upon the speed of the processor. Here sampling frequency is selected as 10 kHz. The calculated

value of interfacing inductor is 2.95mH and a value of 3mH is selected.

3.4.5 Design and Selection of Ripple Filters

The ripple filters are used to filter the high frequency switching noise generated by switching of
IGBTSs in the PCC voltages. These are high pass filters tuned at half the switching frequency and
selected as capacitor with series resistance (R¢-Cs). Considering small time constant of the filter
CiR¢=Ts/10, where Ts is switching time [9]. For a switching frequency of 10kHz, the value of
ripple filter parameters are calculated to be Ry=3Q and Cs=3.33uF. The impedance at
fundamental frequency is around 956€2, which is sufficiently large. Due to this large impedance
ripple filter will draw negligible fundamental frequency current. However, at 10kHz its

impedance is 5.57Q, which is quite low to absorb all high frequency components.

3.4.6 Design and Selection of Voltage and Current Rating of IGBTs

The voltage rating of IGBTs of VSC under dynamic load condition is given as [9],

Veim = Ve + AV, = 700 + 70 = 770V (3.8)
where AVqc is the 10% overshoot in the DC bus voltage under dynamic load condition. If a
reference value of DC bus voltage is selected as 700V, then voltage rating of switches is
calculated to be 770V. The IGBTSs voltage rating is selected 1200V, after considering appropriate
safety factor.

Current rating of IGBTs of VSC under dynamic load condition is given as,

igm = 1.25(Ig, + I,;) = 1.25(26.8 + 5.37) = 40.214 (3.9)

where Isw and Icr are the peak values of compensator current (26.8A, for nonlinear load specified
in Appendix-A) and the allowed ripple currents considering 20%. The current rating is calculated
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40.21A. The IGBT module, SKM150GB12V (Semikron make) is selected. The voltage and

current rating for selected IGBT module are 1200V and 231A respectively.

3.5 DEVELOPMENT OF PROTOTYPE OF THREE PHASE DSTATCOM

The development of various components for the prototype model of DSTATCOM developed in
the laboratory is presented here. This system requires the development and selection of three
phase VSC, DC bus capacitor, voltage sensing circuits, current sensing circuits, interfacing
inductors, linear and nonlinear loads to be compensated. The development of DSTATCOM
hardware prototype, VSC, voltage sensors, current sensors, gating circuit, interfacing inductors

and ripple filters are given as follows.

3.5.1 Hardware Configuration of Prototype of DSTATCOM

The prototype of three-phase DSTATCOM is implemented in the laboratory. The system is
developed at lower voltage rating of 110V, 50Hz due to available equipment rating constrains in
the laboratory. Fig. 3.3 shows the layout of the developed three-phase DSTATCOM. The input
of auto-transformer is three phase AC mains of 415V, 50Hz and the output voltage is set at
110V. It feeds linear and nonlinear loads. The DSTATCOM is designed using three phase VSC.
This uses six IGBTs with anti-parallel diodes and high value capacitor at DC side. The IGBT
module, (Semikron make SKM150GB12V) is used in VSC [208]. The control operation of the
VSC used as DSTATCOM is performed with the help of DSP (dSPACE 1104 R&D controller
board) embedded in personal computer (PC). The DSP (dSPACE 1104) is real time controller
based on a 603 PowerPC floating-point processor [209]. This includes slave DSP subsystem
based on the TMS320F240. The PCC voltages (Vsa, Vsb), supply currents (isa, isb), load currents
(i, 1w, 1ic) and DC bus voltage (Vqc) are sensed by Hall effect voltage and current sensors.

Appropriate buffer circuitry is designed for voltage and current sensors using operational
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Fig. 3.3 Layout of three phase DSTATCOM

amplifier (OP07). The photograph of developed three phase DSTATCOM in the laboratory is
shown in Fig. 3.4. The parameters for developed DSTATCOM system are given in Appendix-B.
The control algorithm for generation of reference supply currents is developed in MATLAB
environment using SIMULINK and SPS tool boxes. This algorithm is implemented using DSP-
dSPACE as shown in Fig. 3.5. The DSP based implementation is mainly divided into three
blocks, ADC block, scaling of signals along with control algorithm block and PWM current
controller block. The output of voltage and current sensors are given as inputs to the ADC
channels of DSP (dSPACE 1104R&D controller board). The dSPACE 1104 contains two
different types of ADCs for the analog input channels. The first type contains one 16-bit ADC
with four multiplexed (ADC1-ADC4) input signals. The second type contains four 12-bit parallel
ADCs with one input signal each (ADC5-ADCS8). The signal from ADC channels are scaled up
to get the actual values of PCC voltages, supply currents, load currents and DC bus voltage.

These signals are given as inputs to the control algorithm for generation of reference supply
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Fig. 3.4 Experimental prototype developed of DSTATCOM in the laboratory

currents. The switching pulses for VSC are taken from PWM port of DSP-dSPACE through the
gate driver circuit. The AC side of the VSC is connected to the PCC with the help of interfacing
inductors. An implementation of DC and AC bus PI voltage controllers are shown in Figs. 3.6
and 3.7. An implementation of pulse width modulation (PWM) switching in DSP-dSPACE using
DS 1104SL_DSP_PWM3 block is shown in Fig. 3.8.

3.5.2 Development of VVoltage Source Converter

Fig. 3.9 shows the photograph of VSC (Semikron make) used to developed DSTATCOM
prototype in the laboratory. It consists of insulated gate bipolar transistors (IGBTs) with anti-
parallel diodes. The rating of the DC bus capacitor and DC bus voltage of capacitor are 1650uF
and 800V respectively. The control of VSC is performed with the help of control algorithm

implemented on DSP-dSPACE. Switching pulses are generated from PWM port of DSP-

39



RTI Data

AL ADC

DS 10U _ADCH

2

ADC

L4

il

LEA104ADC_CS5

ADC

\d

Ds1104aDC_C6

ADC

Y
H

ilb

LEA104ADC_C2

Scaling of Signals

and Contral Algarithm

isb™

i
Lt

-fi=t

- li=c

Fuhd Curent Contraller

Fig. 3.5 Software for DSP implementation of control for DSTATCOM

E K Ts
z1

wpdc

(T
L+
r—sf—> -
Ve %ain1s  pr —F|§|
wde
Fig. 3.6 Implementation of DC bus Pl controller
f
e
L [+
Co—sf— g
vt Gain1s CFF —Ir|§|
Wi

Fig. 3.7 Implementation of AC bus PI controller

Ki

40

I Ts

=1




i
+E_Lr
is
[+
- ] » H . . Oty cycle 3
+
¥ + jr__ Duty evele b
Divid
5 e Saturation Oty cycle o
€5 — ]
i THR Pt Stop
04 DS1045L_DEP_PUia3

Fig. 3.8 Implementation of PWM current controller

dSPACE and fed to gate driver circuit, which gives 15V output pulses for operation of IGBTs of
VSC.

3.5.3 Development of Voltage Sensor Circuit

Figs. 3.10(a) and (b) show the schematic diagram and photograph of voltage sensor circuits.

Voltage sensors are used to sense voltages at PCC. For the three phase balanced AC mains

IGBTs based VSC

Fig. 3.9 Voltage source converter
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voltage, two voltage sensors (LEM LV-25-P) are used [210]. These voltage sensors operate at
+15V DC supply as shown in Fig. 3.10(a). The sensed voltage signal from the voltage sensor is
fed to the buffer circuitry. The buffer circuitry is designed using operational amplifier (OPQ7)
with appropriate resistances values. The output signal of buffer circuit is given input to the
developed control algorithm through analog to digital (ADC) channel of DSP-dSPACE. Fig.
3.11 shows photograph of DC bus voltage sensor (LEM LV-25-P/SP5). High wattage input
resistance (47kQ, 5W) is used in this circuit. The output signal of this sensor is also fed to buffer

circuitry and then ADC channel of DSP-dSPACE.

3.5.4 Development of Current Sensor Circuit

Figs. 3.12(a), (b) and Fig. 3.13 show the schematic diagram and photographs of Hall effect

Power supply
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Fig. 3.11 DC bus voltage sensor
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current sensor circuit for sensing the load and supply current. For balanced three phase AC
mains, two Hall effect current sensors (LEM LA-25) are used for sensing supply side currents
and three current sensors (LEM LA-25) are utilized for sensing the load side currents [211].
These current sensors operate at +15V DC supply as shown in Fig. 3.12(a) and fed to the ADC

channels of DSP-dSPACE through appropriate buffer circuitry.

3.5.5 Development of Gating Circuit

Fig. 3.14(a) and (b) show the schematic diagram and photograph of gating circuit. The
magnitude of output pulses from PWM port of DSP-dSPACE is 0-5V, but the IGBTs of VSC

operates at 0-15V gating pulses. Therefore, the gating circuit is required, which amplify output

Load current sensors
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Fig. 3.12(a) Schematic diagram of
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Fig. 3.13 Supply current sensors
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gating pulses from PWM port of DSP to 15V. This circuit is designed using 7406 hex inverter
integrated circuit, n-p-n transistor (2N2222) and appropriate resistances. Six similar circuits are

designed to provide 15V gating pulses to operate the six IGBTs of VSC.
3.5.6 Development of Interfacing Inductors

The design and selection of interfacing circuit are given in section 3.5 and the photograph of
interfacing inductors is shown in Fig. 3.15. The value of interfacing inductors depends upon
value of DC bus voltage of VSC, switching frequency and allowed percentage ripple current.
The rating of interfacing inductor designed here is 3mH and 10A current. The equation for

calculating number of turns (N) [212], of the inductor is given as,

3x0.001X10xV2

N = LIy /(ABy) = ZS000002 — 49 (3.10)

where L is inductance in Henry, I, is peak value of rated inductor current in A, Ac IS core cross
section area m? and B is the flux density in Tesla selected 1T for CRGO. The value of N

calculated from Eqgn. 3.10 is 49 and it is selected 50. The gauge of wire is given as,

a=1/j == =3.33mm’ (3.11)

+15V

. Output
Pulse for VSC

2N2222 0-15v

Input pulse
0-5v ©

HEX inverter
74HC06

= GND

Fig. 3.14(a) Schematic diagram of gating
circuit

Fig. 3.14(b) Developed gating pulses circuit
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Fig. 3.15 Development of interfacing Inductors

where 1 is rated inductor r.m.s. current (A) and J current density (A/mm?) and the value of gauge

‘a’ calculated is 3.33mm?. The air gap length (lg) is given as,

-7 2 —4
I, = UoN?A, /L = 4mx1077x50%x8.658x107" o (3.12)

0.003

where L is inductance in Henry, N is the number of turns, Ac denotes the core cross section area
cm? and po= 4n*1077 H/m. The value of air gap is calculated to be 0.9mm. The calculated values
of number of turns (N), wire gauge (a) and air gap length (lg) are used to design the interfacing

inductor having value of 3mH.
3.5.7 Development of Ripple Filter

The design of series R-C ripple filter is shown in Fig 3.16. The values of R and C are selected
here are 4Q and 5uF respectively. The design of these filters is the same as presented in section
3.4.5. These filters are connected at the PCC in parallel with the load and offer high impedance
(637Q) to the fundamental frequency current. Therefore negligible fundamental current is drawn

by the ripple filter. However, its impedance at switching frequency of 10kHz is 3.18Q. This is
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Fig. 3.16 Development of resistive capacitive (R-C) ripple filters

quite low to such all switching ripples. The loss in this ripple filter is 2.25W only, which is

negligible.
3.6 RESULTS AND DISCUSSION

The detailed discussion on designed and selected values of the components of DSTATCOM for
simulation purpose and developed components for hardware prototype is presented here. Testing
results of developed DSTATCOM components such as voltage sensors, current sensors, gating
circuit and interfacing inductors are also presented. Step by step design and development of the

components are given as follows.
3.6.1 Results of Designed of DSTATCOM

The design and simulation are carried out at full rating of AC mains 415V, 50Hz according to
Indian power distribution system. The design and selection of various components of
DSTSTCOM such as VSC, DC bus capacitance, DC bus voltage, interfacing inductors and ripple
filter are same as given in section 3.4. The VSC is selected of 415V, 50Hz and 25kVA rating.
The selected IGBT module for VSC is SKM150GB12V (Semikron make), having voltage and

current rating as 1200V and 231A. The DC bus voltage and DC bus capacitance are selected as
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700V and 1650uF. The value of interfacing inductor is selected around 3mH. The R-C value of
ripple filter is selected around 3Q and 3.33uF. The designed values of these components are

given in Table-3.1.

3.6.2 Results of Developed Prototype of DSTATCOM

The experimental prototype of the DSTATCOM is developed in the laboratory at the lower
rating of 110V, 50Hz due to available equipment rating constraints in the laboratory. The design
and selection of various components of DSTATCOM such as VSC, DC bus capacitance, DC bus
voltage, interfacing inductors and ripple series R-C filters are same as given for simulation
purpose. The development of VSC, voltage sensors, current sensors, gating circuit, interfacing
inductor and ripple filters same as discussed in section 3.5. The selected IGBT module for VSC
is SKM150GB12V. The value DC bus capacitance, DC bus voltage, interfacing inductors and

ripple R¢-Cs filters are selected 1650uF, 200V, 3mH and 3Q-5uF respectively for developed

TABLE-3.1 TABLE-3.2
SYSTEM PARAMETERS OF DSTATCOM FOR SYSTEM PARAMETERS OF DEVELOPED
SIMULATION DSTATCOM
Supply voltage Three phase 415V, Supply voltage Three phase 110V,
50Hz  with  source 50Hz  with  source
impedance  (Ls=1mH, impedance (Ls=3.5mH,
Rs=0.04Q) _ Rs=0.1Q)
VSC rating 25kVA VSC rating 25kVA
DC bus 1650uF DC bus 1650pF
capacitance capacitance
DC bus 700V DC bus 200V
voltage voltage _
Interfacing 3uF Interfacing 3uF
inductor inductor
Ripple RCs series filter | 3Q-4uF Ripple R-C; series filter | 4Q-5uF
Load Three phase diode Load Linear load: 15kVA,
parameters bridge rectifier with parameters 0.73 lagging pf
R=15Q and L=100mH Nonlinear load: Three
Switching 10kHz phase diode bridge
frequency rectifier with R=15Q
and L=100mH
Switching 10kHz
frequency




prototype of DSTATCOM. The rating of components selected for developed prototype is

summarized in Table-3.2.

3.6.3 Testing Results of Developed DSTATCOM

Testing results of developed system components such as voltage sensors, current sensors, gating
circuit and interfacing inductors is carried out here. Interfacing of voltage and current sensors
with the ADC channels of DSP-dSPACE and selection of gain values for sensors output and are

also presented.

3.6.3.1 Testing Results of Voltage Sensors

Fig. 3.17 shows the testing results of PCC and DC bus voltage sensors. Only two PCC voltage
sensors are required for balanced three phase system. Third phase of voltage is calculated from
other two phases. Figs. 3.17(a) and (b) present actual PCC voltages and sensed PCC voltages
corresponding to phase ‘a’ and ‘b’ respectively. The actual magnitude of PCC voltages are
obtained from high voltage differential voltage probe (Tektronix P5200A). The actual PCC
voltage magnitude is 179.8V (P-P), whereas sensed PCC voltage magnitude is 185mV (P-P).
Therefore, the value of gains selected around 971.89, for output signals of PCC voltage sensors
to achieve actual magnitudes. Fig. 3.17(c) shows waveforms of sensed phase ‘a’, sensed phase
‘b’ and calculated phase ‘¢’ of PCC voltages. Fig. 3.17(d) shows waveforms of actual and sensed
DC bus voltage of VSC used as DSTATCOM. Initially the DC bus voltage magnitude is at peak
amplitude of line voltage around 155.5V and the output of DC bus voltage sensor is 279mV.
Therefore, the gain value selected for DC bus voltage sensor is around 557.3, used to obtain

actual value of DC bus voltage.

3.6.3.2 Testing Results of Supply Current Sensors
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Fig. 3.17 Actual and sensed PCC voltages and DC bus voltage

Fig. 3.18 shows testing results of supply current sensors. For balanced three phase system only
two phases (phase ‘a’ and ‘b”) of are required to be sensed. Third phase (phase ‘c’) is calculated
from other two phases. Figs. 3.18(a) and (b) depict waveforms of actual current and sensed
current corresponding to phase ‘a’ and phase ‘b’ respectively. The actual waveforms of currents
are obtained from current probes (Agilent 1146A). It is observed from these results that the
actual magnitude of phase ‘a’ of supply current is 5A (P-P), whereas magnitude of sensed current
is 165mA (P-P). Therefore, the selected gain value of supply current is around 30.3, which is

used to obtain actual magnitude. Fig. 3.18(c) depicts waveforms of sensed phase ‘a’, sensed

phase ‘b’ and calculated phase ‘c’ for balanced three phase system.
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Fig. 3.18 Actual and sensed supply currents

3.6.3.3 Testing Results of Load Current Sensors

Fig. 3.19 shows test results of load current sensors. Three current sensors are required for sensing
three phases of load currents. Figs. 3.19(a), (b) and (c) show waveforms of actual load currents
and sensed load currents corresponding to phase ‘a’, phase ‘b’ and phase ‘¢’ respectively. Actual
load currents are observed by using current probe (Agilent 1146A). The gain value selected for
load current sensor is 30.3, same as selected for supply currents sensors. Fig. 3.19(d) shows

waveforms of sensed all three phases of load currents.

3.6.3.4 Testing Results of Gating Circuit

Gating circuit is developed to amplify gating pulses generated from PWM port of DSP-dSPACE.
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Fig. 3.19 Actual and sensed load currents
Fig. 3.20 shows the test results of gating circuit. Figs. 3.20(a), (b) and (c) show gating pulses
output from digital to analog converter (DAC) channels of DSP-dSPACE and amplified pulses
after gating circuit corresponding to phase ‘a’, phase ‘b’ and phase ‘c’ respectively. It is
observed from these results that the amplitude of pulses output from DAC channels are 5V and
these pulses get amplified to 13V after gating circuit. These results show that gating pulse
amplified upto 13V after gating circuit, which is sufficient to derive IGBTs of VSC. Figs.
3.20(d) and (e) present waveforms of gating pulse generated from PWM current controller of

DSP and their inverted pulses corresponding to phase ‘a’, phase ‘b’ and phase ‘c’.
3.6.3.6 Testing Results of Interfacing Inductor

The interfacing inductors are developed for connecting AC side of VSC to the PCC point of grid.
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Fig. 3.20 Gating pulses for three phase VSC

The fixed value of inductor is designed for interfacing VSC to the PCC point. The design of

interfacing inductors is same as given in section 3.4. Fig. 3.21 shows testing results of designed
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Fig. 3.21 Variation of inductance value with current
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interfacing inductor. This result shows variation of inductor value with the output current of
compensator. It is observed from this result that variation in inductance is from 2.95mH to
3.08mH, while variation in current is 1A to 9A. Small variation in inductance value is observed

in the operating current range.

3.6.3.6 Implementation Using DSP-dSPACE 1104

The outputs from voltage and current sensor circuits are given inputs to the ADC channels of
DSP (dSPACE 1104 R&D controller board). These signals can be observed with the help of
DAC channels of DSP as shown in Fig. 3.22. Fig. 3.22(a) shows waveforms of PCC voltages
(Vsa, Vsb and vsc) and DC bus voltage (Vqc) from DAC channels of DSP-dSPACE. Figs. 3.22(b)

and (c) show waveforms of supply currents (iss, isb and isc) and load currents (iia, Iib and iic) from
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Fig. 3.22 Output signals from DAC channels and PWM port of DSP-dSPACE
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DAC channels of DSP-dSPACE. These signals are scaled up and given input to the control
algorithm for estimation of reference supply currents. The gating pulses for IGBTs of VSC from
PWM current controller are shown in Figs. 3.22(d) and (e). These pulses are given input to the

gating circuit for amplification and amplified pulses are used to control three phase VSC.

3.7 CONCLUSIONS

The three phase DSTATCOM has been designed and developed in the laboratory for real time
validation. The design and selection of different components of DSTATCOM such as VSC, DC
bus capacitance, interfacing inductors, ripple filters and rating of IGBTs have been presented.
Hall effect voltage and current sensors with appropriate buffer circuitry have been developed for
laboratory prototype. Gating circuit has been developed for amplification of gating pulses from
PWM current controller of DSP-dSPACE. Interfacing inductors and ripple filters have also been
developed and fixed at their designed values. The simulation model of control algorithm has
been implemented with the help of DSP (dSPACE 1104) for estimation of reference supply
currents. The developed components of DSTATCOM such as voltage sensors, current sensors,
gating circuit and interfacing inductor have been tested. The ADC channels, DAC channels and
PWM port of DSP-dSPACE have also been tested for proper operation of developed

DSTATCOM prototype.
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CHAPTER-IV
CLASSIFICATIONS OF CONTROL ALGORITHMS FOR DSTATCOM

41 GENERAL

Performance of the DSTATCOM depends upon the type of control algorithm used to estimate
the reference currents. This chapter deals with classifications of the control algorithms for
control of DSTATCOM. The control algorithms have been classified into four categories such as
classical control algorithms, adaptive theory based control algorithms, recursive theory based
control algorithms and artificial intelligence based control algorithms. The PCC voltages, supply
currents, load currents and DC bus voltage of VSC used as DSTATCOM are sensed and used in
different categories of control algorithms for estimation of reference supply currents. Various
features of DSTATCOM such as harmonics elimination, reactive power compensation and load
balancing in power factor correction (PFC) and voltage regulation modes are performed with
these control algorithms. This chapter also presents mathematical modeling, modeling and
simulation, DSP based implementation and performance of the conventional control algorithms
for the DSTATCOM. These algorithms are developed in MATLAB using SIMULINK and Sim
Power System (SPS) tool boxes. Experimental verification of these algorithms is performed on a
developed prototype in the laboratory using voltage source converter (VSC) as a DSTATCOM

and DSP (dSPACE 1104 R&D controller board) as controller.

4.2 CONFIGURATION AND OPERATING PRINCIPLE OF DSTATCOM

The DSTATCOM s a shunt connected device where IGBTs based voltage source converter
(VSC) is used. Fig. 4.1 shows the schematic diagram of VSC based DSTATCOM. A three-
phase, AC mains with grid impedance, shown using series Rs-Ls branch, feeds a three phase

linear/ nonlinear load. The DSTATCOM is designed using three-leg voltage source converter
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(VSC) which uses six insulated gate bipolar transistors (IGBTs) with anti-parallel diodes and DC
link capacitor (Cqc) at DC side. Interfacing inductors (L¢) are used at the AC side of VSC, which
couple the VSC to the grid. High frequency switching noise generated by switching of IGBTSs of
VSC is reduced with the help of series connected capacitive (Cr) and resistive (Rr) elements at the
point of common coupling (PCC). The nonlinear load is represented as uncontrolled bridge
rectifier with series R-L branch. The voltages at PCC (vsa and vsp), supply currents (isa, and isp),
load currents (i, 1ib and iic) and DC bus voltage (Vac) of VSC are sensed and given to the DSP.
These signals are processed by the DSP to generate appropriate switching pulses for three phase

VSC.

A hardware prototype of the system is implemented in the laboratory using DSP (dSPACE 1104

R&D controller board). Hall Effect voltage and current sensors are used to sense real time

Ripple
AC Mains Ry Filter
il —>
i Linear/
Ib —» R
- Nonlinear
ljc—» loads

PO 30k 7 7 Do

Inductors

T Vi

K34

X 554%

Driver circuit

241414144

PWM current controller
DSP-dSPACE1104
ADC < V4

N

Vsa Vsp lsa lsh iIa iIb

Fig. 4.1 Schematic diagram of the DSTATCOM
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feedback signals. The design of sensor circuitry and various components of DSTATCOM are
same as given in section 3.6. Switching pulses generated by DSP are used to derive three phase

VSC, which generates compensator currents (ica, ico and icc).

4.3 REQUIRMENT OF CONTROL ALGORITHMS IN DSTATCOM

The control algorithms required for DSTATCOM are used to estimate the reference supply
currents. The PCC voltages, supply currents, load currents and self-sustained DC bus voltage of
VSC are sensed and given input to the control algorithm. These input signals are processed in the
control algorithm and reference supply currents are estimated. The estimated reference supply
currents are compared with the sensed supply currents and generated currents errors are used to
drive PWM current controller, which generates switching pulses for IGBTSs of three phase VSC

used as a DSTATCOM.

4.4 CLASSIFICATION OF CONTROL ALGORITHMS

This section presents classification of control algorithms for control of the DSTATCOM. These
control algorithms are used to estimate the three phase reference supply currents. These control
algorithms are mainly divided into four parts such as conventional control algorithms, adaptive
theory based control algorithms, recursive theory based control algorithms and artificial
intelligence based control algorithms. The detailed description of these control algorithms is

given as follows.

4.4.1 Conventional Control Algorithms

The control algorithms investigated under this category are based on power balance theory,

instantaneous reactive power theory, conductance based and symmetrical component theory. The
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performance of these control algorithms is tested through simulation and implementation on the
prototype developed in the laboratory. System performance is studied in power factor correction
(PFC) and voltage regulation modes under nonlinear loads. These algorithms are already
developed in various literature for UPF operation. Here these algorithms are extended for voltage
regulation operation also. The voltage regulation is required in various isolated power generation
systems such as isolated diesel generator, isolated micro hydro, biogas and biomass. It is also
necessary in distributed generation system, when the system is in islanding mode. These
algorithms are tested on the developed DSTATCOM system and their performances are

compared with the newly developed control algorithms presented in the following sections.
4.4.2 Adaptive Theory Based Control Algorithms

The adaptive theory based control approach provides self-adjustment of controller parameters in
real time to achieve desired performance in steady state and dynamic load conditions. The
control algorithms investigated under this category include Wiener filter, fixed step size least
mean square (FSSLMS), variable step size least mean square (VSSLMS). Different variations of
VSSLMS are studied, tested and compared to control DSTATCOM. The performance of these
control algorithms is verified using MATLAB based Simulink models which are also
implemented experimentally in PFC and voltage regulation modes of DSTATCOM under

nonlinear loads.
4.4.3 Recursive Theory Based Control Algorithms

In the recursive techniques, computation starts with initial conditions and the information
contained in new data samples is used to update the old estimated values. The control algorithms
investigated under this category are based on recursive theory and include algorithms such as

variable forgetting factor recursive least mean square (VFFRLYS), variable forgetting factor based
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recursive inverse (VFFRI) and immune feedback principle for the control of three phase
DSTATCOM. These algorithms are tested through simulation and implementation in PFC and

voltage regulation modes of DSTATCOM under nonlinear loads.
4.4.4 Artificial Intelligence Based Control Algorithms

Artificial intelligence based control algorithms work on the principle of human intelligence to
achieve a specific task for which they are designed. These control algorithms have the capability
of learning, self-organizing or self-adapting. The control algorithms investigated under this
category are based on intelligent techniques such as fuzzy logic, adaptive neuro fuzzy inference
system (ANFIS), real time recurrent learning (RTRL) and ANFIS-LMS for the control of three
phase DSTATCOM. The performance of these algorithms is studied using simulation results and
test results in PFC and voltage regulation modes under balance/unbalanced nonlinear loads have

been obtained.

45 BASIC PRINCIPLE AND MATHEMATICAL FORMULATION OF
CONVENTIONAL CONTROL ALGORITHHMS

This section presents the basic principle and mathematical formulation of conventional control
algorithms. The control algorithm discussed under this categories are based on power balance
theory, instantaneous reactive power theory, conductance and instantaneous symmetrical
component theory. The detailed description and mathematical formulation of these conventional

control algorithms are discussed as follows.
45.1 Power Balance Theory Based Control Algorithm [121-125]

The power balance theory based control algorithm is used to generate reference supply currents.
This section is divided into three parts. The first part presents the estimation of active power

components of reference supply currents. The second part deals with the estimation of reactive
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power components of reference supply currents and the estimation of reference supply currents

along with generation of switching pulses is presented in the third part.

45.1.1 Estimation of Fundamental Active Power Components of Reference Supply
Currents Using Power Balance Theory Based Control Algorithm

Fig. 4.2 shows block diagram of power balance based control algorithm. The phase voltages (Vsa,

Vsh and Vsc) at PCC are sensed and their amplitude (V) is calculated as,

2
V= [F R+ vd + 0 (4.)
Using PCC voltage magnitude, the unit inphase components are calculated as,
Upg = Vsa/ Ve, Upp = Vp/Vy; and Upe = Ve / Vi (4.2)

The voltage at DC bus (Vqc) of the VSC used as a DSTATCOM s sensed and subtracted from
the reference DC bus voltage (Vqc') for generation of error signal (Vee). The error signal is passed
through a proportional integral (PI) controller. The output of Pl controller (ipac) regulates the DC
bus voltage at reference value and also meets VSC losses. The Pl controller output at n®

sampling instant is given as,

ipac(M) = ipac(n — 1) + kpa(Vae(n) — vge(n — 1)) + kig(vae (n)) (4.3)
where kpg and kig are proportional and integral gains of DC bus voltage PI controller.

The instantaneous active power (pi) of load is calculated as,

P = Wsalia + Vsplp + Vsclic) = Piac + Piac (4.4)

The active power component of load contains DC as well as AC components. This is passed

through a low pass filter (LPF) to filter out AC ripple components and the DC fundamental
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active power component of load (piac) is extracted. The fundamental active power component of

load current (isqg) is calculated as,

. 2 c
ta = (3) (5) 5)
Reference active power component of load current (i) is computed by adding output of DC bus

P1 controller (ipac) and active power component of load current (isq) as,
g = ipdc + i5q (4.6)

Active power components of reference supply currents (isa’, is»_ and isc') are estimated from unit

inphase templates (upa, Ups and upc) and reference active power component (ig”) of load current as,
lpa = lgUpa, i;b = lqUpp and iy, = igUy,, 4.7

These active power components of reference supply currents are used to estimate reference

supply currents given as follows.
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45.1.2 Estimation of Fundamental Reactive Power Components of Reference Supply
Currents Using Power Balance Theory Based Control Algorithm

The unit quadrature vectors of PCC voltages are calculated from unit inphase voltages (Upa, Upb

and upc) as,

Uga = — Upp/V3 + Upc/V3 (4.8)
Ugp = V3Upa/2 + (Upp — Upc)/2V3 (4.9)
Uge = —V3Upa/2 + (Upp — Upc) /2V3 (4.10)

The voltage regulation using DSTATCOM can be performed by using another PI controller over
the terminal voltage. The error (vt) between amplitude of PCC voltage (Vi) and its reference
quantity (Vi) is calculated. The error is passed through Pl controller and output (ig) can be

computed at n'" sampling instance as,

iqt(n) = iqt(n -1+ kpq (vte (n) — VUte (n— 1)) + kiq (vte (n)) (4.11)
where kpq and kiq are proportional and integral gains for AC bus PI controller.

The instantaneous reactive power component (qi) of load is calculated a,

1 . . .
@= (5) {(vsa = vsp)lia + (Wep = Vsc)iwy + (Vsc = Vsadlic} = Quac + iac (4.12)

The DC fundamental component of load reactive power (qidac) is extracted after instantaneous
reactive power component of load (qi) is passed through LPF. The amplitude of fundamental

active power component of load current is given as,
. _ 2\ (Qdc
= ()(2) (19
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Reference reactive power component of load current (iq) is computed by output of AC bus

voltage PI controller (iqt) and reactive power component of load current (isq) as,
iy =g — isq (4.14)

The fundamental reactive power component of reference supply currents (iga’, igy- and iqc) are
estimated from the output unit quadrature templates (Uga, Ugb and uqc) and reference reactive

power component (iq") as,
lga = lqUqar Lgp = lqUgp aNd ige = iqUgc (4.15)

These reactive components of reference supply currents are used with active reference supply

currents to estimate reference supply currents given as follows.

45.1.3 Generation of Reference Supply Currents and Switching Pulses for Three Phase
VSC

Reference supply currents (isa , isb and isc’) for the three phases are determined by the addition of

respective active and reactive supply currents calculated in Eqn. (4.7) and Eqn. (4.15) as,
lsq = lpg T iga, Isp = i;b + i;;b and igc = ipc + igc (4.16)

These reference supply currents (isa , iso and isc ) are compared with the sensed supply currents
(isa, Isb and isc) and current errors (isae, ishe and isce) are generated. These current errors are passed

through PWM current controller for generation of switching pulses for the three phase VSC.

4.5.2 Instantaneous Reactive Power Theory Based Control Algorithm [126-131]

This section presents the mathematical formulation of instantaneous reactive power theory
(IRPT) based control algorithm. The IRPT based control algorithm is used to estimate the

reference supply currents. The active and reactive power components of loads are calculated

63



using the PCC voltages and load currents and transforming them from three-phase to two-phase
using Clark’s transformation. The detailed description of IRPT based control algorithm is given

as follows.

45.2.1 Estimation of Reference Supply Currents From IRPT Based Control Algorithm
Fig. 4.3 shows the block diagram of IRPT based control algorithm. Three phase PCC voltages

(Vsa, Vsb and vsc) are sensed and their amplitude is calculated same as given in Eqn. (4.1) of
section 4.5.1. The unit inphase templates are calculated from the PCC voltages and their
magnitudes are same as calculated in Eqn. (4.2) of section 4.5.1. The voltage at DC bus (Vqc) of
VSC is sensed and compared with the reference DC bus voltage (Vac ), thus the generated error
is passed through PI controller. The output (piess) of DC bus PI controller is same as given in

Eqn. (4.3) of section 4.5.1.

The instantaneous active and reactive powers are calculated using the PCC voltages (Vsa, Vsb and

Vsc) and load currents (i, i and iic) by using three to two phase transformation (a-b-c to a-p) as,

Vg 1 =1y =Y [P
[Vﬁ]=\/%[0 \/§/22 _\/§/j [Zzlc’] 4.17)
ia 1 =1, =1, | [
[iﬁ]=\/%[0 \/§/22 _\/5/22 [ch,] (4.18)

These transformed voltages (v, vp) and currents (iq, i), instantaneous active (pi) and reactive (qi)

power are computed as,
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Fig. 4.3 Block diagram of IRPT based control algorithm [130]

o=l %] (] (4.9)
The active (pi) and reactive (qi) power of load contains AC as well as DC components.

D1 = Pac T Pac (4.20)
91 = qac t 9ac (4.21)

The AC components (pac and gac) are considered distortions and the DC components (pac and qac)
are considered as the fundamental active and reactive powers. The fundamental active and
reactive power components (pdsc and gdc) of the load are extracted by using low pass filters

(LPFs).

Reference active power component (pi”) is calculated by adding output of DC bus PI controller

(pioss) and fundamental active power component of load (pqc) as,
DI = Ploss + Pac (4.22)
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Unit quadrature templates (Uqa, Ugb and uqc) are calculated from unit inphase templates (Upa, Upb
and upc) same as given in Eqgns. (4.8), (4.9) and (4.10) of section 4.5.1. The magnitude of PCC
voltages are calculated as given in Egn. (4.1) and compared to reference PCC voltage magnitude
(V1. Thus the generated error signal (V) is passed through PI controller whose output (q) is the

same as given in section 4.5.1.

The reference reactive power component (qi) is calculated by using output of AC bus PI

controller (qt) and fundamental reactive power component of load (qqc) as,

q; = q¢ — qac (4.23)

Reference reactive power component (qi°) is calculated by adding output of DC bus PI controller

(Pross) and fundamental active power component of load (pqc) as,

Reference currents in a-p frame (i, and ig") are estimated as,

iy Va vg
A e | ] 2

These reference currents in a-p frame (i, and ig’) are used to estimate reference supply currents

as,

. 1 0
o - \/%{— Y, V3, ][ H (4.25)

-1/, \/_/ZJ

These reference supply currents (isa , iso and isc) are used along with sensed supply currents to

generate switching pulses given as follows.

4.5.2.2 Generation of Switching Pulses for Three Phase VSC
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The reference supply currents (isa, iso and isc ) estimated from Eqn. (4.25) are compared with
sensed supply currents (isa, isb and isc) and current errors (isae, isbe and isce) are generated. These
current errors are given to PWM current controller, which generates switching pulses for three

phase VSC used as DSTATCOM.
45.3 Conductance Based Control Algorithm [132-135]

The conductance based control algorithm is used to estimate reference supply currents, which are
used along with sensed supply currents to generate switching pulses. This section is divided into
three parts. The first part presents estimation of fundamental active components of reference
supply currents. The second part deals with estimation of fundamental reactive components of
reference supply currents and third part presents generation of switching pulses for three phase

VSC used as a DSTATCOM.

45.3.1 Estimation of Fundamental Active Components of Reference Supply Currents
from Conductance Based Control Algorithm

Fig. 4.4 shows the block diagram of the conductance based control algorithm. In this algorithm
the PCC voltages (vsa, Vsb and vsc) are sensed and amplitude (V) is calculated same as given in
Eqgn. (4.1) of section 4.5.1. Unit inphase templates (Upa, Upb and upc) are computed by using (Vt)
same as given in Eqn. 4.2 of section 4.5.1. Voltage at DC bus (Vqc) is sensed and compared with
reference DC bus voltage (V¢ ). Thus the generated error (vqe) is passed through DC bus voltage

PI controller. The output of DC bus PI controller (Pqg) is same as given in section 4.5.1.

The corresponding conductance (Gg) is computed as,

p
G, ="d / 4.26
d {(VE(ug, + u, + uzo)} (4.26)
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The instantaneous active power of load (Py) is calculated as,
P = {Vt(upaila + upbilb + upcilc)} = Pigc + Piac (4.27)

The calculated load instantaneous active power contains fundamental DC (Piqc) as well as AC
component (Piac). Therefore LPF is used to extract fundamental DC component of instantaneous

active power of load.

The corresponding conductance of the fundamental load current is computed as,

G (4.28)

_ Pldc/
! {VE(uz, + uZ, + uz)}

The reference conductance (Gsp) of reference supply current is estimated by adding Gq and G,
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Fig. 4.4 Block diagram of conductance based control algorithm [132]
given as,
GSp = Gd + Gl (429)
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Fundamental active component of reference supply currents are estimated as,
i;a = GSthupa, l;;b = GSthupb and I';C = GSthupC (4.30)

These fundamental active components of reference supply current are used to estimate reference

supply currents given as follows.

45.3.2 Estimation of Fundamental Reactive Components of Reference Supply Currents
From Conductance Based Control Algorithm

The unit quadrature (ugs, Ugp and uqc) components are calculated from unit in phase templates
same as given in Eqgns. (4.8), (4.9) and (4.10) of section 4.5.1. The magnitude of PCC voltages
are calculated as given in Eqn. (4.1) and compared to reference PCC voltage magnitude (V¢).
Thus the generated error signal (vt) is passed through PI controller whose output (Qt) is same as

given in section 4.5.1.

The corresponding susceptance (Bg) is given as,

B = Qt/ 431
a (V2 (uq + uéb + uéc)} (4.31)

The instantaneous reactive power of the load (Q) is calculated as,

Q= _{Vt(ilauqa + ilbuqb + ilcuqc)} = Quac + Quac (4.32)

The instantaneous reactive power consists of fundamental DC and oscillating AC components.

The fundamental DC component (Qiqc) of load is extracted with the help of LPF.

The susceptance of fundamental load is calculated as,

_ Qldc/
B, = 4.33
! {VEugq + uZ, +u2o)} (4.33)
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The reference susceptance corresponding to reference supply current is estimated as,

By, = B, — B (4.34)
The fundamental components of reactive reference supply current are estimated as,

i5a = BsqViUga, i5p = BsgVitlgp and ifc = BsgVittge (4.35)

These components are used with fundamental active reference supply current to estimate

reference supply currents given as follows.
4.5.3.2 Generation of reference supply currents and Switching Pulses

The reference supply currents (isa’, iss’ and isc’) are estimated by adding active and reactive

components of reference supply currents given as,
lsa = ipa + iga, Isp = lpp +igp aNd i = ipe + ige (4.36)

The reference supply currents (isa, iso and isc ) estimated from Eqn. (4.36) are compared with
sensed supply currents (isa, isb and isc) and current errors (isae, isbe and isce) are generated. These
current errors are given to PWM current controller, which generates switching pulses for three

phase VSC used as DSTATCOM.

45.4 Instantaneous Symmetrical Component Theory Based Control Algorithm [136-142]

The instantaneous symmetrical component theory (ISCT) based control algorithm is used to
estimate reference supply currents. The input signals such as PCC voltages, load currents, supply
currents and DC bus voltage are sensed and feedback to the control algorithm. The detail

description and mathematical formulation of the control algorithm are given as follows.
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45.4.1 Estimation of Reference Supply Currents from ISCT Based Control Algorithm

Fig. 4.5 shows the block diagram of the control algorithm. PCC voltages (Vsa, Vsb and vsc) are
sensed and their amplitude is calculated same as given in Eqn. (4.1) of section 4.5.1. The voltage
at DC bus (V) of VSC is sensed and compared by reference DC bus voltage (Vg ), thus the
generated error is passed through PI1 controller. The output of DC bus PI controller (pioss) is same

as given in section 4.5.1.

The instantaneous active power (P)) is obtained from PCC voltages and load currents (iia, b and

iic) as,
Py = vsqliq + Vsplyp + Vsclye (4-37)

The instantaneous active power consists pulsating AC power and fundamental DC power (Pqc).

The fundamental DC power is extracted after passing instantaneous active power through LPF.

Reference active power (Prf) is obtained by adding output of DC bus PI controller (Pioss) and

fundamental DC component instantaneous active power (Pqc) as,
Pref = Pioss + Pyc (4.38)

If ¢ is the phase difference between PCC voltage and fundamental supply current then the angle

B 1s defined as,
__tan¢
B="5 (4.39)
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Fig. 4.5 Block diagram of ISCT based control algorithm [138]

Reference supply currents are obtained from PCC voltages, reference active power and angle 3

as,

it = {vsa+(vj—vsc)/z} Pros (4.40)
5 = {vsb+(v52—vm>ﬁ} Pros (4.41)
i = {vsc+(v3j—vsb>ﬁ} Pros (4.42)
where the term A is given as,

A= NicapcVe (4.43)

45.1.2 Generation of Switching Pulses for Three Phase VSC

The reference supply currents (isa”, is»” and isc) estimated from Eqn. (4.40) to Eqn. (4.42) are
compared with sensed supply currents (isa, Isb and isc) and current errors (isae, isbe and isce) are

generated. These current errors are given to PWM current controller, which generates switching
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pulses for three phase VSC used as DSTATCOM.
4.6 MATLAB BASED MODELING OF CONVENTIONAL CONTROL ALGORITHMS

This section presents MATLAB modeling of conventional control algorithms for control of
DSTATCOM. The conventional control algorithms such as power balance theory, instantaneous
reactive power theory, conductance based control and instantaneous symmetrical component
theories are developed using MATLAB/SIMULINK for estimation of reference supply currents.
The detail description of MATLAB based modeling of these control algorithms are given as

follows.
4.6.1 Power Balance Theory Based Control Algorithm

Fig. 4.6 shows MATLAB model of power balance theory (PBT) based control algorithm. The

simulation study of DSTATCOM with PBT based control algorithm is performed in MATLAB
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Fig. 4.6 MATLAB based model of PBT based control algorithm
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environment using SIMILINK and Sim Power System (SPS) tool box. Inputs to the control
algorithm are PCC voltages (Vsa, Vsb and vsc), supply currents (isa, iso and isc), load currents (iia, i
and iic) and self-sustained DC bus voltage (Vqc). The control algorithm with these inputs is used
to estimate reference supply currents. The reference supply currents are used with sensed supply

currents for generation of switching pulses.

4.6.2 Instantaneous Reactive Power Theory Based Control Algorithm

The simulation study of DSTATCOM with IRPT based control algorithm is performed in
MATLAB environment using SIMULINK and SPS tool box. Simulation model of control
algorithm is used to generate reference supply currents as shown in Fig. 4.7. Inputs to the control
algorithm as shown in MATLAB model are PCC voltages (Vsa, Vsb and Vvsc), supply currents (isa,

isb and isc), load currents (i, i and iic) and self-sustained DC bus voltage (Vqc) for control of
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Fig. 4.7 MATLAB based model of IRPT based control algorithm
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4.6.3 Conductance Based Control Algorithm

The simulation of conductance based control algorithm for DSTATCOM is developed in
MATLAB using SIMULINK and SPS tool box. The Simulink model of the control algorithm is
shown in Fig. 4.8, where inputs to the control algorithm are PCC voltages (Vsa, Vsb and Vsc),
supply currents (isa, isb and isc), load currents (i, iib and iic) and self-sustained DC bus voltage
(Vdc). The Simulink model of conductance based control algorithm is used to estimate reference

supply current for control of DSTATCOM.

