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ABSTRACT

Electrical Power distribution systems suffer from power quality (PQ) problems such as poor
power factor, load unbalancing, harmonics, distortion in voltage etc. The contribution of non-
linear loads incorporating power electronics devices viz. switch mode power supply, variable
frequency drive (VFD), lighting loads (CFL, LED) etc. in power distribution systems is high.
This leads to higher PQ problems into the system such as harmonics injection in voltage and
current, high neutral current etc. Since the continued presence of PQ problems deteriorates the
quality of power at the end user level, hence it becomes important to find solutions to overcome
power quality problems.

Conventional methods to improve PQ in distribution system include the installation of
capacitors, tap changing transformers, reactors, capacitor banks etc. However, these are slow
compensation techniques and do not provide active load compensation, so new custom power
devices have been designed. Shunt Active Power Filter (SAPF) is one such solution aimed to
provide load compensation. The SAPF can mitigate several PQ problems such as load
unbalancing, current harmonics, poor power factor of load etc. A SAPF can be realized using
Voltage Source Converter (VSC) with a DC link capacitor. Three leg VSC for three-phase, three
wire (TPTW) and four leg VSC for three-phase, four wire (TPFW) configuration are
conventionally used VSC configurations.

TPFW systems may have additional requirement of neutral current compensation due to the
presence of unbalanced loads. The SAPF with four legs can be realized for TPFW system,
however, the system cost increases. A low cost solution is to use zigzag transformer

configuration to mitigate excess neutral current and the conventional TPTW SAPF configuration.



The proposed work has been divided into four parts and deals with compensation in TPTW and
TPFW distribution systems, distorted three-phase grid systems and single —phase systems
without/ with PV integration. Detailed system design, development and analysis of new control
algorithms have been investigated. Simulation as well as experimental results have been
analyzed and tabulated with linear as well as non-linear loads. Conventional control techniques
viz Synchronous Reference frame Theory (SRFT), Power Balance Theory (PBT) and
Instantaneous Reactive Power Theory (IRPT) have been initially tested on the prototype system
developed in the laboratory.

Three new control algorithms have been developed on TPTW distribution system which include
Notch Filter, Kalman-LMS and Hopfield neural network based algorithm. These have been
developed and implemented using dSPACE 1104 as Digital Signal Processor (DSP). Various PQ
issues such as load unbalancing, current harmonics and supply current power factor have been
considered. Detailed simulation results are recorded and verification of these results on the
experimental setup is performed. Simulation has been performed in MATLAB/SIMULINK
environment.

PQ problems in TPFW distribution system have been studied. The control algorithms developed
for this system are Self Tuning Filter (STF), Modified Recursive Gauss Newton (MRGN) and
Chebyshev polynomial based algorithms. A conventional three leg configuration of VSC has
been used as SAPF; however zigzag transformer has been designed and used for neutral current
compensation. The experimental setup has been controlled using dSPACE 1104. PQ issues such
as load unbalancing, current harmonics, supply current power factor and neutral current
compensation have been considered with different loads. Experimental results of all techniques

have been analyzed in details.



In electrical power distribution system, the presence of distortion in the grid voltages is also a
major PQ problem. The supply voltages may have high distortion due to presence of large source
impedance. The TPFW experimental setup with distorted grid and unbalanced linear and non-
linear loads has been investigated. PQ issues such as load unbalancing, current harmonics,
supply current power factor and neutral current compensation have been mitigated successfully
for distorted Point of Common Connection (PCC) voltages. Both simulation and hardware
results using Multiple Complex Coefficient Filter (MCCF) and Second Order Generalized
Integrator (SOGI) control algorithms have been analyzed and compared.

Next, PQ problems in a single phase grid connected system have been analyzed and the system
has been developed in the laboratory. Two aspects discussed in this chapter are the integration of
PV and mitigation of PQ problems. Three control algorithms viz SRFT, Notch Filter and second
order generalized integrator (SOGI) based algorithm have been developed to mitigate PQ
problems.

Solution of PQ problems in single-phase, TPTW, TPFW distribution systems using different

SAPF configurations and new control techniques is the highlight of this thesis work.

Vi
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Chapter 1
INTRODUCTION

1.0  GENERAL

Power quality (PQ) refers to maintaining sufficiently high grade electricity at the generation,
transmission and distribution level. The PQ is a concept to describe the quality of electrical
power delivered. The quality of electricity may be described in terms of number of parameters,
such as harmonic distortions in the supply voltage and current waveforms, continuity of
electricity, variation in voltage level, transients in voltages and currents etc. Poor PQ may result
in mal-operation or failure of customer's equipment and an electrical load (or device) may not
able to operate or fail prematurely.

PQ problems in electric distribution systems have increased tremendously in the recent past [1-
7]. Nonlinear loads such as Uninterrupted Power Supply (UPS), Electric Arc Furnaces (EAF),
Switch Mode Power Supplies (SMPS), Variable Frequency Drives (VFD), computers and other
electronic equipment installed at the distribution level are main causes of distortion in voltage
and current. Various PQ problems such as current and voltage distortions, load unbalancing,
excessive reactive power demand and voltage drop at Point of Common Coupling (PCC) cause
detrimental effects to the electric power distribution system [8-9]. Mitigation of harmonics and
other PQ issues [10-23] and maintaining reliable power supply to all consumers are main
objectives of the electrical utilities. PQ estimation [24-39] focuses on techniques for easy
measurement of PQ levels in a particular power system. PQ standards provide guidelines, limits
and recommendations to help and ensure compatibility between power system and end user
equipment [40]-[46]. Custom power devices, which use power electronic based controllers for

distribution systems enhance the reliability and quality of power delivered by electric distribution



system. These devices can be series connected, shunt connected or be a combination of series
and shunt connected at PCC. One acceptable solution for current related PQ problems at
distribution level is an active shunt compensator which is also commonly named as Shunt Active
Power Filter (SAPF). Various PQ issues such as harmonics distortion, poor Power Factor (PF),
load unbalancing and neutral current compensation etc. [47-67] can be mitigated using SAPF.
The SAPF has fast response time, eliminates specific harmonics and has a small size. Its
implementation has also become cost effective because of tremendous progress in the area of
power semiconductor devices and Digital Signal Processor (DSP). Developments in the area of
converter topologies and control algorithms for operation and control of the shunt compensator
are due to research in the area of SAPF. The current related PQ issues are mitigated using SAPF
in small hydro power generation [68], air craft power system [69], distribution networks and
electric ship supply system [70] etc. The performance of SAPF depends mainly upon the type of
control algorithm used for extracting fundamental load current component. The fundamental
active and reactive load current components are further utilized to estimate reference supply
currents and switching pulses for voltage source converter (VSC) used as SAPF are generated
using these reference supply currents. Today the practical implementation of SAPF has become
feasible due to availability of efficient and fast switching power electronics devices, DSPs and
voltage and current sensors. Fast and accurate algorithms need to be developed for SAPF which
can be experimentally implemented for control.

1.1 POWER QUALITY ISSUES

There are numerous PQ issues present in power distribution system. These PQ issues can be

classified into transient and steady state categories [ 1-4] which are explained below.



1.1.1 Transient PQ Issues

These PQ issues are transient in nature and last for few power cycles. These PQ issues are as
follows.

1.1.1.1 Voltage Sag and Swell

Voltage sag is defined as decrease in Root Mean Square (rms) value between 0.1 and 0.9 pu in
voltage at the power frequency level and voltage Swell is defined as increase in rms value
between 1.1 and 1.8 pu at the power frequency level. The duration for voltage sag and swell
ranges from 0.5 cycles to 1 min.

1.1.1.2 Short Voltage Interruption

Short duration voltage interruption is the complete loss of voltage (rms<0.1 pu) in an electrical
power system. The duration of this interruption ranges from half cycle up to 3 s.

1.1.1.3 Voltage Fluctuations

The voltage fluctuation refers to transient variations in voltage magnitude. This variation is
normally less than 0.1 pu.

1.1.1.4 Voltage Spikes

Sudden large variation of the voltage magnitude is termed as voltage spike. The duration of
spikes ranges between several microseconds to few milliseconds.

1.1.2 Steady State PQ Issues

These PQ issues remains in the system for longer duration These PQ issues are classified as
follows.

1.1.2.1 Long Voltage Interruption

Long voltage interruption refers to the complete absence of electrical supply for duration greater

than 1 minute.



1.1.2.2 Voltage Flicker

Continuous oscillation in voltage magnitude of frequency less than power frequency is called
voltage flicker.

1.1.2.3 Unbalanced Voltages and Currents

Voltage or current unbalance is defined as the ratio of the negative or zero sequence component
to the positive sequence component. Unbalanced voltages are responsible for unbalanced
operation of three phase equipment connected to the system. Unbalanced currents cause excess
current in neutral wire of the system, which may result in malfunction of connected equipment.
1.1.2.4 Noise

Noise is the unwanted high frequency signal superimposed upon the power system fundamental
frequency voltage or current signals. Noise produces distortion in the voltage and current
waveforms.

1.1.2.5 Poor Power Factor

In power distribution system low PF on the supply side increases burden on supply system for
equal real power transfer to load as compared to Unity Power Factor (UPF) conditions.

1.1.2.6 Harmonic Distortion in Voltage and Current

Harmonics are sinusoidal currents and voltages having frequencies that are integer multiples of
the fundamental frequency which is 50 Hz for Indian power system. Harmonics signals distort
the sinusoidal shape of voltage and current waveforms in the power system. The harmonic

distortion is measured in terms of Total Harmonic Distortion (THD) is calculated using [1,4]
THD = ,|— -1 1.1
D (1.1

where DF is distortion factor and calculated using



I
DF = —om 1.2
7 (1.2)

where [y, 1S fundamental rms value of current and /7., is total rms value of current so if
harmonic content is more, its THD will also be high,

1.2 STATE OF THE ART IN THE POWER QUALITY

The SAPF is one of the prominent area of power electronics. The research in SAPF during last
few decades has seen enormous growth. Substantial literature is reported on the shunt
compensators and their control techniques for PQ improvement at distribution level [71-206].
Shunt compensation provides several PQ improvement features such as reactive power
compensation, harmonics elimination, PCC voltage regulation and load balancing. The building
block of SAPF is Insulated Gate Bipolar Transistors (IGBTs) based VSC. Proper designing [71-
76] of SAPF is necessary for the effective implementation of shunt compensator system.
Different configurations of SAPF are possible which include two-leg, three-leg, four-leg and six-
leg VSCs and different operating modes [77-93]. Effective control of SAPF is a prerequisite to
generate gating pulses [94] of its VSC and to achieve desired performance under steady state as
well as dynamic conditions.

Different techniques for extracting harmonics from distorted load current have been suggested by
various authors [95-125]. It is desired that control algorithms should able to produce fast
response and stable operation of SAPF in both steady state and dynamic conditions. The
selection of a control algorithm depends on factors viz. low processing time and mathematical
complexity, fast response, stable operation and easy implementation. Some conventional control
algorithms [95-105] reported in the literature are Synchronous Reference Frame Theory (SRFT),
Instantaneous Reactive Power Theory (IRPT), Power Balance Theory (PBT), Symmetrical

Component Theory (SCT) and Fryze Current Minimization Theory (FCMT) etc. A comparison
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of conventional algorithms based on SRFT, Adaline and IRPT is reported in [106], in which the
Adaline based control technique is shown to be better.

Adaptive filtering [107] based adaptive Least Mean Square (LMS) control techniques with fixed
and variable step have recently been reported in the literature, where variable step LMS has
advantages in terms of reduced steady state error and fast convergence. The LMS techniques can
be used to mitigate PQ problems using SAPF [108]. Many similar control techniques are
available in literature such as Leaky Least Mean Square [109] and adaptive LMS [110], Variable
Step LMS [111-112], Adaptive Neurofuzzy Inference System (ANFIS) LMS [113] and
Hyperbolic Tangent based LMS [114] etc.

Several research papers have been reported on the use of fuzzy and neural techniques [115-116]
for control of SAPF during the past few decades [117-120]. These control techniques are based
on artificial neural network (ANN) [117-118], Recurrent Wavelet ANN [119] and Adaptive
Neural Filtering (ANF) [120] etc. Various modern control techniques [121-128] are also reported
in literature. These techniques includes Mixed and Stationary Frame Repetitive Control [123],
second-order odd-harmonic repetitive control [124], frequency-adaptive fractional-order
repetitive control [125], Extended Kalman Filter [126], Optimum Filtering Theory (OFT) [127],
Back-Propagation Technique [128] etc.

Three-Phase-Three-Wire (TPTW) supply system suffers from several PQ problems such as
harmonics, load unbalancing and poor PF etc. Single cycle control technique [129] is reported in
the literature and the calculations are shown to be independent of phase and frequency of supply
voltages. The predictive current control [130] is also used for active power filter for shunt
compensation. Some other time domain control techniques [131-150] includes Lyapunov Square

function based control, Power balance Control, Variable Forgetting Factor Recursive Least



Control Algorithm, Fryze Technique etc.

Three-Phase-Four-Wire (TPFW) distribution systems may have excessive neutral current due to
unbalanced nature of load. This may cause damage to the neutral conductor because rating of
neutral conductor is small. Also distribution transformer may get damaged which affect the
safety of end consumers. Various control techniques [151-163] are reported for PQ improvement
in TPFW system. The control algorithms include Icos® algorithm, Composite Observer-based
Control, Wavelet Transform based Algorithm, Frequency Adaptive Disturbance Observer etc.
The easiest way to implement SAPF for four wire system is to use an additional leg for control of
neutral current. However, to avoid costly four leg structure of SAPF, T-connected transformer,
zig-zag transformer [164-167] etc. are incorporated in combination with the conventional three
leg SAPF.

Many research papers on PQ compensation using SAPF for distorted grid have been reported
[168-177]. The grid voltage has significant source impedance, which causes voltage distortions
due to harmonics injected from the loads. The conventional techniques developed for stiff grid
are not applicable to distorted grid systems and new control techniques need to be explored for
such applications. The distorted grid voltages need to be filtered before being utilized for
synchronization and development of reference current signals.

The conventional energy sources such as coal, gas etc. are limited and depleting very fast, hence
generation of electrical energy from renewable energy sources and their grid integration is
necessary [178-180]. Various standards [181-186] are available in literature for design,
installation and maintenance of standalone and grid connected Photo-Voltaic (PV) system. To
increase the efficiency of PV system, Maximum Power Point Tracking (MPPT) algorithms [187-

192] are available in literature. These techniques help to extract maximum power out of existing



PV system. N. Saxena et al. [193] have presented synchronization scheme of PV system to the
grid. The excess power obtained from PV system is fed to the supply system. Both single phase
standalone PV and grid connected PV is discussed in this paper. Proper synchronization
techniques [194-197] are required for grid connected operation of PV system. B. Singh et. al.
have presented a single stage Solar Photo-Voltaic (SPV) array connected to a three phase three
wire power distribution system [198] using an improved second-order generalized integrator
quadrature (ISOGI-Q) based control technique. Some other control techniques for grid connected
PV system include [199-206] Adaptive Digital Control Technique, ANF-Based Control, LMF-

based control etc.

1.3 OBJECTIVES OF THE PRESENT WORK

Based on the extensive literature review on the design and development of the shunt
compensator and its control techniques, it is felt that new control techniques for PQ problems
mitigation need to be developed for power distribution systems including those interfaced with
PV generation.

The main objectives of the present research work are to mitigate PQ problems in an electrical
power distribution network, namely TPTW as well as for TPFW systems. New control
techniques are designed and developed which are robust, simple and easy to implement as
compared to conventionally available control techniques. The PQ issues which are considered in
the thesis include effect of distorted grid supply, presence of harmonics, linear and non-linear
unbalanced load, poor PF in the power distribution system, reactive power compensation to load.
Some of the designed control techniques can also be used for extraction of harmonics from the
load current. The problem of neutral current compensation in TPFW system has also been

addressed with a three leg SAPF by designing suitable control algorithms. PV based renewable



energy integration with SAPF has also been analyzed and demonstrated experimentally. This
thesis includes following aspects of PQ issues and remedies.

1.3.1 Design and Development of Shunt Compensator for Distribution System

The design and rating selection of three-phase, three-leg SAPF depends on the required PQ features it
is expected to mitigate. Design of SAPF for reactive power compensation, harmonics elimination and
load balancing is carried out through simulation studies and experimental validation. Power circuit
components of the SAPF are IGBT based VSC, DC bus capacitor, interfacing inductors and ripple
filters. The zigzag transformer design for neutral current compensation is also discussed for TPFW
system. Control algorithm for SAPF has been implemented on dSpace 1104 which requires appropriate
sensor circuits for sensing the signals (load currents, supply currents, PCC and DC link voltages) in a
developed prototype of SAPF. The sensed signals are used by the control algorithms through ADC
channels of DSP. The generated switching signals from the DSP are fed to driver circuit of three phase
VSC used as SAPF. Conventional control algorithms for control of SAPF such as IRPT, SRFT and
PBT are first tested on the developed prototype system and experimental results are captured and
compared to that of Simulation results, which shows good agreement among the two in implementation
of prototype SAPF system.

1.3.2 Investigations on Mitigation of PQ Problems in TPTW Distribution System

A TPTW distribution system suffers from PQ issues such as voltage fluctuations, harmonics distortion,
poor PF and load unbalancing due to inductive nature of loads. It is important and mandatory as per
IEEE standards to mitigate the harmonics in the supply current and also ensure balanced and sinusoidal
supply currents. Design and development of new control techniques for SAPF in TPTW prototype
power system has emerged as an important area of research during last decade. In this thesis efforts

have been made to implement new control algorithms for SAPF for distribution systems. The control



techniques developed include Notch Filter based, Kalman-LMS and Hopfield Neural Network (HNN)
based control for VSC in SAPF. Extensive simulation studies and hardware implementation of SAPF
are carried out for linear as well as non-linear load. The dynamic performance of SAPF and
effectiveness of the proposed control techniques in mitigating of PQ problems under steady state as
well as under dynamic load condition are described in detail.

1.3.3 Investigation on Mitigation of PQ Problems in TPFW Distribution System

In TPFW distribution system, the connected loads are normally mixed type of loads i.e. single phase/
three phase, linear and nonlinear balanced or unbalanced loads. These loads may include arc and
induction furnaces, sugar mills, steel mills, VFD etc. In such diverse load situations it is difficult to
implement the control techniques of SAPF for effective compensation. Mitigation of the PQ problems
in TPFW system can be achieved using either a four leg SAPF or zig-zag, T-transformer etc. based
three leg SAPF. The fourth leg or transformers are employed for compensation of neutral current. In
the present work a three leg VSC along with a zig-zag transformer is used for implementation of SAPF
in TPFW distribution system. New control techniques designed and developed for TPFW system
include Self Tuning Filter (STF), Modified Recursive Gauss Newton (MRGN) and Chebyshev
Polynomial based Artificial Neural Network (ChANN). Extensive simulation studies and hardware
results have been shown for mitigation of PQ problems in TPFW systems.

1.3.4 Investigations on Mitigation of PQ Problems in Distorted Grid System

The PQ issues such as voltage distortion, voltage imbalance and low PF at the PCC due to significant
increase of non-linear loads can impose adverse effect to other connected load in the distribution
system. The conventional control techniques like PBT and SRFT etc. which employ PCC voltages for
reference current generation do not work satisfactorily under distorted grid voltage. Hence, new

compensation techniques for the distorted grid voltage were studied and implemented. The control
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techniques developed for TPFW system under distorted supply mains include Second Order
Generalized Integrator (SOGI) and Multiple Complex Coefficient Filter (MCCF). Both the algorithms
are designed and implemented on three phase supply voltages to filter out positive sequence component
of supply voltages and also for mitigating PQ problems with linear as well as non-linear loads.

1.3.5 Investigations on Grid Connected PV System

The conventional energy sources such as coal, gas are depleting fast and PV based generation has to
catch up to meet the load requirement of the future. The installation and integration of renewable
energy systems especially PV power plant is rapidly increasing due to availability of solar energy in
abundance. There is a need for the development of suitable control techniques for integration of
renewable energy sources to the grid.

Photovoltaic system has been designed, simulated and integrated to the grid. A DC-DC boost converter
is being used for implementation of MPPT technique and Its interconnection to the grid through a H
bridge VSC. Some new control techniques have been designed, developed and tested. These control
techniques include SRFT, Notch filter and SOGI based controller. Design and comparative

performance analysis of algorithms without/with PV are described.

1.4 OUTLINE OF THE THESIS

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

Chapter I presents a brief introduction to the various PQ issues and their solutions. One of the
feasible solutions is to use a shunt compensator, which can be controlled to inject compensating
currents into the system. Mitigation of PQ problems is important from utility as well as end user

perspective.

Chapter II includes an extensive literature review on PQ problems in TPTW and TPFW and
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distorted grid systems. Exhaustive literature survey on the configurations and control algorithms
for the shunt compensator is given in this chapter. It also provides literature survey on the
problems and issues in interconnections of renewable energy sources to the grid. Based on the

exhaustive literature review, identified research areas are presented at the end of this chapter.

Chapter III presents system configuration of three phase SAPF. The design and selection of
various components for SAPF such as VSC, DC link voltage, DC link capacitance are given in
detail. Development of voltage sensor circuits, current sensor circuits, gating circuits for
generation of pulses for control of VSC are discussed in this chapter. Parameter selection and
design of interfacing filter inductors used in prototype hardware setup in the laboratory are also
presented in this chapter. The design of zigzag transformer for neutral current compensation in

TPFW system is described in detail.

Chapter IV presents the implementation of some modern control techniques in operation and
control of SAPF system for TPTW distribution system. It also gives a deep mathematical
analysis of the proposed control techniques such as Notch Filter, Kalman-LMS and Hopfield based
neural network technique. The mathematical analysis is shown and simulation and experimental

results of SAPF are presented for linear and non-linear loads.

Chapter V presents TPFW distribution system with three-leg SAPF. The control techniques
such as STF, MRGN and ChANN are designed and developed and used for analysis and control of
SAPF. Both linear and nonlinear loads are considered and performance of the shunt compensator

is tested and demonstrated by presenting simulation and hardware results.

Chapter VI describes control techniques for SAPF when the PCC voltages are distorted. The
distorted supply voltages in this system impose a major challenge in implementation of a suitable

control technique. There is a need for two controllers, one for achieving load compensation
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current and other for filtration of distorted supply. The control techniques developed are SOGI
and MCCF. Both the control techniques are designed, developed and tested and extensive

simulation and hardware results are presented.

Chapter VII proposes control techniques for integration of renewable energy sources to the grid.
A boost converter is used in between PV system and DC link of the VSC to enable active power
flow to the load/grid. The control techniques considered in this chapter are SRFT, Notch Filter
and SOGI. Integration of PV system into distribution system through a single phase VSC is
demonstrated and necessary changes in control algorithm is discussed. The performance of
analysis of PV system and mitigation of PQ issues with and without PV system is also analyzed

and discussed.

Chapter VIII summarizes the performance of different control algorithms presented for SAPF
and highlights the main conclusions of the present work. The scope of future work in the area of

SAPF is also listed at the end of this chapter.
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Chapter 2
LITERATURE SURVEY

2.0 GENERAL

PQ problems have posed new challenges in distribution system. One commonly used shunt
device for mitigation of PQ problem is SAPF. The SAPF is a custom power device utilized
for overcoming PQ issues within power distribution networks. During last three decades,
Distributed Generation (DG) involving renewable sources has a substantial impact in
worldwide energy contribution. An electric power system is highly complex, huge and
dynamic network, which involves generation, transmission and distribution of electrical
power. The electric power distribution systems are usually over-stressed and have low
voltage problems due to excess reactive power demand and harmonic pollution, causing them
to operate less efficiently. New solutions are being researched by power engineers
worldwide. Installation of SAPF in distribution system opens up ample opportunities to
achieve load compensation. The conventional SAPF is realized as a three leg VSC and is
controlled to deliver leading/Lagging reactive power, reduce harmonic currents in grid and
provide load balancing features. Insulated Gate Bipolar Transistor (IGBT) based VSC is the
fundamental building block along with a DC link capacitor. A critical review of literature on

SAPF is carried out and summarized in different classes.
2.1 LITERATURE SURVEY

An exhaustive survey of the available literature related to PQ improvement in power
distribution system is studied and analyzed in this chapter. Various PQ problems related to
distribution system are first summarized. International standards related to various PQ

problems are mentioned. Then PQ problems in TPTW, TPFW and distorted grid systems are
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listed. The possibility of PQ issues in grid connected PV system is also considered and
analyzed in details.

2.1.1 General PQ Problems

Power quality problems make the distribution system inefficient and unreliable. The electrical
equipment may malfunction, fail permanently or not operate at all due to PQ problems. The
general PQ problems include voltage sag, swell, voltage and current harmonics, load
unbalancing, voltage interruption etc. Mark F. McGranaghan et al. describe [10] the causes of
voltage sags in industrial plants. The paper highlights system faults as a major concern for
voltage sags. P. Wang et al. focused on the study of voltage sags and phase angle jump
associated with this problem [11]. An Advanced Static Var Compensator (ASVC) is
described and its effect on voltage sags of different magnitude is shown. R. T. Ugale et al.,
explained the deteriorating effect of short power interruptions and voltage sag on
synchronous motor [12]. Short power interruption for a duration of 300 ms, severely affect
the post interruption synchronization of the machine under loaded condition. P.G. Therond et
al., emphasized on short power interruption problems in industrial plants [13]. The authors
have proposed use of superconducting coil for mitigating industrial PQ problems. Pui Ying
Or et al., described problems associated with voltage spikes [14]. An output-capacitor less
low-dropout regulator (LDO) with a direct voltage-spike detection circuit is also described in
the paper. In papers [15-22] PQ problems introduced by Electric Arc Furnace (EAF) are
analyzed in detail. Different models [15-20] to predict the behavior of EAF have been
developed to study its effect on power system. Various PQ problems such as voltage
flickering, harmonics injection, voltage fluctuations, large transients in current [21] etc. are
introduced by EAF. G. C. Montanari et al. [1994], introduced installation of series inductors

at the EAF supply side [22], which reduces flicker at PCC. Philip P. Barker et al. conducted
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studies on PQ of two distribution feeders in the Buffalo, New York region [23] and
performed various steady state and dynamic measurements on the system.

2.1.2 General PQ Estimations

Power quality estimation enables us to detect and analyze PQ of electrical supply system.
Various PQ indices such as THD, PF of supply, phase difference between voltage and
current, frequency etc. measurement have become necessary for PQ estimation. By knowing
the PQ problems of power system network, suitable compensation techniques can be
implemented to mitigate these problems easily and effectively. V. Terzija et al. presented
two-stage, Self Tuning Least Square (STSL) control technique for estimation of PQ indices
[24]. M. Biswal et al. introduced adaptive window-based fast generalised S-transform for
estimation of time-varying PQ indices [25]. P.S. Wright et al. studied Sweden—Poland HVDC
Link and conducted onsite measurements for PQ estimation [26]. V. Terzija et al. presented a
two-stage improved recursive Newton type control technique for measurement of PQ indices
according to the IEEE Standard 1459-2000 [27]. A. Bagheri et al. used Kalman Filtering
(KF) technique in combination with Generalized Averaging Method (GAM) approach for
calculation of fundamental and harmonics components of grid voltage [28]. R. Cisneros-
Magana et al. used KF approach [29] to estimate PQ of system. A. A. Girgis et al.
emphasized on power system harmonics [30] and this paper proposes a digital recursive
measurement scheme for direct estimation of system harmonics. M. Mojiri et al. proposed use
of adaptive notch filter [31] for extraction of harmonics. K. B. Nazirov et al. studied a 400 V
(L-L) power distribution networks, in Dushanbe city of the Republic of Tajikistan for PQ
estimation [32]. N. Anandh et al. performed a comprehensive study in [33] on PQ estimation
for uninterrupted power supply. P. V. Morozov et al. presented statistical methods for PQ
estimation [34] in power transmission system by assuming the load to be dynamic in nature.

S. Ali et al. proposed PQ estimation for smart grid [35] system. Q. Ai et al. introduced
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ADALINE control technique [36] application in PQ disturbances detection. The frequency
tracking is also considered in this paper. LS. Ilie et al. developed theoretical interruption
model for reliability study of power supply system [37]. D. Andrews et al. have shown study
of steel manufacturing plant for measurement of harmonics [38] and performed PF correction
in the system. A Variable Least Mean Square (VLMS) method for estimation of power
system harmonics is shown in [39] by S.K. Singh et al.

2.1.3 Power Quality Standards

International standards have been formulated to ensure the quality of power across the world.
Institute of Electrical & Electronics Engineers (IEEE) and International Electro-technical
Commission (IEC), have formulated, updated and revised international standards related to
PQ from time to time. IEEE standard 519 [40], tabulates the specified THD for a general
power system in presence of nonlinear loads and recommends the supply voltage and current
should have THD level below 5%. W. E. Reid also mentioned about PQ issues such as
transient overvoltage, under-voltage, outage, harmonics distortion etc. and provided industry
specified standards [41]. IEEE standard 1159 provides standard routine practice for
monitoring PQ in single and poly phase power transmission and distribution system [42]. It
enlists various PQ problems and their typical spectral content and duration. The allowable
voltage magnitude for different system transients such as sag, swell, outage etc. are also
defined. IEEE standard 1100 [43], presents recommended design, installation, and
maintenance practices for electrical power and grounding (including both safety and noise
control) and protection of electronic loads such as computers, industrial controllers etc. The
protection of electronic equipment and their performance analysis is also discussed. The
IEEE standard 1459 [44], presents standard definitions and formulas to calculate active,
reactive, apparent power, PF, THD etc. in single and three phase system. Positive, negative

and zero sequence components and their analysis is also discussed. IEC standard 61000, 3-2
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[45] presents the limitation on harmonic currents to be injected into the grid. This standard
applies to all electronic and electrical equipment having 16 A/phase rated input current. For
this standard, a low voltage distribution system is considered. IEC standard 61000-4-15 [46]
presents an analogue or digital flicker measuring apparatus functional and design
specifications. The flicker meter specifications are applicable for 120 V and 230 V, 50 Hz
and 60 Hz inputs. All standards related to PQ ensure proper operation of power system across
the globe.

2.1.4 Power Quality Issues and Mitigation Techniques

Power quality imposes serious concerns to the power system network. So mitigation becomes
necessary for safe and reliable operation of power system. Several techniques are reported in
literature for mitigation of various PQ problems. J. Miret et al., proposed a reactive current
injection technique for mitigation of voltage swell [47]. They have shown that the maximum
rated reactive current is injected during the voltage sag. S. S. Choi et al. introduced a voltage-
injection technique for dynamic restoration of load voltage in case of voltage sag as well as
voltage swell conditions [48]. H. Ghosh et al. compared the performance of Distribution
Static Compensator (DSTATCOM) and Dynamic Voltage Restorer (DVR) for load voltage
control in a power distribution network [49]. A. Elnady et al. used DSTATCOM for
mitigating voltage flicker and sag [50]. B. singh et al. reported PQ improvement in
standalone permanent magnet synchronous generator based supply system [51] using
DSTATCOM and Battery Energy Storage System (BESS). V. Virulkar et. al. used
DSTATCOM with BESS [52] for mitigation of voltage flicker. X. Yu et. al. have shown the
use of power converters for generation of electrical energy from fuel cells [53]. T. L. Baldwin
et al. focused study on reactive-power demand of resistance welders for voltage level control
[54]. Various control techniques and system configuration for PQ improvement for EAF

connected system are available in literature [55-61]. H. Samet et al. used Grey—Markov
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prediction method for proper reactive power compensation in EAF connected system [55].
Various hardware configurations such as thyristor-controlled reactors and voltage-source
inverters [56], D-STATCOM [57-58], nonlinear STATCOM [59], Unified Power Flow
Controller (UPFC) [60] have been used for PQ improvement in EAF connected system. T. S.
Saggu et. al. used 11 level cascaded DSTATCOM for harmonic mitigation in steel plant [61].
J. Kanieski et al. shows the application of Kalman Filter for PQ improvement [62]. Leon H.
Beverly et. al. developed method and apparatus for reducing the harmonic currents in power
distribution networks [63]. G. Karmiris et. al. presented a control scheme for voltage sag
mitigation and current harmonic elimination using a flying capacitor inverter circuit [64].
Literature review [65-67] discuss mitigation techniques in single phase systems. Here, the PQ
has been improved by use of zigzag transformer [65], and control techniques such as
composite observer [66] and SRFT [67] etc. V. Rajagopal et al. proposed PQ improvement
for small hydro power generation using electronic load controller [68]. H. Hu et al. focused
on design for DSP controlled 400 Hz SAPF in an aircraft power system [69]. P. Mitra et. al.
proposed an adaptive control scheme for electric ship power system using DSTATCOM [70].
2.1.5 Design and Configurations of SAPF

SAPF has played an important role in operation and control of modern power system. The
recent research efforts and solutions are aimed at designing of appropriate compensator for
fast and effective compensation. Designing of system involves mathematical modeling and
analyzing before implementation of hardware setup. B. Singh et al. presented suitable design
of DSTATCOM for TPTW system using the cross correlation function approach for PQ
improvement [71]. S. K. Khadem et al. described harmonic power compensation capacity of
SAPF with its system parameters [72]. G. Zhao et al. analyzed the influence of interfacing
inductor to the performance of STATCOM [73]. D. Kumar and Rajesh have shown the

modeling and performance analysis of a shunt compensated system [74]. In this analysis,
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unbalanced linear/non-linear loads were considered. T. Tian-yuan et al. compared the
performance of DSTATCOM under direct and indirect current control scheme in [75]. Both
techniques were tested for voltage source un-balance, sudden voltage amplitude and phase
change and presence of current harmonics in system. It is reported that with the direct current
control, the system performance is found to be better than indirect current control. R.
Panigrahi et al. presented the comparison between the performances of Hysteresis Current
Control (HCC) and dead beat controllers for SAPF [76]. It is reported that the HCC performs
better than dead beat controller. Moreover, the HCC control is simple and transients die out
faster. C. Kumar and M.K. Mishra presented a PQ improvement control technique for
DSTATCOM in voltage and current control mode [77]. The same authors have implemented
a voltage-controlled DSTATCOM for PQ problem mitigation [78]. C. A. Sepulveda et al.
compared FPGA and DSP performance for VSC-based STATCOM control [79]. It is
reported that FPGA has best computation speed due to availability of high degree of
parallelism on the device. S. Srikanthan and M. K. Mishra performed voltage equalization of
DC link in neutral clamped SAPF [80]. C. A. Sepulveda et. al. implemented d-q-frame based
SAPF control technique using low-cost FPGA [81]. R. Tadeu et al. discussed minimum
power point tracker based voltage regulator scheme for VSC based DSTATCOM [82]. N.
Voraphonpiput et al. designed a control System for a STATCOM using Complex Transfer
Function [83]. B. Singh et al. implemented an isolated H-bridge VSC based TPFW SAPF for
PQ problem mitigation [84]. S. Kumar et al. presented Modified Instantaneous Symmetrical
Component Theory (MISCT) for three leg and four leg SAPF [85-86]. A.
Dheepanchakkravarthy et al. introduced TPTW VSC integrated with T connected transformer
as DSTATCOM [87] which is able to perform all the compensation required for TPFW
system. A T-connected transformer is also implemented in [88] for TPFW distribution

system. P. Jayaprakash et al. implemented TPTW VSC with Star/Hexagon transformer for
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TPFW distribution system [89]. J. Kanieski et al. applied Kalman Filtering (KF) approach to
PQ conditioning devices [90]. In [91] the concept of smart DSTATCOM is introduced, which
is able to mitigate PQ problems easily. Papers [92-94] presented comprehensive information
about DSTATCOM configurations and different applications for PQ improvement.

