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ABSTRACT

Modern power distribution systems face twin challenges of increased use of
power electronic based loads and integration of renewable energy systems. These
power electronic devices cause current based power quality problems in distribution
systems. Prominent power quality problems include poor power factor, load
unbalancing, harmonics in supply current, voltage regulation etc. The Shunt Active
Power Filter (SAPF) is employed to mitigate current based power quality problems.
Several controllers are designed to achieve this task. The synchronizing signals are
sinusoidal in shape in case of normal grid and can be extracted with the help of unit in
phase template method. But under weak grid conditions there are problems of voltage
sag, swell, distortion and DC offset. Thus, there is a need of effective Phase Locked
Loop (PLL) methods employed for estimation of synchronizing template signals under

distorted grid conditions.

Several controllers are designed to achieve the task of mitigation of power
quality problems. The SAPF can be configured for single phase as well as three phase
systems. Two-Leg Voltage Source Converter (VSC) configurations have been used in
single-phase system. These are H-bridge for single phase system and three-phase three-

leg configuration for three-phase system.

SAPF working is based on the fundamental load current for generation of
reference signals. The fundamental component of load current is extracted with the help
of several algorithms. Various type of control algorithms has been proposed in this
work. Time domain conventional techniques along with adaptive and Functional Link

Neural Network and Fractional Delay algorithms are proposed.



The entire thesis work has been split in to six chapters. The first two chapters
deal with the introduction and literature review related to problems and mitigation
techniques of shunt compensation, PLL and battery energy storage systems. The third
chapter deals with the design and analysis of PV integrated grid connected systems.
The configuration of SAPF in single-phase and three-phase PV integrated grid
connected and battery energy storage systems are discussed. The fourth chapter
discusses the shunt compensation in single-phase grid connected systems. The control
algorithms considered for compensation are Synchronous Reference Frame Theory
(SRFT), Second Order Generalized Integrator (SOGI), Trigonometric Functional Link
Neural Network (TFLNN) and Legendre Functional Neural Network (LFNN). These
algorithms are studied under varying load conditions i.e., linear, non-linear and mixed
loading conditions using Matlab Simulink models. The algorithms have also been tested
in the Simulink environment as well as hardware developed in the laboratory with and

without PV interfaced systems.

The fifth chapter deals with the shunt compensation in three-phase grid connected
systems. It studies some conventional and few algorithms such as Synchronous
Reference Frame Theory (SRFT), Second Order Generalized Integrator (SOGI),
Adaptive Volterra Second Order Filter (AVSF) and Cubic Bezier Functional Expansion
Based Adaptive Filter (CB-FEBAF) under varying load conditions such as linear, non-
linear and mixed loading conditions. Their efficiency has been tested in the Simulink
as well as on the hardware developed in the laboratory with and without PV interfaced

systems.

The sixth chapter studies the voltage-based power quality problems that arises
in weak grid conditions such as voltage sag, swell, distortion, phase change and
frequency change. PLL has been used to generate the synchronizing template for
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reference waveform generation. Some conventional PLLs have been studied such as
Synchronous Reference Frame Theory (SRFT), Second Order Generalised Integrator
(SOGI) and some new PLLs such as Quadratic Bernstein Functional Blending Neural
Network (QB-FBNN) and Fractional Delay Newton Structure for (FD-NSLI)
Lagrangian Interpolation method have been proposed. Extensive Simulation and

experimental results have been taken for PLL testing.

Chapter 7 studies the battery integrated system where the voltage control mode
and current control mode both are studied. This system considers a battery integrated
PV systems under grid connected and islanding mode. Control algorithms such as
Synchronous Reference Frame Theory (SRFT) and Grid Sequence Separator (GSS)

based control have been developed and tested using MATLAB Based models.



CHAPTER-1
INTRODUCTION

1.1 General

Power quality (PQ) is defined as maintaining high-quality electrical power at
all power levels such as generation, transmission and distribution. Power quality is
described in terms of voltage, current and frequency deviation. The difference in the
prescribed levels of above parameters leads to poor power quality. Power quality
problems can be natural or man-made. Natural Power quality problems include faults,
lightning which lead to variation in prescribed current and voltage levels. Man-made
power quality problems are mainly due to the increased use of non-linear loads in
distribution systems. Non-linear loads and solid-state power electronic devices such as
switch mode power supply (SMPS), power converters and variable speed drives etc.
worsen power quality problems. Excessive use of power electronic devices due to their
compact size and less maintenance and ease of control by using semiconductor-based
switches in industries and commercial applications further aggravate the problems.
Poor power quality leads to maloperation and failure of electrical machines affects the

customer equipment’s and leads to increased losses in the distribution system.

The power quality problems can be differentiated on the basis of transient or
steady state events, problem occurring at load end or on supply system side where
variation in voltage, current and frequency take place for several reasons. Transient
events include voltage flicker or short duration current or voltage disturbances. Steady
state events include long duration voltage and harmonic current disturbances. The

supply systems have voltage-based power quality problems and different types of loads



cause current based power quality problems as well as voltage-based power quality

problems in weak grids.

Power quality has become a challenging and important area of exploration for
the mitigation of PQ problems nowadays. This has evolved as the new research area for
engineers working in the area of power electronics, electric drives, renewable energy
resources, power systems etc. Voltage-based PQ problems occurring at point of
common coupling (PCC) in weak grid are voltage sag, voltage swell, DC offset,
frequency change, phase change and voltage distortions. The current based power
quality problems are poor power factor, harmonics in source currents, load unbalancing

and reactive power unbalance.

Various types of active and passive filters have been designed to enhance the
power quality of the power system. The passive filters use energy absorbing and
delivering reactive elements such as inductor and capacitors to compensate power
quality problems such as power factor improvement, load balancing, power balancing,
voltage regulation etc. Theses filters are not preferred due to bulky component size and
possibility of resonance with the supply. The active filters include custom power
devices such as Shunt Active Power Filter (SAPF). It is used for the mitigation of
current based power quality problems. Dynamic Voltage Restorer is active series filter
and inject the voltage in series with the supply to achieve compensation in all voltage-
based power quality problems. Unified power quality conditioner (UPQC) is a
combination of Shunt Active Power Filter and Dynamic Voltage Restorer (DVR).
SAPF removes current harmonics and provides load and power balancing and DVR
maintains flat voltage profile. Thus, it is used for mitigating both types of current and

voltage-based power quality problems.



Out of the above-mentioned custom power devices, SAPF is highly preferred
for mitigating current based power quality problems. Hybrid combination of passive
filters and SAPF are also used. Further Phase Locked loops (PLL) control algorithms
are required for mitigating voltage-based power quality problems along with SAPF.

This is particularly required when the grid is weak.

The SAPF is developed and controlled using simulink models in PV integrated
single phase and three phase distribution systems. The performance is analyzed under
both balanced and unbalanced loads. Two configurations are classified viz off-grid
standalone PV systems and PV integrated systems. PV integrated grid connected
systems are best preferred solution for feeding consumer load. In off-grid mode when
the fault in grid occurs or the grid voltage and current signals cross predefined limits,
islanding control mode is implemented. In grid connected mode, the PV and the grid
feed the load as well as charge the battery. The battery is connected through the
bidirectional buck boost converter to the DC link voltage. In islanding operation mode,
the battery discharges to feed the load till the grid supply is restored. The SAPF

performs shunt compensation and maintains power quality.

The performance of the SAPF depends on the control algorithm employed.
Controller extracts the fundamental component of load current and generate the

reference current for switching pulses.

1.2 PQ Problems due to Different Load Types

Several electrical loads draw non-sinusoidal current from the supply mains.
Problems due to non-linear loads include harmonics and reactive power component,
saturation in magnetic circuits, resonance with the energy storage elements such as

inductors and capacitors. The first category consists of solid-state devices based non-



linear loads. They use diode or thyristor-based converters such as cycloconverters, AC
voltage controllers, computers, televisions etc. The other category consists of non-solid
state based non-linear load such as electrical machines having saturation in magnetic
circuits, arc furnaces, fluorescent lightning etc. These non-linear loads draw increased

current from the supply mains in addition to the fundamental load current.

Mixed Loads are a combination of non-linear and linear loads. They consist of
combination of current fed type and voltage fed type of loads. They consist of non-
linear loads having solid state converter and examples are AC DC converters with LC
filters. Here the converters are connected in parallel with the linear loads. Both types

of loads are present in power distribution systems and need to be studied extensively

1.3 Power Quality Problems in Source Current due to Loads in

Distribution Systems

Non-linear loads connected in distribution systems draw harmonics from the
supply mains which deteriorate the power factor of supply current. The harmonics
injected to the supply current from the non-linear load cause losses and increase the rms
value of source current leading to low efficiency. These harmonics present in addition
to fundamental component of source current further causes maloperation of protective
equipment such as circuit breakers, relays, failure of capacitor banks, heating and
derating of the equipment’s in distribution systems. They also cause distortion in
voltage waveform at the point of common coupling which further causes disturbance

to nearby consumers.

1.4 Power Quality Problems in Grid Voltage

Several voltage-based power quality problems occurring in grid voltage due to loading



in distribution systems are voltage sag, swell, DC offset, frequency change, phase
change and harmonic distortions. Voltage sag is defined when the supply voltage
decreases from 0.1 pu to 0.9 pu of the normal rated rms voltage at power frequency
from 0.5 cycles to 1 min. It may be caused by heavy machine loads or faults on the
power line or the starting of electric motors. When the supply voltage increases from
1.1 pu to 1.8 pu of the normal rated rms voltage at power frequency, voltage swell
results. It may be caused by shutting down of heavy loads, loss of generation, switching
of capacitor banks. The existence of DC component of voltage or current in ac power
system manifests in the form of DC offset. It occurs due to magnetic circuits in
transformer and switching mismatches with the natural zero of the supply voltage.
Power frequency may deviate from acceptable frequency range of 50 Hz. If there is
more load demand then the frequency falls down and vice-versa. Phase change takes
place due to sudden load change, switching of current and voltage. Further there is
possibility of harmonic contamination in power distribution systems. Harmonics are
defined as integral multiples of the fundamental frequency. They lead to distortion of

voltage and current waveform, higher losses and reduced efficiency.

1.5 State of the Art

Power quality problems discussed above have become a major cause of concern
in distribution systems. Non-linear load injects harmonics in to the supply due to which
supply suffers from voltage based and current based power quality problems. The
current based power quality problems cause load unbalancing and reactive power
unbalance, voltage regulation and power factor deterioration etc [1-8]. VVoltage-based
power quality problems lead to voltage sag, swell, frequency, DC offset and other

interruptions in grid [9-13]. The passive and active filters are used to improve the power



quality of the distribution system. Passive filters consist of LCL filters which are bulkier
in size and causes resonance with the supply [14-17]. Other filters are active filters
which are used for mitigating power quality problems. They are classified based on the
topology as active series [18-27], active shunt [28-32] and hybrid active power filters
[33-36]. Shunt Active Power Filter (SAPF) plays an important role in improving
current based power quality problems in distribution systems with/without PV
integration [28-32]. Fast depletion of conventional energy resources, increased price of
fossil fuels and increased global warning and pollution has led to high popularity of
renewable energy resources [37-39]. Among several renewable energy resources
available today, photovoltaic (PV) source is pre-dominant source of renewable energy
as compared to wind energy and hydro energy. It needs less area, simple maintenance,
has no rotating parts and is clean pollution free energy [40-44]. PV output depends on
environmental conditions such as changing solar irradiation conditions and
temperature, yet being a clean source makes it suitable for integration with grid or

battery storage systems.

PV based VSC converter in grid connected systems plays a crucial role and
serves dual purpose of bidirectional active power transfer to the grid and load and grid
currents balancing, harmonic reduction, reactive power balance and improves the
power factor to unity. The VSC can be directly connected to the PV source through DC
link called Single Stage Topology or can be integrated through DC-DC boost converter
called Double Stage Topology. In this work, double stage topology is used. It offers
various advantages of additional degree of freedom, though the device count is less in
single stage. It has an increased operation region and more flexibility due to
independent Maximum Power Point Tracking and VVSC control algorithm used [45-49].

The non-linear nature of PV voltage with current depends on the environmental



conditions and hence requires the use of Maximum Power Point Tracking algorithms.
Various MPPT algorithms are discussed in literature such as Perturb & Observe,
Incremental Conductance [50-56] which help to extract maximum power from the PV

array.

The interfacing of PV source with the grid connected system takes place at the
PCC with the help of VSC. Non-Linear loads are also connected at PCC. These power
electronic based loads are increasing day by day and are preferred due to their
compactness and efficiency. They inject the harmonics in to the grid, draw reactive
power which deteriorate the power quality and increase the losses. To overcome the
above problems SAPF is used which does power factor correction, reactive power
compensation and harmonic mitigation. Various IEEE IEC based international
standards are recommended to improve the quality of power in distribution systems
[57-66]. Harmonic mitigation in grid currents should follow IEEE-519 standard. It is
measured in terms of Total Harmonic Distortion Factor (THD) in grid current which
should be less than 5% as per IEEE-519 standard [57]. Moreover IEEE-1547 standard
discusses the harmonic content in grid connected PV systems and recommends that the
oscillations in PCC voltage during integration of Distributed Energy Systems is less

than 5% [60-61].

The SAPF is developed using simulink environment of MATLAB in single
phase and three phase distribution systems. The performance is analyzed under both
balanced and unbalanced loads. In single phase SAPF, two leg topology or H bridge
configuration is used where as in three phase distribution systems, a three phase, three-
leg conventional topology is used. Three phase three-leg topology is the accepted
topology as it is compact, less bulky and minimizes the switching losses. It does not
require bulkier transformer [67-70]. The gate pulses are generated by indirect current
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control technique by comparing the generated reference with the actual supply current
signals [71-76]. Hysteresis current controller (HCC) scheme is used for generation of
pulses for the VSC. The switching frequency does not remain constant in this scheme
and the controller works in such a manner that the current remains within a fixed

hysteresis band which can be selected appropriately [77-80].

The performance of the SAPF is dependent on the various control algorithms
used to extract the harmonics from the non-linear load current and estimate the
fundamental load current component. Different conventional and adaptive algorithms
are discussed in the literature [81-159]. The performance evaluation of any control
algorithm is dependent on various important aspects such as computational complexity,
degree of filter, oscillations, overshoot, settling time, mean square error, PLL
requirement, memory required, THD obtained fundamental current convergence under

steady state and dynamic conditions.

Various conventional control algorithms are discussed in the literature [81-92]
such as Synchronous Reference Frame Theory (SRFT), Instantaneous Reactive Power
Theory (IRPT), Second Order Generalized Integrator (SOGI) etc. These are time based
conventional algorithms. These time-based algorithms are not adaptive to load
conditions and other parameter variations. Therefore, intelligent neural network-based
control algorithms are discussed such as Artificial Neural Network (ANN), Fuzzy
Logic Controllers (FLCs), Adaptive Neuro Fuzzy Inference System (ANFIS) [93-102]
which respond well under varied conditions automatically. The comparison of the time-

based conventional algorithm is made with the intelligent control algorithms.

Several real time adaptive based algorithms [103-116] are developed in literature

which can be trained online by Gradient Descent Algorithms such as Least Mean

11



Square (LMS) algorithm, Leaky LMS, Variable LMS, Least Mean Fourth (LMF)
Algorithm, Leaky Least Mean Fourth Algorithm, LMS-LMF, Normalised Least Mean
Fourth, Weiner Filter, Adaptive Neuro Fuzzy Inference system based LMS. The use of
various algorithms in solving power quality problems in single-phase grid connected
systems is discussed in [117-137] and for three-phase grid connected systems, several

algorithms are discussed in [138-159].

Synchronization of power electronic converters with the grid is essential for
proper control. Indian grids are weak and suffer from voltage-based power quality
problems [160-163]. The voltage signals used for synchronization suffer from problems
such as voltage sag, swell, harmonics, phase angle jump, frequency change, DC offset
[164-166]. These voltage-based power quality problems can be resolved with the help
of both open loop and closed loop synchronization algorithms. Some of the popular
synchronization techniques involve the use of phase locked loops (PLL). The phase
locked loop method must detect the phase angle and frequency of the grid rapidly and
precisely. The synchronization with the grid affects the stability and accuracy of the
control system [167-170]. Incorrect estimation of PLL information may lead to grid
crash down. The robustness of any grid is defined by Short Circuit Capacity Ratio
(SCCR) [168]. It ranges from 1 (weak grid) to 3 (strong grid). The harmonics present
in the load directly aggravate the problems in weak grid and disturb the voltage profile

[169-172].