4.6.4 Instantaneous Symmetrical Component Theory Based Control Algorithm

Fig. 4.9 shows the Simulink model of ISCT based control algorithm for control of
DSTATCOM. The simulation model of the control algorithm is developed in MATLAB

environment using SIMULINK and SPS tool box. The inputs to the control algorithm are PCC
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Fig. 4.9 MATLAB based model of ISCT based control algorithm
voltages (Vsa, Vsb and Vvsc), supply currents (isa, iso and isc), load currents (i, i and iic) and self-
sustained DC bus voltage (Vqc). The control algorithm with these input signals used to estimate

reference supply currents and generate switching pulses for three phase VSC.
4.7 DSP IMPLEMENTATION OF CONVENTIONAL CONTROL ALGORITHMS

This section presents DSP (dSPACE 1104 R&D controller board) based implementation of
conventional control algorithms. The real time performance of conventional control algorithms
such as PBT, IRPT, conductance based and ISCT based control algorithms are tested in

developed prototype in the laboratory.

4.7.1 DSP Implementation of Power Balance Theory Based Control Algorithm
The implementation of PBT based control algorithm is implemented in DSP (dSPACE-1104

R&D controller board) used to generate gating pulses for the three phase VSC. The DSP
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(dSPACE 1104) is real time controller based on a 603 PowerPC floating-point processor. This
includes slave DSP subsystem based on the TMS320F240 digital signal processor. The DSP
hardware and software give the facility to generate real time switching pulses from real time
signals with the use of SIMULINK model of the control algorithm. The simulation model of
PBT based control algorithm used for DSP implementation is given in Fig. 4.10. This shows
DSP (dSPACE 1104) based implementation of control algorithm for generating gating pulses for
three phase VVSC.

The DSP based implementation is mainly divided into three blocks ADC block, scaling of
signals block along with control algorithm block and PWM current controller block.
Implementations of DC and AC bus PI controllers are shown in Figs. 4.11 and 4.12, respectively.
An implementation of pulse width modulation (PWM) switching in DSP-dSPACE using DS
1104SL_DSP_PWM3 block is presented in Fig. 4.13. The solver option used for the
implementation is based on the fixed-step type with discrete (no continuous state) solver.

The sampling time (Ts) is selected as 55us for PBT based control algorithm. The DC bus PI
controller proportional and integral gains are calculated using Ziegler-Nichols unit step response

algorithm. The tuned values of PI controller gains are selected very close to calculated values.

4.7.2 DSP Based Implementation of IRPT Based Control Algorithm

The IRPT based control algorithm is implemented using DSP (dSPACE 1104 R&D controller
board). This controller is used to generate six switching pulses for three phase VSC used as
DSTATCOM. The DSP based implementation needs real time signals of PCC voltages, supply
currents, load currents and DC bus voltage through appropriate sensors and sensors circuitry.
These real time signals are processed by DSP using SIMULINK based control algorithm and six

real time switching signals are generated for switching on and off of the six IGBTs of the VSC.
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The model of IRPT based control algorithm used for real time implementation is same as

discussed in simulation study. DSP (dSPACE 1104) based implementation of control algorithm
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for generating switching pulses of DSTATCOM is same as presented in section 4.7.1. The DSP
based implementation is mainly divided into three blocks ADC block, scaling of signals block
along with control algorithm block and PWM current controller block. An Implementation of DC
bus PI controller and PWM current controller for switching pulse generation are also same as
given in section 4.7.1. The IRPT based control algorithm for the control of DSTATCOM takes a
sampling time of approximately 55us. The proportional and integral gains of PI controllers are
calculated using standard Ziegler-Nichols unit step response algorithm and the values required in

implementation are selected very close to the calculated values.

4.7.3 DSP Based Implementation of Conductance Based Control Algorithm

The implementation of conductance based control algorithm is performed using DSP
(dSPACE1104 R&D controller board). The DSP controller board requires real time signals viz.
PCC voltages, supply currents and load currents, which are sensed from appropriate sensors and
buffer circuitry. The sensed signals are then processed by the MATLAB based control algorithm
implemented on dSPACE 1104 controller board. After processing, this controller is used to
generate switching pulses for the three phase VSC working as DSTATCOM. The model of

conductance based control algorithm used for DSP implementation is the same as discussed in
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simulation. The DSP based implementation of conductance based control algorithms is same as

givenin4.7.1.

Implementation of DC bus PI controller and PWM current controller for switching pulse
generation is the same as discussed in section 4.7.1. The sampling time (Ts) taken by the control
algorithm for control of DSTATCOM is around 65us. The proportional and integral gains of PI
controllers are calculated using the standard Ziegler-Nichols unit step response algorithm and the

values required in implementation are selected very near to the calculated values.

4.7.4 DSP Implementation of Instantaneous Symmetrical Component Theory Based
Control Algorithm

The implementation of ISCT based control algorithm is performed using DSP (dSPACE1104
R&D controller board). The DSP controller board requires real time signals viz. PCC voltages,
supply currents and load currents, which are sensed from appropriate sensors and buffer
circuitry. The sensed signals are then processed by the MATLAB based control algorithm
implemented on dSPACE 1104 controller board. After processing, this controller is used to
generate switching pulses for the three phase VSC working as DSTATCOM. The model of ISCT
based control algorithm used for DSP implementation is the same as discussed in simulation.
The DSP based implementation of ISCT based control algorithms is same as given in 4.7.1. DC
bus Pl controller and PWM current controller for generation of switching pulses are
implemented same as given in section 4.7.1. The sampling time (Ts) taken by the control

algorithm for control of DSTATCOM is selected 60us.

4.8 RESULTS AND DISCUSSION

The results of conventional control algorithms are presented in simulation and developed setup.
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This section presents simulation as well as experimental performances of these conventional
control algorithms. The simulated performances of these control algorithms are performed using
MATLAB/SIMULINK environment. The experimental performance of these control algorithms
is achieved by implementing in DSP. The detail discussions on simulation and experimental

performances of these control algorithms are given as follows.

4.8.1 Performance of DSTATCOM With Power Balance Based Theory Based Control
Algorithm

The simulated as well as experimental performances of power balance theory (PBT) based
control algorithm are discussed here. The performance of DSTATCOM to achieve harmonic
elimination, reactive power compensation and load balancing is presented for PBT based control
algorithm. Both the simulation and experimental results are presented for PFC and voltage

regulation modes under linear and nonlinear loads.

4.8.1.1 Simulated Performance of DSTATCOM in PFC and Voltage Regulation Modes
This section presents the simulated performance of DSTATCOM with PBT based control
algorithm. The results presented for PFC and voltage regulation modes of DSATCOM are given

as follows.

A. Performance of PBT Based Control Algorithm in Voltage Regulation Mode Under Nonlinear
Load

Fig. 4.14 shows the performance and intermediate signals of PBT based control algorithm. Fig.
4.14(a) shows waveforms of instantaneous active power (P), estimated fundamental active power
component of current (ig), output of DC bus Pl controller (ipac) and reference active power
component of current (ig") along with phase ‘a’ of PCC voltage (vsa) and phase ‘c’ of load current

(ic). These results are presented for steady state (before t=0.3s) and unbalanced load (t=0.3s to
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Fig. 4.14 Intermediate signals of PBT based control algorithm in voltage regulation mode

t=0.4s) conditions. Fig. 4.14(b) shows waveforms of instantaneous reactive power (Q),
fundamental reactive current component (ig), output of AC bus voltage Pl controller (i),
reference reactive current component (iq"), reference supply currents (is) along with actual
supply currents (is). These results show that reference currents are followed by supply currents

properly in steady state and unbalanced load conditions.
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B. Performance of DSTATCOM in Power Factor Correction Mode

Fig. 4.15 shows the performance of the DSTATCOM under nonlinear load in PFC mode. The
waveforms shown are PCC voltages (vs), supply currents (is), load currents (i, iin and i),
compensator currents (ica, ico and icc) and self-sustained DC bus voltage (Vadc). Performance of
the system is observed in steady state (before t=0.3s) and unbalanced load (t=0.3s to t=0.4s)
conditions. Unbalancing is created in the load current, when phase ‘c’ is switched off. It is
observed from these results that supply currents are balanced and sinusoidal in steady state and

unbalanced load conditions. The DC bus voltage is regulated to the reference value of 700V
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became of the action of Pl controller.

Fig. 4.16 shows harmonic spectra of phase ‘a’ of PCC voltage (vsa), supply current (isa) and load
current (iia). These results show the THDs of 2.67%, 2.77% and 26.61% in PCC voltage, supply
current and load current respectively. It is observed from these results that the THD obtained in
supply current is 2.77%, whereas there is 26.61% THD in load current. The THDs in PCC

voltage and supply current are within the limit specified by IEEE-519 standard.

C. Performance of DSTATCOM in Voltage Regulation Mode

Fig. 4.17 shows performance of DSTATCOM in voltage regulation mode. The waveforms
presented in these results are PCC voltages (vs), supply currents (is), load currents (iia, i and i),
compensator currents (ica, ico and icc), DC bus voltage (Vac) and amplitude of PCC voltage (V4).
These results are shown for steady state (before t=0.3s) as well as unbalanced load (t=0.3s to
t=0.4s) conditions. Supply currents are observed balanced and sinusoidal during both steady

state and unbalanced load conditions. The amplitude of PCC voltage is regulated at its reference

value of 338.8V due to action of PI controller.
Fig. 4.18 shows harmonic spectra of phase ‘a’ of PCC voltage (vsa), supply current (isa) and load
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Fig. 4.17 Performance of DSTATCOM in voltage regulation mode
current (iia). These results show the THDs of 2.24%, 2.85% and 26.72%, in PCC voltage, supply
current and load current respectively. It is observed from these results that the THD obtained in
supply current is 2.85%, whereas there is 26.72% THD in load current. The THDs in PCC

voltage and supply current are within the limit specified by IEEE-519 standard.

4.8.1.2 Experimental Performance of DSTATCOM in PFC and Voltage Regulation
modes
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This section discusses the experimental performance of PBT based control algorithm in PFC and
voltage regulation mode under nonlinear and linear loads. The test results are recorded using
power quality analyzer (Fluke 43B) and four channel DSO (Agilent DSO-X 2014A) on the
developed laboratory prototype. The test results for DSTATCOM with PBT based control

algorithm are given as follows.
A. Steady State Performance of DSTATCOM Under Nonlinear and Linear Load in PFC Mode

Fig. 4.19 shows steady state performance of DSTATCOM in PFC mode. Figs. 4.19(a), (c) and
(e) show waveforms of phase ‘a’ of supply current (isa), load current (i) and compensator
current (ica) along with PCC voltage (vsa). Figs. 4.19(b), (d) and (f) present harmonic spectra of
supply current, load current and PCC voltage. These results show the THD of 4.2%, 20.5% and
2.6% in supply current, load current and PCC voltage respectively. The improved THD is
achieved in supply current due to action of the shunt compensator and has been found within the
limit specified by IEEE-519 standard. Fig. 4.20 shows simulation results at same rating (110V)
for which experimental system is developed in the laboratory. These results present waveforms
of PCC voltages (vsa), supply currents (isa), load currents (isa), compensator currents (ica) and DC

bus voltage (Vac). Supply currents are observed balanced and sinusoidal during steady state
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Fig. 4.20 Simulated performance of DSTATCOM
in PFC mode under nonlinear load

(before t=0.3s) and unbalance load (t=0.3s to t=0.4s) conditions. The voltage at DC bus of VSC

is regulated at the reference value of 200V due to the action of PI controller.

Fig. 4.21 shows steady state performance of the DSTATCOM under linear lagging PF load in
PFC mode. Figs. 4.21(a)-(c) show waveforms of phase ‘a’ of supply current (isa), load current

(i) and compensator current (ica) along with PCC voltage (vsa). Figs. 4.21 (d)-(f) show

waveforms of supply power (Ps), load power (Pi) and compensator power (Pc). The values of
supply and load apparent power are 0.255kVA and 0.287kVA respectively. The power factor on
supply side is improved (1 DPF) as the reactive power demand of the load is compensated by
DSTATCOM. Fig. 4.22 shows simulated performance of the DSTATCOM under linear load in
PFC mode at the same rating for which experimental system is developed. The waveforms of
PCC voltages (vs), supply currents (is), load currents (i, i and iic), compensator currents (ica, ico

and icc) and self-sustained DC bus voltage (Vqc) are presented in these results. It is observed
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from the results that supply currents are maintained balanced and sinusoidal in steady state and

unbalance load conditions.

B. Dynamic performance of DSTATCOM in PFC mode

Fig. 4.23 presents dynamic performance of DSTATCOM in PFC mode under nonlinear load.
Figs. 4.23 (a), (b) and (c) show waveforms of supply currents (isa, ish and isc), load currents (i, in
and iic) and compensator currents (ica, ico and icc) along with phase ‘a’ of PCC voltage (Vsa).
These results are shown for steady state and unbalanced load conditions. It is observed from
these results that supply currents are balanced and sinusoidal in each load condition. Fig. 4.23(d)
shows waveforms of phase ‘c’ of supply current (isc), load current (iic) and compensator current
(icc) along with DC bus voltage (Vqc). It is observed from these results that DC bus voltage has

achieved the reference value within few cycles during unbalanced load conditions.

C. Steady State Performance of DSTATCOM in Voltage Regulation Mode
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Fig. 4.23 Dynamic performance of DSTATCOM in PFC mode

Fig. 4.24 presents steady state performance of DSTATCOM in voltage regulation mode using
PBT based control algorithm. Figs. 4.24(a), (¢) and (e¢) show waveforms of phase ‘a’ of supply
current (isa), load current (il)) and compensator current (ica) along with PCC voltage (vsa). Figs.
4.24(b), (d) and (f) show harmonic spectra of supply current, load current and PCC voltage.
These results present THD of 4.3%, 21.0% and 3.3% in supply current, load current and PCC
voltage respectively. An improved THD is achieved in supply current after compensation which
is within the limit specified by IEEE-519 standard. Figs. 4.24(g), (h) and (i) show reactive
powers in supply (Qs), load (Qi) and compensator (Qc). It is observed from these results that

values of supply and load reactive powers are 0.18kVAR and 0.09kVAR respectively. These
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Fig. 4.25 Simulated performance of DSTATCOM in

voltage regulation mode

results present satisfactory performance of the control algorithm used for PCC voltage regulation

along with harmonic elimination.

Fig. 4.25 presents simulated performance of DSTATCOM in voltage regulation mode at the

same voltage rating for which experimental prototype is developed. These results present

waveforms of PCC voltages (vs), supply currents (is), load currents (iia, in and iic), compensator

currents (ica, ico and icc), self-sustained DC bus voltage (Vdc) and amplitude of PCC voltage (V).

It is observed from these results that DC bus voltage and amplitude of PCC voltage are regulated

at their reference values in steady state (before t=0.3s) and unbalance load condition (t=0.3 to

t=0.4s) respectively.

D. Dynamic Performance of DSTATCOM in Voltage Regulation Mode
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Fig. 4.26 shows the dynamic performance of DSTATCOM in voltage regulation mode with PBT
based control algorithm. Fig. 4.26(a) presents waveforms of regulated DC bus voltage (Vdc),
regulated amplitude of PCC voltage (Vi) along with phase ‘a’ of supply voltage (isa) and load
current (i) in steady state and unbalanced load conditions. It is observed from these results that
supply currents are maintained balanced and sinusoidal in steady state and unbalanced load
conditions. The amplitude of PCC voltage magnitude (Vt) is boosted from 85V to 90V, as
shown in Fig. 4.26(b).

4.8.2 Performance of DSTATCOM with Instantaneous Reactive Power Theory Based
Control Algorithm

The simulated and experimental performances of DSTATCOM with IRPT based control
algorithm are presented here. The simulation study is performed in MATLAB/SIMULINK
environment. Experimental verification of IRPT based control algorithm is performed with
developed prototype in the laboratory. The detail descriptions of simulation as well as

experimental results are given as follows.

4.8.2.1 Simulated Performance of DSTATCOM in PFC and Voltage Regulation Modes

Simulated performance of DSTATCOM in PFC and voltage regulation modes using IRPT based
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Fig. 4.26 Dynamic performance of DSTATCOM in voltage regulation mode under nonlinear load
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control algorithm is presented here. This is divided into three parts. The first part presents
performance and intermediate signals of the control algorithm. The second and third parts present

the performance of DSTATCOM in PFC and voltage regulation modes.

A. Performance of IRPT Based Control Algorithm in Voltage Regulation Mode Under
Nonlinear Load

Fig. 4.27 shows performance and intermediate signals of IRPT based control algorithm in
voltage regulation mode. Fig. 4.27(a) shows the waveforms of instantaneous active power (p),
output of DC bus voltage Pl controller (pqc), reference active power (pref), instantaneous reactive
power (q), output of AC bus voltage PI controller (q:) and reference reactive power (gref). These
results are presented for steady state (before t=0.3s) and unbalanced load (t=0.3s to t=0.4s)
condition. Fig. 4.27(b) shows waveforms of alpha and beta components (i, and ig") of reference
supply currents along with reference supply (is’) and actual supply (is) currents. It is observed
from the results that reference supply currents are perfectly followed by actual supply currents in
steady state and unbalance load conditions.

B. Performance of DSTATCOM in PFC mode Using IRPT Based Control Algorithm

Fig. 4.28 shows the performance of DSTATCOM in PFC mode using IRPT based control
algorithm. Waveforms of PCC voltages (vs), supply currents (is), load currents (iia, iib and i),
compensator currents (ica, ico and icc) and voltage of self-sustained DC bus (Vac) are shown in
these results. It is observed from these results that under steady state condition upto t=0.3s, the
supply currents are balanced sinusoidal and the DC bus voltage is regulated at its reference value
of 700V. An unbalancing in the load is created when phase ‘c’ of load is switched off. It is
observed that the supply currents are balanced sinusoidal with reduced magnitude during load

unbalancing.
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Fig. 4.27 Intermediate signals of PBT based control algorithm in voltage regulation mode
Fig. 4.29 shows the harmonic spectra of phase ‘a’ of PCC voltage (vsa), supply current (isa) and
load current (iia) in PFC mode under nonlinear load. Total harmonic distortions (THDS) of vsa, isa

and ia are 1.73%, 2.79% and 26.61% respectively. It is observed from these results that the

93



i(A)
>
<l

i (A)
5o
g

_ AR T T T =
< o

2
= A0 E | | | 4

ilc(A)
E_=
i
| il

i Ca(A)
=)

i .Y
=

40 &= | l 1 l -

40— [ [ [ [ =
oWMMWM/\/\/\waNMWWW

40k | | l | 4
800 T T T T

700 ......................... — .. e T

600 ] | | |
0.25 0.3 035 04 045 0.5

Time (5)
Fig. 4.28 Performance of DSTATCOM in PFC mode using IRPT based control algorithm

i ()

Vil

400 T T T T T 40 T T T T T 4 }‘\\ T T T T
< 2 | ]l
§= 0/\/\/\/ 3! % o J—\_\ J—\_\—/'
400 ‘ ‘ ‘ ‘ ‘ @ ‘ ‘ ‘ ‘ ‘ “ ‘ U L s
02 021 02 03 024 025 026 02 021 02 023 024 025 026 02 021 022 023 024 025 026
Time (s) Time (8) Time (5)
glo— —_— FW T 210 ———
£ Fundamental (S0KZ)=337.52V g %’;‘;‘;‘,(50“1)#0‘47‘ § Fundamental (S0FIZ) = 40.79A
g THD=1.73% § % g THD=26.61%
in £a L
% % g
g ) g
0 ]
o=t Sl é'e“‘l‘l“l‘l“.‘.
0 2 4 6 8 10 12 4 16 18 0" "0 2 4 6 § 10 1 1 16 18 2 02 4 6 8 W0 1 M 16 18 20
Harmonic order Harmonic order Harmonic order
(b) (b) (c)

Fig. 4.29 Harmonic spectra of (a) PCC voltage, vsa (b) supply current, is, (c) load current, ijain PFC mode

2.79% THD in supply current is achieved, whereas there is 26.61% THD in load current. The

THD values of PCC voltage and supply current are within the limit of IEEE-519 standard.

C. Performance of DSTATCOM in Voltage Regulation Mode Using IRPT Based Control
Algorithm
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Fig. 4.30 Performance of DSTATCOM in voltage regulation mode using IRPT based control algorithm

Fig. 4.30 shows the performance of DSTATCOM in voltage regulation mode with IRPT based
control algorithm. These results show the waveforms of PCC voltages (vs), supply currents (is),
load currents (i, i and iic), compensator currents (ica, ico and icc), DC bus voltage (Vac) and
amplitude of AC bus voltage (V). It is observed from these results that under steady state
condition (before t=0.3s), the supply currents are balanced and sinusoidal and the DC and AC
bus voltages are regulated at their reference value of 700V and 339V. During unbalanced load
condition (t=0.3s to t=0.4s) supply currents are also maintained balanced and sinusoidal with

reduced magnitude due to DSTATCOM action.
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Fig. 4.31 shows the harmonic spectra of phase ‘a’ of PCC voltage (Vsa), Supply current (isa) and
load current (iia) in PFC under nonlinear load. Total harmonic distortions (THDs) of PCC
voltage, supply current and load current are 1.96%, 3.49% and 26.62% respectively. It is

observed from these results that the 3.49% THD in supply current is achieved, whereas there is

26.62% THD in load current. The THD values of PCC voltage and supply current are within the

limit of IEEE-519 standard.
4.8.2.2 Experimental Performance of DSTATCOM in PFC Mode

The performance IRPT based control algorithm is validated using experimental prototype
developed in the laboratory. This control algorithm is tested for steady state and dynamic load
conditions. The test results are recorded using power quality analyzer (Fluke 43B) and digital

storage oscilloscope. The detail description of the experimental results is given as follows.

A. Steady State Performance of DSTATCOM Using IRPT Based Control Algorithm

Fig. 4.32 shows steady state performance of DSTATCOM under nonlinear load. Figs. 4.32(a),
(¢c) and (e) show waveforms of phase ‘a’ of supply current (isa), load current (i) and
compensator current (ica) along with PCC voltage (vsa). Figs. 4.32(b), (d) and (f) present

a2 A AYAY R
IAVAVASDAVAVAVE R R R TN

02 021 02 03 0% 025 026 40

02 021 02 0B 024 025 026 Tine 9 02 021 02 03 04 025 026
Tine ) Tiue (s)
" A 10— —
A~ 10 T T T T T _ A~ 100 T T T T T
g Fundamental (S0 =339V i Foudrontl (0} =42958. | & ™ Fundamental (S08Ez) = 40.85A
L) THD= 196% E THD= 34%% g 80 THD=2662% 1
g [ é o '5 60
E w4 E
T4 s S 40
g g 2 S
) éz S af
0
02 4 6 8 0 12 M4 16 18 2 02 4 6 8 0o M 6 U N S0 2 4 6 8§ 10 12 14 16 18 2
Harmonic order Harmonio order Harmonic order
(c) (b) (c)

Fig. 4.31 Harmonic spectra of (a) PCC voltage, vsa (b) supply current, isa (c) load current, i, in voltage
regulation mode
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harmonic spectra of supply current, load current and PCC voltage. These results show THD of
4.2%, 22.5% and 3.4% in supply current, load current and PCC voltage respectively. The
improved THD is achieved in supply current due to action of DSTATCOM, which is found

within the limit specified by IEEE-519 standard.

Fig. 4.33 shows simulation study at same rating (110V) for which experimental system is
developed in the laboratory. These results present waveforms of PCC voltages (vsa), supply
currents (isa), load currents (isa), compensator currents (ica) and DC bus voltage (Vac). Supply
currents are observed balanced and sinusoidal during steady state (before t=0.3s) and unbalance
load (t=0.3s to t=0.4s) conditions. The voltage at DC bus is regulated at the reference value of

200V due to the action of PI controller.

B. Dynamic Performance of DSTATCOM Using IRPT Based Control Algorithm

Fig. 4.34 shows dynamic performance of DSTATCOM under nonlinear load. Figs. 4.34 (a), (b)
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Fig. 4.34 Dynamic performance of DSTATCOM under nonlinear load

and (c) show waveforms of supply currents (isa, isb and isc), load currents (i, i and i) and
compensator currents (ica, ico and icc) along with phase ‘a’ of PCC voltage (vsa). These results
are shown for steady state and unbalanced load conditions. It is observed from these results that
supply currents are balanced and sinusoidal in each load conditions. Fig. 4.34(d) shows
waveforms of phase ‘¢’ of supply current (isc), load current (iic) and compensator current (icc)
along with DC bus voltage (Vdc). It is observed from these results that the DC bus voltage
achieves the reference value within few cycles during unbalanced load condition.

4.8.3 Performance of DSTATCOM With Conductance Based Control Algorithm

Performance of DSTATCOM such as harmonics elimination and load balancing with

conductance based control algorithm is presented here. Simulation study of the control algorithm
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is performed in MATLAB/SIMULINK environment. Experimental verification of the control
algorithm is performed on developed prototype in the laboratory. The detail descriptions of

simulation as well as experimental results are given as follows.

4.8.3.1 Simulated Performance of DSTATCOM With Conductance Based Control
Algorithm

Performance of the conductance based control algorithm is presented in the form of simulation
results. The features of DSTATCOM such as harmonics elimination and load balancing are

presented.
A. Performance of Conductance Based Control Algorithm

Fig. 4.35 shows performance and intermediate signals of conductance based control algorithm.
Fig. 4.35(a) shows the waveforms of phase ‘a’ of PCC voltage (vsa), phase ‘c’ of load current
(irc), load conductance (Gi), corresponding conductance computed from output of DC bus PI
controller (Gq), reference conductance (Gsp), load susceptance (Bi), corresponding susceptance
computed from output of AC bus PI controller, reference susceptance (Bsg), reference supply
currents (is') and sensed supply currents (is). These waveforms are shown for steady state (before
t=0.3s) and unbalanced (t=0.3s to t=0.4s) load conditions. Satisfactory performance of the
control algorithm is observed under all the load conditions. The actual currents follow the

reference supply currents perfectly.
B. Performance of DSTATCOM in With Conductance Based Control Algorithm in PFC Mode

Fig. 4.36 presents the performance of DSTATCOM with the control algorithm. These results
show the waveforms of PCC voltages (vs), supply currents (is), load currents (i, i and i),

compensator currents (ica, ico and icc) and voltage of self-sustained DC bus (Vac). It is observed
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Fig. 4.35 Performance of conductance based control algorithm

from these results that under steady state condition (before t=0.3s) the supply currents are
balanced and sinusoidal. The DC bus voltage is regulated at its reference value of 700V. the
unbalanced load currents (t=0.3s to t=0.4s) are observed when phase ‘c’ of load is switched off.
The supply currents are maintained balanced and sinusoidal during unbalancing due to

compensation provided by DSTATCOM.

Fig. 4.37 shows the harmonic spectra of phase ‘a’ of PCC voltage (Vsa), Supply current (isa) and
load current (iia) in PFC under nonlinear load. Total harmonic distortion (THD) of PCC voltage,
supply current and load current are 2.04%, 2.81% and 26.59% respectively. It is observed from

these results that THD of 2.81% in supply current is achieved, whereas there is 26.59% THD in
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Fig. 4.36 Performance of DSTATCOM with conductance based control algorithm in PFC mode

load current. The THD values of PCC voltage and supply current are within the limit of IEEE-

519 standard.

C. Performance of DSTATCOM in Voltage Regulation Mode Using Conductance Based Control
Algorithm
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Fig. 4.37 Harmonic spectra of (a) PCC voltage, vsa (b) supply current, is, (c) load current, ij,, in PFC mode
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Fig. 4.38 shows performance of DSTATCOM in voltage regulation mode using conductance
based control algorithm. These results show waveforms of PCC voltages (vs), supply currents
(is), load currents (iia, ib and iic), compensator currents (ica, ico and icc), DC bus voltage (Vac) and
amplitude of PCC voltage (Vi). In steady state condition (before t=0.3s), supply currents are
observed balance and sinusoidal by control action of shunt compensator. The DC and AC bus
voltages are regulated at their reference values of 700V and 339V respectively. An unbalancing

is created in the load during t=0.3s to t=0.4s. Results show that even in unbalanced load
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Fig. 4.38 Performance of DTATCOM in voltage regulation mode using conductance based control
algorithm
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condition supply currents are balanced and sinusoidal. These results show satisfactory

performance of conductance based control algorithm is in voltage regulation mode.

Fig. 4.39 shows the harmonic spectra of phase ‘a’ of PCC voltage (Vsa), supply current (isa) and
load current (i1a) in PFC under nonlinear load. Total harmonic distortion (THD) of PCC voltage,
supply current and load current are 2.19%, 3.85% and 26.64% respectively. It is observed from
these results that THD of 3.85% in supply current is achieved, whereas there is 26.64% THD in
load current. The THD values of PCC voltage and supply current are within the limit specified

by IEEE-519 standard.

4.8.3.2 Experimental Performance of DSTATCOM With Conductance Based Control
Algorithm

Experimental performance of DSTATCOM with conductance based control algorithm is
presented here. This is divided into two parts. The first part presents the steady state performance
of the system and the second part presents the dynamic performance of DSTATCOM with the

control algorithm.

A. Steady State Performance of DSTATCOM With Conductance Based Control Algorithm

Fig. 4.40 shows the steady state performance of DSTATCOM under nonlinear load. Figs.
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Fig. 4.39 Harmonic spectra of (a) PCC voltage, vsa (b) supply current, isa (c) load current, i, in voltage
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4.40(a), (c) and (e) show waveforms of phase ‘a’ of supply current (isa), load current (i) and
compensator current (ica) along with PCC voltage (vsa). Figs. 4.40(b), (d) and (f) present
harmonic spectra of supply current, load current and PCC voltage. These results show THD of
4.1%, 23.9% and 3.7% in supply current, load current and PCC voltage respectively. The
improved THD is achieved in supply current due to action of DSTATCOM. The THD

percentage in supply current is found within the limits specified by IEEE-519 standard.

Fig. 4.41 shows the simulation study of the system at (110V, L-L) rating which is for the same
rating as the experimental system developed in the laboratory. These results present the
waveforms of PCC voltages (vsa), supply currents (isa), load currents (isa), compensator currents
(ica) and DC bus voltage (V). Supply currents are observed to be balanced and sinusoidal
during steady state (before t=0.3s) and under unbalanced load conditions (t=0.3s to t=0.4s). The
voltage at the DC bus is regulated at the reference value of 200V due to the action of PI

controller.
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B. Dynamic Performance of DSTATCOM With Conductance Based Control Algorithm

Fig. 4.42 shows the dynamic performance of DSTATCOM under nonlinear load. Figs. 4.42 (a),

(b) and (c) show the waveforms of supply currents (isa, iso and isc), load currents (iia, iib and iic)

and compensator currents (ica, icb and icc) along with phase ‘a’ of PCC voltage (vsa). These

results are shown for steady state and unbalanced load conditions. It is observed from these

results that supply currents are balanced and sinusoidal under different load conditions. Fig.

4.42(d) shows the waveforms of phase ‘¢’ of supply current (isc), load current (i) and

compensator current (icc) along with DC bus voltage (Vdc). These results show that the DC bus

voltage achieves the reference value within a few cycles during unbalanced load condition.
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4.8.4 Performance of DSTATCOM With Instantaneous Symmetrical Component Theory
Based Control Algorithm

Performance of DSTATCOM with instantaneous symmetrical component theory based control
algorithm is presented here. Both simulation and experimental results are presented. Simulation
study is performed in MATLAB using SIMULINK and SPS tool box. The experimental

performance of the control algorithm is demonstrated on a prototype developed in the laboratory.

4.8.4.1 Simulated Performance of DSTATCOM in PFC and Voltage Regulation Modes

Simulated performance of DSTATCOM with ISCT based control algorithm is presented here.
This is divided into three parts. The first part deals with the performance of the ISCT based
control algorithm. The second and the third part deal with the performance of DSTATCOM in

PFC and voltage regulation mode.

A. Performance of ISCT Based Control Algorithm for DSTATCOM

Fig. 4.43 presents the performance and intermediate signals with ISCT based control algorithm.
This shows the waveforms of phase ‘a’ of PCC voltage (vsa), phase ‘c’ of load current (iic),
fundamental component of instantaneous active power (pqc), output of DC bus PI controller
(pioss), reference active power (pref), output of ac bus PI controller (), reference supply currents
(is*) along with actual supply currents (is). These results are presented for steady state (before
t=0.3s) and unbalanced (t=0.3s to t=0.4s) load conditions. Satisfactory performance of control

algorithm is observed and reference currents are perfectly tracked by actual supply currents.

B. Performance of DSTATCOM in PFC Mode With ISCT Based Control Algorithm

Fig. 4.44 shows the performance of DSTATCOM in PFC mode with ISCT based control

algorithm. Waveforms of PCC voltages (vs), supply currents (is), load currents (iia, i and iic),
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Fig. 4.43 Performance of ISCT based control algorithm for DSTATCOM

i,(A)

compensator currents (ica, ico and icc) and voltage of self-sustained DC bus (Vqc) are shown in
these results. It is observed from these results that under steady state condition upto t=0.3s the
supply currents are balanced and sinusoidal. Moreover, the DC bus voltage is regulated at its
reference value of 700V. An unbalancing in the load is created when phase ‘c’ of load is
switched off. It is observed that the supply currents still remain balanced and sinusoidal but have

a reduced magnitude during unbalanced load conditions.

Fig. 4.45 shows the harmonic spectra of phase ‘a’ of PCC voltage (Vsa), supply current (isa) and
load current (iia) in PFC mode under nonlinear load. Total harmonic distortions (THDs) of PCC
voltage, supply current and load current are 1.61%, 2.82% and 26.61% respectively. It is
observed from these results that the 2.82% THD in supply current is achieved, whereas there is
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Fig. 4.44 Performance of DSTATCOM in PFC mode

26.61% THD in load current. The THD values of PCC voltage and supply current are within the

limits specified by IEEE-519 standard.

C. Performance of DSTATCOM in Voltage Regulation Mode With ISCT Based Control
Algorithm

Fig. 4.46 shows the performance of DSTATCOM in voltage regulation mode with ISCT based
control algorithm. These results show the waveforms of PCC voltages (vs), supply currents (is),
load currents (i, b and iic), compensator currents (ica, ico and icc), DC bus voltage (Vac) and
amplitude of AC bus voltage (V). It is observed from these results that under steady state
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Fig. 4.45 Harmonic spectra of (a) PCC voltage, vsa (b) supply current, iss (C) load current, iiain PFC mode

condition (before t=0.3s) the supply currents are balanced sinusoidal and the DC and AC bus
voltages are regulated at their reference value of 700V and 338.78V. During unbalanced load
condition (t=0.3s to t=0.4s), supply currents remain balanced and sinusoidal although they have
reduced magnitude. Fig. 4.47 shows the harmonic spectra of phase ‘a’ of PCC voltage (Vsa),
supply current (isa) and load current (iia) in PFC under nonlinear load. Total harmonic distortions
(THDs) of PCC voltage, supply current and load current are 1.76%, 3.33% and 26.73%
respectively. It is observed from these results that 3.33% THD in supply current is achieved,
whereas there is 26.73% THD in load current. The THD values of PCC voltage and supply
current are within the limit of IEEE-519 standard.

4.8.4.2 Experimental Performance of DSTATCOM in PFC Mode

The performance of ISCT based control algorithm is tested experimentally on a developed
prototype. The performance of DSTATCOM is tested in steady state and unbalanced load

conditions. The detailed description of the experimental results is given as follows.

A. Steady State performance of DSTATCOM With ISCT Based Control Algorithm

Fig. 4.48 shows the steady state performance of DSTATCOM under nonlinear load. Figs.

4.48(a), (c) and (e) show waveforms of phase ‘a’ of supply current (isa), load current (i) and
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compensator current (ica) along with PCC voltage (vsa). Figs. 4.48(b), (d) and (f) present
harmonic spectra of supply current, load current and PCC voltage. These results show THD of
4.2%, 22.5% and 3.4% in supply current, load current and PCC voltage respectively. Improved
THD is achieved in supply current due to the action of DSTATCOM, and the supply currents

meet the harmonic distortion standards specified by IEEE-519.

Fig. 4.49 shows the simulation study at 110V system for which experimental system is
developed in the laboratory. These results present the waveforms of PCC voltages (vsa), supply

currents (isa), load currents (isa), compensator currents (ica) and DC bus voltage (Vac). Supply
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currents are observed to be balanced and sinusoidal during steady state (before t=0.3s) and
unbalanced load conditions (t=0.3s to t=0.4s). The voltage at the DC bus is regulated at the

reference value of 200V due to the action of Pl controller.
B. Dynamic Performance of DSTATCOM With ISCT Based Control Algorithm

Fig. 4.50 shows the dynamic performance of DSTATCOM with ISCT based control algorithm
under nonlinear load. Figs. 4.50 (a), (b) and (c) show the waveforms of supply currents (isa, isb

and isc), load currents (iia, ib and iic) and compensator currents (ica, ico and icc) along with phase
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Fig. 4.50 Dynamic performance of DSTATCOM under nonlinear load

‘a’ of PCC voltage (vsa). These results are observed under steady state and unbalanced load
conditions. It is observed from these results that the supply currents are balanced and sinusoidal
under different loading conditions. Fig. 4.50(d) shows the waveforms of phase ‘c’ of supply
current (isc), load current (iic) and compensator current (icc) along with DC bus voltage (V).
These results show that the DC bus voltage achieves the reference value of 200V within few

cycles during unbalanced load condition.

4.9 CONCLUSIONS

The classification of control algorithms and performance of conventional control algorithms

have been presented in this chapter. The control algorithms have been classified based on basic
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methodology used for them. The control algorithms categorized under conventional control
algorithms are based on power balance theory, instantaneous reactive power theory, conductance
based and symmetrical component theory based. Detailed mathematical formulation along with
their block diagram and simulation models of conventional control algorithms have been
presented in this chapter. The performance of DSTATCOM for improvement of several power
quality problems such as harmonic elimination, reactive power compensation and load balancing
have been presented with conventional control algorithms in PFC and voltage regulation modes.
Experimental verification of the control algorithms have been performed with the prototype
developed in the laboratory. The results have been shows sinusoidal and balanced supply
currents in steady state and unbalance load conditions. The test results show THD of 4.2%,
4.2%, 4.1% and 4.2% in supply current in case of PBT, IRPT, conductance based and ISCT

based control algorithms.
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CHAPTER-V
ADAPTIVE THEORY BASED CONTROL ALGORITHMS FOR DSTATCOM

5.1 GENERAL

In previous chapter, classification of different types of control algorithms has been discussed.
The development of conventional control algorithms along with detailed description of
simulation and experimental results have been reported in earlier chapter. This chapter deals with
the adaptive theory based control algorithms for DSTATCOM. The adaptive theory based
control approach provides self-adjustment of controller parameters in real time to achieve desired
performance in steady state and dynamic load conditions. This chapter includes the mathematical
formulation of adaptive theory based control algorithms, their modeling in Matlab/Simulink and
implementation using DSP. This class of algorithms include Wiener filter, least mean square
(LMS) and variable step size least mean square (VSSLMS) for control of DSTATCOM. The
fundamental active and reactive power components of load currents are estimated and their
average weights are computed. These average weights are used to generate reference supply
currents. Various functions of DSTATCOM such as harmonics elimination, reactive power
compensation and load balancing are demonstrated in power factor correction (PFC) and voltage

regulation modes.

A model of three phase VSC based DSTATCOM connected at point of common coupling (PCC)
is developed and its performance with adaptive theory based control algorithms is simulated in
MATLAB environment using SIMULINK and Sim Power System (SPS) tool boxes. Hardware
implementation of three phase DSTATCOM consists of IGBTs (Insulated Gate Bipolar
Transistors) based VSC (Voltage Source Converter), Hall Effect voltage and current sensors with
appropriate buffer circuitry, interfacing inductors, three phase nonlinear load and DSP(dSPACE

1104R&D) controller board with TMS320F240 as a slave DSP.
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5.2 CONFIGURATION AND OPERATING PRINCIPLE OF DSTATCOM

The DSTATCOM is a shunt connected device where IGBTs based voltage source converter
(VSC) 1is used. Fig. 5.1 shows the schematic diagram of VSC based DSTATCOM. A three-
phase, AC mains with grid impedance, shown using series R,-L, branch, feeds a three phase
nonlinear load. The DSTATCOM is designed using three-leg VSC which uses six insulated gate
bipolar transistors (IGBTs) with anti-parallel diodes and DC link capacitor (Cq4) at DC side.
Interfacing inductors (Ly) are used at the AC side of VSC, which couple the VSC to the grid.
High frequency switching noise generated by switching of IGBTs of VSC is reduced with the

help of series connected capacitive (Cy) and resistive (Ry) elements at the point of common
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Fig. 5.1 Schematic diagram of the DSTATCOM
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coupling (PCC). The nonlinear load is represented as uncontrolled bridge rectifier with series R-
L branch. Three phase voltages at PCC (v, and vg,), supply currents (is, and ig), load currents
(i1, 1p) and DC bus voltage (Vq4.) are sensed and given to the DSP. These signals are processed
by DSP to generate appropriate switching pulses for three phase VSC. A hardware prototype of
the system is implemented in the laboratory using DSP (dSPACE 1104 R&D controller board).
Hall Effect voltage and current sensors are used to sense real time feedback signals. The design
of sensor circuitry and various components of DSTATCOM are presented in section 5.5.1.
Switching pulses generated by DSP are used to derive three phase VSC, which generates

compensator currents (ic,, icp and icc).

5.3 BASIC PRINCIPLE AND MATHEMATICAL FORMULATION OF ADAPTIVE
THEORY BASED CONTROL ALGORITHMS

In adaptive theory based control algorithms, the estimation of fundamental active and reactive
power components of load currents are based on adaptive parameters of input signals which
could be fixed or variable parameters. The advantage of using fixed parameters is reduced
complexity which makes less computational burden on DSP processor. However, there is
tradeoff between convergence rate and steady state error in case of fixed parameters. The
advantages of using variable parameters are to achieve fast convergence and less steady state
error, but these results in increased computational burden on DSP processor. This category of
control algorithms include Wiener filter, Least Mean Square (LMS) and variable step size least

mean square (VSSLMS) based algorithms for control of DSTATCOM.

5.3.1 Wiener Filter Based Control Algorithm for DSTATCOM [154-155]

This Wiener filtering technique is known as linear optimization discrete time filter. This requires

a priori information about the statistics of the data to be processed. These filters are optimum
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because of minimizing an appropriate function of error, known as mean square error (MSE). A
control algorithm based on Wiener filter is proposed for the extraction of fundamental
component of reference supply currents from distorted load currents.

Mathematical formulation of Wiener filter based control algorithm is given here for weight
estimation and reference currents generation for control of the DSTATCOM. This section is
divided into three parts. The first part presents estimation of reference supply currents
corresponding to fundamental active power components of load currents. The second part
presents estimation of reference supply currents corresponding to reactive power components of
load currents and generation of reference supply currents along with switching pulses is

presented in third part.

5.3.1.1 Estimation of Fundamental Active Power Components of Reference Supply
Currents Using Wiener Filter Based Control Algorithm

Fig. 5.2 shows the block diagram of control algorithm where voltages (vs, vsb and vy) at the

PCC are sensed and their amplitude is calculated as given,

Ve = V2(é, + v}, + v%)/3 (5.1
Using PCC voltage magnitude, the unit inphase components are calculated as,
upa = sa/Vt; upb = vsb/Vt; and upc = sc/Vt (52)

The voltage at DC bus (V) of the VSC used as a DSTATCOM is sensed and subtracted from
the reference DC bus voltage (V) for generation of error signal (V). The error signal is passed
through the proportional integral (PI) controller. The output of PI controller (w,q.) regulates the
DC bus voltage at reference value and also meets VSC losses. The PI controller output at n”

sampling instant is given as,

117



Wpac(M) = Wpac(n — 1) + kpa{Vae (n) — Ve (n — D} + ki {Vge (n)} (5.3)
where k,; and k;; are proportional and integral gains of DC bus PI controller.