2.1.6 SAPF Control Techniques

The SAPF is useful device to mitigate PQ problems in distribution system. The control
algorithms are key element in effective operation of SAPF. This section discusses the various
control techniques required to improve the operation and control of SAPF.

2.1.6.1 Conventional Control Algorithms

These techniques are based on conventional control algorithms. Many conventional
techniques are available in literature [95-106]. H. Akagi et al. introduced a new instantaneous
reactive power (IRP) [95] compensator without any energy storage devices. F. Z. Peng et al.
proposed IRP theory for PQ improvement in TPFW supply system [96]. A synchronous
reference frame based control technique for PQ problem mitigation has been applied in [97-
98]. Many new control techniques have been developed for DSTATCOM connected system
for PQ improvement such as Adaline [99], Instantaneous Symmetrical Component theory
(ISCT) [100], Power Balance Theory [101] etc. A comparison of conventional control
techniques [102-103] for PQ improvement using DSTATCOM has been described. The DC
link of DSTATCOM needs to be regulated to ensure satisfactory performance. Z. Yuan and
X. Mingchao, proposed use of two-way inverter bridge along with isolation transformer for
making DC link stiff [104]. Papers [105-106] proposed use of split capacitor etc. for making
DC link of DSTATCOM robust.

2.1.6.2 Adaptive Control Algorithms

Adaptive control algorithms [107] have advantages to adapt to any control system in real time

and provide higher system performance. Unlike neural networks, it is not trained offline. It
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process real time signals to reduce steady state error. These algorithms output the required
signal and data adaptively. Least mean square (LMS) algorithms are also adaptive control
techniques. The LMS and Variable LMS techniques have been developed, analyzed through
simulation studies and verified by hardware prototype in [108]. Various Least Mean Square
(LMS) control techniques such as leaky LMS [109], Adaptive LMS [110], Variable LMS
[111], Lorentzian Function based LMS [112], Adaptive Neurofuzzy Inference System LMS
[113] etc. have been developed for PQ improvement using DSTATCOM as a compensator. A
hyperbolic tangent based LMS control algorithm has developed [114]. The adaptive control
techniques have disadvantages of being parameter dependent so proper designing is
necessary before implementing these techniques.

2.1.6.3 Neural Network Based Control Techniques

Artificial Neural Network (ANN) techniques [115-116] uses set of hidden layers based on
certain rules to imitate a physical system. These networks are trained offline so that they can
work effectively on any other system. Real time control techniques for training of ANN is
also available in literature [117]. R. Waswani et al. implemented ANN for PQ improvement
electric ship using DSTATCOM [118]. L.T. Teng et. al. have shown recurrent wavelet neural
network (RWNN) for shunt compensation [119]. Improved particle swarm optimization has
been used for RWNN. M. Cirrincione et. al. presented current harmonic compensation using
single-phase SAPF. The control has been developed using adaptive neural filtering [120].
2.1.6.4 Modern Control Techniques

Power quality improvement is an interesting area of research in the field of power electronic
system. Various modern control algorithms are being developed for mitigation of PQ
problems in power system network. R. Panigrahi et al. developed a new technique for
generation of reference currents for SAPF under distorted grid [121]. R.L. de Araujo Ribeiro

et. al. developed a new adaptive control scheme for SAPF for Power-Factor correction,
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unbalancing and harmonic reduction [122]. P. C. Loh et. al. presented mixed-frame and
stationary-frame repetitive control schemes. This scheme provide compensation for load and
grid harmonics [123]. Z. Xiang Zou et al. proposed frequency-adaptive fractional-order
repetitive control [124] of SAPF. Power system harmonic elimination under grid frequency
variations has been effectively shown in this paper. G.A. Ramos and R. Costa-Castelld
implemented second-order, odd-harmonic repetitive control for reduction of PQ problem
[125]. N. Hoffmann and F. W. Fuchs used Kalman filter approach for grid impedance
estimation [126]. Using grid impedance, a control scheme has been developed to control
SAPF for PQ improvement in distributed power-networks. Some other modern control
techniques developed are Optimum Filtering Theory [127], Back Propagation [128] etc.
Several new simple, easy to implement and less complex control techniques are being
developed for PQ improvement during last few decades.

2.1.7 SAPF Applications to TPTW Distribution System

TPTW distribution system suffers from many PQ problems such as low voltage level,
harmonics in load, load unbalancing, poor PF etc. Mitigation of these problems using SAPF
requires appropriate control techniques to be developed. Several control techniques [129-150]
have been developed for TPTW distribution system using SAPF. T. Jin et al. presented one-
cycle controlled three phase SAPF for PQ improvement [129]. S. A. Verne and M. L. Valla
applied predictive current control technique for TPTW power system network [130]. A
Lyapunov-function-based control scheme [131] has been developed for TPTW shunt hybrid
active filter. B. Singh and S. R. Arya implemented single-phase enhanced phase-locked loop
(EPLL) based control technique for TPTW SAPF [132]. N. Dhyani et al. shown application
of power balance theory to control shunt compensator [133]. S. K. Kesharvani et al. proposed
conductance based Fryze control scheme for reducing PQ problems in the presence of non-

linear loads [134]. General use of Neural Network (NN) based control of SAPF has been
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shown in [135-137]. S. R. Arya et al. proposed learning-Based Anti-Hebbian control
technique for SAPF [135]. M. T. Ahmad et al. implemented fast multilayer perceptron NN
based technique for SAPF [136]. A. Panda Kumar and M. Mangaraj have controlled SAPF
employing hybrid NN control scheme [137]. B. Singh et al. used Self Tuning Filter (STF)
based IRPT control technique for control of shunt compensator for PQ improvement [138].
M. Badoni et al. implemented Variable Forgetting Factor Recursive Least Square (VFFRLS)
control scheme for TPTW SAPF [139]. R. B. Roy et al. proposed Super Capacitor Energy
Storage System (SCESS) based SAPF developed, which has been used for both real and
reactive power compensation [ 140]. Some other recently developed control techniques for PQ
improvement in TPTW distribution system include discrete derivative control [141], immune
feedback algorithm [142], amplitude adaptive filter [143], Echo-State Network [144], PI and
Fuzzy Logic Controller [145], Demodulation-Second Order Generalized Integrator (D-SOGI)
control [146], deadbeat predictive controller [147], Adaptive Volterra Second-Order Filter
(AVSF) [148], Naive Back Propagation (NBP) based icos¢ control [149], Generalised neural
network-based control algorithm [150]. Different controls are being developed to generate
reference currents for shunt compensator. Fast tracking good convergence, stability, and

simplicity are some desired objectives for designing any new control technique.

2.1.8 SAPF Applications to TPFW Distribution System

TPFW suffers additionally from excessive neutral current problems due to unbalanced load.
The three phase loads are practically unpredictable in power distribution network. So there is
need of suitable control techniques for TPFW systems. P. Jayaprakash et al. presented
implementation of a TPFW SAPF in TPFW distribution system for PQ improvement using d-
q control algorithm [151] and a star/delta transformer. B. Singh and S. Kumar developed

Icos® control technique for implementation on SAPF to mitigate various PQ problems [152].
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V. George and M.K. Mishra presented design of constant switching frequency current
controlled TPFW SAPF [153]. A detailed system analysis is also presented in this paper. T.
Zaveri et al. compared the performance of control techniques for SAPF in TPFW distribution
system [154]. The control techniques considered include Instantaneous Reactive Power (IRP)
theory, an improved Instantaneous Active and Reactive Current Component (IARCC) theory
and Symmetrical Component (SC) theory. The IARCC control algorithm has been found to
be better than other two control techniques. B. Singh and S. R. Arya applied composite
observer based control technique for SAPF in TPFW supply system [155]. M. Kumar et al.
presented a detailed analysis of SAPF operated in voltage control mode to improve PQ [156]
in power system. By using deadbeat voltage control technique, fast voltage regulation at load
terminal is achieved with UPF of system. M. Mangaraj et al. shown PQ improvement by a
TPFW SAPF along with super-capacitor [157]. The super-capacitor has the capacity to store
energy for the long time and has advantages over the normal capacitor. D. Suresh et al.
implemented reduced rating hybrid SAPF for TPFW distribution system [158]. AC power
capacitors have been used at the DC link of TPTW, which reduces the rating of SAPF. H.
Myneni et al. proposed adaptive dc-link voltage regulation for SAPF, in which DC link
voltage is not set fixed but is changing as per the loading conditions [159]. SRFT control
technique is implemented for TPFW [160] using Pulse Width Modulation (PWM) controller
in place of HCC for generation of SAPF gating pulses. Some recently developed control
techniques for TPFW distribution system include Wavelet transform [161], Notch filter
[162], Frequency Adaptive Disturbance Observer [163] etc. S. Singhai et al. used isolated
zig-zag/star transformer along with TPTW VSC for PQ improvement [164]. Y. Rohilla and
Y. Pal proposed the use of T-connected transformer used in TPFW distribution system [165]
using a three leg conventional VSC. The use of TPTW VSC for TPFW distribution system

results in huge cost saving. B. Singh et al. also implemented neural network control
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techniques using zigzag transformer [167] and four leg DSTATCOM [168] on TPFW
distribution system. TPFW system is more complex than TPTW system due to extra neutral
wire. Hence, fast and easy control techniques need to be developed for PQ improvement for
TPFW system.

2.1.9 SAPF Application to Distorted Grid Supply Systems

Modern power electronic systems such as Switch Mode Power Supply (SMPS),
Uninterrupted Power Supply (UPS), Variable Frequency Drives, Inverter Air conditioner etc.
introduce distortion in the supply current and voltages. The performance of SAPF needs to be
observed under non-ideal supply condition also. G. D. Marques presented a comparative
performance analysis of IRPT, the modified IRPT, the SRFT and the modified SRFT control
technique for PQ improvement under unbalanced and non-sinusoidal supply conditions [168].
It is reported that the SRFT algorithm is found to be working best among the considered
techniques. U. K. Rao et al. described the ISCT control technique [169] under a variety of
supply voltage conditions including distortions. N. Gupta et al. presented a control scheme
for reactive power compensation, harmonic elimination and balancing of non-linear loads
under non-ideal supply voltage conditions [170]. Harmonic tuned filter and positive sequence
extractor has been used for this purpose. N. S. Pande et al. implemented Synchronous
Detection method for the control of SAPF under unbalanced and distorted supply voltages
[171]. K. Srinivas and S. S. Tulasi Ram extracted positive sequence component of grid
voltage using symmetrical component theory [172] for compensator in distorted grid. The
control algorithm developed for the generation of reference currents utilizes the extracted
positive sequence components of supply voltages. N. Beniwal et al. presented an improved
proportionate normalized least mean square (i-PNLMS) control scheme under distorted grid
conditions [173]. S. Mishra et al. used photovoltaic fed distributed static compensator (PV-

DSTATCOM) to reduce the PQ problems and tested the system under non-ideal supply
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conditions including distorted grid voltages [174]. N. Beniwal et al. presented hybrid variable
step size-least mean square-least mean fourth (VSS-LMS-LMF) control scheme under
distorted grid conditions for PQ improvement studies [175]. I. Hussain et al. focused their
study on weak grid system and developed multilayer perceptron (MLP) neural network
control scheme to improve the overall PQ [176]. R. K. Agarwal et al. implemented LMS-
Based NN control scheme for PQ improvement under abnormal supply conditions [177].
Some literature is available for PQ improvement in distorted grid and it is one of the
prominent area in the field of PQ research.

2.1.10  SAPF Applications to Renewable Energy System

The use of renewable sources is growing now days [178] and the integration of SAPF with
these resources is a major challenge [179-180]. International organizations such as IEEE and
IEC have also formed standards regarding solar PV system [181-186]. IEC standard 61853
[181] focuses on calculation of maximum power (Pn,) matrix at various irradiance and
temperatures levels. The P,,, matrix can be generated using an outdoor natural sunlight
method or indoor solar simulator method. The outdoor test method is less expensive, but it is
a time consuming process. There is no mismatch error. The indoor test method is expensive
because it requires expensive solar simulators. IEC 62446 standard [182] provides
information regarding grid connected PV system. The installation guidelines are provided in
this standard. The commissioning tests, inspection criteria and documentation required for
verification of proper operation of the system is also provided. IEC TS 61724 part 1 [183]
provides systematic planning for photovoltaic system performance monitoring. The scope is
to define the measuring system components and procedures. This standard also focuses to
keep measurement errors within specified limits. The standard also lays emphasis on proper
measurement of solar irradiance, module and air temperature, soiling ratio, (AC and DC)

current and voltage, wind speed and direction. IEC TS 61724 part 2 [184] provides a method
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for measuring and analyzing the energy produced by PV system for the quality of the PV
system performance. This standard basically provides quality of PV outcome against the
expected power from a PV system on sunny days. The IEC TS 61724 part 3 [185] provides a
method for measuring and analyzing the energy produced by PV system relative to expected
electrical energy production. The actual weather conditions are taken for estimating the
expected electrical energy production. IEEE standard 1547 [186] is used for interconnection
of distributed energy sources to the GRID.

The Photo-Voltaic energy source has the advantage of having free of cost fuel. To extract
maximum power from PV system, MPPT control techniques [187-192] are available in
literature. N. Saxena et al. presented solar battery energy storage connected to PV system
[193]. The PV may be operated in standalone and grid connected mode. A simple PI
controller has been used in the proposed control techniques. The integration of PV system to
the grid requires synchronizing techniques to be developed. M. S. Padua et al. discussed
different synchronizing methods such as Phase Locked Loop (PLL), Recursive Discrete
Fourier Transform (RDFT) and Kalman Filter [194] based techniques. A synchronizing
scheme based on conventional p-q theory has been developed in [195] by L. G. Barbosa
Rolim et al. S. Deo et al. introduced a PLL less scheme for grid interfaced solar PV system
[196] by using a simple Notch Filter (NF) to improve the system performance. S. Kumar et
al. implemented Improved Enhanced Phase-Locked Loop (EPLL) for control under variable
irradiance [197]. Grid integration of PV system can be used so that PV can supply the peak
load demand of power system. Some good control techniques for grid integration of PV
system include ISOGI-Q [198], Adaptive Digital Control [199], Adaptive Notch Filter [200],
Least Mean Fourth (LMF) [201], ANFIS Control [202] etc. Y. Liu et al. presented single-
phase quasi-Z-source grid-tie PV modulated with Hybrid Pulse Width Modulation (HPWM)

[203]. T.F. Wu et al. compared the power loss for single stage and two stage PV system
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[204]. F. Wu et al. implemented multilevel inverter to connect PV system to the grid [205].
The integrated system has low grid current THD and high efficiency. M. Mahdianpoor et al.
discussed Quantitative Feedback Theory (QFT) for the DSTATCOM for grid integration of
wind energy [206]. The DSTATCOM is connected in parallel with the wind turbine with a
bridge-type-fault-current-limiter in series so as to improve Fault Ride Through (FRT)
capability of the wind turbine.
The solar is infinite source of energy. The development of fast and reliable synchronization
techniques for solar PV system, which can practically be implemented must be explored.
2.2 IDENTIFIED RESEARCH GAPS
Based upon exhaustive literature survey discussed above, following research gaps were
identified
1. Development of simple and effective control techniques for shunt compensators in
TPTW and TPFW distribution systems.
2. Investigations on applications of frequency domain techniques such as Kalman filter
for power quality monitoring/mitigation.
3. Power quality issues and remedies through static compensator in distorted grid
distribution systems.
4. Development of efficient control algorithms for integrating renewable energy sources
to grid.
2.3 OBJECTIVES OF CURRENT RESEARCH
1. Analysis of power quality issues due to different types of loads such as linear,
nonlinear and dynamic load in TPTW and TPFW distribution systems.
2. Development of simple and effective control techniques for mitigation of power

quality issues using shunt compensators in TPTW and TPFW distribution systems.
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3. Investigations on applications of nonlinear/frequency domain techniques for power
quality monitoring/mitigation.
4. To study and mitigate PQ problems in a distorted distribution system.
5. Integration of Photo-Voltaic (PV) system into grid and mitigation of PQ issues.
2.4 CONCLUSIONS
In this chapter an extensive literature on SAPF for compensation in TPTW and TPFW

distribution system is discussed and different control techniques are classified.
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Chapter 3
DESIGN AND DEVELOPMENT OF SHUNT
COMPENSATOR SYSTEM

3.0 GENERAL

In this chapter, designing of a SAPF as compensator for TPTW and TPFW is discussed in detail.
Design of the SAPF systems is carried out to ensure effective implementation of new control
techniques and study performance of the prototype system under different system conditions.
The main components of the developed system are viz. grid supply, current and voltage sensors,
a DSP, a SAPF and linear-nonlinear loads. In the following sections, design of each part is
discussed in detail.

3.1 THE PROPOSED SHUNT COMPENSATOR SYSTEM

Fig. 3.1 and 3.2 show the proposed TPTW and TPFW systems respectively. It consists of three
phase, 50 Hz grid supply which is supplied through a three phase auto transformer. At the PCC
the supply, compensator and load are connected. Voltages and currents in the system are
measured with the help of LEM make sensors. A DSP, dSPACE1104 is used for processing
input signals and producing proper gating pulses for the operation of SAPF. The SAPF is
modeled using TPTW VSC connected in shunt with a DC link capacitor. Six gating pulses are
required for operating VSC. The interfacing inductors are designed and appropriate value is
chosen to connect VSC to the PCC. The type of loads considered in the present analysis are
linear and nonlinear loads. The performance/system variables are recorded through Digital
Storage Oscilloscope (DSO).

The basic difference between TPTW and TPFW system lies in neural current compensation. In

TPFW distribution system, a path to neutral is provided so that the unbalanced load current
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passes through it, which is not the case in the TPTW distribution system. Hence, an additional

control on the neutral current is necessary for which a zig-zag transformer is suitably connected

as shown in Fig. 3.2.
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Fig. 3.1 TPTW system under consideration
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Fig. 3.2 TPFW system under consideration
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3.2  DESIGN OF SHUNT COMPENSATOR

A TPTW VSC is realized as SAPF. It consists of DC link capacitor which is also responsible for
generating proper compensating currents. The detailed formulas and calculations involved for its
design are as follows.

3.2.1 DC Link Voltage Calculation

The voltage of DC link should be sufficient enough to inject switching losses of IGBT switches.
For proper PWM control, the system the voltage of DC link voltage must be greater than the

peak value of the supply line-to-line voltage in three phase system. The peak value is calculated

as
\/EVLL
v, = A (3.1)

where V,,= peak value of AC phase voltage, V;;=line to line rms AC voltage.

So the voltage of DC link is obtained as [71]

2\2v

y, =L 32
dc \/gm ( )
where V. is voltage of DC link, m is modulation index and chosen as one. The line voltage for

the proposed system is chosen as 110 V. So on solving Eq. (3.2)

~2%42%110

de \/g*l

The DC link voltage (V) calculated is 179.60V and the reference is chosen as 200 V.

=179.60V (3.3)

3.2.2 Calculation of Capacitance of DC Link
The capacitance of DC link should be large enough to absorb any dynamic changes in the
system. The DC link voltage should be insensitive to small load increase or decrease. By

applying energy conservation theorem on AC and DC side, which is [71]
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8l3* Vph (OIph )= E[dec - den 1Ce (3 4)

where g is gain constant, V), is phase voltage of VSC, ‘o’ is the overloading factor, /,, is the
phase current of VSC, t is time, V; is minimum voltage level of DC link voltage and C,. is DC
link capacitor.

Choosing ‘g’ as 0.05, V,;,=63.5V, ‘0’ as 1.2, I, as 25 A, t=0.02s, V4.=200 V, V4= 179.60V
From Eq. (3.4) C,. is computed to be 1476.01 pF and chosen as 1500 pF.

3.2.3 Rating of AC Interfacing Inductors

The interfacing inductor filter out ripple current from the compensating current of SAPF. The
voltage drop across filter inductors should be minimum so as to ensure proper operation of

SAPF. The AC interfacing inductor is calculated using [71]

\/g*m*Vdc

i=12*0*fs*i (3.5)

repp
where L; is value of interfacing inductor, f; is switching frequency and i.,, is peak to peak ripple
current.

Taking ‘m’ as 1, V4. as 200 V, ‘0’ as 1.2, f; as 10 kHz and i, to be 2.5 A.

_ A3*1%200
T 12%1.2*10000%*2.5

=0.962mH (3.6)

The value used for experimental setup is 1 mH.

3.2.4 Rating of Switches of SAPF

IGBT is used as switch for SAPF. The IGBTs have high voltage capability and low on-state
voltage drop. Smoother turn-on/-off waveforms are obtained Using IGBT. Other useful
parameters include ease of drive and almost zero gate drive current. The rating of switches
depends mainly upon the current limit and switching speed. Considering switching speed to be
10 kHz, and Iysc to be 25 A, The IGBT selected module is SKM150GB12V. Fig. 3.3 shows the
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internal connection diagram of IGBT switches used. A total of three such modules are used for

three phase SAPF. The specification of IGBT are Vcg=1200V, Ic=150A, f; =20kHz, Vgg= 15V,

S

)

G, 2
Fig. 3.3 Internal connection diagram for IGBT module SKM150GB12V

Top=-40°C to 150°C.

QO

3.3 DESIGN OF CURRENT AND VOLTAGE SENSING CIRCUITS

The sensing circuits are essential for implementing control function in SAPF system. It provides
the necessary input signals to DSP. The circuit diagrams for current and voltage sensing circuits
are as shown in Fig. 3.4. For current sensing circuit, LEM make LA25-NP model is used, which
has current range of 0-25 A (rms). The output of current sensor is in the ratio of 1:1000. For a
input current of 25 A, output current is 25 mA. This current signal is converted to voltage signal
by connecting a shunt resistor of 330€Q2. Hence, maximum voltage at OP-Amp input is 8.25 V.
This signal is passed through a negative feedback Operational amplifier (Op-Amp) circuit, which
is basically used for gain adjustment of output signal by variable resistor pot used in feedback
path. The gain range of Op-Amp circuit is from 1/5 to 6/5. The various resistors value used are as

shown in Fig 3.4(a). The output signal is fed to Analog to Digital (ADC) port of dSPACE 1104.

|
HV- HV+ .15V +15V Tow Iin .15V +15V

47K

10K

LV-25P
N

=

LA-zlei+

=z
330E 330E

v v
(a) (b)
Fig. 3.4 (a) Voltage sensing circuit using LV-25 P and (b) Current sensing circuit using LA25-NP.
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Voltage sensor of LEM make LV25-P is used, which has input voltage range of 0-500 V. For DC
link voltage sensor LV25-P/sp2 is used, which has higher input voltage range of 1500 V. The
maximum current at voltage sensor (LV25-P and LV25-P/sp2) input should not exceed 10 mA.
So for measuring voltage of 110 V, the value of input side resistance is chosen to be

V.
Rin — _in _ 110_3 :11kQ (3.7)
I, 10%10

The minimum wattage of input side resistance should be
P, =V, *I, =110%10%10" =1.1watt (3.8)
For measuring 200 V (for DC bus) the Rin4c, Pindc are calculated using (3.9) and (3.10)

V 200
R =% = =20kQ2 3.9
indc I 10 * 10—3 ( )

mn

P

indc

=V, *I, =200%10%10" = 2 watt

Fig. 3.5 Hardware developed (a) Current sensors (b) Voltage sensors (¢) DC link voltage sensor
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The selected value of input resistor for 110 V and 200 V is chosen as 47 kQ. The power rating of
resistance for 110V is taken as 2 W and for 200 V is taken as 5 W. The Op-Amp circuit is same
as that of current sensor circuit. The output signals from sensors are fed to dSPACE1104 through
the ADC port. The hardware circuits of voltage and current sensors are shown in Fig. 3.5(a) and
Fig 3.5(b). The DC link voltage sensor is as shown in Fig. 3.5(¢).

3.4  DESIGN OF VOLTAGE AMPLIFIER CIRCUIT FOR GATING SIGNALS

The output signals generated from dSPACE1104 are of the order 5 V, and to drive IGBT
switches of SAPF a minimum of 15 V gating pulses are required. To amplify the gating signal
without introduction of any phase shift, a voltage amplifier circuit is used as shown in Fig.
3.6(a). It consists of signal inverting circuit using IC7406. The inverting circuit is used to counter
effect the 180° phase shift of common emitter amplifier circuit. The output of inverting circuit is
fed to common emitter amplifier transistor circuit in which a Bipolar Junction Transistor (BJT)
2222N is used. The IC7406 require SV DC supply and 2222N require 15 V DC supply, which
are provided by DC supply. The hardware circuit for voltage amplifier is shown in Fig. 3.6(b).
3.5 DESIGN OF ZIGZAG TRANSFORMER

Zigzag transformer is a special purpose transformer and used in the hardware to compensate for

+15V
+5V
o IS
4
7406
Sin
['c S———
5
(a) (b)

Fig. 3.6 Voltage level shifter circuit (a) connection diagram (b) hardware implementation
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Fig. 3.7 Zigzag transformer connection diagram

neutral current in TPFW system in case of unbalanced load. For zigzag transformer connection
three single phase transformers (T1, T2, T3) are interconnected as shown in Fig 3.7. The primary
winding of T1 is connected in phase opposition to secondary winding of T3. Similarly primary
winding of T2 is connected in phase opposition to secondary winding of T1 and primary winding
of T3 is connected in phase opposition to secondary winding of T2.

Assuming the maximum neutral current to be compensated is 20 A and equal primary and
secondary voltage of 110 V, the kVA rating of each zigzag transformer is

Zya =V 1y (3.11)
where Ziy4 1s the kVA rating of single transformer, V,, Iy is the voltage and current of each
transformer. The Z;y,4 calculated using Eq. 3.11 is 2.2 kVA and selected as 2.5 kVA.

3.6 SELECTION OF RATING OF LINEAR, NONLINEAR LOADS

The developed hardware setup of SAPF is tested with linear as well as non-linear loads in TPTW
and TPFW system. A linear load is a series combination of resistor and inductor for each phase.
In TPFW system the load is star connected so that neutral point is available from the load. By

varying the load impedance the load current and PF of the system can be changed as per

requirement.
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For TPTW nonlinear load, a three phase diode bridge rectifier using 25D40N diodes is used. On
the DC side of rectifier, a variable resistor (20-120 ohm) and an inductor (80 mH) are connected
in series. For TPFW nonlinear system, three single phase diode bridge rectifiers are connected.
The DC side of each rectifier has a variable resistor (20-120 ohm) and a fixed inductor (80 mH).
The specifications of TPTW and TPFW linear/nonlinear system are given in APPENDIX.

3.7 EXPERIMENTAL HARDWARE SET-UP OF SAPF

A complete block diagram of SAPF including sensors, dSPACE 1104 controller, VSC, filter
inductors, zig-zag transformer and three phase AC supply is shown in Fig. 3.8 (a). A prototype
hardware is assembled as shown in Fig. 3.8 (b) after testing of individual building blocks such as
VSC, voltage and current sensors, ADC/DAC units on dSPACE 1104 controller etc. The supply
for TPTW and TPFW systems is taken from three phase variac. The output of three phase variac
and TPTW SAPF is connected at PCC and load terminals. A single phase isolator switch as
shown in Fig. 3.8 (b), is used to create unbalanced condition in loads. The SAPF is connected to
the three phase supply through interfacing inductors. A zigzag transformer is connected to PCC
as shown in Fig. 3.8 (a) in TPFW system. For TPFW, small impedance is connected in AC
supply neutral wire to restrict high neutral current.

The supply voltages (vsa, Vsp, Vse), supply currents (i, s, isc), non-linear load currents (iz,4,715, irc)
and DC link voltage (V4.) of SAPF are sensed and applied to ADC ports of dASPACE 1104. After
processing signals using appropriate control algorithms, the output gating pulses are generated
from digital I/O ports of dSPACE 1104. These signals are amplified by voltage level amplifier
circuit and fed to the IGBT switches of SAPF. Two separate DC supplies for operation of
sensors circuit (-15 to +15 V) and voltage amplifier circuit and IGBT switches (0-30 V) are

required.
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Fig. 3.8 (a) Block Diagram of TPFW system

The THD of the supply and load currents/voltages are measured using power analyzer Fluke
43B. The DC link of SAPF is monitored using a multi-meter.
3.8 MATHEMATICAL ANALYSIS OF CONVENTIONAL CONTROL

ALGORITHMS FOR CONTROL OF SAPF

This section deals with mathematical analysis for control of SAPF using three conventional
control algorithms as SRFT, PBT and IRPT in TPTW distribution system.
3.8.1 Switching Losses in SAPF

A TPTW VSC with DC link capacitor is used as SAPF. The switching losses in IGBT switches
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F1g 3.8 (b) TPFW system experlmental setup developed in the laboratory

of SAPF in HCC mode are significant and should be considered in modeling of the SAPF. A

method to estimate switching losses in VSC is given by the following Eq. 3.12

L1pss ) = g (k=D + Ky ey (k) —e g (k=1)i + K [e . (K)] (3.12)
where e (k) = V;c (k) =V, (k) (3.13)
Vg is the reference voltage of DC link, K, K; are the proportional and integral gain constant of
the P-I controller block and e, is the error between actual DC link voltage V. and reference DC
link voltage Vie . The Ly component corresponds to active power required by SAPF and added
to fundamental active power component of load current extracted using control techniques under
consideration.

3.8.2 Brief Theory of Conventional Control Algorithms
A brief theory of three conventional control techniques is presented in this sub-section. It
includes basic formulas involved and generation of reference currents for SAPF.

3.8.2.1 Synchronous Reference Frame Theory (SRFT)
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Fig. 3.9 Block diagram of SRFT control algorithm implementation
In this section the fundamental active power component of the load current is extracted using

SRFT technique [99]. SRFT is based on the Clarke’s and Park’s transformations of load currents
to obtain stationary load current components. The various transformations involved are

a. Clarke’s transformation

i
i1 [R[1 -1/2 127
== b 3.14
LJ \E{o 2 372 z (3.14)
b. Park’s transformation
1, _ |2 co.sé’ sind l:La (3.15)
I, 3|-sin@ cos@| i,

Fig. 3.9 shows the complete block diagram of SRFT control techniques for SAPF. The load
currents after Clarke’s and Park’s transformation provide ;4 and I;,. The component I;4 is
passed through a low pass filter (LPF). The DC bus loss component /j,s calculated using Eq.