Various PLLs are discussed in the literature [173-187] such as Synchronous
Reference Frame Theory (SRFT) PLL. This PLL is commonly used and works well
under normal conditions. However, this PLL suffers from frequency and phase angle
tracking in distorted grid conditions. It is necessary to overcome the disadvantage of
SRFT PLL hence Decoupled Double Synchronous Reference Frame (DDSRF-PLL) is
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proposed. It uses double decoupled SRFT PLL which obtains the positive and negative
sequence from grid voltage but introduces time delays which causes sluggish dynamic
response. Other PLLs discussed in literature are Second Order Generalized Integrator
(SOGI), Cascaded Generalised Integrator (CGI) PLL, Second Order Generalized
Integrator Fuzzy Logic Controller (SOGI-FLL), Mixed Second-and Third-Order
Generalized Integrator (MTOGI), Discrete Fourier Transform, Notch Filter and Kalman
Filtering, Enhanced Third-Order Generalized Integrator PLL, Modified SOGI-FLL and
zero-crossing detector, Adaptive spline-based PLL, Digital Phase-Locked Loop and
Gradient Descent Least Squares Regression Based NN have been discussed in recent
years [172-186]. Appropriate PLL should be searched which overcome the issues of the

weak grid and which can be implemented easily in real time.

The integration of PV integrated grid connected system with the battery energy
storage system forms the microgrid. The connection of battery with the PV based
system ensures the continuity of supply to the consumer loads due to varying nature of
PV and also in case of interruption of grid or fault on the grid side [188-190]. The paper
[191] discusses the PV interfaced system in islanded mode when battery is not
connected at the DC Link. The battery cannot be directly connected at the DC link as
the battery is subjected to second harmonic components, which degrades the life of the
battery. The DC-DC buck boost converter is used to connect the battery at the DC link.
The converter controls the dynamics and charging and discharging of the battery-
controlled system [192-193]. The double stage topology of PV system is preferred as it
reduces the DC link voltage fluctuations and allows the panel voltage to adjust
according to MPP with the help of boost converter [194-196]. The VSC controls the
frequency and voltage of the microgrid. This requires the smooth transfer from grid

connected to islanded mode without disturbing the consumer load demand [195-196].
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The smooth transfer should be free from voltage and current transients and be fast to
respond during/after faults. This increases the robustness of the microgrid. The static
transfer switch is used to ensure the transient free switching between both the modes.
The instantaneous disruption in load demand leads to failure of equipment’s, data loss

and accidents [197-204] and must be avoided.

1.6 Objectives of Present Work

Based on the comprehensive literature review done on the power quality
problems and its mitigation techniques, it has been found that the new control
algorithms need to be explored for shunt active power compensation in distribution
systems. Theses control algorithms must also be tested for compensating power quality
problems in PV integrated grid connected systems under varying linear, non-linear and
mixed loading conditions. Performance analysis of control algorithms on both single
phase and three-phase grid connected systems needs detailed studies. In single phase
grid connected systems, two-leg SAPF topology is used where as in three-phase
distribution systems three-phase three-wire topology is used and both these are

conventional and proven in the past

In this thesis, both voltage-based power quality problems and current-based
power quality problems are studied. The voltage-based power quality problems consist
of weak grid conditions such as voltage sag, swell, phase change, frequency change and
harmonics. These problems are addressed using conventional and new phase locked

loop techniques.

The current-based power quality problems consist of poor power factor,
harmonics in source current, load unbalancing and reactive power unbalance. These are

addressed by control techniques designed for Shunt Active Power Filter. The PV

14



integrated battery energy storage systems are also discussed which meet the load
demand in case of varying nature of PV and during load perturbations. Performance of
all these systems is discussed in detail with extensive results including experimental

tests also.

1.6.1 Development of New Control Algorithms for Shunt Compensation

Real time online training-based control algorithms are discussed in single-phase
and three-phase grid connected systems. Adaptive Volterra Second Order Filter
(AVSF) has been discussed and developed. These algorithms use weight parameters

updated by LMS algorithm.

The new area of Functional Link Neural Network based controllers is exploited
in this thesis. The functional expansion of different polynomials such as Trigonometric
Functional Link Neural Network (TFLNN), Legendre Functional Neural Network
(LFNN) and Spline polynomials, is used to extract the fundamental component of the
load current. The Bernstein Spline-based algorithm exploits the Spline properties.
These have been used in signal processing [205-220] but never exploited for shunt
compensation in PV integrated grid connected systems. These algorithms do not face
the challenges of selection of neurons and number of hidden layers and therefore their
implementation is simpler and less complex. These algorithms have been designed and
developed for shunt compensation with the help of online real time training adaptive

LMS algorithm and shown effective results.

1.6.2 PV Interfaced Grid Systems for Single-Phase and Three-Phase Systems
The depletion of fossil fuels and increasing environmental pollution have led to
the increasing interest towards renewable energy sources such as wind, PV etc. PV is

the abundant source of renewable energy with less maintenance, less area and no
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moving parts. The double stage topology consisting of MPPT and boost converter is
used to integrate to the grid. PV integration to both single-phase and three-phase

systems is discussed in this work.

The boost converter regulates the Maximum Power Point Tracker to operate at
Maximum Power Point and ensures the maximum power to be delivered to the grid.
The PV based VSC ensures the bidirectional flow of active power to the grid as well as

load and also performs shunt compensation of mitigating power quality problems.

1.6.3 Development of New Synchronization Techniques in Grid Tied Systems.

It is important to overcome voltage-based power quality problems such as
voltage sag, swell, phase change and frequency change using well designed PLL
techniques for synchronizing power electronic converters to the grid connected
systems. Conventional PLL techniques developed include SRFT PLL, SOGI PLL and
Adaptive PLL techniques. New synchronization techniques such as Quadratic
Bernstein Functional Blending Neural Network (QB-FBNN) PLL and Functional Link

Neural Network PLL have been developed in this work.

1.6.4 Performance Analysis of PV Interfaced Battery Grid Connected Systems
PV interfaced battery connected systems in grid connected and islanding mode
are also discussed in this thesis. The grid mode operation is discussed in current control
mode and islanding operation is discussed in voltage control mode. The SRFT and Grid
Sequence Separator (GSS PLL) based control are discussed in detail for both the modes.
Adequate performance results have been presented under steady state and dynamic load

changes of different types.

1.7 Outline of the Thesis
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The content of thesis has been divided in to following chapters:

Chapter 1 discusses various types of mixed and non-linear loading in grid
connected PV distribution systems. These loads inject current and voltage harmonics
in grid voltage and grid current respectively. The mitigation of both voltage and current
harmonics is essential and beneficial for both supply and consumer load services. This
chapter gives an overview of the thesis work in the form of state of art techniques and

proposed objectives of the work.

Chapter 2 provides an extensive literature review on current based power
quality problems in single-phase and three-phase grid connected systems. The literature
review on the configuration of SAPF, control algorithms associated with Shunt
Compensator and Phase locked Loop techniques for synchronization through
conventional, Neural Network, adaptive control algorithms are discussed in detail in
this chapter. It also discusses papers related to PV-integrated battery-connected systems
in grid connected and islanding mode. Based on the study done, the research gaps are

identified at the end of chapter.

Chapter 3 It presents the design and analysis of PV integrated grid connected
systems. The configuration of SAPF in single-phase and three-phase grid connected
and PV integrated grid connected battery energy storage systems is discussed. It studies
the selection criterion of the calculation of DC Link voltage, DC Link capacitance and
interfacing inductors in single-phase and three-phase grid connected systems. The
design of PV array, inductor and capacitor of boost converter for double stage topology
and design specifications of battery are discussed. The development of rating of SAPF,

sensor circuits, amplifier circuits is discussed in detail.
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Chapter 4 discusses the development and analysis of control algorithms for
mitigation of power quality problems in single-phase grid connected PV systems using
SAPF. It discusses the mathematical control of the conventional and adaptive
algorithms such as Synchronous Reference Frame Theory (SRFT), Second Order
Generalised Integrator (SOGI), Trigonometric Functional Link Neural Network
(TFLNN), Legendre Functional Neural Network (LFNN). The performance analysis of
the algorithms is discussed using simulation and hardware under varying loading

conditions. A suitable comparison of the algorithms is also considered.

Chapter 5 discusses the implementation of algorithms for control of three-
phase three-leg SAPF for mitigation of power quality problems in three-phase grid
connected systems. The mathematical design analysis of three-phase SRFT, Dual-
SOGI and Cubic Bezier-Functional expansion based Adaptive Filter (CB-FEBAF) is
discussed in detail. The performance analysis of different algorithms is discussed using
simulation and hardware studies. The chapter concludes by analysing in detail the

different aspects of these techniques in terms of performance.

Chapter 6 This chapter presents the weak grid connected systems suffering
from voltage sag, swell, harmonics, DC offset in grid connected systems. Various PLL
are developed for synchronization and tested under single-phase non-ideal and weak
grids. The Phase Locked Loop (PLL) Techniques such as Synchronous Reference
Frame Theory (SRFT-PLL), SOGI-PLL, Fractional Delay Newton Structure for
Lagrangian Interpolation (FD-NSLI) PLL, Quadratic Bernstein Functional Blending
Neural Network (QB-FBNN) PLL are discussed. The performance analysis of the
proposed PLL is studied in MATLAB Simulink and through hardware prototype

developed in the laboratory under varying grid conditions. The steady state and
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dynamic performance analysis for detecting the phase angle accurately and generating

sinusoidal unit template under weak grid conditions are discussed in detail.

Chapter 7 In this chapter, the simulation, design and performance analysis of
PV interfaced battery connected system in grid connected and islanding mode is
discussed. The grid mode operation is discussed in current control mode and islanding
operation is discussed in voltage control mode. The SRFT and Grid Sequence Separator
(GSS) PLL control are discussed in detail in both the modes. Simulation results have

been shown for the improvement of PQ of PV interfaced battery system.

Chapter 8 discusses the future scope of work and conclusion of the thesis.
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CHAPTER 2
LITERATURE SURVEY

2.0 General

PQ issues have caused major problems in power distribution systems. Non-
linear loads inject harmonics in the grid which deteriorate both grid voltage and grid
current. The grid current related problems can be solved by Shunt Active Power Filter
(SAPF). The SAPF is designed to improve power factor, harmonics in source current,
performs load balancing and reactive power balance. The grid voltage related issues
such as voltage sag, swell, DC offset, harmonics are addressed by the Phase Locked
Loop techniques. They generate the sinusoidal unit in phase template even under weak
grid conditions for generation of reference current signals. Phase Locked Loop
Techniques are needed for synchronizing the power electronic equipment with the grid.
PLLs track the phase angle and the grid voltage while synchronizing. New and adaptive
neural network controllers are used for mitigation of power quality problems for SAPF
in single-phase and three-phase grid connected systems. The adaptive PLL techniques
are designed for mitigating grid voltage problems. A three-leg SAPF is realized in
three-phase and two-leg H-bridge based VSC is realized in single-phase grid connected
systems. The SAPF is realized by connecting VSC in parallel with the DC Link
capacitor. The integration of PV and battery connected systems is studied in grid
connected and islanding mode. The Static Transfer Switch (STS) is used for smooth
transfer between both the modes. The battery dynamics are controlled by bidirectional

DC-DC converter.

2.1 Literature Survey
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Current based and voltage-based power quality problems are discussed in this section.
There are various voltage and current based power quality problems. The voltage-based
power quality problems in grid include voltage sag, swell, harmonics, voltage flicker,
DC offset, phase angle change, frequency change, fluctuations and notches. The current
based power quality problems are poor power factor, reactive power burden, harmonics
current, unbalanced currents. The power quality problems and solutions are discussed

as follows.

2.1.1 Power Quality Problems and Solutions

Power distribution systems feed a variety of loads-linear loads, mixed loads and
non-linear loads. Non-linear loads consist of solid-state devices. They use
cycloconverters, AC voltage controllers, computers, televisions etc. [1-4]. The solid-
state devices have many benefits of lower cost, reduced maintenance and less wear and
tear. Moreover, the non-linear loads inject harmonics in to the system [5-8]. Power
quality problems related to current drawn from the AC mains are poor power factor,
reactive power burden, harmonics current, unbalanced currents. They cause voltage

harmonics, spikes, notches, voltage dip, voltage swell at the point of common coupling
[9].

The voltage-based power quality problems in grid such as voltage sag, swell,
voltage sag, swell, harmonics, voltage flickering, DC offset, phase angle change,
frequency change, fluctuation and notches [10-11]. The paper [12] discusses the voltage
sag and swells. Voltage sag [12] is defined as decrease in the supply voltage from 0.1
pu to 0.9 pu of the normal rated voltage. Voltage swell [12] is defined as increase in
supply voltage from 1.1 pu to 1.8 pu of the normal rated rms voltage at power
frequency. The paper [13] discusses the voltage harmonics, voltage flicker, fluctuations

and transients in current.
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Active and passive filters are suitable and designed for mitigating power quality
problems. Passive filters use inductors and capacitors to compensate power quality
problems but they are bulky in size and causes resonance with the supply [14-15].
Passive Filters are used for suppressing voltage and current harmonics in the supply
system. Theses filters are classified as tuned filters, damped filters and combination of
both filters based on topology. They can be further classified as shunt filter, series filter
and combination of both based on connection. The combination of shunt and series
filter is called Hybrid Passive Filter [16-17]. Active Filters are classified based on the
basis of configuration of power converters. They are used to mitigate power quality
problems [18-21]. These topologies are generally classified as active shunt, series or

combination of both.

Active Series filters are used to eliminate voltage-based power quality problems
such as sag, swell, harmonics. It is connected in series with the AC supply system to
inject the required voltage to safeguard the sensitive loads [22-24]. Dynamic Voltage
Restorer may also be used for damping out harmonics caused by resonance of passive

filters with the supply [25-27].

Active shunt filter is used for mitigating current based power quality problems.
They perform power factor correction, reactive power compensation, harmonic
mitigation and load balancing [28-29]. The semiconductor device for using SAPFs is
Insulated Gate Bipolar Transistor (IGBT). Initially Bipolar Junction Transistor (BJTS),
Metal-Oxide Semiconductor Field-Effect Transistor (MOSFET), Gate Turn off
Transistor (GTOs) were used to design SAPF but the development of IGBTs has
revolutionized the area of power electronics. The advancement in sensor technology

such as Hall effect voltage and current sensors has further improved the performance
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of SAPF. Moreover, the enormous development in Digital Signal Processing (DSP)

technology helps to implement VSC based complex control algorithms fast [30-34].

The combination of active shunt and active series filter improves both voltage
related and current related power quality problems. Unified Power Quality Conditioner
(UPQC) improves both voltage based and current based PQ problems. The shunt
compensator part is equivalent to SAPF and it compensates current based PQ problems
while the series compensator part equivalent to a DVR compensates voltage-based

power quality problems [35-36].

2.1.2 Integration of Renewable Energy Resources to the Grid

These days integration of renewable energy resources with the grid is increasing
due to the increased price of fossil fuels, increased global warming and pollution.
However, photovoltaic sources have gained importance compared to other renewable
energy resources due to availability of solar energy in abundance. In PV based VSC the
efficiency of the SAPF is increased as it performs dual function of bidirectional flow
transfer and as well as shunt compensation. Therefore, VSC does not remain idle but
performs all the time [37-41]. The PV feedforward term is added to mitigate DC link
voltage fluctuations during integration of renewable energy resources [42-43]. The
VSC may be directly connected to the PV source through DC link referred to as Single
Stage Topology or can be integrated through DC-DC boost converter based Double
Stage Topology. In this thesis, Double Stage Topology is used. It offers various
advantages of reducing the control complexity though the device count is less in single
stage, it has an increased operation region and more flexibility due to independent
Maximum power point tracking techniques. The solar PV power being non-linear in
nature uses maximum power techniques which vary the duty cycle of boost converter

array to attain maximum power from the PV [44-49]. The papers [50-56] discusses the
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comparison of various MPPT techniques such as Fractional Open-Circuit Voltage
(FOCV), Perturb and Observe, Incremental and Conductance [49], Fuzzy Logic
Technique, Artificial Neural Network. The paper [50] discusses the Takagi-Sugeno
Fuzzy logic Method. Fast current based MPPT technique based sliding control method
is discussed in [51]. These Maximum Power Point algorithms and VSC control

algorithm are used and further increase the stability of the system.

2.1.3 Power Quality Standards

The international standards related to power quality has been developed by
various organizations such as Institute of Electrical and Electronics Engineers (IEEE)
and International Electro Technical Commission (IEC). These standards are developed,

updated and imposed to maintain the power quality level [57-58].

IEEE-519 [59] standard recommends that the THD of supply voltage and
current in distribution systems in presence of non-linear loads be less than 5%. IEEE
1547 standard recommends the procedure for interconnecting distributed energy
resources [60-61]. IEEE 1100 standard regulates the electric power and grounding
maintenance practices, their design and installation [62]. IEEE-1159 [63] standards
monitor the electric power characteristics in single-phase and polyphase system. IEEE
1459 standard is recommended for measurement of electric power quantities such as
active power, reactive power, apparent power, power factor and Total Harmonic

Distortion (THD) Factor [64].