Extraction of weights corresponding to fundamental active power component of load current is

given as follows. If i)(n) is the load current and i, (n) is estimated fundamental load current at n"

sampling instant then the mean square error {J(n)}, which is function of error {e(n)}, is given as,

J() = E{(i;(n) — ipse(n))} = E{e?(n)} (5.4)

where e(n) is the error between the sensed load current, i)(n) and estimated load current, i.q(n).

The estimated current quantity can be expressed as,
lose(m) =YXM Tw x(n—m) =wlx(n) (5.5)

where w = [wy, Wy, ...wy_1]T represent Mx1 vector of the filter coefficients or weights,

Vdc
Ve TP} PL e
Controller
. Upa Uph Upc
1ja E
> L
upa,uan » Wpavg W, l l l Isa Ish lse
—>, >
ni > i l l l
_>: P> lsa‘
i W Reference [ P Gating
Upp Ugh | Extraction of weighted values L currents 1y ont pulses
=P of phase b’ of load current | Whbq generation ¥ curren > rsc
LL - controller f——p to
i_> Isc |
lc - ch > 3
Upe U q’c Extraction of weighted values o
TP of phase ‘c’ of load current Weq : Y S .}
w uqb Uge Vsa
Vi Unit inphase and
P v
Vi Pl quadrature template q;b
; Ve
LPF e Controller | ge"eianin l(—“
Upa Upp Upe

Fig. 5.2 Block diagram of Wiener filter based control algorithm for DSTATCOM
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x(n) = [x(n),x(n—1) ...x(n — M + 1)]7 is Mx1 vector of the input parameters and M is the

order of the filter.

From these equations mean square error for the estimation of fundamental load current is given

as,
J@) = E{[i;(n) — wTx(n)]*}

= E{[i,(n) —w'x(M][ii(n) —w'x(n)]"}

= E{i,*(n)} - 2wTE{,(m)x(n)} + wTE{x(n)x" (n)}w (5.6)

It is supposed that the filter coefficients do not change with time, based upon this Eqn. (5.6) is

modified as,
J(n) = 6% - 2w Py, + wTR,w (5.7)

where g2 is variance of the desired quantity,i;(1n), Pyy = [Pax(0), Pax (1), oo, Dax (M — 17 is
the cross-correlation vector between desired quantity and input vector and R, is the correlation
matrix of the input data, which is a symmetric matrix because the random process is supposed to

be stationary.

The steepest-descent method is used to find the minimum value of mean square error (MSE)
(Jmin). The weights in the weight vector achieve their optimum values at the minimum MSE. The
update is started with initial value w(0) and mean square error surface point corresponding to
the gradient vector, VJ(w(0))is computed. The value of gradient vector —VJ(w(0)) is computed

and added with w(0) to obtain w(1). This process is continued until optimum value of weights
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corresponding to fundamental active and reactive components of load currents are achieved. If

w(n) is the filter coefficient vector at n™ sampling instant then its update is given as,
pling p g

win+1) =whn) - ;N](W(n)) (5.8)

where w(n + 1) is the updated value of the filter-coefficient vector. The gradient vector

{VJ(w(n))} is given as,
V/(w(n)) = —2P,4, + 2R, w(n) (5.9)

From Eqn. (5.8) and Eqn. (5.9), updated weights can be expressed in terms of previous weights

as,
wn+1) =wh) + 2u[Py, — R,w(n)] = [I — 2uR, Jw(n) + 2uP,, (5.10)

where u is the step size and [ is the identity matrix. The value of step size parameter (x) must be
less than 1 for convergence. The auto-correlation matrix (Ry) and the cross-correlation vector

(Pax), applied in steepest-descent algorithm have to be estimated at the start of the algorithm.

The optimum weights (w,,, wy, and w,,) corresponding to fundamental active component of load

currents for the three phases are obtained using the weight update rule given in Eqn. (5.10) as,

Wap(n +1)=1[- zﬂRxa]Wap(n) + 2uPyxa (5.11)
Wpp(n + 1) = [I = 2R, |Wp,(n) + 2Py, (5.12)
ch(n +1D=1[- zﬂRxc]ch(n) + 2Py (5.13)

The average magnitude of weights (Wpaye) corresponding to active power components (W, Wpp

and w,,) is given as,
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Wpavg = Wap + Wpp + Wep)/3 (5.14)

The total reference weight (w,) corresponding to active power component is obtained by adding

the average weight (Wpa.,) and the output of DC bus PI controller (w,q.) as,
Wp = Wpavg + Wpac (5.15)

*

The reference currents (ipa,

ppand iy ) of the three phases corresponding to fundamental

active component can be computed by using Eqn. (5.2) and Eqn. (5.15) as,

ipa = Wplpg, lpp = Wpllyy, and ipe = Wyllp, (5.16)

*

par bppand inc ) are used to estimate reference supply

These active reference supply currents (i

currents.

5.3.1.2 Estimation of Fundamental Reactive Power Components of Reference Supply
Currents Using Wiener Filter Based Control Algorithm

The unit quadrature vectors of PCC voltages are calculated from unit inphase voltages (upa, upp

and uy) as,

Uga = — Upp/ V3 + Upc/V3 (5.17)
Ugp = V3Upa/2 + (Upp — Upc) /2V3 (5.18)
Uge = —V3Upa/2 + (Upp — Upc) /2V3 (5.19)

The voltage regulation using DSTATCOM can be performed using another PI controller. The
error (v,.) between amplitude of PCC voltage (V;) and its reference quantity (V;") is calculated.
The error is passed through a PI controller and output (w,) can be computed at n” sampling
instance as,
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we(n) =w(n—-1)+ kpq{vte (n) —vee(n — D} + kiq{vte (m)} (5.20)
where k,, and k;, are proportional and integral gains for AC bus voltage PI controller.

The optimum weights (w.,, Wy, and wg,) corresponding to fundamental reactive power

component of load currents are also calculated by using Eqn. (5.10) as,

Waq(n +1)=[I- zﬂRxa]Waq(n) + 2UPgxq (5.21)
Wpq(n + 1) = [I = 2uR, JWpq(n) + 2Py (5.22)
ch(n +1)=[- zﬂRxc]ch(n) + 2Py (5.23)

The average weight (Wqave) Of reactive power component of load current can be calculated from

the amplitude of load reactive weight components (w,4, Wy, and we,) such as,
Waavg = Waq + Wpq + Wq)/3 (5.24)

The amplitude of reactive power component of reference supply currents can be calculated by
subtracting the output of PI controller (w;,), which is leading reactive power component used to
compensate for voltage drop due to supply impedance and loading on the system and average

reactive weight (wya,) given as,

Wq = W — Wyag (5.25)

The reference current corresponding to fundamental reactive power component can be calculated

using Eqn. (5.17) to Eqn. (5.19) and Eqn. (5.25) as,

i*

_ — v
ga = Wqlgas lgp = Wqlgp and ige = Wallge (5.26)

qa>
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These fundamental reactive components of reference supply currents are used with fundamental
active components of reference supply currents to generate reference supply currents given as

follows.

5.3.1.3 Generation of Reference Supply Currents and Switching Pulses

The summation of active (ipa*, ipb>k and ipc*) and reactive (iqa*, iql;k and iqc*) components of
reference supply currents using Eqn. (5.16) and Eqn. (5.25) gives the total reference supply
currents (isa*, i, and isc*) as,

lsa = lpa + igas lsp = Lpp + igp and ig. = iy + igc (5.27)
The supply currents (i, is» and i) are sensed and compared with these reference supply currents
(im*, i and isc*) and the current errors (i, s and is.) are generated. These current errors are

passed through PWM current controller, which generates switching pulses for three phase VSC

used as DSTATCOM.
5.3.2 Least Mean Square Based Control Algorithm for DSTATCOM [143]

The least mean square (LMS) is a linear adaptive technique. It consists of an adaptive process. It
involves automatic adjustment of the system parameters in accordance with the estimation error.
There are several variants of least mean square techniques but the most popular techniques
include the basic least mean square, normalized least mean square (NLMS) and signed error least
mean square (SLMS). These variants of LMS techniques are used to estimate weights
corresponding to fundamental active and reactive power components of load currents. The
estimated weights are used to generate reference supply currents and finally switching pulses for

three phase DSTATCOM.
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This section deals with the mathematical formulation of LMS based control algorithm for three-
phase DSTATCOM. The Least Mean Square (LMS) based control algorithms are developed.
Different methods of LMS such as basic LMS, normalized LMS (NLMS) and signed error LMS
(SLMS) based control algorithms are designed and verified for DSTATCOM. Detailed block
diagram of control algorithm is shown in Fig. 5.3 and basic building block of LMS based control

method is shown in Fig. 5.4.

5.3.2.1 Estimation of Fundamental Active Power Components Reference Supply Currents
From LMS Based Control Algorithm

The voltages at PCC (v, vy and vy.) are sensed and magnitude, V; is calculated as,

Ve =22, + v +v2)/3 (5.28)

Unit inphase templates are calculated from PCC voltages and their magnitude same as discusses
in section 5.3.1. Voltage at DC bus (V) is sensed and compared with reference DC bus voltage
(Vg ), thus the generated error is passed through PI controller. The output (Wpde) of DC bus PI
controller is same as given in section 5.3.1. Fundamental weights corresponding to active and
reactive power components of load currents are calculated from variants of LMS techniques

given as follows.
A. Basic Least Mean Squares Approach

Consider the load connected to the three-phase system to be nonlinear in nature. The periodic
nonlinear load current can be regarded as the sum of several harmonics components. The Fourier
analysis of the load current shows the presence of harmonics of order fifth, seventh, eleventh,
thirteenth etc. with diminishing magnitude. Mathematically, it is represented at n" sampling time

as,
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in = ap cos hwn + by, sin hwn (5.29)

where ‘A’ is the order of the harmonics. The components a, and by, represent the weights
associated with harmonics of order ‘4’. The fundamental current can be extracted from the load

current and represented as,
iy = a, coswn + by sinwn (5.30)

where a; and b; represent the weights associated with cosine and sine frequency components of
fundamental component of load current. The knowledge of these weights and the cosine and sine
components of the fundamental and harmonics terms can help to estimate the load current (7.)

as,

fese = W x(n) (5.31)

The estimated load current is obtained from these two vectors x(n) and weights w, which can be
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Fig. 5.3 Block Diagram of the control algorithm for DSTATCOM using NLMS based control algorithm

125



—>
X(k)
X(k-1)
Adaptive
X(k-2) algorithm
X(k-p+1)

Fig. 5.4 Block diagram of basic LMS method

depicted as,
x(k) = [cosnw sinnw cos5nw sin5nw ... | (5.32)
W = [Wg Wy WesWps. - - | (5.33)

The fundamental active and reactive components of load current correspond to weights w,;, Wwp;.
Other weights such as wup, Wp... etc. corresponds to ‘h’” order component. A suitable algorithm
can be used to isolate these weights and to obtain the fundamental or higher order harmonics.
Selective harmonics extraction as well as compensation can be carried out from the weight

vector.
The error between the estimated (i.s;) and the sensed load current (i;) is represented as,
e(n) =i} — lest (5.34)

The adaptive algorithm is now applied to find the optimal weight vector. The load current is now
estimated using the LMS algorithm such that the estimated load current is as close to the sensed
value as is theoretically possible. Including 7%, 5", 7", 11™ and 13" order harmonics result in
lower error and an accurate estimation of load current. The representation of weights, w(n) and

input vector x(n) is depicted in Fig. 5.4. In this figure, the output y(n) denotes the estimated load
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current (i.s) from the weights and input vector x(n). The error is computed as the difference of

sensed load current, d(n) and the estimated current, y(n).

Considering that the cost function is to be minimised which is J(n) and the mean square error

(MSE) has to be minimised as,
J() = E{d(n) —w'x(n)}’
= E{d?’(n) + wTR(m)w(n) — 2wTp(n)} (5.35)

where R((n) = E[x(n)xT(n)]is the correlation matrix of the observed values of load current
components and p(n) = E[d(n)xT(n)]denotes the cross-correlation vector between the

observed input vector x(n) and the desired vector d(n).

Using the steepest descent method, if w(n) is the weight coefficient at step, n” instant then its

updated value w(n + 1) at the (n+1)" instant can be expressed as,
wn+1) = wn) —u'vj(n) (5.36)
andVJ(n) = —2pn) + 2R(m)w(n) (5.37)
Hence, the weight updation using Eqn. (5.36) becomes,
wn+1) =w(n) + 2u'p(n) — 2 uR(n)w(n)

=w(n) +2uWxm)[dn) —wlx(n)]

=w(n) + pe(n)x(n) (5.38)

where e(n) denotes the error e(n) = d(n) —w’x(n) and step size u = 2 p’. The basic LMS

recursive relation for updating the weight coefficients is given by Eqn. (5.38).
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B. Normalized Least Mean Square Algorithm
A problem commonly encountered in the design of adaptive filters is the selection of step size
parameter, . In the harmonic reduction problem, a step size parameter p(n) is used. To evaluate

the a posteriori estimation error £ at the nt" instant,

¢m) = dmn) - wn+ 1)Tx(n) (5.39)

Using d(n) = wTx(n) in Eqn. 5.39, this can be modified as,
¢(n) = s(n)[l - u(n)xT(n)x(n)] (5.40)

If p(n) = then €(n) becomes zero. Under this condition, the recursive weight equation

__r
xT (n)x(n)

as depicted in Eqn. (5.38) is modified as,

e(n)x(n)

xT(n)x(n)

wn+1) =w(n) + (5.41)

Another variation of this NLMS algorithm is shown in Eqn. (5.42) where o is the new normalized

adaptation constant and y is a small positive number.

ae(n)x (n)
y+xT (m)x(n)

whn+1) =w(n) + (5.42)

The need of y arises to ensure the weight updation does not become excessively large even if x’(n)
x(n) becomes small temporarily.
C. Sign Error Least Mean Square Algorithm

This LMS is also a modified version of the basic LMS. The differences arise in terms of
simplicity in implementation and a more robust operation. The three versions of Sign Error LMS
viz. Sign Data LMS, Sign Error LMS and Sign- Sign LMS are presented as,

w(n+1) =w(n) + pé(n)x (n) (5.43)
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where
é(n) = sgnld(n) — y(n)] (5.44)
= 1ifdm) =y(n) >0
=0ififdn) =yn) =0
=—1ifdn)—y(m) <0

Signed Data LMS uses the sgn function in calculation of x and not in error e(n). This function is

represented as,
wn+1) =wn) + pe(n)sgnlx(n —i)] (5.45)

Sign- Sign LMS is also a modified version of this with sgn function denoted in both e(n) and x(n)

as,
wn + 1) =w(n) + usgnfe(n)]sgn[x(n —i)] (5.46)

These schemes differ in the number of mathematical operations such as addition, multiplication
and speed of convergence. All schemes are dependent on the choice of step size parameter (u).

The updated weights are used in the feedback loop to obtain the reference currents.

The weights (Wap, Wpp and wp) corresponding to active power component of load currents are

extracted from one of the above presented technique and their average weight (wpay,) 1S given as,

Wap+WpptWep

Wparg = —Et22ep (5.47)

The reference active power weight (wp) is calculated by adding average weight (wpa.,¢) and output

of DC bus PI controller (wpq.) as,
Wy = Wpavg + Wpac (5.48)
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The active reference supply currents (ip, » i, and i, ) are calculated using w, and unit inphase

templates (upq, Upp and up.) as,

i*

pa = Wpll

. % _ sk
pas Ipp = Wpllpp, and ipe = Wyl (5.49)

These active reference supply currents are used to estimate reference supply currents, which is

discussed as follows.

5.3.2.2 Estimation of Fundamental Reactive Power Components of Reference Supply
Currents From LMS Based Control Algorithm

Unit quadrature templates (uga, ugp and ugc) are calculated from unit inphase templates (Upa, Upp
and up.) same way as given in section 5.3.1. The magnitude of PCC voltages are calculated as
given in Eqn. (5.28) and compared to reference PCC voltage magnitude (V). Thus the generated
error signal (vi) 1s passed through PI controller which output (w;) is same as given in section
5.3.1

The weights (wWqa, Wg» and wgc) corresponding to reactive power components of load currents are
extracted from variants of LMS technique same as active power weights are calculated and their

average weight is computed as,

Waq +qu +ch

Waavg = f (550)

Reference reactive power weight (w,) is calculated by subtracting average reactive power weight

(Wyavg) from output of AC bus PI controller (w,) as,
Wq = Wi — Wyag (5.51)

The reference reactive power components of supply currents (i, , i;p and i, ) are calculated

from the reference reactive power weight w, and unit quadrature templates (g4, Ugy and uy.) as,
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i w,u

_ . o
ga = Wqlgas lgp = Wqlgp and ige = Wallge (5.52)

These fundamental reactive components of reference supply currents are added with fundamental

active component of reference supply currents to estimate reference supply currents.

5.3.2.3 Generation of Reference Supply Currents and Switching Pulses for Three Phase
VSC

Reference supply currents (i , iy, and iy ) for the three phases are determined by the addition of

respective active and reactive supply currents calculated in Eqn. (5.49) and Eqn. (5.52) as,

LR

o e e . e ix .
isa = lpa T lgas lsp = lpp + igp and ige = ipe + igc (5.53)

These reference supply currents (i, , iy and i, ) are compared with sensed supply currents (isq,
isp and is) and current errors (ise, ispe and i) are generated. These current errors are passed

through PWM current controller for generation of switching pulses for the three phase VSC.

5.3.3 Variable Step Size Least Mean Square Based Control Algorithm for DSTATCOM
[156-158]

This section presents development of variable step size least mean square (VSSLMS) based
adaptive control algorithm for DSTATCOM. This control technique is based on least mean square
method, which step size is adjusted using Lorentzian function. This adaptive technique is used to
estimate the weights corresponding to the fundamental active and reactive power component of
load current. The VSSLMS based algorithm is used for control of DSTATCOM for various power
quality improvement features viz. power factor improvement, voltage regulation, harmonics

compensation and balancing of loads.

5.3.2.1 Estimation of Fundamental Active Power Components of Reference Supply
Currents From VSSLMS Based Control Algorithm

Fundamental active power components of reference supply current are estimated with VSSLMS.
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The block diagram of the VSSLMS based control algorithm is shown in Fig. 5.5. The voltage

amplitude at the PCC is calculated as,

Vi =22, + v, +v2)/3 (5.54)

Inphase unit templates of PCC voltages (4, u,» and u,.) are calculated from PCC voltages and
PCC voltage magnitude (V,) same as given in section 5.3.1. Voltage at DC bus (V) is sensed
and compared by reference DC bus voltage (Vg ), thus the generated error (vg.) is passed
through PI controller. The output of DC bus voltage PI controller (wpqc) 1s same as given in

section 5.3.1.

The weights (Wpa, Wp, and wpe) corresponding to active power components of load currents are
calculated from VSSLMS based control algorithm. The non-sinusoidal load current can be

expanded by Fourier series as,

ij(n) = Iy sin(wn + @f) + Xp_s 7. Lip sin(hon + @) (5.55)
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Fig. 5.5 Block diagram of VSSLMS based control algorithm for DSTATCOM

132



where I;r, I}y, @rand @pdenote the peak value of fundamental load current, peak value of
f f

harmonic current, phase angle of fundamental component of load current and phase angle of the
harmonic component of load current respectively. It is observed from Eqn. (5.55), that the load
current can expressed as the sum of the fundamental component and harmonics. The
fundamental and harmonic components can be further subdivided into two parts corresponding to

real power components (i;r, and i;,) and reactive power components (i;s4 and i;p4 ), as shown

in Eqn. (5.56) and Eqn. (5.57),
ij(n) = Iy sinwncos@s + I coswn + Xp_3 5, (I, sinhwn cos @ + cos hwn sin @) (5.56)
ll(n) = ilfp + ilfq + ilhp + ilhq (557)

After simplifying these equations, one also can write fundamental and harmonics components of

load current separately as,
[1p(n) = Wgp Sinwn + Wy, cOs wn (5.58)
i1 (M) = Wgpp sin hwn + wag, cos hon (5.59)

where h = 5,7 ... oo corresponds to the order of harmonics wg,, and w,, are weighted values of

the sine and cosine terms of the load current corresponding to the fundamental component, and

Wepnand Wg,p, are the weighted values of the sine and cosine terms of the load current

corresponding to the harmonics.
The load current can now be estimated as,

lese(n) = wlx(n) (5.60)
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where the sine and cosine vector is x(n) = [sin wn cos wn sin 5wn cos5wn ...]Tand the

corresponding weight vector is given as w! = [Wap WaqWapsWags - |-

Let i;(n) be the actual value of load current, x(n) be the input vector and wTis the weight vector,

then the error {e(n)} in predicting the load current can be calculated as,
e(n) = i;(n) —wlx(n) (5.61)

The objective here is to minimize mean square error E[e(n)z]. This can be achieved by LMS
method. In this method, the weights are iteratively determined to achieve minimum error, by

using the updation rule as,
wn+1) =wn) + 2ue(n)x(n) (5.62)

This rule in Eqn. (5.62) forms the basis of adaptive LMS method and involves the evaluation of
x(n) and w(n)at each iteration. The symbol u denotes the step size which controls the stability
and convergence rate of the LMS method. The convergence of this adaptive method is ensured
by determining the value of step size. The step size must lie between 0<pU<x,,q45, Where X,y 18

the largest Eigen value of the autocorrelation matrix of the input signal.

In the case of fixed step LMS algorithm, the value of u is optimized and is maintained at
constant value throughout the iterative process. The optimized value of ¢ minimizes the steady
state error at zero value or accelerates the rate of convergence. If u is higher, this leads to faster
convergence rate but steady state error increases. On the contrary, smaller value of u reduces the

steady state error and it decreases the rate of convergence.

To improve the overall performance, these factors i.e. convergence rate, tracking capability and

steady state error, the value of u must be selected appropriately. To achieve this, a variable step
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size LMS (VSSLMS) adaptive algorithm is proposed here. This algorithm uses Lorentzian

function, and the improved step size factor u(n) can be expressed as,

1e(m)e(n-1)
2 82

u(n) = alog [1 + (5.63)

The step size p(n) is a function of a, § and the correlation value of the error calculated at each
sample time. Parameter a controls the convergence rate and § controls the changes in step size in
the steady state condition when the steady state error is close to zero. Both of these parameters
together vary step size pu(n) as shown in Eqn. (5.63). In the beginning of simulation, the error
e(n) is larger, and due to this, u(n) is also larger, which speeds up the convergence rate. Due to
fast convergence, the error is reduced gradually and p(n) also decreases. In this way, using
Lorentzian function, the proposed control algorithm achieves faster convergence and lower
steady state error. This algorithm also exhibits improved stability under distorted load conditions

and even under unbalanced load condition.

The general equation for updating the weight vector using LMS technique is given in Eqn. (5.62)
where p could be taken as constant or variable. Moreover, using VSSLMS, the step-size u(n)

value is updated using Lorentzian function as depicted in Eqn. (5.63).

The weights (Wpa, Wpp and wyc) corresponding to active power component of load currents are
calculated from the above discussed VSSLMS based control algorithm and their average weight

is given as,

Wpavg = Wap + Wpp + Wep)/3 (5.64)

The total weight w,, corresponding to fundamental active power components of reference supply
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current is obtained by the addition of the average weight (w,a,s) and active power component for

regulating DC bus voltage wy,s given as,
Wp = Wpavg + Wpioss (5.65)
The active power components of reference supply current (ipa*, ipb* and ipc*) are expressed as,

i*

_ . v
pa = Wplpa, bpp = Wplly,, and iy = Wyl (5.66)

pas

These fundamental active power components of currents are used to estimate reference supply

currents given as follows.

5.3.1.1 Estimation of Fundamental Reactive Power Components of Reference Supply
Currents Using VSSLMS Based Control Algorithm

Unit quadrature templates (uga, ugp and ugc) are calculated from unit inphase templates (Upa, Upp
and upc) same manner as given in section 5.3.1. The magnitude of PCC voltages are calculated as
given in Eqn. (5.54) and compared to reference PCC voltage magnitude (V). Thus the generated
error signal (vi) is passed through PI controller which output (w;) is same as given in section
5.3.1.

The weights (Wga, Wg» and wgc) corresponding to reactive power component of load current are
calculated similarly as active power weights are calculated by VSSLMS based control technique

discussed above and their average weight (Wgavg) 1S given as,

Woavg = Waq + Wpq + Wq)/3 (5.67)
The output of the PI controller (w;) denotes a leading reactive power component to compensate
for the voltage drop due to loading and supply impedance of the system. The total fundamental

reactive power component of reference supply current (wg) is given as,
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Wy = W — Wyag (5.68)
The reactive power components of reference currents (ig , igp and 1qc ) are expressed as,

e e _—

lga = Wqlgas lgp = Wqlgp and ige = Wallge (5.69)

These fundamental reactive components of reference supply currents are added with fundamental
active components of reference supply currents to estimate reference supply currents given as
follows.

5.3.3.3 Generation of Reference Supply Currents and Switching Pulses

The summation of reference active and reactive power components of Eqn. (5.66) and Eqn.
(5.69) can be considered as total reference currents (ig,, i;, andis.). These reference currents
are compared with the sensed supply currents (is,, i, and igz.) and the current error is extracted.

This error is then passed through PWM current controller for generation of switching pulses for

the three phase VSC.

54 MATLAB MODELING OF ADAPTIVE THEORY BASED CONTROL
ALGORITHMS

This section presents MATLAB based modeling of adaptive theory based control algorithms for
control of the DSTATCOM. The adaptive techniques such as Wiener filter, normalized LMS and
VSSLMS based control algorithms are developed using MATLAB/SIMULINK for generation of
reference supply currents. The detail description of MATLAB based model of the control

algorithms are given as follows.
5.4.1 MATLAB Model of Wiener Filter Based Control Algorithm

The simulation model of algorithm is developed in MATLAB environment using SIMULINK.
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The simulation model of Wiener filter based control algorithm is used to estimate the reference
supply currents as shown in Fig. 5.6(a). The PCC voltages (v, Vs, and vg), supply currents (i,
isp and ig), load currents (i, 1ip and 1) and DC bus voltage (Vq.) are sensed and used by control
algorithm for estimation of reference supply currents. Simulation model for estimation of
weights corresponding to active and reactive power component using Wiener filter is shown in

Fig. 5.6(b).
5.4.2 MATLAB Model of NLMS Based Control Algorithm

The simulation model of NLMS based control algorithm is shown in Figs. 5.7(a) and (b), which
is used to generate the reference supply currents for control of DSTATCOM. Simulation study of
the system is done in MATLAB environment using SIMULINK and Sim Power System (SPS)
tool boxes. The PCC voltages (vs, Vsb and v), supply currents (is, isb and is), load currents (ija,

ijp and 1) and DC bus voltage (Vq4c) are sensed and fed to the Simulink model of the NLMS
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Fig. 5.6(a) Simulation model of Wiener filter based control algorithm for extraction of reference supply currents
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based control algorithm. The NLMS technique is used to estimate weights corresponding to

fundamental active and reactive power component of load currents.

5.4.3 MATLAB Model of VSSLMS Based Control Algorithm

Figs. 5.8(a) and (b) show the simulation model of VSSLMS based control algorithm, which is
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used to generate the reference supply currents for the control of DSTATCOM. Simulation study
of the system is performed in MATLAB environment using SIMULINK and Sim Power System
(SPS) tool boxes. The PCC voltages (va, Vs and V), supply currents (is, i and ig), load
currents (i, 11 and iic) and DC bus voltage (V) are sensed and fed to the Simulink model of the
VSSLMS based control algorithm. The VSSLMS technique is used to estimate the weights

corresponding to the fundamental active and reactive power component of load currents.

5.5 DSP IMPLEMENTATION OF ADAPTIVE THEORY BASED CONTROL
ALGORITHMS

This section deals with DSP (dSPACE 1104 R&D controller board) based implementation of
adaptive theory based control algorithms. The real time performance of adaptive theory based

control algorithms is tested on developed prototype in the laboratory.

5.5.1 DSP Implementation of Wiener Filter Based Control Algorithm

The Wiener filter based control algorithm is implemented in DSP (dSPACE-1104 R&D
controller board) used to generate gating pulses for the IGBTs of three phase VSC. The DSP
(dSPACE 1104) is real time controller based on a 603 PowerPC floating-point processor. This

includes slave DSP subsystem based on the TMS320F240 digital signal processor. The DSP
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hardware and software give the facility to generate real time switching pulses from real time

signals with the use of SIMULINK model of the control algorithm. The simulation model of

Wiener filter based control algorithm used for DSP implementation is given in Fig. 5.6. DSP

(dSPACE 1104) based implementation of control algorithm for generating switching pulses of
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VSC is same as given in section 4.7.1. The DSP based implementation is mainly divided into
four blocks ADC block, scaling of signals block along with control algorithm block and PWM
current controller block. Implementation of DC and AC bus PI controllers is same as given in
4.7.1. An implementation of pulse width modulation (PWM) switching in DSP-dSPACE using
DS 1104SL_DSP_PWM3 block is presented same as in section 4.7.1. The solver option used for
the implementation is based on the fixed-step type with discrete (no continuous states) solver.

The sampling time (T) is selected as 45us for Wiener filter based control algorithm. The DC bus
PI controller proportional and integral gains calculated using Ziegler-Nichols unit step response

algorithm. The tuned values of PI controller gains are selected very close to calculated values.

5.5.2 DSP Based Implementation of NLMS Based Control Algorithm

The NLMS based control algorithm is implemented using DSP (dSPACE 1104 R&D controller
board). This controller is used to generate six switching pulses for IGBTs of a three phase VSC of
DSTATCOM. The DSP based implementation needs real time signals of PCC voltages, supply
currents, load currents and DC bus voltage through appropriate sensors and sensors circuitry.
These real time signals are processed by DSP using SIMULINK based control algorithm and six

real time switching signals are generated for switching on and off of the six IGBTs of the VSC.

The model of NLMS based control algorithm used for real time implementation is same as
discussed in simulation study. DSP (dSPACE 1104) based implementation of control algorithm
for generating switching pulses of DSTATCOM is same as presented in section 4.7.1. The DSP
based implementation is mainly divided into four blocks ADC block, scaling of signals block
along with control algorithm block and PWM current controller block. Implementation of DC
bus PI controller and PWM current controller for switching pulse generation are also same as

given in section 4.7.1. The NLMS based control algorithm for control of DSTATCOM takes a
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sampling time of approximately 50us. The proportional and integral gains of PI controllers are
calculated using standard Ziegler-Nichols unit step response algorithm and the values required in

implementation are selected very close to the calculated values.

5.5.3 DSP Based Implementation of VSSLMS Based Control Algorithm

The implementation of MATLAB model of VSSLMS based control algorithm is performed
using DSP (dSPACE1104 R&D controller board). The DSP controller requires real time signals
viz. PCC voltages, supply currents and load currents, which are sensed from appropriate sensors
and buffer circuitry. The sensed signals are then processed by the MATLAB based control
algorithm implemented on DSP (dSPACE1104 controller board). After processing, this
controller is used to generate switching pulses for the three phase VSC working as DSTATCOM.
The model of VSSLMS based control algorithm used for DSP implementation is the same as
discussed in simulation study and is shown in Fig. 5.8. The DSP based implementation of

VSSLMS based control algorithms is same as given in 4.7.1.

An implementation of DC bus voltage PI controller and PWM current controller for switching
pulse generation is the same as discussed in section 4.7.1. The sampling time (T;) taken by
VSSLMS based control algorithm for control of DSTATCOM is around 60us. The proportional
and integral gains of PI controllers are calculated using the standard Ziegler-Nichols unit step
response algorithm and the values required in implementation are selected very near to the
calculated values.

5.6 RESULTS AND DISCUSSION

The adaptive theory based control algorithms discussed in previous sections are developed using
MATLAB environment using SIMULINK and Sim Power System (SPS) tool boxes. This

section discusses the performance of these control algorithms using simulation and experimental
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test results. The test results are recorded using a power quality analyzer (Fluke 43B) and four
channel digital oscilloscope (Agilent DSO-X 2014A) on the developed prototype of

DSTATCOM.

5.6.1 Performance of DSTATCOM With Wiener Filter Based Control Algorithm

The performance of DSTATCOM for harmonics elimination, reactive power compensation and
load balancing is achieved in PFC and voltage regulation modes under nonlinear load. The
simulation and experimental test results for Wiener filter based control algorithms are discussed

as follows.

5.6.1.1 Simulated Performance of DSTATCOM in PFC and Voltage Regulation Modes

This section presents the simulated performance of DSATCOM using Wiener filter based control
algorithm. The performance of DSTATCOM controlled in PFC mode and voltage regulation

mode is discussed.

A. Performance of Wiener Filter Based Control Algorithm in Voltage Regulation Mode Under
Nonlinear Load

Fig. 5.9 shows the performance and intermediate signals of Wiener filter based control algorithm
in voltage regulation mode under nonlinear load. Fig. 5.9(a) shows waveforms of P, which is
the cross correlation vector between the desired quantity and input quantity, R, is the correlation
matrix of the input data, weight corresponding to active power component of phase ‘a’ of load
current (w,,), average and filtered active power weight (Wyae), output of DC bus PI controller
(Wpac) and reference active power weight (w,,) along with phase ‘a’ of PCC voltage (vs,) and

phase ‘c’ of load current (7).

These results are shown for steady state condition (before t=0.3s) as well as unbalanced load

condition. Unbalancing in the load is created during t=0.3s to t=0.4s, when phase ‘c’ of load is
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switched off. Fig. 5.9(b) shows the waveforms of weight corresponding to reactive power

component of phase ‘a’ of load current (w,,), average and the filtered reactive power weight

(Wgavg), output of AC bus PI controller (w;), reference reactive power weight (w,) which include
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Fig. 5.9 Performance of Wiener filter based control algorithm under nonlinear load in voltage regulation mode
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Wyave and w;, reference supply currents (is) and supply currents (iy). It is observed from these
results that the supply currents are tracking the reference currents and the proposed control

algorithm performs satisfactory in steady state as well as in dynamic and unbalanced load

conditions.

B. Performance of DSTATCOM in Power Factor Correction Mode Under Nonlinear Load

Fig. 5.10 shows the performance of the shunt compensator under nonlinear load for PFC mode.

The waveforms shown are PCC voltages (v;), supply currents (iy), load currents (i, i and i),
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Fig. 5.10 Steady state and dynamic performance of DSTATCOM in PFC mode under nonlinear load
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compensator currents (icq, icp and ic.) and self-sustained DC bus voltage (V). It can be observed
from Fig. 5.10 that before t=0.3s, the system is under steady state condition and the DC bus
voltage is regulated to its reference value of 700V. One phase (phase ‘c’) of load is now switched
off at t=0.3s till t=0.4s. During this period, it is observed that supply currents are sinusoidal and
balanced although having reduced magnitude. The voltage at the DC bus of the VSC also
achieves its reference value of 700V within a couple of cycles. The DSTATCOM performs
satisfactorily under steady state and unbalanced load conditions. The supply voltages and
currents are observed to be in phase, thus indicating power factor improvement of supply

currents to unity.

Fig. 5.11 shows the waveforms and harmonic spectra of phase ‘a’ of PCC voltage (vs,), supply
current (iy,) after compensation and load current (i;,). The values of THDs of the phase ‘a’ of
PCC voltage, supply current and load current are observed 1.24%, 3.68% and 26.48%
respectively. It can be observed from these results that the harmonic distortions of PCC voltage

and supply current are within the 5% limit specified by IEEE-519 standard.

C. Performance of DSTATCOM in Voltage Regulation Mode Under Nonlinear Load
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Fig. 5.11 Harmonic spectra of (a) PCC voltage, vy, (b) supply current, i, (c) load current, i, in PFC mode
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Steady state and dynamic performances of the DSTATCOM for voltage regulation under
nonlinear load are observed using Wiener filter based control algorithm in Fig. 5.12. This figure
shows the waveforms of PCC voltages (v;), supply currents (i), load currents (ij,, i and i),
compensator currents (ic,, icp and ic.), self-sustained DC bus voltage (Vi) and regulated
magnitude of PCC voltage (V;). It also shows the response of the system from t=0.2s to t=0.3s,
under steady state condition. During this condition, the DC bus voltage and magnitude of PCC
voltage are maintained at their reference values of 700V and 338.8V respectively. During the

interval t=0.3s to t=0.4s, one phase (phase ‘c’) of load is switched off. It is observed that even
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Fig. 5.12 Steady state and dynamic performance of DSTATCOM in voltage regulation under nonlinear
load
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under unbalanced load condition, the supply currents are sinusoidal and balanced. During this
period, the DC bus voltage and magnitude of PCC voltages are regulated to their reference

values within couple of cycles due to action of the PI controllers.

Fig. 5.13 depicts the waveforms and harmonic spectra of phase ‘a’ of PCC voltage (vy,), supply
current (iy,) after compensation and load current (i;,). The values of THDs of the phase ‘a’ of
PCC voltage, supply current and load current are observed to be 1.64%, 4.45% and 26.55%
respectively. It can be observed from these results that the harmonic distortions of PCC voltage

and supply current meet the limit specified in IEEE-519 standard.
5.6.1.2 Experimental Performance of DSTATCOM in PFC and Voltage Regulation Modes

This section discusses the experimental performance of Wiener filter based control algorithm
under nonlinear and linear loads in PFC and voltage regulation modes. The test results for

DSTATCOM with Wiener filter based control algorithm are given as follows.

A. Response of Wiener Filter Based Control Algorithm

The intermediate signals representing performance of Wiener filter based control algorithm for
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Fig. 5.13 Harmonic spectra of (a) PCC voltage, vy, (b) supply current, ig, (c) load current, i, in voltage regulation
mode.
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DSTATCOM in voltage regulation mode are shown in Figs. 5.14(a)-(d). The waveforms of
phase ‘a’ of PCC voltage (vs), filtered PCC voltage (ve«f), phase ‘a’ of load current (i) and
active power weight (w,p) corresponding to phase ‘a’ of load current are shown in Fig. 5.14(a).
Fig. 5.14(b) shows waveforms of active power weight (w,p), average magnitude of active power
weights (Wpayvg), output of DC bus PI controller (wpdc) and reference active power weight (wp).
Fig. 5.14(c) shows waveforms of reactive power weight (w,), average magnitude of reactive
power weights (Wgavg), output of AC bus PI controller (w,) and reference reactive power weight
(Wgq). The waveforms of reference supply currents (isa i and i, ) along with phase ‘a’ of PCC

voltage are shown in Fig. 5.14(d). It can be observed from these intermediate signals that the
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Wiener filter based control algorithm is able to extract the fundamental weight components very
quickly under dynamic load conditions. These extracted weights are used to generate the
reference supply currents and the compensator performs well under wide variation of loading

conditions including load unbalancing.

B. Steady State Performance of DSTATCOM in PFC Mode Under Nonlinear and Linear Loads

The steady state performance of DSTATCOM using Wiener filter based control algorithm under
nonlinear load is presented in Fig. 5.15. The waveforms of supply current (iy,), load current (ij,)
and compensator current (ic,) along with PCC voltage (vy,) are presented in Figs. 5.15(a), (¢) and
(e). Harmonic spectra corresponding to phase ‘a’ of supply current (i), load current (i;,) and
PCC voltage are shown in Figs. 5.15(b), (d) and (f). The values of THD in supply current, load
current and PCC voltage are observed to be 3.9%, 20.3% and 2.6% respectively. It can be
observed from this figure that after compensation, THD in supply current has reduced to 3.9%,
while the load current has THD of 20.3%. The DSTATCOM performs satisfactorily and
maintains THD in PCC voltage and supply current within the limit prescribed by IEEE-519
standard. Fig. 5.16 shows the simulated performance of the DSTATCOM using Wiener filter
based control algorithm at same voltage rating for which experimental system is developed. This
shows the waveforms of PCC voltages (vs), supply currents (is), load currents (i, i and i),
compensator current (icy, icp and icc) and self-sustained DC bus voltage (Vq4c). The supply
currents are balanced and sinusoidal and DC bus voltage is regulated at the reference voltage of

200V during steady state (before t=0.3s) and unbalanced load condition (t=0.3s to t=0.4s).

Fig. 5.17 shows steady state performance of the DSTATCOM under linear lagging PF load in
PFC mode. Figs. 5.17(a)-(c) show waveforms of phase ‘a’ of supply current (is), load current
(i,) and compensator current (ic,) along with PCC voltage (vs). Figs. 5.17 (d)-(f) show
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Fig. 5.16 Performance of DSTATCOM in PFC
mode under nonlinear load

waveforms of supply power (P;), load power (P;) and compensator power (Pc). The values of
supply and load apparent powers are 0.264 and 0.30kVA respectively. The power factor on
supply side is improved (close to 1 DPF) as the reactive power demand of the load is
compensated by DSTATCOM. Fig. 5.18 shows simulated performance of the DSTATCOM
under linear load in PFC mode at the same rating for which experimental system is developed.
The waveforms of PCC voltages (vs), supply currents (i), load currents (i, I, and i),
compensator current (ic,, icy, and ic.) and self-sustained DC bus voltage (V,4.) are presented in

these results. It is observed from the results that supply currents are maintained balanced and

sinusoidal in steady state and unbalance load conditions.

C. Dynamic Performance of DSTATCOM Under Nonlinear Load in PFC Mode

Dynamic performance of DSTATCOM is presented in Fig. 5.19 under nonlinear load using
Wiener filter based control algorithm. Waveforms of the supply currents (i, is» and i), load

currents (i, i and i), compensator current (icq, icp and ic.) and phase ‘a’ of PCC voltage (vs,)
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Fig. 5.18 Performance of DSTATCOM in PFC
mode under linear load

are shown in Figs. 5.19(a)-(c). It can be observed from these results that the supply currents are
balanced and sinusoidal even under unbalanced load conditions. Fig. 5.19(d) shows waveforms
of DC bus voltage (V,.), phase ‘c’ of supply current (i), phase ‘c’ of load current (i) and phase
‘c’ of compensator current (ic.). It can be observed from this figure that the DC bus voltage
achieves its reference voltage of 200V under unbalanced load conditions also when one phase of

the load is removed.

D. Steady State Performance of DSTATCOM in Voltage Regulation Mode

Fig. 5.20 shows steady state performance of DSTATCOM in voltage regulation mode using
Wiener filter based control algorithm. Figs. 5.20(a), (c) and (e) show waveforms of phase ‘a’ of
supply current (is,), load current (i,) and compensator current (ic,) along with PCC voltage (vs,).
Figs. 5.20(b), (d) and (f) show harmonic spectra of supply current, load current and PCC voltage.
These results present THD of 4.3%, 21.2% and 3.1% in supply current, load current and PCC

voltage respectively. Improved THD is achieved in supply current after compensation which is
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within the limit specified by IEEE-519 standard. Figs. 5.20(g), (h) and (i) show reactive powers
in supply (Qs), load (Q;) and compensator (Qc). It is observed from this result that reactive

powers in supply and load are 0.14kVAR and 0.10kVAR respectively.

Fig. 5.21 shows simulated performance of DSTATCOM in voltage regulation mode at the same
voltage rating for which experimental prototype is developed. These results present waveforms
of PCC voltages (vs), supply currents (is), load currents (i, 1ip and 1), compensator current (ica,
icp and icc), self-sustained DC bus voltage (V4) and amplitude of PCC voltage (V). It is

observed from this result that DC bus voltage and amplitude of PCC voltage are regulated at
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their reference value of 200V and 89.9V in steady state (before t=0.3s) and unbalance load

condition (t=0.3 t0 t=0.4s) respectively.