3.12, is added to filtered /;4 so as to obtain Iy Thereafter, inverse Park’s and Clarke’s
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transformation is used as per Eq. (3.16-3.17) on L5, which gives the required reference currents

*
s

. * . . *.
(lsa , Lsh 5 Lsce )

i 2[cos —sin 1,

NS e 3.16
_ixJ 3|sin  cos }[ 0 } ( )
_lsa | 1 O o
i :\E “1/2 3/2 {’} (3.17)

o l_\'

i 172 B2

The reference currents (isa*, isb*, isc*) are compared with actual supply currents (iss, is, isc) using
HCC and six gating pulses for SAPF are generated.

3.8.2.2 Power Balance Theory (PBT)

Fig. 3.10 shows the block diagram of PBT. The unit templates of supply voltage u;,, u, u;c are

used for generating reference currents, which are calculated using Eq. (3.18)

v 4
W, =20, =, = (3.18)

where vy, v, Vs are three phase PCC voltages, V; is peak value of supply voltage and calculated

using Eq. (3.19)

V=302 03 (3.19)

The active power required by load is calculated as follows [101]

p =V (i, iy, i) (3.20)

ic”Lc

It is filtered and DC link loss pjs is added to it to obtain Por Fundamental active power

component of load current I is calculated using Eq. (3.21)

2\ 7,
I, :(gj L 3.21)

t

Now the reference currents are generated using Eq. (3.22)
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Fig. 3.10 Block diagram of PBT control algorithm implementation
=1, *u,i, =1, (3.22)

o %
i, =1 u; ib > u;

sa eff

The reference source currents are compared to actual source currents using HCC and six gating
pulses are generated.

3.8.2.3 Instantaneous Reactive Power Theory (IRPT)

Fig. 3.11 shows the block diagram of conventional IRPT [95-96] based algorithm. The a-8
components of load currents and PCC voltages are calculated as per Eq. (3.14). Now the
instantaneous active power component (p) is calculated using following Eq.

D =Valy +Vsig (3.23)
The active power p is passed through a LPF and DC bus loss component py,,; is added to it. Now
the fundamental a-f3 component of reference currents are calculated using Eq. (3.24-3.25)
. 1 — —
Ly = \/ﬁ (vapeff - vﬁqeﬁ") (3.24)
v, +V;,

" |

lp = m("aq_w + VDo ) (3.25)
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Fig. 3.11 Block diagram of IRPT control algorithm implementation

The supply reference currents are obtained using reverse Clarke’s transformation as per Eq.
(3.17), which on processing by HCC generates six gating pulses.

3.9 SIMULATION RESULTS

A MATLAB/SIMULINK model of SAPF for TPTW system is developed and SRFT, PBT and
IRPT conventional control techniques are implemented for effective operation and control of
SAPF. The simulation results obtained are analyzed in following subsections.

3.9.1 Synchronous Reference Frame Theory (SRFT)

Fig. 3.12 shows the simulation results for compensating PQ problems using SRFT based control
of SAPF in MATLAB environment. Fig. 3.12 shows the waveforms of three phase supply
voltages (vsq, Vb, Vsc), three phase supply currents (i, i, is), three phase non-linear load
currents (iz,, izp, irc), three phase compensating currents (i, ic, icc), and DC link voltage (V) of
SAPF. A load unbalancing is introduced in the system at t=0.3 sec. The unbalancing is
introduced by sudden disconnection of phase ‘c’ of the load, which results in i;. to be zero after
t=0.3 sec. The supply currents are observed to be balanced and sinusoidal during t=0.3 to 0.4 sec
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Fig. 3.12 Simulation results using SRFT control algorithm for non-linear load
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Fig. 3.13 Harmonic analysis using SRFT based control algorithm (a-c) waveforms of v, iy, iz, (d-f) THD of
Ve bsar i1, fOr non-linear load

due to suitable compensation currents supplied by SAPF. The DC link voltage is also maintained
to reference value of 200 V. Figs. 3.13 (a)-(c) show the waveforms and Figs. 3.13 (d)-(f) show

the THD content of phase ‘a’ supply voltage v,, phase ‘a’ supply current i, and phase ‘a’ load
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Fig. 3.15 Harmonic analysis using PBT based control algorithm (a-c) waveforms of vy, iy, i, (d-f) THD of
Vsas Lsas i14 fOr non-linear load

current iz, respectively. It is noted that despite the load being highly nonlinear and having a
current THD as high as 27.19%, however with SAPF the supply current is balanced and

sinusoidal. The supply current has a low THD of 2.21%, which is acceptable as per [IEEE 519.
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3.9.2 Power Balance Theory (PBT)

Fig. 3.14 shows the simulation results of SAPF implementation using PBT control technique.
Fig. 3.14 shows the waveforms of three phase supply voltages (vy,, v, Vi), three phase supply
currents (isy, I, Isc), three phase non-sinusoidal load currents (iz, i1 ir.), three phase
compensating currents (i.q, ics icc), and DC link voltage (V,.) of SAPF feeding non-linear load. It
is seen that the supply currents are balanced and sinusoidal under all operating conditions with
PBT also. Appropriate compensating currents are injected by SAPF in supply system. Figs.
3.15(a)-(c) show the waveforms and Figs. 3.15(d)-(f) show the harmonic spectra of phase ‘a’
supply voltage v,,, phase ‘a’ supply current iy, and phase ‘a’ load current i, respectively. The
load current is non-sinusoidal and has a THD of 27.19%, however supply current THD is
reduced to 1.42% with the application of SAPF. The three phase supply currents (i, i, isc) are
balanced and sinusoidal. The grid voltage has a THD of 1.74%.

3.9.3 Instantaneous Reactive Power Theory (IRPT)

Fig. 3.16 shows the simulation results using SAPF with IRPT implemented in MATLAB-
SIMULINK. Fig. 3.16 shows the waveforms of three phase PCC voltages (v, Vs, Vi), three
phase supply currents (i, is, isc), three phase non-sinusoidal load currents (i, i1 ir.), three
phase compensating currents (icq, i, icc), and DC link voltage (V;.) of SAPF. In this case phase
‘c’ of load is removed at t=0.4 sec and waveforms are captured. It is observed that the DC link
has small transients but attains its steady state value of 200 V rapidly. Further, the phase ‘c’ of
load is reconnected at t=0.6 sec which enables the supply currents to be balanced. With SAPF the
supply currents are sinusoidal and balanced under different loading condition. The compensating
currents also change in magnitude during t=0.4 sec to 0.6 sec. Figs. 3.17(a)-(c) show the

waveforms and Figs. 3.17(d)-(f) show the harmonic spectra of phase ‘a’ supply voltage v,,,phase
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‘a’ supply current i, and non-sinusoidal phase ‘a’ load current i;,. The load current is non-
sinusoidal and has a THD of 27.19% in absence of SAPF, whereas with SAPF-IRPT control, the

supply current has reduced THD of 4.91%.

Time (sec)
Fig. 3.16 Simulation results using IRPT control algorithm for non-linear load.
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Fig. 3.17 Harmonic Analysis using IRPT control algorithm (a-c) waveforms of v, iy, ir, (d-f) THD of v,
isas iLa
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3.10 EXPERIMENTAL RESULTS

The conventional control techniques of SAPF are also tested on the developed prototype
hardware system. Experimental results obtained using SRFT, PBT and IRPT are discussed.
3.10.1 Synchronous Reference Frame Theory (SRFT)

Fig. 3.18 presents the steady state results for TPTW distribution system compensated with SAPF.
Figs. 3.18(a)-(c) show the waveforms of phase ‘a’ supply current (iy,), phase ‘a’ load current (iz,)
and phase ‘a’ compensator current (i.,) along with phase ‘a’ supply voltage (vy,). Figs. 3.18(d)-
(f) show the THD of phase ‘a’ supply voltage (vy,), phase ‘a’ supply current (iy,) and phase ‘a’
load current (iz,) respectively. It is concluded that despite the load being highly nonlinear and
having a high THD of 22.7%, the supply currents are sinusoidal and having a low THD of 2.3%.
The phase ‘a’ supply voltage (vy,) has a THD of 4.2%.

Fig. 3.19-3.20 show the dynamic performance of SAPF. An unbalancing in load current with the
help of single phase isolator is introduced in phase ‘c’ of the system. Fig. 3.19(a) shows the
phase ‘a’ supply voltage (v,,) with three phase SAPF compensated supply currents (is,, i, isc)-
The supply currents are balanced and sinusoidal. Fig 3.19(b) shows the phase ‘a’ supply voltage
(vsa), and non-sinusoidal load currents (iz,, irs ir.). The phase ‘c’ load current is absent during
unbalancing. Fig. 3.19(c) shows phase ‘a’supply voltage (vs,) and SAPF injected compensating
currents (i.,, i, ic). The phase ‘c’ compensating current is observed to be large during
unbalancing. Fig. 3.19(d) shows DC link voltage (V,;) and phase ‘c’ supply, load and
compensating currents. It is observed from the Fig. 3.19 that SAPF operates effectively during
dynamics changes in loads. The DC link voltage is regulated to reference value of 200 V by PI
controller.

Fig. 3.20 presents the intermediate results for the proposed system. Fig 3.20(a) shows phase ‘a’
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Fig. 3.20 Intermediate results using SRFT control algorithm (a) vy, sinf, cosO, Ly (b) Vi, sin0, Ly im* for non-
linear load
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Fig. 3.21 Steady state waveforms for TPTW system using PBT control algorithm (a) vy,-is, (b) Vee-iza (€) Vegmica
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supply voltage (vy,), synchronizing templates (sinf, cosf)), and fundamental active power

component of current (Z,5z). The magnitude of /4 changes according to the loading condition.
However, the synchronizing templates are not affected due to load unbalancing. Fig 3.20(b)
shows DC link voltage (Va.), synchronizing template (sin8), and effective weight (/.5;) and phase

. * . . .
‘a’ reference current (iy, ). The reference currents vary during load unbalancing period to enable
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the supply currents remain balanced and sinusoidal.

It is demonstrated that the conventional algorithm SRFT is effective in harmonic elimination and
balancing of supply currents under unbalanced non-sinusoidal load.

3.10.2 Power Balance Theory (PBT)

Fig. 3.21 shows the steady state performance of a TPTW distribution system with SAPF using
PBT. It is observed from Figs. 3.21(a)-(b) that the supply current (iy,) is sinusoidal despite the
load being highly non-linear. The SAPF compensating current is necessary for making sinusoidal
AC supply currents. Figs. 3.21(d)-(f) show the THD of phase ‘a’ supply voltage (vy,), phase ‘a’
supply current (iz,) and phase ‘a’ load current (i,) respectively. The load current THD is as high
as 22.4% and the supply current has a THD of 2.4%. The supply voltage has a THD of 4.7%.

With application of SAPF the supply current and voltage THD is within acceptable limit as
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Fig. 3.22 Results showing dynamics for load disconnected in phase ‘c’ using PBT control algorithm (a) v, iy,
isb) isc (b) Vsar iLa) iLb) iLc (C) Vsar ica) icb) icc (d) Vdc; isc; l.Lc’ icc for non-linear load
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permissible in IEEE 519 [40].

Fig. 3.22 and Fig. 3.23 present the dynamic performance of SAPF implemented using PBT. The
isolator switch connected in phase ‘c’ is opened so that system load becomes unbalanced. The
system performance is captured on DSO during unbalancing. Fig. 3.22(a) presents phase ‘a’ su-
pply voltage (vs,) and SAPF compensated supply currents (i, i, isc). The supply currents have
lower magnitude during unbalancing but are sinusoidal and balanced. Fig. 3.22(b) presents phase
‘a’ supply voltage (vy,) and non-sinusoidal load currents (iz,, izp, irc). Fig. 3.22(c) shows phase
‘a’ supply voltage (vy,) and SAPF injected compensating currents (i, ic, i.c). The compensating
currents provide necessary currents to be injected during different load conditions. Fig. 3.22(d)
shows DC link voltage (V;.), phase ‘c’ supply current (i.), phase ‘c’ load current (i;.) and phase
‘c’ compensating currents (i..). The supply currents are balanced and the DC link voltage also
settles rapidly to set value of 200 V.

Fig. 3.23 shows the intermediate results in the implementation of PBT technique. Fig. 3.23(a)
shows phase ‘a’ supply voltage (vy,), synchronizing template (sin6)), active power component of
load current (/.5), phase ‘a’ reference current (isa ). Both the active component and synchronizing
templates are responsible for generation of reference currents. Fig. 3.23(b) shows the DC link
voltage (V4.), effective power component (p.y), active power component of load current (/.5) and
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Fig. 3.23 Intermediate results using PBT control technique (a) vy, Sin, L.y isa ) Vier Do Leps iy, for non-
linear load
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phase ‘a’ reference supply current (i, ).

It is observed that PBT can be implemented for effective PQ improvement of TPTW distribution
system.

3.10.3 Instantaneous Reactive Power Theory (IRPT)

Fig. 3.24 shows the steady state performance of a TPTW distribution system with SAPF
implemented using IRPT control algorithm. It is observed from Fig. 3.24 that the supply current
(isq) 1s sinusoidal and have low THD of 3.1%. The load current (iz,) and supply voltage (vs,)
have a THD of 22.5% and 4.4% respectively. The THD of supply current obtained using IRPT is
high as compared to THD obtained using SRFT (2.3%) and PBT (2.4%). So IRPT control
technique is observed to be comparatively less effective as compared to SRFT and PBT for
harmonic elimination using SAPF.

Fig. 3.25 and Fig. 3.26 show the dynamic performance of SAPF implemented with PBT. In Fig.
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Fig. 3.24 Steady state waveforms for TPTW system using IRPT control algorithm (a) v,-is, (b) Vee-izg (C) Vegica
and (d-f) THD of (d) v, () iy, (f) iz, for non-linear load
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3.25(a), phase ‘a’ supply voltage (vy,) and SAPF compensated supply currents (is,, i, isc) are
shown. The supply currents are balanced and sinusoidal during different load conditions. In Fig.
3.25(b) phase ‘a’ supply voltage (vy,), and non-sinusoidal load currents (iz,, iz, i1.) are shown.
An unbalancing in the load is created by isolating phase ‘c’. Fig. 3.25(c) shows phase ‘a’ supply
voltage (vs,), and SAPF injected compensating currents (icq, icp icc). The compensating currents
have some switching transients. Fig. 3.25(d) shows DC link voltage (V,), phase ‘c’ supply
current (i;.), phase ‘c’ load current (i;.) and phase ‘c’ compensating (i..) current. During
unbalancing the phase ‘¢’ supply current is provided by SAPF and supply currents remain
balanced.

Fig. 3.26 shows the intermediate waveforms in implementation of IRPT control technique. Fig.
3.26(a) shows phase ‘a’ supply voltage (vs,), synchronizing template (sin6), effective power

component (p.;) and phase ‘a’ reference supply current (im*). The active current component
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Fig. 3.26 Intermediate results using IRPT control technique (a) vy, siné, L isa (B) Vi iy i/;*, i, for non-

1*1]1]2;';]((:1?6 is lowered due to reduction in the load current. Fig. 3.26(b) shows DC link voltage
(V4c), alpha component (Ia*) and beta component (I/;*) of reference supply current, and phase ‘a’
reference supply current (isa*). The alpha-beta components of reference supply currents are
extracted using IRPT and are in quadrature with each other.

It is observed that IRPT can be implemented for PQ improvement of TPTW distribution system

but its performance is inferior as compared to that of SRFT and PBT.

3.11 CONCLUSIONS

In this chapter a detailed design and development of prototype SAPF for TPTW and TPFW
power distribution system is discussed. The TPTW proposed system is tested for PQ

improvement using three conventional control techniques viz SRFT, PBT and IRPT. The simula-

TABLE 3.1 COMPARISON OF CONVENTIONAL CONTROL ALGORITHMS

S.No. Quantity SRFT PBT IRPT
1 Supply Voltage 61.4V,4.2% 61.7V, 4.7% 60.8 V, 4.4%
vy THD THD THD
) Load Current 5.77 A, 22.7% 5.82,22.4% 5.610 A, 22.5%
TG THD THD THD
3 Supply Current | 6.15A,2.3% 6.09 A, 2.4% 5.97 A, 3.1%
Coay) THD THD THD
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tion results are validated through experimental results on prototype SAPF developed in the
laboratory. Table 3.1 shows the comparative analysis of performance of three conventional
control algorithms in presence of non-linear load. The non-linear load considered has high THD
in current i.e. 22.5%, which has been reduced to 2.3%, 2.4% and 3.1% on the supply side using
SAPF implemented with SRFT, PBT and IRPT respectively. The THD of the supply voltage is
almost same in all three cases, and is around 4.5%. The hardware results with all three
algorithms implemented on the SAPF system regulate the supply current THD to less than 5%. It
has been observed that SRFT control algorithm give the lowest THD of 2.3% in supply current.

The successful implementation of conventional algorithms indicate that the developed prototype

hardware can be used to test new and advanced control techniques on SAPF.
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Chapter 4
POWER QUALITY IMPROVEMENT IN THREE
PHASE THREE WIRE DISTRIBUTION SYSTEM

4.0 INTRODUCTION

In this chapter PQ problems in TPTW distribution system are discussed in detail. Linear as
well as nonlinear loads are considered for analysis of PQ issues in distribution system. Many
advanced control techniques are developed for control of SAPF for mitigation of PQ
problems under varying load conditions. These techniques are simulated in a
MATLAB/SIMULINK environment and experimentally validated.

4.1 POWER QUALITY ISSUES IN TPTW DISTRIBUTION SYSTEM

TPTW distribution systems are prone to many PQ problems such as unbalanced load, poor
PF, harmonics injection, reactive power demand etc. Persistence of such PQ problems affects
the distribution system and reduces the life of various electrical equipment. PQ problems over
a prolonged period may even damage the equipment and which could result in financial loss
or even could lead to human loss in some cases.

Power distribution system is a large, complicated networks comprising of dynamic loads. It is
a major challenge for power engineers to equally distribute the load under all loading
conditions. Proper shunt compensation can be a feasible solution to tackle load unbalancing.
Moreover, the connected load in distribution system in largely resistive-inductive type has a
PF less than unity. In some cases, when the load is highly inductive, poor PF causes lower
active power transfer as compared to power transfer at nearly UPF. Also lower value of PF
increases reactive power burden on the distribution transformer and transmission feeder.
Shunt compensation is extensively used to maintain PF of supply current close to unity.

There are varieties of loads connected in distribution system such as EAF, electric arc

welding, high power LED lights etc. These are nonlinear loads and introduce harmonics in
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the distribution system. Compensation devices are provided for PQ improvement for this type

of loads. The reactive power demand of load is provided locally so as to reduce the burden on

the grid. Mitigation of PQ problems is essential for smooth operation of distribution system.

Suitable mitigation techniques and control algorithms are developed for real time

implementation and study of their impact for PQ of the distribution system is performed.

4.2 DEVELOPMENT AND ANALYSIS OF MODERN CONTROL ALGORITHMS
IN TPTW DISTRIBUTION SYSTEM

In this section Notch Filter (NF), Kalman LMS and Hopfield NN based control techniques

are developed for SAPF control and tested in linear as well as non-linear loads conditions.

Various aspects of PQ problems are analyzed using these control techniques. The details of

control techniques being developed are presented in this section.

4.2.1 Extraction of Fundamental Active Power Components

The extraction of average fundamental active power component of load current (/) using

different advance control algorithms are described below.

4.2.1.1 Notch Filter Based Control Algorithm

Notch filter is a special type of filter which is tuned to a particular frequency and estimates

the magnitude of tuned frequency component [162]. It allows only a particular frequency

component signal to pass and block all other frequency component signal. This NF can be

used to extract fundamental frequency (50 Hz) component of supply system and thus it is

used in controlling SAPF for PQ improvement in TPTW distribution system having linear

and non-linear loads. Fig. 4.1 shows the NF block. It is used to calculate in-phase (a-

component) and quadrature phase (B-component) component of the given signal. The NF

overall transfer function is given by

NE)=— S0 @.1)

s’ +2¢ehs + ¢’

60



O/P
/P X 1§ p
] component
2n 0
—> X > O/PB
f Ly X Jl> X component
T
S
Fig. 4.1 Notch Filter block
Ny i Leydnl
otc w | £€ro crossing o
Vsa_’ vsa_» Filter " L_detector sla ‘:bic Gatmg
iL a v Pulses To
a
SAPF
. . Notch alS le & \ 4
Ira— W™ Fiter ] i [ Imod |,
Hysteresis ::
Current |—>
Vo — Control [
. Weight Updation for Phase B
lrp —>
Vse — . . V*
. Weight Updation for Phase C dc ; i Proportional Plus
ILe= Vi 9 Integral Controller
Fig. 4.2 Block diagram of Notch Filter based control algorithm implementation
where ¢ is phase angle of input signal, € is damping constant of system,
The damping constant ‘€’ is selected using following Equations.
1
0= TP 4.2)
In(9)
T, = . (4.3)
&7 W,

where Q is quality factor of N(s), T is settling time of NF output, 9 is the tolerance fraction
chosen as 2%, ®, is natural frequency of oscillation. Egs. (4.2-4.3) show that for high quality
factor, the value of € must be small, but at the same time small € results in larger settling time,
so value of ¢ is selected keeping in mind both the constraints. The selected value of € is 0.45.

Fig. 4.2 shows a block diagram of control technique using NF. Two NFs are used for each

phase. The first NF is operated on voltage to obtain B-component of supply voltage ‘vy,s’ and
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second NF is used to extract a-component of load current ‘i;,,’. Sample and hold circuit
along with zero order hold circuits are used to calculate fundamental active power component
‘I,,” of phase ‘a’ load current. Similar technique is used to calculate phase ‘b’ and phase ‘c’
fundamental active power component ‘/,;°, ‘I,.” respectively. Now all the three fundamental

active power components (Lyq, Ips, I,) are averaged so as to obtain /,,g.

:Ipa+1pb+1pc

1, 3 (4.4)

b

This average active power component ‘/,,,” is used further for calculation of magnitude of
reference currents for SAPF and discussed in section 4.2.2.
4.2.1.2 Kalman Least Mean Square Control Algorithm
Kalman Filter (KF) is a method to estimate the parameters of unknown system iteratively. It
consists of set of equations which are updated at each instance. These equations include

statistical noise and inaccuracies [28-29]. KF in an iterative process so unknown system

parameters are identified iteratively and more precisely as compared to non-iterative

KG

Pn/n—l

T T —1
=AP”_1A +Qn;KGn=P” n—lH (HPn,n_lHT+Rn) ;Pn=(I—KGnH)P

R

/

v, O R A4 H
y, —>{LPF ﬁ PI controller Isq Igp i, Gating
I (m)+KG*i,,(my*u,m)| I Tiss Pulses
l-lia > ! pa™= = 1+KG*:2 ) - o . To SAPF
iLa = ” i
‘ X
>
U o Weight Updation for Ly Hysteresis I
. Phase Y > X [ Current >
e b Control
—|Weight Updation for :EZ
e Phase B
iLc — Ipc

Fig. 4.3 Block diagram of Kalman-LMS based control algorithm implementation
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methods. The Least Mean Square (LMS) algorithms are popular in control of SAPF. It suffers
majorly from parameter dependent problems. A basic LMS equation is described by
W(n)=W(n-1)+G<&sin(0) (4.5)
Where W(n) and W(n-1) are the final and previous state weight. G is learning rate of LMS
technique and ‘&’ is error between actual and estimated signal. The learning rate must be
chosen wisely for fast convergence of the control algorithm, A KF is used in conjunction with
LMS technique, and the Kalman Gain (KG) is used as learning rate for LMS technique for
proper operation of SAPF.

Fig. 4.3 presents KF based control algorithm block diagram for SAPF. First KG is calculated
using the standard KF approach. Following state space equations represent the basic

equations in KF:

X =AX  +J (4.6)
Y =HX _ +L (4.7)

where, X, = state vector (Nx1), A= system matrix (NxN), J = process noise vector (Nx1), ¥,
= measurement vector (Mx1), H = constant matrix (Mx1), L = measurement noise vector
(Mx1).

The KG is computed using the following equations

_ T
Pn/n—l = APn—lA +Qn (4.8)
_ T T 4
KGn = Pn/n —lH (HP,, H +Rn) (4.9)
Pn:(I_KGnH)Pn/n—l (4.10)
where P.,.; = State covariance matrix, Q = Process Noise covariance, P = Final state

covariance matrix, R= Measurement Noise Covariance and H = output Matrix.

Once the value of KG is computed, it is used in conventional LMS technique as learning rate
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as shown in Fig. 4.3. The fundamental active power component of phase ‘a’ (,,) is calculated

using LMS technique as follows

1,(m)y=1,(n-1)+KGSu, (n) (4.11)
where & error, and calculated as

&=y, (n)~iy,(n) (4.12)
where iz, (n) is reference current for error calculation and given by

iy, (m)=1,,(n)*KG*u,,(n) (4.13)
Eq. (4.10) is modified using Eq. (4.11) and (4.12)

1,,m=1,,(n=1)+KGi,,(n)~1,,(n)* KG*u,(m)} u, (n) (4.14)
Further, 1, is rewritten as

I (n-1)+KG*i, (n)u,(n)
1,,(n) ==+ 3
g 1+ KG*u;, (n)

(4.15)

3

Similarly phase ‘b’ and phase ‘c’ fundamental active power components ‘1,;’, ‘I, are
calculated and average of three components are determined

/ =Ipa+lpb+lpc
avg 3

(4.16)
The average fundamental active power component (/,,,) used to calculate reference currents
for SAPF and discussed in later sections.

4.2.1.3 Hopfield Neural Network Based Control Algorithm

Hopfield Neural Network (HNN) is a recurrent neural network [115], in which the outputs
are updated iteratively based upon desired objective function. The objective function should
be defined clearly so that convergence is achieved easily. The Hopfield Neural Network

(HNN) is a network of ‘2n’ neurons. It is a multiple loop feedback system consisting in-phase

‘o’ and quadrature ‘B’ components extraction block for fundamental and harmonic frequency

64



input signal. This HNN can also be tuned to particular frequency and it enables to extract
harmonics from non-linear signals having multiple frequency components.

In general the non-linear load current can be expressed as

N
i,(0)= Y I, sin(mot +6,,) 4.17)

m=1
where 7, is peak magnitude of m™ harmonic component of load current and 6y, is the phase

shift of m™ harmonic component of load current. The Eq. 4.22 can also be written as

N
i,(t)= Zam sin(mat) + 3, cos(mat) (4.18)

m=1

where o, and B, are the in-phase and quadrature components.
The objective function for HNN technique I'(na) is developed using the error between actual

(ir,) and estimated load current (iLa*) as
r,=0.5[i,0-i, | (4.19)
From Eq. (4.17) and (4.19)

N
r,= O.S[Z (e, sin(mot) + B, cos(mwt)) —i,, 1 (4.20)

m=1
Defining two matrix, A, and Bay, as

Aam = [aal Bal Oa2 BaZ ................. OlaN BaN] and
Bam = [sin(ot) cos(ot) sin(2wt) coswt) ... sin(Nwt) cos(Not)]

Eq. (4.19) is re-written for phase ‘a’ as

N 2
Fa =0'5[2AamB;n _iLa] (421)

isa i b Isc

AR}

_[ 2 2
[ .= aa+ﬁa

Hysterisis Gating
> Current Pulses To
' SAPF
Control

Weight Updation for Phase B

.o
Weight Updation for Phase C Ipc > bse

+

Fig. 4.4 Block diagram of Hopfield NN based control algorithm implementation
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To obtain the minimum value of I',,

dr
. 4.22
a L (4.22)
and
04y _ oL, (4.23)
o oA

where G is a gain constant. Rewriting matrix A,y in terms of component gives,

ola, B %P _ ' ar,

4.24
ot 04, (429)
From Eq. (4.23), it can be written
Y o Y, or
—n =—G 4 4.25
,,Zf ot mZ:; oa,, ( )
N N
S P __gy L (4.26)
m=1 at m=1 aﬂam
The right hand side of Eq. (4.24) is calculated using Eq. (4.19)
o 3 427
-G 2 =G i —i,,}si .
; e ;{ Uy SIN(MO) + B, cOS(Mdt)—iy, }sin(mar) (4.27)
And the right hand side of Eq. (4.25) is also calculated using Eq. (4.19)
s 3 4.28
-G L -G i —i .
; e ; {Cum sin(met) + B, cos(mar)—iy, } cos(maot) ( )
So, a,m component of A,y is estimated from eq. (4.24) and (4.26) as
82‘% =-G|{a,, sin(mot)+ B, cos(mar)—i,, }sin(met) | (4.29)
Hence, o, is calculated using
a, = —GI {a,, sin(mar)+ f3,, cos(mer)—i,, } sin(maor)dt (4.30)
Similarly Banm 1s calculated using
B, =G I {aam sin(maot) + f3,, cos(mat)—i,, } cos(mat )dt (4.31)

Here 0, ,Pam are the weighted components of the m'™ harmonic current.
The 1,, is obtained from Eq. (4.30) and (4.31) by putting m=1 and calculating a,, B, and given
by

1, =\a; +5; (4.32)

Similarly ‘Z,»’ and ‘I,.’for phase ‘b’ and phase ‘c’ are determined and averaged. The average

fundamental active power component /,,, is given as:
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:Ipa+1pb+1pc

1,, -5 (4.33)
4.2.2 Generation of Reference Currents for Control of SAPF

As discussed in Section 3.8.1, the switching losses in the IGBT switches of SAPF can be

determined using the Eq. (3.12), (3.13) as:

L () = 1o (k=1 + K ) (e (k) = ey (k =D} + K e . (K)] (3.12)
where e, (k)= V;C (k) =V, (k) (3.13)
Now the switching loss component /[ is added to average fundamental active power

component (/,,¢) to get effective active power component /.

l,=1 +1

eff — Tavg loss

(4.34)

The unit templates are necessary for reference current generation. Unit templates ensure
generation of in phase reference currents. As discussed in chapter 3, in phase unit templates

are calculated using following Eq.

(3.18)

where vy, Ve, Vsc are three phase supply phase voltages, and peak value of supply phase

voltage (V) is the calculated using

4 =\/§<v; +V3, +V2) (3.19)

*

Finally 1. 1s multiplied by unit templates u;,, u;, u;- to obtain reference currents isa*, isb*, Ise .

*

Iog =ty * Lol =y * L si, =1, * Ly (4.35)

sa a i’c

These reference currents and actual supply currents (i, is, isc) are compared using HCC
block and six gating pulses are generated for proper operation of SAPF. The reference
currents generated are in phase with the grid supply, sinusoidal and magnitude is proportional

to active power demand by load.
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4.3  SIMULATIONS RESULTS

Modeling and simulation of SAPF using NF, Kalman-LMS and Hopfield NN control
technique was carried out and TPTW distribution system was discussed. The simulation
results with linear and non-linear loads are considered in the present analysis.

4.3.1 Notch Filter Based Control Algorithm

A NF based control scheme for SAPF in TPTW distribution system was simulated in
MATLAB/SIMULINK and simulation results are described in this section. Fig 4.5 shows

the waveforms of three phase supply voltages (vy,, Vi, Vi), three phase supply currents (i,
isp, Isc), three phase non-sinusoidal load currents (iz, i1 i1.), three phase compensating
currents (icq, i i) and DC link voltage (V;.) of SAPF with non-linear loads. The load
currents have harmonic components. At t=0.3 sec, phase ‘¢’ is suddenly discontinued till
t=0.4 sec. The phase ‘c’ load current is absent during this time interval. However, SAPF
provides necessary compensation and supply currents have become sinusoidal and balanced.
The DC link voltage has slight fluctuations around set value of 200 V. The SAPF operation is
critical for injecting proper compensating currents with appropriate phase and magnitude to
be injected through interfacing inductors.