Several other IEC standards are there such as IEEE 61000-4-15 which
recommends the design specification of Flicker Meter [65]. IEC 61000-3-2
recommends the limits on Harmonic Current Emissions [66]. All the above standards

ensure the proper operation of power system distribution systems.
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2.1.4 Configuration of SAPF System

In single-phase SAPF two-leg topology is used where as in three-phase
distribution systems three-phase three-wire topology is used. Three-phase Three-wire
topology is the accepted topology as it is compact, less bulky, minimizes the switching
losses. It does not use bulkier transformer [67-70]. The generation of reference current
methods is by direct and indirect control technique [71-76]. It is found that the direct
control technique is better than indirect control technique. The comparison between the
Hysteresis Current controller and Dead-Beat current controller for SAPF is done. HCC

performs better than Dead Beat Controller [77-80].

2.1.5 SAPF Control Algorithms
SAPF are used for improving PQ problems in distribution system. The effective

implementation of control algorithm enhances the performance of the SAPF

2.1.5.1 Conventional Control Algorithms

Many time domain conventional control algorithms are discussed in the
literature [81-92]. This includes Synchronous Reference Frame theory [81-82],
Instantaneous Reactive Power Theory [83], Power Balance Theory [84-85], I-cosd
algorithm in [86] through three-phase three-wire system. The comparison between
these algorithms for power quality improvement is described in [87]. They require the
tuning of PI controllers. Algorithms such as SRFT, IRPT-O, IRPT-R to improve power
quality for three-phase four-wire distribution system is discussed in [88-90]. A four-
leg VSI configuration is used to get improved results in unbalanced systems and also
the current in the neutral wire is controlled to its acceptable levels but TPFW system is
more complex than TPTW system due to extra neutral wire. Hence, three-phase three-

wire distribution system is preferred and is used in this thesis [91-92].
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2.1.5.2 Neural Network Based Control Algorithms

An artificial neural network is made up of several layers, including an input
layer, a hidden layer, and an output layer. The hidden layer consists of number of
neurons having fixed activation function [93-94]. These layers are trained in offline
mode. These neurons of the hidden layers are updated by adjustable weights to pass
signals forward to other neurons. The neural network face challenges in selection of
neurons and hidden layers. Artificial neural network for shunt compensation is shown
in [95-97], Fuzzy Logic Controller in [98], Adaptive Neuro Fuzzy Inference system in
[99-102]. These NN are trained offline using training data which may be cumbersome
and difficult. Therefore, various gradient methods are introduced which perform real

time training of Neural Networks (NN) for PQ improvement [103-104].

2.1.5.3 Adaptive Control Algorithms

Adaptive Control Algorithms work on the real time training of algorithm using
several techniques such as Levenberg Marquardt Algorithm [104-105]. The adaptive
techniques respond fast to changing environment and load conditions online. Unlike
the neural network they are not trained offline. LMS algorithms are developed [106],
Several variations include Leaky LMS in [107], Variable LMS [108-109], Least Mean
Fourth Algorithm in [110-111], Leaky Least Mean Fourth Algorithm in [112], LMS-
LMF in [113], Normalized Least Mean Fourth in [114], Weiner Filter in [115],

Adaptive Neuro Fuzzy Inference system based LMS in [116] discussed in literature.

2.2 SAPF Applications to Single-Phase Grid Connected System
The single-phase grid connected systems feed linear and non-linear loads. The
non-linear loads inject harmonics in to the supply system. Therefore, algorithms are

developed which mitigate power quality problems in single-phase grid connected
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systems. Adaptive linear combiner filter-based control scheme is developed in [117],
Multilayer Fifth order generalized Integrator in [118], PNKLMS based algorithm in
[119], Lyapunov Function in [120-121], LQR control in [122], Godzel Algorithm in
[123], Adaptive Neuron Detection in [124], Single-phase inverter system with non-
linear inductor consideration in [125], predictive controller in [126], Linear Quadratic
Regulator in [127], Adaptive proportional resonant controller in [128], ANOVA Kernel
Kalman Filter in [129], adaptive backstepping control technique in [130], Backstepping
Controller with Dual Self-Tuning Filter in [131], Adaptive Neural Filtering in [132],
Gl-Based Control Scheme in [133], Optimal control scheme in [134], Two PWM
techniques using direct current control strategy in [135] , LTI-EPLL based control
algorithm in [136], Frequency Adaptive Notch Filter for Power Quality Improvement
in [137]. Theses above algorithms are implemented in single-phase grid connected

systems.

2.3 SAPF Applications to Three-Phase Grid Connected Systems

Three-phase grid connected systems face power quality problems such as
harmonics in supply current injected due to load, poor power factor, load unbalancing
etc. Various control techniques [138-159] techniques are developed in literature such
as Nishant et. al presented PNKLMF based technique for power quality improvement
[138], Kalman filter in [139-140], Extended Kalman Filter in [141], P. Shah [142]
discussed FOGI-FLL, Badoni et. al [143] discussed Euclidian based control technique,
Chittora et. al [144] discussed Chebyshev technique, B. Singh et. al discussed Laplacian
Regression Technique [145], MGI control in [146], ILST control algorithm in [147],
Recursive Digital Filter in [148], QNBP NN-based I cos ¢ in [149], Jain et al discussed

HTF-Based Higher-Order Adaptive Control [150], Predictive model control in [151],
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Rahamani et.al discussed Lyapunov control in [152], Naive Back Propagation based I-
cosd in [153], Learning based Anti-Hebbian in [154], Variable Forgetting Factor
Recursive Least Square Control Algorithm in [155], Conductance based fryze in [156],
Fast Zero Attracting Normalized Least Mean Fourth Based Adaptive Control in [157]
and JAYA Optimization based control algorithm in [158], Leaky Least Logarithmic
Absolute Difference based control in [159]. These above algorithms are implemented

in single-phase grid connected systems.

2.4 PLL Control Algorithms

The grid voltage related issues such as voltage sag, swell, DC offset, harmonics
are addressed by the Phase Locked Loop techniques [160-165]. They generate the
sinusoidal unit in phase template under weak grid conditions for generation of reference
current signals. The Phase Locked Loop Techniques are used for synchronizing the
power electronic equipment’s with the grid. PLLs track the phase angle and the grid
voltage while synchronizing [166-172]. The accurate estimation improves the
performance of the power electronic converters. Various PLLs are described in the
literature [173-187]. SRFT PLL isdiscussed in [173-174]. SOGI PLL works well under
accurate phase tracking but do not work well under DC offset [175-176]. Delay Based
PLL structure has been used however they suffer from double frequency estimation
[177]. To overcome various modified SOGI versions have been introduced such as
Cascaded Delayed Generalized Integrator (CGI) PLL [175], mixed third order
generalized integrator (MTOGI) [176] and SOGI FLL [184] have been introduced. In
MTOGI extra integrator is added, CGI PLL has two SOGI transfer function in series,
SOGI FLL has fuzzy logic concept added making is more complex. The modification

in SOGI has made its dynamic response becomes slow due to increase in order of SOGI
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function. Cascaded Delayed Signal Cancellation (CDSC) PLL and Moving Average
Filter (MAF) PLL have also been proposed but they donot work well under frequency
change [178-179]. To overcome the problems faced in synchronization various PLL
has been introduced such as Discrete Fourier Transform [180], Notch Filter [181] and
Kalman Filtering [182] have been discussed in recent years, Enhanced Third-Order
Generalized Integrator PLL in [183], modified SOGI-FLL and zero-crossing detector
[184], Adaptive spline-based PLL in [185], Digital Phase-Locked Loop in [186] and

Gradient Descent Least Squares Regression Based NN in [187].

2.5 PV Battery Interfaced Control Algorithms

PV interfaced battery connected systems in both grid connected and islanded
mode have also been discussed in literature. The current control mode is used in grid
connected mode and voltage control is used in islanding condition [188-190]. Current
control mode is developed to improve power quality problem and voltage control mode
provides synchronization in the absence of utility grid [191-194]. Various algorithms
for PV based Battery interfaced systems are available in the literature. These include
unified control management scheme in [195], Improved Frequency Regulation in an
Islanded Mixed Source Microgrid through coordinated operation of Distributed Energy
Resources (DERs) and Smart Loads [196], Frequency Adaptive Multistage Harmonic
Oscillator in [197]. Normalized Gradient Adaptive Regularization Factor Neural Filter
[198], Advanced robust shrinkage normalized sign (ARSNS)-based control algorithm
in [199], Multivariance Generalized Adaptive controller [200], Varying phase angle
control in isolated bidirectional DC-DC converter in [201], Control of Battery in fixed

and variable power mode in [202], Learning Quantization (LQ) based current control in
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[203], Adaptive frequency locked loop (FLL) with comb filtering is described in [204].

The above PLLs are tested under both grid connected and islanded modes.

2.6 ldentified Research Areas
Based on the extensive literature review, following research gaps are identified:

1. Intelligent control algorithms such as Fuzzy and Neural Network etc. involve
the challenging task of selection of hidden layers and its training with the standard data
to get precise results. This increases the computational processing time. Therefore,
algorithms based on single-layer neural network or simplified versions may be
exploited used for extraction of harmonics from distorted load current. These

techniques have not been extended for controller development.

2. Multifunctional Capabilities of inverter have not been exploited much such

as PQ improvement, Voltage regulation, MPPT Techniques, PQ compensation etc.

3. Advanced control techniques for single-phase and three-phase grid connected
PV system for improvement in power quality are required to be tested and developed.
Some advanced techniques have been studied for shunt compensators (DSTATCOM));
however, these can be modified in the presence of PV source requires thorough study,

investigation, and performance analysis.

4. Modification of control techniques considering polluted grid, weak grid needs
to be addressed. Also, a fair comparison of these is required based on both simulation

and experimental studies.
2.7 Objectives of Current Research

1. Simulation and Development of new control algorithms for shunt

compensation.
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2. Design and Control for PV interfaced grid systems and study its performance

analysis of single-phase and three-phase systems.

3. To analyze the impact of voltage distortion, sag, swell, harmonics in grid tied

PV systems.

4. Simulation, design and performance analysis of PV interfaced system with

additional resource such as battery and developing modified controllers for the same.

2.8 Conclusions

Exhaustive research work has been done in the area of mitigating power quality
problems in grid connected distribution systems. Current based power quality problems
are mitigated by shunt compensator. Voltage-based power quality problems are
mitigated by Phase Locked Loop Techniques. Battery interfaced PV systems are also
developed and controlled in grid connected and islanding mode. It has been observed
after extensive literature study that there exists a scope to develop algorithms for shunt
compensation and Phase Locked Loop techniques which are less complex, fast,
accurate and has less computational burden. Algorithms based on LMS based adaptive
techniques are quite prevalent in the literature; however, the use of functional NN based
controllers is a new area. The study of such functional NN [205-220] based on
Legendre, Trignometric, Cubic-Beizer, Quadratic Bernstein and Lagrangian
polynomial [205-220] and others is new and requires in depth performance evaluations
with respect to conventional techniques. They have been used in digital signal
processing applications but not exploited in shunt compensation and Phase Locked
Loop Techniques. PV based battery interfaced systems in both grid connected and

islanding mode need to be explored and tested using new algorithms.
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CHAPTER 3

DESIGN AND ANALYSIS OF PV INTEGRATED GRID
CONNECTED SYSTEMS

3.0 General

In this chapter, Shunt Active Power Filter (SAPF) is designed for performance
analysis of single-phase and three-phase grid connected PV systems. New Controllers
are developed using adaptive control techniques and tested rigorously on the
prototype/hardware developed under different system conditions. The configuration of
the grid connected system comprises grid supply, voltage and current sensors, SAPF,
linear and non-linear loads, diode bridge rectifier, interfacing inductor and the DC link
capacitance. This chapter discusses the SAPF configuration for single-phase and three-

phase power distribution systems and the important design parameters involved.

3.1 System Configuration of SAPF in Grid Connected System

This section discusses the conventional H-bridge and three phase three-leg voltage

source converter topology used in single phase and three phase systems respectively.

3.1.1 System Configuration of SAPF in Single-Phase Grid Connected System

The proposed system consists of a PV integrated grid connected distribution
systems feeding linear and non-linear loads connected at the PCC. Non-Linear load is
modelled using diode bridge rectifier with series R-L load. Fig. 3.1 shows the system
diagram with source impedance Z; (source resistance R and inductance L), interfacing
inductor Ly, ripple filter R., diode bridge rectifier, VSC with DC link capacitance all
collectively connected at PCC. The conventional H-bridge configuration is selected for

the VSC with four IGBT and antiparallel diodes. SAPF with the help of suitable control
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algorithm sends the compensating current to mitigate harmonics in grid currents

injected by non-linear load. It also improves power factor to nearly unity, makes grid
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Fig. 3.1. Schematic block diagram of single-phase grid connected PV system
current sinusoidal and provides reactive power compensation. A PV array capacity of
750 W is connected at the DC link of the VSC through boost converter. The Perturb
and Observe (P&0O) MPPT algorithm regulates the duty cycle of the DC-DC boost
converter to extract the maximum power from the PV array. The H-bridge VSC
performs dual function of active power transfer to the grid as well as shunt
compensation. The DC link voltage is regulated using a tuned Pl controller. The
interfacing inductor are used to minimize ripples in the compensating current. The

simulation and experimental parameters are listed in Appendix I.

3.1.2 System Configuration of SAPF in Three-Phase Grid Connected System
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The configuration of the PV integrated three-phase grid connected system is
shown in Fig. 3.2. It consists of three-phase grid, VSC converter connected in parallel
to the system and loads. The three-phase, three-leg configuration comprising six IGBT
switches with antiparallel diodes is selected for VSC. The VSC is coupled to DC Link
capacitor is referred to as Shunt Active Power Filter. Further, the specification of
interfacing inductors, boost converter and PV array are determined and connected. The
boost converter with the help of MPPT P&O algorithm helps in extracting the

maximum power from the PV array. The interfacing inductor is used to minimize the
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ripples in the compensating current. The SAPF is used in mitigating power quality
problems with the help of suitable control algorithms and this is discussed in successive
chapters. The DC link voltage is controlled with the help of Pl controller. The

simulation and experimental parameters are listed in Appendix II.

For the experimental verification, the single-phase and three-phase three wire grid
connected systems are developed in the laboratory. The grid supply is varied through
autotransformer. The load, compensator are connected at the point of common coupling
(PCC). The compensator is realized in the form of H-bridge configuration for single-
phase system, while a three-phase, three leg configuration is selected for three-phase
system. SAPF comprises a VSC with DC link capacitance connected in parallel. The
interfacing inductors are suitably designed to minimize switching ripples in the SAPF
connected at PCC. The voltages and current are sensed and measured with the help of
Hall effect sensors viz. LEM LA25 and LV25 current and voltage sensors respectively.
The sensed voltage and current signals are processed and necessary computations are
carried out inside the Microlab Box which produces the six gating signals for the SAPF.
The performance of steady state and dynamic waveforms are recorded using Digital

Storage Oscilloscope (DSO).

3.1.3 System Configuration of PV interfaced Grid connected Battery Energy
Storage system (PV-BES System)

The schematic diagram of PV-BES system is shown in Fig. 3.3. It consists of
PV array, MPPT control algorithm, Boost Converter, Battery Energy Storage System,
Bidirectional Buck Boost Converter, non-linear loads. The MPPT algorithm is used to
extract the maximum power from the PV array by regulating the duty cycle of DC-DC
boost converter. The PV array is connected to the battery at DC link through

Bidirectional Buck Boost converter. The Bidirectional converter operates by working
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Fig. 3.3. Schematic block diagram of battery interfaced PV integrated grid connected system

in the two modes viz charging and discharging mode in buck and boost mode
respectively. A static transfer switch (STS) is connected for bidirectional power flow
and smooth transfer between both the grid connected and islanded modes. In grid
connected mode, current control mode is used to control VSC for harmonic
compensation and supply of active power. In islanded mode of operation, voltage

control mode is used to control VVSC.

3.2 Design Aspects of Shunt Compensator System

The design details of various parameters of SAPF integrated systems are discussed

below. This Section includes calculations for DC link voltage, DC link capacitance
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and interfacing inductor. Design is discussed for both single phase and three phase

systems.
3.2.1 Design of Single-Phase systems [1]

The selection criterion of the above parameters in single-phase system are

presented here

3.2.1.1 Calculation of DC Link Voltage

Ve = V2Vs = V2 %110 = 155.56 V (3.1)

The DC link voltage should be higher than the peak of single-phase grid voltage.