E. Dynamic Performance of DSTATCOM in Voltage Regulation Mode

Fig. 5.22 shows the dynamic performance of DSTATCOM in voltage regulation mode. Fig.
5.22(a) presents waveforms of regulated DC bus voltage (Vq), regulated amplitude of PCC
voltage (V,) along with phase ‘a’ of supply current (is,) and load current (ij,) in steady state and
unbalance load conditions. It is observed from these results that supply currents are maintained
balanced and sinusoidal in steady state and unbalanced load conditions. The amplitude of PCC

voltage magnitude (V) is boosted from 85.5V to 89V, as shown in Fig. 5.22(b).
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Fig. 5.22 Dynamic performance of DSTATCOM in voltage regulation mode under nonlinear load

5.6.2 Performance of DSTATCOM With Least Mean Square Based Control Algorithm

The variants of LMS techniques such as basic LMS, NLMS and SLMS are given in the section
5.3.2. This section deals with the performance of DSTATCOM using NLMS based control
algorithm. Various features of DSTATCOM such as harmonics elimination, reactive power
compensation and load balancing are discussed in PFC and voltage regulation modes under
nonlinear load. Simulation results are studied for both PFC and voltage regulation modes,
whereas test results are recorded for PFC mode under nonlinear load. The simulation and

experimental test results for NLMS based control algorithms are discussed as follows.

5.6.2.1 Simulated Performance of DSTATCOM in PFC and Voltage Regulation Mode

This section presents the performance of NLMS based control algorithm, performance of the
DSTATCOM in PFC and voltage regulation modes along with the intermediate signals. The

simulation results of DSTATCOM with NLMS based control algorithm are given as follows.

A. Performance and Intermediate Signals of NLMS Based Control Algorithm in Voltage
Regulation Mode Under Nonlinear Load

Figs. 5.23(a) and (b) show intermediate signals of NLMS based control algorithm in voltage

regulation mode. Fig. 5.23(a) shows waveforms of PCC voltage phase ‘a’ (vg), load current
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phase ‘c’ (i), weight corresponding to phase ‘a’ of load current (wyp), filtered value of average
active power weight (Wpayvg), output of DC bus PI controller (wpqc) and reference active power

weight (wp), which include wpaye and wpae. These results are presented for steady state condition
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Fig. 5.23 Performance and intermediate signals of NLMS based control algorithm in voltage regulation mode
under nonlinear load
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(before t=0.3s) and unbalanced load condition (t=0.3s to t=0.4s), when phase ‘c’ of load current
is switched off. Fig. 5.23(b) shows the waveforms of weighted value (w,q) corresponding to
reactive power weight of phase ‘a’ of load current, filtered value of average reactive power
weight (Wgavg), output of AC bus PI controller (w,), reference reactive power weight (wq),
generated reference currents (i; ) and supply currents (iy). It is observed from this figure that the
supply currents perfectly track the reference currents in steady state and unbalanced load

conditions.
B. Performance of NLMS Based Control Algorithm in PFC Mode Under Nonlinear Load

Fig. 5.24 shows the waveforms of PCC voltages (v;), supply currents (i), load currents (i, in
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and i), compensator currents (ic,, icp, and ic.) and self-sustained DC bus voltage (V). These
results are presented for both steady state and unbalanced load conditions. During steady state
(till t=0.3s) condition, it is observed that supply currents are balanced and sinusoidal. The
voltage at DC bus is regulated to the reference value of 700V. An unbalancing is created in load
during t=0.3s to 0.4s, when phase ‘c’ of load is switched off. It is observed from these results
that during unbalancing, the supply currents are still balanced and sinusoidal. The voltage at the

DC bus achieves its reference value within a couple of cycles.

Fig. 5.25 shows the harmonic spectra of phase ‘a’ of supply voltage (vs,), supply current (i,) and
load current (i;,). The THDs of 1.61%, 2.82% and 26.61% are obtained in vy, iy, and i
respectively. It is observed from these results that 2.82% THD is obtained in supply current,
whereas there is 26.61% THD in load current. The THD in supply voltage and supply current lies

within the limit specified by international standard such as IEEE-519.

C. Performance of NLMS Based Control Algorithm in Voltage Regulation Mode Under
Nonlinear Load

Fig. 5.26 shows the waveforms of PCC voltages (v;), supply currents (i), load currents (ij,, i, and

1ic), compensator currents (icq, icp and ic.), self-sustained DC bus voltage (Vy) and PCC voltage
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Fig. 5.25 Harmonic spectra of phase ‘a’ of (a) supply voltage, v, (b) supply current, i, (c) load current, i, in
PFC mode
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magnitude (V;). The system is under steady state condition upto t=0.3s, and during this time it is
observed that the supply currents are balanced and sinusoidal. The voltage at DC bus and PCC
voltage magnitude are regulated to their reference values of 700V and 338.8V respectively. An
unbalancing is created in the load during t=0.3s to 0.4s, when phase ‘c’ of load is switched off.
During load unbalancing, it is observed that supply currents are still balanced and sinusoidal
although reduced in magnitude. The voltage at the DC bus and PCC voltage magnitude achieve

their reference values within a couple of cycles.

Fig. 5.27 shows the harmonic spectra of phase ‘a’ of supply voltage (vy,), supply current (is,) and
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Fig. 5.27 Harmonic spectra of phase ‘a’ of (a) supply voltage, v,, (b) supply current, i, (c) load current, i, in
voltage regulation mode

load current (iy). These results show THDs of 1.76%, 3.33% and 26.73% in vy, iy, and i
respectively. These results show the THD of 3.33% obtained in supply current, whereas there is
THD of 26.73% of load current. The THD obtained in supply voltage and supply current lie

within the limit specified by IEEE-519 standard.

5.6.2.2 Experimental Performance of DSTATCOM With NLMS Based Control
Algorithm in PFC Mode

Experimental performance of DSTATCOM in PFC mode is presented in this section. The first
part discusses the performance and intermediate signals for NLMS based control algorithm and

the second part discusses the performance of DSTATCOM in steady state and dynamic

conditions.

A. Performance of the NLMS Based Control Algorithm for DSTATCOM

Fig. 5.28 shows the performance of NLMS based control algorithm for DSTATCOM under
nonlinear load. Fig. 5.28(a) shows waveforms of phase ‘a’ of PCC voltage (vy), PCC filtered
voltage (vy), phase ‘c’ of load current (i) and step size parameter (u(k)). Fig. 5.28(b) shows
reference DC bus voltage (V.. '), sensed DC bus voltage (V,.), filtered DC bus voltage (Vaep) and

output of DC bus PI controller (wpqc).
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Fig. 5.28(c) shows averaged value of active power weight (Wpa,), output of DC bus PI controller
(Wpac) and their summation which is reference active power weight (w,) along with filtered DC

bus voltage (V). Fig. 5.28(d) shows phase ‘a’ of load current (ij,), its estimated fundamental
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Fig. 5.28 Performance and intermediate signals of NLMS based control algorithm under nonlinear load
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component (i.y,) and error between them (e,) along with inphase unit template of PCC voltage
(upa). Fig. 5.28(e) shows the reference supply currents (isa » isp and is. ) along with phase ‘a’ of
filtered PCC voltage (vip). It is observed that the phase ‘a’ of reference supply current is in phase
with v, showing power factor correction. These results are shown for steady state as well as
unbalanced load conditions, which is created when phase ‘c’ of load is switched off. The
performance of the NLMS based control algorithm is observed to be satisfactory under steady

state as well as dynamic load conditions.

B. Steady State Performance of DSTATCOM With NLMS Based Control Algorithm Under
Nonlinear Load

Fig. 5.29 shows the performance of DSTATCOM in steady state condition. Figs. 5.29(a), (c) and
(e) show the waveforms for supply current, load current and compensator current (is,, i1, and ica)
along with PCC voltage (vg). Figs. 5.29(b), (d) and (f) show harmonic spectra of supply current,
load current and PCC voltage which have THDs of 2.7%, 22.9% and 3.1% in ig, 1, and vy,
respectively. It is observed from these test results that 2.7% THD is obtained in is,, whereas there
1s 22.9% THD in 1i,. The THDs in supply current and PCC voltage are within the limit specified

by international standards.

Fig. 5.30 shows simulated performance of DSTATCOM using NLMS based control algorithm at
the same voltage rating for which experimental prototype is developed. Waveforms of PCC
voltages (vs), supply currents (is, isb and is), load currents (i, iip and i), compensator currents
(ica, 1cy and icc) and DC bus voltage (V4c) are shown in these results. It is observed from these
results that supply currents are balance and sinusoidal in steady state (before t=0.3s) and
unbalanced (t=0.3s to t=0.4s) load condition. The DC bus voltage is regulated at the reference

voltage of 200V.

C. Dynamic Performance of DSTATCOM Under Unbalance Load Condition
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Fig. 5.30 Performance of DSTATCOM in PFC
mode

Fig. 5.31 shows the responses of the system under unbalanced load conditions. Figs. 5.31(a)-(c)
show the variation of supply currents (i, is» and is.), load currents (iy, i and i;) and compensator
currents (icq, icp and ic.) along with phase ‘a’ of PCC voltage (vy,) in steady state and unbalanced
load condition. It is observed from these results that supply currents are balanced and sinusoidal
with reduced magnitude, in case of unbalanced load. Fig. 5.31(d) shows the variation of V,. along
with phase ‘c’ of supply current, load current and compensator current (is,, i, and ic,) under
steady state conditions and unbalanced load condition. The DC bus voltage rises when the load is

removed. However, the controller action is able to bring the DC bus voltage back to its reference

value of 200V.

5.6.3 Performance of DSTATCOM With Variable Step Size Least Mean Square Based
Control Algorithm

The performance of DSTATCOM for power quality improvement features such as harmonics
reduction, reactive power compensation and load balancing is studied in PFC and voltage

regulation modes under nonlinear load. Simulation results are studied for both PFC and voltage
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Fig. 5.31 Dynamic performance of shunt compensator under nonlinear load using NLMS based control
algorithm

regulation modes, whereas test results are recorded for PFC mode under nonlinear load. The

simulation and test results for VSSLMS based control algorithms are discussed as follows.

5.6.3.1 Simulated Performance of DSTATCOM in PFC and Voltage Regulation Modes
With VSSLMS Based Control Algorithm

This section presents the performance and intermediate signals obtained with VSSLMS based
control algorithm for DSTATCOM. The performance of the system with DSTATCOM controlled

in PFC and in voltage regulation modes are studied here.

A. Performance and Intermediate Signals of VSSLMS Based Control in Voltage Regulation
Mode Under Nonlinear Load
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Figs. 5.32(a) and (b) show the simulation results obtained along with the intermediate signals
using VSSLMS based control algorithm in voltage regulation mode. Fig. 5.32(a) shows the

waveforms of PCC voltage phase ‘a’ (vs«), load current phase ‘c’ (i), variable step size (W),
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Fig. 5.32 Performance and intermediate signals of VSSLMS based control algorithm in voltage regulation

mode under nonlinear load

0.35 04 045

Time (sec)

(b)

166

0.5



weighted value corresponding to phase ‘a’ of load current (wyp), filtered value of average active
power weight (Wpave), output of DC bus PI controller (wpqc) and reference active power weight
(wp), which is the addition of Wpaye and wpee. These results are presented for steady state
condition (before t=0.3s) and unbalanced load condition (t=0.3s to t=0.4s), when phase ‘c’ of
load current is switched off. Fig. 5.32(b) shows the waveforms of weight (w,q) corresponding to
reactive power component of phase ‘a’ of load current, filtered value of average reactive power
weight (Wgave), output of AC bus PI controller (w,), reference reactive power weight (wg),
generated reference currents (is ) and supply currents (iy). It is observed from these results that
the supply currents perfectly track the reference supply currents in steady state and unbalanced
load conditions, as determined by the algorithm. It is observed that the performance of the

system is satisfactory under varying load conditions as highlighted in this figure.
B. Performance of DSTATCOM in Power Factor Correction Mode Using VSSLMS Algorithm

The response of the system with DSTATCOM under varying nonlinear load is shown in Fig.
5.33 for VSSLMS algorithm. This represents the waveforms of PCC voltages (vy), supply
currents (i), load currents (i, i and i), compensator currents (icq, icp and ic.) and DC bus
voltage (V). It can be observed here that even when the load currents are unbalanced due to
removal of phase ‘c’ up to t=0.8s, the voltage at DC bus is regulated to its reference value of
750V by PI controller action. After t=0.8s, phase ‘c’ of the load is reconnected and unbalancing
in load is removed. It is observed from these results that when the load is suddenly reconnected
at t=0.8s, a dip in DC bus voltage is observed. The DC bus voltage takes around one cycle
(t=0.8s to t=0.82s) to regain its voltage back to the reference value. During dynamic load

changes (t=0.8s to t=0.82s), there is a slight distortion in supply currents but as soon as DC bus
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voltage is restored back to its reference value by PI controller action, the supply currents become

perfectly balanced and sinusoidal.

The harmonic spectra of phase ‘a’ of PCC voltage (vg,), supply current (is,) and load current (iz,)
are shown in Fig. 5.34. It can be observed from these results that the THDs in phase ‘a” PCC
voltage, supply current and load current are 1.61%, 1.72% and 26.66% respectively. This shows
the improved THD in supply current 1.72%, whereas there is 26.66% THD in load current. The
THD in supply current lies within the limit of limit of 5% as specified in IEEE-519 standard.

These results validate the satisfactory performance of DSTATCOM under power quality aspects
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Fig. 5.33 Dynamic performance of compensator for PFC mode under varying non-linear load
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Fig. 5.34 Harmonic spectra of (a) PCC voltage (b) source current (is,) and (b) load current (ij,) in PFC using
VSSLMS

such as load balancing and harmonics reduction.

C. Performance of DSTATCOM in Voltage Regulation Mode Using VSSLMS

The response of DSTATCOM for voltage regulation mode under varying nonlinear load is
shown in Fig. 5.35. These results show the waveforms of PCC voltages (v;), supply currents (iy),
load currents (ij,, i and i), compensator currents (ic,, icp and ic.), voltage at DC bus (V) and
amplitude of PCC voltage (V;). It is observed here that the load currents are unbalanced due to
removal of phase ‘c’ up to t=0.8s. The DC bus voltage is regulated to its reference value of 750V
under steady state condition and the PCC voltage is maintained at its reference voltage of
338.8V. At t=0.8s, phase ‘c’ of load current is reconnected and unbalancing in the load is
removed. It is observed from these results that dip in DC bus voltage and PCC voltage are
experienced when the load is suddenly reconnected. The DC bus voltage and PCC voltage take
around one cycle (t=0.8s to t=0.82s) to regain their reference values of 700V and 338.8V
respectively. The harmonic spectra of phase ‘a’ of PCC voltage (vs), supply current (iy) and
load current (ij,) are shown in Fig. 5.36. It is observed from these results that the THDs of phase

‘a’ PCC voltage (vs,), supply current (is,) and load current (iy,) are 1.76%, 2.32 % and 26.66%.
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Fig. 5.35 Dynamic performance of compensator for voltage regulation mode under varying nonlinear load
for VSSLMS

The THD achieved in supply current is 2.32%, whereas there is 26.66% THD in load current.

The THD in supply current lies within the limit specified by IEEE-519 standard. These results

show the performance of DSTATCOM is satisfactory in regulating the PCC voltage, load

balancing and harmonic elimination in voltage regulation mode.

5.6.3.2 Experimental Performance of DSTATCOM in PFC Mode With VSSLMS Based
Control Algorithm

The experimental results of control algorithm are taken by prototype developed in the laboratory.
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Experimental test results of the system with DSTATCOM are presented here. The steady state
performance of the system is discussed first and then the dynamic performance of DSTATCOM

using VSSLMS control algorithm is presented.

A. Steady State Performance of the System with DSTATCOM Under Nonlinear Load

Fig. 5.37 shows the steady state performance of DSTATCOM under nonlinear load. Figs. 5.37
(a) and (b) show PCC line voltage (v,5) with phase ‘a’ of supply current and harmonics spectrum
of supply current, which has THD of the order of 4.9% after compensation. Fig. 5.37 (c) and (d)
show PCC voltage (v.») along with phase ‘a’ of load current (i,) and harmonics spectrum of load
current, which has THD of the order of 24.3%. Fig. 5.37(e) shows the phase ‘a’ compensator
current (ic,) along with PCC voltage (vq). Fig. 5.37(f) shows harmonic spectrum of PCC
voltage, which has THD of 3.4%. It can be observed from these test results that supply current
has THD of 4.9%, whereas there is a THD of 24.3% in load current. The THD value of supply

voltage and supply current lie within the permitted limit of IEEE-519 standard.

Fig. 5.38 shows simulated performance of DSTATCOM using VSSLMS based control algorithm

at the same voltage rating for which experimental prototype is developed. Waveforms of PCC
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voltages (vs), supply currents (is, isp and i), load currents (i, 1ip and i), compensator currents

(ica, 1cp and icc) and DC bus voltage (V4c) are shown in these results. It is observed from these

results that supply currents are balanced and sinusoidal in steady state (before t=0.3s) and

unbalanced (t=0.3s to t=0.4s) load condition. The DC bus voltage is regulated at the reference

voltage of 200V in steady state as well as in dynamic load conditions.

B. Dynamic Performance of System with DSTATCOM Under Nonlinear Load

Fig. 5.39 shows the dynamic performance of DSTATCOM under nonlinear load. Fig. 5.39(a)-(c)

shows supply currents (i, is» and i), load currents (i, i and 1) and compensator currents (ica,

icy and ic) along with PCC voltage of phase ‘a’ (vs). These test results are shown for steady

state and unbalanced load conditions, when phase ‘c’ of load current is switched off. It is

observed from these results that supply currents are perfectly balanced and sinusoidal in steady

state and unbalanced load condition. The dynamics of DC bus voltage (V4) with phase ‘c’ of

supply current (i), load current (i;) and compensator current (ic.) are shown in Fig. 5.40(a). An
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unbalancing in the load is created by removing one phase of load and it is observed that DC bus
voltage settles down to a reference value of 200V within a cycle due PI controller action.
Dynamic performance of the weights corresponding to fundamental power component of load
currents (W, Wy, and we,) with variable step size u(k) are shown in Fig. 5.40(b). It can be
observed from this figure that the magnitude of weight corresponding to phase ‘c’ (w.,) becomes
zero when the load in this phase is removed and the weights corresponding to other two phases

(wap and wy,) are reduced in magnitude. The value of variable step size u(k) is also affected by
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load unbalancing. These test results show the satisfactory performance of the shunt compensator

under dynamics in maintaining DC bus voltage and fast weight convergence.

57 CONCLUSIONS

This chapter has presented mathematical formulation and performances of adaptive theory based
control algorithms for DSTATCOM. The adaptive theory based control techniques such as
Wiener filter, least mean square and variable step size least mean square based control
algorithms have been developed. Mathematical analysis and formulation of these control
algorithms have been presented. The simulated performances of these control algorithms have
been presented for various power quality problems such as harmonics, power factor and load
unbalancing in both PFC and voltage regulation modes. Real time performances of these control
algorithms have been tested on developed laboratory prototype in the laboratory. Test results
have shown 2.3%, 2.7% and 4.9% THD in supply current in case of Wiener filter, NLMS and
VSSLMS based control algorithms respectively. Supply currents have been achieved balanced

and sinusoidal during balanced and unbalanced load conditions.
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CHAPTER-VI
RECURSIVE THEORY BASED CONTROL ALGORITHMS FOR DSTATCOM

6.1 GENERAL

In the previous chapter, adaptive theory based control algorithms have been used for the control
of DSTATCOM. This chapter deals with recursive theory based control algorithms, which
calculate the coefficients in a recursive manner to minimize a weighted linear least square cost
function. In the recursive techniques, computation starts with initial conditions and the
information contained in new data samples is used to update the old estimated values. These
recursive theory based control algorithms include such as variable forgetting factor recursive
least square (VFFRLS), recursive inverse (RI) and immune feedback. Mathematical formulation,
MATLAB/SIMULINK based simulation study and DSP based implementation of these control
algorithms are carried out for control of DSTATCOM. These control algorithms are used to
estimate the fundamental active and reactive power components of load currents and their
average weights are computed. These average weights are used to estimate reference supply
currents. Various functions of DSTATCOM such as harmonic elimination, reactive power
compensation and load balancing are demonstrated in power factor correction (PFC) and voltage

regulation modes.

6.2 CONFIGURATION AND OPERATING PRINCIPLE OF DSTATCOM

The DSTATCOM is a shunt connected device where IGBTs based voltage source converter
(VSC) is used. Fig. 6.1 shows the schematic diagram of VSC based DSTATCOM. A three-
phase, AC mains with grid impedance, shown using series LR, branch, feeds a three phase
nonlinear load. The DSTATCOM is designed using three-leg voltage source converter (VSC)
which uses six insulated gate bipolar transistors (IGBTs) with anti-parallel diodes and DC link
capacitor (Cyc) at DC side. Interfacing inductors (L) are used at the AC side of VSC, which
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couple the VSC to the grid. High frequency switching noise generated by switching of IGBTs of
VSC is reduced with the help of series connected capacitive (Cy) and resistive (Ry) elements at
the point of common coupling (PCC). The nonlinear load is represented as uncontrolled bridge
rectifier with series R-L branch. The voltages at PCC (v, and vg,), supply currents (is,, and i),
load currents (i, ip and i) and DC bus voltage (Vg4.) are sensed and given to the DSP. These
signals are processed by DSP to generate appropriate switching pulses for three phase VSC. A
hardware prototype of the system is implemented in the laboratory using DSP (dSPACE 1104
R&D controller board). Hall Effect voltage and current sensors are used to sense real time
feedback signals. The design of sensor circuitry and various components of DSTATCOM are
same as given in section 3.6. Switching pulses generated by DSP are used to derive three phase
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Fig. 6.1 Schematic diagram of the DSTATCOM
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VSC, which generates compensator currents (ic,, icy and icc).

6.3 BASIC PRINCIPLE AND MATHEMATICAL FORMULATION OF RECURSIVE
THEORY BASED CONTROL ALGORITHMS

This section deals with basic principle and mathematical formulation of recursive theory based
control algorithms. The control algorithms under this category include variable forgetting factor
recursive least square (VFFRLS), recursive inverse (RI) and immune feedback based control
algorithms. Detail description of basic principle and mathematical formulation is given as

follows.

6.3.1 Variable Forgetting Factor Recursive Least Square Based Control Algorithm [163-
169]

The recursive least square method estimates least square (LS) value of the filter coefficients w(n-
1) at n-1" iteration, by determining its estimate at the n™ iteration using the recently arrived data.
To develop the recursive methods of least squares, computation can be started with the known
initial conditions and then the old estimates are updated based on the newest information
available from the fresh data samples.

This section is divided into three parts. First part presents the estimation of fundamental active
power component of load current. Second part formulates the estimation of fundamental reactive
power component of load current and using VFFRLS based control algorithm and the derivation
of reference supply currents along with switching pulse generation for VSC of DSTATCOM is

given in the third part.

6.3.1.1 Estimation of Fundamental Active Power Components of Reference Supply
Currents Using VFFRLS Based Control Algorithm

Fig. 6.2 shows the block diagram of control algorithm where voltages (vs, vsb and vy) at the

PCC are sensed and their amplitude is calculated as given as,
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Ve = V2(d, + v}, + v%)/3 (6.1)
Using PCC voltage magnitude, the unit inphase components are calculated as,
upa = sa/Vt; upb = vsb/Vt; and upc = vsc/Vt (62)

The sensed DC bus voltage (V) is filtered using a low pass filter (LPF) to suppress ripples. The
reference value of DC bus voltage (V) is compared with the sensed DC bus voltage (V) to
estimate an error (vz). This error is then passed through a proportional integral (PI) controller
which output is used to regulate the voltage at DC bus to its reference value and to meet VSC

losses. The output of PI controller at n” sampling instant is given as,
Wpac(M) = wpac(n — 1) + kpa{vge(n) — vge(n — D} + kig{vge (n)} (6.3)
where k,; and k;; are the gains of PI controller.

The fundamental active power components (Wap, Wpp and w¢p) of load currents are estimated by

T
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W,(1)= w,(1=D)+ P,(n=1)x, (e, () 2,(n) + ()2, =Dy, () Controller
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Fig. 6.2 Block diagram of the VFFRLS based control algorithm
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VFFRLS based control technique. The recursive least square (RLS) technique is used to
minimize a function of error known as cost function J(n), this function is defined at n™ sampling

instant as,

J(n) = Xk=1n (Me?(n) (6.4)

where 1 (n) and e(n) denote the weighting factor and error respectively. The error e(n) can be

expressed as,
e(n) =i, (n) — ilaf(n) = ijg(m) —w' (n — Dx(n) (6.5)

where ij,(n) and i;,(n) are the desired and the estimated quantities of load currents, input vector
x(n)=[x(n) x(n-1)......x(n-M+1)]" and weight vector w(n)=[wi(n) wa(n)...wy(n)]’, where M is

the length of the vector w(n).

The weight updation rule for RLS technique is given as,

P(n—1)x(n)

k(n) = A+xT(m)P(n—-1)x(n) (6.6)
wn) =wn—1) + k(n)e(n) (6.7)
P(n) = 2[P(n— 1) — k(n)x" (M)P(n — 1)] (6.8)

where k(n) and P(n) are the vector of Kalman gain and inverse of input correlation matrix.

The factor 4 denotes the forgetting factor, which plays an important role in learning of the
algorithm. The value of this factor lies between O to 1. In fixed forgetting factor RLS method, if
A is closer to 1, the algorithm achieves fast convergence but with reduced tracking capability.

The tracking capability of the algorithm may be improved at reduced value of 4, but this also
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reduces the speed of convergence. In order to meet this conflicting demand, a variable forgetting

factor RLS method is proposed.

Parameter e(n) in Eqn. (6.5) is a priori error and computed at time ‘n-1’. The a posteriori error is

given as,

e(n) = ij,(n) —wl(n)x(n) (6.9)
From Eqn. (6.5), Eqn. (6.7) and Eqn. (6.9) a posteriori error can be modified as,

e(m) =em)[1—xT(n)k(n)] (6.10)
The forgetting factor A(n) can be adjusted according given as follows ,

E{e(n)e(n)} = E{(v*(n)} (6.11)

where E{v’(n)j=c,” and this is the power of distortion in system. By using Eqn. (6.6) and Eqn.

(6.10) in Egn. (6.11), it results in,

E{e(m)e(n)} =E {ez(n) [1 _ X mp@-hrm ]} (6.12)

AM)+xT(m)P(n-1)x(n)

The expression for variable forgetting factor A(n) can computed by using Eqn. (6.11) and Eqn.

(6.12) as,

A(n) = 2 (6.13)

03(n)-oZ

where g(n) = xT(M)P(n — 1)x(n) and E{e?(n)} = a2(n), E{*} is power of the a priori error.

The value g(n) is given as,
qn) = ag(n—1) — (1 — a)q(n) (6.14)
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where a is the weighting factor. Here it is supposed that the forgetting factor (FF) is
deterministic. The updation of weight vector w(n) from Eqn. (6.7), with variable forgetting
factor, gives weights (wg,, Wi, and w,,) corresponding to fundamental active and reactive power

components of load currents.

The average weighted value (Wpaye) of weights wg,, wy, and we, of reference supply current is

given as,

Wap+WpptWep

Wpavg = —2bpep (6.15)

The loss component (w,q.) obtained from the PI controller as given by Eqn. (6.3) is added to the
average fundamental active power weight (W) from Eqn. (6.15) to obtain the, reference active

power weight as,

Wp = Wpavg + Wpac (6.16)

The reference currents corresponding to fundamental active power are estimated from in-phase

unit vectors (Upa, Up, and up.) and reference active power weight (wp) as,

- 3k y —
lpa = Wplpa, lpp = Wpllyp and ipe = Wylly, (6.17)

where i,, , ip, and i, are estimated fundamental active reference supply currents.

6.3.1.2 Estimation of Fundamental Reactive Power Components of Reference Supply
Currents From VFFRLS Based Control Algorithm

The unit quadrature templates (Ugq, Ugpand Ug.) are computed from unit inphase templates as,

qa-

Uga = — Upp/ V3 + Upc/V3 (6.18)

Ugp = V3 Upa/2 + (Upp — Upc)/2V3 (6.19)
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Uge = —V3Upa/2 + (Upp — Upc)/2V3 (6.20)

Another PI controller is used to regulate the PCC voltage to its reference value. The magnitude
of PCC voltage (V;) and selected reference value (Vt*) are compared and output error (V) is
passed through PI controller. The output of PI controller (w;) is used to regulate PCC voltage
magnitude to its reference value and at the n” sampling instant it is given as,

we() = w,(n = 1) + kpg{0e () = vee(n = D} + ki {0, ()} (6.21)
where k,, and k;, are gains for the second PI controller realized for voltage regulation at PCC.
The fundamental reactive power components (Waq, Whq and weq) of load currents are estimated
similarly as given above by VFFRLS based control technique and the average weighted value

(Wqavg) 1s calculated as,

Waq +qu +ch

Waavg = f (622)

Reference reactive power weight (wg) is obtained by using output of AC bus PI controller (w;)
and the average reactive weight (Wya,) as,

Wq = Wi — Wigap (6.23)
The unit quadrature templates (uqa, ug, and ug) and reference reactive power weight (wq) are
used to estimate the reactive power component of reference supply currents (iqa*, iqb* and iqc*) as,

e
lga = Wq

ko fx
Ugas Lgp = Wqlgp and igc = Wl (6.24)
Thus the reference active and reactive components of reference supply current are estimated and
used to generate reference supply currents, which is discussed in next section.

6.3.1.3 Generation of Reference Supply Currents and Switching Pulses

The summation of active (ipa , ipp and ip. ) and reactive (iga , igp and i ) components of

reference supply currents using Eqn. (6.17) and Eqn. (6.24) gives the total reference supply
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currents (isa*, i and is ) as,

lsa = lpa + iga> Usp = Lpp +igp and ig. = iy + igc (6.25)
The sensed supply currents (i, is» and is) are compared with these reference supply currents
(im*, i and isc*) and the current errors (i, s and is.) are generated. These current errors are

passed through PWM current controller, which generates switching pulses for three phase VSC

used as DSTATCOM.

6.3.2 Recursive Inverse Based Control Algorithm [170-172]

The recursive inverse technique is based on the recursive theory. This algorithm is robust under
distorted environment, with considerable reduction in computational complexity, which makes
less computation burden in real time implementation. The weighted values of the fundamental
active and reactive power component of load currents are extracted and the reference supply
currents are generated using this algorithm. The proposed algorithm is used for harmonics
elimination, reactive power compensation and load balancing in power factor correction and
voltage regulation mode along with regulation of self-sustained DC bus voltage. The
implementation of this algorithm is simple and is based on some mathematical operations such as
multiplication, division and addition, for error calculation and weight updation. The
mathematical formulation of recursive inverse based control algorithm for estimation of
fundamental active and reactive power components of reference supply currents and generation

of switching pulses for three phase VSC used as DSTATCOM is given as follows.

6.3.2.1 Estimation of Fundamental Active Power Components of Reference Supply
Currents From Recursive Inverse Based Control Algorithm

Fig. 6.3 shows the block diagram of recursive inverse based control algorithm, where phase PCC

voltages (vy, Vs and vy.) are sensed and magnitude (V;) is calculated as,
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_[2( 2 2 2
r \/3 (vsa i Ysb i Vsc) (6.26)

Unit inphase templates are calculated from PCC voltages and their magnitude same as given in
section 6.3.1(A). The voltage at DC bus (V4) of VSC is sensed and compared by reference DC
bus voltage (V4. ), thus the generated error is passed through PI controller. The output (Wpde) of

DC bus PI controller is same as given in section 6.3.1.

Fundamental weights (w.p, Wy, and wc,) corresponding to active power component of load
currents are extracted by recursive inverse technique. The extraction of fundamental active
component of phase ‘a’ of load current (i) from distorted value (i) of same phase is described
here for phase ‘a’ of the load current and other components for phase ‘b’ and ‘c’ are computed

similarly. The a priory error is given as,

e(n)=i, —i
la laf 6.27)

The fundamental current component of phase ‘a’ of load current is estimated from weighted

I.I" V/ o 6 Pl “‘l"l'
—> -t y A dac P &
Wap W, (n) _[[ H, (")Ra (”)]“L, (n-1) 4, (n)ll, (n) Controller Upg Uph Upe
) /14" Ly
Wag IUH()'I) = Hy / a +—-
“'I‘ll o [ —p
> sa .,
i ) . » , L—y» Gating
Ly Wep + Reference [ ] PWM ;;ukct
u',,,,' Estimation of phase ‘h” weighted values — current | !sh | current 6 VSC
“.'W' Wiy and Wi, Wag generation ] « | controller f—3
I Wiy > >
—
il( ‘1‘('11
_’“I/v Estimation of phase ‘c” weighted values T”“ “//T“w'
' 'l qb
Wey Wep and w, 4 Unit and
—ly ”

quadrature
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Vi LP¥ e Controller generation

TTTeey

Vsa Vsb Vsc Upa Uph Uy,

Fig. 6.3 Block diagram of recursive inverse based control algorithm for DSTATCOM
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vector and input parameter such as,

iy =X (Mw(n—1)

(6.28)

The value of ij,r obtained from Eqn. (6.28) is used in Eqn. (6.27), which gives,

e(n) =i, —x" (Myw(n—1) (6.29)

where x(n)=[x(n), x(n-1),...,.x(n-M+1)]" is Mx1 vector of input parameters, w=[wj, Wa,..., Wp.1]

is Mx1 weight vector of the filter and M is order of the adaptive filter.

In the recursive inverse adaptive filtering technique, the weight vector updation rule is given as,

where w(n) is the weight vector, I is identity matrix of order MxM, R(n) is the autocorrelation
vector of input vector of order MxM, u(n) is the variable step size and p(n) is the estimate of the
cross correlation vector between the desired output signal and input vector of length M. The

autocorrelation vector R(n) and cross correlation vector P(n), are given as,
R(n) = ,BR(n—l)+5(n)x(n)xT(n) (6.31)
P(n)=BP(n—-1)+9(n)i,x(n) (6.32)

where f is the forgetting factor (0<f<1) and d(n) is nonnegative scalar given as,

1
= 6.33

The variable step size u(n) gives as,
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—_* 6.34
u(n) 5 (6.34)

__21-p5

where po<ttmax and ., = 7 R’ Lo 1s selected to be less than 2/,

Ru=E[x(n)x'(n)] and the product A..(Ry,) are the maximum Eigen values of autocorrelation

vector R,

Based upon the weight updation given in Eqn. (6.30), weighted values (w.y, wp, and we,)
corresponding active power components of load currents are determined. The average weight
(Wpavg) Of fundamental active power weight components of three phase load currents is calculated

by mathematical expression as,

W, Wy, W,

S (6.35)

pavg 3

The reference active power weight (wp) is computed by adding output of DC bus PI controller

(Wpdc) and average active power weight (Wpaye) as,

Wo = Woane TWpie (6.36)

Fundamental active power component of reference supply currents are estimated from unit

inphase templates (upa, up, and u,c) and reference active power weight (wp) as,
Ipa =Wpllpa, Tpp =Wpllpp and e =Wyllpe (6.37)

These active power components (ip, , i, and i,. ) of reference supply currents are used to

generate total reference supply currents as follow.
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6.3.2.2 Estimation of Fundamental Reactive Power Components of Reference Supply
Currents From Recursive Inverse Based Control Algorithm

Unit quadrature templates (uga, gy and ug) are calculated from unit inphase templates (Upa, Upb
and u,c) same as given in section 6.3.1. The magnitude of PCC voltages are calculated as given
in Eqn. (6.26) and compared to reference PCC voltage magnitude (V{). Thus the generated error

signal (V) 1s passed through PI controller whose output (w;) is same as given in section 6.3.1.

The weighted values corresponding to fundamental reactive power component of load currents
(Waq, whq and w,,) are extracted from the above discussed recursive inverse based technique and

their average weight (Wqayve) 1s calculated by mathematical expression as,

" . Waq+th+ch
avg —
qavg 3

(6.38)

The magnitude of reference supply reactive power components (wq) is evaluated by using

average reactive power weighted value (wyq.,¢) and output of AC bus PI controller (w;) as,

w, =w,—w

q t— Waavg (6.39)

Fundamental reactive power components of reference supply currents are estimated from unit

quadrature templates (uga, ug, and ugc) and reference reactive power weight (wg) as,
lga =Wqllga, Tgp =Wellgy and ige =Wyllyc (6.40)

These reactive power components (ig, , i;p and iy ) of reference supply currents are used to

generate total reference supply currents as follows.

6.3.2.3 Generation of Reference Supply Currents and Switching Pulses

The summation of active (ipa , 1pp and i, ) and reactive (iga , igp and i ) components of
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reference supply currents using Eqn. (6.37) and Eqn. (6.40) gives the total reference supply
currents (isa*, isb>k and isc*) as,

lsa = lpa + iga» Usp = Lpp + igp and i5. = iy + igc (6.41)
The sensed supply currents (i, is» and i) are compared with the reference supply currents (i, ,
iy, and im*) given in Eqn. (6.41) and the current errors (i, ispe and is..) are generated. These

current errors are given to PWM current controller, which generates switching pulses for three

phase VSC used as DSTATCOM.

6.3.3 Immune Feedback Based Control Algorithm [173-176]

The fundamental active and reactive power weights of load currents are extracted from the
immune feedback principle. These weights are used to generate reference supply currents. The
proposed control algorithm for DSTATCOM is used to mitigate power quality problems such as
harmonics, reactive power and load unbalancing with self-supported DC bus in both unity power
factor and voltage regulation modes. Mathematical formulation of immune feedback based
control algorithm consists of estimation of fundamental active reference supply currents,
estimation of fundamental reactive supply currents and generation of switching pulses for VSC.

The detailed mathematical formulation of the control algorithm is given as follows.

6.3.3.1 Estimation of Fundamental Active Power Components of Reference Supply
Currents From Immune Feedback Based Control Algorithm

Fig. 6.4 shows block diagram of the immune feedback based control algorithm. The amplitude of

PCC voltage is estimated by using three phase voltages (vs4, Vs and vy.) as,

Vi =22, + v, +v2)/3 (6.42)
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Inphase unit templates of PCC voltages u,q, u,, and u,. are calculated from PCC voltages and
PCC voltage magnitude (V) same as given in section 6.3.1(A). Voltage at DC bus (V) is
sensed and compared by reference DC bus voltage (Vdc*), thus the generated error (vq) is passed
through PI controller. The output of DC bus PI controller (wpqc) 1S same as given in section

6.3.1(A).

The fundamental active power weights (wWap, Wy, and wep) components of load current are
extracted by immune feedback based control technique. The incremental weight equation based

on immune feedback principle at (n+1)" sampling instant is given as,

Aw(n + 1) = n[1 — y{aw(n) — Aw(n — D}?] (fva—((’:j) + aAw(n) (6.43)

where the parameters m, y and o are weight learning parameter, stabilization factor and

momentum respectively. The cost function is denoted by J(n) expressed as,

1
](n) = > e(n)z (6.44)
Vdc*
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a
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Fig. 6.4 Block diagram of immune feedback based control algorithm for DSTATCOM

189



where e(n) is the error between the sensed value of load current (i;) and estimated value of load

current (i), 1s given as,
e(n) =i, —1i, (6.45)

The estimated load current is computed using weight vector sz[wp, Wy...] and input vector
x(n)=[up, u,...], where w,, w, are weighted values of active and reactive power components of
load current and u,, u, are inphase and quadrature unit templates of PCC voltages. The estimated

load current is product of weight vector (w) and input vector (x(n)) given as,

i, =wxT(n) (6.46)
The weight updation rule for immune feedback at n+1 t sampling instant is given as,

wn+1) =wh)+Awn + 1) (6.47)

The Eqn. (6.51) is modified by replacing value of Aw(n+1) from Eqn. (6.47) and given at (n+1 )th

sampling instant as,

wn +1) =wn) + (1 — y{aw(n) — Aw(n — 1)}?] % + ahw(n) (6.48)
where partial differentiation gf(’:l)) , can be simplified in terms of product of estimated error (e(n))

and input vector (x(n)). The weight updation given in Eqn. (6.48), is modified for weighted
values corresponding to active power components (Wypq, Wy and wy,) of load currents and are

given as follow,

12
Wipg = Wpq + 1) [1 - y{Awpa — Awy, } ] eallpq + Ahwy, (6.49)

12
Wlpb = pr + n [1 - ]/{Apr - Apr } ] ebupb + OlApr (650)
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12
Wipe = Wpe +1 [1 - ]/{AWpC — Awp, } ] ecUpe + alwy,, (6.51)

The average weighted values corresponding to active (Wya1g) power components of load currents

is calculated as,

__ WipatWipptWipc
Wiapg = et iob Wipe (6.52)

The reference active power weight is calculated by adding average active power weight (Wpave)

and output of DC bus PI controller (wpqc) and is given as,
Wp = Wpavg + Wpac (6.53)

The reference supply currents (ipa*, ip;,* and ipc*) corresponding to fundamental active power
component of load currents are estimated using inphase unit templates (¢4, up» and u,.) and

reference active power weight (w,) as,

v . v
lpa = Wplpa, lpp = Wpllyp and ipe = Wyllp, (6.54)

These fundamental active power components of reference supply currents along with
fundamental reactive power components of reference supply currents are used to generate

reference supply currents.

6.3.3.2 Estimation of Fundamental Reactive Power Components of Reference Supply
Currents From Immune Feedback Based Control Algorithm

Unit quadrature templates (uga, ugp and ugc) are calculated from unit inphase templates (Upa, Upp
and up.) same as discussed in section 6.3.1. The magnitude of PCC voltages are calculated as
given in Eqn. (6.42) and compared to reference PCC voltage magnitude (V). Thus the generated
error signal (v) 1s passed through PI controller whose output (w;) is same as discussed in section

6.3.1.
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The weight updation given in Eqn. (6.48), is modified for extraction of weighted values

corresponding to reactive power components (Wya, Wigr and wy,.) of load currents and are given

as,
2

Wiga = Wga + 1 [1 — y{Awqa — Awy, } ] eqllgq + ahwy, (6.55)
2

qub = qu + 77 [1 - ]/{Aqu - Aqu } ] ebuqb + OlAqu (656)
2

Wige = Wqe +1 [1 - y{Aqu — Awy, } ] eclge + alwy, (6.57)

The average weighted values corresponding to reactive (Wgq,) power components of load

currents is calculated as,

WigatWightWigc

Waavg = f (658)

The reference weight corresponding to reactive power component of load current, w, is
computed by subtracting average reactive power weight (W) from the output of PI controller

(wy) such as,

Wq = Wi — Wyag (6.59)

The reference supply currents corresponding to the fundamental reactive power component of
load currents (izq > iy and i, ) are computed from unit quadrature templates (ityq, tg and u,.)

and reference reactive power weight (w,) as,

v — o
lga = Wqlgas lgp = Wqlgp and ig. = Wl (6.60)

These fundamental reactive power components of reference supply currents are used to generate

reference supply currents.
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6.3.3.3 Generation of Reference Supply Currents and Switching Pulses

The fundamental active (ipy » i, and iy ) and reactive (iyq , iyy and i, ) power components of
reference supply currents as given by Eqn. (6.54) and Eqn. (6.60) are used to generate reference

supply currents (is, , iy» and iy ) as,

LR * LR
l

lsa = lpa + iga> lsp = Lpp + igp and i5. = iy + igc (6.61)
These reference supply currents are compared with sensed supply currents (i, is» and i;.) and
current errors are generated. These currents errors are passed through PWM current controller for

generation of switching pulsed for three phase VSC.

6.4 MATLAB BASED MODELING OF RECURSIVE THEORY BASED CONTROL
ALGORITHMS

This section presents MATLAB based modeling of recursive theory based control algorithms for
control of the DSTATCOM. The recursive techniques such as VFFRLS, recursive inverse and
immune feedback based control algorithms are developed using MATLAB/SIMULINK for
generation of reference supply currents. The detail description of MATLAB based model of the

control algorithms is given below.

6.4.1 Modeling and Simulation of VFFRLS Based Control Algorithm

The modeling and simulation of DSTATCOM using VFFRLS based control algorithm are
performed in MATLAB environment using SIMULINK and SPS tool box. Fig. 6.5(a) shows the
developed model of VFFRLS based control algorithm in SIMULINK for the generation of
reference supply currents. The inputs to the control algorithm are PCC voltages (vs), supply
currents (s, 1 and i), load currents (i, i, and 1) and self-sustained DC bus voltage (Vc).