Figs. 4.6(a)-(c) show waveforms and Figs. 4.6(d)-(f) show harmonic content of phase ‘a’
supply voltage (vy,), phase ‘a’ supply current (iy,) and phase ‘a’ load current (iz,) respectively.
The load current has a THD of 27.19%, however, the supply current (iy,) has a low THD of
3.91%. The grid supply almost sinusoidal supply with acceptable THD of 1.74%. The supply
current and voltage have low THD and it satisfies the standard prescribed in IEEE 519 [40].
Fig 4.7 shows three phase supply voltages (vsupe), three phase supply currents (i.pc), three
phase compensating currents (icq, icp Icc), three phase lagging load currents (i, is i) and
DC link voltage (V) of SAPF in the case of linear load. The load considered is three phase

delta connected load with real and reactive power demand of 2000 W and 550 VARs. The
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Fig. 4.8 Power flow in TPTW distribution system using Notch Filter based control algorithm (a-c) Active
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load is inductive in nature and load current lags w.r.t. the supply voltages. An unbalancing at
t=0.3 is introduced by sudden removal of phase ‘c’ till t=0.4 sec. The supply currents are
balanced and in-phase with the supply voltages in this load unbalancing condition, which
demonstrates the effectiveness of control technique of SAPF with linear and unbalanced
loads. The DC link is regulated and has minor fluctuations only during load unbalancing. The
compensating currents are adequate in phase and magnitude to provide necessary

compensation at PCC by the SAPF. Figs. 4.8(a)-(f) show the power balance waveforms
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between supply, load and compensator side respectively. The load side has a demand of 2000
W active power and 550 VAR of reactive power under steady state. The active power is
supplied by AC supply and SAPF compensator provides total reactive power. The real power
consumed by compensator is zero and the reactive power drawn from supply is nearly zero.
This power balance is valid when load is unbalanced during time t=0.3 sec to t=0.4 sec also.
4.3.2 Kalman Least Mean Square Control Algorithm

Kalman LMS control algorithm is implemented for SAPF supported TPTW distribution
system. A 110 V, 50 Hz distribution system with nonlinear load and SAPF is considered for
present analysis. Fig 4.9 shows the waveforms of three phase supply voltages (vsu, Vip, Vse),
three phase supply currents (i, iss, isc), three phase compensating currents (icq, icp icc), three
phase non-sinusoidal load currents (i,, is, i) and DC link voltage (V) of SAPF in the case
of non-linear loads. The nonlinearity present in the load is due to three phase diode bridge
rectifier connected at the load end. The Kalman LMS algorithm provides needed
compensation through SAPF. The supply currents are sinusoidal and in-phase with the supply
voltages and reactive power demand of load is supported by SAPF. The TPTW system is also
subjected load unbalancing by sudden removal of load in phase ‘c’ at t=0.3 sec till t=0.4 sec.
The Kalman LMS control algorithm generates adequate reference currents to enable through
PI controller at voltage level of 200 V. Figs. 4.10(a)-(c) show waveforms and Figs. 4.10(d)-
(f) show harmonic spectra of phase ‘a’ supply voltage (vy,), phase ‘a’ supply current (iy,) and
phase ‘a’ load current (iz,) respectively. The PCC voltage has a THD of 1.74%. The non-
sinusoidal load current has a high THD of 27.19%. However, the SAPF is able to inject
needed compensation to the supply current. The phase ‘a’ AC supply current has THD of
3.08%. The voltage and current satisfies the THD level as provided in IEEE 519 [40]. Fig
4.11 presents the waveforms of three phase supply voltages (vy,, Vs, Vsc), three phase supply

currents (i, ip, isc), three phase compensating currents (.4, ics, icc), three phase lagging PF
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Fig. 4.10 Harmonic analysis using Kalman-LMS based control algorithm (a-c) waveforms of vy, iy, iz, (d-f)
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load currents (ir,, iz, ir.) and DC link voltage (V,.) of SAPF with linear load. A linear load
with 2 kW active power and 550 VARs reactive power demand is connected as load in
TPTW distribution system. Since the load is lagging in nature so the reference currents
generated are leading the load currents. The reference currents are also in-phase with the grid
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Fig. 4.12 Power flow in TPTW distribution system using Kalman-LMS based control algorithm (a-c) Active
power P, P;, P. (d-f) Reactive Power Q,, O;, Q. for linear load
voltages. A load unbalancing is introduced from t=0.3 to t=0.4 sec by sudden removal of
phase ‘c’ of three phase supply. The supply currents are balanced and in-phase with the
respective grid voltages. The DC link has small fluctuations during unbalanced load
condition. The compensating currents generated by SAPF using Kalman LMS control
technique improve PQ of the TPTW grid. Figs. 4.12(a)-(f) present the power flow between

supply, load and SAPF respectively in TPTW system. The three phase linear load demands

2000 W active power and 550 VARs of reactive power under steady state. The AC supply
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delivers the real power demand of 2000 W and also losses of SAPF. Whereas the SAPF
supplies only reactive power burden of the load. The SAPF real power losses are small, and
supplied by the grid. From time t=0.3 sec to 0.4 sec, when unbalanced load is connected to
the supply, SAPF feed the necessary reactive power demand to keep source current balanced.

4.3.3 Hopfield Neural Network Based Control Algorithm

In this Section, simulation results using Hopfield NN control technique are discussed. The
operation of SAPF in a three phase 110 V, 50 Hz distribution system feeding non-linear load
is demonstrated. Fig 4.13 show the three phase supply voltages (viusc), three phase supply
currents (isp.), three phase compensating currents (i.q, i, icc), three phase load currents (iz,,
irp, i) and DC link voltage (V;.) of SAPF with non-linear load. The grid supply is balanced
and sinusoidal voltage. The supply currents with SAPF compensation are also observed in-
phase and distortion free. The Hopfield NN based SAPF control is effective in generating
appropriate gating pulses for SAPF and improving PQ problems. The load currents are non-
sinusoidal due to nonlinear load. The unbalancing in phase ‘c’ is introduced by sudden
removal of phase ‘c’ supply voltage at t=0.3 sec. The DC link voltage is effectively regulated
through PI controller at voltage level of 200 V. Figs. 4.14(a)-(c) show the waveforms of
phase ‘a’ supply voltage (vy,), phase ‘a’ supply current (is,) and phase ‘a’ load current (iz,)
and Figs. 4.14(d)-(f) show their harmonic spectra in presence of SAPF compensation. The
supply voltage, supply current and load current have a THD of 1.74%, 4.05 and 27.19%
respectively. The voltage and current THD are within the limit prescribed in harmonic
standard IEEE 519 [40].

Fig 4.15 show three phase supply voltages (viu), three phase supply currents (issc), three
phase compensating currents (i.qs.), three phase load currents (iz.s) and DC link voltage (V)
of SAPF in the case of linear load. The load is inductive in nature and demands reactive

power of 550 VARSs. The supply currents and voltage are observed to be in-phase and SAPF
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Fig. 4.13 Simulation results using Hopfield NN based control algorithm for non-linear load.
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Fig. 4.14 Harmonic analysis using Hopfield NN based control algorithm (a-c) waveforms of v, iy, i, (d-f)
THD of v, iy, iz, for non-linear load

operates satisfactorily and provide required compensation. Figs. 4.16(a)-(f) show supply
active power (P;), reactive power (Q;), load active power (Pr), reactive power (Q;) demand
and compensator active power (P,.), reactive power (Q.) requirements. The supply active
power includes the load active power demand and SAPF switching loss demand. The reactive

power given by compensator meets the load reactive power demand. The reactive power

burden on the grid side is reduced and the PF of TPTW distribution system is improved on
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Fig. 4.16 Power flow in TPTW distribution system using Hopfield NN based control algorithm (a-c) Active
power P, P;, P. (d-f) Reactive Power O, O;, O, for linear load

the supply side.

4.4 EXPERIMENTAL RESULTS

A prototype hardware was developed to test the effectiveness of NF, Kalman LMS and
Hopfield NN algorithms for the control of SAPF in TPTW distribution system. The dSPACE
1104 controller board is used as DSP, which provides necessary gating signals to SAPF as
per the developed control algorithm. The experimental results for all the three algorithms to

SAPF are discussed in this section.
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4.4.1 Notch Filter Based Control Algorithm

A NF based control scheme for extraction of load current average fundamental active power
component (/,,;) was implemented on the hardware setup of 110 V, 50 Hz, three phase
distribution system feeding non-linear load. Fig. 4.17 shows the steady state performance of
SAPF with non-linear load. Figs. 4.17(a)-(c) show phase ‘a’ supply current (iy), phase ‘a’
load current (iz,) and phase ‘a’ compensator current (i.,) along with phase ‘a’ supply voltage
(vsa)- The supply current and supply voltage is observed to be in phase. Figs. 4.17(d)-(f) show
THD analysis of the system. Figs. 4.17(d)-(f) show THD of phase ‘a’ supply voltage (vsq),
phase ‘a’ supply current (iy,) and phase ‘a’ load current (iz,) respectively. The load current
has a THD of 23.0% due to non-linear load. However, the NF scheme is able to extract
fundamental active power component of load current and control SAPF to provide necessary
compensation. The supply current THD is reduced to 1.90% and supply voltage has THD of

4.3%. Fig. 4.18, Fig. 4.19 shows the dynamic performance of SAPF for non-
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Fig. 4.19 Intermediate results using Notch Filter based control algorithm (a) Ve, ircw irep Lpe (D) Lpa Lpb Lper Lavg
for non-linear load

linear load. Fig. 4.18(a) shows phase ‘a’ supply voltage (vy,) and SAPF compensated supply
currents (is,, isp, isc). The supply currents are balanced and sinusoidal. The dynamic change
introduced is disconnection of phase ‘c’ load. Fig. 4.18(b) shows phase ‘a’ supply voltage
(vss) and non-sinusoidal load currents (iz,, irs, irc). Fig. 4.18(c) shows phase ‘a’ supply
voltage (vy,) and SAPF injected compensator currents (icq, ic», icc). The compensator currents
are computed accurately by using developed control algorithm so as to make supply currents

sinusoidal, balanced and distortion free. Fig. 4.18(d) shows DC link voltage (V) and phase
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‘c’ supply, load and compensator currents (i, iz, i.). The DC link is maintained at the level
of 200 V through PI controller at DC link.

Fig. 4.19 shows the intermediate signals obtained in NF control technique for SAPF. Fig 4.19
(a) shows phase ‘¢’ supply voltage (vs.), alpha and beta component of phase ‘c’ load currents
(izca> ircp) and fundamental active power component of phase ‘c’ (/,.). The phase ‘c’
fundamental active power component is tracked continuously to generate proper reference
currents for SAPF. Fig 4.19(b) shows fundamental active power components (1,4, Lyp, I,c) of
phase ‘a’, ‘b’ and ‘c’ and average active power component (/,,). The /,,, changed according
to load change and is responsible for generation of suitable gating pulses.

Fig. 4.20 shows the steady state power in TPTW distribution system with SAPF using NF
based control technique. Figs. 4.20(a)-(c) show supply, load and compensator steady state
power along with PF. It is observed from Fig. 4.20 that the AC supply delivers all the active
power requirement 700 W. The load active power demand is 630 W and SAPF losses are 70
W. The reference currents are generated which enables SAPF to feed reactive power burden
of 190 VARs out of the load reactive power demand of 370 VARs. The supply feeds
remaining reactive power burden 170 VARs of the load. The PF of AC supply is improved to
0.95. The experimental results validate the effectiveness of NF control technique in load
balancing and harmonic elimination under non-linear load condition.

Fig 4.21 shows the dynamic performance analysis of SAPF for linear load with NF based
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Fig. 4.20 Steady state power in TPTW distribution system using Notch Filter based control algorithm for (a)
Supply (b) Load (c¢) Compensator in presence of linear load
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control algorithm for SAPF. Fig. 4.21(a) shows the phase ‘a’ supply voltage (vy,) and SAPF
compensated supply currents (iy,, is, isc). In this case also the supply currents are observed to
be sinusoidal and balanced. In Fig. 4.21(b) phase ‘a’ supply voltage (vs,) and load currents
(iza, 115, i1c) are depicted. The phase ‘¢’ of the load is removed to introduce unbalancing in the
load. Fig. 4.21(c) presents phase ‘a’ supply voltage (vs,) and compensator currents (icq, icp,
i..). The compensating currents are observed to be sinusoidal in nature. After removal of
phase ‘c’, the magnitude of all three compensating currents are increased in order to make

supply currents balanced and in phase with supply voltages. Fig. 4.21(d) shows DC link
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voltage (V) and phase ‘c’ supply, load and compensator current (s, iz, i.c). It is observed
that the currents attain their steady state value within 2-3 cycles, which shows fast
compensation. Fig. 4.22 shows the intermediate signals for NF technique for linear loads. Fig
4.22 (a) shows phase ‘¢’ supply voltage (vy.), phase ‘¢’ alpha and beta components of load
current (izcq, ircp) and fundamental active power component of phase ‘c’ (I,.). Fig 4.22(b)
shows all three phase fundamental active power components (/,q, I, I,c) and average active
power component (/,,,). The performance of the NF technique is satisfactory in linear and
non-linear loads and can be used to improve the PQ of the distribution system.

4.4.2 Kalman-LMS Based Control Algorithm

In this section, steady state and dynamic performance analysis of SAPF for TPTW system
using Kalman-LMS based control technique are described. A SAPF as compensator is
developed for 110 V, 50 Hz, TPTW distribution system feeding linear and non-linear loads.

Fig. 4.23 presents SAPF steady state performance with non-linear load. Figs. 4.23(a)-(c)
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Fig. 4.23 Steady state waveforms for TPTW distribution system using Kalman-LMS based control algorithm
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Fig. 4.24 Results showing dynamics for load disconnected in phase ‘c’ using Kalman-LMS based control
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show the phase ‘a’ supply current (vy,), phase ‘a’ load current (iz,) and phase ‘a’ compensator
current (i.,) along with phase ‘a’ supply voltage (v,). Figs. 4.23(d)-(f) show harmonic
content for supply and load side. Figs. 4.23(d)-(f) show THD of 4.5% in supply voltage (v,),
2.8% in supply current (iy,), and 23.0% in load current (iz,). A R-L load at the output three
phase diode bridge rectifier is modeled in the form of a non-linear load. The Kalman-LMS
controller is designed such that all the load harmonics are being supplied locally by SAPF
and supply current is sinusoidal.

Fig 4.24 shows the dynamic performance of TPTW system feeding non-linear loads. Fig.
4.24(a) shows phase ‘a’ supply voltage (vs,) and three phase shunt compensated supply
currents (s, isp, isc). The Kalman-LMS technique makes supply currents sinusoidal and
balanced even under unbalanced load condition. Fig. 4.24(b) shows phase ‘a’ supply voltage
(vsq) and three phase non-sinusoidal load currents (iz,, izp, iz.). A isolator in phase ‘c’ removes
the load in phase ‘c’ and the currents in phase ‘a’ and ‘b’ also change due to this unbalancing.

Fig. 4.24(c) shows phase ‘a’ supply voltage (vy,) and three phase SAPF injected compensator
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Fig. 4.25 Intermediate result using Kalman-LMS based control algorithm (a) 1., 1, I 14, for non-linear load

currents (icq, ich, icc). Fig. 4.24(d) shows DC link voltage (V,.) and phase ‘¢’ supply, load and
compensator currents (is., ire, icc). The supply current in phase ‘c’ is present due to
compensator current ‘i..” even though load current ‘i;.’ is absent and results in balanced and
sinusoidal three phase supply currents.

Fig. 4.25 shows the intermediate signals in Kalman-LMS control technique for SAPF with
non-linear load. Fig 4.25 shows the magnitude of three phase fundamental active power
components (Lyq, Ips, I,c) along with average fundamental active power component (/,,,). The
active power demand of three phase load is decreased to observe its effect on the fundamental
component of load current. It is seen that all the three phases, fundamental active power
components decrease in magnitude due to reduction in load power. Hence, the average active
power component is also reduced by Kalman-LMS algorithm which is responsible for
reducing the magnitude of reference signals during this period.

Fig. 4.26 shows the steady state performance of SAPF compensator with linear load. Figs.
4.26(a)-(c) show the steady state power requirement for supply, load and compensator
respectively. The PF of load is observed to be 0.86 and that of AC supply is 0.95. The active
power requirement of load is 620 W and reactive power demand of 360 VARs. The supply
has active power supply of 700 W, reactive power supply of 180 VARs. The compensator has
active power demand of 70 W and capacitive var supply of 180 VARs. So, the Kalman-LMS

control algorithm is able to improve system PF with adequate control of power flow in the

83



POUER & ENERGY POVER & ENERGY POUER & ENERGY
Pur T 0:03:14 [TI=Es Pur o 0:02:29 @p mE<E Pur @ 0:00:52 [TI=Es

A B C A B A B

y - 230 -240 - 230 - 700 y 200 200 210 620 y 20 40 10 70
A B C A B C A B C

VA 240 250 240 740 VA 230 240 240 720 VA 70 90 90 250
A B C A B C A B C

var + 70 4+ B0 + 50 + 180 var ¢4 110 ¢ 120 ¢ 120 ¢ 360 var + 50 ¢+ 70 + 70 + 180
A B C A B C A B C

PF -094 -095 -095 -095 PF 087 0.85 08?7 086 PF 0.31 0.37 0.14 028

14/06/18 17:04:06 400U 50Hz38 WYE  EN50160 14/06/18 17:03:20 400U 50Hz38 WYE  EH50160 14/06/18 16:57:41 400U 50H238 WVE  EN50160

(a)

(b)

(©)

Fig. 4.26 Steady state power in TPTW distribution system using Kalman-LMS based control algorithm for (a)
Supply (b) Load (¢) Compensator in presence of linear load

500/ 2 100A/ 3 100AF 4 10.0A/ -431.82 20.008/ Stop S00v/ 2 10047 5 10047 4 10.04¢ 17362 20.002/ Stop

AN 2NN TN T N AN PN T NN P N B VAN AN N PAN S VN W\ AN VaN W
VA ERY YR YR VRV Y AR VA VAR VAR VAR VR VAR VAR VAR
Vsa Vsaq
o WW%W Pt /NN NN LA A
: W T Y Y T T " Y
s L I . .. .. ..
Tl [N ] TN VW WV T TN
Load disconnected< Ish Hoad-disconfrected L
LA A N .
VY hf e i
(a) (b)
50.0¢ 2 10044 310087 4 10047 [ BBZBE | 20.00% Stop 136V 2 1008/ 3 1008 4 WEIEI/ilh ; 825.0% 50.002/ Stop
- ! e T bl I
AN AN NI N AN N NI S N SN u ’ ; .
VAV VWY Vie
Via
N SAAAANAADR A AN AAAA AN
2 ' AVVVVV VUV YYY Y YV YVV YV VY Y
i fe
y AAAAAAAA
’ NWYVVVV VY -

Load disconnécted i 5 ILoad disconnected Lze
%A%% L AAAAMAAAN
7 g LA RSB AR AL B

ZC‘ ZCC
(c) (d)
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system.

Fig 4.27 presents the results for linear load case under sudden change in load conditions. Fig.
4.27(a) shows phase ‘a’ supply voltage (vy,) and SAPF compensated three phase supply
currents (i, isp, isc). In Fig. 4.27(b) phase ‘a’ supply voltage (vy,) and three phase lagging PF
load currents (ir4, i1p, ir.) are shown. Fig. 4.27(c) presents phase ‘a’ supply voltage (v,,) and
SAPF injected compensator currents (i.q, ich, icc). Fig. 4.27(d) shows DC link voltage (V)

and phase ‘c’ supply (is.), phase ‘c’ load current (iz.) and phase ‘c’ compensator current (i..).
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The Kalman LMS technique is implemented successfully for compensation in linear and non-
linear loads.

In Fig. 4.28, the intermediate signals of Kalman-LMS technique for SAPF with linear load
are shown. Fig 4.28 shows three phase fundamental active power components (Jya, Lpp, Ipc)
along with average active power component (/,,). A decrease in load is introduced and
waveforms are recorded. Kalman-LMS control algorithm provides accurate estimation of
fundamental components of three phase load currents and generation of control signals for
SAPF in TPTW distribution system.

4.4.3 Hopfield NN Based Control Algorithm

The experimental results for Hopfield based control technique for 110 V, 50 Hz, three phase
distribution system feeding linear and non-linear loads are shown in this section. Fig. 4.29
shows the steady state performance of SAPF with non-linear load. Figs. 4.29(a)-(c) show
phase ‘a’ supply current (vy,), phase ‘a’ load current (iz,) and phase ‘a’ compensator current
(ica) along with phase ‘a’ supply voltage (vy,). Figs. 4.29(d)-(f) show harmonic analysis for
supply and load side. Figs. 4.29(d)-(f) shows THD of 4.2% in supply voltage (vs,), 3.4% in
supply current (iy), and 23.1% in load current (iz,). The supply current THD has been
reduced to an adequate level by proper design and execution of Hopfield NN control
technique.

In Fig 4.30 the dynamic results of TPTW system with non-linear loads are shown. Fig. 4.30
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Fig. 4.30 Results showing dynamics for load disconnected in phase ‘c’ using Hopfield NN based control
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(a) shows phase ‘a’ supply voltage (vy,) and shunt compensated three phase supply currents

(isa» ish» 1sc). The supply currents are observed to be sinusoidal and balanced. In Fig. 4.30 (b)
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Fig. 4.32 Steady state power in TPTW distribution system using Hopfield NN based control algorithm for (a)
Supply (b) Load (c) Compensator in presence of linear load

phase ‘a’ supply voltage (vy,) and three phase non-sinusoidal load currents (izs, izs, irc) are
shown. Fig. 4.30(c) shows phase ‘a’ supply voltage (vy,) and three phase compensator
currents (icq, ich, icc). The Hopfield NN control technique generates appropriate compensating
currents and injects at PCC of the TPTW power distribution system via the SAPF. In Fig.
4.30(d) DC link voltage (V,) and phase ‘c’ supply, load and compensator currents (i, iz,
i.c) are shown. The ability of Hopfield control technique to maintain AC supply currents
sinusoidal and balanced under varying load conditions is demonstrated.

Fig. 4.31 shows the intermediate signals in Hopfield control technique for SAPF feeding non-
linear load. Fig. 4.31(a) presents phase ‘c’ load current (iz.), phase ‘c’ alpha extracted
component of load current (a.), phase ‘c’ beta extracted component of load current (f.) and
fundamental active power component of phase ‘c’ (I,.). Fig 4.31(b) shows three phase
fundamental active power components (1,4, 15, 1) and average fundamental active power

component (/,,,). The changes in phase ‘c’ load current results in changes in the fundamental
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Fig. 4.33 Results showing dynamics for load disconnected in phase ‘c’ using Hopfield NN based control
algorithm (a) Vsa isa’ isb; isc (b) Vsa iLa: iLb: iLc (C) Vsa ica: icb: icc (d) Vdc: isc: iLc’ icc for linear load

active power component in all three phases.

Fig. 4.32 presents the steady state power flow in TPTW distribution system with SAPF
controlled using Hopfield NN scheme in presence of linear load. Figs. 4.32(a)-(c) show
steady state power of supply, load and compensator respectively. The PF of load is 0.87 and
AC supply PF is 0.95. Load has active power requirement of 630 W and reactive power
demand of 350 VARs. The AC supply delivers active power of 710 W and reactive power of
180 VARs. The compensator has active power requirement of 70 W and capacitive var
delivered of 180 VARs. Thus the reactive power burden on the AC supply is reduced.

Fig 4.33 shows the dynamic performance of SAPF in presence of linear load using Hopfield
NN based control algorithm in SAPF. Fig. 4.33(a) shows the phase ‘a’ supply voltage (vy,)
and three phase shunt compensated supply currents (is,, i, Isc). The three phase supply
currents are balanced and sinusoidal. In Fig. 4.33(b) phase ‘a’ supply voltage (vs,) and three
phase load currents (iz,, izs, irc) are depicted. The phase ‘¢’ of the load is suddenly removed
and dynamic performance of SAPF is captured. Fig. 4.33(c) presents phase ‘a’ supply voltage
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Fig. 4.34 Intermediate results using Hopfield NN based control algorithm (a) Iy, ae, B Lc (6) La Ly Lye, Loy for
linear load
(vsq) and three phase shunt injected compensator currents (icq, icp, icc). Fig. 4.33(d) shows DC
link voltage (V,.) and phase ‘c’ supply, load and compensator current (i, iz, icc). Figs. 4.33
(a)-(d) show the effectiveness of Hopfield NN control algorithm for PQ improvement in
TPTW distribution system.
Fig. 4.34(a) shows phase ‘c’ load current (iz.), HNN extracted ‘a’ component of phase ‘c’
load current (a.), HNN extracted ‘B’ component of phase ‘c’ load current (B.) and
fundamental active power component of phase ‘c’ (/,c). The fundamental active power
component of phase ‘c’ reduced to zero in absence of phase ‘c’. Fig. 4.34(b) presents three
phase fundamental active power components (1,q, 1, I,c) of load currents along with their
average active power component (/,,,). The I, is used further to generate magnitude of
reference currents for SAPF.
45 COMPARATIVE EVALUATION OF PROPOSED CONTROL SCHEMES
In this chapter, PQ problems and their mitigation using three different control techniques viz.
NF, Kalman LMS and Hopfield NN are discussed in detail for a TPTW distribution system.
These advanced control algorithms have been implemented on TPTW system and found to be
effective in reducing the reactive power burden of the load, harmonic content and
unbalancing on the AC supply and also to improve the PF and profile of waveform of supply

currents. Performance of the three control techniques on TPTW distribution system feeding

linear and non-linear loads have been verified through simulations and hardware results.
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Based on the experimental results (Fig. 4.17, 4.20, 4.23, 4.26, 4.29, 4.32), two comparison
tables are shown for non-linear and linear load compensation.

Table 4.1 shows that load current has THD around 23%, which has been brought down to a
value of 1.90%, 2.8% and 3.4% in the supply current using NF, Kalman-LMS and Hopfield
NN control algorithms respectively. Out of all the three control techniques developed, it has
been observed that the lowest THD of supply current was obtained with the NF control
algorithm. The supply current THD is 1.90% with this algorithm when the supply voltage has
a THD of ~ 4.3% in all three cases. The results have been taken under same load conditions,
which is around 5.6A of load current having a THD of 23%.

Table 4.2 shows the power balance on the supply, load and compensator side using developed
control algorithms. In all cases, the load demand is ~620 W, 350 VARs. The results obtained
with the three algorithms show that the supply feeds active power of ~700 W and reactive
power supply of ~180 VAR. The supply side PF is nearly the same as 0.95 with all the three
control algorithms. Moreover, the load and compensator active power and reactive power are

observed to be nearly the same for all three control algorithm under consideration as

Table 4.1 COMPARISON OF CONTROL ALGORITHMS FOR NON-LINEAR LOAD

S.No. Quantity Notch Filter Kalman-LMS Hopfield
0 o, o,
L. | Supply Voltage (v ) 62.4V,4.3% 60.2 'V, 4.5% 61.1V, 4.2%
sa THD THD THD
o 0 ()
5. | Load Current (i, ) 5.87 A, 23.0% 5.65 A, 23.0% 5.486 A, 23.1%
La THD THD THD
(1) o o
3. | Supply Current (i ) 6.21 A, 1.90% 5.98 A, 2.8% 5.99 A, 3.4%
sa THD THD THD

Table 4.2 COMPARISON OF CONTROL ALGORITHMS FOR LINEAR LOAD

S.No. Quantity Notch Filter Kalman-LMS Hopfield
1 Supply Power 700 W, 170 700 W, 180 710 W, 180
) VARs, 0.95PF. | VARs, 0.95P.F. | VARs, 0.95 P.F.
630 W, 370 620 W, 360 630 W, 350

2. | Load Power VARs, 0.86 P.F. | VARs, 0.86 P.F. | VARs, 0.87 P.F.

70 W, 190 70 W, 180 VAREs, 70 W, 180
VARs, 0.26 P.F. 0.28 P.F. VARs, 0.27 P.F.

3. Compensator Power
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experimental tests were conducted under similar load conditions. The performance of the
developed control algorithms with linear loads is satisfactory and comparable.

The NF and Hopfield NN control algorithm can also be extended for extracting harmonics
components of distorted load current.

4.6 CONCLUSIONS

The main contributions of this chapter are to develop new control algorithms such as NF,
Kalman LMS and Hopfield NN for mitigating PQ problems in TPTW system. The control
algorithms developed have fast response and show improved system performance
substantially. Among all three control algorithms developed for implementation, NF based
control technique is less complex and the average fundamental current component of load
(Iavg) takes almost one and half cycles (Fig. 4.22) to settle under dynamic load changes as
compared to Kalman LMS which takes three cycles (Fig. 4.28). The Hopfield NN based
algorithm takes 5-6 cycles (Fig. 4.34) to settle down under similar dynamic load changes. It is
observed that while all the designed control algorithms achieve the desired objectives for
shunt compensation, NF based algorithm is much simpler to realize mathematically, followed
by Hopfield control and Kalman-LMS algorithm. The complexity of computing adaptive gain
of LMS using KF was observed to be the highest. The dynamic performance of NF was
observed to be the best under the worst case load change viz. the removal of one phase of the

load.
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Chapter 5
POWER QUALITY IMPROVEMENT IN THREE
PHASE FOUR WIRE DISTRIBUTION SYSTEM

5.0 INTRODUCTION

In this chapter PQ problems occurring in TPFW distribution system are discussed. New
control techniques for the mitigation of PQ problems for a variety of load conditions have
been developed. These techniques are simulated in a MATLAB/SIMULINK environment for
control of shunt compensator. Experimental verification on a prototype hardware system is
performed to ensure the effectiveness of the developed control algorithms.

5.1 POWER QUALITY ISSUES IN TPFW DISTRIBUTION SYSTEM

In the previous chapter, PQ issues in TPTW distribution system have been discussed in detail.
The TPFW systems are more vulnerable to PQ issues as compared to that of a TPTW due to
presence of neutral wire. TPFW systems are used to supply single phase load also. The
majority of consumers in TPFW distribution systems are residential and commercial users.
The distribution system is prone to various PQ problems such as poor PF, load unbalancing,
current harmonics, reactive power demand and additional neutral current compensation.
TPFW systems have been widely used to deliver single phase and three phase loads of
domestic, commercial and industrial installations. Due to single phase load, there are
unbalance loading among phases and due to this neutral conductor carries excess current
which results in overloading of neutral conductor and distribution transformer. If the neutral
current is high, the equipment connected in the vicinity gets affected badly. Hence, neural
current compensation is required to limit the supply neutral current close to zero. The
presence of more and more power electronics equipment with front end rectification are
connected in the TPFW system, harmonic current drawn by rectifiers becomes significant

which deteriorates PQ further. Several compensation schemes have been developed to
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reduce PQ issues in TPFW system such as zig-zag transformer arrangement, SAPF and a

combination of zig-zag and SAPF.

It is required to design suitable and effective control techniques for mitigating various PQ

issues such as reactive power demand, poor PF, load unbalancing, current harmonics and

neutral current compensation in TPFW distribution system.

5.2 DEVELOPMENT AND ANALYSIS OF ADVANCE CONTROL
ALGORITHMS FOR TPFW DISTRIBUTION SYSTEM

In this section, new control techniques of SAPF such as Self Tuning Filter (STF), Modified

Recursive Gauss Newton (MRGN) and Chebyshev Polynomial based Artificial Neural

Network (ChANN) algorithms for PQ problems mitigation in TPFW system are described.

5.2.1 Extraction of Fundamental Active Power Components Using Developed Control
Algorithms

The extraction of fundamental active power component (/,as/lsg) 0f three phase load

currents using developed control algorithms are discussed in this section.

5.2.1.1 Self Tuning Filter Based Control Algorithm

Self Tuning Filter is a class of filters in which the outputs are fed back to the input to

determine required frequency component from the input signal. The STF in current research

is tuned for fundamental frequency i.e. 314 rad/sec (50 Hz), so STF extracts fundamental

component of signal from the distorted input signal. Fig. 5.1 shows the structure of STF. The

general structure of STF can be implemented on supply voltages or load currents. A STF is

implemented on a- components of load currents (iz, i75). The STF operation produces

filtered o-pB component izq; 774 as follows

DXiLafDXl'Laf _cox:‘wf

i = 5.1
Laf P P ( )

Dxi, ,-Dxi wXi
. _ LB 'LBf N ‘Lo f
LBf s S

(5.2)
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Fig. 5.1 Self Tuning Filter (STF) Block
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Fig. 5.2 Block diagram of STF based control algorithm implementation
where iz, i;p are the Clarke’s transformed load currents, D is the gain constant, ® is the

frequency of signal to be extracted and taken as 314 rad/sec.
Fig. 5.2 shows the complete block diagram of STF based SAPF control technique to improve
PQ in TPFW system. The three phase load currents (iz,, izs ir.) are first transformed into a-3

component using Clarke’s transformation as:

I:. :| \/; I — —— ||La

'La 22

O |=AS iLb (5-3)
3

‘L 0 N ‘

For the non-linear loads, the transformed a-f components of load currents are also distorted

hence they are processed by STF as per Eq. (5.1-5.2) so as to obtain filtered a-§ components
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of load currents (iz izg). Now. the fundamental active power component (/,..) is calculated

from the iLocf, iLﬁf as

[pabc = \, iiaf + izﬁf (54)

The I,4 1s added to DC link power loss component /. so as to obtain effective active power
component /. which is discussed later in this section.

5.2.1.2 Modified Recursive Gauss Newton Based Control Algorithm

Gauss-Newton (GN) method [27] is used for finding minima of a function. In GN Taylor’s
series expansion and least square method is combined. In GN method there is no need of
calculation of second order derivatives of function for minimizing. In this section Recursive
Gauss Newton (RGN) and its Modified Recursive Gauss Newton (MRGN) is discussed.
5.2.1.2.1 Recursive Gauss-Newton (RGN) Method

A non-sinusoidal AC current in the power system is expressed as:

i, =M, sin(ot+y,)+x, (5.5
where i,= instantaneous value of m"™ component of current, M,= peak magnitude of m™
component of current, w,,=angular frequency of m™ component of current, y,,=phase shift of
m' component of current and y,,=zero mean white noise, m=order of harmonic.