Hence, the DC Link voltage is chosen as 200 V

3.2.1.2 DC Link Capacitance

Using the energy stored in the DC link capacitor (C,.) we get

1
ECdC(VdZC - decl) = K1 Vimsalt

__ 2xKq Vpmsalt
- 2 2
(Vdc_Vdcl)

Cac (3.2)

where Cy. is the DC Link Capacitance. V,. is the DC link voltage equal to
reference DC link voltage and V., is the calculated minimum level of DC link voltage,
V.ms 1S the rms grid voltage, | is the phase current, a is the overloading factor. K is the
constant. Putting the values K; = 0.5, V, = 110V, L,, = 204, t=0.02s, V,, = 200V,
Ve = 155.56V, a = 1.2 . We get C;. = 3341uF . Therefore, the chosen value of

Cse = 3000uF

3.2.1.3 Interfacing Inductor

The interfacing inductor is used for calculation of minimizing ripples in the
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compensating current. It depends on the switching frequency f;, ripple in current I,

and DC link voltage V. .

L, = m«Vge _ 1x200
P 7 asasfolerpp 4+1.2¢10510351.5

= 2.77 mH = 3mH (3.3)

where ‘m’ is the modulation index, a is the overloading factor. The chosen value of L,
is 3 mH.

3.2.2 Design of Three-Phase systems [1]

The formulae calculation in three-phase system are listed

3.2.2.1 Calculation of DC Link voltage
The minimum DC voltage should be greater than the calculated voltage. It is

computed as

_ 22V

Vdc V3am

(3.4)

_24/2%110 _

= 5a =179.60 V

where V. is the DC Link Voltage, V,; is the grid line rms voltage, m is the modulation

index. The voltage is chosen as 200 V.
3.2.2.2 DC Link Capacitance

The principle of energy transformation in the DC link capacitor is applied as

~Cac(VE = Vi) = Ki3Vpy alt

_ 2xK13Vpp alt

B (dec_decl)

Cdc (3- 5)

Putting the values K; = 0.05, V,,, = 89.5V, L,, = 25 A, t=0.02s, Vg, = 200V, Vyeq =
179.60V, a = 1.2. We get C4. = 2081uF . Therefore, the chosen value of Cy;. =
3000uF

38



where C,4. is the DC Link Capacitance. V. is the DC link voltage equal to reference
DC link voltage and V. is the calculated minimum level of DC link voltage, V,, is
the rms three phase grid voltage, I is the phase current, a is the overloading factor, K;

is the constant.

3.2.2.3 Selection of an Interfacing Inductor

The interfacing inductor used for calculation of minimizing ripples in the

compensating current depends on the switching frequency f;, ripple in current I,

and DC link voltage V. .

_ V3xmaVge
F ™ 12 aflerpp

(3.6)

\/3_’*1*200
12%1.2%x10%103%2.5

=0.962 mH=1mH

where ;. = 200V is the reference DC link voltage, f; = 10kHz is the switching

frequency, I, = 2.5A is the current ripple.
3.2.3 Rating of switches of SAPF

The Insulated Gate Bipolar Transistors (IGBT) switch is being used for design
of Shunt Active Power Filter (SAPF). The rating of these IGBT switches selected
depend on the switching frequency (f;) and current maximum level (/,,) to be attained.
Considering the f; to be 10 kHz and I,,, to be attained is 25 A, the IGBT module selected
is SKM150GB12V. Fig. 3.4 shows the internal connection diagram of IGBT switches

used. Two such modules are used for single-phase SAPF and three such modules are

D1 D2
l—1 | ]
I | |
-— ————
C1 E f E1 c2 'j f E2
- 1 - 1
G1 G2

Fig. 3.4. Internal connection diagram of IGBT module
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used for three-phase SAPF. The internal connection diagram of IGBT module is shown

in Fig. 3.4.

3.2.4 Design of sensor circuits, amplifier circuit
LV-25 P voltage has an input voltage range of 0-500 V. The maximum primary
input nominal current cannot exceed the 10 mA. To measure the input voltage of 110

V, the input side resistance is chosen as

R, =2n=_12__11kQ (3.7)

Iin, ~ 10%1073

The minimum wattage of input side resistance should be
Pp=Vip* I;, =110 10 % 1073 = 1.1W (3.8)

For DC link voltage 200 V

R, =Yn=_29 _20k0 (3.9)

Iin 10%1073

The minimum wattage of input side resistance is selected to be 2W. Using
P, =V * [, =200%10% 1073 = 2W (3.10)

From above, the values of input resistor have been optimized for a supply
voltage of 110V and DC Link voltage of 200V at 47kQ. The power rating of resistance
of input voltage is 110V is taken as 2W and for 200V is taken as 5W respectively. The
output signals from theses sensors are fed to the dSpace 1104 through ADC port. The
output voltage from the dSpace 1104 is 5V. This is amplified to 15V with the help of
voltage amplifier circuit and given to the gating signal of SAPF. The inverting amplifier

of IC 7406 is used to nullify the effect of 180°phase shift.

3.2.5 Linear and Non-Linear Loads

In single-phase and three-phase systems the linear loads of rating 250V, 244
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are connected. Non-Linear loads are connected through diode bridge rectifier. The DC
side of the diode bridge rectifier has a load of variable resistor (20-120Q) and fixed

inductor of 80mH.

3.2.6 Design of PV array
PV module of Kyocera Solar KD320GX-LPB available in the Simulink library
has been used with the below specifications. PV panel specifications: Kyocera Solar

KD250GX-LFB2,

Maximum power P,,, = 250.022W

Open circuit voltage V,. =36.9V

Short circuit current I;, =9.09A

Maximum voltage, V,,,, =29.8V

Maximum current I,,,,, = 8.39A

Series connected module per string =3

cells per module = 60

parallel solar strings = 1

temperature coefficient of voltage (%/°C) =—0.32
temperature coefficient of current (%/°C) =0.06
For hardware we have selected

Chroma PV Simulator: PV panel Specifications: EN50530,
Solar Irradiation: 1000 W /m?

Py =300W

Temperature Coefficient of Voltage (%/°C)=-0.38.

3.2.7 Design of inductor and Capacitor of Boost Converter [110]

L. = D+Vimp __ 0.5%40.1
b ™ Alpysfey  0.8110%103

= 4.95mH (3.11)

Ly, is calculated as 4.95mH and taken as 5mH, where D is the duty cycle, ;,, is the

voltage at maximum power, Alpy is the ripple in inductor current, f;,,, is the switching

frequency of IGBT

_ Dxlpyr __ 0.5%10
AVoyut*fow  10%5%103

g =100uF (3.12)

C, is the calculated as 100uF and taken as 150uF, where D is the duty cycle, I,,; is
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the output current, AV, is ripple in boost output voltage i.e 10% of the output voltage
Voues Vour 1S 100V.

3.2.8 Design specifications of Battery [192]
The design specifications for battery integrated system shown in Fig. 3.3 are
described. Here the Lead Acid Battery of 120V,20Ah is taken as the battery capacity,

Initial state of charge=90%, Battery response time=0.1s.

A bidirectional converter operation is designed. In buck mode, the inductor filter

design is carried out as

D= t=27=06 (3.13)
dc
D(Vac—=Vp) 0.6 *(200—120)

Lb - Alz:‘:fswb - 5*103*0.1*7 = 137mH (314)

In boost mode,

_ Vac—Vp _ 200-120_

= 2= 0.66 (3.15)

[ = _VpD _ _120:066
b Alp*foy  5%103x0.1%7

= 2.26mH (3.16)

Therefore, the required value of inductor chosen is 3mH. Here V,, is the battery voltage,
Vpc is the DC Link voltage and Al is the charging current which is considered as 20%

of f;,w Where f;,,, is the frequency of switching which is considered as 5kHz.

3.3 Mathematical Analysis of Control Strategy of SAPF

Mathematical control strategy operation of PV- SAPF involves two operations
(i) MPPT Control (ii) VSC switching control. MPPT control is used to extract the
maximum power from the PV array. VSC switching control involves estimation of
fundamental load component, DC link voltage regulation and switching losses, PV-

feedforward component, estimation of unit templates and reference current generation.
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Different controllers have been designed and discussed in the subsequent sections and

chapters

3.3.1 MPPT Algorithm [47]

P&O algorithm is used to extract the maximum power from the PV array by
regulating the duty cycle of the boost converter. It is the simplest method which senses
the PV operating voltage. It operates by disturbing the PV voltage and comparing the
PV power with the previous power illustrated in Fig. 3.5 and its flow chart is shown in
Fig. 3.6. If the power increases due to disturbance, then the step size AD is added to the
duty cycle and the disturbance will continue in the same direction. If the power
decreases, the step size AD is subtracted from the duty cycle and the direction of
disturbance will be reversed. The above process of disturbing the PV voltage and
comparing the power continues until it reaches MPP (Maximum Power Point) i.e.
Maximum power is obtained. P&O has the advantage that it simple to implement and
robust in nature. However, it suffers from oscillations around MPP when fast change in

irradiation is there.

OP/oV>0 for V<V, i.e. Left Side of MPP

OP/aV=0 for V=V, i.e. at MPP (3.17)
4 MPP
Pmppy- ——(——— — — — —
5 Left | :
D Right
55| >0 ,/ | X
S AN AP
< 0
| AV
- -

Voltage (V) VMPP

Fig. 3.5. Characteristic curve of P&O algorithm
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0P/oV<0 for V>V;,.,, i.e Right side of MPP

START

v
Measure V(t) and
1(t)

A
| Calculate Power P(t)

NO YES
P(t)>P(t-1)

NO @ YES NO @ YES

Y Y Y A A
D(t)=D(t-1)+AD | ‘ D(t)=D(t-1)-AD H D(t)=D(t-1)-AD | D(t)=D(t-1)+AD

v
| Duty cycle, D

Fig. 3.6. Flow chart of P&O Algorithm

3.3.2 VSC Switching Algorithm

The design of algorithms varies depending on single phase or three-phase systems. Four
or six switching pulses are generated in single-phase and three-phase system
respectively. In general, the controller design in both the systems involves the following

common steps:

(i) Estimation of Fundamental Load current

The algorithm is designed to extract the fundamental component of load current which
is distorted. The algorithms discussed for single-phase are Synchronous Reference
Frame Theory (SRFT), Second Order Generalised Integrator (SOGI), Trignometric
Functional Link Neural Network (TFLNN) and Legendre Functional Neural Network

(LFNN) extract the fundamental component of the load current.

(i) DC Link Voltage Regulation and Estimation of Switching Losses
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The DC Link voltage needs to be regulated for SAPF operation. The DC Link voltage
is regulated using PI controller. The difference between the sensed DC link voltage
(V4.) and the reference DC link voltage ( V) is taken as error and is fed to the Pl
controller. The difference gives the i, s, component taken from the grid to maintain the

DC Link voltage and compensate for switching losses taking place in the SAPF.

Vde (n) = V(;C — VdC (318)
iLoss (n) = ipdc (Tl - 1) + Kp{vde (Tl) — Vge (TL - 1)} + kivde (n) (319)
The i, is added to the i,., and subtracted from i,,rr to estimate the total

fundamental component active component of current required from the grid
lpnet = lross T lrest = lpvff (3.20)

3.3.2.1 Mathematical Analysis of Control in Single-Phase Grid Connected System
The calculation of PV feedforward component and generation of reference source

current in single-phase grid connected systems is discussed below:

(i) Calculation of PV Feedforward Component
The PV feedforward component is to account for the contribution from PV array and
incorporated to minimize the oscillations in grid voltage and currents due to change in

PV insolation. The feedforward component is taken as

2Py

iPfo = v

(3.21)
where P,,, is the maximum power, V, is the peak amplitude of grid voltage.

(ii) Estimation of Unit Templates for Single-Phase Systems

The sensed PCC voltage (vs,) and its quadrature voltage (v,z) is used for estimating

the unit-in phase template for synchronizing the signal.
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Vgo = VipSinwt (3.22)
Vsp = Vppsin (wt + g) (3.23)

The terminal voltage (V;) or peak amplitude of the grid voltage is calculated as

Ve = Jv3 +vZ =V, (3.24)

The unit in-phase template (u,) are obtained as

up:I:/S—p = sinf (3.25)

m

(iii) Generation of Reference Source Current

The reference source current (i,..r = i5) is generated by multiplying it with the unit-in

phase templates (u,,)

iref =g = iTotalupa (3.26)
The generated reference source current (i;) is compared with the actual source current

(is) to generate the switching pulses for the SAPF.

3.3.2.2 Mathematical Analysis of Control in Three-Phase Grid Connected System
The calculation of PV feedforward component and generation of reference source

current in three-phase grid connected systems

(i) Estimation of PV Feedforward Component

To minimize the oscillations due to PV insolation, feedforward component is computed

as

2Ppy
3V

ipvff = (3.27)
where B,,, is the maximum power, V; is the peak amplitude of grid voltage.

(i1) Estimation of Unit Templates for Three-Phase systems
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Three phase supply voltages (vs,, vsp, Vg) are sensed at PCC and their magnitude (V;)

is calculated for the generation of three phase reference currents

V= (202 + v+ 1) (3.28)

Three phase unit templates (u,q, u,p, Upc) are calculated as

— Usa — Vsb — Usc
Upa =7 Uph = 37 Upe =) (3.29)

(iii) Generation of Reference Source Currents

The generated reference source current is compared with the actual source current to

generate the switching pulses for the SAPF
isa = Upalpnets Usp = Upblpnets Isc = Upclpnet (3.30)
where i, is the net current drawn from the supply

This template method cannot be used reliably under distorted grid conditions. Under
non-ideal, polluted grid conditions Phase Locked Loop (PLL) Techniques are preferred

for prefiltering. These techniques are discussed in detail in Chapter 6.

The reference source currents (i3, isp, isc) are generated and compared with the actual
source currents (isq, isp, isc) and errors are passed through the hysteresis current

controller to produce the requisite gate pulses for the VSC.

Table 3.1 shows the design values of different parameters in single-phase and three-

phase grid connected systems

47



Table 3.1. Design Values of different Parameters in single-phase and three-phase
Grid connected systems for simulation and hardware

Parameters Single-phase System Three-phase System
Vs 110 V (rms) 110 V (rms)
Lf Lf= m* Vg L _\/§*m*Vdc
4 afslerpp T 12 afi oy,
=3 mH =1 mH
Cac C = 2 K\Vnealt C - 2 % K;3V,y alt
@ (dec - decl) @ (dec - decl)
=3334 uF ~ 3000uF | =20810 uF ~ 3000uF
Vicres Vpe = V2V = 155.56 V - V2V, 170607
~ 200V V3m
= 200V
Load Variable Variable
(20-120 ), 80 mH (20-120 Q), 80 mH
Configuration H-bridge 3 phase 3 leg
Gating Pulses 4 6

3.4 Conclusions

This chapter discusses the design aspects of SAPF connected in single-phase and three
-phase systems. Detailed designs of both system configurations are shown in this
chapter. Further, details of PV array, SAPF, loads and battery design are shown.
General control aspects of SAPF control in single-phase and three-phase systems are
also discussed. The controller design helps to achieve the desired gating pattern for

fulfilling the objectives of mitigation of PQ problems in power distribution systems.
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Chapter 4

DESIGN AND ANALYSIS OF CONTROL ALGORITHMS
FOR MITIGATION OF POWER QUALITY PROBLEMS
IN SINGLE PHASE GRID CONNECTED PV SYSTEM

4.0 General

This chapter discusses the PV integrated single-phase grid connected systems
for compensating current based power quality issues such as harmonic mitigation,
power factor improvement and reactive power compensation. The schematic diagram
of the proposed system is shown in Fig. 4.1. A PV array capacity of 750W is connected
at the DC link of the VVSC through boost converter. Various control techniques for
mitigating power quality problems are developed and simulated in MATLAB Simulink

environment and also verified experimentally. The performance of the PV integrated

Circuit
Point of . Non Linear Breaker
common Linear Load
1 phase grid _ coupling Load
zZ, < N i ,l DA D3
/ |
/ / R
{
i i Solar
i i | v L
S\r L\r S\r i Interfacing Dy D Irradiation
Sensing and Data ¢ Inductor
Acquistioning Voltage Source Boost
I];§ = __Converter < e Converter
T-l- ] A
S5 0S| 7 D
| I |
LV i
_lc|Yde |
A
| 1
|

|

I S
\
|

PV Panel
— Vov
______ Y o MPPT | <—
51 ? 82 f 83 ? 84 PGfte CONTROLLER|*+—
Hysteresis Current uises v |V v
" v
Contoler ac %%
SShunt * ‘I V_| Sensing and Sawtooth
: - DY Data wave
e > COLT pentsha tion Vac Acquistioning
gorithm -

Fig. 4.1. Schematic Diagram of PV interfaced single-phase grid connected system
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distribution system in steady state and dynamic state conditions under changing solar
irradiation and different loading conditions such as linear load, non-linear load and
mixed loading conditions are discussed in detail. The following control algorithms have
been studied in this chapter viz Synchronous Reference Frame Theory (SRFT), Second
Order Generalized Integrator (SOGI), Trigonometric Functional Link Neural Network

(TFLNN), Legendre Functional Neural Network (LFNN).