Simulation model for fundamental active and reactive weight extraction corresponding to phase
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Fig. 6.5(a) Simulink model for generation of reference supply currents using VFFRLS  based control algorithm
for DSTATCOM

‘a’ of load current using VFFRLS technique is presented in Fig. 6.5(b).

6.4.2 Modeling and Simulation of Recursive Inverse Based Control Algorithm
The MATLAB/SIMULINK based model of the recursive inverse based control algorithm is

developed using SPS tool box. As shown in Fig. 6.6(a), simulation model of the control

wap
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& U
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> P B

p(n) K(n) it

Fig. 6.5(b) Simulink model for extraction of active and reactive weights of load current phase ‘a’ from
VFFRLS based control algorithm
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Fig. 6.6(a) Simulink model for generation of reference supply currents using recursive inverse based control
algorithm for DSTATCOM

algorithm is used for generation of reference supply currents. The inputs to the control algorithm
as shown in SIMULINK model are PCC voltages (vs), supply currents (is, isp and is), load
currents (i, ip and iic) and self-sustained DC bus voltage (V) used for control of DSTATCOM.
Fig. 6.6(b) shows the extraction of fundamental active and reactive power components of load

currents form the recursive inverse based control algorithm.

6.4.3 Modeling and Simulation of Immune Feedback Based Control Algorithm

The modeling and simulation of immune feedback based control algorithm for control of
DSTATCOM are performed in MATLAB/SIMULINK using SPS tool box. The SIMULINK
based model of the control algorithm is presented in Fig. 6.7(a), where input signals to the
control algorithms are PCC voltages (vs), supply currents (i, iy and is), load currents (iy,, ijp and
i) and self-sustained DC bus voltage (Vq4). Fig. 6.7(b) shows the extraction of fundamental

active and reactive weighted value corresponding to phase ‘a’ of load current.
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6.5 DSP IMPLEMENTATION OF RESURSIVE THEORY BASED CONTROL
ALGORITHMS

This section presents DSP implementation of recursive theory based control algorithms used to

generate switching pulses for three phase VSC.
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Fig. 6.7(a) Simulink model for generation of reference supply currents using immune feedback based control
algorithm for DSTATCOM
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immune feedback based control algorithm

6.5.1 VFFRLS Based Control Algorithm

The VFFRLS based control algorithm is implemented using DSP (dSPACE 1104 R&D
controller board) and is used to generate gating pulses for the three phase VSC based
DSTATCOM. The implementation of DSTATCOM requires real time sensing for signals of
PCC voltages, supply currents, load currents and DC bus voltage. These signals are sensed from
Hall Effect voltage and current sensors with appropriate buffer circuitry. The design and
selection of DC bus capacitance, DC bus voltage, interfacing inductors, sensor circuitry and
gating circuitry for hardware implementation of DSTATCOM are same as discussed in section
3.6. The DSP (dSPACE 1104) based implementation of control algorithm for generating
switching pulses for DSTATCOM, implementation of controlling circuit for DC bus PI
controller and implementation of pulse width modulation (PWM) switching in DSP (dSPACE
1104) using DS 1104SL_DSP_PWM3 block are same as presented in section 4.7.1.The sampling
time (T;) is selected 55us for VFFRLS based control algorithm. The DC bus PI controller
proportional and integral gains are calculated using Ziegler-Nichols unit step response algorithm.

The selected value of PI controllers gains are tuned very close to the calculated values.
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6.5.2 Recursive Inverse Based Control Algorithm

The recursive inverse based control algorithm for DSTATCOM is implemented using DSP
(dSPACE 1104 R&D controller board). Input signals to the controller such as PCC voltages,
supply currents, load currents and DC bus voltage are sensed using Hall Effect voltage and
current sensors and with the help of appropriate buffer circuitry. The design and selection of DC
bus voltage, DC bus capacitance, interfacing inductors, sensor circuitry and gating circuitry is
same as discussed in section 3.6. The DSP based implementation of control algorithm for
generating switching pulses for DSTATCOM, implementation of DC bus PI controller circuit
and implementation of PWM switching in DSP-dSPACE using DS 1104SL_DSP_PWM3 are
same as discussed in section 4.7.1. The sampling time (Ts) taken by the DSP is around 50us for

recursive inverse based control algorithm.

6.5.3 Immune Feedback Based Control Algorithm

The immune feedback based control algorithm is implemented using DSP (dSPACE 1104) for
real time control of the DSTATCOM. The inputs to the controller are PCC voltage, supply
currents, load currents and DC bus voltage are sensed using Hall Effect voltage and current
sensors. Design and selection of DC bus voltage, DC bus capacitance, interfacing inductor,
sensor circuitry and gating circuit are same as discussed in section 3.6. These sensed signals are
provided to the controller through ADC channels and processed through slave DSP subsystem
based on the TMS320F240 DSP microcontroller. The DSP-dSPACE based implementation of
control algorithm for generating switching pulses for DSTATCOM, implementation of
controlling circuit for DC bus PI controller and Implementation of pulse width modulation

(PWM) switching in DSP-dSPACE using DS 1104SL_DSP_PWM3 block are the same as
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presented in section 4.7.1. Sampling time (Ts) taken by the immune feedback based control

algorithm is around 45us.

6.6 RESULTS AND DISCUSSION

The performance of recursive theory based control algorithms with simulation and experimental
test results are illustrated here. Simulation results are obtained using SIMULINK and SPS tool-
box. Test results are recorded using a power quality analyzer (Fluke 43B) and four channel

digital oscilloscope (Agilent DSO-X 2014 A) on the developed prototype of DSTATCOM.

6.6.1 Performance of DSTATCOM With VFFRLS Based Control Algorithm

The performance of DSTATCOM for mitigation of power quality problems such as harmonics
reduction, reactive power compensation and load balancing is achieved in PFC and voltage
regulation modes under nonlinear loads. Simulation results are studied for both PFC and voltage
regulation modes, whereas experimental test results are recorded for PFC mode under nonlinear
load. Simulation and experimental results for variable forgetting factor recursive least square

(VFFRLS) based control algorithms are discussed as follow.

6.6.1.1 Simulated Performance of DSTATCOM in PFC and Voltage Regulation Modes
Simulated performance of DSTATCOM with VFFRLS based control algorithm is presented

here. This is divided into three parts. First part discusses the performance and intermediate
signals of control algorithm, second and third parts discuss the performance of DSTATCOM in

PFC mode and voltage regulation mode respectively.

A. Performance of System With VFFRLS Based Control Algorithm in Voltage Regulation Mode
Under Nonlinear Load

Figs. 6.8(a) and (b) show the performance and intermediate signals with VFFRLS based control

algorithm for control of DSTATCOM in voltage regulation mode. Fig. 6.8(a) shows the
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waveforms of PCC phase ‘a’ of voltage (vs,), phase ‘c’ of load current (i), error between phase
‘a’ of sensed load current and its estimated quantity (e,), variation of variable forgetting factor
(vir), active power weight corresponding to phase ‘a’ of load current (w,p), average active power
weight (Wpayg), output of DC bus PI controller (wpqc) and reference reactive power weight (wp),
which includes average active power weight and output of DC bus PI controller. These results

are taken for steady state (before t=0.3s) and unbalanced load conditions (t=0.3s to t=0.4s).
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Fig. 6.8 Performance and intermediate signals of VFFRLS based control algorithm in voltage regulation mode
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Unbalancing in load is created when phase ‘c’ of load is switched off.

Fig. 6.8(b) shows waveforms of reactive power weight (wyg) corresponding to phase ‘b’ of load
current, average reactive power weight (Wqaye), output of AC bus PI controller (w,), reference
reactive power weight (wg), estimated reference supply currents (is ) and sensed supply currents
(is). It is observed from these results that control algorithm achieves mitigation of several power
quality problems for which it has been designed and performs satisfactory in steady state and

unbalanced load conditions.

B. Performance of DSTATCOM in PFC Mode Under Nonlinear Load
Fig. 6.9 shows the dynamic performance of DSTATCOM controlled in PFC mode under

nonlinear load. The waveforms of PCC voltages (v;), supply currents (i), load currents (ij,, i and
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Fig. 6.9 Performance of shunt compensator in PFC mode under varying nonlinear load
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i), compensator currents (ic, icpand ic.) and voltage of self-sustained DC bus (V) are shown
in this figure. It can be observed from Fig. 6.9 that under steady state condition upto t=0.3s, the
supply currents are balanced and sinusoidal and the DC bus voltage is regulated at its reference
value of 700V. Unbalancing in the load is created by switching off phase ‘c’ of load, during the
time interval t=0.3s to t=0.4s. It can be observed that the supply currents are still balanced and
sinusoidal with reduced magnitude during load unbalancing.

Fig. 6.10 shows the harmonic spectra of phase ‘a’ of PCC voltage (vs,), supply current (is,) and
load current (ij,) in unity power factor mode under nonlinear load. Total harmonic distortions
(THDs) of vy, is and i), are 2.32%, 2.44% and 26.95% respectively. It can be observed from
these results that a 2.44% THD in supply current is achieved when the THD in load current is

26.95%. The THD values of vy, and i, are within the limit of IEEE-519 standard.

The shunt compensator provide satisfactory performance in maintaining the sinusoidal balanced
supply currents, regulating the DC bus voltage and reduces harmonics in unity power factor

correction mode under steady state and dynamic load conditions.

C. Performance of DSTATCOM in Voltage Regulation Mode Under Nonlinear Load

Fig. 6.11 depicts the performance of a shunt compensator in voltage regulation mode at PCC.
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Fig. 6.10 Harmonic spectra of (a) PCC voltage, vy, (b) Supply current, i, (c) load current, i, in PFC mode
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This shows the waveforms of PCC voltages (v;), supply currents (i), load currents (ij,, i and i),
compensator currents (ic, icp and ic.), voltage of self-sustained DC bus (V) and PCC voltage
amplitude (V;). It can be observed from these results that under steady state condition upto
t=0.3s, supply currents are balanced, sinusoidal and the voltage at DC bus is regulated to its
reference value 700V and PCC voltage magnitude is regulated to its reference value of 338.8 V.
Dynamic load changes are introduced by switching off phase ‘c’ of load from t=0.3s to t=0.4s.
The DC bus and PCC voltage PI controllers are able to regulate DC bus voltage and magnitude

of PCC voltage to their reference values. Supply currents in all the three phases are balanced and
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Fig. 6.11 Performance of shunt compensator in voltage regulation mode under varying nonlinear load
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sinusoidal even though the load currents are distorted and unbalanced which are mitigated by
DSTATCOM.

Fig. 6.12 shows the harmonic spectra of phase ‘a’ of PCC voltage (vy,), supply current (iy,) and
load current (ij,) in voltage regulation mode under nonlinear load. The total harmonic distortions
(THDs) of vy, isq and iy, are 2.52%, 2.94% and 26.95% respectively. It is observed form these
figures that 2.94% THD in supply current is achieved when THD in load current is 26.95%. The
THD values of vy, and i, are within permitted limit specified in IEEE-519 standard. The
performance of DSTATCOM is found satisfactory in balancing supply currents, DC bus voltage

regulation, PCC voltage magnitude regulation and harmonics reduction.

6.6.1.2 Experimental Performance of DSTATCOM in PFC and Voltage Regulation
Modes

The real time performance of DSTATCOM with VFFRLS based control algorithm is studied on
the developed experimental prototype of DSTATCOM here. This is divided into three parts. First
part presents the test results for system performance and intermediate signals of control
algorithm. Second part presents the steady state performance of the DSTATCOM and dynamic

performance of DSTATCOM is discussed in the third part.
A. Performance of VFFRLS Based Control Algorithm Under Nonlinear Load
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Fig. 6.12 Harmonic spectra of (a) PCC voltage, vy, (b) Supply current, iy, (c) load current, i, in voltage
regulation mode
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Fig. 6.13 shows the dynamic performance and intermediate signals of VFFRLS based control
algorithm. These results are recorded under dynamic load changes when phase ‘c’ of the load is
switched off. Fig. 6.13(a) shows waveform of phase ‘a’ of PCC voltage, filtered PCC voltage
(Vsaf), load current (ij,) and variable forgetting factor (p). Fig.6.13(b) shows waveform of weight
corresponding to active power component of phase ‘a’ of load current (w,p), average active
power weight (Wpayg), output of DC bus PI controller (wpq.) and reference active power weight
(wp), which include average active power weight and DC bus PI controller output. Fig. 6.13(c)
presents waveform of weight corresponding to fundamental reactive power component of phase
‘a’ of load current (w,q), average reactive power weight (Wqave), output of AC bus PI controller

(wy) and reference reactive power weight (wq). Fig. 6.13 (d) shows waveforms of reference
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supply currents (i, , isp and i ) along with phase ‘a’ of actual supply current. These results
show satisfactory performance of the system with shunt compensator under dynamic load change

conditions.

B. Steady State Performance of DSTATCOM Using VFFRLS Based Algorithm Under Nonlinear
and Linear Loads

The performance of DSTATCOM controlled using VFFRLS is shown in Fig. 6.14 at steady state
condition. Figs. 6.14(a)-(c) depict phase ‘a’ of supply current (is), load current (i;,) and
compensator current (ic,) along with PCC voltage (vy,). Figs. 6.14(d)-(f) show the harmonic
spectra of supply current (iy,), load current (i;,) and PCC voltage (v4). The total harmonic
distortion (THD) in i, i, and v, are observed to be 3.3%, 20.2% and 2.1% respectively. It can
be observed from these figures that THD in supply current is reduced to 3.3% whereas load
current has a THD of 20.2%. Fig. 6.15 shows the simulated performance of the DSTATCOM
using VFFRLS based control algorithm at same voltage rating for which experimental system is

developed. This shows the waveforms of PCC voltages (vs), supply currents (i), load currents
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(i1, 11 and 1,c), compensator current (ic,, icp and icc) and self-sustained DC bus voltage (V4c). The
supply currents are balanced and sinusoidal and DC bus voltage is regulated at the reference
voltage of 200V during steady state (before t=0.3s) and unbalanced load condition (t=0.3s to

t=0.4s).

Fig. 6.16 shows steady state performance of the DSTATCOM under linear lagging PF load in
PFC mode using VFFRLS based control algorithm. Figs. 6.16(a)-(c) show waveforms of phase
‘a’ of supply current (is), load current (i;,) and compensator current (ic,) along with PCC voltage
(vsa). Figs. 6.16(d)-(f) show waveforms of supply power (P;), load power (P;) and compensator
power (Pc). The values of supply and load apparent powers are 0.260 and 0.286kVA
respectively. The power factor on supply side is improved (close to 1 DPF) as the reactive power
demand of the load is compensated by DSTATCOM. Fig. 6.17 shows simulated performance of
the DSTATCOM under linear load in PFC mode at the same rating for which experimental
system is developed. The waveforms of PCC voltages (vs), supply currents (i), load currents (i,

ijp and i), compensator current (ica, ic, and icc) and self-sustained DC bus voltage (Vq4.) are
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presented in these results. It is observed from the results that supply currents are maintained

balanced and sinusoidal in steady state and unbalance load conditions.

C. Dynamic Performance of DSTATCOM With VFFRLS Based Control Algorithm

Test results for dynamic performance of DSTATCOM are shown in Fig. 6.18. Figs. 6.18(a)-(c)
show the supply currents (iy,, iy and i), load currents (i, i and i) and compensator currents
(icas icp and ic.) respectively along with PCC voltage (v,,). Fig. 6.18(d) depicts the waveforms of
DC bus voltage (Vy.), phase ‘c’ of load current (i;.), supply current (is.) and compensator current
(icc)- It is observed from the test results that the supply currents are balanced and sinusoidal and
the DC bus voltage is regulated to its reference value under varying load conditions when

DSTATCOM is controlled using VFFRLS algorithm.
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D. Steady State Performance of DSTATCOM in Voltage Regulation Mode

Fig. 5.19 shows steady state performance of DSTATCOM in voltage regulation mode. Figs.
5.19(a), (c) and (e) present waveforms of phase ‘a’ of supply current (is,), load current (i) and
compensator current (ic,) along with PCC voltage (vg,). Figs. 5.20(b), (d) and (f) show harmonic
spectra of phase ‘a’ of supply current, load current and PCC voltage. The THDs of 4.6%, 20.5%
and 3.9% in supply current, load current and PCC voltage are presented by these results. Figs.
5.19 (g), (h) and (i) show reactive powers in supply (Qs), load (Q;) and compensator (Qc). It is
observed from this result that reactive powers in supply and load are 0.16kVAR and 0.106kVAR

respectively.

Fig. 6.20 shows simulated performance of DSTATCOM using VFFRLS based control algorithm
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in voltage regulation mode at the same voltage rating for which experimental prototype is
developed. This result presents waveforms of PCC voltages (vs), supply currents (is), load
currents (i, i and i,c), compensator current (ic,, icp and icc), self-sustained DC bus voltage (V)
and amplitude of PCC voltage (V,). It is observed from this result that DC bus voltage and
amplitude of PCC voltage are regulated at their reference values in steady state (before t=0.3s)

and unbalance load condition (t=0.3 t0 t=0.4s) respectively.

E. Dynamic Performance of DSTATCOM in Voltage Regulation Mode

Fig. 6.21 shows dynamic performance of DSTATCOM in voltage regulation mode under
nonlinear load. Fig. 6.21 (a) shows waveform of DC bus voltage (Vq4.), PCC voltage magnitude
(Vy), phase ‘c’ of supply current (i) and phase ‘c’ of load current (ic). These results are shown
for steady state and unbalanced load conditions. It is observed from this result that supply current
is balanced and sinusoidal along with regulated DC bus voltage in steady state and unbalanced
load conditions. Similar waveforms are shown in Fig. 6.21(b), to shows the effect of PCC

voltage regulation. These results show the boosting of PCC voltage magnitude, which is boosted
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Fig. 6.21 Dynamic performance of DSTATCOM in voltage regulation mode
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from 86V to 89V due to action of AC bus PI controller.

6.6.1 Performance of DSTATCOM With Recursive Inverse Based Control Algorithm

This section presents simulation and experimental results of the DSTATCOM controlled using
recursive inverse based control algorithm under nonlinear load. The simulation results are
obtained using a model developed in MATLAB environment using SIMULINK with SPS tool
box. Experimental verification of control algorithm is made on the prototype developed in the

laboratory and the test results are recorded using power quality analyzer and DSO.

6.3.2.1 Simulated Performance of DSTATCOM in PFC and Voltage Regulation Modes

Simulated performance of DSTATCOM controlled using recursive inverse based control
algorithm is studied in this section. This is divided into three parts. The first part discusses the
performance of recursive inverse based control algorithm. The second and the third part present
the performance of DSTATCOM in PFC and voltage regulation modes respectively. The

simulated performances of control algorithm for DSTATCOM are studied as follows.

A. Performance of DSTATCOM With Recursive Inverse Based Control Algorithm in Voltage
Regulation Mode

Fig. 6.22 shows the performance and intermediate signal of recursive inverse based control
algorithm for control of DSTATCOM. Fig. 6.22(a) shows the waveforms of active power weight
corresponding to phase ‘a’ of load current (w,p), average active power weight (Wpavg), output of
DC bus PI controller (wpqc) and reference active power weight (wp) along with phase ‘a’ of PCC
voltage (vs,) and phase ‘c’ of load current. This result is shown under steady state conditions
(before t=0.3s) and unbalanced nonlinear load condition (t=0.3s to t=0.4s). An unbalance in the

load is created when phase ‘c’ of load current is switched off.
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Fig. 6.22(b) shows the waveforms of reactive power weight corresponding to phase ‘b’ of load
current (w,q), average reactive power weight (Wqay), output of AC bus PI controller, reference
reactive power weight (wq) along with reference supply currents (i, ) and actual supply currents

(is). It can be observed from these results that supply currents perfectly track the reference supply
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Fig. 6.22 Performance and intermediate signals of recursive inverse based control algorithm in voltage
regulation mode
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currents in steady state condition at unbalanced load.

B. Performance of DSTATCOM With Recursive Inverse Based Control Algorithm in Power
Factor Correction (PFC) Mode

Fig. 6.23 shows the performance of DSTATCOM in power factor correction mode. This shows
the waveforms of PCC voltages (vi), supply currents (is), load currents (i, i and i),
compensator currents (ic,, icp and ic.) and self-sustained DC bus voltage (V). Fig. 6.23 shows
the steady state response of the system till t=0.3s. During this time, the supply currents in all the
three phases are balanced and sinusoidal and the DC bus voltage is regulated to its reference

value of 700V due to the action of the shunt compensator. An unbalancing in the load is created
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from t=0.3s to t=0.4s. During this time, phase ‘c’ of the load is switched off. It can be observed
from these results that during load unbalancing the supply currents are still balanced and
sinusoidal with reduced magnitude. The DC bus voltage is regulated to its reference value. After

t=0.4 s, the load is restored back to its normal balanced condition.

Figs. 6.24(a)-(c) show the harmonic spectra of phase ‘a’ of PCC voltage (vy,), supply current (is,)
and load current (ij,). This shows the THD of 2.85%, 2.79% and 26.49% in PCC voltage, supply
current and load current respectively. It can be observed from these results that the performance
of DSTATCOM is satisfactory in maintaining unity power factor at the supply side. The
DSTATCOM is also able to reduce harmonic content from 26.49% to 3.59% in supply current

and works well under unbalanced load condition.

C. Performance of DSTATCOM in Voltage Regulation Mode Under Nonlinear Load

Fig. 6.25 shows the performance of proposed control algorithm for DSTATCOM in voltage
regulation mode. This figure shows the waveforms of PCC voltages (v;), supply currents (iy),

load currents (i, i, and i;.), compensator currents (icq, icp and ic.), self-sustained DC bus voltage
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Fig. 6.24 Harmonic spectra of phase ‘a’ of (a) PCC voltage (b) supply current and (c) load current in PFC
mode
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Fig. 6.25 Performance of DSTATCOM in voltage regulation mode under nonlinear load

(Vac) and magnitude of PCC voltage (V;). These results show that the system is under steady state
till t=0.3s, and the supply currents are balanced and sinusoidal. The DC bus voltage and PCC
voltage are regulated to their reference value of 700V and 338.89V due to the action of both the
PI controllers. An unbalancing in the load is created at t=0.3s, when phase ‘c’ is switched off.
During load unbalancing (t=0.3s to t=0.4s) it is observed from the results that the supply currents
are still balanced and sinusoidal. The DC bus voltage and PCC voltage are settled down to their

reference values within 1 to 1.5 cycles. The unbalancing in load is removed by reconnecting
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phase ‘c’ at t=0.4s, and dynamics in DC bus voltage and PCC voltage are observed for 1 tol.5

cycles. After t=0.4s, the system is settled down again under steady state condition.

Figs. 6.26 (a)-(c) show the harmonic spectra of phase ‘a’ PCC voltage (vs,), supply current (is,)
and load current (iy). These results show THDs of 2.97% in PCC voltage, 3.14% in supply
current and 26.51% in load current. The THDs of PCC voltage and supply currents are within the
limits specified by IEEE-519 standard. These results show the satisfactory performance of
DSTATCOM in regulating the PCC voltage to its reference value and reducing the THD in

supply current within the specified international limits.

6.6.2.2 Experimental Performance of DSTATCOM in PFC Mode

This section discusses the performance of recursive inverse based control algorithm on the
prototype developed in the laboratory. First part discusses the performance of control algorithm.
The second and third parts present the performance of DSTATCOM for mitigation of power

quality problems such as harmonics reduction and load balancing.

A. Performance of Recursive Inverse Based Control Algorithm for DSTATCOM
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Fig. 6.26 Harmonic spectra of phase ‘a’ of (a) PCC voltage (b) supply current and (c) load current in voltage
regulation mode
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Fig. 6.27 shows the intermediate signals obtained using the proposed control algorithm of shunt
compensator. Fig. 6.27(a) shows the waveforms of weighted values corresponding to
fundamental active power component of load (wq,, Wi, and w,) along with their average weight
(Wpavg)- These results show the fast convergence of weighted values even under unbalanced load
condition when one phase of the load is switched off. Fig. 6.27(b) shows the waveforms of
average weighted value (Wpq,), output of DC bus PI controller (wy,.), reference weighted value
(wp) which is calculated by addition of wp,,, and w,s. and phase ‘a’ of active reference supply
current (i,,a*). These waveforms show the dynamics of the system when one phase of load is
switched off. Fig. 6.27(c) gives the waveforms of phase ‘a’ PCC voltage (vy,), filtered phase ‘a’

PCC voltage (vy4;) which is used in the control algorithm for reference current generation, phase
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‘a’ load current (i;,) and reference weighted value (w),), for the case when phase ‘c’ of load
current is switched off. Fig. 6.27(d) gives the waveforms of reference supply currents (is » isp

and i, ) along with phase ‘a’ PCC voltage (vy).

B. Steady State Performance of DSTATCOM Under Nonlinear Load

Figs. 6.28(a)-(f) show the steady state performance of DSTATCOM under nonlinear load. Figs.
6.28(a)-(c) depict the waveforms of phase ‘a’ supply current (is,), load current (i;) and
compensator current (ic,) along with PCC voltage (vy,). Figs. 6.28(d)-(f) depict the harmonic
spectra of phase ‘a’ supply current, load current and PCC voltage. These results show the THD
of 4% in supply current, THD of 22.3% in load current and THD of 3.5% in PCC voltage
respectively. These results show satisfactory performance of DSTATCOM in maintaining THD
in supply currents and PCC voltage within the limit specified by international standards.

Fig. 6.29 shows the simulated performance of the DSTATCOM using recursive inverse based

control algorithm at same voltage rating for which experimental system is developed. These

000

amp R 0D 107 F
i | 5 0 AUV NI NG

| wer 7050

S =3

@

LA (A i,

2ci’

- .
HI
4 e 4988 »
E81. 8B40 . it MNMWL_P’L.MMMMWM
r 998 %r
0o 00 K 1

falA)

15,8 i)

|y,
o 5 9 13172125293337414549 5 9 1317 2125293337 414549 5 9 13172125293337414549

BouS8om8os

(d) ©) (®
Fig. 6.28 Steady state performance of DSTATCOM under
nonlinear load (a), (b) and (¢) i, i}, and ic, along with vy,
(d), (e) and (f) harmonic spectra of i, i1, and vg,

=

&
1
&

VW
Z 2R 2 2

‘Time(s)

Fig. 6.29 Simulated performance of
DSTATCOM in PFC mode

218



results show the waveforms of PCC voltages (vs), supply currents (i), load currents (i, ijp and
iic), compensator current (ica, icp and icc) and self-sustained DC bus voltage (V). It is observed
from these results that supply currents are balanced and sinusoidal along with regulated DC bus
voltage at the reference voltage of 200V during steady state (before t=0.3s) and unbalanced load

condition (t=0.3s to t=0.4s).

C. Dynamic Performance of DSTATCOM Under Nonlinear Load

Fig. 6.30 shows the dynamic performance of DSTATCOM under nonlinear load. Figs. 6.30(a)-
(c) depict the waveforms of supply currents (i, iy and i), load currents (i, i and i) and
compensator currents (icq, icp and ic.) along with phase ‘a’ PCC voltage (vy,). These results show

the performance when an unbalance is created in the load. This is created in load when phase ‘c’
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Fig. 6.30 Dynamic performance of DSTATCOM under nonlinear load
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1s switched off. During steady state and unbalanced load condition, it is observed from these test
results that the supply currents are balanced and sinusoidal. Fig. 6.30(d) shows the waveforms of
DC bus voltage (V,.), phase ‘c’ supply current (is.), phase ‘c’ load current (i;;) and phase ‘c’
compensator current (ic.). These results show the variation of DC bus voltage when an unbalance
is created in the load. The DC bus voltage achieves its reference value of 200V, within 1.5 to 2
cycles. It can be observed from these test results that the DSTATCOM performs load balancing

and power factor correction.

6.6.3 Performance of DSTATCOM with Immune Feedback Based Control Algorithm

The performance of immune feedback based control algorithm for control of DSTATCOM is
studied here. The features of DSTATCOM such as harmonics elimination, reactive power
compensation and voltage regulation are demonstrated with immune feedback based control
algorithm. The simulated performance is studied in PFC and voltage regulation modes, whereas
the real time performance of DSTATCOM on the prototype developed in the laboratory is

presented in PFC mode.

6.6.3.1 Simulated Performance of DSTATCOM in PFC and Voltage Regulation Modes

This section presents simulated performance of DSTATCOM with immune feedback based
control algorithm. It is divided into three parts. The first part discusses the performance and
intermediate signals of control algorithm. The second and the third parts deal with the
performance of DSTATCOM in PFC and voltage regulation modes under varying nonlinear

load.

A. Performance of Immune Feedback Based Control Algorithm for DSTATCOM
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Figs. 6.31(a) and (b) show the performance of proposed control algorithm for the shunt
compensator in voltage regulation mode. Fig. 6.31(a) shows the waveforms of unit in phase
template (u,,), generated error (e,) between sensed (i;,) and estimated load current, weighted

value (wy,,) corresponding to active power component of phase ‘a’ of load current, estimated
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average weighted value (wpa,), sensed DC bus voltage (Vy.), filtered DC bus voltage (V).
output of DC bus PI controller (w,q) and reference active power weight (w,) along with phase
‘a’ of supply voltage (v,,). Before t=0.3s, the load currents are balanced and system is in steady
state condition. An unbalancing is created in load during t=0.3s to t=0.4s, when phase ‘c’ of load
1s switched off. It is observed from these results that weight corresponding to active power
component of load current converges to a constant value in steady state as well as in unbalanced

load condition.

Fig. 6.31(b) shows the waveforms of unit quadrature template (u,,), weight corresponding to
reactive power component of phase ‘a’ of load current (wy,), average reactive power weight
(Wyavg), amplitude of PCC voltage (V,), filtered amplitude of PCC voltage (V}), output of AC bus
PI controller (w;) and reference reactive power weight (w,) and reference supply currents (is*)
along with sensed supply currents (i). These results show the weight corresponding to reactive
power component of load current converges in unbalanced load condition. The supply currents
track the reference currents perfectly. The performance of the shunt compensator is observed to

be satisfactory with the immune feedback based control algorithm.

B.  Performance of DSTATCOM in PFC mode Under Nonlinear Load

Fig. 6.32 shows the performance of the shunt compensator under nonlinear load. The waveforms
are shown for PCC voltages (v;), supply currents (iy, is» and i), load currents (i, i and i),
compensator currents (ic, icp and ic.) and DC link voltage (V). It can be observed from this
figure that the system is under steady state condition till t=0.3s and the DC link voltage is
maintained at its reference voltage of 700V. One phase (phase ‘c’) of load is now switched off

from t=0.3s to t=0.4s. It is observed that the load currents are unbalanced and non-sinusoidal,

222



< 58 Tl_‘\U/_LLJJ—'\ ' W
L -50 ! ! |
- 50 T T T T
5 0 AN - LT NN AN SNV
.- -50 | | 1 1
’<\ 50 I I 1 I
< 0 WA’W‘WWWM\MWW%

3 | | | ]
2 =50
2 50 T T T T
SN IV ENNSTENN S S W e e I ZPUN WY ENN SV PNV ENN NN
" L L L I

-50
S 750 T T T T
<y 700
> 650 L | 1 2L
0.25 0.3 0.35 Time(s) 0.4 0.45 0.5

Fig. 6.32 Performance of shunt compensator using immune feedback in PFC mode

however the supply currents are sinusoidal and balanced. The DC link voltage is regulated to its
reference value of 700V with the action of PI controller within a couple of cycles. The
performance of DSTATCOM is satisfactory under load unbalancing. The supply voltages and
supply currents are observed to be in phase and thus power factor correction capability of

DSTATCOM is observed.

Fig. 6.33 shows the waveforms and harmonic spectra of PCC voltage (vs,), supply current (i)
after compensation and load current (i;;) in PFC mode. The values of THDs of the phase ‘a’ of
PCC voltage, supply current and load current are observed to be 1.51%, 2.15%, and 27.10%
respectively. It can be observed from these results that the harmonic distortion of supply current

lies within the limit 5% specified by IEEE-519 standard.
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Fig. 6.33 Harmonic spectra of Phase ‘a’ of (a) PCC voltage, v, (b) supply current, ig, (c) load current, iy, in
PFC mode

C. Performance of DSTATCOM in Voltage Regulation Mode Under Nonlinear Load

Fig. 6.34 shows the performance of the shunt compensator under nonlinear load in voltage
regulation mode. These results show waveforms for the PCC voltages (vs), supply currents (iy,,
isp and iy.), load currents (ij,, i and i), compensator currents (icq icp and ic.), self-sustained DC
link voltage (V4) and PCC voltage magnitude (V;). It can be observed from this figure that the
system is under steady state condition till t=0.3s and the DC link voltage and PCC voltage
magnitudes are maintained at their reference voltages of 700V and 338.8V respectively. One
phase (phase ‘c’) of load is now switched off from t=0.3s upto t=0.4s. It is observed that the load
currents are unbalanced and non-sinusoidal. However, the supply currents are sinusoidal and
balanced. The DC link voltage and PCC voltage are regulated to their reference values with the

action of PI controller within a couple of cycles. The performance of DSTATCOM is observed

to be satisfactory in voltage regulation mode.

Fig. 6.35 shows the waveforms and harmonic spectra of phase ‘a’ of PCC voltage (vs), supply
current (i) after compensation and load current (i) in voltage regulation mode. The values of

THDs of the phase ‘a’ of PCC voltage, supply current and load current are observed as 1.74%,
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2.97%, and 27.18% respectively. It can be observed from these results that the harmonic

distortion of supply current lies within the limit 5% specified by IEEE-519 standard.

6.6.3.2 Experimental Performance of DSTATCOM in PFC Mode

This section presents the experimental performance of DSTATCOM with immune feedback
based control algorithm. It is divided into three parts. The first part discusses the real time
performance of the control algorithm. The second and third part discuss harmonic reduction and

load balancing performance of DSTATCOM in PFC mode.

A. Performance of DSTATCOM With Immune Feedback Based Control Algorithm Under
Nonlinear Load
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Fig. 6.35 Harmonic spectra of Phase ‘a’ of (a) PCC voltage, vy, (b) supply current, iy, (c) load current, ij, in

voltage regulation mode
Fig. 6.36 shows the performance of proposed control algorithm for control of DSTATCOM in
PFC mode under nonlinear load. Fig. 6.36(a) shows the waveforms of inphase unit template (u,,)
and load current (ij,) along with phase ‘a’ of PCC voltage (vy,) and its filtered value (vy). Fig.
6.36(b) shows the waveforms of sensed DC bus voltage (V) filtered DC bus voltage (Va),
error signal (Vy.) between reference DC bus and sensed DC bus voltage and the output of DC bus
PI controller. Fig. 6.36(c) shows the waveforms of error signal (e,), incremental weighted value
(4wp,), delayed weighted value (w,,) and weighted value corresponding to active power
component of phase ‘a’ of load current. Fig. 6.36(d) shows the average weighted value (Wyavg)
corresponding to the active power component of load, output of DC bus PI controller (wy4.) and
reference active power weight (w,) along with wy,. Fig. 6.36(¢) shows the reference supply
currents (iyq , is» and iy ) along with phase ‘a” of sensed supply current (is,). It is observed from
these results that the shunt compensator performs satisfactory in steady state and unbalanced

load condition using the immune based control algorithm.

B. Steady State Performance of DSTATCOM with Immune Feedback Based Control Algorithm
Under Nonlinear Load
The steady state performance of DSTATCOM can be observed from Fig. 6.37. The waveforms

of supply voltage and supply current (v, and iy,), supply voltage and load current (v, and i;,) and
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Fig. 6.36 Experimental performance of shunt compensator with immune feedback based control algorithm

supply voltage and compensator current (vy, and ic,) are shown in Figs. 6.37(a)-(c). Harmonic
spectra corresponding to phase ‘a’ of supply current (i,), load current (i,) and PCC voltage are

shown in Figs. 6.37(d)-(f). It is observed that the percentage of THDs in supply current, load
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current and PCC voltage are 2.3%, 22.9% and 3.2% respectively. It can be observed from the

steady state response of the system that the DSTATCOM is able to correct the power factor of

the supply current and reduce the THD in supply current to less than 5% level specified in an

IEEE-519 standard.

Fig. 6.38 shows the simulated performance of the DSTATCOM using immune feedback based

control algorithm at same voltage rating for which experimental system is developed. This shows

the waveforms of PCC voltages (vs), supply currents (is), load currents (i, iipb and i),

compensator current (ica, icp and icc) and self-sustained DC bus voltage (Vq). It is observed from

these results that supply currents are balanced and sinusoidal along with regulated DC bus

voltage at the reference voltage of 200V during steady state (before t=0.3s) and unbalanced load

condition (t=0.3s to t=0.4s).

C. Dynamic Performance of DSTATCOM Under Nonlinear Load
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Figs. 6.39(a)-(d) show dynamic performance of DSTATCOM under nonlinear load. Fig. 6.39(a)
shows the waveforms of supply voltage (v,,) and the three phase supply currents (i, iy and i)
when load on phase ‘c’ is suddenly removed. It is observed that the supply currents decrease in
magnitude but are sinusoidal and balanced. Fig. 6.39(b) shows the supply voltage (vy,) and the
three phase load currents (i, i1, and i;) when load in phase ‘c’ is suddenly removed. Fig. 6.39(c)
shows the supply voltage (vy,) and three phase compensator currents (ic,, icp and ic.) under the
same load dynamics. It is observed from these results that the compensator currents increase and
provide the necessary current injection during the unbalanced load condition. Fig. 6.39(d) shows
the waveforms of DC link voltage (Vy.), load current (i) supply current (is.) and compensator
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Fig. 6.39 Experimental results of the system under dynamic load conditions (a) vy, and supply currents (i, is,
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current (ic.) of phase ‘c’. This result shows that the DC bus voltage is regulated to its reference

value within couple of cycles during unbalanced load currents.

6.7 CONCLUSIONS

The mathematical formulation and performance of recursive theory based control algorithms for
the DSTATCOM has been presented here. The basic principle of recursive theory has been
explained and variable forgetting factor based recursive least square algorithm, the recursive
inverse and immune feedback based control algorithms have also been discussed under this
classification. These control algorithms have been developed in MATLAB environment using
SIMULINK and SPS tool boxes. The application of DSTATCOM for harmonics elimination,
reactive power compensation, power factor correction and load balancing have been
demonstrated with each of these algorithms. Simulation results have been presented for control
of DSTATCOM in PFC and voltage regulation modes under steady state as well as dynamic load
conditions. Real time validation of these control algorithms have been done on the prototype
model developed in the laboratory. The performance of DSTATCOM with recursive theory
based control algorithms has been observed to be satisfactory in PFC and voltage regulation

modes.
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CHAPTER-VII
ARTIFICIAL INTELLIGENCE BASED CONTROL ALGORITHMS FOR DSTATCOM

7.1 GENERAL

Recursive theory based control algorithms have been used in the previous chapter for the control
of DSTATCOM. This chapter presents control algorithms for DSTATCOM based on artificial
intelligence. Soft computing based control algorithms pertain to the broad area of artificial
intelligence. These control algorithms work on the principle of human intelligence to achieve a
specific task for which they are designed. Intelligent control systems have capability of learning,
self-organizing or self-adapting. These control algorithms are based on adaptive neuro fuzzy
inference system (ANFIS) and recurrent neural network learning technique. These control
algorithms are applied to control DSTATCOM and to mitigate current related power quality

problems such as harmonic currents, reactive power and load unbalancing.

7.2 CONFIGURATION AND OPERATING PRINCIPLE OF DSTATCOM

Fig. 7.1 shows the schematic diagram of VSC based DSTATCOM connected at point of
common coupling (PCC). A three-phase AC mains feeds a three phase nonlinear load with grid
impedance represented by a series resistive inductive branch (R-L). DSTATCOM is designed
using three-leg voltage source converter (VSC) and uses six insulated gate bipolar transistors
(IGBTs) with anti-parallel diodes and DC link capacitor (Cq) at DC side. Interfacing inductors
(Ly) are used at the AC side of VSC, which couple the VSC to the grid. High frequency
switching noise generated by switching of IGBTs is reduced with the help of ripple filters (R-
Cs). These filters comprise series connected capacitive (Cy) and resistive (Ry) elements at the
PCC. The nonlinear load is connected in the form of uncontrolled bridge rectifier with series R-L

branch. Voltages at PCC (vg, V), supply currents (i, is), load currents (i, ijp and i) and DC
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Fig. 7.1 Schematic diagram of the DSTATCOM
bus voltage (Vq4.) are sensed and given to the controller. These signals are processed by the
controller to generate appropriate switching pulses for the three phase VSC. A hardware
prototype of the system is implemented in the laboratory using DSP-dSPACE 1104 R&D
controller board. Hall Effect voltage and current sensors are used to sense real time signals. The
design of sensor circuitry and various components of DSTATCOM are the same as given in
section 3.6. Switching pulses generated by DSP are used to drive three phase VSC, which

generates compensator currents.

7.3 BASIC PRINCIPLE AND MATHEMATICAL FORMULATION OF ARTIFICIAL
INTELLIGENCE BASED CONTROL ALGORITHMS

This section deals with the basic principle and mathematical formulation of artificial intelligence

based control algorithms developed for control of DSTATCOM. The control algorithms
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presented under this category are based on adaptive neuro fuzzy inference system (ANFIS), real
time recurrent learning (RTRL) and adaptive neuro fuzzy inference system-least mean square
(ANFIS-LMS). These control algorithms are used to estimate the fundamental active and
reactive power components of reference supply currents from the distorted load currents. The
DSTATCOM controlled using artificial intelligence based techniques is used to mitigate several
power quality problems such as harmonics current elimination, reactive power compensation and
load balancing in power factor correction (PFC) and voltage regulation modes.

7.3.1 Adaptive Neuro Fuzzy Inference System Based Control Algorithm for DSTATCOM

[179-185]

The design and implementation of a DSTATCOM based on adaptive neuro fuzzy inference
system (ANFIS) based controller is presented in this section. Self-sustained DC bus voltage and
PCC voltage magnitude are regulated by ANFIS controller. Active and reactive power
fundamental components of load currents are extracted using ig-1q theory. This section is divided
into three parts, the first part presents the development of ANFIS controller, the second part
presents learning algorithm for ANFIS architecture and the third part deals with the generation
of switching pulses for three phase VSC used as DSTATCOM. Detailed mathematical

formulation of the control algorithm is given as follows.

7.3.1.1 Design of Adaptive Neuro-Fuzzy Inference Based Controller

Fig. 7.2(a) shows the block diagram of ANFIS based algorithm for control of DSTATCOM.
Neural networks are good for recognizing pattern, but may not be too good at explaining how
they reach their decisions. However, fuzzy logic provides high-level cognitive features as it can
deal with issues such as approximate reasoning and neural language processing. Neural networks

and fuzzy logic are complementary of each other and their combination provides the benefits of
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both the techniques. Both of them make an adaptive network known as adaptive network based
fuzzy inference system (ANFIS). The structure of ANFIS with 2-input, 3-MFs (associated with
each input) and 9-rules is shown in Fig. 7.2(b). This figure shows square and circle nodes, which
are used to reflect different adaptive capabilities. A first order Sugeno-type fuzzy system is used
for ANFIS controller. The structure of ANFIS is shown in Fig. 7.2(b) and fuzzy membership
functions are shown in Fig. 7.2(c). The node function of each layer is described as follows.

Layerl: Two inputs are assigned to this layer: one is error (Vae -Vgo) and the other input is the
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Fig. 7.2 ANFIS based control algorithm (a) Block diagram (b) ANFIS structure (c) Fuzzy rules
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change in error denoted by x; and x, respectively. This layer is known as fuzzyfication layer. The

corresponding node equations for the three membership functions (MFs) are given as follows.

0, x>my
mq—Xx
<x<
a1 (x) =% mi-ny’ m=X=m (7.1)
1, x <ny
(0, x<m
o n, <x<p
Haz (x) = 1 ZZ—_z, p<x<m, (7.2)
o
0, X =m,
\
0, x <my
X—ms
<x<
oz (x) =< ng—my’ My =X =T (7.3)
1, X >n,

There are three membership functions (MFs) corresponding to each input and each MF is
represented by a square bracket. The trapezoidal and triangular MFs are used where {m;, n;} is
the parameter set, and i=1,2,3.