For a nonlinear load, current signal has fundamental and harmonics components. An equation

error model is required for the determination of peak magnitude (My,) and phase (7 i) of m™"
harmonic component of non-sinusoidal current. Assuming 6, =[M (k) y(k)]' to be the

parameter matrix for fundamental component of current, where M(k) and y (k) are the

magnitude and phase of fundamental component of current at k™ instant, the desired
parameter matrix at the (k-1)" instant is depicted as 6r =[M (k—1) y(k—-1]", the equation
error model using Eq. (5.5) is described as

(k) = i(k) — Mk —T)sin(et + (k- 1)) — 7(k) (5.6)

95



where p(k) is error between actual current and estimated current at k™ instant, i(k) is actual

current at k™ instant, o is 314 rad/sec. A method of modified least squares procedure is used

to obtain solution for 0 =[M(k 1) y(k—1)]’ in which cost function, Ex is minimized:

Ey =& (h)

(5.7)

where Ey is exponentially weighted cost function, { is forgetting factor, whose value lies

between (0-1). The minimization of cost function is a nonlinear function for which GN

method is followed. Linearizing Eq. (5.7) by Taylor’s series expansion in the neighborhood

of O =[M(k—1) y(k-D]" , we get

0

00(k)

(k) = M (ke —)sin(at + y(k —1)) + [M (k —1)sin(ot + y(k —1)]AOK) + (k)

From gk =[M (k—1) y(k=DJ', e get

i(k)= M (k —1)sin(wt + ;(k -+ AL

oM (k—1)

[M (k —1)sin(ar + y(k — 1))JAM (k —1)

O (k= )sin(@t + y(k—1)A (k1) + 7 (k)

A

oy(k—1)
Rearranging Eq. (5.9), we get

i(k) —]\A4(k —1)sin(wt + ;A/(k -1)—y(k)= AL
oM (k-1)

5
or(k-1)

[M (k ~1)sin(er + y(k —1)JA M (k ~1)

; [M (k1) sin(et + 7 (k= 1)]A 7 (k1)

The LHS is error signal p(k), So

p(k) = —— (M (k~Dsin(@t + 7k ~1)JA M (k1)

oM (k1)

O =1y sin(et+ y(k—1)]A y(k 1)

A

dy(k—=1)

(5.8)

(5.9)

(5.10)

(5.11)
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Putting M (k—1)sin(crt + 7A/(k —1)) = G(k) for simplification

Eq. 5.11 is represented in state space form as

p(k){ o) _oo) }[Az&(k—l) N (5.12)
OM(k—1) dy(k—1)

p(k) =X (kYA B(K) (5.13)
From Eq. (5.6),(5.12),(5.13)

¥(ky = 260 %) (5.14)

o0(k)  26(k)
Defining gradient matrix Y(k) = —M (5.15)
o0(k) '

Putting the value of p(k) in Eq. (5.7) from Eq. (5.15)

Ey = Y ¢V (A bk (5.16)

Since error p(k) from Eq. (5.12) is observed of the form Y=AX+BU, so the solution of Eq.

(5.13) using standard Least Square method is,

AOGk) =[H ()] YT (k) p(k) (5.17)

N
where H (k)= ¢"*Y"(k)Y(k), is called Hessian matrix. (5.18)

=
The updating equation for estimation of é is written as

(k) = 0(k —1)+ A G(k) (5.19)
6(k) = 0k~ +[H (K] X" (k) p(h) (5.20)

and updating equation for H(k) is given by modifying Eq. (5.18)

H(k)=CH(k—1)+ Y)Y (k) (5.21)
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Eq. (5.20-5.21) are updated recursively so as to minimize the error.

5.2.1.2.2 Modified Recursive Gauss Newton (MRGN) Method

The RGN method is very complex and its memory requirement is also very high due to
repetitive calculations using Egs. (5.20-5.21). So to realize in real system, a simplified RGN
method after appropriate simplifications can only be used. This section gives the detailed
mathematical analysis of MRGN algorithm.

From Eq. (5.6),(5.14) and (5.15), Y'(k) is calculated as

)= COM(k=Dsin(@t+y(k—1) M (k—1sin(at + y(k—1)) (5.22)
oM (k-1 o rk-1)
Y(k)= _—sin(a)t + 7A/(k -1) —Ajl(k —1)cos(at + ;A/(k _1))} (5.23)

Putting the value of Y'(k) in Eq. (5.18)

N Nk A A A T A A A
H(k)= kgl ¢ l:— sin(wt + y(k-1)) —M(k-1)cos(owt + y (k- 1))} I:— sin(wt + y(k-1)) —M(k-1)cos(owt + y(k- 1))}

(5.24)
v |sind(or+ p(e-1) M (k~1)sin(er + (k1) cos(at + y(k-1))
H(k)= 5" ) . . L2 .
= M(k-1)sin(wt + y(k 1)) cos(wt +y(k=1)) M (k-1)cos’ (et +y(k-1))
(5.25)
Using %].sin(ZH)d9:0 and %JT'sm «9d6’—
Ly
12 Sy
HEy=2| .o ¢ (5.26)
o M (k=D |
L 2]
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I
1 2 l_é/N+1

H(k)=— 2
" 2
L 2
1 __ N+l
Defining C(N) = 20-0) as a constant term, from Eq. (5.27) the inverse of Hessian matrix
is calculated as
! "
H\(k) = — {M (k-1) O] (5.28)
C (N)M (k-1)L0 1
1 0
H'ky=——y 1 (5.29)
cm|® = '
M (k-1)

Putting the value of H~'(k)from Eq. 5.29 in Eq. 5.20, and writing the updating eq. for 6 (k)

10
A 3 A B l 1 r
O(k)=0(k—1)+ cm|0 — T (k) p(k) (5.30)
M (k-1
Also from Eq. (5.23)
10 )
B(k) = Ok —1)+ - (IN) 0 1 {—sin(a)t +y(k=1)) —M(k—T)cos(art + y(k - 1))} (k)
M (k-1
(5.31)

_sin(er + y(k—1))
A A 1 n
O(k) =0k =D+~ )| _ coser +y(k—1) p(k) (5.32)

Mk —1)

Individual updating equation for M (k), y(k) is
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M) = M(k—1)- C(lN) sin(@t + y(k - 1)) p(k) (5.33)

A A 1 cos(wt+ 7A/(k -1))
y(k)=y(k=1)- X p(k)
C(N) M(k-1) (5.34)

From Eq. 5.33 M (k) is considered as fundamental active power component of input signal
and Eq. 5.34 7A/(k) is phase angle of input signal. Fig 5.3 shows the complete MRGN control

algorithm for SAPF in which MRGN is applied on phase ‘a’, ‘b’ and ‘c’ load currents (iz,,
irp, irc). The fundamental active power component for each phase ‘1,,’, ‘I,,” and ‘I,.’ average
of fundamental component of three phase load currents is determined as:

=1pa+1pb+1pc
avg 3

(5.35)
This /,,41s processed further and discussed in section 5.2.2.
5.2.1.3 Chebyshev Polynomial Based Control Algorithm
In this section, Chebyshev Polynomial based Artificial Neutral Network (ChANN) control
algorithm for SAPF is discussed. The Artificial Neural Network (ANN) [115] is trained using

Chebyshev Polynomial and back propagation algorithm. Chebyshev polynomials (ChP) are

; I" i, (k) P.(K)
M, (k—1) . .
- > n X |_> v dc
r.k-Dl |, A Proportional Plus (D {FF
Sa - . = Integral Controller Ve
—(,5 C, (k1) - T Ly i-Li bi
llﬂ A ¢, o X -+ = = S ic
- C.(k > \
i0) “XPF
1|, |
Mk —Ty—] PWM
;,, k—1)—» Current
' ¢, —» Weight Updation for Phase B Control
i I T
" >l - u; T Gating
Yok =1)=> Weight Updation for Phase C “ s Pulses
. [4 o
i,

Fig. 5.3 Block diagram of MRGN based control algorithm implementation
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used for approximating nonlinear function. The ChP form the solution for Chebyshev

differential equation given by:

2
(l—xz)d f—xﬂ+/12y=0
dx dx (5.36)
For x <|l|, Eq. (5.36) has singularity at -1, 1, and «. So solution is obtained using the series

expansions which yields

0 .
y=2 K
i=0

(5.37)
Differentiating Eq. (5.37)
4 _ Z i, x'"!
dx 5 (5.38)
Eq. (5.38) is modified as
dy & i
s Zoj (i + D, x (5.39)
Again differentiating Eq. (5.39) and rearranging
dZy 0 ) ) ;
=) (+2)(+DK;,,x
ax’ S (5.40)
Substituting Eq. (5.37),(5.39), (5.40) in (5.36) and rearranging
A=x)D ((+ 2+ D, ,x' —x ) (i + D, X + 22D kx' =0 (5.41)
i=0 i=0 i=0
D+ 2+ D, x' =Y i —Drex' =Y ix + 22D kx' =0 (5.42)
i=0 i=2 i=1 i=0
On expanding upto i=1
)D&, + () 2)yx — (D + A2y + K,.x) + D[ +2)( + 1)k, — i~ D, — ik, + A2k ' =0
i=2 (5.43)

On simplifying
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(2ic, + A%K,) +[(A* =D, + 65, |x + i[(i +2)(i+ DK, +(A* =i )x]x' =0 (5.44)

=2
From Eq. (5.44)

2,(2 + 12;(0 =0; (2,2 —l)l('1 + 61(3 =0 (545)

— (l'2 — lz)Ki
and K., = —(i 20t (5.46)

From Eq. (5.44),(5.45), it is evident that Eq. (5.45) is special case of Eq. (5.46) so Eq. (5.46)
is generalized recurrence equation.

For i=0,2,... even coefficients are obtained as

/tzKO
K, =—
2 (5.47)
. = (22 —/12)1(2 _ (22 —/12)(—12)1%
N E)C) MB)A) (5.48)

and in general ¥, - [(2i)" —A*)(2i—2)° —./12) ........... (A", _ KMTKO
(2i)! (2i)! (5.49)

Similarly for i=1,3,...., the odd coefficients are obtained as

K, = (1 B /12)’(1
31 (5.50)

L _E =2
| 5! (5.51)

c 1\2 _ g2 . A\2 g2 2 92
and in general ., _ Qi1 - %) 3). Ao, (1 =2k _ K
(2i+1D)! (2i +1)! (5.52)

The general solution of Eq. 5.36 is obtained using Eq. 5.37, 5.39 and 5.52 as

0

2i ~ 2i41
y=[x,+ Z KX 1+ [k x + Z KyaX ]
i=0.1.2. i=0.12. (5.53)

y=x,[1+ Z K X |+ [x + Z Ky X
i=1.2.. i=12.. (5.54)
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which can be written as

y =K, cos(Asin”' x)+ i, sin(Asin”" x) (5.55)
A equivalent form of the solution 5.55 is

y =1, cos(Acos” x)+1,sin(Acos”" x) (5.56)
y=n,ChF (x)+nChS (x) (5.57)
where ChF,(x) is the Chp of the first kind and CAS,(x) is Chp polynomial of the second kind.

In our proposed work ChF,(x) is used to approximate load current. ChF,(x) is also calculated

using Rodrigue's formula as

(_2)71 n ! \/1 B x2 dn

ChT, (x) =

where ChT,(x)=1,ChT,(x)=x,Ch,(x) =2x" —1,Ch,(x) = 4x’ —=3x, and s0 on.
By observing the pattern, a general recurrence relationship is developed as follows

ChT, ., (x) =2xChT,(x)=ChT, ,(x) ~ n=123... (5.59)

The Chp consist of orthogonal polynomials. Fig. 5.4 shows the proposed Chebyshev
Polynomial based Artificial Neural Network (ChANN) algorithm in which ChP is used to
approximate the load current. The weights of ChANN are trained using back-propagation

technique. In Fig 5.4, the load current in phase ‘a’ is approximated by ChP, whose output i.e.

l Weights
71 Update V*
de
Z,
Chebyshev] %2 w Za), + de

+ Ly —
> . H C ol
iLa Expansion n ; lz ic
73 Za, (] A isa*
P T TN A X} ,
=== propagatiom™ " ".‘L"‘I- s
Leccmee '
—J L, Uip Hysteresis
- Weight Extraction for phase B —| . > Current
1Lb s Control
I 122212
pe .
—.>| Weight Extraction for phase C |—> + ::E,_* Gating
L. Ui Ise Pulses

Fig. 5.4 Block diagram of ChANN based control algorithm implementation
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Z, is multiplied by back-propagation trained ANN weight w,; to obtain weighted Chebyshev
expansion Z,;. Similarly, Z,, and Z,; are calculated. Finally, all the product components Z,;,
Zq», Z43 are added and processed by activation function tanh. The final output L,,(k) is used
further for reference currents calculation.

The following equation is used to train weights of ANN (w,;, wg, Wwg3) using back-
propagation technique

Wiesty = Wi +§Ek(1—1pk)2ChE(x) (5.60)
For phase ‘b’ and ‘c’, the fundamental active power component ‘/,,’, ‘I,.” are determined. For
the calculation of effective active power component weights corresponding to the all three

phases (Zpq, Irs, I,c) are averaged to compute an average weight /..

:Ipa+lp,,+1pc

fog =5 (5.61)
The 7,4 1s used further for calculation of reference currents and discussed below.

5.2.2. Generation of Reference Currents for Control of SAPF

A SAPF requires real power from three phase supply to replenish the switching losses in

VSC. These losses are modeled as:
L () = 1o (k=1 + K ) {(ey. (k) = ey (k =D} + K e . (K)] (3.12)
where e, (k) = V;C (k) =V, (k) (3.13)

The Ij,s 1s the real power loss in the system, since the IGBT switching losses at high
frequency are significant and therefore must be added to /,qx/14¢ for effective active power
component /5 calculation as follows.

]efj’:]avg+]l (562)

For the generation of reference current for SAPF, unit templates are determined which are
used to synchronize the SAPF system to grid voltages. As discussed in chapter 3, the in-phase

unit templates are calculated using grid voltages as per Eq. (3.18)
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V.
Vb gy = (3.18)

where vy, v, Vi are the three phase supply voltages, and peak value of AC supply voltage V;

is the calculated using

4

2
\/5 (Vg + Vv, +V2) (3.19)

1.4 calculated using developed control algorithms is multiplied by unit templates u;q, uip, ;e to

*

. . * . * .
obtain reference currents iy, , is , isc -

ok

lsa :uia*leﬁ;i:b:uib*leﬁ;i:c =u,. "1, (5.63)
Now the reference currents are compared with the actual supply currents sensed through
current sensors (isq, isp, Isc) to generate switching signals to VSC in HCC. The HCC band is
kept at 0.2. Six gating pulses are generated and fed to SAPF for proper operation of SAPF
system. The supply currents follow the reference currents and hence become sinusoidal and
are balanced and sinusoidal.

5.3 SIMULATION RESULTS

The developed control techniques viz STF, MRGN and ChANN are also simulated in
MATLAB/SIMULINK environment. The simulation study on SAPF system is carried out to
test the effectiveness of new control techniques for load compensation and PQ improvement
in TPFW system. The simulation results for TPFW linear and non-linear loads are discussed
in subsequent sections.

5.3.1 Self Tuning Filter Based Control Algorithm

STF based control technique is implemented on a SAPF in a TPFW 110 V, 50 Hz,
distribution system with linear and non-linear loads. Fig 5.5 shows the three phase supply
voltages (vsupc), three phase supply currents (is.sc), three phase compensating currents (icqpc),

three phase non-sinusoidal load currents (izqc), DC link voltage (V) of SAPF and supply
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Fig. 5.5 Simulation results using STF based control algorithm for non-linear load.
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Fig. 5.6 Harmonic analysis using STF based control algorithm (a-c) waveforms of v,,, iy, i1, (d-f) THD of
Ve Lsas L1 fOr non-linear load

neutral current (is,) with non-linear loads. In TPFW system, three single phase nonlinear
loads each comprising of a diode bridge rectifier with a R-L load are considered for analysis.
Load currents are distorted and the THD content is higher. An unbalancing at t=0.3 sec to

t=0.4 sec is introduced to capture the dynamic performance of SAPF using STF control
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technique. The phase ‘c’ load current is absent during t=0.3 sec to 0.4 sec. The supply

currents are perfectly sinusoids. The magnitudes of all source currents are also same which

indicates balancing of three phase supply currents on grid side. The DC link is regulated to

200 V and has ripples during unbalancing of loads. The compensating current injected by

SAPF helps in improving PQ problem in TPFW supply system. The supply neutral current

(isy) 1s small during unbalancing period. Figs. 5.6(a)-(c) show waveforms and Figs. 5.6(d)-(f)
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Fig. 5.7 Simulation results using STF based control technique for linear load
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Fig. 5.8 Power flow in TPFW distribution system using STF based control algorithm (a-c) Active power P,
P;, P. (d-f) Reactive Power Oy, QO;, Q. for linear load
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show harmonic spectra of phase ‘a’ supply voltage (vy,), phase ‘a’ supply current (is,) and
phase ‘a’ load current (iz,) respectively. The phase ‘a’ supply voltage (vy,), phase ‘a’ supply
current (iy,) and phase ‘a’ load current (iz,) have a THD of 1.74%, 2.16% and 37.16%
respectively. The STF algorithm has effectively reduced the harmonics in the TPFW supply
system. The currents and voltages have THD content lower than prescribed in IEEE 519 [40].
Fig 5.7 shows the three phase supply voltages (vy.s.), three phase supply currents (i), three
phase compensating currents (i..».), three phase lagging PF load currents (iz..), DC link
voltage (V;.) of SAPF and supply neutral current (iz,) with linear load. The load has active
power demand of 2000 W and reactive power demand of 550 VARs. The load PF is lagging.
An unbalancing at t=0.3 is introduced and restored at t=0.4 sec. However, the supply currents
are still balanced and in-phase with the supply voltages. The SAPF provides reactive support
and helps to improve supply PF close to unity even though load has a lagging PF. The supply
neutral current (i) is close to zero and unaffected by unbalancing effect in phase ‘c’ due to
load removal.

Figs. 5.8(a)-(f) show the power balance between supply, load and SAPF compensator. The
load demands 2000 W real power and 550 VARs of reactive power, out of which active
power is supplied by TPFW supply system and reactive power is provided by compensator.
The reactive power drawn from AC supply is nearly zero; and the real power consumed by
compensator is quite small. This power balance is also valid during unbalancing period, t=0.3
sec to t=0.4 sec.

5.3.2 Modified Recursive Gauss Newton Based Control Algorithm

The modified RGN based control scheme for SAPF in a 110 V (L-L), 50 Hz, TPFW
distribution system with non-linear load is simulated in MATLAB/SIMULINK Fig 5.9
presents the three phase supply voltages (vsqpc), three phase supply currents (isqsc), three phase

compensating currents (i..»c), three phase non-linear load currents (izq..), DC link voltage
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(V4) of SAPF and supply neutral current (i5,) in a TPFW distribution system feeding non-
linear load. In this case, three, single phase diode bridge rectifiers are used as load and one
terminal of all the bridge rectifiers input side is made common and connected to load neutral
point. The load currents are non-sinusoidal and distorted. This TPFW distribution system

with nonlinear load is subjected to unbalance condition by sudden removal of phase ‘¢’

0.5 ! i i
0.05 o1 015 0.2 0.25
Time (sec)
Fig. 5.9 Simulation results using MRGN control algorithm for non-linear load.
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Fig. 5.10 Harmonic analysis using MRGN control algorithm (a-c) waveforms of v, iy, i1, (d-f) THD of v,
i i1, for non-linear load
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Fig. 5.11 Simulation results using MRGN control algorithm for linear load.
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Fig. 5.12 Power flow in TPFW distribution system using MRGN control algorithm (a-c) Active power Py, Py,
P, (d-f) Reactive Power Q;, O;, O,

during t=0.1 sec to t=0.2 sec. The MRGN based control of SAPF works satisfactorily to
generate appropriate reference currents for gating pulses generation of the SAPF. The DC
link voltage is maintained constant at 200 V by PI controller. The supply neutral current is
also limited during unbalancing. Figs. 5.10(a)-(c) show waveforms of phase ‘a’ sinusoidal
supply voltage (vy,), phase ‘a’ sinusoidal supply current (is,) and non-sinusoidal phase ‘a’

load current (iz,) and Figs. 5.10(d)-(f) show their harmonic spectra respectively. The PCC
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voltage has a THD of 1.74%. The load currents are non-sinusoidal with a THD of 37.16%.
The supply current THD has improved to 1.66% due to harmonic compensation by SAPF.

Fig 5.11 presents the three phase supply voltages (vy..), three phase supply currents (isupc),
three phase compensating currents (i., ics icc), three phase lagging PF load currents (iz,, iz
ir), DC link voltage (V) of SAPF and supply neutral current (i5,) with linear load. The load
is inductive in nature and has poor power factor. The control algorithm generates reference
currents which are in-phase with the grid voltages results in better PF at PCC. SAPF injects
compensation currents to improve PQ of the supply. During load unbalancing period t=0.1
sec to 0.2 sec, the supply currents are observed to be balanced and

in-phase with the grid voltages. The load neutral current passes through zigzag transformer
neutral path and supply neutral conductor has low current.

Figs. 5.12(a)-(f) present the power flow between supply, load and SAPF in TPFW
distribution system. The linear load is inductive and it demands 2000 W active power and
550 VARs reactive power under steady state. The controller to SAPF ensures that real power
demand of 2000 W is delivered by the grid. The reactive power demand of load is met from
the SAPF compensator and real power demand of the load and also the switching losses
within SAPF are delivered by grid. The SAPF on the contrary supplies only reactive power
burden of the load. During unbalance load condition i.e. from t=0.1 sec to t=0.2 sec, the
active and reactive power requirement of the load is reduced so the active power is delivered
from supply and reactive power supplied by SAPF.

5.3.3. ChANN Based Control Algorithm

In this section, simulation results of SAPF control using CAANN control technique for TPFW
110 V, 50 Hz distribution system are discussed. Fig 5.13 shows the three phase supply
voltages (Vyuie), three phase supply currents (igsc), three phase compensating currents (icqpc),

three phase non-sinusoidal load currents (iz..), DC link voltage (V;.) of SAPF and supply
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Fig. 5.13 Simulation results using CAANN control algorithm for non-linear load.
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Fig. 5.14 Harmonic analysis using ChANN control algorithm (a-c) waveforms of vy, iy, iz, (d-f) THD of v,
isa» i1, fOr non-linear load

neutral current (i;,) of a TPFW system with non-linear load. The grid voltage supply is
considered to be sinusoidal and balanced feeding non-linear loads. The supply currents are
non-sinusoidal and distorted in absence of SAPF. However, in presence of SAPF the supply
currents are distortion free and in-phase with the AC supply. The CAANN control technique

for SAPF generates appropriate compensating currents and improves PQ on the supply side.
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Fig. 5.15 Simulation results using ChANN control algorithm for linear load.
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Fig. 5.16 Power flow in TPFW distribution system using ChANN control algorithm (a-c) Active power P,
Py, P.(d-f) Reactive Power Q;, O, Q. for linear load
Load unbalancing is introduced in the system at t= 0.3 till t= 0.4 sec. The ChANN control

technique works effectively for load compensation. The DC link voltage is regulated by a P-I

controller. The supply neutral current is negligible small.

In Figs. 5.14(a)-(c) waveforms of phase ‘a’ supply voltage (vy,), phase ‘a’ shunt compensated

supply current (i5,) and phase ‘a’ non-sinusoidal load current (iz,) and in Figs. 5.14(d)-(f)

their harmonic spectra are shown. The PCC voltage, supply current and load current have a



THD of 1.74%, 2.11 and 37.16% respectively.

Fig 5.15 shows three phase supply voltages (viusc), three phase supply currents (i), three
phase compensating currents (i..»c), three phase lagging PF load currents (iz4.), DC link
voltage (V) of SAPF and supply neutral current (is,) of a TPFW system with linear load.
The load is consisting of resistor and inductor and demands reactive power. The PI controller
keeps DC link voltage well regulated to its reference value of 200V. SAPF injects necessary
compensating currents of proper magnitude using the ChANN control technique. The neutral
current of supply is observed to be almost zero and the entire neutral current of load passes
through the zigzag transformer. Figs. 5.16(a)-(f) show the power flow in TPFW system. The
supply active power (Py), reactive power ((Q;), load active power (P;), reactive power (Qy),
compensator active power (P,.), reactive power (Q.) have been plotted. The supply active
power includes the load active power demand and compensator losses. The compensator
reactive power includes load reactive power demand. The reactive power burden on the grid
side is reduced.

5.4 EXPERIMENTAL RESULTS

The developed control algorithms in this chapter have been implemented on prototype
hardware controlled using dSPACE1104 DSP controller. The hardware is tested and real time
signals have been captured with the help of DSO, single phase power analyzer FLUKE 43B
and three phase power analyzer FLUKE 434. The experimental results are discussed in this
section.

5.4.1. Self Tuning Filter Based Control Algorithm

A hardware setup for SAPF based compensator in a TPFW system of 110 V (L-L), 50 Hz,
feeding nonlinear load is developed and tested under different load conditions. Fig. 5.17(a)-
(c) show phase ‘a’ sinusoidal supply current (is,), phase ‘a’ non-sinusoidal load current (iz,)

and phase ‘a’ shunt injected compensator current (i.,) along with phase ‘a’ supply voltage
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Fig. 5.17 Steady state waveforms for TPFW system using STF based control algorithm (a) vy,-is, (b) vee-iz, (c)
Vsa-leq and (d-f) THD of (d) vy, () iy, (f) iz, (g-1) neutral current of (g) supply (i) (h) load (i;,) and (i) zigzag
transformer (i.,) for non-linear load

(vsq). The load is nonlinear but the supply current has become sinusoidal. Figs. 5.17(d)-(f)
show the harmonic content in phase ‘a’ supply voltage (vy,), phase ‘a’ supply current (is,) and
phase ‘a’ load current (iz,) respectively. The supply voltage has a THD of 4.3% which is
within the prescribed limit of IEEE 519 [40]. The supply current has THD of 3.1%, whereas
the load current has a THD of 32.1%. The installation and proper control of SAPF helps in
achieving balanced and sinusoidal supply currents. Figs. 5.17(g)-(i) show the supply neutral
current (iy,), load neutral current (iz,) and zigzag transformer neutral current (i,) along with

phase ‘a’ supply voltage. The supply neutral current is small in magnitude and has a value of

115



500V 2 1008/ 3 10047 4 10.04/ -487.2% 20.00%/ Stop 50.0v/ 2 1008/ 3 10087 4 10.08/ 77208 20.00¢/ Stop

ALALALALAEALAL A AL AL AL AL AL AL A AL AL AL AL A

VAAVAAVAAVAAVAAVEAVAAVEAVEAVAA IV VE VAV VE VI VI VIV Vi

aMA%MAMM-MHﬂcS%\lr"\ﬂr"\r"\rﬁr"'\r’\ﬂﬂ‘s%
VMWW WY W W W M NN Y N e NN

I B W T o M B W
TR TR

oad disconnected

disconnected Lsh " 4rLb
W \v'm‘vmwm;?*“w’“wﬂwﬂwﬂ*f'kf%ﬂm TS
' () ' (b)

90.0W 2 1008/ 3 10.0&¢ 4 1004/ 957.0% 20.00%/ Stop 200 2 100AfF 3 10.0A/ 4 10.0A/ -856.02 40.00%/ Stop

Fa\ A\ RVA\RYA\BFAVENA\ VA BVA\ N\ VAN ! :

\.// ./ \/ ‘\../ ‘»../ \-/ /” ./ ./ ~/ Vac
+"““““‘MWWWW*WWEAAAAAAAAA\AA“ AL ALK ALK A
Ea L YV VY VYYYYYYYVVVY VY
B S i St tiogatn O A AAAARRAAR AR AR AT

. Tl B
Load disconnected ZCU % Hoad Decreased T

P M‘%@W% ali MWW l.
ac CcCl

(© (d)
Fig. 5.18 Results showing dynamics in phase ‘c’ using STF based control algorithm (a) vy, iy, i, i (D) Vg
i1 b ire (©) Vg bea bets Bce (d) Ve Iser 14, 1ee fOr nonlinear load

YRS SV ST ST S

S00V/ 2 3508/ 3 3504/ 4 500A/ 1072 30008 Stop 500% 2 3504/ 5 35047 4 S0.0A/ -59B.0: 3000y Stop

AAANANAANA A AN A A D AN D AA B ALA A ALA DA
TVVVYVV YV Y VNV YVNV UV VIVY VIV VIV VIV VIV

. V
j\\f A\;A\f vf\\lf\mﬂ f\w Uﬂ f\b Lﬁﬂﬂh'\;UnUnUﬂUﬂUnUpUﬂ“ﬂ“r“ﬂ"*mufuﬂfn“f

iLoc
f\vﬁ\/\bAvﬁ\//\wf\v/\/\v v/\v/\vf\v/?vﬁw\/% \/ﬁ /\\/ \/ﬂ\//\/ AAN /\; g

oad di nected

L
|

C
S

_r
» Load dis¢onnetted I Lt
pa

bc | I pabc
(a) (b)

Fig. 5.19 Intermediate signals using STF based control algorithm (a) Vys, 16 i16s Lpabe (D) Vsar i1 i1g5 Lpane fOr
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0.084 A. The neutral current in load and zigzag transformer have almost equal magnitude so
all the neutral load current during load unbalancing period gets transferred to zigzag
transformer and supply neutral current remains negligible.

Fig. 5.18 shows the dynamic performance of the TPFW system using STF control technique
with non-linear load. Fig. 5.18(a) shows phase ‘a’ supply voltage (vy,) and three phase
balanced and sinusoidal supply currents (iy,, i, isc). The supply currents remain are at lower

magnitude during load unbalance period. The supply currents are sinusoidal. Fig. 5.18(b)
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shows phase ‘a’ supply voltage (vy,) and three phase non-sinusoidal load currents (iz,, izs, irc),
which presents the effect of unbalanced load. Fig. 5.18(c) shows phase ‘a’ supply voltage
(vsq) and three phase compensator currents (i, ics, icc). The compensator currents help in
balancing the supply currents during unbalancing period and keep it sinusoidal. Fig. 5.18(d)
shows DC link voltage (V;) of SAPF and all three phase ‘c’ supply, load, compensator
currents (igc, irc, icc). It 1s observed that STF based algorithm has been effective in improving
PQ problems and the DC link voltage is maintained at 200 V during varying load conditions.
Fig. 5.19 shows the intermediate results in the STF control technique for SAPF with non-
linear load. Fig 5.19(a) shows the phase ‘a’ supply voltage (vy,), Clarke’s transformed o-
component of load current (iz,), load current filtered a-component (iz,) and fundamental
active power component of phase ‘c’. The STF has been able to extract fundamental
frequency component from the distorted a-component of load current (iz,). This helps in
generation of appropriate reference currents. Fig. 5.19(b) shows phase ‘a’ supply voltage
(Vsa), Clark transformed B-component of load current (i), load current filtered f-component
(irp) and fundamental active power component of phase ‘c’. The STF has been also able to
extract fundamental frequency component from the distorted B-component of load current
(ip)-

Fig. 5.20 shows the steady state waveforms in TPFW distribution system with SAPF feeding
linear load. Figs. 5.20(a)-(c) show steady state power flow in TPFW distribution system using
STF based control algorithm The active and reactive power are measured with the help of
FLUKE434 power quality analyzer. The supply delivers active power (690 W) and reactive
power (170 VARs), where the load demands active power 610 W and reactive power demand
350 VARs. The excess active power of supply is used to feed compensator switching losses
of 70 W. The SAPF feeds 180 capacitive VARs into the system. Figs. 5.20(d)-(f) present the

supply neutral current (ig), load neutral current (iz,) and zigzag transformer
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neutral current (i,,) and phase ‘a’ supply voltage (vy,). The supply neutral current is small in
magnitude and equal to 0.055 A. The zigzag transformer neutral current is 0.932 A and load

neutral current is 0.957 A so a major part of the load neutral current during load unbalancing
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is transferred to zigzag transformer and only a very small part enters the supply neutral.