4.1 Mathematical Analysis of Control Algorithms for Control of

Single-Phase SAPF

The mathematical analysis of control algorithms for generation of sinusoidal
reference currents for control of SAPF in mitigating power quality problems in single-
phase PV integrated grid connected systems are discussed below. The first controller is
designed on the basis of Synchronous Reference Frame Theory (SRFT) which is a

conventional technique.

4.1.1 Synchronous Reference Frame Theory (SRFT)

The SRFT controller is realized using source voltage (v), source current (i)
load current (i) and DC link voltage (V,.) as input signals. The SRFT controller
requires the voltage and current signals of single-phase system to be converted to d-q
components. The schematic block diagram of control algorithm is shown in Fig. 4.2.
Hence, first conversion to a8 frame of reference is performed. A second pseudo phase
is created by giving 90° lag to the original signal. Therefore, the sensed grid connected
current and voltage are taken in a frame. The signals in § frame is generated by shifting
the corresponding signal by 90° . Using the above approach, the load current in af

frame is represented by

50



lm] l ip(wt + @) l 1)

gl ~ |ip(wt + @ +7

The stationary frame i,, and i, is transformed to synchronously rotating frame

i14 and i, by Park transformation matrix

[iLd] _ [sin wt —coswt lLa] [lLa.(Sinwt) —ip- (coswt) 4.2)

iLq coswt  sinwt 1{lg] i, (coswt) + iz (sinwt)

SRFT PLL is used to synchronize the signals and generate the unit-in phase

(sin wt) and unit-in quadrature (cos wt) templates.

The obtained currents (i,q , i14) show sufficient harmonics which need to be
eliminated. The 1, is the filtered fundamental component of load current. The current
i,q 1S decomposed into fundamental and harmonic active component of load current

and i,, is decomposed in to fundamental reactive and harmonic component.

ipg =Tg tig, ig =11q t g (4.3)
The AC components and DC components are extracted using High Pass and
Low Pass Filters respectively. The controller is designed such that source current
contains only the fundamental estimated active component of load current (1,4 = iest)
and the load harmonics and the reactive component of current are supplied by Shunt

Active Power Filter hence i;, component can be equated to zero.

iZD _ lLd‘l‘O
[izq] - [;+ 0 (44
The reference source current is produced by taking the inverse Park

Transformation. The inverse Park transformation is shown in equation (4.7). To

generate the reference source current the total fundamental active component (i, =
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Ipnee) OF current is required from the grid. The loss component (iy,ss) obtained from

the PI controller of DC link voltage is added to the 7;; and subtracted from PV feed

forward component ipyrr COMmputed as Ziﬂ to estimate the total fundamental active
t

component (i) of current required from the grid shown in equation (4.5).

ILp = lpnet = lross T lrest — IpVFF (4.5)

i* . _ -1 l*

[.ia] _ [sm wt closwt] [.ﬁD] (4.6)
lsp coswt  sinwt lLq
Here i}, is given by equation (4.5) and i;, = 0 as grid must not supply any reactive

component of current

[i;a] _ [ sinwt  coswt [iZD] 4.7)
Isp —coswt  sinwtll 0 '
B i
7 lp
Vi —™ j PV Feedforward
Component
I Fu;d;m_en_tal_csan&e_nt_E:Era_cti_mT ofLoad | [o——————- |
| . .
1 1 |
| L Lo >z GI ]
| L (506 1+ o}
— Lf G, |
! iLSin(wt-90°) e % I
: * g
| 2
o ____ | :: |
I |
: Hysteresis
__________ I Controller
| \']'n, | vl‘i‘.‘ |
—p » wprT | D | . — From SRFT PLL
_‘h_ﬁ_’b Controller _,L 1 I
| Ipv »| Boost Pl 055
»Converter| | Vg Controller
| Maximum PV Power | DC Link
|_ __ _Extraction | Controller

Fig. 4.2. Control algorithm based on SRFT control
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is = lgq = Sinwt ijp =siNWt(iLess + ipese — Ipver) (4.8)

aB-dq transformation block

Vsg=Vsq Sinwt-vgzcoswt

Vsq=Vsa COSWEHV gSiNWt

sinwt coswt
VE Vsa o l ll’ Vsd

Y

dq 1
\\ ap . Pl "  sin ™
Vmsin(wt-90°) Veg Controller cosO

Vgq cos

Fig. 4.3. Control algorithm for generation of unit template for SRFT controller

The total estimated fundamental component is used to generate reference source

currents for SAPF discussed.

4.1.2 Second Order Generalized Integrator (SOGI)

SOGI is a very popular and convenient technique for fundamental component
extraction as well as used as a PLL. SOGI is used to generate the filtered in-phase load
current i; and quadrature phase output current qi; from the input load current. Fig. 4.4
shows the control diagram for fundamental extraction of load current using SOGI
controller. The transfer functions for SOGI filters are shown in equations (4.9) and
(4.10). Lower value of ‘K’ leads to narrower bandwidth and better filtering capability.
Higher value of ‘K’ leads to wider bandwidth hence slow response and degrades the
filtering capability. The outputs produced by SOGI are related to the input load current

by two transfer functions. i, (s) has the characteristic of low pass filter and i, ;(s) has

the characteristic of band pass filter.

10 ()= = e (4.9)

s2+Kws+w?
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iLp (SF% S (4.10)

S2+Kws+w?

where w is selected as 314 rad/s corresponding to 50 Hz fundamental component.

The outputs i,, and i,z are used to compute the fundamental estimated active

component of load current (i; ... ). The control diagram is shown in Fig. 4.4.

lLest = /iga + igﬁ (4-11)

The estimated fundamental component is used to generate reference source currents for
SAPF discussed in Section 3.3.

pvif
PV Feedforward
Component

ol
sind
|
|
| Hysteresis
______ | Controller
Vv v From SOGI-PLL
AN L | de
T "= Controller _.l,
Ipv|___,[ Boost |~ PI .
_PcOnvener ‘l’ldc Controller lloss
Maximum PV Power DC Link
| Extraction | Controller

Fig. 4.4. Control algorithm based on SOGI controller for SAPF operation
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The central frequency (w) of SOGI is called resonant frequency and it should
correspond to the fundamental input supply frequency (50 Hz or 314 rad/sec) to get the

equal amplitude of in-phase (i) and quadrature component (i z) of load current.

The bandwidth of both the filters (Band-pass and Low pass Filter) are controlled

by gain ‘K’ which is related to the settling time t, and can be determined by

9.2

ts*xw

K =

(4.12)

The value of ‘K’ is chosen to be 1.414 to have good compromise between the
steady state and dynamic speed. The SOGI PLL can also be designed to synchronize
the signals and generate the unit-in phase (sin wt) and unit-in quadrature (cos wt)
templates. This is shown in Fig. 4.5, as SOGI-PLL. The reference source current is
generated by multiplying it with the unit-in phase (sin wt) template. Once the
fundamental current i,,,,., and PV feedforward term along with i, .5 term for regulating
the DC link voltage is accounted, the gating control can be designed. Fig. 4.4 shows the

detailed SOGI controller block which uses a SOGI-PLL shown in Fig.4.5.

o

A

Vgl]

— 1121 —»

Fig. 4.5. Control algorithm for generation of unit template for SOGI control
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4.1.3 Trignometric Functional Link Neural Network (TFLNN)

Functional Link Artificial Neural Network (FLANN) represents a higher order
neural network using functional expansion of the input mapping the corresponding non-
linearity with the output [198-200]. The control structure of FLANN is shown in Fig.
4.6. The input vector comprising ‘k’ elements is expanded by trigonometric expansion
to ‘m’ elements and linearly combined with weight vectors to generate the output. The

updation of weights is performed online to train the FLANN.

FLANN filter belongs to the family of non-recursive filters whose output
depends linearly on the filter coefficients and satisfy time shift property. The transfer

function of the FLANN Filter is described by input output relationship as

lLest = Zﬁl w; i, (4-13)

where i, indicates the output of the FLANN filter, w indicates the weight and i,

denotes the expansion of the input vector of length N

i, =[i,(n),ij(n—1),....iy(n—N)]" (4.14)
ip = f(iLr(n)) (4.15)
iry = flir(M),1<i<M1<k<N (4.16)

and f(.) represents the non-linear functional expansion of input vector i;[.]7. ‘T’

denotes the transpose of a matrix. In vector form, it can be written as
L) = [f(ir() f((n=1) f(i,(n=N+1D]" (4.17)
The weights are represented as

W= [wy, Wy, W3, Wy, ... Wiy ]T (4.18)

The cross terms i.e., the product of delayed input sample with the trigonometric term are
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introduced to capture the non-linearity of the load current well and extract the
fundamental component of load current. The trigonometric expansion with cross-terms

is called extended Trigonometric expansion terms.

LLrm)=lLr (n) (4.19)

I F12(n)=SIN [T[iLr(n)] (4.20)
ip (n) @ e(n) -

o i - T _
- FLANN Filter Lest
s(n)=f(i, (n))

|/ wi(n) Adaptive LMS

Algorithm
ll '(I]) wW s

L

L% . =

=S

Iz 9 2

=

5 <

- . o &
il.N .

Wi Sm

Fig. 4.6. FLANN Algorithm (a) Principle of shunt active power compensator using FLANN
Filter (b) Schematic structure of FLANN

[LF13(n)= €OS [Tl ()] (4.21)
iLFZl(n) = ijr(n—1) sin [T[iLr(n)] (4-22)
iLFZZ(n) = i-(n—1) cos [T[iLr(n)] (4-23)

From above the generalized expressions can be written as

iLrn-1)2p+1) (M) = i, (n = N + 1) sin[Priy, (n — N + 2)] (4.24)
irrnp+1)(M) = x(m — N + 1)cos [Pmiy, (n — N + 2)] (4.25)

where P denotes the order of the trigonometric expansion and N denotes the expansion

of the input vector of length N.
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In both simulation and hardware five terms have been considered for order P=1 and

N=2,i.e. i, (n),sin[niL(n)] , €08 [ip (], i, (n — 1) sin [iy ], i (n — 1) cos [miyy]

The trigonometric functional expansion is shown in Fig. 4.7.

The i}, is obtained by the summation of the multiplication of the weight vector ‘w’

and the functional expansion components.

iLest = Wiy + wsin(mi,) + wcos(miy) + wiy(n —1) sin[m’L(n)] +i,(n—

1) cos [miym)]
This estimated fundamental current component (i,.s;) IS used to generate

reference source currents for SAPF discussed in Section 3.3.

i(n)
sin(mti,(n)) f DY |
"1 cos(mi(n) /P/" -
z’ /F - “'/r_u iLese(n) *1 e(n)
o i /%w \“Z”’ es() Z
A\ ! /P/(
i(n-N+1) =2 /5

Adaptive LMS

Learning
Algorithm

(4.26)

i(n)

Fig. 4.7. Schematic Diagram of TFLNN based control
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Further, the algorithm is made adaptive by online weight updation algorithm
through error minimization called LMS algorithm. The error between the actual load

current and the estimated load current is given by

e(n) = i — ips- (SiNnB) (4.27)
The weight updation is done online to instantly respond under changing environmental
and loading conditions. The functional block diagram of the algorithm is shown in Fig.
4.8 to estimate the fundamental component of load current and minimize the error
correspondingly.

o %y

Vi — ™ j PV Feedforward
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| W
! - -
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| .
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| Vpy ] v . Controller
) »weer |0 | 1)
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Vemsin(wt-90°) 7% *
sm L .

Fig. 4.8. Control diagram of TFLNN controller
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wn+1) =w(n) + uesind (4.28)

Once i is computed, four gating pulses are computed with the usual manner.
4.1.4 Legendre Functional Neural Network (LFNN)

The Legendre Series Functional Expansion was first studied by French
Mathematician Adrein Marie Legendre [201-204]. The expansion exhibits the
orthogonal properties. The LFNN expansion components are fed as inputs to generate
a corresponding set of output vectors. It is trained online by adjusting weight using the

LMS algorithm. The LFNN series expansion is defined by the differential equation as

(1= 02 22— i, 2+ n(n+ Digese = 0 (4.29)
where n denotes the order of Legendre Polynomial. The functional expansion is

used for estimating the fundamental load current (i, ;) which converges for the input
load current between the interval for -1<i,<1. The solution of Legendre differential

equation is defined by:
L = k=0 Ck if (4.30)
where c;, denotes the general coefficient terms.

After differentiating equation (4.30) and substituting in equation (4.29) gives

(1 — iLZ)Z,‘f;O k(k—1) ckiLk_Z — 20 Y=o Ck kiLk_l +nn+1) X7, ck iLk =0
(4.31)

Rearranging equation (4.31) and readjusting the limits we obtained

2 o(k + 2)(k + 1) ceaif — T k(k — Doy if — 220 ¢ if +nln +
DYEock ik =0 (432)

Equating the coefficient of i¥ to zero we get

(k+2)(k + Dcpyr — (kk+ 1) —n(n+ 1)c, =0 (4.33)
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__ k(k+1)-n(n+1)
Cr+2 = (k+2) (k+1)

Cx (4.34)

The coefficient terms are obtained from equation (4.34) for k=0,1,2,3 as

—n(n+1)
T

—-(n—1D(n+2)
C3 = 3' C1

—(n—-2)(n+3) n—-2)n)(n+1)(n+3)
- 43 2= 41 Co

—(n—3)(n+4) n-3)(n—1)n+2)(n+4)
5.4 - 5! “1

Cs =

Inserting the above value of the coefficients in equation (4.32) we obtained

. n(n+1) . (n-2)(n)(n+1)(n+3) . (n-1)(n+2) .
lLF=C0[1— - 2+ . Lf—---.]+c1[x—Tlf+
(n-3)(n-1)(n+2)(n+4) .

X 5 — ] (4.35)
I = Colrest1 + CilLest2 (4.36)

where the series i, constitute even powers of i, while the series i; s
constitutes odd powers of i, and i;,s; and i;.s, are linearly independent solutions.
The polynomial solutions with ¢, and c; are so chosen that the value of the polynomial

becomes 1, is called Legendre polynomial of order n. It is denoted by B, (i,).

Choosing ¢, and c; to be

-1
_ (-2 135..(n—1) = -2 135..n
- 2.4.6..1 1T 246..m-1

Co

and substituting in Equation (4.35) gives

. (-1)"2 1.3.5...(n-1) n(n+1) . (n-2)(n)(n+1)(n+3) .
P”(lL) - 2.4.6..1n [1 Y le T 4! 12 t e ] ol

-)""2 135..n i, — (n-1)(n+2) .3 n (n-3)(n-1)(n+2)(n+4) .5 ]
2.4.6...n—1 L 3! L s L :

(4.37)

The simplified expression for B,(i,)is based on Rodrigue’s Formulae [204]

1 at

2Mn! dx™m

Fu(iy) = (i —-1n" (4.38)
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Using Rodrigues Formulae and putting n= 1,2,3,4 in equation (4.38) the

expansion terms with input load current vector i; are obtained as

. . .. 1 . . 1 . .
io ()71, its (0= india()=3 [1 = 312], 5 (0 = (5) [5i2 - 3i]
The estimated load current in vector form is expressed as

iLp = [iLo ILg 12 ip3]

. — .T — T .
liest = LLp W=W" i1
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T2l w)
Vi — ™=
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Fig. 4.9. Control diagram of LFNN controller
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This estimated fundamental component (i;.;;) IS used to generate reference source

currents for SAPF discussed in Section 3.3

The error between the actual load current and the estimated load current is given by

e =iy — ijest SINO (4.41)
This error is minimized by updating the weights regularly by LMS algorithm.

This is done online to deal with the variations in load current and other environmental

conditions such as solar insolation’s and estimate the fundamental component of the

load current accurately. The schematic block diagram of LFNN based controller for

single-phase PV integrated system is shown in Fig. 4.9.

wn+1) =w(n) + uesind (4.42)

Once the weights are updated, the Legendre polynomial NN estimated the
fundamental current component properly. Hence i; is computed as shown in Fig. 4.9.
The comparison of i; with the actual supply current (iy) generates the gating pulses.

The simulation results with all the algorithms are now discussed.