These parameters change with the variation in error and this generates the linguistic value of
each membership function.

Layer 2: In this layer, every node is fixed and labeled as II. It multiplies the input signal and
forwards the product as output,

Wi = fai(X1) * Upi(X2) (7.4
where i=1,2,3 and k=1,2,3,....,9.

The output of each node represents the firing strength.

Layer 3: Each node in this layer is fixed node labeled N. This layer normalized degree of

activation of rules.
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W, =——% (7.5)

Witwy+-+wg

where k=1,2,3,....9.

The output of each layer is called normalized weight.

Layer 4: Each node of this layer is a square node with node function given as,

O = Wy fi = Wi. (pi- %1 + g1 %2 + 17) (7.6)
where k=1,2,3..9 and i=1,2,3.

where quantity wy, is the output of layer 3 and {p;,q; and r;} is a parameter set. Parameters in
this layer are also referred as consequent parameters.

Layer 5: This is the output neuron and it contains a single circled neuron labeled X. This neuron

computes the output as summation of all incoming signals as,

Y =331 Wifi (7.7)

where Y represents the current component of the grid required to regulate the DC bus voltage

and feeds loss component of VSC (ijoss)-

7.3.1.2 Learning Algorithm for ANFIS Architecture
The learning of ANFIS is carried out using hybrid learning algorithm. This algorithm is the
combination of gradient descent and least square error (LSE) method, and used to identify

parameters as,

Wi = Ug ix (x1) X [T (x5) X .. X yanin(xn) (7.8)
where k; €(1,2....MF)), j=1,2...n; MF;,MF,...MF, are membership functions for n input ANFIS

structure, i i; is the value of the i’ membership function, wy, is the firing of k" rule and MF; is
]

the number of membership function for the jth input given as,
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fi =Xy ajx; + bt (7.9)
where i=1,2....R.

This is the ANFIS structure with R rules, where a},bi denote the linear parameters of the iy, rule.

The output of ANFIS can be expressed as,

R f.
Y = Yizawifi (7.10)

TE Wi
The objective function of the system is defined as,
E(k) =Y (k) —Y(k) (7.11)
where Y;(k)and Y (k) are the desired output and controller output respectively.
The input vector is given as,
X (k) = [, (k), x5 (K), ., % (), 1]” (7.12)

The weights are defined by R*(n+1) matrix as,

[ aia; ...anb' |
| a?a? ... 2 b2 |
A=| . I (7.13)
la’f aX ... J
The output vector is (nx1) and can be given as,
Y
;
The output Eqn. (7.10) can be written as,
Y = AX (7.14)

- 2 - -
The squared error ||AX — Y|| in Eqn. (7.14) is minimized when X = X*, called least square
estimator (LSE) , which satisfy the normal equation given as,
X* = (ATA)AY (7.15)
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where AT is the transpose of A and (ATA)™?! is the pseudo-inverse of A if AT is non-singular
matrix.

In a given feed forward adaptive network, it is assumed that if it has L number of layers and k™
layer has N(k) nodes, then the node function (or node output) of node ‘n’ in k™ layer can be
given as,

Yin = fin(Ye-11 - Yecink-1), @ b,c ...) (7.16)
where a,b,c are the parameters of k**node. Here, it is assumed that the training data set has P
entries, an error measure can be defined for the p® (1 < p < P) entry of the training data set as

the sum of the square of the error is given as,

B, = 300 (di - v)’ (7.17)
where quantity d; denotes the i*" component of the p** output vector and Yy ; is i*" component
of the real output vector, which is formed by representing p" input vector in the network. The
overall measured error is E = Z§=1 E, and the purpose here is to minimize E. Developing a

learning procedure for implementing gradient descent in overall error £ minimization requires

the error rate to be calculated as,

_ 98 (7.18)

€Lk = ik

for the " output node at layer I,

and e;, = —Z(dk — Yl,k)

The error signal can be derived iteratively, for the internal node at the i" position of layer [, by
using the chain rule as,

aEp — N(l+1) aEp afl+1,q — ZN([‘I‘l) e afl+1,q (7 19)
Yk =1 Aypap Yk q=1 HLa gy, '

If « is parameter of the k™ node at layer [, it is given as,
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OEp _ OEp Of Lk _ Of Lk

da  avy da Lk g (7.20)
The derivative of E with respect to a can be given as,
9Fp _ yp OB
da ~ “P=1 5q (7.21)
Thus, the equation of updation of generic parameter « is given as,

_ 9Ep
Aa = n P (7.22)
where 7 is learning rate. For the parameter « it may be written as,

QE

Anew = Aoig + Aa = Uota — Tla—ap (723)

In this type of learning, update occurs only after the entire set of training data pair is presented. If
S is total set of parameters, S; and S, are set of premise and consequent parameters respectively.
In hybrid learning algorithm, each set of training data pair consists of forward pass and backward
pass. In forward pass, where S; is unchanged and S, is computed using LSE. In this, the node
outputs of the network are computed layer by layer. This process is continued till the
corresponding row in the matrices A and Y of Eqn. (7.14) is obtained and it is repeated to form
the complete matrix. After obtaining the matrix the output parameters of consequent parameter

set S, are computed using Eqn. (7.15).

The error and the derivative of error with respect to each node of the output are calculated by
Eqn. (7.18) and Eqn. (7.19). These error signals circulate from the output end towards the input
end, in backward pass and the gradient vector is achieved for each training data entry. At the end

for all data pairs, updating of the input parameters is shown by Eqn. (7.23).
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7.3.1.3 Generation of Reference Supply Currents and Switching Pulses

The control algorithm for three-phase VSC is developed using d-q theory as shown in Fig. 7.2.
Three phase load currents (i, i and i), supply currents (is, isb and isc) and PCC voltages (vsa,
vep and vs) are sensed using current and voltage sensors respectively. Load currents are

converted from abc to dq0 components by the use of Park transformation equations which are
i 1 — 1 _1
. a 2
given as, [iﬁ] = 5 lb (7.24)
lC

In the synchronously rotating frame, all the components of load current at fundamental frequency

(o) are transformed into DC quantity, given as,

[id] _ [ cosot sinot [ia] (7.25)
Ig —sinwt cosotl [ip '

The DC components of active load current (ig) contain DC as well as some harmonic
components as shown in Eqn. (7.26). Filtering of these harmonic components has been done by
low pass filter (LPF).

ig =1ig+1g (7.26)

The control algorithm is developed in such a way that supply must deliver DC component of
load current (iz) and active power component of current for maintaining DC bus voltage and
meeting the losses (i;,ss).- The active power component of current ‘i; s’ 1S obtained from the
output of ANFIS controller. The reference component of currents (ig ) are computed from Eqn.
(7.27) as,

tg = Ia + loss (7.27)

The amplitude terminal voltage (V) at PCC is calculated as,

V, = \/ (vg, + v2, + v&) (7.28)
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The error and change in error between reference terminal PCC voltage (V") and actual terminal
PCC voltage (V;) are evaluated and passed through ANFIS controller to generate reactive
component of current (ig;) for voltage regulation. The reference quadrature component is given
as,

lg=1lq — g (7.29)
At fundamental frequency, the active reference components of current(iy) is easily converted to
af3 components using Eqn. (7.30), which can then be easily converted into reference supply
currents (isa*, isb*and isc*) by reverse Clark transformation as,

[ia] _ [coswt —sinwt] [ia
i;;]—[ [ ] (7.30)

sinot coswt ! [ig

iy 0 1
bl B ) I I 1
':sb = gl 2 2 J[lé] (7.31)

These reference supply currents (s, , is» andis. ) are compared with the sensed supply currents
(isa» 1o and is) and errors are achieved. These errors are then passed through PWM current
controller for generation of six switching pulses for VSC.

7.3.2 Real Time Recurrent Learning Based Control Algorithm [186-190]

The recurrent neural network (RNN) uses feedback from the output layer to the previous layer,
and is often defined as feedback network. In this case, the output of a neuron depends not only
on the current input signals, but also on the previous inputs. This kind of network comprises
internal memory and due to this, it behaves like a dynamic network. The learning technique of
recurrent neural network is based on real time recurrent learning (RTRL). In this section, this
learning RTRL method is applied for the control of DSTATCOM. This is a forward gradient

learning method, because gradient information at some instant is forward propagated. In the
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RTRL algorithm, there is no need to collect data over a period of time and hence the model
learning is performed in real time. Mathematical analysis and formulation of the control
algorithm are given as follows.

7.3.2.1 Estimation of Fundamental Active Power Component of Reference Supply
Currents

Fig. 7.3 shows block diagram of RTRL based control algorithm for control of DSTATCOM.

The phase voltages (vy, Ve and v,.) at PCC is sensed and amplitude is estimated as,

2
R
3 (7.32)

The in-phase unit templates (4,4, 4, and u,,) are estimated from the sensed PCC voltages and the

amplitude of the PCC voltage (V;) and given as,

1% V.
Uy =% 1, =—Landu,, =7 (7.33)

t 1 1
The voltage at DC bus (V) is sensed and compared with reference DC bus voltage (V. ), thus
the voltage error at n™ sampling instant is computed as,

vaen)= Ve (n)-Vae(n) (7.34)
The voltage error vz(n), is then processed through a proportional integrator (PI) controller. The
output of the PI controller is used to provide sufficient current component for regulating DC bus
voltage and to meet DSTATCOM system losses. The output of PI controller at n” sampling

instant is given as,
W (m=w, (n-1)+k, {v,(m)—v, (n=D}+k,v, (n) (7.35)

where k,; and kj; are the proportional and integrator gains of PI controller for regulating DC bus

voltage.
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The RTRL based control technique is used to extract weights corresponding to fundamental
active power component of load current for the three phases. A single neuron based network is
considered to estimate the weighted value of load active power current component. Consider the
input vector x(n) at sampling time ‘n’ and output vector y(n+1/) at sampling time ‘n+1’, the

forward response of the network is given as,

y(n+1)=f(s(n+1)) (7.36)
where s(n+1) represents the input to the neuron and given as,

s(n+1)=awx(n)+ gy(n) (7.37)
where w and g are parametric weights corresponding to input vector x(n) and feedback from

output y(n) to the neuron respectively. The neuron has nonlinear activation function such as

sigmoid activation function given as,

1
y(n+1)=f(s(n+1))=W (7.38)

The output y(n+1) is the estimated quantity of phase ‘a’ of load current i.y,, which is

: - T Vi
L Wpa (H) :Wpa (n-l)-wl{lla (n)-wpa Xpa (n)} Ppwa (H) & o W
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Fig. 7.3 Block diagram of RTRL based control algorithm
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fundamental power component of load current. The 7.y, component of load current is estimated
from the actual or desired quantity of phase ‘a’ of load current y,(n+1), which also can be
represented as ij,. The cost function E(n+1) is a quadratic function of instantaneous error, which

is defined as,

E(n+1):%(ila(n+1)—i (n+1))° (7.39)

esta

The network parametric weights @ and g, can be defined using gradient-descent algorithm such

as,

JE (n+1)
1) = —_p—_ 7 7.40

o(n+l)=w(n)-7n P (7.40)
OE(n+1

g(n+1)=g(n)—77% (7.41)

8
Differentiating E w.r.t synaptic weight vector w as,
GE(n+l) —[i,u(n+1)—im(n+1)]m (7.42)
0w 0w

di, (n+1)

Here the variable P,(n+1) is defined as, P, (n+1)=
(0]

which is known as the sensitivity

element which is known as the sensitivity element and initialized as P,(0)=0.

P (n+1)= iy (n+1) _ iy, (n+1) o ds(n+1) (7.43)
0 ds(n+1) 0
Since i, (n+1)=y(n+1)= p=TTIR differentiating this results in,
e
dy(n+1)
—=i  (n+1)1-i,, (n+1 7.44
as (n + 1) l(,’Stu (n ){ lLS (n )} ( )
. ds(n+1
Again, % = %{a)x(n) +gi,,,(n)}
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ds(n+1)

=x(n)+ gP,(n) (7.45)
0w

= x(n) + 8 —aleétaagn)

Now using the value of Eqn. (7.44) and Eqn. (7.45) in Eqn. (7.43), the value of P,(n+1) is given
as,

P,(n+1)=i,, (n+1){1—i,, (n+D}Hx(n)+ gP,(n)} (7.46)
From Eqn. (7.46) it is observed that by computing the gradient information at sampling time ‘n’,
it is easy to compute gradient information at sampling time ‘n+1’. This is the basic ideology of

real time recurrent networks.

Similarly the variable for feedback layer is given as,
P (n+1)=i, (n+1){1-i,, (n+DH{x(n)+ gP ()} (7.47)
The weight update rule for RTRL is given as,

a)(n+1)=a)(n)+77{ila(n+1)—i (n+1)}Pw(n+1) (7.48)

esta

g (n+1) = g(n)+77{ila(n+1)—im(n+1)}Pg(n+1) (7.49)
The value of P,(n+1) and Py(n+1) are computed from Eqn. (7.46) and Eqn. (7.47) respectively.
The extracted weighted values (w,,, wp, and w,,) corresponding to active power components of
load currents are computed from Eqn. (7.48). The average of active power component (Wpayg) 0Of
load weighted values is estimated using Eqn. (7.50)

_ Wap + Whp + ch
pavg — 3

(7.50)

w

The output of DC bus PI controller (w,q4.) is added to the average value of active power weight

(Wpavg) and the reference active power weight (w),) is computed as,

W, =Woe TWoe (7.51)
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The reference supply currents (ipa*, ip;,* and ipc*) corresponding to active power component are
estimated from wp and the inphase unit templates. The reference inphase current components

(ipa » ipp and i,. ) are computed as,

Sk o
1L =wiu l

K3
v =Wl Ly =wou,, and 1, =w u (7.52)

p o pc
These active components of reference supply currents are used to generate reference supply
currents.

7.3.2.2 Estimation of Fundamental Reactive Power Component of Reference Supply
Currents

The quadrature unit templates of three phase PCC voltage (444, ug and uy) are estimated from
inphase unit templates (up,, Up, and upe) given in Eqn. (7.33) as,

_ (—u,,+u,) _ QGu,, tu,—u,) (3u,, +u,,—u,)

u —_— U, = du, =
“T B R 23

The estimated amplitude of PCC voltage (V;) is compared with reference amplitude (V;) and

(7.53)

thus voltage error (v,.) is computed as,

vie(n)= Vi (n)-Vi(n) (7.54)
The error value is passed through a PI controller and the output of AC bus PI controller (w,) at n"”
sampling instant is given as,

w,(n)= W (n—-1)+ kpq {vm (n)—-v,(n —1)} + k,-qvm (n) (7.55)

Now the weighted values (Waq, Wnq and wq) corresponding to reactive power component of load
currents are calculated from RTRL control technique. The average weighted value (Wqave)
corresponding to reactive power weights is calculated as,

_ Wag + Wpq + Weg
qavg 3

w

(7.56)
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The value of average reactive power weight (Wya,) 1s subtracted from the output of AC bus PI

controller (w;) and the reference reactive power weight (w,) is computed as,

Wy =W =Wy, (7.57)

The quadrature reference supply currents (iqa*, iq;,* and iqc*) are estimated from quadrature unit

templates and reference reactive power weight w, such as,

ok ok

K
Ly =Wy, Ly =W, and i, =w.u, (7.58)

These reactive power components of reference currents are added to the active power
components of reference supply currents to achieve reference supply currents as discussed
below.

7.3.2.3 Generation of Reference Supply Currents and Switching Pulses

The reference supply currents (iy, , iy and i, ) are generated by adding the active and reactive
components of reference supply currents given by Eqn. (7.52) and Eqn. (7.58) such as,

iy =0, +i,,

sa

K _.* +.>x< d K _.* +.>x<
Iy, =1, ti,and i, =i, +i, (7.59)
The actual supply currents (iy,, is» and i) are sensed and compared with the reference supply
current (iy, , iy, and iz ) to generate current errors (ise, isve and ise). These current errors are

passed through pulse width modulation (PWM) current controller to generate switching pulses

for the three phase VSC.

7.3.3 Adaptive Neuro Fuzzy Inference System Least Mean Square (ANFIS-LMS) Based
Control Algorithm [191-193]

This section deals with adaptive least mean square (LMS) technique, in which the step size
parameter is updated using adaptive neuro fuzzy inference system (ANFIS). An adaptive neuro
fuzzy inference system least mean square (ANFIS-LMS) based control algorithm is developed

and its mathematical formulation is presented in this section. The proposed control algorithm is
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used for the control of DSTATCOM and has the ability to improve various aspects of power
quality such as harmonics compensation, voltage regulation, power factor correction and load
balancing in PFC and voltage regulation modes.

7.3.3.1 Estimation of Fundamental Active Power Components of Reference Supply
Currents

Fig. 7.4 shows the block diagram of ANFIS-LMS based control algorithm. Amplitude (V) of

PCC voltages (v, Vsb and vy) is calculated and it is given as,

Ve =2 + v +v2)/3 (7.60)
Unit in-phase templates (upa, up, and up) are calculated by PCC voltages (v, Vs and vy) and
their amplitude (V,) is calculated in a similar manner as given in section 7.3.2(A). The voltage at
DC bus (Vy) is sensed and compared with reference DC bus voltage (Vdc*), which gives an error
(vde). This error is passed through PI controller and its output is (Wpq.) Which is already described
in section 7.3.2(A).

The weight values corresponding to active power components of load currents are calculated
using ANFIS-LMS based control technique. The weight updation rule of this control algorithm at
n" sampling instant is given as,

wn+1) =w(n) + 2u(n)e(n)x(n) (7.61)
where e(n) is error between actual (i) and estimated (w” x(n)) load current, x(n) is input vector
which consists of unit inphase templates (upa, upp and u,c), w(n) is weight vector and p(n) is the
step size parameter calculated using the ANFIS controller.

The structure of ANFIS is developed with two inputs, three membership functions (MFs) and
nine rules are same as shown in Fig 7.2(b). This represents both square and circular nodes, to
identify different adaptive capabilities. The ANFIS structure uses first order Sugeno type fuzzy

inference system. The function of each layer of ANFIS structure is given as follows.
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Layer 1:

This is the fuzzification layer, having two inputs. One input of this layer is error

(x;=e(n)) between actual and estimated value of load current (i;(n) — wTx(n)) and other input

is the change in error (x;=Ae(n)). Each input function corresponds to three MFs and the shape of

MFs is represented as square bracket. The internal structure of each square bracket represents

trapezoidal and triangular MFs. Equations related to each MFs are given as,

Ha1(x1) = Hb1(x2) =
(
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where{m;, n;} are set of parameters, and value of i=1,2,3. The parameters {m;, n;} change with
the change in value of error and correspondingly generate the linguistic value of each MF. These
parameters are known as premise parameters.

Layer 2: This layer is known as implication layer and each node in this layer is fixed node. This
layer represented as II and the output of each node of this layer is multiplication of its input
signals,

Wi = Haij (X1) Hpij(X2) (7.65)
where k=1,2,..9, i=1,2,3 and j=1, 2, 3. Each node in this layer represents firing strength of the
rule.

Layer 3: Every node in this layer is also a fixed node and represented by N. This is also known
as normalizing layer given as,

Wy = — Wk (7.66)

W1+Wo+- W
where k=1,2,....9 and output of each node in this layer is called the normalized firing strength.
Layer 4: This is known as defuzzifing layer and every node in this layer is adaptive. The nodes
of this layer are represented by square shape and the node function is given as,

O = Wifie = Wi (PreX1 + qiex2 + 1) (7.67)
where py,q) and 1, are the consequence parameters.

Layer 5: This is a single node layer represented by summation. The output of this layer
represents the summation of the all input signals. The node function for this layer is given as,

Y = Yot Wiefi (7.68)
The ANFIS LMS algorithm is used to compute the step size parameters p(k), which is used to

find optimum weight vector for LMS algorithm.
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Learning of premise (m; and n;) and consequence parameters (py, g and 73, ) in ANFIS
structure is carried out with the hybrid learning algorithm, which is discussed in section 7.3.1.
This uses least square and gradient descent methods to find consequent and premise parameters
respectively. The ANFIS structure proposed here, uses forward pass and backward pass learning
algorithm. Suppose S, S; and S, represent total set of parameters, set of premise parameters and
set of consequent parameters respectively, then in the forward pass S; is unchanged and S, is
computed using least square error algorithm. The forward pass presents the input vector and
node output to this. It can be calculated layer by layer till the corresponding data is obtained and
process is repeated. Once all data have been obtained, the value of consequence parameter set S,
can be obtained and it also computes error signal for each training pair.

In the backward pass, S, is unchanged and parameters of S; are computed using gradient descent
algorithm such as back-propagation. The error signal computed above propagates from output
towards input end. The gradient vector is found for each training data entry and updating of input
parameters is performed with gradient descent algorithm.

Active power weights (wap, Wip and wp) corresponding to the load currents are extracted using

Eqn. (7.61) and p(n) calculated by ANFIS controller as,

Wap(n + 1) = wep,(n) + 2, (M) e, (Muyg (7.69)
Wpp (1 + 1) = wp, (1) + 20, (M) e, (N (7.70)
Wep(n + 1) = w,,(n) + 2p.(n)e (MU, (7.71)

The average weight of active power weights (wap, Wiy, and wp) s calculated as,
Wpavg = Wap + Wpp + Wep)/3 (7.72)
This average weight (Wpave) is added to the output of DC bus PI controller and reference active

power weight (wp) is calculated as,
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Wp = Wpavg + Wpac (7.73)
Active power components of reference supply currents (ig, i and ig) are estimated from the
reference active power weight (w,) and unit inphase templates (upa, Up, and up) as,

lpa = Wpllpga, Lpp = Wpllyp, and ipe = Wyl (7.74)
These active power components of reference supply currents are used to calculate total reference

supply currents.

7.3.3.2 Estimation of Fundamental Reactive Power Component of Reference Supply
Currents

Unit quadrature templates (uga, Ugy and ugc) of PCC voltages (vg, Vs and vy) are calculated from
unit inphase templates (up,, up, and u,.) same as given in section 7.3.2(B). PCC voltage
amplitude (V,) is calculated from Eqn. (7.60) and compared with reference PCC voltage,
consequently an error signal (v,) is generated. This error signal is passed through a second PI
controller which output is (w;). The equations for the same are described in section 7.3.2(B).

Reactive power weights (Waq, Wpq and weq) corresponding to load current are extracted from Eqn.

(7.61) and p(n) is computed from the ANFIS controller as,

Wag(m +1) = weg(n) + 2u,(M)e, (Mg, (7.75)
wpa(n + 1) = wp,(n) + 2u,(M)e, (M)ugy (7.76)
ch(n +1) = ch(n) + zﬂc(n)ec(n)uqc (7.77)

The average weight of the extracted reactive power weights (waq, Wpq and wq) is calculated as,
Waavg = Waq + Wpq + Wq)/3 (7.78)
This average weight (wgaye) is subtracted with output of AC bus PI controller and reference
reactive power weight (wq) is calculated as,

Wq = Wi — Wyag (7.79)
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The estimated reference reactive power components of currents are calculated from the reference
reactive power weight (wq) and unit quadrature templates as,

lga = Wqllqa, Lgp = Wqllgp and ige = Wollge (7.80)
The estimated active and reactive power components are added to generate total reference supply
currents.

7.3.3.3 Generation of Reference Supply Currents and Switching Pulses

The summation of reference active and reactive power components of Eqn. (7.74) and Eqn.
(7.80) are considered as reference currents (ig,, i, andi;.). These reference currents are
compared with the sensed supply currents (isq, ig,and ig.) and current errors (isqe, ispe aNd igce)
are evaluated. These current errors are passed through pulse width modulation (PWM) current

controller for the generation of switching pulses for three-phase VSC used as DSTATCOM.

7.4 MATLAB MODELING OF CONTROL ALGORITHMS BASED ON ARTIFICIAL
INTELLIGENCE TECHNIQUES

Modeling of artificial intelligence techniques based control algorithms using MATLAB is
presented here. The control algorithms discussed are based on adaptive neuro fuzzy inference
system (ANFIS) controller, real time recurrent learning (RTRL) and adaptive neuro fuzzy
inference system least mean square (ANFIS-LMS). The detailed discussion on

MATLAB/SIMULINK models for these control algorithms are given as follows.

7.4.1 Adaptive Neuro Fuzzy Inference System Based Control Algorithm

Fig. 7.5 shows the simulation model of ANFIS based control algorithm using MATLAB in
SIMULINK and Sim Power system (SPS) tool box. The ANFIS based controller is used for

regulation of DC bus and PCC voltage amplitude to their reference values. Inputs to the DC bus
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Fig. 7.5 Simulink model of ANFIS based control algorithm for DSTATCOM

ANFIS controller are error (e) and change in error (Ae) between reference DC bus voltage (Vqc*)
and sensed DC bus voltage (Vqc). Similarly for the AC bus ANFIS controller, the inputs are the
error and change in error between the reference PCC voltage magnitude (V,) and calculated
PCC voltage magnitude (V). The outputs of the ANFIS controllers are used along with the
active-reactive (ig-iy) components of load currents, for the generation of reference supply
currents.

7.4.2 Real Time Recurrent Learning Based Control Algorithm

Fig. 7.6(a) shows the simulation model of real time recurrent learning (RTRL) based control
algorithm developed in MATLAB using SIMULINK and SPS tool box. This control algorithm
is used for generation of reference supply currents (is, , isp and is. ) from distorted load currents.
The inputs to the RTRL based control algorithms are PCC voltages (vs), supply currents (i, isb
and i), load currents (i, 11 and i) and self-sustained DC bus voltage (Vqc). The extraction of
weights corresponding to the fundamental active and reactive power component of phase ‘a’ of

load current using RTRL technique is shown in Fig. 7.6(b). In a similar manner the RTRL
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technique is used to extract active and reactive weights corresponding to phase ‘b’ and phase ‘c’

of load currents.
7.4.3 ANFIS-LMS Based Control Algorithm

The MATLAB/SIMULINK based model of ANFIS-LMS based control algorithm is developed
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Fig. 7.6 Simulink model of (a) RTRL based control algorithm (b) RTRL technique for extraction of
weights
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using SPS tool box. Fig. 7.7 shows the developed simulation model of the control algorithm used
for the generation of reference supply currents. The ANFIS controller is used to compute the
step-size parameter (u) for LMS technique. The inputs to the control algorithm as shown in
SIMULINK model are PCC voltages (vs), supply currents (is, is» and is), load currents (i, iip
and 1) and self-sustained DC bus voltage (V4.) used for control of DSTATCOM. The LMS
technique with ANFIS controller is used to extract weight corresponding to active (Wap, Wpp and
W¢p) and reactive (Waq, Whq and weq) power components of load currents. The average weights
(Wpavg and wgayvg) corresponding to active and reactive power weights are calculated and used

with the output of DC and AC bus PI controller to estimate the reference supply currents.

7.5 DSP IMPLEMENTATION OF ARTIFICIAL INTELLIGENCE BASED CONTROL
ALGORITHMS

This section presents an implementation of artificial intelligence based control techniques using
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DSP (dSPACE 1104 R&D Controller Board) for generation of the switching pulses for three
phase VSC. The control techniques discussed under this category are based on adaptive neuro
fuzzy inference system (ANFIS), real time recurrent learning (RTRL) and adaptive neuro fuzzy
inference system least mean square (ANFIS-LMS). The detailed description of implementation

on DSP of these control algorithms is given as follows.

7.5.1 Adaptive Neuro Fuzzy Inference System (ANFIS) Based Control Algorithm

The ANFIS based control algorithm is implemented using DSP (dSPACE 1104 R&D Controller
Board) and is used to generate gating pulses for the three phase VSC based DSTATCOM. The
DSP (dSPACE 1104) is real time controller based on a 603 PowerPC floating-point processor.
This includes slave DSP subsystem based on the TMS320F240 DSP microcontroller. The DSP
hardware and software have given the facility to generate real time switching pulses from real
time signals with the use of SIMULINK model of the control algorithm. The implementation of
DSTATCOM requires real time sensing of PCC voltages, supply currents, load currents and DC
bus voltage. These signals are sensed from Hall Effect voltage and current sensors with
appropriate buffer circuitry. The design and selection of DC bus capacitance, DC bus voltage,
interfacing inductors, sensor circuitry and gating circuitry for hardware implementation of
DSTATCOM are already discussed in section 3.6. The DSP based implementation of control
algorithms for generating switching pulses for DSTATCOM, implementation of DC and AC bus
PI controller along with pulse width modulation (PWM) switching using DS
1104SL_DSP_PWM3 block have been discussed in section 4.7.1. The sampling time (T) is

selected 60us for ANFIS based control algorithm.

7.5.2 Real Time Recurrent Learning (RTRL) Based Control Algorithm
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The RTRL based control algorithm is implemented using DSP (dSPACE 1104 R&D Controller
Board) and is used to generate gating pulses for the three phase VSC based DSTATCOM. The
implementation of DSTATCOM requires real time sensing of PCC voltages, supply currents,
load currents and DC bus voltage. These signals are sensed from Hall Effect voltage and current
sensors with appropriate buffer circuitry and discussed in section 3.6. The DSP based
implementation of control algorithm is presented in section 4.7.1. The sampling time (T) is
selected 65us for RTRL based control algorithm.The DC bus PI controller proportional and
integral gains are calculated using Ziegler-Nichols unit step response algorithm. The selected

value of PI controllers gains are tuned very close to the calculated values.

7.5.3 Adaptive Neuro Fuzzy Inference System Least Mean Square (ANFIS-LMS) Based
Control Algorithm

The ANFIS-LMS based control algorithm is implemented using DSP (dSPACE 1104 R&D
Controller Board) and is used to generate gating pulses for the three phase VSC. The
implementation of DSTATCOM is carried out in a similar manner as discussed for the above
two algorithms. The DSP (dSPACE 1104) based implementation of control algorithm is used for
generating switching pulses for DSTATCOM. Implementation of pulse width modulation
(PWM) switching in DSP (dSPACE 1104) using DS 1104SL_DSP_PWM3 block is already
presented in section 4.7.1. The sampling time (Ts) is selected 60us for ANFIS-LMS based

control algorithm.

7.6 RESULTS AND DISCUSSION

The artificial intelligence based control algorithms presented in the previous section are
developed using MATLAB using SIMULINK and SPS tool box. This section deals with

performance of DSTATCOM with these control algorithms for mitigation of power quality
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problems in PFC and voltage regulation modes. The simulation and test results for the three

control algorithms are given as follows.

7.6.1 Performance of DSTATCOM With Adaptive Neuro Fuzzy Inference System
(ANFIS) Based Control Algorithm

Simulation and experimental performance of DSTATCOM with ANFIS based control algorithm
is presented here. The simulation results are taken in MATLAB/SIMULINK environment and
presented for PFC and voltage regulation modes. The test results are obtained on the

DSTATCOM prototype developed in the laboratory.

7.6.1.1 Simulated Performance of DSTATCOM in PFC and voltage regulation Modes

This section is divided into three parts. The first part deals with the performance of the ANFIS
based control algorithm. The second and third parts present performance of DSTATCOM in PFC

and voltage regulation modes.

A. Performance of ANFIS Based Control Algorithm in Voltage Regulation Mode Under
Nonlinear Load

Fig. 7.8 shows the intermediate signals of ANFIS based control algorithm for DSTATCOM
controlled in voltage regulation mode. This result shows the waveforms of PCC voltages (vs),
load currents (i), active DC component of load current (ig), output of DC bus PI controller (ijess),
reference active DC current component (iger), amplitude of PCC voltage (V,), output of AC bus
PI controller (i), reactive DC component of load current (i;) and reference reactive DC current
component (ig.f). These results are shown for steady state (before t=0.3s) and unbalanced load
conditions (t=0.3s to t=0.4s) under nonlinear load. Satisfactory performance of the ANFIS based

control algorithm is observed from these results.
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Fig. 7.8 Performance of ANFIS based control algorithm for DSTATCOM

B. Performance of DSTATCOM in PFC mode With ANFIS Based Control Algorithm

Fig. 7.9 shows the performance of DSTATCOM under PFC mode. This figure shows phase
voltages at PCC (vs), source currents (is), load currents (i, iip and i), compensator currents (ic,,
icy and icc) and the DC bus voltage (V4c). These results are obtained at a nonlinear load of
Ri=12Q and L=100mH. The system is under fixed load condition before t=0.3s. Phase ‘c’ load is
suddenly disconnected at t=0.3s, and it is reconnected at t=0.4s. Simulated results show that the
control algorithm not only maintains the DC bus voltage but also the supply currents are
balanced and sinusoidal during this interval. Fig. 7.10 shows harmonic spectra for phase ‘a’ PCC
voltage (vg,), supply current (is,) and load current (i,). These results show the THD of 1.15% in

PCC voltage, 2.55% in supply current and 26.52% in load current. It is shown in Fig. 7.9 and
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Fig. 7.10 that the DSTATCOM is able to perform the functions of harmonic reduction in PFC

mode.

B. Performance of DSTATCOM in Voltage Regulation Mode With ANFIS Based Control
Algorithm
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Fig. 7.11 shows the dynamic performance of DSTATCOM for voltage regulation mode. In this
mode, the amplitude of PCC voltage is maintained at 338.89V by injecting the leading reactive
power by the VSC. The performance of the ANFIS controller for DSTATCOM is observed
under nonlinear load. Fig. 7.11 represents voltage at PCC (v), supply currents (i), load currents
(i1a, 1ip and 1), compensator currents (ica, icy and icc), DC bus voltage (V4c) and the PCC voltage
magnitude (Vy). These results are obtained under nonlinear load of Ri=12Q and L=100mH till
0.3s. Phase ‘c’ of the load is suddenly disconnected at t=0.3s, and reconnected at t=0.4s. Fig.

7.12 shows the harmonic spectra of phase ‘a’ of PCC voltage (vs,), supply current (i) and load
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current (i,). These results show THD of 1.34% in PCC voltage, 3.34% in supply current and
26.57% in load current. Amplitude of PCC voltage is regulated at 338.89V even during

unbalance load condition from t=0.3s to t=0.4s.

7.6.1.2 Experimental Performance of ANFIS Based Control Algorithm in PFC Mode

Experimental performance of DSTATCOM with ANFIS based control algorithm in PFC mode is
presented here. This is divided into two parts. The first part deals with the steady state
performance of DSTATCOM and the dynamic performance of the system is presented in the

second part.

A. Steady State Performance of DSTATCOM With ANFIS Based Control Algorithm

Fig.7.13 shows the performance of DSTATCOM in steady state condition. Figs. 7.13(a), (c) and
(e) show the waveforms of phase ‘a’ of supply current (is,), load current (i,) and compensator
current (ic,) along with PCC voltage (vg,). Figs. 7.13(b), (d) and (f) show the harmonic spectra of
supply current (is), load current (i,) and PCC voltage (vs). These results show that THD of
3.3%, 23.2% and 3.3% in supply current, load current and PCC voltage respectively. It is
observed from the experimental results that THD of supply current and PCC voltage are well

within the limit of IEEE-519 standard.
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Fig. 7.14 shows simulated performance of the DSTATCOM at the same rating (110V, 50Hz) for
which experimental prototype is developed. These results shows waveforms of PCC voltage (vy),
supply currents (is), load currents (i;), compensator currents (ic) and DC bus voltage (Vq.). These
results are shown for steady state (Before t=0.36) and unbalanced load (t=0.36s to t=0.46s)
conditions. It is observed from these results that supply currents are balance and sinusoidal along

with regulated DC bus voltage in steady state and unbalanced load conditions.

B. Dynamic Performance of DSTATCOM With ANFIS Based Control Algorithm

Fig. 7.15 shows the performance of DSTATCOM system when the phase ‘c’ of load current is
removed. Figs. 7.15(a)-(c) show three phase supply currents (isa, isp and i), load currents (i, i
and 1) and compensator currents (icy, icp and icc) with PCC voltage (vs) respectively. It is

observed form these waveforms that supply currents are balanced even after removal of a phase
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of load current. Fig. 7.15(d) shows DC bus voltage (V4) with phase ‘c’ of supply current (is),

load current (ic) and compensator currents (icc). It is observed from Fig. 7.15(d) that the DC bus
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voltage (Vq) is regulated using ANFIS controller which achieves its reference value within few
cycles. Fig. 7.15(e) shows the intermediate signals such as output of DC bus PI controller (ijoss)
and active current component of load (ig), components along with DC bus voltage (Vq4.) and
phase ‘c’ of load current (ic). Results show the adequate performance of ANFIS controller and

control algorithm for DSTATCOM under dynamic nonlinear load.

7.6.2 Performance of Real Time Recurrent Learning (RTRL) Based Control Algorithm

This section presents the simulation and experimental performance of RTRL based control
algorithm for the control of DSTATCOM. The performance of the control algorithm is presented
in PFC and voltage regulation modes using simulation models developed in
MATLAB/SIMULINK environment. The experimental performance of the control algorithm is
presented using the prototype model developed in the laboratory. The performance of the RTRL

based control algorithm is discussed in detail as follows.

7.6.2.1 Simulation Results for the Control of DSTATCOM in PFC and voltage regulation
Modes using RTRL Algorithm

Simulation results showing the performance of DSTATCOM in PFC and voltage regulation
modes with RTRL based control algorithm are presented here. This is divided into three parts.
The first part presents the performance of the control algorithm. The second and third parts

present the performance of DSTATCOM in PFC and voltage regulation mode.

A. Performance of RTRL Based Control Algorithm in Voltage Regulation Mode Under
Nonlinear Load

Figs. 7.16(a) and (b) show the intermediate signals for the control algorithm used to generate the
reference supply currents. Fig. 7.16(a) shows of sensed load currents (i), sensitivity element
corresponding to active (Ppw,) and reactive (Pqwa) power components, output of DC bus PI
controller (wpdc), weighted value corresponding to active power component of phase ‘a’ of load
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Fig. 7.16 Performance of RTRL based control algorithm in voltage regulation mode
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and reference weight corresponding to active power component (w,) along with PCC voltages
(vs). Fig. 7.16(b) shows waveforms of output of AC bus PI controller (w,), weighted value
corresponding to reactive power component of phase ‘a’ of load current (wg.), filtered average
reactive power weight (Wgqave), reference reactive power weight (wg), estimated reference supply
currents (i, ) and the actual sensed supply currents (i;). These signals are shown in voltage
regulation mode under nonlinear load. It is observed from these results that the control algorithm
performs satisfactory in steady state (before t=0.3s) and unbalanced load (t=0.3s to t=0.4s)
conditions. The generated reference supply currents are compared with the sensed supply current

(i) and it is observed that the actual currents track the reference currents under steady state as
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Fig. 7.17 Performance of DSTATCOM in PFC mode under nonlinear load
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well as dynamic load conditions.
B. Performance of DSTATCOM in PFC Mode Under Nonlinear Load

Fig. 7.17 shows the performance of shunt compensator in PFC mode under nonlinear load. The
waveforms of PCC voltages (vs), supply currents (i), load currents (i, i and i), compensator
currents (icq, icp and ic.) and self-sustained DC bus voltage (V,.) are shown in this figure. Steady
state condition occurs in the system before t=0.3s and it is observed that the supply currents are
balanced, sinusoidal and inphase with PCC voltages. The DC bus voltage is regulated to a
reference voltage of 700V. At t=0.3s, unbalancing is created in the load, when phase ‘c’ load is
switched off. This condition remains till t=0.4s and it is observed that the supply currents are still
balanced and sinusoidal. During the period of load unbalancing, the DC bus voltage is regulated
to its reference value of 700V, within a cycle. The overshoot/undershoot in the voltage level is of

the order of 8V.

Fig. 7.18 shows the harmonic spectra of phase ‘a’ of PCC voltage (vs,), supply current (iy,) and
load current (i;;) in PFC mode. The THD obtained in PCC voltage, supply current and load

current are 2.48%, 2.14% and 26.50% respectively. It is observed from these results that 2.14%
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Fig. 7.19 Performance of DSTATCOM in voltage regulation mode under nonlinear load

standard.

THD is achieved in supply current, whereas there is 26.50% THD in load current. The THDs

obtained in supply voltage and supply currents are within the limits specified by IEEE-519

C. Performance of DSTATCOM in Voltage Regulation Mode Under Nonlinear Load

Fig. 7.19 shows the performance of a shunt compensator in voltage regulation mode. The
waveforms of PCC voltages (vy), supply currents (iy,), load currents (ij,, i3 and i;.), compensator
currents (icq, icp and ic.), DC bus voltage (V) and amplitude of PCC voltage (V;) are shown in
this figure. It is observed from the results that the system is in steady state and the supply

currents are balanced and sinusoidal till t=0.3s. The DC bus voltage and amplitude of PCC
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voltage are regulated at reference values of 700V and 338.8V respectively. At t=0.3s, phase ‘c’
of load is suddenly switched off, which creates unbalancing in the load currents. During load
unbalancing (t=0.3s to t=0.4s), it is observed from the results that the three phase supply currents
are still balanced and sinusoidal although reduced in magnitude. The DC bus voltage and
amplitude of PCC voltage are regulated to their reference value within a cycle by controller

action.

The harmonic spectra of phase ‘a’ of PCC voltage (v,,), supply current (is,) and load current (ij,)
are shown in Fig. 7.20. The THDs of PCC voltage, supply current and load current are observed
to be 2.61%, 2.67% and 26.52% respectively. It is concluded from these results that 2.67% THD
is obtained in supply current, whereas there is THD of 26.52% in the load current. The THDs
obtained in the supply voltage and supply current in voltage regulation mode are within the limit

specified by IEEE-519 standard.

7.6.2.2 Experimental Performance of RTRL Based Control Algorithm in PFC and
Voltage Regulation Mode Under Nonlinear and Linear Loads

Experimental performance of RTRL based control algorithm on the prototype developed in the

laboratory is presented here. This is divided into three parts. The first part deals with the
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experimental performance of the control algorithm. The other two parts present the performance

of DSTATCOM under steady state and dynamic load conditions respectively.

A. Performance of the RTRL Based Control Algorithm

Fig. 7.21 shows the intermediate signals of RTRL based control algorithm for control of
DSTATCOM. Test results in Fig. 7.21(a) show the waveforms of PCC voltage (vy,), filtered PCC

voltage (Vvsr), phase ‘c’ of load current (i) and sensitivity element (Ppywa). Fig. 7.21(b) shows
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weight corresponding to fundamental active power component of phase ‘a’ of load current (wap),
average active power weight (Wpavg), output of DC bus PI controller (wpqc) and reference active
power weight (wp). Fig. 7.21(c) shows the waveforms of weight corresponding to fundamental
reactive power component of phase ‘a’ of load current (w,q), average active power weight
(Wgave), output of AC bus PI controller (w;) and reference reactive power weight (w;). These
results are shown for steady state as well as unbalance load conditions, when one phase of load is
switched off. Fig. 7.21(d) shows the reference supply currents (i, , iy, and i, ) along with the
phase ‘a’ sensed supply current (i,). It is observed from these results that the average weighted
value converges in steady state as well as in unbalanced load conditions. The sensed supply
currents track the reference supply currents perfectly. These results show the satisfactory

performance of the RTRL based control algorithm for DSTATCOM.

B. Steady State Performance of DSTATCOM With RTRL Based Control Algorithm in PFC
Mode

Fig. 7.22 shows the steady state performance of DSTATCOM using RTRL based control
algorithm under nonlinear load. Figs. 7.22(a)-(c) show the results of phase ‘a’ of supply current
(isa), load current (ij,) and compensator current (ic,) along with PCC voltage (vs,). Figs. 7.22(d)-
(f) show the harmonic spectra and THD of phase ‘a’ of supply current (i), load current (i;,) and
PCC voltage (vs4), which are observed to be 3.9%, 21.7% and 3.3% respectively. It is observed
from these results that THD of 3.9% is obtained in supply current, whereas load current has THD
of 21.7%. These results show the satisfactory performance of DSTATCOM using RTRL based
control algorithm and the supply voltage and the supply current THDs are within the limit

specified by international standards.
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Fig. 7.23 shows the simulated performance of the DSTATCOM using RTRL based control
algorithm at same voltage rating (110V, 50Hz) for which experimental system is developed. This
shows the waveforms of PCC voltages (vs), supply currents (is), load currents (i, i, and i),
compensator current (ica, icp and icc) and self-sustained DC bus voltage (Vg.). The supply
currents are balanced and sinusoidal and DC bus voltage is regulated at the reference voltage of

200V during steady state (before t=0.3s) and unbalanced load condition (t=0.3s to t=0.4s).