Fig. 5.21 shows the dynamic performance of the TPFW system with SAPF using STF control
technique and linear loads. Fig. 5.21(a) shows phase ‘a’ supply voltage (vy,) and SAPF
compensated three phase supply currents (iy,, isp, isc). The supply currents are observed to be
balanced and sinusoidal. Fig. 5.21(b) shows phase ‘a’ supply voltage (vs,) and three phase
lagging PF load currents (iz,, i1s, ir.). During sudden removal of phase ‘c’, the phase ‘c’ load
current reduces to zero. 5.21(c) shows phase ‘a’ supply voltage (vy,) and three phase shunt
injected compensator currents (i.4, ics, icc). The phase ‘¢’ compensator current is exact replica
of supply phase ‘c’ current during load unbalancing case. 5.21(d) shows DC link voltage
(V4.) of SAPF and all three phase ‘c’ supply, compensator and load currents (is, icc, izc). Fig.
5.22 shows the intermediate results for the STF control technique with linear load. Fig 5.22
(a) shows the phase ‘a’ supply voltage (vy,), Clarke’s transformed a-component of load
current (iz,), load current filtered o-component (iz4) and fundamental active power
component of phase ‘c’ (/,). The STF extracts the noise free fundamental component from
irq. Fig. 5.22(b) shows phase ‘a’ supply voltage (vy,), Clarke’s transformed B-component of
load current (ip), load current filtered B-component (izg) and fundamental active power
component of phase ‘c’ I,.. The a-component and B-component of load currents are necessary

for generation of suitable magnitude of reference currents for providing required

compensation.
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5.4.2. Modified Recursive Gauss Newton Based Control Algorithm

Fig. 5.23 shows the steady state waveforms in TPFW 110 V (L-L), 50 Hz distribution system

with SAPF feeding non-linear load using MRGN control Technique. Figs. 5.23(a)-(c) show

phase ‘a’ supply current (iy,), phase ‘a’ load current (iz,) and phase ‘a’ compensator current

(icq) and phase ‘a’ supply voltage (vy,). The supply currents are in-phase with supply voltages.

Figs. 5.23(d)-(f) show the harmonic content for the phase ‘a’ supply voltage (vy,), phase ‘a’

supply current (i;,) and phase ‘a’ load current (iz,). The THD of supply voltage is 4.1%. The

supply current has THD of 3.4%, which is higher than that observed with STF control

technique under similar loading conditions. The load current has a THD of 32.1%. The
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supply current and PCC voltage have low distortions and meet the THD limits as specified by
IEEE 519 [40]. Figs. 5.23(g)-(i) show the supply neutral current (i,), load neutral current
(irn) and zigzag transformer neutral current (i,,) along with phase ‘a’ supply voltage (vy,). The
supply neutral current like in the case of STF is very small and has a value of 0.092 A. The
neutral current in load has magnitude of 1.953 A and zigzag transformer neutral current has
magnitude of 1.90 A.

Fig. 5.24 shows the dynamic performance of the TPFW system with SAPF and MRGN
control technique for non-linear load. Fig. 5.24(a) shows phase ‘a’ sinusoidal supply voltage
(vsq) and three phase SAPF compensated supply currents (i, isp, isc). The supply currents are
sinusoidal and balanced. Fig. 5.24(b) shows phase ‘a’ supply voltage (vy,) and three phase
non-sinusoidal and unbalanced load currents (iz,, izs, ir.). The unbalancing in phase ‘¢’ is
introduced by sudden removal of phase ‘¢’ supply. However, it does not affect waveforms of
phase ‘a’ and ‘b’ currents. 5.24(c) shows phase ‘a’ supply voltage (vy,) and the three phase

compensator currents (i, ic», icc). The compensator currents are injected by the SAPF so that
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the supply currents remain balanced and sinusoidal. 5.24(d) shows DC link voltage (V) of
SAPF and phase ‘¢’ supply current (i;.), compensator current (i..) and load current (iz.). The
effect of disconnection of phase ‘c’ of load on three phase AC supply in presence of SAPF
has been analyzed. The compensator acts under these conditions and injects higher currents
during unbalanced condition compared to that of balanced load condition. The DC link
voltage is observed to be changed slightly due to sudden load removal but settles down soon
to reference value of 200V. Fig. 5.25 shows the intermediate signals in the MRGN control
technique for non-linear load. Fig 5.25(a) shows the average fundamental active power
component (/,,¢), phase ‘a’ fundamental active power component (/,,), phase ‘b’ fundamental
active power component (/,) and phase ‘c’ fundamental active power component (/,.). The
fundamental active power component of phase ‘a’ and ‘b’ are unaffected and /,. is reduced to
zero. Fig. 5.25(b) shows the DC link voltage (V;.) of SAPF, supply neutral current (i),
neutral current in load (iz,) and the zigzag transformer neutral current (iz,). During
unbalanced load period, the load and zigzag transformer neutral current are higher but the
supply neutral current remains close to zero. This demonstrates the effect of zigzag
transformer in achieving neutral current compensation.

Fig. 5.26 shows the steady state power balance between supply, load and SAPF. The supply
feeds active power (690 W), reactive power (170 VARs) and SAPF feeds the reactive power

(180 VARs), load power demand of 610 W active and 350 VARs reactive. The SAPF
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transformer (i.,) w.r.t phase ‘a’ voltage (vy,) in presence of linear load

consumes real power of 70 W to meet the switching losses in SAPF. Figs. 5.26(d)-(f) presents
the supply neutral current (is,), neutral current in load (iz,) and zigzag transformer neutral
current (i.,) along with phase ‘a’ supply voltage. The supply neutral current is negligible as
compared to load current. The load neutral and zigzag transformer neutral has almost equal
magnitude as 0.968 A and 0.963 A. This shows that the neutral current compensation has
been achieved.

Fig. 5.27 shows the dynamic performance of the TPFW system using MRGN control
technique for linear load. Fig. 5.27(a) shows phase ‘a’ supply voltage (vs,) and three phase
shunt compensated supply currents (i, is, isc). The supply currents remains balanced and
sinusoidal even phase ‘c’ of load is suddenly removed. Fig. 5.27(b) shows phase ‘a’ supply
voltage (vy,) and three phase lagging PF load currents (iz,, izs, irc) under balanced/unbalanced
loads. The phase ‘c’ load current has become zero during sudden disconnection of phase ‘c’.

Fig. 5.27(c) shows phase ‘a’ supply voltage (v,,) and three phase shunt injected compensator
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Fig. 5.27 Results showing dynamics for load disconnected in phase ‘c’ using MRGN control algorithm (a)
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currents (iq, ich, icc). The compensator currents for linear loads are less distorted as compared
to MRGN technique based control for non-linear loads. Fig. 5.27(d) shows DC link voltage
(V4c) of SAPF, and phase ‘c’ supply current (is.), phase ‘c’ compensator currents (i..) and
phase ‘¢’ load current (iz.). The supply and compensator currents settle very fast after the
load in phase ‘c’ is removed. Fig. 5.28 shows the intermediate signals in MRGN control
technique for linear load. Fig 5.28(a) shows the average fundamental active power
component (/,,¢), phase ‘a’ fundamental active power component (/,,), phase ‘b’ fundamental
active power component (/,;) and phase ‘c’ fundamental active power component (/,.). The
phase ‘c’ fundamental active power component (/) 1s reduced to zero during load removal.
Fig. 5.28(b) shows DC link (V) of SAPF, supply neutral current (is,), neutral current in load
(izn) and the zigzag transformer neutral current (iz,). During the unbalanced load conditions,
the neutral current in load passes through the zigzag transformer neutral path. The supply

neutral current is always well regulated and small in magnitude.
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5.4.3. ChANN Based Control Algorithm

The Chebyshev Polynomial ANN (ChANN) based control was implemented for control of
SAPF in a TPFW system at 110 V (L-L), 50 Hz in presence of non-linear loads. Fig. 5.29
shows the steady state waveform using ChANN control technique for non-linear load. Figs.
5.29(a)-(c) show phase ‘a’ sinusoidal supply current (iy,), phase ‘a’ non-sinusoidal load
current (iz,) and phase ‘a’ shunt injected compensator current (i.,) along with phase ‘a’
sinusoidal supply voltage (vs,). The SAPF compensator improves the profile of supply
current waveforms under nonlinear loads. Figs. 5.29(d)-(f) show the THD in the phase ‘a’
supply voltage (vs,), phase ‘a’ supply current (is,) and phase ‘a’ load current (iz,). The THD
of supply voltage is 4.1%. The supply current has THD of 4.3%, which is observed to be the
highest among all the three control techniques developed and implemented for load
compensation in this chapter. The load current has a THD of 32.0%. However, the THD in
supply current is still within prescribed limits specified in IEEE 519 [40]. Figs. 5.29(g)-(1)
show the supply neutral current (is,), load neutral current (i;,) and zigzag transformer neutral
current (i,,) along with phase ‘a’ supply voltage (v,,) for unbalanced load. The supply neutral
current is small and has a value of 0.110 A. The neutral current in load is 2.355 A and zigzag
transformer neutral current magnitude is 2.282 A.

The dynamic performance of the TPFW system using ChANN control technique is shown in

Fig. 5.30 for non-linear load. Fig. 5.30(a) shows phase ‘a’ supply voltage (vs,) and three
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Fig. 5.29 Steady state waveforms for TPFW system using ChANN control algorithm (a) vy,-ig, (b) ve-iz. (€)
Vea-leq and (d-f) THD of (d) vy, (€) iy, (f) i1, (g-1) neutral current of (g) supply (i) (h) load (iz,) and (i) zigzag
transformer (i,,) for non-linear load

phase SAPF compensated balanced supply currents (i, i, isc) under balanced/unbalanced
load. The supply currents waveforms are sinusoidal and their magnitudes slightly reduce
during unbalancing period. Fig. 5.30(b) shows phase ‘a’ supply voltage (vs,) and three phase
non-sinusoidal and unbalanced load currents (iz4, izp, izc). 5.30(c) shows phase ‘a’ supply
voltage (vy,) and SAPF injected three phase compensator currents (icq, icp, icc). The
compensator injects currents at PCC to improve the THD of supply currents. 5.30(d) shows
DC link voltage (V) of SAPF, phase ‘c’ supply current (is.), phase ‘c’ load current (ir.)

phase ‘c’ compensator current (i..). The ChANN control technique is observed to be working
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non-linear load
well for nonlinear balanced/ unbalanced load case. Fig. 5.31 shows the intermediate signals
for the ChANN control technique with non-linear load. In Fig 5.31(a) phase ‘c’ fundamental
active power component (/,.) and Chebyshev expansion functions (Z.;, Z.;, Z.3) have been
recorded. The Chebyshev expansion functions change according to the change in load and the
algorithm is able to extract /. effectively. In Fig. 5.31(b) the phase ‘a’ fundamental active

power component (I,,), phase ‘b’ fundamental active power component (/,;), phase ‘c’

fundamental active power component (/,.) and average fundamental active power component
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(Zavg) are shown. The fundamental active power component of phase ‘c’ (/,) is affected due
to load removal.

Fig. 5.32(a-c) shows the steady state power flow among supply load and compensator for
linear loads using ChANN control technique. The supply feeds active power (690 W) and
compensator feeds reactive power (180 VARs) out of total demand of load (620 W, 350
VARs). The compensator draws active power of 70 W from grid to meet switching losses in
IGBT switches. The PF of AC supply is 0.95, which is better in comparison to that of the PF
of the load. Figs. 5.32(d)-(f) present the supply neutral current (i,), neutral current of load
(izn) and zigzag transformer neutral current (i.,) along with phase ‘a’ supply voltage. The
supply neutral current is 0.088 A. The zigzag transformer neutral current and load neutral
current have almost equal magnitude of 1.021 A and 1.087 A respectively.

Fig. 5.33 shows the dynamic performance of the TPFW system using ChANN control
technique for linear load. Fig. 5.33(a) shows phase ‘a’ supply voltage (vs,) and three phase

SAPF compensated supply currents (i4, isp, isc) With balanced/unbalanced load. The supply
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Fig. 5.32 (a-c) Steady state power for TPFW linear system using ChANN based control algorithm for (a)
Supply (b) Load (c) Compensator and (d-f) neutral current of (d) supply (i) (e) load (i) and (f) zigzag

transformer (i.,) w.7.t phase ‘a’ voltage (vy,) in presence of linear load

128



200/ 2 160A/ 3 IBOAS 4 1B.OA/ 72248 20.00%/ Stop 2004/ 2 100A/ 3 100A7 4 10.047 81203 10.00%/ Stop

e o a ™ ey a Fa - 7, at e s o
S K __," »_I‘-‘I L | " \;__4\4 K __‘,'y E J\,j _j b | k a i’
sa ")AU
NN N NN L |
5 N ™, M, ™, "’"”'”f.La
P LY M\WWW%W i P A Fa A
Ao T WW Al o R o B v v o
Load disconpected~_, sb oad discqnnected N Hb
ity o s ™ PPt ) 2T,
(i iiﬁscﬁ W] e | e I,
(@ (®)

200/ 2 10.0A/ 3 0.0AF 4 10.0Af 1.057s 20.00%/ Stop BOOV/, 2 1008/ 3 1004/ 4 1004/ 1.849s 31.00%/ Stop

s A F, A A \ N
- N R N A A A 3 TN i

AAANAANAAAAAA
FAAVATATR AL A ATi

0a disc(mnectedlb

€

N\ =

AN N K

vy e
(d)

Fig. 5.33 Results showing dynamics for load disconnected in phase ‘c’ using ChANN control algorithm (a)
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currents are sinusoidal and balanced even though for some period load is unbalanced. Fig.
5.33(b) shows phase ‘a’ supply voltage (vy,) and three phase unbalanced and lagging PF load
currents (izq, irp, irc). 5.33(c) shows phase ‘a’ supply voltage (vy,) and three phase SAPF
injected compensator currents (icq, ich, icc). 5.33(d) shows DC link voltage (V) of SAPF and
phase ‘c’ supply current (i), load current (iz.) and compensator current (i..). These results
demonstrate the effectiveness of ChANN control technique for control of SAPF. Fig. 5.34
shows the intermediate signals in CAANN control technique with linear load. In Fig 5.34(a)
phase ‘c’ fundamental active power component (/,.) and Chebyshev expansion functions (Z.;,
Zcs, Zc3) are shown. In Fig. 5.34(b) average active power component (/,,), phase ‘a’
fundamental active power component (/,,), phase ‘b’ fundamental active power component
(Z»»), and phase ‘c’ fundamental active power component (/,.) are shown. These results are
similar to that of non-linear load, so the ChAANN control technique works well in TPFW linear

and non-linear loads.
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5.5. COMPARATIVE EVALUATION OF PROPOSED CONTROL SCHEMES
Three new control algorithms viz STF, MRGN and ChANN have been developed and
implemented for load compensation in TPFW system. All three techniques have been found
effective in mitigating PQ problems to acceptable levels. Table 5.1 and 5.2 show a
comparative performance analysis in presence of non-linear and linear loads based on the
experimental results (Fig. 5.17, 5.20, 5.23, 5.26, 5.29, 5.32).

Table 5.1 shows a comparison of THD level in supply current obtained using STF, MRGN
and ChANN control techniques. The STF gives the lowest THD level in supply current i.e.
3.1% as compared to MRGN and ChANN. The supply side current has been improved to
near sinusoidal value with THD of 3.45% with MRGN and 4.3% THD with Chebyshev based
algorithm when the load current is distorted and having a high THD of 32.0%. The STF
algorithm has been observed to be slightly better in achieving lower THD in supply current
than MRGN and Chebyshev based algorithm.

Table 5.2 shows a comparison of power flow in all three techniques under linear load
Table 5.1 COMPARISON OF CONTROL ALGORITHMS FOR NON-LINEAR LOAD

S.No. Quantity STF MRGN Chebyshev
, Supply Voltage 61.1V, 4.3% 60.8V, 4.1% 62.7V, 4.1%
) THD THD THD
5 Load Current 4.457A,321% | 4.457A,32.1% 4.995 A, 32.0%
o) THD THD THD
3 Supply Current 4.54 A, 3.1% 4.57 A, 3.4% 471 A, 4.3%
TGy THD THD THD
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Table 5.2 COMPARISON OF CONTROL ALGORITHMS FOR LINEAR LOAD

S.No. Quantity STF MRGN Chebyshev
1. Supply Power 690 W, 170 VARs, | 690 W, 170 VARs, | 690 W, 170 VARs,
0.95 P.F. 0.95 P.F. 0.95 P.F.
2. Load Power 610 W, 350 VARs, | 610 W, 350 VARs, | 620 W, 350 VARs,
0.87 P.F. 0.87 P.F. 0.87 P.F.
3 Compensator 70 W, 180 VARs, | 70 W, 180 VARs, 70 W, 180 VARs,
) Power 0.28 P.F. 0.29 P.F. 0.28 P.F.

conditions. Load has a active power demand of 610W, 350 VARs which is measured with a
three phase Power Analyzer (Fluke 434). which are recorded in Fig. 5.20, 5.26, 5.32. The
active and reactive power flow in the developed control techniques are nearly the same and
also P.F. of the supply has been improved from 0.87 lag to 0.95 in all three control
techniques.

5.6 CONCLUSIONS

The main contributions of this chapter are to develop improved control techniques such as
MRGN, STF and ChANN for TPFW system. This chapter also incorporates neutral current
compensation in TPFW using zigzag transformer which is cost effective solution. A fair
comparison is performed based on the obtained results. All three control algorithms can be
used to extract harmonics from load current. The performance of the algorithms under
dynamic load changes (disconnection of load) has been investigated. It has been observed
that with MRGN algorithm, the fundamental active power component (Ip¢) settles quickly in
~ 2 cycles as compared to three cycles for STF and two and half cycles for ChANN.
However, the complexity in real time implementation of MRGN and STF was comparable,
while ChANN is moderately complex. Overall, performance of MRGN was slightly superior

than the other two control algorithms viz. STF and ChANN.
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Chapter 6
POWER QUALITY IMPROVEMENT IN DISTORTED
LOW VOLTAGE DISTRIBUTION SYSTEM

6.0 INTRODUCTION

In the previous chapters, PQ problems in TPTW and TPFW have been discussed. The
development of control algorithms in these chapters are based on the assumption that grid
supply is sinusoidal and has low THD. In this chapter, PQ problems of distorted low voltage
distribution system are analyzed. New control algorithms for PQ improvement in TPFW
distorted distribution system are developed. These techniques are simulated in a
MATLAB/SIMULINK environment and experimentally validated on a prototype system
developed in the laboratory.

6.1 POWER QUALITY ISSUES IN TPFW DISTORTED LOW VOLTAGE

DISTRIBUTION SYSTEM

A detailed analysis of PQ problems and mitigation techniques are described for TPTW and
TPFW grid tied distribution system in previous chapters. The supply is considered as stiff and
unaffected by the type of load present and amount of current drawn from the supply. The
PCC voltages have THD less than 5%. Hence, the generation of unit templates for
synchronizing SAPF to the grid can be realized easily.

However, in the case of distorted low voltage distribution system, the supply voltage is not
perfectly sinusoidal. The waveforms of PCC voltages are distorted and THD in voltages are
also more than allowable limit of 5%. The generation of perfectly sinusoidal unit templates
for generation of reference currents for control of SAPF in distorted distribution system is a
new challenge. The conventional approach of generating unit templates fails under distorted
supply voltage. If unit templates are generated from the distorted supply voltages, then they

are also distorted and reference currents generated using these unit templates are also
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distorted and it is not possible to achieve a sinusoidal AC supply current through

compensation.

Compensation and mitigation of PQ problems requires extraction of fundamental component

of supply voltages. This chapter focuses on PQ improvement in TPFW distorted distribution

system such as PF correction, harmonic reduction and compensation for neutral current etc.
with advanced control techniques.

6.2 DEVELOPMENT AND ANALYSIS OF MODERN CONTROL ALGORITHMS
FOR MITIGATION OF PQ ISSUES IN TPFW DISTORTED LOW VOLTAGE
DISTRIBUTION SYSTEM

In this section, control techniques for PQ issues and mitigation in TPFW distorted grid

system are discussed. These techniques are general and have been implemented on load

currents as well as distorted PCC voltages. Details of control techniques such as Multiple

Complex Coefficient Filter (MCCF) and Second Order Generalized Integrator (SOGI) is

discussed in subsequent sections.

6.2.1. Extraction of Fundamental Active Power Components

The determination of fundamental active power component (/yapc/lavg) using new control

algorithms are described in this section.

6.2.1.1. Multiple Complex Coefficient Filter (MCCF) Based Control Algorithm

The Complex Coefficient Filter (CCF) is frequency selective filter and have zero phase shift,

unity gain. The CCF transfer function of is given by

@,

TF=— "t
S_an0+a)b (6.1)

where o, is bandwidth of filter, wy is fundamental frequency and ‘n’ denotes the order of
harmonic frequency.

The CCF frequency response characteristic is shown in the Fig 6.1 with bode plot. It is also

133



Magnitude (dB)

a0 ! ! ! ! ! ! ! ! !
el T T T T T T T T T

45 -

Phase (Deg)

WA _

ok | | | | | | | | 1

Frequency (Hz)
Fig. 6.1 Magnitude and phase plot of Complex Coefficient Filter (CCF)

observed from the figure that corresponding to wo, the CCF has zero phase shift and unity
gain response, which are desirable characteristics of an ideal filter. The CCF has advantages
over other popular filters such as Butterworth Filter (BWF), Moving Average Filter (MAF)
etc. of having the ability to differentiate between sequence components such as positive and
negative sequence component of individual harmonic as shown in Fig 6.2. A CCF can be
used to obtain positive sequence fundamental component of voltage and current signal.

Fig. 6.2 shows the implementation of Multiple CCF (MCCF) filter for positive and negative
sequence component of load current fundamental as well as harmonic components. The
proposed MCCEF filter shown in Fig 6.2 can be expressed by a set of linear frequency domain

equations for fundamental component as

Iy = Ol = Ol — Ol " (6.2)
gy =@+, —Of, (6.3)
Iy = =@l +Of (6.4)
iL.ﬁf_ =Wl 5~ a’oiLaf_ — Wyl B (6.5)
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Fig. 6.2 Implementation of MCCEF to extract load current fundamental and harmonic sequence components

where ir,, izp are the alpha-beta components of load currents, ira s iLﬂ+ are the positive
sequence fundamental alpha-beta components of load currents, iz,, i;p are the negative
sequence fundamental alpha-beta components of load currents.

Similarly for n™ order frequency component the positive and negative sequence alpha- beta

components of load currents are given by:

.« + . .+ .+
lexn = a)blla - a)blLan - a)OZLﬂn (66)
.o + . . .+
Upn =@lig+@l,, —0lg, (6.7)
lL.om_ =y, — a)biLom_ + a)OiLﬂn_ (6.8)
iL.ﬂn_ =Wyl 5 — a)OiLan_ - (‘)biwn_ (6.9)
where ‘n’ denotes the order of harmonics.
A state space model of system can be represented by
X (1) = AX () + Bu(?)
(6.10)

y()=CX(t)+ Du(r)
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where X(0) = y(0) =i, s Gray  ppp coeeeeeeeeeees ban ipn Tian i I,
u)=[iy, i i1y Bpgecene i, 0,1, D=0, C=[1],,, B=w,[1],,

-0, -0, 0 0 )
w, -0, 0 0
0 - o
0 - -o
A=
-, —Nno, 0 0
nw, -, 0 0
0 0 -, N,
and L 0 0 _na)o _a)b J14nX4n

The steady state solution of Eq. (6.10) is given by

6.11)
y(6) =X (1) =e" X(0) (
F sin(o, +77")
~F cos(a,t +7;)
Fsin(~ayt+y,)
~F sin(-ay +7;)
Y =X@)= ) (6.12)

FEsin(nawyt+y,)
—F cos(nayt+7y,)
—F, cos(nayt +7,)

| —F, sin(-noyt+y,) |,

where F;", F;” maximum value of are the fundamental positive and negative sequence
components of load current, similarly F.", Fyis for n® harmonic, 7/1+ ..... 7/; denotes the phase
shift of particular harmonic signal and ‘n’ denotes the order of harmonic.

From Eq. 6.12 it is clear that proposed filter is able to extract all the positive as well as
negative sequence component of fundamental and all higher order harmonics in distribution

system. Fig. 6.3 shows the block diagram of implementation of MCCF filter for PQ
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Fig. 6.3 Block diagram of MCCF based control algorithm implementation

improvement in distorted grid system. For the generation of appropriate unit templates the
distorted PCC voltages are first transformed into a-f components using Clarke’s

transformation as

v 5 1 —— —— || Vsa
sa 2 2
= |Z 6.13
Lsﬂ} 3 \/g \/g Vsb ( )
2 2

where vy, Ve, vy are three phase PCC voltages and vy, vy are transformed voltages. The

transformed voltages vy, and vy can further be expanded as follows

N e (6.14)
saff safp safp safp

where ‘n’ denotes the order of harmonics.

Now the MCCEF filter tuned to fundamental positive frequency i.e. 50 Hz, is used to extract
fundamental positive component of PCC voltages from distorted voltages vy, and vy. The
MCCF filters out fundamental positive sequence component Vey  and VS[}+, which is
transformed by reverse Clarke’s transformation to get fundamental positive sequence three

+ + +
phase voltages vsur , Vspr » Vser as
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N 1

0
R B

P VN IS | A (6.15)
v 1 3 |L"s0
2 2

where vy is supply zero sequence component. These (vmf, vxbf, vxcf) or simply (Vyup, Vsbss Vsef)
are used to calculate modified unit templates (u,-f, up u,-f), and discussed later in section
6.2.2.

The load currents are transformed into a-f components for the extraction of fundamental

active power component of load current using Clarke’s transformation as:

{iL } \/; | e ”

o

e e i (6.16)
3

'L 0 BB .

Now these transformed currents (iz, iz5) are processed by MCCEF filter to obtain fundamental

positive sequence load components (iz.s ir5). The fundamental active power component

(Zpare) of combined load is calculated using

Ly =it +itg, (6.17)

The component I, is added to DC link power loss component /.. to determine effective
magnitude (/o) of compensator currents.

6.2.1.2. Second Order Generalized Integrator (SOGI) Based Control Algorithm

Second Order Generalized Integrator (SOGI) is a general purpose second order transfer
function [146]. It is used to calculate in-phase and quadrature phase frequency components of
input signal. The input signal may be voltage or current, SOGI outputs two components
which are in phase quadrature. Fig. 6.4(a) shows a generalized SOGI block diagram
implemented on phase ‘a’ load current iz,. The in-phase and quadrature components of phase

‘a’ load currents are given as:
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=
o

iLaj _ COOS

i, s+ (6.18)
. 2

1 ,

= (6.19)

I, st ,
where oy is fundamental frequency and i), izq are the in-phase and phase quadrature outputs
generated using SOGI.

The above SOGI realization shows resonance problem due to which the output may increase
in uncontrolled manner. A feedback link as shown in Fig. 6.4(b) is introduced to mitigate the
resonance phenomenon. For calculation of fundamental active current component /,,, the
SOGI in-phase and phase quadrature outputs iz, and iz, are obtained. The transfer functions

modified after introduction of feedback link as:

l‘La‘ Wao,s

= 0 - (6.20)
i, S +Ways+ o,

i, Wao;

Lk — — (6.21)

. 2
i, S +Ways+ o,

where W is constant gain and s is the laplace operator. The SOGI has two outputs which are
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always phase quadrature so this structure of SOGI is also called Quadrature Signal

Generator(QSG)-SOGI. The gain W determines the bandwidth of SOGI block. For small

values of W, band pass of the SOGI block becomes narrower as shown in Fig. 6.4(c), which

leads to more filtering but slow dynamic response of the system. And vice versa for large

value of W. So value of W is required to be chosen judiciously to achieve good harmonic

rejection and fast dynamic response.

Fig. 6.5 shows the complete control technique block diagram using SOGI. The SOGI block is

used to compute the fundamental in-phase component of phase ‘a’ voltage vy, as

\%

sa

saf

Wa,s

v s’ +Ways+ o,

where vy,is phase ‘a’ fundamental in-phase voltage component.

(6.22)

For the extraction of fundamental active component of load, SOGI blocks in phase ‘a’ is

implemented to calculate in-phase and quadrature components of each phase as per Eq. (6.23-

2.24).
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Now the fundamental active power component for phase ‘a’ (/) is calculated as

[pa = \’l‘Lzaj +i§ak (623)

Similarly fundamental active power component for phase ‘b’ (/,,) and phase ‘c’ (I,.) are
calculated and average fundamental active power component /,,, 1s calculated as

L = % (6.24)
Now switching losses of IGBT switches (/j,5) are added to get effective active power current
component and discussed in the next section.

6.2.2. Generation of Reference Currents for Control of SAPF

As discussed in section 3.8.1, the losses occurred in the IGBT switches of SAPF can be

determined using the Eq. 3.12, 3.13 which are

Liss (0 = I (k=D + K (e (k) —e g (k =D} + K e . (k)] (3.12)
where e (k)= V;c (k) =V, (k) (3.13)

The 1), 1s the real power loss component of current in the system, since the IGBT switching
losses at high frequency are significant and therefore this loss must be added to Z,upc/lavg for

effective active power current component /. calculation as follows.

Lyp =1 +1,

0ss (6.25)
For the generation of reference current for SAPF, unit templates which are also called
synchronizing templates is determined. As discussed in previous sections that conventional
way of calculating unit templates as per Eq. (3.18) cannot be directly used because of
distorted supply voltage, therefore the fundamental component of supply voltages (Vs Vepss
Vser) must be calculated using developed control algorithms. The modified in-phase unit

templates (", Ui, uic') are calculated from the extracted fundamental supply voltage (Vsaps

Vabs, Vser) as per Eq. (6.26)
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Uy =—"L; up=—"; U =-—2 (6.26)

V, "is the peak value of fundamental component of supply voltage and calculated using

2
Vt+ = \/5 (vsqu + Vsbfz + Vstz) (6'27)

Lok kK .
And the reference currents iy, , iy, , isc are generated using

o *

i =u, * L) ijb:u;b*]eﬂ; I =U, * 1y (6.28)
Now the reference currents generated are compared with the actual supply currents (is,, isp,
isc) in the HCC. The HCC band is kept at 0.2. Comparison of reference currents and actual
supply currents provide six gating pulses which are fed to SAPF for proper operation of
system. The supply currents follows the reference currents and it is sinusoidal and balanced.
6.3. SIMULATION RESULTS

The developed control algorithms viz. MCCF and SOGI based controller are tested for
control of SAPF connected TPFW distribution system in MATLAB/SIMULINK
environment. Additional source inductance (2 mH) is connected which produces distorted
PCC voltages. The simulated results of application in TPFW system under distorted grid
condition are analyzed.

6.3.1 Multiple Complex Coefficient Filter Based Control Algorithm

Fig. 6.6 shows the simulation results for implementation of MCCF control technique for
SAPF in a distorted distribution system. Fig. 6.6 presents three phase supply voltages (Vss, Vsp,
vy), three phase filtered supply voltages (Vsas Vit Vi), three phase supply currents (isq, is,
isc), three phase compensator currents (i.q, ics, icc), three phase non-sinusoidal load currents
(izas b, i), DC link voltage (V) of SAPF and supply neutral current (i,) for TPFW system
with non-linear load. The supply voltages are observed to be highly distorted. The MCCF

implementation on supply voltages makes the filtered supply voltages (vsuse) distortion less
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Fig. 6.6 Simulation results using MCCF based control algorithm for non-linear load under distorted grid.
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Fig. 6.7 Harmonic analysis using MCCF based control algorithm (a-b) waveforms of vy, v (c-d) THD of
Vsa» Vsor fOr non-linear load
and sinusoidal. The MCCFs are also implemented on the load currents to get fundamental

component of currents. The performance of the controller is observed under steady state

condition as well as under a load unbalancing introduced during time t=0.3 sec to 0.4 sec.
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Fig. 6.8 Harmonic analysis using MCCF based control algorithm (a-b) waveforms of i, i;, (c-d) THD of i,
i, for non-linear load

Figs. 6.7(a)-(b) show phase ‘a’ supply voltage (vs,) and phase ‘a’ filtered supply voltage (vsq)
waveforms. Figs. 6.7(c)-(d) show the THD content in phase ‘a’ supply voltage (v,,) and phase
‘a’ filtered supply voltage (vs). The THD of supply voltage is very high (29.74%), which
has been reduced to 1.70% by filtering action of MCCF. Figs. 6.8(a)-(b) show
waveforms of phase ‘a’ supply current (is,) and phase ‘a’ non-sinusoidal load current (iz,).
Figs. 6.8(c)-(d) show the THD content of phase ‘a’ supply current (iy,) and phase ‘a’ load
current (iz,). The supply current would be highly distorted with a THD of 36.78% if SAPF is
not connected. The SAPF has reduced the THD in supply current to 2.08% by using MCCF
based algorithm.

In Fig. 6.9 simulation results for distorted grid condition with MCCF control technique in
presence of linear loads are presented. Fig. 6.9 shows three phase supply voltages (vs4, Vsp,
vse), three phase filtered supply voltages (Vias, Verss Vsey), three phase supply currents (ig, is,
isc), three phase compensator currents (icq, icp, icc), three phase lagging load currents (izq, izp,
irc), DC link voltage (V4) of SAPF and supply neutral current (iz,) for TPFW system with

linear load. The MCCF technique controls SAPF effectively for PQ problems mitigation. It
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Fig. 6.9 Simulation results using MCCF based control algorithm for linear load under distorted grid.
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Fig. 6.10 Power flow for TPFW distorted grid system using MCCF based control algorithm (a-c) Active
power Py, P;, P, (d-f) Reactive Power Q;, O;, Q. for linear load

has been observed that the supply currents are balanced and sinusoidal during varying
loading condition. The supply neutral current is also limited due to presence of zigzag
transformer. Figs. 6.10(a)-(f) show the profiles of power flow for supply (Ps, Qs), load (P,

Qv), and compensator (P,, Q.). It is observed that during load unbalancing between t=0.3 sec
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Fig. 6.11 Simulation results using SOGI based control algorithm for non-linear load under distorted grid.

to 0.4 sec, the real power requirement of load is met by the supply whereas reactive power
requirement of load is supplied by the compensator. The supply reactive power burden is
nearly zero.