4.2 Simulation Results

This section discusses the performance aspects of SRFT, SOGI, TFLNN, and
LFNN based controllers for SAPF in single-phase grid connected with out and with PV
interfaced systems. The PV array with a capacity of 750W is simulated using three
Kyocera solar 320GX-LPB connected at the DC link of SAPF. The performance
analysis under different linear, non-linear, mixed loading conditions for checking the

effectiveness of these control algorithms are discussed in detail.

4.2.1 Performance analysis with SRFT Controller

The SRFT based control scheme is modelled and simulated in MATLAB under

different loading and changing solar irradiation conditions.
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4.2.1.1 Performance under changing load conditions

Fig. 4.10 shows the waveforms of source voltage (vs), source current (i), load
current (i), compensator current (if)and DC link voltage (V) under varying load
conditions. The load current is quite distorted due to connection of non-linear loads. It
has been observed that till 0.1s, under non-linear load conditions, the source current of
15A is used to meet the load demand. The source current is sinusoidal and in phase with
the voltage. The THD of source current under non-linear loading conditions is found to
be 2.18% when i; has 29.16 % THD as shown in Fig. 4.11. From 0.1s to 0.2s, additional
linear load is put in parallel to the existing non-linear load and mixed loading conditions

are created. It is observed that the source current increases to 20A to meet the increased
Non-Linear Load

Mixed Loading Disturbance
J. l l added l
200 Y

1 | || | 1 I T

Linear Load added

005 01 015 02 025 03 035 04 045 05 055 06
Time (s)

Fig. 4.10. Steady State waveforms under changing load conditions with SRFT controller in
simulink
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load current demand. The source current is in phase with the grid voltage and is
sinusoidal in shape. The THD of source current under mixed loading conditions is
found to be 3.49% when i; has 18.45% THD shown in Fig. 4.12. When the mixed
loading conditions are removed, the source current regains its original magnitude of

15A but remains in phase and sinusoidal in shape.

=
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Fig. 4.11. THD of SRFT controller for (a) source voltage (v) (b) source current (i)
and (c) load current (i;) under non-linear load conditions in simulink
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Fig. 4.12. THD of SRFT controller for (a) source voltage (v) (b) source current (i) and
(c) load current (i;) under mixed loading conditions in simulink
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Fig. 4.13. THD of SRFT algorithm for (a) source voltage (v), (b) source current (i)
and (c) load current (i;) under linear loading conditions in simulink
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Fig. 4.14. Steady state power waveforms under changing load conditions for SRFT
controller in simulink

At 0.25s, under linear load conditions, source current and load current both are
sinusoidal and the source current of 12A is used to meet the load demand. The THD of

source current under linear load conditions is found to be 2.47% as shown in Fig. 4.13.

At 0.45s, the non-linear load addition is there the source current increases to 24
A to meet the load demand. The grid current and grid voltage both are sinusoidal and
in phase with each other. It is observed that the DC link voltage is well regulated to

reference value of 200V under above varied loading conditions.

Fig. 4.14 shows the waveform of steady state power (P, Q),load power

(P, Q,) and compensator power (Pf, Q). Under non-linear load conditions till 0.1s, the



source active power of 1.2kW is used to meet the load active power of 1.2kW. The

reactive power of load is 0.5kVAR which is met by the compensator.

Under mixed loading conditions from 0.1s to 0.2s, the source active power is increased
to 1.5kW to meet the load demand. The reactive power of load has been increased to

1.2kVAR which is again met by the compensator.

Under linear loading conditions the source active power of 1kW is used to meet

the load demand of 1kW. The reactive power of 0.45kVAR is met by the compensator.

Mixed
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Fig. 4.15. Steady state intermediates waveforms under changing load conditions with
SRFT controller in simulink
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Under non-linear load disturbance the source active power increases to meet the

load demand of 2kW and the reactive power of 1.2kVAR is met by the compensator.

Fig. 4.15 shows the intermediate results of the SRFT algorithm and plots showing
i1, 8q 1 iq  ipest aNd iype, @and unitin phase template sin. It has been observed that i,
the active component of load current called i, ; increases correspondingly under
changing load conditions to meet the increased load demand. i, corresponds to reactive
power of load current. iy, is the summation of fundamental load component i, .. and
the DC link voltage current controller output i;,s,.The i;,5c COMponent is used to meet
the losses occurring in the switching of VSC. sin@ corresponds to the unit in phase
template required for synchronization and reference current generation. Table 4.1
shows the THD values obtained in simulink using SRFT algorithm under various
loading conditions i.e., non-linear load, linear load and mixed loading conditions with

normal grid conditions.

Table 4.1. THD values obtained in simulink using SRFT algorithm under various
loading conditions

Loading Conditions | Synchronous Reference Frame Theory (SRFT)
i, (THD) ig(THD) vs(THD)
Non-Linear Load 29.16% 2.18% 0.04%
Mixed Load 18.45% 3.49% 0.04%
Linear Load 0.00% 2.47% 0.04%

4.2.1.2. Performance under changing solar irradiation

Fig. 4.16, Fig. 4.17 and Fig. 4.18 show the waveforms of irradiation level G (1), source

voltage (v), supply current (i), load current (i,), compensator current (if), DC link
voltage (V;.), THD of v, iy, i;,source power (P;, Qy), load power (P;, Q;),compensator

power (P, Q) under changing solar irradiation of 1000W/m2 from 0.13s to 0.25s and

68



400W/m? from 0.3s to 0.5s. It has been found that with zero solar irradiation till 0.13s
the source current is 15A and it is amounting to 1.21kW. This power is used to meet the
load’s active power demand and the reactive power demand of 0.5kVAR is met by the
compensator. The three Kyocera 250W PV array panels connected in series produce
maximum power capacity of 750W at 1000W/m?. However, after losses PV panels

deliver power of 660W at the DC link of inverter. When the solar irradiation intensity
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Fig. 4.16. Steady state waveforms under changing irradiation conditions with constant
non-linear load conditions with SRFT controller in simulink
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of 1000W/m? is simulated the source current decreases to 7A as the load power of
1.21kW is shared by both PV power of 0.66 kW and the grid power of 0.55kW. The
THD of source current is 3.70% under non-linear load THD of 29.16% shown in Fig.

4.18.

At 0.3s, the solar irradiation intensity has been reduced from 1000 W/m? to 400 W/m?
as the result the grid power increases to 0.94kW and the PV power reduces to 0.27kW
to meet the load demand of 1.21kW. Thus, the PV power correspondingly reduces in

accordance with the varying irradiance conditions.

When the solar irradiation of OW/m? is considered, it refers to SAPF operation
alone without PV integration. During this night time condition, PV doesn’t supply active
power hence the grid current again increases to 15A and the grid power increases to meet
the whole load demand of 1.21kW. The SAPF mitigates PQ problems only and no active

power transfer takes place during this duration meet the whole load demand of 1.21kW.

The SAPF mitigates PQ problems only and no active power transfer takes place

during this duration.
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Fig. 4.17. THD of SRFT controller for source voltage (v), source current (ig) and
load current (i;) under changing solar irradiation conditions for constant non-linear
load in simulink
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Fig. 4.18. Steady state power waveforms under changing irradiation conditions under
non-linear load with SRFT controller in simulink

4.2.2 Performance analysis with SOGI Controller

The SOGI based control scheme is now modelled and simulated in MATLAB
environment. Its performance is tested under different loading and changing solar

irradiation conditions.

4.2.2.1 Performance under changing load conditions
Fig. 4.19 shows the waveforms of supply voltage (vg), source current ( i), load
current (i), compensator current (ir) and DC Link voltage ( V) under varying load

conditions. It has been observed that till 0.1s that source current of 15 A is used to
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Fig. 4.19. Steady State waveforms of under changing load conditions with SOGI controller
in simulink

meet the load demand. The source current THD has been improved to 1.79% under
non-linear load THD of 29.9% shown in Fig. 4.20. From 0.1s to 0.15s, the mixed
loading conditions are simulated and it is found that the source current increases to 19
A to meet the required load demand. The THD of source current is observed to be 2.53%
under load current THD of 18.45% under mixed loading conditions as illustrated

through Fig. 4.21.

From 0.25s to 0.4s, the linear loading has been observed and it has been found that
the source current of 12A is used to meet the load demand 12A. The THD of source

current is observed to be 2.33% under linear loading conditions shown in Fig. 4.22.
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Fig. 4.22. THD of SOGI controller for (a) source voltage (vs) (b) source current (i)
and (c) load current (i) under linear loading conditions in simulink

From Fig. 4.19. it has been observed that source current shows slow dynamic
response under changing load conditions and takes larger time to settle down to steady
state. The DC link voltage shows continuous transient perturbations before settling

down to steady state.

Under non-linear load disturbances from 0.45s to 0.55s, the source current

increases to 24A to meet the load demand. The source current is found to be sinusoidal
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Fig. 4.23. Steady state power waveforms under changing load conditions with SOGI
controller in simulink

and in phase with the voltage.

Fig. 4.23 shows the power balance waveforms (7, Q,), load power (P,, Q;) and
compensator power (P, Q¢) under all loading conditions. It has been found that under

non-linear load conditions till 0.1s, the load power of 1.2kW is met by the source power

of 1.2kW and reactive load of 0.5kVAR is met by the compensator.

From 0.1s to 0.2s, the mixed loading conditions have been simulated and it

has been observed that the active load of 1.5kW is met by the source and reactive load
of 1.2 kVAR is met by the compensator.

Under linear loading conditions from 0.25s to 0.4s, the active power of 1.5 kW of
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load is met by the source. The compensator meets the reactive power demand of the

load.

From 0.45s to 0.55s the non-linear load disturbance takes place and the load power of
2kW is met by the source power of 2kW. The reactive power of 1.2kVAR is met by the

SAPF of 1.2kVAR.

Fig. 4.24 shows the intermediate waveforms of i} i;4ipnaitbeta JlLest ripner @Nd
unit in phase templates sinf under varying load conditions. It has been found that the
iLaipha 1S in phase with the source voltage and i;pe, is 90" out of phase with the
voltage. The i, is the active component of load current is obtained by taking the
square of the magnitude of the i, 4pnq aNd i perq. The ipne, is Obtained by adding the

s With the i,,,c component obtained from DC link voltage controller. The
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Fig. 4.24. Steady state intermediate waveforms under changing load conditions with
SOGI controller in simulink



Ipnet is multiplied by sin@ given by the SOGI PLL. The unit in phase template is to

obtain the reference source current for generating the gate pulses for the VVSC.

Table 4.2 shows THD values obtained in simulink using SOGI algorithm under various

loading conditions i.e., non-linear load, linear load and mixed loading Conditions

Table 4.2. THD values obtained in simulink using SOGI algorithm under various

loading conditions

Loading Conditions Second Order Generalised Integrator (SOGI)
i, (THD) is(THD) v, (THD)
Non-Linear Load Conditions | 29.16% 1.79% 0.04%
Mixed Load Conditions 18.45% 2.53% 0.04%
Linear Load Conditions 0.04 % 2.33% 0.04%

4.2.2.2 Performance under changing solar irradiation

Fig. 4.25 shows the waveforms of G(I..), v, i5, iy, if, V4 under changing solar
irradiation of 2000W/m? from 0.13s to 0.25s and 400W/m? from 0.3s to 0.5s. It has been
found that without solar irradiation till 0.13s the source current of 15A is used to meet
the load demand. The source current is found to be sinusoidal and in phase with the
voltage. The three Kyocera 250W PV array panels connected in series produce
maximum power capacity of 750W at 1000W/m?2. However, after losses PV panels
deliver power of 660W at the DC link of inverter. When the solar irradiation intensity
of 1000W/m? is put the source current decreases to 7A as the load current is now partially
shared by both PV and source. The THD of source current is 3.20% under non-linear

load THD of 29.16% shown in Fig. 4.26.

At 0.3s the solar irradiation intensity has been reduced to 400W/m?, now the source
current increases to 10A as the contribution from PV has decreased due to reduced

irradiation intensity.
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Fig. 4.25. Steady state waveforms under changing irradiation conditions with
constant non-linear load conditions with SOGI controller in simulink

After 0.3s, the PV has been disconnected and the whole load current of 15A is again met
by the source. The DC link voltage shows a little dip and rise when solar irradiation

intensity has been changed but settles down to its reference value of 200V.

Fig. 4.27 shows the steady state power waveforms of G(W/m?),
(P, Qs), (P, Q1),(Pf, Qf) under changing solar irradiation conditions of 1000W/m?from
0.13s to 0.25s and 400W/m? from 0.3s to 0.5s. It has been found that till 0.13s, under
normal grid conditions without PV irradiation, the source power 1.21kW is used to meet

the load demand and the reactive kVAR of 0.5 is met by the compensator.
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When the solar irradiation intensity of 1000W/m? is simulated, the load power of 1.21
KW is shared by both PV power of 0.66kW and the grid power of 0.55kW. At 0.3s the
solar irradiation intensity has been reduced to 400W/m? as the result the grid power
increases to 0.94kW and the PV power reduces to 0.27kW to meet the load demand of
1.21kW. When the solar irradiation is made zero from t= 0.5s onwards, the grid power
increases correspondingly to meet the total load demand of 1.21kW. The load reactive

power of 0.5kVAR is completely met by the compensator.
4.2.3 Performance Analysis with TFLNN Controller

The performance of the Trigonometric Functional Link Neural Network based
control scheme is designed and modelled under changing load conditions and changing

solar irradiation conditions.

4.2.3.1 Performance under changing load conditions

The waveforms of v,is i, ,ir and V4. are shown in Fig. 4.28 under different
loading conditions. It has been observed that till 0.1s, under non-linear load conditions
the grid current of 15A is used to meet the load demand. The source current is sinusoidal
and in phase with grid voltage. The THD under non-linear load conditions is 1.96%
shown in Fig. 4.29. It has been found that at 0.1s, the linear load is put additionally
along with non-linear load and mixed loading conditions are created. The source current

is sinusoidal and in phase with grid voltage.

Under mixed loading conditions, the source current increases to 20A to meet the
load demand. It remains sinusoidal and in phase with the voltage. The THD of source
current under mixed loading conditions is 3.27% with load current THD of 18.47% as

shown in Fig. 4.30.
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Fig. 4.28. Steady state waveforms under changing load conditions with TFLNN
controller in simulink

At 0.25s, under linear load conditions, the source current and load current are

sinusoidal meeting the demand of magnitude 12A. The THD of supply current with

TFLNN controller under linear load conditions is 2.37% as shown in Fig. 4.31.

Under non-linear load disturbances the source current increases to 24A to meet

the load demand. The source current is sinusoidal and in phase with the voltage.

A little dip in DC link voltage is observed when the load is added or removed

but it soon settles down to its reference value of 200V due to PI controller action.

Fig. 4.32 shows the steady state power sharing between source, load and

compensator under different loading conditions. It has been found that under non-linear
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load conditions the load active power is met by the source power of 1.21kW and the
reactive load of 0.5kVAR is met by the compensator. Under non-linear load disturbance

the load active and reactive power demand has been increased to 2kW and 1.2kVAR.

Under mixed loading conditions the load demand of 1.5kW is met by the source
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Fig. 4.32. Steady state power waveforms under changing load conditions with TFLNN
controller in simulink

Under linear load conditions the active power demand of 1kW is met by the

corresponding source power and the reactive VAR of load is met by the compensator
of 0.5kVAR.

Fig. 4.33 shows the intermediate results of the algorithm such as i; .c;, Wgin, Weos »

W, e, irner and sinf. When the linear or non-linear load increases, the active power and
hence the estimated load component of current i, .5 and i, increases. The individual

expansion components wy;, increases with the loading conditions and the w,,
decreases with the loading conditions. These expansion components are updated online

by the coefficient w of the LMS algorithm. The error ‘e’ generated between the actual
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load current and the estimated load current updates the coefficient ‘w’ of the LMS
algorithm, which in turn updates the expansion component of the Trigonometric
algorithm. The term i, is the gross active current needed from the source to support
the load. It is obtained by the addition of estimated component of load current i; ., and
switching loss component of VSC i;,.s. The sin6 is the unit in template generated
which when multiplied with the i,,,,., gives the sinusoidal reference current.

Non-Linear Load

Disturbance

Mixed Loading Linear Load added
l l added

Ay

Time (s)

Fig. 4.33. Steady state intermediate waveforms under changing load conditions with TFLNN
controller in simulink
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Table 4.3 shows the values of THD obtained in simulink using TFLNN
controller under various loading conditions i.e., non-linear load, linear load and mixed

loading conditions

Table 4.3. THD values obtained in simulink using TFLNN under various loading
conditions

Loading Conditions Trigonometric Functional Link Neural
Network (TFLNN)
i, (THD) | ig(THD) | vs(THD)

Non-Linear Load Conditions | 29.16% | 1.96% 0.04%

Mixed Load Conditions 18.45 % | 3.27% 0.04%
Linear Load Conditions 0.00 % 2.37% 0.04%

4.2.3.2. Performance under changing solar irradiation conditions

The waveforms of G(1,..), vs,is, i1, i and V. are shown in Fig. 4.34 below. It
has been found that till 0.13s, the solar irradiation is zero and under grid connected non-
linear load conditions, the source current of 15A is used to meet the load demand. It is
sinusoidal and in phase with voltage. The load current is clearly non sinusoidal as

connected load is non-linear in nature.