Fig. 7.24 shows steady state performance of the DSTATCOM under linear lagging PF load in
PFC mode. Figs. 7.24(a)-(c) show waveforms of phase ‘a’ of supply current (i), load current
(i,) and compensator current (ic,) along with PCC voltage (vs). Figs. 7.24(d)-(f) show
waveforms of supply apparent power (Ps), load apparent power (P)) and compensator apparent
power (Pc). The values of supply and load apparent powers are 0.29 and 0.31kVA respectively.
The power factor on supply side is improved (close to 1 DPF) as the reactive power demand of

the load is provided by DSTATCOM.
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Fig. 7.25 shows simulated performance of the DSTATCOM under linear load in PFC mode at
the same rating (110V, 50Hz) for which experimental prototype is developed. The waveforms of
PCC voltages (vs), supply currents (i), load currents (i, iy and i,c), compensator current (ic,, ico
and ic.) and self-sustained DC bus voltage (Vq) are shown by these results. It is observed from
these results that supply currents are maintained balanced and sinusoidal in steady state (before
t=0.3s) and unbalance load (t=0.3s to t=0.4s) conditions. The DC bus voltage is regulated at its

reference value of 200V under varying load conditions.

C. Dynamic Performance of DSTATCOM With RTRL Based Control Algorithm in PFC Mode

Fig. 7.26 shows dynamic performance of DSTATCOM under nonlinear load. Figs. 7.26(a)-(c)
show the results of supply currents (i, is» and is.), load currents (ij,, i and i;.) and compensator
currents (icq icp and ic.) along with the filtered PCC voltage (vsq). These results show the
satisfactory performance of DSTATCOM in maintaining supply currents balanced and

sinusoidal, even under unbalanced load condition. Fig. 7.26(d) shows the waveform for DC bus
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voltage (Vy4.), supply current of phase ‘c’ (is), load current of phase ‘c’ (ii.) and compensator
current of phase ‘c’ (ic.). It is observed from these results that DC bus voltage is regulated to its
reference value of 200V with the PI controller action with small overshoot during unbalanced

load condition.

2. Steady State Performance of DSTATCOM in Voltage Regulation Mode

Fig. 7.27 shows steady state performance of DSTATCOM in voltage regulation mode using

RTRL based control algorithm under nonlinear load. Figs. 7.27(a), (b) and (c) show waveforms
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of phase ‘a’ of supply current (is), load current (i,,) and compensator current (ic,) along with
PCC voltage (v«). Figs. 7.27(d), (e) and (f) show harmonic spectra of supply current, load
current and PCC voltage. These results present THD of 4.8%, 20.4% and 3.5% in supply current,
load current and PCC voltage respectively. Improved THD is achieved in supply current after
compensation which is within the limit specified by IEEE-519 standard. Figs. 7.27(g), (h) and (i)
show reactive powers in supply (Qs), load (Q;) and compensator (Qc). It is observed from this
result that reactive powers in supply and load are 0.11kVAR and 0.12kVAR respectively.
Leading reactive power is observed in supply side, which is required for PCC voltage regulation.
Fig. 7.28 shows simulated performance of DSTATCOM in voltage regulation mode at the same

voltage rating (110V, 50Hz) for which experimental prototype is developed. These results
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present waveforms of PCC voltages (vs), supply currents (is), load currents (i, i and i),
compensator current (ic,, icy, and icc), self-sustained DC bus voltage (V4) and amplitude of PCC
voltage (V). It is observed from this result that DC bus voltage and amplitude of PCC voltage
are regulated at their reference value of 200V and 89.9V in steady state (before t=0.3s) and

unbalance load condition (t=0.3 tO t=0.4s) respectively.

3. Dynamic Performance of DSTATCOM in Voltage Regulation Mode Under Nonlinear Load

Fig. 7.29 shows the dynamic performance of DSTATCOM in voltage regulation mode under
nonlinear load. Fig. 7.29(a) presents waveforms of regulated DC bus voltage (Vq), regulated
amplitude of PCC voltage (V,) along with phase ‘a’ of supply current (is,) and load current (ij,) in
steady state and unbalance load conditions. It is observed from these results that supply currents
are maintained balanced and sinusoidal in steady state and unbalanced load conditions. Fig.
7.29(b) shows waveforms of DC bus voltage (V4), PCC voltage amplitude (V,), phase ‘a’ of
supply current (is,) and phase ‘a’ of load current (ij,). It is observed from this result that the

amplitude of PCC voltage magnitude (V) is boosted from 85V to 89V, due to the AC bus PI
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Fig. 7.29 Dynamic performance of DSTATCOM in voltage regulation mode
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controller action.

7.6.3 Performance of DSTATCOM with ANFIS-LMS Based Control Algorithm

This section presents the simulation and experimental results depicting the performance of
DSTATCOM using ANFIS-LMS based control algorithm. Simulation models are developed in
MATLAB/SIMULINK environment for PFC and voltage regulation modes. Experimental results
for the ANFIS-LMS based control algorithm for control of DSTATCOM are carried out on the

DSTATCOM prototype developed in the laboratory.

7.6.3.1 Simulated Performance of DSTATCOM in PFC and Voltage Regulation Modes

Simulated performance of ANFIS-LMS based control algorithm for control of DSTATCOM is
presented here. This is divided into three parts. The first part presents performance of the
ANFIS-LMS based control algorithm. The second and third parts deal with the performance of

the DSTATCOM in PFC and voltage regulation modes.

A. Performance of ANFIS-LMS Based Control Algorithm in Voltage Regulation Mode

Fig. 7.30 shows the performance and intermediate signals of ANFIS-LMS based control
algorithm for control of DSTATCOM. Fig. 7.30(a) show the waveforms of variable step size
parameter (n), weight corresponding to active power component of phase ‘a’ load current (wyp),
average active power weight (Wpayv,), output of DC bus PI controller (wpqc) and reference active
power weight (w;,) along with phase ‘a’ PCC voltage (vs,) and phase ‘c’ load current (ic). These
results are presented for steady state (before t=0.3s) and unbalanced load conditions (t=0.3s and

t=0.4s).

Fig. 7.30(b) shows the waveforms of weight (w,q) corresponding to reactive power component

of load current, average reactive power weight (Wgave), output of AC bus PI controller (wy),
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Fig. 7.30 Performance of ANFIS-LMS based control algorithm for voltage regulation mode

average reactive power weight (wy), reference supply currents (is ) and sensed supply currents

(i). It is observed from this result that sensed supply currents follow the reference supply

currents.

B. Performance of DSTATCOM in PFC Mode Using ANFIS-LMS Based Control Algorithm
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Fig. 7.31 depicts the dynamic performance of the shunt compensator for power factor correction
(PFC) under unbalanced load condition. In this figure, the waveforms of PCC voltages (vy),
supply currents (is), load currents (ia, i and i), compensator currents (ica, icp and icc) and DC
bus voltage (vq4c) are presented. Unbalancing is created in load current during t=0.74s to t=0.8s,
when phase ‘c’ load is disconnected. During load unbalancing, it is observed that the supply
currents are sinusoidal and balanced with reduced amplitude. The voltage at DC bus is regulated
and achieves reference value of 750V. After t=0.8s, phase ‘c’ load is re-connected and it is

observed that DC bus voltage achieves its reference value within a cycle.

650
0.74 0.76 0.78 0.8 0.82 0.84 0.86 0.88
Time(sec)

Fig. 7.31 Performance of compensator for PFC mode under varying non-linear load
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Fig. 7.32 presents the harmonic spectra for phase ‘a’ PCC voltage (vs), supply current (is,) and
load current (ij,) along with their waveforms. Figs. 7.32(a)-(c) show 2.39%, 2.57 % and 26.66%
THDs in phase ‘a’ PCC voltage (vs), supply current (is,) and load current (ij,) respectively. The
DSTATCOM with the help of ANFIS-LMS based control is able to achieve 2.57% THD in
supply current which lies within the limit specified by IEEE-519 standard, even when load
current THD is 26.66%. Fig. 7.24 and Fig. 7.25 depict satisfactory performance of DSTATCOM

with ANFIS-LMS based control algorithm under varying load condition in PFC mode.

C. Performance of DSTATCOM in Voltage Regulation Mode Using ANFIS-LMS Based Control
Algorithm

The performance of the shunt compensator in voltage regulation mode under varying load
condition is depicted in Fig. 7.33. In this figure, the waveforms of PCC voltages (vs), supply
currents (is), load currents (i, i1 and 1), compensator currents (ica, icp and icc), voltage at DC
bus (V4) and magnitude of PCC voltage (V,) are presented. Unbalancing in load is created
during t=0.74s to t=0.8s, when phase ‘c’ load is disconnected. During unbalancing, it is observed

that supply currents are balanced and sinusoidal. The magnitude of PCC voltage is regulated at
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Fig. 7.32 Waveforms and harmonic spectra of phase ‘a’ of (a) PCC voltage, v, (b) supply current, iy and (c)
load current, i}, in PFC mode.
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reference value of 338.8V. After t=0.8s, phase ‘c’ load is reconnected and it is observed that
PCC voltage achieves its reference value of 338.8V within one cycle with the action of PI
controller. Figs. 7.34(a)-(c) show harmonic spectra of phase ‘a’ PCC voltage (vs), supply current
(isa) and load current (i,) along with their waveforms respectively. These results depict 2.69%,
2.71 % and 26.83% THD in PCC voltage, supply current and load current respectively. It is
observed from these results that supply current achieves 2.71% THD, whereas there is 26.83%
THD in load current. These results show the THDs of supply current and PCC voltage are within

the limit specified by IEEE-519 standard. Fig. 7.33 and Fig. 7.34, depict the performance of
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Fig. 7.33 Performance of compensator for voltage regulation mode under varying nonlinear load
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Fig. 7.34 Waveforms and harmonic spectra of phase ‘a’ of (a) PCC voltage, vy, (b) supply current, iy, and (c)
load current, i}, in voltage regulation mode.

DSTATCOM with ANFIS-LMS control algorithm under varying load condition in voltage

regulation mode.

7.6.3.2 Experimental Performance of DSTATCOM with ANFIS-LMS Based Control
Algorithm in PFC Mode

Experimental performance of DSTATCOM with ANFIS-LMS based control algorithm in PFC
mode is presented here. This is divided into three parts. The first part presents performance of the
control algorithm. The second and third parts present performance of the DSTATCOM in steady
state and dynamic load conditions.

A. Performance of ANFIS-LMS Based Control Algorithm for DSTATCOM

Figs. 7.35(a)-(e) show the performance of the proposed ANFIS-LMS based control algorithm for
control of DSTATCOM showing the intermediate signals. Fig. 7.35(a) shows the phase ‘a’ PCC
voltage (vs,) and its filtered value (vg,1) along with phase ‘c’ load current (i) and average value
of active power weight (Wpaye). Fig. 7.35(b) shows the error (e), the change in error (Ae), variable
step size (u) along with unit in phase component of phase ‘a’ PCC voltage (up). Fig. 7.35(c)
shows the output of DC bus PI controller (wpioss), average active power weight (Wpaye), reference

active power weight (wp) along with output of DC bus PI controller (V4.). Fig. 7.35(d) shows the
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weights corresponding to the fundamental active power components of three phase load currents
(Wap, Wpp and wcp) along with their average weight (wpae). These results are presented for
varying load conditions when phase ‘c’ load current is switched off. Fig. 7.35(e) shows reference

currents (isa*, i, and isc*) along with filtered PCC voltage (v1). These results show satisfactory
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performance of ANFIS-LMS based control algorithm for control of DSTATCOM is satisfactory.

B. Performance of DSTATCOM Under Steady State Condition Using ANFIS-LMS Based
Control Algorithm

Fig. 7.36 depicts the performance of the DSTATCOM under steady state condition. Figs.
7.36(a)-(c) show the waveforms of the phase ‘a’ supply current (is,), load current (i,) and
DSTATCOM current (ic,) along with PCC voltage (vap). The harmonic spectra of phase ‘a’ of
supply current (isa), load current (i) and PCC voltage (vap) are shown in Figs. 7.36 (d)-(f).The
THD of 4.9%, 24.7% and 3.9% are obtained in i, i, and v, respectively. It is observed from
these results that the THDs of supply current and PCC voltage lie within the limits specified by
IEEE-519 standard.

Fig. 7.37 shows the simulation study at 110V, 50Hz system for which experimental system is
developed in the laboratory. These results present the waveforms of PCC voltages (vs), supply

currents (is), load currents (is,), compensator currents (ic,) and DC bus voltage (V4c). Supply
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currents are observed to be balanced and sinusoidal during steady state (before t=0.3s) and
unbalanced load conditions (t=0.3s to t=0.4s). The voltage at the DC bus is regulated at the

reference value of 200V due to the action of PI controller.

C. Dynamic Performance of DSTATCOM Using ANFIS-LMS Based Control Algorithms
The dynamic performance of shunt compensator is recorded with oscilloscope and depicted in
Fig. 7.38. Figs. 7.38(a)-(c), show waveforms of supply currents (i, isp and i), load currents (i,
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i and i) and DSTATCOM currents (ic,, icy and icc) along with filtered PCC voltage (Vi)
under both steady state and unbalanced load conditions. It is observed from these results that the
supply currents are sinusoidal and balanced with reduced magnitude, when phase ‘c’ load is
disconnected. Figs. 7.38(d) and (e) show the waveforms of the DC bus voltage (vq4.), phase ‘c’
supply current (isc), phase ‘c’ load current (i) and phase ‘c’ compensator current (icc) in
balanced and unbalanced load conditions for both load removal and load added respectively. It is
observed from this result that the DC bus voltage achieves its reference value within a few
cycles. Test results depict satisfactory performance of DSTATCOM under varying load

conditions with ANFIS-LMS based control algorithm.

7.7  CONCLUSION

This chapter has presented the basic principle, mathematical formulation and performance of the
system with artificial intelligence based control algorithms for control of DSTATCOM.
Simulation and experimental results have been demonstrated for three artificial intelligence
based theories such as ANFIS, RTRL and ALFIS-LMS. The theoretical concepts related to these
control algorithms, their MATLAB/SIMULINK models and their realization into DSP have been
discussed. The fundamental weight extraction from load currents using the three techniques and
their application for control of DSTATCOM in PFC and voltage regulation modes have been
given. The performance of these control algorithms has been tested for mitigating power quality
problems such as harmonic current reduction and load unbalancing. Experimental validation of
these control algorithms have been performed with developed DSTATCOM prototype in the
laboratory. The results have shown that the ANFIS, RTRL and ANFIS-LMS based control

algorithms have given the THDs of 3.3%, 2.2% and 4.9% in supply currents respectively.
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CHAPTER-VIII
DSTATCOM APPLICATION TO GRID INTEGRATION OF SPV ARRAY

8.1 GENERAL

In the previous chapters, the design and development of control algorithms have been presented
for the control of DSTATCOM. These control algorithms have been divided into four categories
viz. conventional control algorithms, adaptive theory based control algorithms, recursive theory
based control algorithms and artificial intelligence based control algorithms. This chapter
presents an application of DSTATCOM to grid integration of solar photovoltaic (SPV) array. A
SPV array is connected at the DC link of the DSTATCOM. The real power demand of linear and
nonlinear loads along with functions of DSTATCOM such as harmonics elimination, reactive
power compensation and load balancing are demonstrated in power factor correction (PFC) and

voltage regulation modes along with grid connected SPV array.

A two stage SPV power generating system is used to feed active power to the grid. The first
stage consists of SPV power tracked using maximum power point tracking (MPPT) technique
realized through a DC-DC boost converter. This stage presents the design of SPV array, MPPT
and DC-DC boost converter. The second stage consists of coupling SPV generating system with
the grid using VSC and suitable control algorithm. This stage involves the design of DC bus
voltage, DC bus capacitance, VSC rating, interfacing inductors and ripple filters. The control
algorithm for the control of three phase VSC is designed to evacuate power generation from SPV
array during day time and provides reactive power compensation, harmonics compensation and
load balancing under linear and nonlinear loads. This system is designed and modeled using
MATLAB environment using SIMULINK and Sim Power System (SPS) tool boxes. The
detailed description of the system configuration and design of various components of grid

connected SPV power generation system are presented in the subsequent sections.
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8.2  SYSTEM CONFIGURATION OF GRID INTEGRATED SPV SYSTEM

Figs. 8.1(a) and (b) show the schematic diagram and MATLAB model of the grid connected
SPV system. A three-phase, AC mains with the grid impedance (series R,-L, branch), feeds a
three phase linear and nonlinear loads. The proposed system consists of SPV array, DC-DC
boost converter and a voltage source converter (VSC). The DC-DC boost converter is used to
boost output voltage of SPV array designed using inductor (L), diode (D) and IGBT as a switch.
The DC-AC conversion is performed with the help of three phase VSC and it also functions as a
DSTATCOM. The VSC comprises of six insulated gate bipolar transistors (IGBTs) with anti-
parallel diodes and DC link capacitor (Cqc) at DC side. Interfacing inductors (L) are used at the
AC side of VSC, which couple the VSC to the grid. The high frequency switching noise
generated by switching of IGBTs of VSC is reduced with the help of series connected capacitive
(Cp) and resistive (Ry) elements at the point of common coupling (PCC). The linear load is
represented as a combination of three series R-L branches connected in star configuration. The
nonlinear load is represented as an uncontrolled bridge rectifier with series R-L branch. Voltages
at PCC (vg, V), supply currents (isa, isp), load currents (i, ip) and DC bus voltage (Vg4c) are
sensed and fed to the control algorithm. The design and selection of SPV array, DC-DC boost
converter parameters, DC bus voltage, interfacing inductors and ripple filters are presented in the

next section.

8.3 DESIGN OF GRID CONNECTED SPV SYSTEM

The SPV system comprises a 20kW solar photovoltaic array. The maximum voltage of PV array
is tracked by maximum power point tracking (MPPT) algorithm. The SPV voltage is boosted by

DC-DC boost converter. The DC output voltage of the PV array has to be converted into three
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phase AC by the VSC which is coupled to the grid. Interfacing Inductors and ripple filters are
suitably designed and connected to obtain sinusoidal voltage waveform. The design parameters
of SPV system are given in Appendix-D. The detailed design of components used for grid

connected SPV system is discussed as follows.
8.3.1 Design of Solar Photovoltaic Array [202]

The photovoltaic (PV) cell is the basic unit of the PV array. It is a semiconductor diode which
converts sun light into electricity by exposing its p-n junction to light. The semiconductor device
is made of silicon material (fabrication process is economically feasible in large scale), and gives
output voltage around 0.5V to 0.7V under open circuit condition. The light incident on the solar
cell generates charge carrier that causes electric current to flow if the cell is short circuited.

The solar photovoltaic array is designed for providing a 20kW peak power capacity. Each cell
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Fig. 8.1(a) System configuration of grid connected SPV system
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has 0.62V of open circuit voltage and 4A of short circuit current. One module has 30 series cells
which produce 30*0.62=18.6V of open circuit voltage and 4A of short circuit current. Maximum
power for each module occurs at product of 85% of open circuit voltage (18.6%*85%=15.81V)
and 85% of short circuit current (4*85%=3.4A). The formation of solar PV array is made by
combining these modules appropriately in series and parallel. To achieve a 20kW of peak power

capacity 43 such modules are required in series and 9 such modules are required in parallel.

8.3.2 Maximum Power Point Tracking

The characteristics of SPV system are exponential in nature and depend upon the weather
conditions. It is required to track the maximum power point to improve the efficiency of SPV
system. The aim of maximum power point tracking (MPPT) is that the SPV array always

operates at specified value of output voltage and current. Therefore, MPPT is required to adjust
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the SPV array output voltage and current to appropriate values to provide maximum power to

the grid. The tracking of maximum power point (MPP) requires implementation of suitable

MPPT algorithm along with a DC-DC boost converter. This method computes the maximum

power point by comparing the incremental conductance and the array conductance. When these

two quantities appear to be same then the output voltage is termed as the maximum power point

voltage. The controller maintains this voltage until the irradiation level is changed and process is

repeated again. Moreover, at MPP the slope of PV characteristic curve is zero. The incremental

conductance algorithm is implemented as follows [206].

dP/dV =0 at MPP

dP/dV >0 left of MPP

dP/dV <0 right of MPP

The MPPT algorithm is based as,

dP/dV =1 +V dl/dV =~ [ +V Al/AV

If the relation dP/dV = 0, then the conditions for MPP are derived as,

AIJAV = —1)V  at MPP

AIJAV > —1)V  left of MPP

AI/AV < —=I/V  right of MPP

(8.1)

(8.2)

(8.3)

(8.4)

(8.5)

(8.6)

(8.7)

Eqn. (8.6) and (8.7) are used to find out the direction of voltage perturbation when the operating

point moves towards to the maximum power point. In this process, the terminal voltage of SPV

array continuously perturbs until the condition of AI/AV=—I/V reaches.
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The flow-chart for the incremental conductance algorithm is shown in Fig. 8.2 and I-V and P-V
characteristics of SPV system are shown in Fig. 8.3. The values of V(k) and I(k) at two
successive instants are obtained and then the incremental changes in voltage and current are

obtained using dV(k)=V(k)-V(k-1) and dI(k)=I(k)-I(k-1). The instant when the condition

Read V(k)and I(k)

v

dV(K)=V(k)-V(k-1)
dI(k)=I(k)-I(k-1)

\ 4 Y A 4 \ 4
Increase Decrease Decrease Increase
Vref Vref Vref Vref

Y Y
I Update €
> V(k-1)=V(k) <
I(k-1)=I(k)

Fig. 8.2 Flow chart of incremental conductance based MPPT
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dV(k)=0 is true, is determined. If the condition dI=0 is also satisfied simultaneously, then MPP

has been determined.

If the condition of dI>0 occurs then it represents that the sun irradiance increases and reference
voltage (Vi) of MPP needs to increase. Another check is carried out by comparing AI/AV
against —I/V, based upon this the control reference signal V., is adjusted. Now if the condition
dlI/dV= —I/V occurs, no control action is required, and the algorithm updates the stored
parameters. Furthermore if, it is observed that dI/dV> —I/V, then the reference voltage of PV
array is located at the left side of MPP, and has to be raised in order to track the maximum power

point. On the other hand, if AI/AV< —1/V, the operating voltage of PV module is located on the

50
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Fig. 8.3 SPV array curves (a) current-voltage (I-V) (b) power-voltage (P-V)
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right side of the MPP in PV array, and the reference voltage has to be reduced in order to get
MPP. The reference PV array voltage (Vi), is determined by this MPPT algorithm. This Vs and
DC bus voltage (Vg) is used to estimate reference duty ratio for the boost converter. The

reference duty ratio can be estimated as,

d(k) = 1 — Lrer® (8.8)

Vdc(k)

This reference duty ratio is compared with saw-tooth waveform of 10kHz, to generate switching

for the IGBT of boost converter.
8.3.3  Design of DC-DC Boost Converter

Figs. 8.4(a) and (b) show a DC-DC boost converter and its MATLAB model implemented for
SPV system. The DC-DC converter converts a PV voltage to a constant DC voltage level thus
providing a regulated output. It is designed to boost voltage at higher level. The design and

selection of parameters for DC-DC boost converter are given as follows [203].
8.3.3.1 Design and Selection of Inductor

In the design of DC-DC boost converter, an inductor is designed. The inductor is selected based
on the maximum allowed ripple current (Ai;) for minimum duty cycle (D), at maximum input

voltage (Vpy). The value of the input inductor (L) is given as,

2X3.05%x10000

(V,,D) 680x0.15
— pv — _ooYvAY.lY
L, = /(2 Aify) = = 1.67mH (8.9

where D is the duty cycle given as,

D=1-Yn_1_%0_p15 (8.10)
%4 800

b
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The converter is designed to boost V,,=V;;=680V to V,=800V. Thus, the calculated value of
duty cycle (D) is around 0.15. The current Ai; is the output current ripple and the value of ripple
current is considered to be 10% of the input current which is considered as 30.5A. The value of
Ai is calculated to be 3.05A, switching frequency (fy) is selected 10kHz and from the above

calculated parameters, the value of inductor is selected as 1.67mH.

I, —> Diode
FYYYA Bl

| T L +
PV
Array| Vo = G SW Ve == Cuc

l _
vpvl l I,

MPPT
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Fig. 8.4 (a) Schematic diagram of DC-DC boost converter
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8.3.3.2 Selection of the Diode

The design considerations to be taken into account while selecting diode for DC-DC boost
converter are its ability to block the required off-state voltage stress (V), have sufficient peak (A)
and average current (A) handling capability, fast switching characteristic, low reverse recovery
and low forward voltage drop.

8.3.4 Design of Three Phase Voltage Source Converter

A three phase VSC is used to convert the DC output voltage from SPV array to AC voltage. The
VSC comprises of six IGBTs (insulated gate bipolar transistor) with antiparallel diodes. This is
used for active power transfer to the grid, harmonics elimination and reactive power
compensation. The design of VSC for 415V, 20kW load at 0.8pf lagging is presented here. The
VSC rating is calculated around 23.32kV A and selected of 25kVA. The value of per phase load
current for per phase r.m.s voltage, 239.6V is around 34.86A. This current is required to meet
active power demand of load and reactive power compensation. The rating considered for
harmonics elimination is 20%. Therefore, the peak current rating of device is selected around
41.83A. If two time safety factor is considered, then the device current rating becomes 83.66A.
The load r.m.s. voltage is considered as 415V and peak voltage corresponds to 415%y/2 V, which
is around 586.89V. If a safety factor of two is considered, then the device voltage rating
becomes 1200V.

8.3.5 Design of DC Bus Capacitance

The value of DC bus capacitance of the VSC for load balancing is given as [203],

Iq 28.57
Cd = =
2*¥W*Vgcripple 2X314X32

= 1422uF (8.11)
where 14 is the DC link current given by Py/Vgc, ® is angular frequency and vgcripple 1s considered

4% of DC bus voltage (V4c). From Eqn. (8.11) the value of DC bus capacitance is calculated to
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be 1422uF. The calculated value of DC bus capacitance is maximum by energy conservation
criteria. A higher value of 1650 pF is selected for design consideration.
8.3.6 Design of Interfacing Inductors

Design of interfacing inductor (L¢) is given as [203],

Ly

_ \/§dec/ . _ V3%800 — 3mH 8.12)
(12afslcrpp) 12X1.2X10000%3.2

where m is the modulation index, V4. DC bus voltage, f;is switching frequency, a is overloading
factor selected to be 1.2 and i.pp is current ripple of the 10% of VSC current. The value of the

interfacing inductor is calculated 3mH and selected to be around 3.2mH.

8.4 BASIC PRINCIPLE AND MATHEMATICAL FORMULATION OF CONTROL
ALGORITHMS FOR GRID CONNECTED SPV SYSTEM

This section presents the basic principle and mathematical formulation of control algorithm for
grid connected SPV system. The control algorithms presented for control of SPV system are
based on SRFT, Wiener filter and recursive inverse algorithm. The control algorithms are
designed to perform real power evacuation along with achieving functions of DSTATCOM in

PFC and voltage regulation modes under linear and nonlinear loads.
8.4.1 Synchronous Reference Frame Theory Based Control Algorithm

The synchronous reference frame theory (SRFT) is based on the transformation of load currents
into synchronously rotating d-q frame. The estimation of reference supply currents for the
control of VSC is performed here with SRFT based control algorithm [9]. The detailed

mathematical formulation of the control algorithm is given as follows.

8.4.1.1 Estimation of Fundamental Active Power Components of Reference Supply
Currents
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Fig. 8.5 shows the block diagram of SRFT based control algorithm. The PCC voltages (vsa, Vsb
and v), supply currents (i, isy and is.) load currents (i, 1 and 1) and DC bus voltage (V) are
sensed and fed back to the control algorithm. The load currents are transformed from abc to dq0

frame using following transformation.

. _1 1

la| _ g 2 2

1= | o[ w15
In the synchronously rotating frame, all the components of load currents at fundamental

frequency (o) are transformed into DC quantity, given as,

[id] _ [ cosot sinot [ia] (8.14)
Ig —sinwt cosotl [ip '

The active current component (ig) obtained from the above given transformation contain AC
ripple component (igac) and fundamental DC component (igqc) of load currents. A low pass filter
(LPF) is used to extract fundamental DC component of load current.
The voltage at DC bus (V) is sensed and compared with reference DC bus voltage (V. ), thus
the voltage error at n™ sampling instant is computed as,
vaen)= Ve (n)-Vae(n) (8.15)
The voltage error v4(n), is passed through a proportional integrator (PI) controller. The output of
the PI controller is used to provide sufficient current component for regulating DC bus voltage
and to meet DSTATCOM system losses. The output of PI controller (ipac) at n™ sampling instant
is given as,

M) =i, (n=D+k, {v, () =v, (n=D}+k,v, (1) (8.16)

where kpq and kiq are the proportional and integrator gains of PI controller for regulating DC bus

voltage.
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Fig. 8.5 Block diagram of SRFT based control algorithm

The total SPV power (P,,) is equally divided in all three phases with respect to grid.
Instantaneous feed forward compensation term (Ip) of SPV system is computed for all three

phases as,
2P
Ly = pv/vt (8.17)

For three phase system, this term (Ips) is divided by three to equally divide in all three phases
and effective instantaneous feed forward compensation term (Ips) 1S computed.

The reference active component of supply current (ig) is estimated from output of DC bus PI
controller (ipdc), fundamental DC current component of load current (iqc) and instantaneous
compensation term (Ipf) as,

lg = lpac + liac = lprra (8.18)
The reference active power component (iq) is used to generate active current components of

reference supply currents.

8.4.1.2 Estimation of Fundamental Reactive Power Components of Reference Supply
Currents
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The amplitude terminal voltage (V) at PCC is calculated as,

v, = J§ (V3 + V3, +v2) (8.19)

The error (vi) between reference PCC voltage amplitude (V) and actual PCC voltage amplitude
(V;) are evaluated and passed through a PI controller to generate reactive component of current
(ip) for voltage regulation. The reference reactive component (iq*) estimated by subtracting the
reactive current component (iqc) of load from the output of AC bus PI controller (i) as,

lg =it — lgc (8.20)
This reference reactive component is used to estimate the reference reactive supply currents.

8.4.1.3 Generation of Reference Supply Currents and Switching Pulses

At fundamental frequency, the reference active and reactive components of currents (is’ and iq*)
are converted to aff components, which can then be easily converted into reference supply

P R .k .
currents (isa , 1sp and isc ) by reverse Clark transformation as,

'ié] _ [cos ot —sin ot [ic*i] (8.21)
ip sinot  coswt ! |ig '

- 0 ]
bl B ) I 1
':sb = gl 2 2 J[lé] (8.22)

These reference supply currents (i, , iy and is. ) are compared with the sensed supply currents
(isa» 1sb and is) and current errors are achieved. These current errors are then passed through

PWM current controller for generation of gating pulses for VSC.

8.4.2 Wiener Filter Based Control Algorithm for Grid Connected SPV System
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Wiener filter based control algorithm is used here to estimate reference supply for control of
VSC. The Wiener filtering technique is known as linear optimization discrete time filter [154].

This requires a priori information about the data to be processed.

8.4.2.1 Estimation of Fundamental Active Power Components of Reference Supply
Currents

Fig. 8.6 shows the block diagram of control algorithm where voltages (vs, Vs and vy) at the

PCC are sensed and their amplitude is calculated as,

Ve = V2(d, + v}, + v%)/3 (8.23)
Using PCC voltage magnitude, the unit inphase components are calculated as,
Upa = Vsa/Vis Upp = Vsp/ Vs and upe = v /V; (8.24)

The voltage at DC bus (V) of the VSC is sensed and subtracted from the reference DC bus
voltage (V') for generation of error signal (vs). The error signal is passed through the
proportional integral (PI) controller. The output of PI controller (w,q) regulates the DC bus
voltage at reference value and also meets VSC losses. The PI controller output at n” sampling

instant is given as,
Wpac (M) = Wpae(n — 1) + kpafVae () — Vo (n — D} + kig{Vge ()} (8.25)
where k,; and k;; are proportional and integral gains of DC bus PI controller.

Extraction of weights (Wap, Wy, and wp) corresponding to fundamental active power component
of load currents are same as given in section 5.3.1. The weights corresponding to fundamental

active power component of load currents for the three phases are obtained as,

Wap(n +1)=1[- zﬂRxa]Wap(n) + 2uPyxa (8.26)
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Fig. 8.6 Block diagram of Wiener filter based control algorithm for grid connected SPV system
Wip(m + 1) = [I = 2uRyp Jwyy (1) + 2Py (8.27)
ch(n +1D=[- zﬂRxc]ch(n) + 2Py (8.28)

The average magnitude of weights (Wpavg) corresponding to active power components is given as,
Wpavg = Wap + Wpp + Wep)/3 (8.29)

The computation of SPV instantaneous feed forward compensation term (Ip¢) for all three phases

is given as,
2P
Ly = pv/Vt (8.30)

In three phase system for all three phases this term is divided by three and effective SPV

instantaneous feed forward compensation term (Ips1) 1s computed.
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The total reference weight (w,) corresponding to active power component is obtained by the

average weight (Wyag), output of DC bus PI controller (w,qc) and Iy as,
Wp = Wpavg + Wpdc — Ipffl (8.31)

The reference currents (i;a, ppand iy ) corresponding to fundamental active components are

estimated by using unit inphase templates (upa, up, and upc) and reference active power weight

(Wp) as,

v
lpa = Wpll

-k _ fx
pas Ipp = Wpllpp, and ipe = Wplly, (8.32)

These active reference supply currents (i;a, ppand iy ) are used to estimate reference supply

currents.

8.4.2.2 Estimation of Fundamental Reactive Power Component of Reference Supply
Currents

The unit quadrature vectors of PCC voltages are calculated from unit inphase voltages (upa, upp

and uy) as,
Ugq = — Upp/V3 + Upc/V3 (8.33)
Ugp = V3Upa/2 + (Upp — Upc) /2V3 (8.34)
Uge = —V3Upa/2 + (Upp — Upc) /2V3 (8.35)

The voltage regulation using DSTATCOM can be performed using another PI controller. The
error (v,.) between amplitude of PCC voltage (V;) and its reference quantity (V;") is calculated.
The voltage error is passed through a PI controller and output (w;) can be computed at n”

sampling instant as,

305



we(n) =w(n—-1)+ kpq{vte (n) —vee(n — D} + kiq{vte (m)} (8.36)
where k,, and k;, are proportional and integral gains for AC bus voltage PI controller.

The extraction of weights (Waq, Wiq and w¢q) corresponding to reactive power components of load
currents is already presented in section 5.3.1. The weight corresponding to fundamental reactive

power component of load current for the three phases are obtained as,

Waq(n +1)=[I- zﬂRxa]Waq(n) + 2UPgxq (8.37)
Wpg(Mm + 1) = [I = 2Ry, lwpg (1) + 2uP gy, (8.38)
ch(n +1)=[I- zﬂRxc]ch(n) + 20P gy (3.39)

The average weight (Wqave) Of reactive power component of load currents can be calculated from

the amplitude of load reactive weight components (w4, Wy, and we,) as,
Waavg = Waq + Wpq + W) /3 (8.40)

The amplitude of reactive power component of reference supply currents can be calculated by
subtracting the output of PI controller (w;), which is leading reactive power component used to
compensate for voltage drop due to supply impedance and loading on the system and average

reactive weight (Wyag) given as,
Wq = Wi — Wyag (8.41)

q

The reference current corresponding to fundamental reactive power component can be calculated

using Eqn. (8.37) to Eqn. (8.39) and Eqn. (8.41) as,
lga = Wqllqa, lgp = Wqllgp and ige = Wallg, (8.42)
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These fundamental reactive components of reference supply currents are used along with
fundamental active components of reference supply currents to generate reference supply

currents given as follows.
8.4.2.3 Generation of Reference Supply Currents and Switching Pulses

The reference supply currents (i, , i, and i ) are estimated by addition of reference active (ip ,
ipp and 1, ) and reactive (iga , igp and igc ) components of supply currents as,

e e ek . e .

isa = lpa T lga> lsp = Ipp T igp and ige = ipc + igc (8.43)
The supply currents (i, is» and i) are sensed and compared with these reference supply currents
(isa » isp and iz ) and the current errors (isq, is. and is.) are generated. These current errors are

passed through PWM current controller, which generates switching pulses for IGBTs of three

phase VSC.
8.4.3 Recursive Inverse Based Control Algorithm

The recursive inverse based control algorithm is used for the estimation of reference supply
currents for control of VSC used in SPV system. This algorithm is robust under distorted

environment, with considerable reduction in computational complexity [172].

8.4.3.1 Estimation of Fundamental Active Power Component of Reference Supply
Currents

Fig. 8.7 shows the block diagram of recursive inverse based control algorithm. Three phase PCC
voltages (vsq, vs» and vy.) are sensed and magnitude (V;) is calculated same as given by Eqn.
(8.23) in section 8.4.2. Unit inphase templates are calculated from PCC voltages and their

magnitude same as given in section 8.4.2. The voltage at DC bus (V4) of VSC is sensed and
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compared with reference DC bus voltage (V. ), thus the generated error is passed through the PI

controller. The output (wpac) of DC bus PI controller is same as given in section 8.4.2.

The fundamental weights (w,p, Wyp and wep) corresponding to active power component of load

currents are extracted by recursive inverse technique same as given in section 6.3.2. The weights

corresponding to fundamental active power components for all three phases of load currents are

given as,

w,, () =1 =, (mR, (mw,,(n=1)+u,(m)p,(n)

Wy, () = [ =, (MR, (m)]w,, (n =1) + 44, (n) p;, (n)

w,, () =1 = . (MR (m)w,, (n=1)+u.(n)p, (n)

(8.44)

(8.45)

(8.46)

The average weight (wpaye) of fundamental active power weight components of three phase load

currents is calculated by mathematical expression as,
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Wap + Wy, + We,
pavg ~ 3

(8.47)

The SPV instantaneous feed forward compensation term (Ips) for all three phases is computed

from SPV power (Pp,) and magnitude of PCC voltage (V) as,
2P
lorr = ’"’/ v, (8.48)

In three phase system for all three phases this term is divided by 3 and effective SPV

instantaneous feed forward compensation term (Ips1) 1s computed.

The reference active power weight (wp) is computed by adding average active power weight
(Wpavg) With output of DC bus PI controller (wpqc) and subtracting SPV instantaneous feed

forward compensation term (Ips) as,

(8.49)

Fundamental active power component of reference supply currents are estimated from unit

inphase templates (upa, U, and u,c) and reference active power weight (wp) as,
Ipa =Wpllpa, Tph =Wpllpp and e =Wyllpe (8.50)

These active power components (ip, , i, and i,. ) of reference supply currents are used to

generate total reference supply currents as follows.

8.4.3.2 Estimation of Fundamental Reactive Power Component of Reference Supply
Currents

Unit quadrature templates (uga, ugp and ugc) are calculated from unit inphase templates (Upa, Upp

and u,c) same as given in section 8.4.2. The magnitude of PCC voltages are calculated as given
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in Eqn. (8.23) and compared to reference PCC voltage magnitude (V). Thus the generated error
signal (vi) is passed through a second PI controller whose output (w,) is same as given in section

8.4.2.

The weighted values corresponding to fundamental reactive power component of load currents
(Wag, Wpq and w,,) are extracted from recursive inverse based technique same as presented in
section 6.3.2. The fundamental weights corresponding to reactive power components for all three

phases of load currents are given as,

w,, () =1 =1, (MR, (Ww,, (n=1)+ 1, () p, () 8.51)
Wy (1) = 1 =, (MR, (W)W, (n=1)+ g4, (n) p, () (8.52)
w,, () =[1 - (MR (W]w,, (n=1) + 4, (n)p,(n) (8.53)

The average reactive power weight (wqay,) 18 calculated by mathematical expression given as,

+wy,, +w,
%mzww‘? Weg (8.54)

The magnitude of reference supply reactive power components (wq) is evaluated by using

average reactive power weighted value (wyq.,¢) and output of AC bus PI controller (w;) as,

Wa =W ™ Waavg (8.55)

The fundamental reactive power components of reference supply currents are estimated from

unit quadrature templates (ugqa, Ugy and ugc) and reference reactive power weight (wq) as,

lga =Wqllga, Tgp =Wllgp and ige =Wqllyc (8.56)
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. . * . * . *
These reactive power components (i, , igp and iy ) of reference supply currents are used to

generate total reference supply currents as follows.

8.4.3.3 Generation of Reference Supply Currents and Switching Pulses

The summation of active (ipa*, ipb>k and ipc*) and reactive (iqa*, iql;k and iqc*) components of
reference supply currents using Eqn. (8.50) and Eqn. (8.56) gives the total reference supply
currents (isa*, i, and isc*) as,

lsa = lpa + iga> Usp = lpp + igp and ig. = iy + igc (8.57)
The sensed supply currents (i, is» and i) are compared with the reference supply currents (i ,
i, and is ) given in Eqn. (8.57) and the current errors (i, ise and is.) are generated. These

current errors are given to PWM current controller, which generates switching pulses for three

phase VSC used as SPV system.

8.5 MATLAB BASED MODELING OF CONTROL ALGORITHMS FOR SPV SYSTEM

The modeling of control algorithms for grid connected SPV system using MATLAB is presented
here. The control algorithms developed for this system are based on SRFT, Wiener filter and
recursive inverse. These algorithms are developed in MATLAB using SIMULINK and Sim
Power System (SPS) tool boxes.

8.5.1 MATLAB Model of Synchronous Reference Frame Based Control Algorithm

Fig. 8.8 shows the simulation model of SRFT based control algorithm developed in MATLAB
using SIMULINK and SPS tool box. This control algorithm is used for the generation of
reference supply currents (ig , is» and i ) from distorted load currents. The inputs to the SRFT
based control algorithms are PCC voltages (vs), supply currents (i, is, and is), load currents (i,
ijp and 1) and self-sustained DC bus voltage (V4.). The fundamental active and reactive current
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Fig. 8.8 Simulink model of SRFT based control algorithm

components of load currents are extracted using abc-dq0 transformation. These components are
used with DC and AC bus PI controllers outputs for the estimation of reference supply current
components. Then, the reference active and reactive current components are converted using

dq0-abc transformation to estimate three phase reference supply currents.

8.5.2 MATLAB Model of Wiener Filter Based Control Algorithm

The simulation model of Wiener filter based control algorithm is used to estimate the reference
supply currents. The PCC voltages (v, Vsp and v), supply currents (i, isp and is), load currents
(i1a, b and 1;c) and DC bus voltage (Vq.) are sensed by the Wiener filter based control algorithm
for the estimation of reference supply currents. Simulation model for the estimation of weights

corresponding to active and reactive power component using Wiener filter is given in section

54.1.
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8.5.3 MATLAB Model of Recursive Inverse Based Control Algorithm

The MATLAB based model of the recursive inverse based control algorithm is developed using
SPS tool box. Simulation model of the control algorithm is used for the generation of reference
supply currents. The inputs to the control algorithm as shown in SIMULINK model are PCC
voltages (vs), supply currents (isa, isp and i), load currents (i, 1ip and i;) and self-sustained DC
bus voltage (V4c) used for the control of DSTATCOM. The MATLAB based model and
extraction of fundamental active and reactive power components of load currents from the

recursive inverse based control algorithm are discussed in detail in section 6.4.2.

8.6 RESULTS AND DISCUSSION

Performance of the grid connected SPV system using SRFT, Wiener filter and recursive inverse
based control algorithms are presented here. The results using SPV system are presented for the
transfer of real power demand along with load compensation achieved using DSTATCOM.
Power quality improvement using DSTATCOM is observed for several power quality problems
such as harmonics elimination, reactive power compensation and load balancing under linear and
nonlinear loads. These results are taken in MATLAB environment using SIMULINK and SPS
tool boxes. The detailed discussion of results of SPV system using these control algorithms is

presented as follows.