6.3.2 Second Order Generalized Integrator Based Control Algorithm

Fig. 6.11 presents simulation results of SOGI based control of SAPF in TPFW system. The
load considered is a TPFW non-linear load comprising of three single phase diode bridge
rectifiers with R-L load at their output terminals. Fig. 6.11 shows three phase supply voltages
(Vsas Vsb, Vsc), three phase filtered supply voltages (Vias, Vs Vser), three phase supply currents
(isa» Ish» Isc), three phase compensator currents (icq, icp, icc), three phase non-sinusoidal load
currents (izq, izp, irc), DC link voltage (V;.) of SAPF and supply neutral current (i,) for non-
linear load. It is observed that the supply voltages are highly distorted and THD content is

29.74%. By using SOGI technique, the filtered supply voltages are extracted. SOGTI filters
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Fig. 6.12 Harmonic analysis using SOGI based control algorithm (a-b) waveforms of vy,, vy (c-d) THD of
Vsa» Vsgr fOr non-linear load
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Fig. 6.13 Harmonic analysis using SOGI based control algorithm (a-b) waveforms of i, i, (c-d) THD of i,
iz, for non-linear load

are also implemented to extract fundamental component of load currents as shown in Fig. 6.5.
Fig. 6.11 shows that during t=0.3 to 0.4 sec, load currents are unbalanced but the supply
currents

are balanced and sinusoidal, also DC link voltage is regulated at 200 V. The supply neutral
current is also restricted to +0.2A. Figs. 6.12(a)-(b) show supply voltages (vsup.) and filtered
supply voltages (Viany) Waveforms and Figs. 6.12(c)-(d) show their THD content respectively.
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The THD in filtered supply voltage is 1.04%. Figs. 6.13(a)-(b) show phase ‘a’ supply current
(iss) and phase ‘a’ load current (iz,) waveforms and Figs. 6.13(c)-(d) show their THD
respectively. The THD in supply current (is,) is 1.99%, and in load current is 36.78%. It is
observed that the SOGI controller works well for fundamental extraction of voltages and
currents.

In Fig. 6.14 simulation results are shown for implementation of SOGI control technique for
distorted distribution system with linear load. Fig. 6.14 shows three phase supply voltages
(Vsa> Vsbs Vsc), three phase filtered supply voltages (Vi Vipp Vier), three phase supply currents
(isa> Lshy Isc), three phase compensator currents (icq, icp, icc), three phase lagging load currents
(izas b, i1c), DC link voltage (V) of SAPF and supply neutral current (i,) for TPFW system
with linear load. The supply currents are in phase with respective supply voltages and have
sinusoidal waveform. The supply neutral current is also limited to £0.2 A and DC bus voltage

is maintained to reference value of 200 V. Figs. 6.15(a)-(f) show the plots of power flow for

200 . ! ! ! !
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0.2 0.25 0.3 0.35 0.4 0.45 0.5

Time (sec)
Fig. 6.14 Simulation results using SOGI based control algorithm for linear load under distorted grid.
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Fig. 6.15 Power flow for TPFW distorted grid system using SOGI based control algorithm (a-c) Active
power P, P;, P. (d-f) Reactive Power Q,, O;, Q. for linear load

supply (Ps, Qs), load (Pz, Qr), and compensator (P., Q). It indicates that the real power
demand of load is met by grid and reactive power demand is met by the compensator during
steady state and dynamic conditions.

6.4 EXPERIMENTAL RESULTS

The developed control techniques in this chapter are implemented on prototype hardware
using dSPACE1104. Additional inductors are connected in series with the supply voltages to
create effect of distortion in the PCC voltage. The hardware is developed and tested and
dSPACE1104 DSP controller is used to implement control algorithms on SAPF. The
experimental results are recorded and discussed in sub-sections.

6.4.1. Multiple Complex Coefficient Filter Based Control Algorithm

Fig. 6.16 shows the steady state waveforms of a TPFW system with SAPF and MCCF control
technique for non-linear loads. Figs. 6.16(a)-(c) show phase ‘a’” SAPF compensated supply
current (i), phase ‘a’ load current (iz,) and phase ‘a’ SAPF injected compensator current (i.,)
and phase ‘a’ supply voltage (vy,). The load current is non-sinusoidal but the supply current is
sinusoidal. Figs. 6.16(d)-(f) show the harmonic content in phase ‘a’ supply voltage (vs,),
phase ‘a’ supply current (is,) and phase ‘a’ load current (i) respectively. The PCC voltage

has a THD of 9.7%. The PCC voltages and non-linear load currents are processed in dASAPCE
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1104 controller for implementation of MCCF technique to generate reference currents. In
presence of SAPF, the phase ‘a’ supply current has THD of 3.6%, which is below 5% limit,
whereas the load current has a THD of 29.9%. The SAPF succeeds is able to reduce THD in
supply current even though the PCC voltages are distorted. Figs. 6.16(g)-(i) show the supply
neutral current (i), load neutral current (i;,) and zigzag transformer neutral current (i,,) and
phase ‘a’ supply voltage (vy,). The supply neutral current is limited to 0.107 A. The neutral
current in load and zigzag transformer neutral current have almost equal magnitude. All the

neutral current of the load during load unbalancing is transferred to the neutral wire of the
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Fig. 6.16 Steady state waveforms for TPFW distorted grid system using MCCF based control algorithm (a) v,,-
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supply and zigzag transformer is restricted to very low value.

Fig. 6.17 shows the dynamic performance of the TPFW system with SAPF using MCCF
control technique and non-linear load. Fig. 6.17(a) shows phase ‘a’ supply voltage (vy,) and
three phase shunt compensated supply currents (is,, is, isc). After compensation the supply
currents are observed to be balanced but smaller in magnitude due to unbalanced load. The
supply currents are also sinusoidal. Fig. 6.17(b) shows phase ‘a’ supply voltage (v,,) and
three phase non-sinusoidal load currents (iz,, iz, iz.). The load unbalancing is observed from
this figure when the current in phase ‘c’ is reduced to zero by sudden removal of phase ‘¢’
supply line. Fig. 6.17(c) shows phase ‘a’ supply voltage (v,,) and three phase shunt injected
compensator currents (icq, ic», icc). The compensator currents helps in balancing the supply
currents during unbalancing and making it sinusoidal during all load conditions. Fig. 6.17(d)
shows DC link voltage (V,.), phase ‘c’ supply current (i), phase ‘¢’ load current (i;.) and
phase ‘c’ compensator currents (i..).

Fig. 6.18 shows the intermediate signals with the MCCF control technique of SAPF for non-
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linear load. Fig 6.18(a) shows the DC link voltage (V,), phase ‘a’ supply voltage (vy,),
filtered phase ‘a’ supply voltage (vs) and fundamental active power component of load
currents (Z,u»c). The fundamental voltage component (vy,) has been filtered effectively using
MCCEF and DC link voltage is regulated to reference value using PI controller. Fig. 6.18(b)
shows filtered phase ‘a’ supply voltage (vyy), load current alpha component (ir,), filtered
alpha component of load current (iz,) and fundamental active power component (/,4c) of
load currents. The MCCEF is applied for non-linear load and successfully extracts fundamental
a-B components of load current. Fig. 6.18(c) shows filtered phase ‘a’ supply voltage (via),
beta component of load current (izg), filtered beta component of load current (iz5) and
fundamental active power component (/,45.) of load currents. Fig. 6.18(d) presents phase ‘a’
supply voltage (vy,), filtered phase a supply voltage (v,,), modified unit template for phase
‘a’, (ui,') and reference current for phase ‘a’ (z'm*). The reference currents of proper

magnitude are generated by MCCF control technique for SAPF connected on PCC voltages
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and load currents.

Fig. 6.19 shows the steady state power flow using MCCF control Technique. Figs. 6.19(a)-
(c) show steady state power flow from supply, load and SAPF respectively. The supply feeds
active power (680 W), reactive power (170 VARs) and compensator provides reactive power
(180 VARs) to the load, which has a total power requirement of Py (610 W) and Q. (350
VARs). Figs. 6.19(d)-(f) present the supply neutral current (i,), load neutral current (iz,) and
zigzag transformer neutral current (i,,) and phase ‘a’ supply voltage (vy,). The supply neutral
current is limited to 0.15 A. The entire neutral current of the load passes through the zigzag
transformer neutral.

Fig. 6.20 shows the dynamic performance of the TPFW system with SAPF and MCCF
control technique for linear load. Fig. 6.20(a) shows phase ‘a’ supply voltage (vs,) and three
phase shunt compensated supply currents (is4, isp, isc). It 1 observed that supply currents are

balanced and sinusoidal. Fig. 6.20(b) shows phase ‘a’ supply voltage (vs,) and three phase
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Fig. 6.21 Intermediate results using MCCF based control algorithm (a) Ve, Via Vsas Lpase (D) Vsap irar irap Lpave
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lagging PF load currents (iz,, izs, izc). The phase ‘¢’ load current is reduced to zero during

load removal in phase ‘c’. Fig. 6.20(c) shows phase ‘a’ supply voltage (vy,) and three phase
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SAPF injected compensator currents (i.q, ic», icc) Which are sinusoidal. Fig 6.20(d) shows the
DC link voltage (V,.), and phase ‘c’ supply current (is.), phase ‘c’ load current (i;.) and phase
‘c’ compensator current (is., i1, i.). The DC link voltage increases slightly during load
unbalancing period but it is regulated by PI controller to 200 V.

Fig. 6.21 shows the intermediate signals with MCCF based control with linear load. Fig 6.21
(a) shows the DC link voltage (V,.), phase ‘a’ supply voltage (vy,), filtered phase ‘a’ supply
voltage (vyy) and fundamental active power component of load currents (Z.s.). The Lyuse
decreases in magnitude during unbalanced load. Fig. 6.21(b) shows filtered phase ‘a’ supply
voltage (Vvs4), alpha component of load current (iz,), filtered load current alpha component
(iLey) and fundamental active power component (/,q45) of load current. Fig. 6.21(c) shows
filtered phase ‘a’ supply voltage (v4), load beta component (izp), filtered beta component of
load current (izg) and fundamental active power component (/,qc). Fig. 6.21(d) presents
phase ‘a’ supply voltage (vs,), phase ‘a’ filtered supply voltage (vs,) and MCCF extracted
unit template for phase ‘a’, (u;,') and reference current (isa*) for phase ‘a’. The reference
current iy, decreases in magnitude during sudden disconnection of phase ‘c’ of the load.
6.4.2. Second Order Generalized Integrator Based Control Algorithm

Fig. 6.22 shows the steady state waveforms using SOGI based control of SAPF in TPFW
distribution system feeding non-linear loads. Figs. 6.22(a)-(c) show phase ‘a’ supply current
(is4), phase ‘a’ non-sinusoidal load current (iz,), phase ‘a’ compensator current (i.,) and phase
‘a’ supply voltage (vs,). Figs. 6.22(d)-(f) show the harmonic content in the supply voltage
(Vsa), supply current (iy,) and load current (iz,) respectively. The supply voltage has a high
THD of 9.5% due to distorted grid condition. The supply current after compensation has
THD of 3.8% obtained with SOGI based control technique. The load current has a THD of
29.6%. Figs. 6.22(g)-(1) show the supply neutral current (is,), load neutral current (iz,), zigzag

transformer neutral current (i,,) and phase ‘a’ supply voltage (vy,). The supply neutral
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current is limited to 0.115 A. This is due to zigzag transformer connected between load and
supply neutral points. The load neutral current has magnitude of 2.262 A and zigzag
transformer neutral current has magnitude of 2.222 A. Figs. 23(g)-(i) show the waveforms
when one of the load phase is disconnected.

Fig. 6.23 presents the dynamic performance of the TPFW system using SOGI based control
technique and non-linear load under distorted distribution system. Fig. 5.24(a) shows phase
‘a’ supply voltage (vy,) and three phase SAPF compensated supply currents (i, isp, isc). The

compensated supply currents are sinusoidal and balanced even under sudden disconnection of
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load. Fig. 6.23(b) shows the phase ‘a’ supply voltage (vs,) and three phase non-sinusoidal

load currents (izg, i1s, irc). Fig. 6.23(c) shows phase ‘a’ supply voltage (v,,) and three phase
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shunt injected compensator currents (i.,, ic, ic). The injected compensator currents make
supply currents sinusoidal and balanced. Fig. 6.23(d) shows DC link voltage (V,.) and phase
‘c’ supply current (i), phase ‘c’ load current (iz.) and phase ‘c’ compensator current (i,.).
During sudden disconnection of load, action of compensator is demonstrated in this figure.
The DC link voltage has some transients but it settle down due to PI controller within few
cycles.

Fig. 6.24 shows the intermediate signals in the SOGI control of SAPF in TPFW system
feeding non-linear load. Fig 6.24(a) presents the DC link voltage (V;), phase ‘a’ supply
voltage (vy), phase ‘a’ filtered supply voltage (vy,) and the load current of phase ‘c’ (iz.). Fig
6.24(b) shows the DC link voltage (V,.), phase ‘c’ load current (i;.), in-phase fundamental
load current component (i;.;), quadrature-phase fundamental load current component (iz;).
The SOGI is effective in extracting fundamental components from load current. Fig. 6.24(c)
the average fundamental active power component (/,,¢), phase ‘a’ fundamental active power
component (/,,), phase ‘b’ fundamental active power component (/,,) and phase ‘c’
fundamental active power component (/,c). The fundamental active power component of
phase ‘c’ (/) reduces during disconnection of load phase ‘c’.

Fig. 6.25 shows the steady state power flow among TPFW distribution system, SAPF and
load in presence of linear load using SOGI based control technique. Figs. 6.25(a)-(c) show
supply, load and compensator steady state power. The load demands 610 W real power
and350 VARs reactive power. The supply feed active power 680 W and reactive power 160
VARs. The compensator feeds reactive power 180 VARs to the load. Figs. 6.25(d)-(f) present
the supply neutral current (i,), load neutral current (iz,), zigzag transformer neutral current
(in) and phase ‘a’ supply voltage (vy,). The supply neutral current is limited to 0.135 A. The
zigzag transformer neutral current and load neutral current has nearly equal

magnitude of 1.385 A and 1.440 A respectively. The supply neutral current is limited due to
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presence of zigzag transformer.

Fig. 6.26 shows the dynamic performance of the TPFW system using SOGI based control
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technique for linear load. Fig. 6.26(a) shows phase ‘a’ supply voltage (vs,) and three phase
compensated supply currents (iy, isp, isc). Fig. 6.26(b) shows phase ‘a’ supply voltage (vy,)
and three phase lagging PF load currents (i, i1s, izc). The phase ‘¢’ load current becomes
zero due to sudden removal of load in phase ‘c’. 6.26(c) shows phase ‘a’ supply voltage (v,)
and three phase shunt injected compensator currents (icq, ich, icc). 6.26(d) shows DC link
voltage (V,.), and phase ‘¢’ supply current (i;.), phase ‘c’ load current (iz.) and phase ‘c’
compensator current (i..). The compensator current makes the supply current of phase ‘c’
balanced and sinusoidal even though the load current (i;.) is absent.

Fig. 6.27 shows the intermediate signals for the SOGI based control technique for linear
loads. Fig 6.27(a) presents DC link voltage (V,.), phase ‘a’ supply voltage (vy,), phase ‘a’
filtered supply voltage (vs4) and the phase ‘c’ load current (i;.). Fig 6.27(b) shows DC link
voltage (V4.), phase ‘c’ load current (iz.), in-phase fundamental load current component (iz.;),
quadrature-phase fundamental load current component (iz.;). The SOGI based controller is
effective in extracting fundamental components from load currents. Fig. 6.27(c) phase ‘a’

fundamental active power component (/,,), phase ‘b’ fundamental active power component
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(Z»»), phase ‘c’ fundamental active power component (/,.) and average fundamental active
power component (/,,). The fundamental active power component of phase ‘c’ (I,) is
reduced to zero during load unbalancing period.

The effectiveness of SOGI based control techniques for SAPF based mitigation of PQ
problems in TPFW distorted distribution system is investigated and discussed.

6.5 COMPARATIVE EVALUATION OF MCCF AND SOGI BASED CONTROL
OF SAPF AND TPFW DISTORTED GRID DISTRIBUTION SYSTEM

The mitigation of PQ problems using new control algorithms in TPFW distorted grid
distribution system has been considered in this chapter. Two new control algorithms viz
MCCF and SOGI have been analyzed in detailed and implemented on hardware prototype
system. These algorithms have been used for extraction of fundamental voltage components
from distorted supply as well for load compensation. Performance aspect of these controllers

is discussed for linear as well as non-linear loads and under dynamic load changes.

Table 6.1 COMPARISON OF CONTROL ALGORITHMS FOR NON-LINEAR LOAD

S.No. | Quantity MCCF SOGI

1. Supply Voltage (vs,) 64.6 V,9.7% THD 63.0 V,9.5% THD

2. Load Current (iy,) 4.418 A, 29.9% THD | 4.471 A, 29.6% THD

3. Supply Current (iza) | 4.702 A, 3.6% THD 4.70 A, 3.8% THD

Table 6.2 COMPARISON OF CONTROL ALGORITHMS FOR LINEAR LOAD

S.No. | Quantity MCCF SOGI
1. Supply Power | 680 W, 170 VARs, 0.95 P.F. | 680 W, 160 VARs, 0.95 P.F.
2. Load Power 610 W, 350 VARs, 0.86 P.F. | 610 W, 350 VARs, 0.86 P.F.
3. s:vlriensator 70 W, 180 VARs, 0.28 P.F. 70 W, 180 VARs, 0.28 P.F.

Table 6.1 shows the comparison of THD content with MCCF and SOGI control of SAPF for
non-linear load compensation based on Figs. 6.16, 6.22. The MCCF technique results in a

THD of 3.6% in supply currents and THD of 3.8% is obtained with SOGI control technique.

161



In both the cases load current has THD around 29.6% and supply voltage is distorted having
THD of ~9.5%. MCCEF is observed to be slightly better when reduction in THD of supply
current is considered. The performance comparison of the developed algorithms is also
discussed for sharing of power among supply, load and compensator with linear loads.
Experimental results based on Fig. 6.19 and Fig. 6.25 have been compiled in Table 6.2. This
table shows the power balance between supply, load and compensator side under steady state
conditions. It is observed that for a load demand of 610 W and 350 VARs, at a P.F. of 0.86
lag, the compensator installation helps to improve the PF of grid supply to 0.95. The
performance of both the algorithms for load compensation has been found to be nearly the
same.

6.6 CONCLUSIONS

The main contributions of this chapter are to investigate the performance of TPTW and
TPFW system under distorted grid conditions. Robust and simple control techniques such as
MCCF and SOGI along with mathematical analysis, simulation studies is presented in this
chapter. Both the techniques can be applied for harmonic extraction. It has been observed that
implementation of the two algorithms achieve mitigation of power quality problems viz
harmonics, load unbalancing, reactive power supply, PF correction and filtering of voltages
from distorted grids. Both the algorithms give satisfactory steady state and dynamic

performance when tested under similar grid and load conditions.

162



Chapter 7
DESIGN OF SINGLE PHASE SAPF FOR PV
INTEGRATION

7.0 INTRODUCTION
Solar PV integration in grid is rising exponentially during past few decades. This increasing
trend is mainly due to fall of prices of solar modules because of mass production of solar
cells and also government policies for increasing use of renewable energy to address global
warming issues and reduction in Green House Gases (GHG). The conventional energy
sources for electricity generation are limited in quantity and will last for next few decades
only and usage of alternative electrical energy sources need to be explored. The sun has
abundant source of energy and it is also free. Technology must be developed to harvest solar
energy. The wind, hydro, biomass etc. are some other Renewable Energy Sources (RES)
which are naturally replenished and available in abundance. The control, operation and
integration of RES are important issues of concern. This chapter focuses on the design,
analysis and control of grid connected single phase PV system.
7.1 DESIGN AND ANALYSIS OF SINGLE PHASE GRID CONNECTED PHOTO
VOLTAIC SYSTEM
Fig. 7.1 shows a block diagram of the proposed single phase grid connected PV system
integrated to distribution system. The PV is connected at the DC link of single phase VSC.
The VSC is controlled to act as a SAPF for the system. The single phase VSC is modeled in
H-Bridge configuration. Single phase non-linear load is connected at PCC. Fig. 7.2 shows
typical I-V and P-V characteristics of a solar panel. Real power from PV is extracted via a
DC-DC boost converter whose duty cycle is varied as per MPPT. A detailed design and
analysis of the proposed system is described in this section.

7.1.1 Selection of PV Panels
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The selection of PV panels is based on electrical, mechanical, economic, customer and
environmental criterion. In the present analysis, two panels of 250 W each are selected for
developing gid connected SAPF based PV system. The make of solar panel is VIKRAM
SOLAR. The detailed technical description is resented in APPENDIX C.

7.1.1.1 Modeling of PV Panels

Several research papers are available in literature [190-195] for modeling of PV panels based
on single diode, two diode model. Fig. 7.3 shows the circuit diagram of a single photovoltaic
cell based on single diode model. The PV gets energy from sun to radiate free electrons
which in turn help in generating DC voltage. The output current (Ip,) of PV cell is given as in
Eq. 7.1,

Ly = Iph = 1qg — Lsn (7.1)
where Ipv denotes the solar cell output current, ,, is the photon current, /; is the diode

current, [y, is the leakage current in the parallel resistor (Rgy). Eq. 7.1 can be written as
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Fig. 7.1 Single phase grid connected PV system under consideration
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Fig. 7.3 Single cell PV module

Ly = Ion — o [exp (@) ~1]- % (7.2)

Ng#€xk+T¢

and £ = (7.3)

where Iy 1s reverse saturation current of the diode, Ry is the series resistor, V), is the PV
output voltage and ‘£’ depicts the modified ideality factor. Also, Ny = number of series cells
in a PV panel, k = Boltzmann’s constant =1.381*10% J/K and q= electron charge =1.602*10
C, € is the ideality factor and 7, is temperature of the panel.

As the capacity of PV system increases, we need to design a PV array which consists of
number of panels connected in series (Ngg) and in parallel(Npp).The PV array equation is
modified from PV cell equation and is given as (7.4):

N N
va+1p,,Rs(N—;) vpv+1p1,Rs(N—;;)
exp| ————— |- 1| - ———F———

ﬁ )

Iy = Nyplon = Nyl (7.4)

7.1.2 Design of DC-DC Boost Converter

The output of PV array/system considered is 500 W (max), 75 V (open circuit voltage) and
8.7 A (short circuit current). A DC-DC boost converter is necessary to increase voltage level
to 100 V (DC link voltage) for real power transfer between PV and grid. Fig. 7.4 shows the
internal structure of boost converter used for the transfer of real power at DC link of the
SAPF. The voltage of PV is processed through boost converter after which the voltage is

increased by following equation
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Fig. 7.4 DC-DC boost converter
1
Vboost = b V' pv (7.5)

where Vi, Vioos: Tepresent the voltage of PV system before and after boost converter and D is
duty cycle of boost converter. In the proposed system, the output of boost converter is fed at
DC link of SAPF, so designed value of Vst 1s equal to DC link voltage, V4, which is 100 V.
Conventional Perturb and Observe (P&O) MPPT technique has been used to vary the duty
cycle of boost converter for maximum power extraction from the PV.

7.1.2.1 Design of Inductor and Capacitor of Boost Converter

The basic structure of a boost converter comprises the computation of ratings of inductor (L)
and capacitor (Cp). The inductor value in the boost converter (Ly) is calculated using the
following equation.

v, xD
L=—m (7.6)
Alpv Xf:vw

where v, is the voltage at maximum power, D is duty cycle, Al,, is inductor ripple current,
fsw 1s switching frequency of IGBT switch. From the data sheet of PV panel, v, 1s 61.2 V
also D is selected as 0.5, A, is considered 10% as 0.81 A and f;,, 10 kHz. The calculated
value of Ly is 3.8 mH and selected as 4 mH for hardware setup.

A capacitor (Cp) in DC-DC boost converter is used to smooth out the output voltage. It helps
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in filtering out ripples in output boost converter voltage. It is calculated using following

equation
P v
C, = L (7.7)
272- X ~fsw x ‘VbOOSt X AK){)OS[

where P,, i1s maximum power from PV, Vi, 1s DC-DC boost converter output voltage,
AVpoost TIpple 1n boost output voltage. Taking P, =500 W, Vigosr = 100 V, AVps0s to be 10%
as 10 V. Cp is computed as 7.96 pF and taken as 10 pF.

7.1.2.2 Selection of IGBT Switch in DC-DC Boost Converter

IGBT is used as power switch for DC-DC boost converter. The rating of switch depends
mainly upon current handling and switching speed. In present analysis switching speed of 10
kHz is considered, and I, is 50 A (max), the selected IGBT module is SKM50GAL12T4
(Semikron make). Fig. 7.5 shows the internal connection diagram of IGBT switch used in
hardware circuit. The specification of IGBT is Vcgs = 1200V, 1=50A, f; = 20 kHz, Vggs=

10V, Top=-40°C to 150°C.

D, ——l—
o L C \ f_—OE
G

Fig. 7.5 Internal structure of IGBT module SKM50GAL12T4

7.1.3 Design of Single Phase SAPF

A single phase H-bridge converter is used as VSC and controlled as SAPF. The minimum DC
link voltage should be more than peak of supply voltage. The peak AC voltage is calculated
as

Voo =V (7.8)

pea
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where V; is rms value of supply voltage.

Taking supply voltage as 63.5 V rms, Veq 1s computed as

V. o =J2x635=89.8V (7.9)

peak —

The V. should be more than 89.8 V and selected as 100 V.

The value of DC link capacitor of VSC is calculated using [71]

_ 8V, (o0l,,)1]

de 1

5 [dec - ded ]

(7.10)

Taking g is constant and taken as 0.05, Vy,=63.5 V,0=1.2, I,, =20 A, t=0.02 sec, V4= 100
V, Vg1 = 89.80
From Eq. (7.10) calculated C,. = 1574.41 pF and selected value of Cy. is 1600 puF.

Finally the value of AC interfacing inductor is calculated from [71]

_ \/g*m*Vdc
T 12%0* f*i

s repp

Assuming m =1, V4= 100V, f;= 10 kHz and i,,, = 2 A (10% of output current)

%1%
O Cl o L NP (7.11)
12*1.2*10000%*2

The selected value of inductor is 1 mH.

The design of voltage and current sensors are already covered in Chapter 3. The complete

hardware is developed and grid integration of PV along with PQ improvement is analyzed in

single phase distribution system.

7.2  DEVELOPMENT AND ANALYSIS OF CONTROL ALGORITHMS FOR
MITIGATION OF POWER QUALITY PROBLEMS IN GRID CONNECTED
PV SYSTEM

In this section, control algorithms for PQ problems mitigation in single phase grid connected

PV system are discussed. Control algorithms are implemented for load compensation in grid
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connected PV system. The simulation results with and without PV are discussed. The details
of control algorithms developed are discussed below.

7.2.1. Designing of Maximum Power Point Tracking (MPPT) for PV System

Fig. 7.2 shows the typical I-V and P-V curve of a PV panel under described conditions. The
PV power output is maximum at a particular voltage which is called maximum power point
voltage (V,m). So to extract maximum power the PV must be operated around this v,,,. The
control technique used for MPPT is Perturb and Observe (PO). Fig. 7.6 shows the algorithm

of PO technique. In this MPPT algorithm power at each step is calculated and it is compared

< Start >

A 4

Initialization

Y
Detect V (k) and I(k)
2

Calculate output power
P(k)=V(k)*I(k)
P(k-1)=V(k-1)*1(k-1)

YES
\ 4
decrease Increase Decrease Increase
Vref Vref Vref Vref

A 4 A 4

Output V,r

A

Update P(k-1), V(k-1),I(k-1)

Fig. 7.6 Algorithm for Perturb and Observe (PO)
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with the previous value. If the PV power at the k™ instance (Py) is more than PV power at the
(k-1)" instance (Py.;) and also the voltage at k™ instance (V) is more than the voltage at (k-
1)™ instance then the V.o, which is reference MPPT voltage, is increased. If the PV power at
the k™ instance (Py) is more than PV power at the (k-1)" instance (Py.;) but the voltage at k™
instance (V%) is less than the voltage at (k-l)th instance then the V. is decreased. The
reference MPPT voltage is updated as described in flow chart shown in Fig. 7.6 When PV
power at the k™ instance is less than (k-1)" instance. If the PV power at k™ and (k-l)th
instances are same then Vs also remains the same. The PO technique provides the reference
MPPT voltage which is used further to calculate the duty cycle of boost converter as per Eq.
7.5. The duty cycle is converted to pulses by PWM control by comparing duty cycle with a
reference triangular wave. The PWM signal is fed to the gate terminal of IGBT switch which
changes output of boost converter accordingly.

7.2.2. Generation of Unit Templates for Single Phase System

For the generation of reference current for SAPF, unit templates or synchronizing templates
must be calculated. The unit templates calculation in single phase system is different from
computation in a three phase system. Fig. 7.7 shows the unit templates calculation for single
phase system. The supply voltage v, as well as 90° phase shifted voltage vs are squared and
added. Then square root of the sum is taken, which estimates V; for single phase system. Now
the supply voltage and 90° phase shifted voltage are divided by V; so as to obtain unit

templates sinf and cos6. Fig. 7.7 shows the block diagrams used for calculation of V; and unit

X |—> sin0

\ 4

Vs

\ 4

v, LiX » + SQRT|— |/

T ’ v,
> v :X
o L SV

T/4 Delay 7/ 5elay

(@) (b)

Fig. 7.7 Generation of unit templates for single phase system

X }—> cosO

\ 4
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templates.

V=V +vfﬂ (7.12)
v

sint9=%;cos0: ;/ﬂ (7.13)
t

‘
7.2.3. Calculation of Feed Forward Factor () for PV

To integrate PV to the grid, a feed forward factor (/) is calculated which is subtracted from
the fundamental active load component (/;4/1,) to compute net magnitude of current required
from the grid. The Iy is calculated as

I 2xv,,x1I,,
7 v

t

(7.14)

where V,,, and [, are MPPT voltage and current respectively. Since MPPT voltage in grid
connected system is to be kept at DC link voltage so Eq. 7.14 is modified as

Iﬁ:%
|4

t

(7.15)

where Ipv is PV output current at voltage V.. This feed forward factor is used to calculate

magnitude of reference current for SAPF.

7.2.4. Extraction of Effective Fundamental Active Power Component and Reference
Current Generation

The determination of effective fundamental active power component (/) using developed

control algorithms viz SRFT, Notch Filter and SOGI are discussed below.

7.2.4.1. Synchronous Reference Frame Theory Based Control Algorithm

Fig. 7.8 shows the modified SRFT control algorithm for single phase grid connected PV

system. The load current and 90° phase shifted load current are processed by Park’s

transformation as follows

i, _ |2 cos sin i (7.16)
i, “\3|-sin cos i, '
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i =X

irg +— LPF
X 'Ld
sin =X
T/4 Delay I,
V de ¥ PR *
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to SAPF i .
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<«——] Hysteresis i - I off
<«—] Current [< I =Ieﬁr*sin0<—
<— Controller

Fig. 7.8 Block diagram of SRFT control algorithm implementation for single phase grid connected PV
system
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Gating $—{Hysteresis| ;* ‘ sind Iy Ve Vi

Pulses to Current [+
SAPF  ~—{Controller

Fig. 7.9 Block diagram of Notch Filter based control algorithm implementation for single phase grid
connected PV system

The i,4 component of load current is passed through a low pass filter to obtain Z,;. The DC
link power loss component /s as discussed in section 3.8.2.1 and PV feed forward term I;
are processed to obtain effective fundamental active power component (/) as

Teg=I1a +1ioss-Tyy (7.17)

I.;r1s multiplied by unit template sin0 to obtain reference current i .

iy =1, *sin@ (7.18)

Now the reference current generated by SRFT control technique is compared with the actual

supply currents (is) in the HCC. The HCC controller outputs four gating pulses for H-bridge
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VSC, which are generated for proper operation of system.

7.2.4.2. Notch Filter Based Control Algorithm

Fig. 7.9 shows the Notch Filter (NF) based control algorithm for single phase grid connected
PV system. The basic equations are already discussed in section 4.2.1.1 of Chapter 4. The Eq.