The PV array panel has a maximum power capacity of 750W at 1000W/m?,
However, after losses panels deliver power of 660W at the DC link of inverter after
meeting switching losses in double stage configuration. When the solar irradiation of
1000W/m? is there the source current decreases to 7.07A as the load demand is shared
by both PV and the grid. The THD of source current is 2.04% under non-linear load
THD of 29.19% shown in Fig. 4.35. When the solar irradiation is reduced to 400W/m?

the grid current increases and the PV current decreases to meet the load demand of 12A.

Fig. 4.36 shows the steady state power sharing between source, load and

compensator. It is found that till 0.13s the total load power demand is shared by the grid
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Fig. 4.34. Steady state waveforms under changing irradiation conditions with
constant non-linear load conditions with TFLNN controller in simulink
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Fig. 4.35. THD of TFLNN controller for (a) source voltage (vg) (b) source current (i)
and (c) load current (i;) under changing solar irradiation conditions with constant non-
linear load in simulink
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Fig. 4.36. Steady state power waveforms under changing irradiation conditions with constant
non-linear load with TFLNN controller in simulink

After 0.13s under solar irradiation intensity of 1000W/m? till 0.3s, the load
power of 1.2kW is shared by the source power of 0.55kW and the PV power of 0.66

kW.

After 0.3s till 0.5s, the solar irradiation intensity has been reduced to 400W/m?, it has
been found that the source power increased to 0.94kW and the PV power decreased to
0.27kW under lower irradiance levels. After 0.5s the solar irradiation is reduced to O

W/m?, the source power again increases to 1.2kW to meet the complete load power.
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4.2.4 Performance Analysis with LFNN Controller
The performance of the Legendre Functional Neural Network based control scheme is
designed and modelled under changing load conditions and changing solar irradiation

condition.

4.2.4.1 Performance under changing load conditions

The dynamic performance under grid connected systems under changing load
conditions is analyzed using the waveforms v, is,i,, ir, V4. Which are shown in Fig.
4.37 below. Under non-linear load conditions up to 0.1s, the source current is sinusoidal
and in phase with the voltage. The load current of 15A is met by the source current of

15A.

Non-Linear Load
Disturbance
| added |

Linear Loading
|Mixed Loading‘

005 01 045 02 025 03 035 04 045 05 055 0.6
Time (s)

Fig. 4.37. Steady state waveforms under changing load conditions with LFNN controller
in simulink
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From 0.1s to 0.2s, the linear load is put and mixed loading conditions are simulated.
The source current is sinusoidal and in phase with the voltage. The source current is

increased to 20A to meet the load demand.

From 0.25s to 0.35s the linear load is there, the load current of 12A is met by the source
current of 12A. The load current as well as source current both are sinusoidal and in

phase with each other.

From 0.45s to 0.55s, the non-linear load disturbance is there and it is found that the
source current is sinusoidal and in phase with the voltage The source current of 24A is
met by the source current of 24A.The THD of source current under non-linear load
conditions is found to be 1.42% for load current THD of 29.16% shown in Fig. 4.38
and under mixed loading conditions source current THD is found to be 3.63% for load
current THD of 16.51% shown in Fig. 4.39 and under linear load conditions it is found

to be 1.78% under load current THD of 0.00% shown in Fig. 4.40.
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Fig. 4.38. THD of LFNN controller for (a) source voltage (vs) (b) source current (i) and
(c) load current (i;) under non-linear load conditions in simulink
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Fig. 4.39. THD of LFNN controller for (a) source voltage (vs) (b) source current (i) and
(c) load current (i) under mixed loading conditions in simulink
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Fig. 4.40. THD of LFNN controller for (a) source voltage (v,) (b) source current (is) and
(c) load current (i;) under linear loading conditions in simulink

Fig. 4.41 shows that under non-linear load up to 0.1s, the load power of 1.2kW is met

by the source power of 1.21kW. The reactive power of 0.5kVAR is met by the SAPF

of 0.5kVAR.
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Fig. 4.41. Steady state power waveform under changing loading conditions with LFNN

controller in simulink
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Under mixed loading conditions, the load power of 1.5kW is met by the source power
of 1.5kW. Under linear loading conditions from 0.25s to 0.4s, the load power of 1kW
met by the source power of 1kW. From 0.45s to 0.55s the non-linear load disturbance
takes place and the load power of 2kW is met by the source power of 2kW. The reactive

power of 1.2kVAR is met by the SAPF of 1.2kVAR.

Fig. 4.42 shows the intermediate results of the LFNN algorithm consisting of load
current i, load current expansion components i, , i1, i12,eStimated load current, i,
and error ‘e’. It has been observed that the load expansion components sum up to i;ro¢q:
which further estimates the load current. The weight vectors are regulated between 0

and 1.
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Fig. 4.42. Steady state intermediate waveforms under changing loading conditions with
LFNN controller in simulink
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Table 4.4 shows the THD values obtained in simulink using LFNN algorithm under

various loading conditions

Table 4.4. THD values obtained in simulink using LFNN algorithm under various

loading conditions

Loading Conditions | Legendre Functional Neural Network (LFNN)
i, (THD) is(THD) v, (THD)

Non-Linear Load 29.16% 1.42% 0.04%

Mixed Load 18.45 % 3.63% 0.04%

Linear Load 0.00% 1.78% 0.04%

4.2.4.2 Performance under changing irradiation conditions

The dynamic performance of the system under PV integrated grid connected systems
is shown in Fig. 4.43 below. The waveforms of G (1,,.), vs,is, i1, ir are shown below. Till
0.1s there is non-linear load conditions. The source current of 15A is used to meet the
load current. The three Kyocera 250W PV array panels connected in series produce
maximum power capacity of 750W at 1000 W/m?. However, after losses panels deliver

power of 660W at the DC link of inverter.

At 0.13s, the solar irradiation of 1000W/m? is used. It has been found that the grid
current has been decreased to 7A as the load current is shared by both PV current and

grid current.

After 0.3s, the solar irradiation intensity is of 400W/m?, as the PV irradiation

intensity has decreased, the source current increases to 12A to meet the load demand.

After 0.5s, the solar irradiation intensity is reduced to zero, the source current
again regains its value to 15A to meet the load demand of 15A. The THD in source
current under changing solar irradiation conditions is 2.04% shown in Fig. 4.44 and

within IEEE-1547 limits with PV system.
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Fig. 4.43. Steady state waveforms under changing irradiation conditions with constant non-
linear load with LFNN controller in simulink
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Fig. 4.44. THD of LFNN controller for (a) source voltage (vs) (b) source current (i)
and (c) load current (i;) under changing irradiation conditions with constant non-
linear loading conditions in simulink
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Fig. 4.45. Steady state power waveforms under changing irradiation conditions with
constant non-linear load with LFNN controller in simulink

The steady state sharing of power waveform is shown in Fig. 4.45. Up to non-
linear load conditions up to 0.1s the load power of 1.21kW is met by the source power
of 1.21kW. Under solar irradiation intensity of 1000W/m?, the load power of 1.21kW
is met by the source power of 0.55kW and the PV power of 0.66kW. The reactive power

of 0.5kVAR needed by the load is met by the SAPF.

Under solar irradiation intensity of 400W/m?, 1.21kW is met by the source of 0.94kW
and PV of 0.27kW. After 0.5s, the PV irradiation is reduced to zero, hence the 1.21kW

load demand is met by the source power of 1.21kW.
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4.3 Hardware Results

This section discusses the experimental results of the developed system with
Synchronous Reference Frame Theory (SRFT), Second Order Generalized Integrator
(SOGI), Trigonometric Functional Link Neural Network (TFLNN) and Legendre
Functional Neural Network (LFNN) based controller for SAPF on hardware prototype
of single-phase grid connected non-linear load system developed in the laboratory using
dSPACE 1104 with and with-out PV interfaced systems. The Chroma EN50530 Sandia
PV array of maximum power capacity of 300W is interfaced at the DC link of inverter.
The hardware results are taken on power analyzer and DSO. The performance analysis
is done under different linear, non-linear, and mixed loading conditions to check the

effectiveness of these control algorithms.

4.3.1 Performance analysis with SRFT Controller

The SRFT based control scheme is modelled in dSpace 1104 on hardware

prototype developed on single-phase grid connected systems.

4.3.1.1  Performance under non-linear loading conditions

Fig. 4.46 shows the hardware operation of SAPF on single-phase grid connected
systems. The SAPF operation is performed at 110V, 50Hz supply feeding non-linear
load. The steady-state performance voltage and current waveform results for SAPF
integrated grid-connected systems are shown in Fig. 4.46. Figs. 4.46 (a-f) shows the
source voltage waveform (vg), load current waveform (i;), compensator current
waveform (i), source voltage THD, source current THD (i) and load current THD. The
source current is observed to be sinusoidal and in phase with the voltage. The source
current THD with SRFT controller is found to be 4.5% under non-linear load conditions
having a THD of 30.3%. The THD in supply voltage is 0.8%.
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Fig. 4.46. Steady state experimental performance analysis of SRFT controller
under non-linear load conditions (a) source voltage waveform (v;) (b) load
current waveform (i) (c) compensator current waveform (ir) (d) source voltage
THD (e) source current THD and (f) load current THD

4.3.1.2. Performance under Mixed loading conditions

Figs. 4.47 (a-d) show the source voltage waveform (v;), load current waveform
(i), compensator current waveform (i), source voltage THD, source current THD (i)

and load current THD under mixed loading conditions. The source current is observed
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Fig. 4.47. Steady state experimental performance analysis of SRFT controller under

mixed loading conditions (a) source voltage (v;) (b) source current THD (i) and (c)
load current (i; ) waveform (d) load current THD
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to be sinusoidal and in phase with the voltage. The source current THD with SRFT

controller is found to be 4.1% under mixed load conditions of 7.4%.

4.3.1.3  Performance under linear loading conditions

Figs. 4.48 (a-d) show the source voltage waveform (vg), load current waveform (i),
compensator current waveform (i), source voltage THD, source current THD (i) and
load current THD under linear loading conditions. The source current is observed to be
sinusoidal and in phase with the voltage. The source current THD is found to be 4.5%
with SRFT controller under linear load THD of 0.4% since the VSC injects the

harmonics. Table 4.5 shows the THD values obtained experimentally with SRFT
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Fig. 4.48. Steady state experimental performance analysis of SRFT controller
under linear loading conditions (a) source voltage (vg) waveform (b) source current
THD (is) and (c) load current (i;) waveform (d) load current THD

algorithm under various loading conditions.

Table 4.5. THD values obtained experimentally with SRFT algorithm under various
loading conditions

Loading Conditions Synchronous Reference Frame Theory (SRFT)
i, (THD) ig(THD) vs(THD)
Non-Linear Load Conditions 29.9% 4.5% 0.5%
Mixed Load Conditions 7.4% 4.1% 0.5%
Linear Load Conditions 0.4% 4.5% 0.5%

96



4.3.1.4 Steady State Power flow under non-linear load conditions

The steady state power transfer between the non-linear load, SAPF and grid is shown

in Fig. 4.49. The load active power of 470W is met by the source active power of 510
W. The source also meets extra switching losses of 40W. The reactive power of the load
of 110VAR is met completely by the compensator. The reactive power of 120VAR is

generated by SAPF as shown in Fig. 4.49.
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Fig. 4.49. Steady state experimental power analysis of SRFT controller under non-
linear load conditions (a) source power (P;) (b) load power (P,) and (c) compensator
power (Py)

4.3.1.5 Dynamic Results with SRFT Controller

Fig. 4.50 shows the dynamic results of SRFT algorithm under changing load conditions.
Fig. 4.50 (a) shows the waveform of load current (i,), fundamental load component
(iLq), quadrature component (i,,) and unit template (sing) under load increase. The
fundamental load component (i,,) increases as the load increases. Fig. 4.50(b) shows
the waveform of load current (i;), fundamental load component (i,;), quadrature
component (i,,) and unit template (sin@) under load decrease. The fundamental load
components are expected to vary with the loading conditions while the sinf is not

expected to change. This is observed in the dynamic results with SRFT algorithm.
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4.3.1.6 Performance analysis with SRFT Controller for PV grid tied system

Fig. 4.51 shows the hardware operation of SAPF for single-phase grid connected
systems when PV is interfaced. PV integration results are taken for 45V, 50Hz supply
feeding non-linear loads. Fig. 4.51 shows the steady state performance voltage and
current waveform results under SAPF integrated grid connected systems. Figs. 4.51 (a-
f) shows the source voltage waveform (v;), load current waveform (i;), compensator
current waveform (i), source voltage THD, source current THD (i) and load current
THD. The source current is observed to be sinusoidal and in phase with the voltage. The
source current THD is found to be 6.09% under highly non-linear load conditions having

THD of 32.46% with SRFT algorithm.

Since the load demand is low, PV injects power in to the grid which is seen by

phase reversal in v, and i plots.

The steady state power transfer between the non-linear load, SAPF and grid
under solar irradiation conditions are shown in Fig. 4.52. The Chroma EN50530 Sandia

PV array of capacity 300W is taken. The PV array is interfaced at the DC link of inverter
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Fig. 4.51. Steady state experimental performance analysis of SRFT controller under
non-linear load conditions with PV grid tied systems (a) source current waveform (b)

load current waveform (c) source current THD and (d) load current THD

called compensator is now delivering active power of 228W. Out of which 157W is

absorbed by the source and 71W by the load.

4.3.2 Performance analysis with SOGI Controller

The SOGI based control scheme is modelled in dSPACE 1104 on hardware prototype

developed in single-phase grid connected system. Results without/with PV integration

are discussed in detail.
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Fig. 4.52. Steady state experimental power analysis of SRFT controller under non-linear
load with PV grid tied systems (a) source power (P;) (b) load power (P,) and (c)
compensator power (Py)

4.3.2.1 Performance under non-linear load conditions

Fig. 4.53 shows the hardware operation of SOGI controller on single-phase grid
connected systems. The SAPF operation is performed at 110V, 50Hz supply feeding
non-linear load. Figs. 4.53 (a-f) show the source voltage waveform (v,), load current

waveform (i, ), compensator current waveform (i), source voltage THD, source current

THD (i) and load current THD. The source current is observed to be sinusoidal and in
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phase with the voltage. The source current THD is found to be 4.1% with SOGI

controller under non-linear load conditions of 29.6%.
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Fig. 4.53. Steady state experimental performance analysis of SOGI controller under
non-linear load conditions (a) source voltage waveform (vg) (b) load current
waveform (i) (c) compensator current waveform (ir) (d) source voltage THD (g)

source current THD and (f) load current THD

4.3.2.2. Performance under Mixed load conditions

Figs. 4.54 (a-d) show the source voltage waveform (vg), load current waveform (i),
compensator current waveform (ir), source voltage THD, source current THD (i) and
load current THD under mixed loading conditions. The source current is observed to be
sinusoidal and in phase with the voltage. The source current THD is found to be 4.1%
under mixed load conditions of 7.4% with SOGI algorithm. This loading conditions

comprises a high proportion of linear load and low proportion of non-linear load.
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Fig. 4.54. Steady state experimental performance analysis of SOGI controller under
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load current (i;) waveform (d) load current THD

4.3.2.3 Performance under Linear load conditions

Figs. 4.55 (a-d) show the source voltage waveform (vg), load current waveform (i),

compensator current waveform (i), source voltage THD, source current THD (i) and

load current THD under mixed loading conditions. The source current is observed to be

sinusoidal and in phase with the voltage. The source current THD is found to be 4.0%
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Fig. 4.55. Steady state performance analysis of SOGI controller under linear loading
conditions (a) source voltage (v5) (b) source current THD (i) and (c) load current (i)
waveform (d) load current THD

under linear load. The THD of linear load is 0.4% but the VSC injects the harmonics

when SAPF is switched on.