8.6.1 Performance of SPV System With SRFT Based Control Algorithm

Simulated performance of SPV system with SRFT based control algorithm is presented here.
These results are presented for PFC and voltage regulation modes under linear and nonlinear
loads.

8.6.1.1 Performance of SRFT Based Control Algorithm
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Figs. 8.9(a) and (b) show the performance with SRFT based control algorithm in voltage
regulation mode under nonlinear load. Fig. 8.9(a) shows waveforms of solar irradiance level (E.),
SPV array voltage (V,y), SPV array current (I,,), SPV array output power (P,,), PCC voltages

(vs), load currents (i), fundamental active DC component (ijq) of load current, output of DC bus
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Fig. 8.9 Performance and intermediate signals of SRFT based control algorithm for SPV system
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PI controller (ipqc) and active reference current component of supply current (ip). These
waveforms are shown for steady state (before t=0.3s), unbalanced load (t=0.3s to t=0.4s) and
reduced solar irradiance (after t=0.5s) conditions. Fig. 8.9(b) shows waveforms of fundamental
reactive DC component (iq) of load current, output of AC bus PI controller (i), reactive
reference current component of supply current (ig), reference supply currents (is) and actual
supply currents (is). These results show satisfactory performance of SPV system in evacuating
real power as well as maintaining quality of power at distribution level.

8.6.1.2 Performance of SPV System in PFC Mode Under Linear and Nonlinear Loads
Performance of SPV system in PFC mode under linear and nonlinear load is presented here. This
is divided into four parts. The first and second parts deal with the performance and power
generation of SPV system under linear load. The third and fourth parts present the performance

and power generation of SPV system under nonlinear load.

A. Performance of the SPV System in PFC Mode Under Linear Load

Fig. 8.10 shows the dynamic performance of the system in PFC mode under a 20kVA and 0.8
linear lagging pf load. The waveforms of SPV voltage (Vpy), SPV current (I,,), SPV output
power (P,,), PCC voltages (vs), supply currents (i, i and i), load currents (i, Iip and 1c), VSC
currents (ica, icy and icc) and DC bus voltage (Vqc) are shown in this figure. The supply currents
are observed to be balanced and sinusoidal in steady state (before t=0.3s) condition. An
unbalancing in the load is created, when phase ‘c’ is removed. During unbalancing (t=0.3s to
t=0.4s), supply currents are also balanced and sinusoidal. The active power demand along with
load balancing during unbalanced load is fulfilled by SPV system. The surplus power generated
by the SPV system is fed to the utility grid. The supply voltages and currents are observed to be

in phase with each other. The solar irradiance is decreased at t=0.5s to value of 500W/m’, which
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Fig. 8.10 Performance of SPV system in PFC mode under linear load

causes power generation from SPV system to decrease. The load active power demand is now
partially supplied by the AC mains. The DC bus voltage of VSC is maintained to its reference
value 800V under varying load conditions.

A. Performance of SPV System Under Linear Load

Fig. 8.11 shows the generation and evacuation of active and reactive powers by SPV system. The
waveforms of SPV voltage (Vpy), SPV current (Ipy), SPV output power (P,,), load real power
(Py), supply real power (Ps), and SPV real power (Pc), load reactive power (Q), supply reactive

power (Qs) and SPV reactive power (Qc) are shown in these results. Under steady state condition
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(before t=0.3s) the output voltage of SPV system is 680V and current is around 30.5A, which
gives output power around 20kW. The load active power demand is approximately 16kW, which
is fed by SPV system and the excess power is transferred to the AC mains as observed in Fig.
8.11. Moreover, the load reactive power demand is around 12kVAR which is fed completely by
VSC and there is almost negligible reactive power burden on the AC mains.

An unbalancing is created in the load by removing phase ‘c’. During load unbalancing (t=0.3s to
t=0.4s), the output power of SPV system is unaffected. The active power demand of load is

fulfilled by SPV system and there is negligible reactive power burden on the supply side. The
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Fig. 8.11 Performance and powers of SPV array under linear load
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SPV system power is reduced (after t=0.5) due to change in irradiance level from 1000W/m” to
500W/m”. During this time, the active power demand around 10kW, of the load is fed by AC
mains, whereas reactive power demand of the load (12kVAR) is completely fed by SPV system.
The action of PI controller regulates the DC link voltage to a reference level of 800V.

C. Performance of the SPV System in PFC Mode Under Nonlinear Load

Fig. 8.12 shows performance of the SPV with SRFT based control algorithm in PFC mode under

nonlinear load. The waveforms of SPV voltage (V,), SPV current (I,y), SPV output power (Py,),
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PCC voltages (vs), supply currents (i), load currents (i, ip and i), VSC currents (ica, icp, and
icc) and DC bus voltage (V4c) are shown in these results. The supply currents are observed to be
balanced and sinusoidal in steady state condition (before t=0.3s). An unbalancing in the load is
created by removing phase ‘c’. During the load unbalancing (t=0.3s to t=0.4s), supply currents
are observed to be balanced and sinusoidal by VSC. The active power demand of the load during
balanced load as well as unbalanced load condition is met by VSC of SPV system. The excess
power generated by the system is fed to the AC mains. The solar irradiance is decreased at t=0.5s
from 1000W/m* to 500W/m’, which causes power generation from SPV system to decrease.
The load active power demand is now partially supplied by the AC mains. The DC bus voltage
of VSC is maintained to its reference value 800V.

Fig. 8.13 shows the harmonic spectra of phase ‘a’ of PCC voltage (vs), supply current (i) and
load current (ij,). These results show the THDs of 1.38%, 1.95% and 27.87% in PCC voltage,
supply current and load current respectively. A THD of 1.95% is achieved in supply current,
whereas there is 27.87% THD in load current. These results show the satisfactory performance
of the SPV system for harmonics elimination and load balancing in PFC mode.

D. Performance of SPV System Under Nonlinear Load
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Fig. 8.13 Harmonic spectra of phase ‘a’ of (a) PCC voltage, vs, (b) supply current, iy, (c) load current, i}, in PFC
mode
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Fig. 8.14 shows the performance of SPV system under nonlinear load. These results present the
waveforms of SPV output voltage (Vy), SPV current (I,v), SPV power (P,,), load real power
(Py), supply real power (Ps), and SPV real power (Pc), load reactive power (Q;), supply reactive
power (Q,) and SPV reactive power (Qc). The output voltage (V,), current (I,y) and power (Ppy)
of SPV system are 680V, 30.5A and 20kW respectively. In steady state condition (before
t=0.3s), the active power demand of nonlinear load (P)) is around 10kW, which is fed by SPV
system (Pc) and excess power of 10kW is transferred to the AC mains (P;). The reactive power

demand of load (Q)) is completely fed by the SPV (Qc) system and there is almost negligible
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Fig. 8.14 Performance and power of SPV system under nonlinear load
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reactive power burden on the supply side.

8.6.1.3 Performance of SPV System in Voltage Regulation Mode Under Linear and
Nonlinear Loads

Performance of SPV system in the voltage regulation mode with SRFT based control algorithm
is presented here. This is divided into two parts. The first part deals with the performance of
system under linear load and the second part presents the performance of the system under

nonlinear load.

A. Performance of SPV System in Voltage Regulation Mode Under Linear Load

Fig. 8.15 shows the performance of SPV system in regulating voltage at PCC under linear load.
The waveforms of SPV voltage (Vpy), SPV current (I,y), SPV output power (P,), PCC voltages
(vs), supply currents (is), load currents (i, i, and i), VSC currents (ica, icy and icc), DC bus
voltage (Vq4.) and PCC voltage amplitude (V;) are shown in these results. During steady state
(before t=0.3s) condition, the supply currents are observed to be balanced and sinusoidal. The
voltage at the DC bus is regulated at its reference value of 800V. The PCC voltage is regulated to
the reference value of 339V by injecting leading current component from SPV system. Supply
currents are observed to be balanced even during unbalanced (t=0.3 to t=0.4s) load condition and
excess power is transferred to the AC mains. The DC and AC bus voltages are regulated to their
reference values. The power of SPV system reduced (after t=0.5s) due to change in solar
irradiance to 500W/m’. During this time, the active power demand of the load is partially fed by
the AC mains.

B. Performance of SPV System in Voltage Regulation Mode Under Nonlinear Load

Fig. 8.16 shows the performance of SPV system in voltage regulation mode under nonlinear

load. These results show the waveforms of SPV voltage (Vpy), SPV current (Ipy), SPV output
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power (P,,), PCC voltages (vs), supply currents (is), load currents (i, iip and 1), VSC currents

(ica, 1cp and icc), DC bus voltage (V4) and PCC voltage amplitude (V). The supply currents are

observed to be balanced and sinusoidal in steady state (before t=0.3s) condition. An unbalancing

in the load is created by removing the load on phase ‘c’. During load unbalancing (t=0.3s to

t=0.4s), supply currents remain balanced and sinusoidal with the action of VSC of SPV system.

The active power demand is met by the SPV system and this system connected at the DC link of
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Fig. 8.15 Performance of SPV system in voltage regulation mode under linear load
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the VSC and provides the load compensation. The excess power generated by the SPV system is
fed into the AC mains. Solar irradiance is decreased from 1000W/m” to 500W/m’* at t=0.5s,
which causes power generation from SPV system to decrease to 10kW. The load active power
demand is now partially supplied by the AC mains. The DC bus and AC bus voltages are
maintained at their reference values of 800V and 339V respectively under varying load
conditions.

Fig. 8.17 shows the harmonic spectra of phase ‘a’ of PCC voltage (vg), supply current (i) and
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Fig. 8.16 Performance of SPV system in voltage regulation mode under nonlinear load
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load current (ij). The harmonic spectra show THD of 1.83%, 2.1% and 27.95% in PCC voltage,
supply current and load current. These results show improved THD in supply current having a
value of 2.1% when there is THD of 27.95% in the load current. The THDs of PCC voltage and
supply current are within the limit specified of an IEEE-519 standard.

8.6.2 Performance of SPV System With Wiener Filter Based Control Algorithm

The performance of SPV system using Wiener filter based control algorithm is presented here.
The algorithm is simulated using MATLAB and Sim Power System and is tested for real power
demand of the load fed from SPV system. The algorithm is also tested for power quality
improvement features viz. harmonics elimination, reactive power compensation and load
balancing in PFC and voltage regulation modes.

8.6.2.1 Performance of the Wiener Filter Based Control Algorithm

Fig. 8.18 shows the performance of SPV system with the Wiener filter based control algorithm in
voltage regulation mode under nonlinear load. Fig. 8.18(a) shows the waveforms of solar
irradiance (E.), SPV voltage (Vpy), SPV current (Iv), SPV output power (Ppy), phase ‘a’ of PCC
voltage (vy,), phase ‘a’ of load current (iy,), cross correlation vector (Pgy,) between the desired

quantity and input quantity, correlation matrix (R,) of the input data, weight corresponding to
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active power component of phase ‘a’ of load current (w,,), average and filtered active power

weight (Wpang), output of DC bus PI controller (wy4.) and reference active power weight (w),).

These results are shown for steady state condition (before t=0.3s) and unbalanced load condition
(t=0.3s to t=0.4s) along with reduced irradiance condition (after t=0.5s) for SPV system. An
unbalancing in the load is created, when phase ‘c’ of load is switched off at t=0.3s. Fig. 8.18(b)
shows the waveforms of weight corresponding to reactive power component of phase ‘a’ of load
current (w,), average and the filtered reactive power weight (Wya,), output of AC bus PI
controller (w;), reference reactive power weight (w,) which include wy.,, and w;, reference supply
currents (is ) and supply currents (is). It is observed from these results that the supply currents
follow the reference supply currents in steady state as well as dynamic load conditions. The
Wiener filter based control algorithm performance is observed to be satisfactory under varied

load conditions in steady state as well as in dynamic load conditions.

8.6.2.2 Performance of SPV System in PFC Mode Under Linear and Nonlinear Loads

The performance of SPV system with Wiener filter based control algorithm in PFC mode is
presented here. This is divided into four parts. The first two parts deal with the performance and
power generation of SPV system under linear load. The third and fourth parts present

performance of SPV system under nonlinear load.
A. Performance of the SPV System in PFC Mode Under Linear Load

Fig. 8.19 shows the performance of the SPV system in PFC mode under linear load of 20kVA,
0.8 lagging power factor using Wiener filter based control algorithm. The waveforms of SPV
voltage (Vpy), SPV current (I,y) and SPV output power (Pp,), PCC voltages (vs), supply currents

(is), load currents (i, ip and i), VSC currents (ica, icy and ice) and DC bus voltage (V) are

325



RESERAC)) Po (W) (&) VeelV) E,(W

P

R

B%
¥
Bﬂq
,2 T
B !
T
2
B 5 I [~ 1 1 | ! |
0.2 0.25 03 0.35 04 Time( )045 0.5 0.55 0.6 0.65
ime(s
(a)
T 20 T I I T T I I T
0 B Bt st e et s e s s 8 s o e R RS am e e T b A A A RS S A h s s hn i S s gttt st s s s a st a s s aadnsssn o sy
B 20 | | ! | | | | |
b0 0 T I I T T I T T
B S pere I O e T piaEE (Gt ey s (s s s 4
20 ] | | P | S | | . | | S -
g 1 8 —EEEE I ...... I R — I .................. R I .................. T —
o 20F S— T T S ST ASSSS LISSs—— — -
B 10 R AR T ™ . : . .
Q 50 T T T T T T
so 0 SEZS t'c"'o'o"o'«"o'aﬁo’6’6’6’6’6’6""’6’6’6’6’0'6’6'6’ SSE u’o’o’o’» & " &2 *«'@5’.# LR ~’A’~'~'-’~
x50
50 T T T T T T
g 0 ""'&'&'6"'0A\’O’b""""""""‘%"%"’""‘"""’0"""" 6&’6'0’0'0 a’o"’»’--"'& RS '-"’*’o’« """"‘-"0'-"-’-"-
S
= =50
0.2 0.25 03 0.35 04 045 0.5 0.55 0.6 0.65
Time(s)
(b)

Fig. 8.18 Performance of Wiener filter based control algorithm for grid connected SPV system

shown here. The supply currents are observed to be balanced and sinusoidal in steady state
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(before t=0.3s) condition. An unbalancing is created during time period t=0.3s to t=0.4s in the
load. During unbalanced load condition, supply currents remain balanced and sinusoidal due to
the action of SPV system. The active power demand of the load is fulfilled by SPV system. The
surplus power generated by the SPV system is fed to the AC mains. The supply voltages and
currents are observed to be in phase with each other. The solar irradiance is decreased from
1000W/m* to 500W/m” at t=0.5s, which causes power generation from SPV system to decrease

to 10kW. The load active power demand is now partially supplied by the AC mains. The DC bus
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Fig. 8.19 Performance of SPV system in PFC mode under linear load
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voltage of VSC is maintained to its reference value of 800V by the action of PI controller under
varied load conditions.

B. Performance and Power of SPV System Under Linear Load

Fig. 8.20 shows the output current, voltage and power of SPV system. These results show the
waveforms of SPV output voltage (Vy), SPV current (I,v), SPV power (P,,), load real power
(Py), supply real power (Ps), and SPV real power (Pc), load reactive power (Q), supply reactive
power (Q) and SPV reactive power (Qc). Under steady state condition (before t=0.3s), the
output voltage of SPV system is 680V, the current is around 30.5A, which gives output power

around 20kW. The load active power demand is around 16kW, which is fed by SPV system and
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Fig. 8.20 Performance and power of SPV system under linear load
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excess power is transferred to the AC mains. Additionally, the load reactive power demand is
around 12kVAR, which is completely fed by SPV system and there is almost negligible reactive
power required from the supply. During unbalanced (t=0.3s to t=0.4s) load condition, it is
observed that the output power of SPV system is unaffected, active power demand of load is met
by SPV system and there is negligible reactive power burden in the supply side. Solar irradiance
level is decreased (after t=0.5s) almost half, which causes the SPV system power to reduce.
During this unbalanced load operation, the active power demand of the load is partially fed by
the AC mains, whereas reactive power demand of the load is completely fed by VSC of the SPV
system.

C. Performance of SPV System in PFC Mode Under Nonlinear Load

Fig. 8.21 shows the performance of the SPV system with Wiener filter based control algorithm
in PFC mode under nonlinear load. The waveforms of SPV voltage (V,y), SPV current (I,y), SPV
output power (P,,), PCC voltages (v,), supply currents (i), load currents (i, 1ip and i), VSC
currents (ica, icy and ic) and DC bus voltage (Vg4.) are shown in these results. The supply
currents are observed to be balanced and sinusoidal in steady state (before t=0.3s) condition.
During an unbalanced load condition (t=0.3s to t=0.4s), it is observed that supply currents are
again balanced and sinusoidal but of reduced magnitude. The active power demand along with
load balancing is met by SPV system. The excess power generated by the system is fed to the
AC mains. The solar irradiance is decreased to 500W/m’ at t=0.5s, which causes power
generation from SPV system to decrease to a value of 10kW. Since the SPV output power
reduces, the load active power demand is now partially supplied by the AC mains. The DC bus
voltage of VSC is maintained at its reference value 800V under steady state as well as dynamic

load conditions due to action of PI controller.
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Fig. 8.22 shows the harmonic spectra of phase ‘a’ of PCC voltage (vs,), supply current (i) and
load current (ij,). These results show that the THD of 1.18%, 3.38% and 27.55% in PCC voltage,
supply current and load current respectively. The THD in supply current is achieved as 3.38%,
when there is a THD of 27.87% in load current. These results show the satisfactory performance
of the SPV system in mitigating various power quality problems such as harmonics reduction
and load balancing in PFC mode. The percentage of THD in PCC voltage and supply currents
are within the limit specified by IEEE-519 standard.

D. Performance and Power of SPV System Under Nonlinear Load
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Fig. 8.22 Harmonic spectra of phase ‘a’ of (a) PCC voltage, vy, (b) supply current, iy, (c) load current, i, in PFC
mode

Fig. 8.23 shows the performance of SPV system under a nonlinear load with Wiener filter based

control algorithm. These results present the waveforms of SPV output voltage (V,.), SPV current
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(Ipv), SPV power (Ppy), load real power (Py), supply real power (Ps), and SPV real power (Pc),
load reactive power (Q)), supply reactive power (Qs) and SPV reactive power (Qc). The output
voltage (Vpy), current (I,v) and power (P,,) of SPV system 680V, 30.5A and 20kW respectively.
Under steady state condition (before t=0.3s), the active power demand of the nonlinear load (P;)
is around 10kW, which is fed by SPV system (Pc) and the excess power is transferred to the AC
mains (Ps). The reactive power demand (Q;) of the load is completely provided by the SPV

system (Qc) and there is almost negligible reactive power burden on the supply side.

8.6.2.3 Performance of SPV System in Voltage Regulation Mode Under Linear and
Nonlinear Loads

The performance of the SPV system in voltage regulation mode with Wiener filter based control
algorithm is presented here. This is divided into two parts. The first part deals with the
performance of the system under linear load and second part deals with the performance under

nonlinear load. The detailed discussion of these results is given as follows.

A. Performance of SPV System in Voltage Regulation Mode Under Linear Load

Fig. 8.24 depicts the performance of the SPV system in regulating PCC voltage under linear
load. The waveforms of SPV voltage (Vy), SPV current (I,y), SPV output power (P,), PCC
voltages (vs), supply currents (i), load currents (i, 1ip and i), VSC currents (ica, icy and ic), DC
bus voltage (V4) and PCC voltage amplitude (V) are shown in these results. During steady state
condition (before t=0.3s), supply currents are observed to be balanced and sinusoidal. The
voltage at DC bus of VSC is regulated to its reference value of 800V. The PCC voltage is
regulated to the reference value of 339V by injecting leading current component from VSC of
SPV system. The supply currents are observed to be balanced during unbalanced (t=0.3 to

t=0.4s) load condition and the excess power is transferred to the AC mains. The DC and AC bus
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Fig. 8.24 Performance of SPV system in voltage regulation mode under linear load

voltages are regulated to their reference values under unbalanced load condition. The power of
SPV system is reduced to half of its designed value to 10kW, due to change in solar irradiance
after t=0.5s. During this time, the active power demand of load is met partially by the AC mains.

B. Performance of SPV System in Voltage Regulation Mode Under Nonlinear Load

Fig. 8.25 shows the performance of SPV system in voltage regulation mode under nonlinear load
with Wiener filter based control algorithm. These results show the waveforms for SPV voltage
(Vpv), SPV current (Iy), SPV power (P,), PCC voltages (v,), supply currents (is), load currents

(i1, 1ip and 1ic), VSC currents (ica, ich and icc), DC bus voltage (Vq4.) and PCC voltage amplitude
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(Vo). The supply currents are observed to be balanced and sinusoidal in steady state (before
t=0.3s) condition. During unbalanced load condition (t=0.3s to t=0.4s), the supply currents are
observed to be balanced and sinusoidal but reduced in magnitude. The active power demand of
the load is met by SPV system. The excess power generated by the SPV system is fed into the
AC mains. The effect of decrease in solar irradiance is observed at t=0.5s which causes power
generation from SPV system to decrease. Since, the SPV system is unable to meet the total

power requirement of the load, hence partial active power demand of the load is supplied by the
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AC mains. The DC bus and AC bus voltages are maintained at their reference values of 800V
and 339V respectively under varying load conditions.

Fig. 8.26 shows the harmonic spectra of phase ‘a’ of PCC voltage (vs), supply current (is) and
load current (ij). These harmonic spectra show THD of 1.55%, 3.67% and 27.61% in PCC
voltage, supply current and load current. These results present improved THD in supply current
having a value of 3.67% although there is THD of 27.61% in load current. The THDs of PCC
voltage and supply current are also observed to be within the limit specified by IEEE-519

standard.

8.6.3 Performance of SPV System With Recursive Inverse Based Control Algorithm

The performance of the recursive inverse based control algorithm for the control of grid
connected SPV system is presented here. This algorithm is tested for real power demand of the
load fed from SPV system along with the load compensation. The SPV system is able to achieve
harmonics reduction and provides reactive power compensation and load balancing in PFC and
voltage regulation modes under linear and nonlinear loads.

8.6.3.1 Performance of Recursive Inverse Based Control Algorithm
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Figs. 8.27(a) and (b) show the performance of recursive inverse based control algorithm for

control of SPV system along with the intermediate signals. Fig. 8.27 (a) depicts the waveforms
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of solar irradiance (E.), SPV voltage (Vp,), SPV current (I,v), SPV output power (Pp,), PCC
voltages (vs), load currents (i), fundamental active power weight corresponding to phase ‘a’ of
load current (w,p), average active power weight (Wpayvg), output of DC bus PI controller (wpqc) and
reference active power weight (wp). These results are shown under steady state (before t=0.3s)
condition, unbalanced load condition (t=0.3s to t=0.4s) and variable solar irradiance conditions.
Fig. 8.27(b) shows the waveforms of fundamental reactive power weight corresponding to phase
‘a’ of load current (w,q), average reactive power weight (Wgave), output of AC bus PI controller
(wy), reference reactive power weight (wg), estimated reference supply currents (is) and actual
supply currents (i5). It is observed from these results that the actual supply currents perfectly
track the reference supply currents in dynamic load conditions.

8.6.3.2 Performance of SPV System in PFC Mode Under Linear and Nonlinear Loads
Performance of SPV system using recursive inverse based control algorithm in PFC mode is
presented here. The results are shown under both linear and nonlinear loads. The output power of
SPV array along with load, supply and SPV system active and reactive powers are also
presented.

A. Performance of SPV System in PFC Mode Under Linear Load

Fig. 8.28 shows dynamic performance of the system in PFC mode using recursive inverse based
control algorithm under a linear load of 20kVA, 0.8 pf lagging load. The waveforms of SPV
voltage (Vpy), SPV current (Iy), SPV output power (P,,), PCC voltages (vs), supply currents (is,
igp and iy), load currents (i, iip and 1), VSC currents (ica, icp and ic.) and DC bus voltage (V)
are shown in this figure. The supply currents are observed to be balanced and sinusoidal in
steady state (before t=0.3s) condition. An unbalancing in the load is created, when phase ‘c’ load

is removed. During load unbalancing (t=0.3s to t=0.4s), it is observed that the supply currents
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Fig. 8.28 Performance of SPV system in PFC mode under linear load

are balanced and sinusoidal with the control action of VSC of SPV system. The active power
demand of the load is fulfilled by SPV system. The surplus power generated by the system is fed
to the utility grid. The supply voltages and currents are observed to be in phase with each other.
The solar irradiance is reduced at t=0.5s, which causes power generation from SPV system to
decrease at 500W/m’. The load active power demand is higher hence the AC mains now
partially meets the load requirement. The DC bus voltage of VSC is maintained to its reference

value of 800V under all dynamic load conditions.
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B. Performance and Power of SPV System Under Linear Load

Fig. 8.29 presents the generation and evacuation of power by SPV system. The waveforms of
SPV output voltage (V,y), current (I,), power (Pp,), load real power (P), supply real power (Ps),
and SPV real power (Pc), load reactive power (Qy), supply reactive power (Q;) and SPV reactive
power (Qc) are shown here. In steady state condition (before t=0.3s), the output voltage of SPV
system is 680V, current is around 30.5A, which gives output power around 20kW. The load
active power demand is around 16kW, which is fed by SPV system and an excess power is

transferred to the AC mains. Similarly the load reactive power demand is around 12kVAR,
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which is fed by VSC of SPV system. An unbalancing in the load is created during t=0.3s to
t=0.4s. In unbalanced load condition, the output power of SPV system is unaffected and the
active and reactive power demands of load are fulfilled by SPV system. Hence, there is
negligible reactive power burden on the supply side. The SPV system power is reduced (after
t=0.5) due to change in irradiance level from 1000W/m? to 500W/m?>. During this time, the active
power demand of load is partially fed by the AC mains and the SPV system, whereas reactive
power demand of the load is completely fed by VSC system.

C. Performance of the SPV System in PFC Mode Under Nonlinear Load

Fig. 8.30 presents the performance of the SPV with recursive inverse based control algorithm in
PFC mode under nonlinear load. The waveforms of SPV voltage (V,,), SPV current (I,), SPV
output power (P,,), PCC voltages (v,), supply currents (i), load currents (i, 1ip and i), VSC
currents (ica, icy and ic;) and DC bus voltage (Vg4) are shown in these results. The supply
currents are observed to be balanced and sinusoidal in steady state (before t=0.3s) condition.
During t=0.3s to t=0.4s, the load becomes unbalanced and the supply currents are observed to be
still balanced and sinusoidal under nonlinear load condition. The active power demand of load is
fulfilled by SPV system. The excess power generated by the SPV system is fed to the AC mains.
Solar irradiance is decreased at t=0.5s, which causes the power generation from SPV system to
decrease. The load active power demand is now (after t=0.5s) partially supplied by the AC mains
and partially by SPV system. The DC bus voltage of VSC is maintained to its reference value of
800V by controller action.

Fig. 8.31 shows the harmonic spectra of phase ‘a’ of PCC voltage (vg), supply current (is,) and
load current (i,). These results show a THD of 1.22%, 3.86% and 27.56% in PCC voltage,

supply current and load current respectively. The THD in supply current is achieved as 3.86%,
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Fig. 8.30 Performance of SPV system in PFC mode under nonlinear load

whereas there is 27.56% THD in load current. These results show the satisfactory performance of
the SPV system for harmonics elimination and load balancing in PFC mode. The THDs of
supply current and voltage are observed to be within the limit specified by IEEE-519 standard.

D. Performance of SPV System Under Nonlinear Load

Fig. 8.32 presents the performance and power of SPV system using recursive inverse based
control algorithm under nonlinear load. These results present the waveforms of SPV array
voltage (Vyv), SPV array current (I,,), SPV array power (P,,), load real power (Py), supply real
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power (Py), and SPV real power (Pc), load reactive power (Q)), supply reactive power (Qs) and

SPV reactive power (Qc). The output voltage (V,y), current (Ipy) and power (Ppy) of SPV system
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are 680V, 30.5A and 20kW respectively. In steady state condition (before t=0.3s), the active
power demand of nonlinear load (P;) is around 10kW, which is fed by SPV system (Pc) and extra
power is transferred to the AC mains (Ps). The reactive power demand (Q)) of the load 12kVAR
is completely fed by the SPV system (Qc) and there is almost negligible reactive power burden
on the supply side. These results present satisfactory performance of the SPV system using
recursive inverse based control algorithm in feeding load active power demand along with

harmonics elimination, reactive power compensation and load balancing.

8.6.3.3 Performance of SPV System in Voltage Regulation Mode Under Linear and
Nonlinear Load

Performance of SPV system in voltage regulation mode with recursive inverse based control
algorithm is presented here. This is divided into two parts. The first part deals with system
performance under linear load and second part presents system performance under nonlinear
load.

A. Performance of SPV System in Voltage Regulation Mode Under Linear Load

Fig. 8.33 presents the performance of SPV system in voltage regulation mode under linear load.
The waveforms of SPV voltage (V,y), SPV current (I,y), SPV output power (P,,), PCC voltages
(vs), supply currents (i), load currents (i, ip and i), VSC currents (ica, icy, and icc), DC bus
voltage (Vq4.) and PCC voltage amplitude (V) are shown in these results. During steady state
condition (before t=0.3s), supply currents are observed to be balanced and sinusoidal. The
voltage at DC bus is regulated at its reference value of 800V. The PCC voltage is regulated to
the reference value of 339V by injecting leading current component from SPV system. Supply
currents are balanced during unbalanced (t=0.3 to t=0.4s) load condition and excess power is
transferred to the AC mains. The DC and AC bus voltages are regulated to their reference

values. The power of SPV system is reduced (after t=0.5s) due to change in solar irradiance.
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Fig. 8.33 Performance of SPV system in voltage regulation mode under linear load

During this time period, the active power demand of the load is partially fed by the supply.
Moreover, the load reactive power demand is completely supplied by the VSC system.

B. Performance of SPV System in Voltage Regulation Mode Under Nonlinear Load

Fig. 8.34 presents the performance of SPV system in voltage regulation mode under nonlinear
load. These results show waveforms of SPV voltage (V,.), SPV current (I,), SPV output power
(Ppy), PCC voltages (vs), supply currents (i), load currents (i, 1ip and 1), VSC currents (ica, ich

and ic.), DC bus voltage (V4.) and PCC voltage amplitude (V). The supply currents are observed
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to be balanced and sinusoidal in steady state (before t=0.3s) condition. An unbalancing in the
load is created during t=0.3s to t=0.4s. During unbalanced load, supply currents are observed
balanced and sinusoidal with the control action of SPV system. The active power demand of the
load is fulfilled by SPV system and the excess power generated by the system is fed to the AC
mains. The solar irradiance is decreased at t=0.5s, which causes power generation from SPV
system to decrease. The load active power demand is now partially supplied by the AC mains
and the SPV system. The DC bus and AC bus voltages are maintained at their reference values.

Fig. 8.35 shows the harmonic spectra of phase ‘a’ of PCC voltage (vs), supply current (i) and
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Fig. 8.35 Harmonic spectra of phase ‘a’ of (a) PCC voltage, vy, (b) supply current, is(c) load current, i}, in voltage
regulation mode

load current (ij). These harmonic spectra show THD of 1.28%, 3.91% and 27.61% in PCC
voltage, supply current and load current. These results present improved THD in supply current
of the order of 3.91%, whereas there is 27.61% THD in load current. The THDs of PCC voltage
and supply current are observed to be less than 5% limit specified by IEEE-519 standard. These
results present satisfactory performance of SPV system with recursive inverse based control
algorithm in meeting real power demand of load along with providing load compensation
features such as regulation of PCC voltage, harmonics reduction and load balancing.

8.7 CONCLUSIONS

The design, modeling and control of grid connected SPV system has been presented in this
chapter. Various control algorithms based on SRFT, Wiener filter and recursive inverse have
been developed for control of grid connected SPV system. The SPV system has been used to
provide real and reactive power demand of loads along with harmonics elimination, reactive
power compensation and load balancing. The performance of SPV system has been validated for
both PFC and voltage regulation modes under linear and nonlinear loads. The results have been
presented for linear load and nonlinear load with these control algorithms, which show
satisfactory performance of SPV system in evacuating real power and improvement of power

quality at distribution level. The THD in supply current has been observed within the limit
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specified by international standards in case of SRFT, Wiener filter and recursive inverse based
control algorithms under nonlinear loads. The reactive power demand of load under steady state
condition, unbalanced load condition and reduced solar irradiance condition has been provided

by SPV system using these control algorithms.
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CHAPTER-IX
MAIN CONCLUSIONS AND SUGGESTONS FOR FURTHER WORK

9.1 GENERAL

The main objectives of this research work are to design and develop three phase, three-leg
DSTATCOM, to implement different control algorithms and to consider its application in
integrating grid connected SPV array. Several control algorithms are used to estimate reference
supply currents which when compared with sensed supply currents are used to generate
switching pulses for three phase VSC used as DSTATCOM. The developed control algorithms
have been classified into four categories such as conventional control algorithms, adaptive
theory based control algorithms, recursive theory based control algorithms and artificial
intelligence based control algorithms. Various functions of DSTATCOM are presented in the
proposed work which include harmonics current elimination, reactive power compensation and
load balancing in PFC and voltage regulation modes under linear and nonlinear loads. The
design and simulation of DSTATCOM are performed in MATLAB environment using
SIMULINK and SPS tool boxes. The experimental prototype of DSTATCOM is developed in
the laboratory using a VSC, DSP (dSPACE 1104 R&D controller) and Hall effect voltage and
current sensors. The application of DSTATCOM in integrating renewable energy source such as
SPV array to the grid is also presented. This system injects power generated from SPV array to

the grid along with all the functions of DSTATCOM.

9.2 MAIN CONCLUSIONS

The control algorithms have been designed and developed for the control of three-phase, three-

leg DSTATCOM. These algorithms have been categorized into four major categories based upon
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their operating principle. The performance of these algorithms based on their design, tuning of

parameters, computational complexity and implementation is discussed as follows.

e The design and development of conventional control algorithms for DSTATCOM have
been carried out for improving current related power quality problems at the distribution
system. These control algorithms included under this category are power balance theory,
instantaneous reactive theory, conductance based and instantaneous symmetrical
component theory based control algorithms. The extension of these control algorithms for
regulation of PCC voltage magnitude has been presented in this work. The voltage
regulation is required in various isolated power generation systems and distributed
generation system in islanded condition and it is an important power quality issue to be
studied and investigated.

e The control algorithms based on adaptive theory have been developed for control of
DSTATCOM. The performance of these control algorithms have been presented for several
power quality problems such as harmonics current elimination, reactive power
compensation and load balancing in PFC and voltage regulation modes. The algorithms
based on Wiener filter theory, fixed step size least mean square (FSSLMS) theory and
variable step size least mean square (VSSLMS) theory have been developed under this
category. The Wiener filter based control algorithm has been found to be simple in
implementation with reduced computational burden. The variants of FSSLMS technique
such as basic LMS, normalized least mean square (NLMS) and signed error least mean
square (SLMS) have been identified and developed for DSTATCOM. The NLMS based
control technique has been found suitable in terms of fast weight convergence and a low

steady state error. It has been observed that there is a tradeoff between smaller and larger
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step size in FSSLMS based approach, i.e. smaller step size leads to slow convergence rate
and small steady state error, while larger step size leads to fast convergence and large
steady state error. The VSSLMS based approach resolves the problem of convergence rate
and steady state error and it has positive aspects such as faster convergence rate, lower
steady state error and higher stability.

Some control algorithms based on recursive theory have been implemented for current
related power quality problems at the distribution system. The control of three phase VSC
used as a DSTATCOM has been performed with these control algorithms. This category
includes implementation of recursive least square (RLS), recursive inverse (RI) and
immune feedback based control algorithms. These control techniques have been utilized to
estimate the weighted values corresponding to the fundamental active and reactive power
components of the distorted load currents.

The variable forgetting factor has been utilized in RLS based control technique. The main
features of variable forgetting factor recursive least square (VFFRLS) based control are
that it offers fast convergence rate and robustness with system parameters than the fixed
variable forgetting factor RLS. The recursive inverse based control algorithm is found
useful in terms of reduced computational complexity. This has been achieved because the
computation of inverse of auto correlation matrix is not required. Another algorithm based
on immune feedback principle has also been developed for estimation of weighted values
corresponding to fundamental active and reactive power components of load currents under
this category. Various control algorithms under this category have been tested under steady

state and unbalanced load conditions. Positive features of this category of control algorithm
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are that they are fast, require few mathematical operations and easy to implement using
DSP.

The artificial intelligence based control algorithms have been developed based on the
principle of human intelligence for mitigation of power quality problems such as reactive
power compensation, harmonics current elimination and load balancing at distribution
system. The control algorithms developed under this category include adaptive neuro fuzzy
inference system (ANFIS), real time recurrent learning (RTRL) and adaptive neuro fuzzy
inference system least mean square (ANFIS-LMS) based control algorithm.

The ANFIS based controller for control of DC bus voltage and AC bus voltage has been
observed to provide fast transient and steady state response, learns faster, produces lower
error and achieves reference voltage value faster than the conventional PI controller. The
RTRL based control algorithm has been used for the estimation of weighted values
corresponding to fundamental active and reactive power components of load currents. This
algorithm has been found suitable for real time application, because it contains dynamic
elements and internal feedback elements. The efficiency of learning is improved in RTRL
by providing internal feedback loops to store information for later use. The use of feedback
network in recurrent network makes them suitable for fundamental weighted value
estimation. Additionally, the method is completely online and simple to implement. The
control algorithm based on ANFIS-LMS has also developed under this category. The major
advantages of this control algorithm that have been achieved include a low static error and
fast convergence of weights in steady state and unbalanced load conditions. The ANFIS
controller learns faster and achieves less error in estimation of step size parameter for LMS

technique.
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o The VSC used for DSTATCOM has also been utilized as power converter to inject power
generated from SPV array to the grid and performs functions of DSTATCOM such as
harmonics current elimination, reactive power compensation and load balancing. The
functions of DSTATCOM have been performed in PFC and voltage regulation modes
under linear and nonlinear loads. A two stage SPV array of 20kW peak power capacity has
been considered, which includes DC-DC boost converter and DC-AC power converter. The
duty cycle of DC-DC boost converter has been controlled with the help of incremental
conductance based maximum power point tracking (MPPT) algorithm. The control of VSC
for power transfer from SPV array to grid and compensation of power quality problems
have been performed with suitable control algorithms. The control algorithms developed
for grid connected SPV array include SRF, Wiener filter and recursive inverse theory for
estimation of fundamental active and reactive power component along with SPV power
feed forward loop. Satisfactory performances of grid connected SPV system have been
observed using these control algorithms in evacuating real power and improving quality of
power at distribution level under linear and nonlinear loads. The reactive power demand of
load has been provided by VSC used in SPV system. The THD in supply current after
compensation has been observed within the limit specified by international standards.

9.3 SUGGESTIONS FOR FURTHER WORK

This research work carried out includes the development of three phase DSTATCOM, control
algorithms and application of DSTATCOM in grid integration of SPV array. Time domain
approach based control algorithms have been developed and subdivided into four categories.

These control algorithms for control of DSTATCOM have been designed for improving current
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related power quality problems at the distribution system. The research areas for further scope of

work are suggested as,

e These algorithms can be extended for mitigation of power quality problems along with
neutral current compensation in three phase four wire DSTATCOM systems.

e Various other time domain and frequency domain approach based control algorithms can be
developed to achieve desired response of DSTATCOM.

e The developed control algorithms can be applied in isolated power generating systems such
as wind based, solar based and micro-hydro based generation for power transfer to the loads,
voltage regulation and compensation of power quality problems.

e Experimental verification of grid connected SPV system with the proposed control
algorithms can also be extended for power transfer to the grid along with compensation of

power quality problems.
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APPENDIX-A
Simulation parameters for three phase DSTATCOM
AC mains: Three phase, 415V (L-L), 50Hz with source impedance (Rs=0.04 and Ls=1mH)
Parameters of DSTATCOM,
DC bus voltage: 700V
DC bus capacitance: 1650F
Interfacing inductors: 3mH
Ripple filters: 3Q and 4uF
Load: Three phase diode bridge rectifier with R=15Q and L=100mH
Calculation of current rating of IGBT:
ism = 1.25(Ig, + I)
where lg and I, are the peak values of compensator current and allowed ripple currents (20% of
lsw ) lsw(rms)= 18.95A
I, = 18.95 %2 = 26.8A and I, = 26.8 % = 5.36A
ism = 1.25(Ig, + I,;) = 1.25(26.8 + 5.37) = 40.21A
Switching frequency: 10kHz
Cut off frequency of low pass filters (LPFs),

DC bus LPF: 10Hz

AC bus LPF: 12Hz
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APPENDIX-B
Parameters of developed three phase DSTATCOM hardware
AC mains: three phase, 110V (L-L), 50Hz
Parameters of DSTATCOM,
DC bus voltage: 200V
DC bus capacitance: 1566uF
Interfacing inductors: 3mH
Ripple filters: 4Q and SuF
Loads (1) Linear load: three phase series connected resistive inductive loads with rating 15kVA,
3-ph, 0.7 to 1pf lagging
(i1) Nonlinear load: three phase diode bridge rectifier resistive load and filter inductance,
ratings of resistive load are single phase, 24A and 250V and fixed single phase
variable inductance of 100mH
Controller: dASPACE DS1104 R&D Controller board with slave DSP subsystem TMS320F240
Switching frequency: 10kHz
Voltage source converter: IGBT based three legs with Semikron make SKM150GB12V IGBT
module
Gate driver: SKYPER 32PRO R
Recommended temperature range: -40 C to 150C
Hall effect voltage sensor: LEM LV-25p
Hall effect current sensor: LEM LA-25np
Components used in gating circuit: n-p-n transistor (2N2222), hex inverter IC (7406)

Auto transformer: three phase, 415/0-415, 5S0Hz, 28A
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Computation of PI controller proportional (kp) and integral (k;) gains:

The gain values are chosen based on Ziegler-Nichols method. The values of PI controller gains
are found by setting initially only k, and assuming k; =0. The value of k, is increased until
sustained oscillation (marginally stable) takes place. That value of k, is known as critical gain k.
The period of oscillation p., should be measured when amplitude of oscillation is quite small.
According to Ziegler-Nichols method, once the value of k., and p,. are obtained, the proportional
k, and integral gain k; can be obtained as,

kp=0.45 k¢

ki=(1/1.2) per
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APPENDIX-C

Features of developed control algorithms for three phase DSTATCOM is given in Table-C.1.

TABLE C.1

Comparison of control algorithms

Control Features of control algorithms
Algorithms
Modeling Formulation Computational | Dynamics of DC
burden on DSP bus voltage
PBT Easy Instantaneous power S5us Stable
and reference currents
estimation
IRPT Easy Instantaneous active S5us Stable
and reactive power
calculation
Conductance Complex Computation of 65us Stable
conductance and
susceptance
ISCT Easy Instantaneous active 60us Less stable
power calculation
Wiener filter Easy Basic mathematical 45 ps Stable
operations
FSSLMS Easy Basic mathematical 50us Less stable
operations
VSSLMS Complex Basic mathematical 60us Stable
operations
VFFRLS Easy Basic mathematical S5us Stable
operations
Recursive Easy Basic mathematical 50us Stable
inverse operations
Immune Easy Basic mathematical 45us Stable
feedback operations
ANFIS Complex Learning of neural 60us Better
network performance
RTRL Complex Learning of recurrent 65us Stable
neural network
ANFIS-LMS Complex Learning of step size 60us Stable

parameter by ANFIS
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APPENDIX-D

Design parameters of grid connected SPV system
AC mains: three phase 415V, 50Hz with source impedance (R=0.04 and Li=1mH)
Design parameters of 20kW SPV array: open circuit voltage V=19V, short circuit current
L= 4A, voltage at maximum power V=16V, current at maximum power I,,=3.4A
Design parameters of DC-DC boost converter: duty cycle D=0.15, L,=1.67mH, f,,=10kHz
Loads: (i) Linear load of 20kVA, 0.8pf lagging

(i1) Nonlinear load, three phase diode rectifier with R=15€2 and L=100mH
DC bus voltage: 800V
DC bus capacitance: 1650uF
Interfacing inductors: 3.2mH

Ripple series R-C filters: 5Q and SuF
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