(4.1) is modified as:

i = %Q (7.19)
ST +sePp+¢
59 (7.20)

Vg = mvs
where ¢ is phase angle of I/P signal (i; and vy), € is damping constant of system and ‘s’
denotes the laplace operator.

Sample and hold circuit and zero order hold circuit are used to calculate fundamental active
power component of load current /,. The effective fundamental active power component /. 1s
calculated as follows

Log=Ip+Iios-Iy (7.21)

I.r1s multiplied by unit template sin6 to obtain reference currents i, "

i, =1, *sin@ (7.22)
Now the reference current (is*) is compared with the actual supply currents (i;) and four
gating pulses for H-bridge VSC are generated. The actual supply current follows the
reference supply current generated using the Notch based filter.

7.2.4.3. Second Order Generalized Integrator Based Control Algorithm

Fig. 7.10 shows a generalized SOGI block diagram. As already discussed in section 6.2.1.2 of

Chapter 6, the in-phase and quadrature fundamental load current component computed from

SOGI are

iL‘ Wao,s
L =— . > (7.23)
i, S +Wa,s+ o,
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<«—] Current [ I =Ieﬁ«*sin0<—
<— Controller

Fig. 7.10 Block diagram of SOGI based control algorithm implementation for single phase grid connected
PV system

. 2
T _ Way

= 7.24
i, ST+Was+ao] (7.24)

where ®¢ is fundamental frequency and iz, iz are SOGI fundamental in-phase and phase

quadrature outputs of load current, W is constant gain.

Now the fundamental active power component (i) is calculated as

1 =\Ji3 +i2, (7.25)

The DC link loss component (/;,.5) and PV feed forward factor (/) are adjusted as follows
Log=Ip+1ipss-Iyy (7.26)

I.r1s multiplied by unit templates sin6 to obtain reference current i, "

i =1, *sin0 (7.27)

The reference current (is*) i1s compared with the actual supply currents (is) to generate four

gating pulses for VSC and SAPF based compensation is provided for PQ improvement using

SOGI controller. The performance analysis of grid integrated PV system using these control

algorithms is discussed through simulation results and experimental investigations.

7.3. SIMULATION RESULTS

The developed control algorithms are tested in MATLAB/SIMULINK environment. The

modified system considered for simulation comprises a SkW PV system, which is connected
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Fig. 7.11 Simulation results for SRFT based control algorithm

to 230 V (peak) single phase grid supply. The effects of variation in load and PV irradiance
are observed on the grid system and dynamics performance is discussed.

7.3.1. Synchronous Reference Frame Theory Based Control Algorithm

Fig. 7.11 shows the simulation results for variation in load and solar irradiance level for
single phase grid connected SAPF based PV system controlled using SRFT. Fig. 7.11 shows
supply voltage (vy), supply current (i), load current (iz), compensator current (i.), DC link
voltage (Va) of SAPF and PV output power (P,,). At the start of simulation the solar
irradiance is at 1000 W/m?. At time t=0.3 sec, irradiance is decreased to 600 W/m? till t=0.4
sec. It is observed from the Fig. 7.11 that PV output power (P,,) is decreased. Since the load

power is same, hence the supply current magnitude is increased during this time. DC link

voltage is also affected by irradiance change but settles rapidly. The irradiance is restored
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back to 1000 W/m? at time t=0.4 sec. At time t=0.5 sec, load is increased and hence an
increase in the load current is observed. The PV provides the rated power (4500 W) as before.
The DC link shows some transients which get settled due to PI controller action in steady
state. The compensator current also changes and the supply current increases to meet the new
load demand. During load change as well as irradiance change, the supply current remains
sinusoidal even in the presence of distorted load currents. SRFT algorithm successfully
improves PQ problems in single phase grid connected PV system.

Figs. 7.12(a)-(c) show the waveforms and Figs. 7.12(d)-(f) show the harmonics content in
supply voltage (vy), supply current (i;) and load current (iy) respectively. It is observed that
supply current is sinusoidal and in-phase with the grid voltage and supply has Unity Power

Factor (UPF). The load current is non-sinusoidal. The THD of supply voltage is 4.41%. The
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Fig. 7.12 Harmonic analysis using SRFT based control algorithm (a-c) waveforms of vy, i, i; (d-f) THD of
Vs, Is, I; fOr non-linear load
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Fig. 7.13 Power flow in single phase grid connected PV system using SRFT based control algorithm (a)
Active and reactive supply power Py, Q, (b) Active and reactive load power P;, Q; (c) Active and reactive
compensator power P, Q.
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supply current THD is 4.76% after compensation, where the load current THD is 34.09%.

Fig 7.13 shows the power balance between supply, load and PV for variation in solar
irradiance. At time t=0.3 sec, irradiance in decreased to 600 W/m? from 1000 W/m? value.
The PV power gets reduced but the supply active output power has increased to meet
additional load demand. The supply provides all the real power demand of the load while the
reactive power demand of load is met through the SAPF compensator.

7.3.2. Notch Filter Based Control Algorithm

Fig. 7.14 shows the simulation results for Notch Filter based control algorithm. The algorithm
is tested for changes in load and irradiance level for single phase grid connected PV system.
Fig. 7.14 shows supply voltage (v;), supply current (i), load current (i), compensator current

(i), DC link voltage (V4) of SAPF and PV power (P,,). At the start of simulation the solar
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Fig. 7.16 Power flow in single phase grid connected PV system using Notch Filter based control algorithm
(a) Active and reactive supply power P, Q, (b) Active and reactive load power P;, Q; (c) Active and
reactive compensator power P., Q.

irradiance is at 1000 W/m®. At time t=0.3 sec, irradiance is changed to 600 W/m? till t=0.4
sec. Due to change in irradiance the PV output power (P,,) is decreased and therefore the
supply delivers more real power (P,,) to the load. The irradiance is restored to 1000 W/m? at
time t=0.4 sec. At time t=0.5 sec, load is suddenly increased. The supply current (i;) increases
in magnitude due to increase in load demand.

Since, the solar irradiance is constant as 1000 W/m?, so the PV is giving almost the same
power as before. The DC link voltage has some transients during sudden change in load
which settles down rapidly. The compensator provides proper compensating currents based
on Notch Filter technique to make supply side current (i;) sinusoidal. The Notch Filter

technique works satisfactorily to mitigate PQ problems.
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Figs. 7.15(a)-(c) show the waveforms and Figs. 7.15(d)-(f) show the harmonics in supply

voltage (vs), supply current (is) and load current (iy) respectively. The supply voltage and load

current has a THD of 4.45% and 34.09% respectively. The THD of supply current is

improved in this case to 4.10% as compared to that of SRFT control algorithm.

Fig. 7.16(a-c) shows the plots for both real and reactive power with respect to time balance

for supply, load and PV using Notch Filter control technique. The solar irradiance level is

changed at time t=0.3 sec from 1000 W/m” to 600 W/m?”. The real power from the PV reduces

from 4500 W to almost 2800 W, since the load real power demand is constant as 6200 W so

real power delivered from supply is increased to 3400 W. The reactive power balance is

unaffected by solar irradiance change and the compensator continues to supply all the

reactive power demand of the load.
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7.3.3. Second Order Generalized Integrator Based Control Algorithm

Fig. 7.17 shows supply voltage (vs), supply current (i), load current (i), compensator current
(ic), DC link voltage (V4) of SAPF and PV power (P,,) in SAPF based 5 kW PV system
connected to a grid at 230 V (peak). The SAPF is controlled using SOGI based control
algorithm. The solar irradiance is changed at t=0.3 sec from 1000 W/m” to 600 W/m?. At
time t=0.3 sec, when the irradiance is changed to 600 Wt/m? from 1000 W/m?, the PV output
power (P,,) is decreased from 4500 W to 2800 W. The supply has to feed more real power to
the load. At t=0.4 sec, the solar irradiance level is again 1000 W/m® and the PV system
generates its rated power of 4500 W. At time t=0.5 sec, load current (iy) is suddenly
increased. The supply current (i;) is increased but PV is providing almost the same power as

before. The DC link voltage shows dip/increase during variation of load and irradiance level
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but maintained at 400 V by PI regulator. The compensator improves PQ of the grid by
making supply current sinusoidal and also in-phase with the grid voltage.

Figs. 7.18(a)-(c) show the waveforms and Figs. 7.18(d)-(f) show the harmonics in supply
voltage (vs), supply current (is) and load current (i;) respectively. The supply voltage and load
current have a THD of 4.43% and 34.09% respectively. The THD of supply current is
improved to 4.48% with SAPF compensator.

Fig. 7.19 shows the power balance between supply, load and PV for SOGI based control of
SAPF. The solar irradiance is changed from 1000 W/m” to 600 W/m? from t=0.3 sec to t=0.4
sec. The real power from PV is reduces to 2800 W from 4500 W and increases in supply real
power is 3400 W from 1700 W. Moreover the entire reactive power demand of load (2300
VARs) is met locally from SAPF controlled using SOGI algorithm.

7.4. EXPERIMENTAL RESULTS

The control algorithms discussed above are implemented on prototype hardware using
dSPACE1104. The hardware results are recorded with the help of power analyzer and DSO.
7.4.1. Synchronous Reference Frame Theory Based Control Algorithm

A SRFT based control scheme for PQ improvement and grid integration of 500 W PV system
was implemented on the prototype hardware setup of 63.5 V, 50 Hz, single phase distribution
system feeding non-linear load. Fig. 7.20 shows the steady state experimental results in single
phase grid connected SAPF-PV system with PV disconnected. Figs. 7.20(a)-(c) show supply
current (i;), load current (i) and compensator current (i.) along with supply voltage (v;)
respectively. The supply current is observed to be sinusoidal and in-phase with the supply
voltage. Figs. 7.20(d)-(f) show harmonics content of supply voltage (v;), supply current (i)
and load current (iz). The THD of supply current is 4.8% whereas the load current has THD
of 24.7%. The supply voltage has THD of 3.2%. Figs. 7.20(g)-(i) show power flow between

supply, load and compensator. It is observed that supply delivers 500 W of real power and 60
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VARs of reactive power. The load has a demand of 450 W of real power and 250 VARs of
reactive power. The compensator is providing 240 VARs of reactive power but it is
consuming 30 W of real power to replenish switching losses.

Fig. 7.21 shows the steady state hardware results of SAPF-PV system connected to non-linear
and controlled through SRFT. Figs. 7.21(a)-(c) show supply current (i), load current (iy) and
compensator current (i.) along with supply voltage (v;) respectively. The supply current
magnitude is reduced due to active power injection from PV source. This shows real power
flow between PV system and load. Figs. 7.21(d)-(f) show harmonic content of supply voltage
(vy), supply current (is) and load current (iz). The supply current THD obtained in this case is
4.9% which is less than 5% as prescribed in IEEE 519. Figs. 7.21(g)-(i) show power flow
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between supply, load and compensator. The supply delivers 290 W of real power and 40
VARs of reactive power at PF close of 0.99. The load has demand of 460 W of real power
and 250 VARs of reactive power. The SAPF based compensator with PV interfaced at DC
link provides 180 W real power and 260 VARs reactive power.

Fig. 7.22 shows the waveforms with SRFT control technique under dynamic conditions. Fig.
7.22 (a) shows supply voltage (v;), supply current (is), load current (i) and compensator
current (i.). When the load is disconnected, it is seen that supply current and compensator
current change their phase. Now the supply voltage and supply current are out of phase. This

means that the excess PV power enters the grid. Fig. 7.22(b) shows supply voltage (vy),
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supply current (i), load current (i) and compensator current (i.). When PV source is
disconnected and it is observed that compensator current reduces in magnitude significantly.
Also the compensator is consuming power instead of delivering it because of absence of PV.
The supply current is also in-phase with the supply voltage indicating supply is feeding
power to the load. Fig. 7.22(c) shows DC link voltage (V,.), fundamental active power
component (Id’), PV feed forward factor (/) and reference current (is*). The DC link settles
down to the set reference value and the /; reduces to zero and Iy is almost the same. The
reference current has phase reversal. This indicates that the power flow from PV to grid. Fig.
7.22(d) shows DC link voltage (V,), fundamental active power component (Id'), PV feed
forward factor (/) and reference current (is). The PV output power is more than real power
required by load. When the PV is disconnected, /5 is reduced to zero but /; remains the same.
The reference current phase gets reversed due to absence of PV output and load gets real
power fed directly from grid.

7.4.2. Notch Filter Based Control Technique
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Fig. 7.23 shows the steady state experimental results of SAPF connected 63.5 V, 50 Hz,
single phase distribution system feeding non-linear load using Notch Filter control technique.
In Figs. 7.23(a)-(c) supply current (i), load current (i) and compensator current (i.) along
with supply voltage (vs) are shown. The supply current obtained is in-phase with the supply
voltage and sinusoidal. In Figs. 7.23(d)-(f) harmonics content of supply voltage (vs), supply
current (i) and load current (i;) are shown. The supply current THD is 4.8% and the load
current THD is 24.3%. The supply voltage has THD of 3.2%. Figs. 7.23(g)-(1) show power
flow between supply, load and compensator. The supply delivers 510 W of real power and 60

VARs of reactive power. The load has a demand of 480 W of real power and 270 VARSs of
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reactive power. The compensator provides 260 VARs of reactive power and consumes 30 W
of real power.

Fig. 7.24 shows the steady state hardware results with PV connected for non-linear load using
Notch Filter control technique. Figs. 7.26(a)-(c) show supply current (i;), load current (iz) and
compensator current (i.) and supply voltage (v5). The supply current reduces in magnitude
and compensator current increases in magnitude during power flow from PV to PCC. In Figs.
7.24(d)-(f) harmonics content of supply voltage (v;), supply current (i5) and load current (i)
are shown. The supply current THD is 4.8%. The supply voltage THD is 3.2%. Figs. 7.24(g)-

(1) show power flow between supply, load and compensator when PV is connected to the
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system. The supply delivers a reduced real power of 310 W and 40 VARs of reactive power.
The load has demand of 510 W of real power and 290 VARs of reactive power. The
compensator now provides 200 W of real power and 290 VARs of reactive power. The load
and compensator reactive power is almost the same.

Fig. 7.25 shows the dynamics results using Notch Filter control technique. Fig 7.25(a) shows
supply voltage (vs), supply current (is), load current (iz) and compensator current (i) are
shown. The effect of sudden load disconnection is investigated. It is observed that when the
load current is zero the supply current and compensator current become equal. The PV feeds
power to the grid. In Fig 7.25(b) supply voltage (v;), supply current (i), load current (i) and
compensator current (i) are shown. The effect of sudden PV disconnection is also studied. It
is observed that compensator current reduces in magnitude significantly. The load active
power demand is also being supplied from the grid. In Fig. 7.25(c) DC link voltage (Vy),
fundamental active power component (/, ), PV feed forward factor (Iy) and reference current

(is*) are presented. When the load is disconnected the fundamental active power component
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(Ip) 1s reduced to zero and Iy which denotes PV contribution does not change. In Fig. 7.25(d),
DC link voltage (V4), fundamental active power component (/, ), PV feed forward factor Ly
and reference current (is*) are shown for the case when PV is disconnected. The DC link takes
3-4 cycles to settle down to reference value. The fundamental active power component /p
does not change and Iy is reduced to zero due to sudden PV disconnection. The reference
current (i, ) profile is shown in Fig. 7.25 (d) using Notch Filter algorithm, which is reduced
and phase inverted during PV disconnection period.

7.4.3. Second Order Generalized Integrator Based Control Algorithm

Fig. 7.26 shows the steady state hardware results of 63.5 V, 50 Hz, single phase grid
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connected SAPF system feeding non-linear load using SOGI control algorithm. Figs. 7.26
(a)-(c) show supply current (i), load current (i), compensator current (i) and supply voltage
(vs). The supply current is sinusoidal and in-phase with the supply voltage. Figs. 7.26(d)-(f)
show the harmonics content of supply voltage (vy), supply current (i;) and load current (7).

The supply current THD is 2.3% whereas the THD of load current is 24.8%. The supply
voltage has THD of 2.8%. Figs. 7.26(g)-(i) show power flow between supply, load and
compensator. The supply is observed to deliver 430 W of real power and 50 VARs of
reactive power when the load has a demand of 410 W of real power and 210 VARs reactive

power. The compensator provides 220 VARs of reactive power. It consumes 20 W of
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real power.

Fig. 7.27 shows the steady state experimental results with grid integration of PV and feeding
non-linear load. The SAPF is controlled using SOGI control technique. Figs. 7.27(a)-(c) show
supply current (i), load current (iz) and compensator current (i.) along with supply voltage
(vs). From Fig. 7.26 and Fig. 7.27 it is observed that the supply current magnitude has
reduced from 7.48 A to 4.054 A, even though at same load condition. The compensator
current magnitude has increased from 3.76 A to 5.02 A. This implies real power flow
between PV and PCC. Figs. 7.27(d)-(f) show harmonic content in supply voltage (vs), supply
current (i;) and load current (iz) respectively. The supply current THD is 3.9% whereas the
THD of load current and PCC voltage are 24.9% and 2.8% respectively. Figs. 7.27(g)-(1)
show real and reactive power flow between supply, load and compensator. The supply
delivers 239 W of real power and 38 VARs of reactive power at 0.99 PF. The load has
demand of 430 W of real power and 220 VARs of reactive power. The compensator provides
190 W of real power and 230 VARs of reactive power. It is inferred that out of total real and

reactive power demand of the load, the PV interfaced SAPF meets the total reactive power
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demand of the load. The PV source injects real power as per its capability. The remaining real
power demand of the load is met from the grid.
Fig. 7.28 shows the dynamics performance of SAPF using SOGI control technique. Fig. 7.28
(a) shows supply voltage (v;), supply current (i), load current (iy) and compensator current
(i.). When the load is suddenly disconnected, excess PV power is fed into the grid. This is
observed as supply current has phase reversal. Fig. 7.28(b) shows supply voltage (v;), supply
current (i;), load current (iz) and compensator current (i.). In this case the PV source is
suddenly disconnected and it is observed that the PV power is not available. The switching
loss of compensator is provided by supply side. Fig. 7.28(c) shows DC link voltage (V.),
fundamental active power component (/, ), PV feed forward factor (Iy) and reference current
(is). When the load is disconnected, the DC link voltage has some transients but it settles
after a couple of cycles. It is observed that /p reduces to zero and I is the same. Power flow
from PV source to the grid is observed after load disconnection. A sudden phase change in
reference current (is*) is clearly visible. Fig. 7.28(d) shows the DC link voltage (Vj),
fundamental active power component (/, ), PV feed forward factor (Ip) and reference current
(is*). In this case the PV source is disconnected. The /p remains the same and /jris reduced to
zero. In this case also, the reversal of reference current phase is observed. The PV is no
longer able to provide any real power to the system since it is disconnected.
The performance evaluation of three control algorithm viz SRFT, Notch Filter and SOGI
have been investigated on a single phase PV interfaced grid connected system. A comparison
of different performance aspects is described in detail in the next section.
7.5 PERFORMANCE EVALUATION OF SRFT, NF AND SOGI BASED
CONTROL ALGORITHMS WITH SAPF
A comparison of all three control algorithms SRFT, NF and SOGI is carried out through

simulation and experimental studies for a single phase grid connected PV system. The PV
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Table 7.1 COMPARISON OF CONTROL ALGORITHMS WITH PV DISCONNECTED (THD)

S. No. Quantity SRFT Notch Filter SOGI
1. Supply Voltage 57.4V,3.2% THD 56.1V,3.2% 59.2V, 2.8%
) THD THD
2. Load Current 9.15 A, 24.7% THD 9.76, 24.3% THD | 791 A, 24.8%
G, ) THD
3. | Supply Current |8.61A,48%THD |9.03A,4.8% 747 A, 2.3%
) THD THD
Table 7.2 POWER FLOW USING DIFFERENT CONTROL ALGORITHM WITH PV DISCONNECTED
S.No. | Quantity SRFT Notch Filter SOGI
) Suoply P 500 W, 60 VARs, | 520 W, 60 VARs, | 430 W, 50
y upply FOWer 1 4 99 p F, 0.99 P.F. VARs, 0.99 P.F.
5 Load vower 450 W, 250 VARs, | 480 W, 270 VARs, | 410 W, 210
y p 0.88 P.F. 0.87 P.F. VARs, 0.89 P.F.
3. I(f(‘)’v‘fel’rensator 30 W, 240 VARs | 30 W, 260 VARs | 20 W, 220 VARs

system is integrated to the grid and mitigation of PQ problems using a single phase H bridge
based SAPF have been studied. The three control techniques under consideration are SRFT,
NF and SOGI. Based on the experimental results, performance of the algorithms has been
investigated in presence of non-linear and linear loads under similar test conditions.

Tables (7.1-7.4) have been compiled for a suitable comparison of the algorithms. Table 7.1
shows a comparison of control algorithms when PV system is disconnected and only non-
linear load is considered. Experimental results shown in Fig. 7.20, 7.23, 7.26 have been
compared. The THD in the supply current obtained using SRFT, Notch Filter, SOGI
technique are 4.8%, 4.8% and 2.3% respectively. The load current THD under similar test
conditions has THD of 24.7%, 24.3% and 24.8% respectively. The supply voltage has THD
of 3.2%, 3.2% and 2.8% respectively. The THD obtained using SOGI control algorithm is

found to be the least than obtained with the SRFT and Notch Filter based algorithm.
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Table 7.3 COMPARISON OF CONTROL ALGORITHMS WITH PV CONNECTED (THD)

S.No. | Quantity SRFT Notch SOGI
58.6 'V, 2.6% 56.1V,3.2% 59.2'V, 2.8%
1. Supply V()ltage (Vsa) THD ° THD ° THD °
(V] o 0
2. Load Current (iL) ?F.I?IEE)A, 24.6% r1[‘(1)_1(])), 24.0% ’?.I}I%A, 24.9%
(V] 0 0
3 Supply Current (i) fl[‘.I?I(E)A, 4.9% %EI?)A’ 4.8% il(_)I}DS A, 3.9%

Table 7.4 POWER FLOW USING DIFFERENT CONTROL ALGORITHM WITH PV CONNECTED

S.No. Quantity SRFT Notch Filter SOGI
1. | Supply Power 290 W, 40 VARs, | 310 W, 40 VARs, 239 W, 38
0.99 PF. 0.99 PF. VARs, 0.99 P.F.
460 W, 250 510 W, 290 430 W, 220

2. | Load power VARs, 0.88 PF. | VARs, 0.87 PF. | VARs, 0.89 PF.

3. Compensator Power | -180 W, 260 VARs | -200 W, 290 VARs | -190 W,230 VARs

Table 7.2 shows comparison of the steady state power of the supply, load and SAPF when PV
is disconnected from the developed system. It can be observed from the table that the grid
supply feeds real power demand of load and compensator feeds a major part of load reactive
power requirement. The supply P.F. is improved to 0.99 in all the three cases when the load
P.F. is 0.87 lag. The power factor of the supply is considerably improved to nearly unity with
all the three developed algorithms.

Table 7.3 shows a comparison of control algorithms for grid connected PV system in
presence of non-linear load. The results in this table have been compiled on the basis of
experimental results shown in Fig. 7.21, 7.24 and 7.27. It has been observed that the supply
current THD obtained using SRFT, Notch Filter, SOGI technique is 4.9%, 4.8% and 3.9%
respectively. The load current THD in these cases are 24.6%, 24.0% and 24.9% respectively.
The supply voltage has THD 2.6%, 3.2% and 2.8% respectively. As observed form the Table,
the THD obtained using SOGI control algorithm is comparatively better than obtained using
SRFT and Notch Filter with PV integrated to the system.

Table 7.4 shows the steady state power flow between supply, load and SAPF when PV

system is connected.
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7.6  CONCLUSIONS

The main contributions of this chapter are to develop a grid integrated single phase PV
system. It has been observed that the PV system feeds real power into the system due to
which active power delivered from grid is effectively reduced. Different control algorithms
considered in this chapter include SRFT, NF and SOGI. For all control algorithms developed
and implemented, the grid supply feeds the real power demand of load and compensator
supplies major part of load reactive power requirement. The supply feed most of the active
power required by SAPF. Active power provided by PV in all three cases is almost same. The
performance of all three control algorithms is compared and nearly UPF is maintained at the
AC supply. The performance of Notch controller is observed to be slightly better than SOGI

and Notch Filter based algorithms.
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Chapter 8
MAIN CONCLUSIONS AND FUTURE SCOPE OF
WORK

8.0 GENERAL

PQ problems in TPTW and TPFW distribution system and their mitigation techniques using
conventional and modern control algorithms have been addressed in this thesis. PQ problems
have been studied in detailed in MATLAB/SIMULINK environment for TPTW and TPFW
systems. MATLAB based SIMULINK models have been developed and tested for various
PQ problems such as load unbalancing, harmonics elimination, PF improvement and
distortion in voltage etc. After successful development of control algorithm in SIMULINK
model, experimental prototype hardware is developed in laboratory and tested with
conventional control algorithms for PQ problem mitigation. Further, new control techniques
have been developed and tested first in MATLAB/SIMULINK environment and also
validated experimentally. The loads considered are non-linear and linear load combinations
for analysis of SAPF system with modern control algorithm. Experimental setup for TPTW
and TPFW distribution systems has been also tested under load dynamics by creating
unbalancing in loads. The introduction of distortion in supply voltage and effective control of
SAPF under distorted grid condition is also demonstrated. This study has also been
performed in TPFW system with linear and non-linear loads. Performance analysis of
filtering techniques for distorted grid voltage and generating synchronizing signals has been
discussed. Further, a single phase grid integrated PV system has been analyzed for integration
to grid and mitigation of PQ problems. Various control algorithms have been successfully
implemented for control of VSC for PQ mitigation and real power extraction from the PV

source.
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8.1 MAIN CONCLUSIONS

The work of this thesis has been broadly classified into four parts. The first part deals with
development of control algorithms for TPTW distribution system. Three control techniques
namely Notch Filter, Kalman-LMS and Hopfield NN have been developed for load
balancing, power factor improvement and harmonics reduction. All the control algorithms
effectively improve PQ of TPTW system. In case of non-linear loads, the supply side THD
content is considerably improved up-to 1.90% and harmonics have been effectively filtered
with the help of SAPF. The experimentally obtained results showed a THD of 1.90%, 2.8%
and 3.4% in source current with the Notch Filter, Kalman-LMS and Hopfield NN
respectively when the load current had THD of 23.0%. The performance of these three
algorithms is similar with linear loads. The supply side P.F. is improved drastically from 0.86
to 0.95 by connecting SAPF. The steady state as well as dynamics performance of SAPF
proves the effectiveness of developed control techniques for mitigating PQ problems. The
complexities of developed control algorithms have also been investigated through
mathematical calculations and dynamics performance analysis. It has been shown that
fundamental component extraction is fastest in case of Notch Filter as compared to Kalman-
LMS and Hopfield NN based algorithm which is least complex and can be executed easily
using dSPACE 1104.

In the second part of the thesis work, TPFW distribution system experimental setup has been
developed and tested for PQ problems such as load unbalancing, PF correction, harmonics
reduction and neutral current compensation. Three control algorithms have been developed
for TPFW system viz. STF, MRGN and ChANN. A conventional TPTW SAPF with three
legs has been used along with a zigzag transformer to avoid costly four leg SAPF structure.
The zigzag transformer provides a path to the flow of load neutral current under unbalanced

conditions. The supply neutral is controlled to be zero irrespective of the variations in loads.
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By using developed control algorithms, balanced currents in supply side have been obtained
by all control algorithms. The SAPF has been able to compensate for harmonics in loads and
poor PF with different loads. The reactive power requirement of load has been met locally by
SAPF. Besides mitigating PQ issues, all the control algorithms can be used to extract
harmonic components from non-linear load currents. The control algorithms have been
developed to extract the fundamental active power component of the load current and
generate six switching pulses. All the control algorithms have been able to improve supply
side currents profile from non-sinusoidal to nearly sinusoidal profile. Based on the
performance and complexity of control techniques discussed in Chapter 5, MRGN control
algorithm has been found to perform better as compared to STF and ChANN wrt improved
convergence under dynamic load changes. The supply current has shown THD of 3.1%, 3.4%
and 4.3% with nonlinear loads using STF, MRGN and ChANN based algorithms.

In the third part of the thesis, distortion in supply voltages has been considered additionally.
Conventional methods to obtain synchronizing templates for generation of reference currents
fail due to high distortion in PCC voltages. Hence, two control techniques viz MCCF and
SOGTI have been developed and implemented on load currents as well as PCC voltages. They
have been used to extract the fundamental component of PCC voltages so that the reference
currents can be generated. Non-linear and/or linear loads have been considered for
performance analysis of the controllers. The MCCF and SOGI have also been implemented
for extracting fundamental component of load current and its use in reference supply current
generation. Steady state experimental results with MCCF and SOGI have shown good
performance for load compensation. The THD in supply current has improved from 29.9% to
3.6% with MCCF and 3.8% with SOGI algorithm. Dynamic performance of SAPF has shown

that both control algorithms are effective for PQ problems mitigation in distorted grid system.
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In the fourth part of the thesis, besides PQ problems, grid integration of PV system is also
discussed and analyzed in detail. Single phase grid connected PV system has been developed
using simulation and validated using experimental analysis. Since, the integration of RES to
grid is an emerging area of research, SAPF topology has been slightly modified with PV
integrated at the DC bus. Three control algorithms viz SRFT, Notch Filter and SOGI have
been implemented for single phase grid connected PV system. A feed forward factor has been
determined to estimate the real power extracted from PV source. Simulation as well as
experimental results with/ without PV have been recorded and investigated. It has been
observed that besides mitigating PQ issues such as harmonics in supply currents, poor PF etc.
real power demand of load has also been met partially by PV. Steady state performance of
SAPF showing supply voltage, load and supply currents with and without PV system is
discussed in detail. The THD of 4.9%, 4.8% and 3.8% in supply current using the three
algorithms namely SRFT, Notch Filter and SOGI is obtained. In all the cases, supply side
current THD is reduced significantly and it is less than the limit prescribed in standard IEEE
519. Low THD in supply side current also indicates effective filtering action of SAPF. Notch
Filter has been found to be most simple and effective for real time implementation on a single
phase grid connected PV system.

8.2 FUTURE SCOPE OF WORK

In this thesis, SAPF having conventional two level VSC is considered. SAPF having three or
higher (multilevel) VSC configuration can be used to mitigate PQ problems in TPTW and
TPFW systems. Multilevel VSC based SAPF can be used for higher voltage and power level
applications.

The P&O MPPT technique is used to extract maximum power from solar PV system. New
and modern control techniques for MPPT can be implemented which are more efficient than

conventional control techniques in terms of complexity and application.
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In this thesis single phase grid connected PV system is discussed. Presence of large number
of single phase PV systems can cause unbalanced operation of three phase grid which is not
desirable. So three phase grid connected PV system can be developed for efficient power
system operation. Such integration of PV systems with TPTW, TPFW distribution systems
should comply with the grid code. Besides PV system, several other RES such as wind,
biomass, hydro can be connected to single phase as well as three phase distribution systems.
In this dSPACE 1104 is used for DSP which processes all input signals and produces the
desired output. It is most critical part of the shunt compensation system. There is a scope of
low cost FPGA based DSP development, which is cost effective and have faster operation as
compared to dSAPCE1104. This new development will lead to more accurate development of
modern control techniques.

Besides all above, study on fault ride through capabilities of distribution system supported
with distributed generation can be studied. This will allow practical implementation of such

system in real world on a large scale.
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APPENDIX A
SYSTEM DATA FOR THREE PHASE THREE WIRE SYSTEM

Grid Supply: 110V, 3-ph, 50Hz. SAPF rating: 25kVA. DC link voltage: V4. = 200V,
Interfacing inductor: L=3.1mH, Linear load: 10 kW, 0.8 p.f., Nonlinear load: 3-phase
uncontrolled diode rectifier with R=20-120 Q, L=80 mH, Capacitance of dc bus:
C4c=1500pF.

APPENDIX B
SYSTEM DATA FOR THREE PHASE FOUR WIRE SYSTEM

Grid Supply: 110V, 3-ph, 50Hz. SAPF rating: 25kVA. DC link voltage: V4. = 200V,
Interfacing inductor: L=3.1mH, Linear load:10 kW, 0.8 p.f.,, Nonlinear load: 3-phase
uncontrolled diode rectifier with R=20-120 Q, L=80 mH, Capacitance of dc bus:
C4c=1500pF, Zigzag Transformer: three single phase 110/110 V, 2.5 kVA each.

APPENDIX C
SYSTEM DATA FOR SINGLE PHASE GRID CONNECTED SYSTEM

Grid Supply: 63.5 V, 1-ph, 50Hz. SAPF rating: 10 kVA. DC link voltage: V4. = 100V,
Interfacing inductor: L=1 mH, Nonlinear load: single-phase uncontrolled diode rectifier with
R=20-120 Q, L=80 mH, Capacitance of dc bus: C4.=1600uF, PV panels: make Vikram Solar,
Pmax=250W, V,=37.5V, I;c=8.7A, Vi,p;=30.6V, 1,,,=8.18A.