Table 4.6 shows the THD values obtained experimentally with SOGI algorithm under

various loading conditions
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Table 4.6. THD values obtained experimentally with SOGI algorithm under various
loading conditions

Loading Conditions Second Order Generalised Integrator (SOGI)
i, (THD) is(THD) v, (THD)
Non-Linear Load Conditions 30.16% 3.8% 0.8%
Mixed Load Conditions 7.4% 3.6% 0.8%
Linear Load Conditions 0.04% 4.0% 0.8%

4.3.2.4 Dynamic Results with SOGI controller

Fig. 4.56 shows the dynamic results of SOGI algorithm under changing load conditions.
It has been found that the iy, is in phase with the source voltage and i, is 90°
out of phase with the voltage. The i,.s; , the active component of load current is
obtained by taking the square of the magnitude of the i;4;,nq aNd i perq- As the load
decreases/increases in Fig. 4.56a and Fig. 4.56b respectively, the estimated load

component correspondingly changes. These observations are in agreement with the

simulation results.
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Fig. 4.56. Dynamic waveforms of SOGI observed on oscilloscope (a) i,(10 A/
div), irqipna (20 A/div),iiperq (20 A/div) ipese (20 A/div) under load increase (b)
i,(10 A/div), iLa1pna(20 A/AiV) iperq (20 A/div) ipese (20 A/div)  under  load
decrease

4.3.2.5 Steady State power flow under non-load conditions
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The steady state power transfer between the non-linear load, SAPF and grid is shown in
Fig. 4.57. The load active power of 480W is met by the source active power of 530W
which includes switching loss also. The reactive power of load of 110VAR is met by the
compensator reactive power of 120VAR. This shows the controller is well designed and

meets the objective of supplying entire reactive power demand of load.

4.3.2.6 Performance analysis with SOGI controller for PV grid tied systems
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Fig. 4.57. Steady state experimental power analysis of SOGI controller under non-linear load
conditions (a) source power (P) (b) load power (P,) and (c) compensator power (Py)

Fig. 4.58 shows the hardware operation of SAPF for single-phase grid connected
systems when PV is interfaced. PV integration results are taken for 45V, 50Hz supply
feeding non-linear load. Fig. 4.58 shows the steady state performance voltage and
current waveform results under SAPF integrated grid connected systems. Figs. 4.58 (a-
f) show the source voltage waveform (vy), load current waveform (i;), compensator

current waveform (if), source voltage THD, source current THD (i) and load current

THD. The source current is observed to be sinusoidal and in phase with the voltage.

The source current THD is found to be 5.75% under non-linear load conditions having

a THD of 32.46% with SOGI algorithm.
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Fig. 4.58. Steady state experimental performance analysis of SOGI controller under non-
linear load conditions with PV grid tied systems (a) source current waveform (b) load
current waveform (c) source current THD and (d) load current THD

Since the load demand is low, PV injects power in to the grid which is seen by phase

reversal in vg and i plots.

The steady state power transfer between the non-linear load, SAPF and grid is shown in
Fig. 4.59. The Chroma EN50530 Sandia PV array of capacity 300 W is taken. The PV
array is interfaced at the DC link of inverter is delivering active power of 228W after
switching losses. The load active power of 71.20W is met by the compensator of power
of 221W. The reactive power of load of 30.31VAR is met by the compensator reactive

power of 39VAR.
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Fig. 4.59. Steady state experimental power analysis of SOGI controller under non-linear
load conditions with grid tied PV systems (a) source power (P;) (b) load power (P;) and
(c) compensator power (Py)

4.3.3 Performance analysis with TFLNN Controller

The TFLNN based control scheme is modelled in dSSPACE 1104 on hardware

prototype developed on single-phase grid connected system.
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4.3.3.1 Performance under non-linear load conditions

Fig. 4.60 shows the hardware operation of TFLNN on single-phase grid connected
systems. The SAPF operation is performed at 110V, 50Hz supply feeding non-linear
load. Fig. 4.60 shows the steady state voltage and current waveform results under SAPF
integrated grid connected systems. Figs. 4.60 (a-f) show the source voltage waveform
(vs), load current waveform (i, ), compensator current waveform (i), source voltage
THD, source current THD (i) and load current THD. The source current is observed to
be sinusoidal and in phase with the voltage. The source current THD is found to be 3.1%

with TFLNN algorithm under non-linear load conditions of 30.1%.
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Fig. 4.60. Steady state experimental performance analysis of TFLNN controller under
non-linear load conditions (a) source voltage waveform (vg) (b) load current waveform
(i) (c) compensator current waveform (i) (d) source voltage THD (e) source current

THD and (f) load current THD

4.3.3.2 Performance under Mixed Load Conditions

Figs. 4.61 (a-d) show the source voltage waveform (v;), load current waveform

(i), compensator current waveform (ir), source voltage THD, source current THD (i)
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and load current THD under mixed loading conditions. The source current is observed

to be sinusoidal and in phase with the voltage. The source current THD is found to be
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Fig. 4.61. Steady state experimental performance analysis of TFLNN controller under
mixed loading conditions (a) source voltage (vg) (b) source current THD (i) and (c) load
current (i) waveform (d) load current THD

3.3% when the load current shows THD of 7.4%.

4.3.3.3 Performance under linear load conditions

Figs. 4.62 (a-d) show the source voltage waveform (v,), load current waveform
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Fig. 4.62. Steady state experimental performance analysis of TFLNN controller under
linear loading conditions (a) source voltage (vg) (b) source current THD (i) and (c) load
current (i;,) waveform (d) load current THD

BACK M

(i), compensator current waveform (ir), source voltage THD, source current THD (i)

and load current THD under mixed loading conditions. The source current is observed
to be sinusoidal and in phase with the voltage. The source current THD of TFLNN

controller is found to be 3.7% under linear load conditions. The THD of linear load is
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0.4% but the VSC injects the harmonics. Table 4.7 shows the THD values obtained
experimentally with TFLNN algorithm under various loading conditions

Table 4.7.THD values obtained experimentally with TFLNN algorithm under various
loading conditions

Loading Conditions Trignometric Functional Link Neural Network
(TFLNN)
i; (THD) ig(THD) v, (THD)
Non-Linear Load 30.1% 3.1% 0.04%
Conditions
Mixed Load Conditions 7.4% 3.3% 0.04%
Linear Load Conditions 0.4% 3.7% 0.04%

4.3.3.4 Steady State power flow under Non-Linear load condition

The steady state power transfer between source power, load power and compensator
power of non-linear load is shown in Fig. 4.63. The load active power of 500W is met
by the source active power of 540W. The reactive power of load of 130VAR is met by

the compensator reactive power of 140VAR.
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Fig. 4.63. Steady state experimental power analysis of TFLNN controller under non-
linear load conditions (a) source power (P;) (b) load Power (P,) and (c) compensator
Power (Pf)

4.3.3.5 Dynamic Results with TFLNN Controller
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Fig. 4.64. shows the intermediate results of the algorithm such as ij, ipese
Win» Weos W, €. Fig. 4.64 (a) shows the results of i; , ijesty Wsin, Weos When non-
linear load is increased. It has been found that the estimated load component of current
ires: INcreases with the load current. The individual expansion component terms such
as wy;, increase with the loading conditions and the w,, term decreases by very small
amount with the loading conditions. Fig. 4.64 (b) shows the results of iy, ijese; Wsin
W.,s When non linear load is decreased. It has been found that the estimated load
component of current i;,,; decreases with the decrease in load current. The individual
expansion components wyg;, decreases with the loading conditions and the w,

decreases by a very small amount with the loading conditions. Figs. 4.64 (c-d) show the
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Fig. 4.64. Dynamic waveforms of TFLNN observed on oscilloscope (a) i (104/div),
irest (5 A/div) wgip, (50 A/div) weos(5 A/div) under load increase (b) i,(10 A/
div), ipest (5 A/div) wgi, (50 A/div), w.os(54/div) under load increase (C)
i (104/div), iLese (5A/div), w(504/div) e(19 A/div) under load increase (d)
i, (104/div), iLes (5A/div), w(504/div) e(19 A/div) under load decrease
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results of iy, i;.s;, W, e. The weight coefficient ‘w’ is updated by the error ‘e’ generated
between the actual load current and the estimated load current which in turn updates

the expansion component of the Trignometric Controller.

4.3.3.6. Performance analysis with TFLNN controller for PV grid tied systems

Fig. 4.65 shows the hardware operation of SAPF on single-phase grid connected

systems when PV is interfaced. PV integration results are taken for 45V, 50Hz supply
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Fig. 4.65. Steady state experimental power analysis of TFLNN controller under non-
linear load conditions with grid tied PV systems (a) source current waveform (b) load
current waveform (c) source current THD and (d) load current THD
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Fig. 4.66. Steady state experimental power analysis of TFLNN controller under non-
linear load with grid tied PV systems (a) source power (P;) (b) load power (P,) and (c)
compensator power (Py)

feeding non-linear loads. Fig. 4.65 shows the steady state performance results of voltage
and current waveform under SAPF integrated grid connected systems. Figs. 4.65 (a-d)
show the source voltage waveform (v;), load current waveform (i,), compensator

current waveform (i), source voltage THD, source current THD (i) and load current

THD. The source current is observed to be sinusoidal and in phase with the voltage.
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The source current THD is found to be 5.56% under non-linear load conditions having

a THD of 32.46% with TFLNN algorithm.

Since the load demand is low, PV injects power in to the grid which is seen by phase

reversal in v and i plots.

The steady state power transfer between the non-linear load, SAPF and grid is shown
in Fig. 4.66. The Chroma EN50530 Sandia PV array of capacity 300W is taken. The
PV array is interfaced at the DC link of inverter called compensator is delivering active
power of 228W after switching losses. The load active power of 71.08W is met by the

compensator.

4.3.4. Performance analysis with LFNN Controller

The LFNN based control scheme is modelled in dSPACE 1104 on hardware prototype

developed on single-phase grid connected system.

4.3.41 Performance under non-linear load conditions

Fig. 4.67 shows the hardware results of operation of LFNN on single-phase grid
connected systems. The SAPF operation is performed at 110V, 50Hz supply feeding
non-linear load. Fig. 4.67 shows the steady state performance voltage and current
waveform results under SAPF integrated grid connected systems. Figs. 4.67 (a-f) show
the source voltage waveform (vy), load current waveform (i;), compensator current
waveform (if), source voltage THD, source current THD (i) and load current THD.
The source current is observed to be sinusoidal and in phase with the voltage. The source
current THD is found to be 2.9% with LFNN controller even under higher non-linear
load conditions of 30.0%. This clearly shows that the LFNN controller works well as

per the design criteria.
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Fig. 4.67. Steady state experimental performance analysis of LFNN controller under non-
linear load conditions (a) source voltage waveform (vg) (b) load current waveform (i),
(c) compensator current waveform (i) (d) source voltage THD (e) source current THD

and (f) load current THD

4.3.4.3

Performance under mixed load conditions

Figs. 4.68 (a-d) show the source voltage waveform (v;), load current waveform

(i), compensator current waveform (i;), source voltage THD, source current THD (i)

and load current THD under mixed loading conditions. The source current is observed
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Fig. 4.68. Steady state experimental performance analysis of LFNN controller under
mixed loading conditions (a) source voltage (vs) (b) source current THD (is) and (c)
load current (i; ) waveform (d) load current THD
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to be sinusoidal and in phase with the voltage. The source current THD is found to be

3.0% under mixed load conditions of 7.4%.

4.3.4.2 Performance under linear load conditions

Figs. 4.69 (a-d) show the source voltage waveform (v;), load current waveform

(i), compensator current waveform (ir), source voltage THD, source current THD (i)
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Fig. 4.69. Steady state experimental performance analysis of LFNN controller under
linear loading conditions (a) source voltage (vs) (b) source current THD (is) and (c)
load current (i;,) waveform (d) load current THD
and load current THD under mixed loading conditions. The source current is observed

to be sinusoidal and in phase with the voltage. The source current THD is found to be

2.8% with LFNN controller under linear load which shows THD of 0.4%.

Table 4.8 shows the THD values obtained experimentally with LFNN algorithm under

various loading conditions

Table 4.8. THD values obtained experimentally with LFNN algorithm under various
loading conditions

TABLE Legendre Functional Neural Network (LFNN)
i, (THD) ig(THD) vs(THD)
Non-Linear Load Conditions 30.16% 2.9% 0.5%
Mixed Load Conditions 7.4% 3.0% 0.5%
Linear Load Conditions 0.4% 2.8% 0.5%
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4.3.4.4 Intermediate Results with LFNN Controller

Fig. 4.70 shows the intermediate results of the LFNN algorithm showing the load current
iy, load current expansion components i;q, iz and estimated load current, (i.s;) and
error ‘e’. It has been observed that the load expansion components sum up t0 i;7otai
which further estimates the load current. The weight vectors are regulated between 0 and

1. The sin@ plots do not vary with the loading conditions as observed in Fig. 4.70.
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Fig. 4.70. Dynamic waveforms of LFNN observed on oscilloscope (a) i, (100 A/div),
iro (50 A/div),i;; (20A/div),iLes:(10 A/div) under load decrease (b) i,(100 A/div),
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4.3.45 Steady State power flow under Non-Linear load conditions

The steady state power transfer between the non-linear load, SAPF and grid is shown in
Fig. 4.71. The load active power demand of 500W is met by the source active power of

540W. The reactive power of load of 140VAR is met by the compensator reactive power
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of 130VAR. This proves the controller meets the objectives as per the design.
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Fig. 4.71. Steady state experimental power analysis of LFNN controller under non-linear
load conditions (a) source power (P;) (b) load power (P,,) and (c) compensator power (Pr)

4.3.2.6 Performance Analysis with LFNN Controller for Grid Tied PV Systems

Fig. 4.72 shows the hardware operation of SAPF for single-phase grid connected
systems when PV is interfaced. PV integration results are taken for a 45V, 50Hz supply
feeding non-linear load. Fig. 4.72 shows the steady state performance voltage and
current waveform results under SAPF integrated grid connected systems. Figs. 4.72 (a-
d) shows the source voltage waveform (v,), load current waveform (i;), compensator
current waveform (if), source voltage THD, source current THD (i) and load current
THD. The source current is observed to be sinusoidal and in phase with the voltage. The
source current THD is found to be 5.35% under non-linear load conditions of 32.46%

with LFNN algorithm.

Since the load demand is low, PV injects power in to the grid which is seen by phase

reversal in v, and i, plots with LFNN algorithm.

The steady state power transfer between the non-linear load is shown in Fig. 4.73. The
Chroma EN50530 Sandia PV array of capacity 300W is taken. The PV array is

interfaced at the DC link of inverter delivering active power of 228W. The load active
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Fig. 4.72. Steady state experimental power analysis of LFNN controller under non-
linear load conditions (a) source current waveform (b) load current waveform (c)
source current THD and (d) load current THD

power of 71.09W is met by the compensator power of 227.87 W. The reactive power of

load of 30VAR is met wholly by the compensator.

4.4 Comparative Evaluation of Developed Control Schemes

The comparison analysis of weight convergence of the proposed LFNN and TFLNN is
done with the conventional algorithms SRFT and SOGI filters shown in Fig.4.74. The

comparison is based on computational complexity, oscillations, settling time, response
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Fig. 4.73. Steady state experimental power analysis of LFNN controller under non- linear
load with grid tied PV systems (a) source power (P,) (b) load power (P;) and (c)

compensator power (Py)

time, processing speed, MSE, sampling time, PLL requirement and nature of control
filter summarized in Table. 4.9. Negligible steady state and dynamic oscillations are are
observed using LFNN algorithm. The SRFT results show sustained oscillations in the
tracked weight. The weights computed with SOGI filter show overshoot which settle
down after 2 cycles. The settling time of SOGI is highest and the least in LFNN. The
SRFT, TFLNN algorithm show almost equal settling time. The SOGI and SRFT

controllers are non-adaptive in nature and require tuning of parameter for gains
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Ures(V] | Irms[A] = Freq[Hz] Urms[V] | Imms[A] Freq[Hz]
1 2.0 |1 3.690 01 49.91 14299 (1 17962 U1 49.985
P[¥] S[VA] 0fvar] PF P[W] S[VA] O[var] PF
1 -156.37 15798 - 2246  -0.9898 17109 K 20.37 0.91%
Active energy WP+ 0.000 ¥h Active energy WP+ 0.000 Wh
Elapsed time 0:02:09 Elapsed tine 0:02:05
(a) (b)
Urms[¥] [rms[A] |  Freq[Hz]
I 4313 |1 53613 U1 50.01
PIW] S[VA] O[var] PF
1 221.86 231.25 39.4 0.9853
Active energy WP+ 0.000 Wh
Elapsed time 0:02:06
(c)
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Fig. 4.74. Comparison of weight convergence analysis under load variations for

shunt compensation

which is 2.47%.

adjustment of steady state and dynamic state. The overshoot is highest in SOGI, less in
TFLNN but least in LFNN but SRFT algorithm show continuous oscillations. No
transformation blocks are required in functional NN based controllers. The THD of grid

current using Legendre polynomial is 1.28% and highest THD is recorded with SRFT

TABLE 4.9. Comparison of Proposed Algorithm with Conventional Control
Algorithms of weight convergence analysis under load variations for shunt
compensation

Parameters SRFT SOGI LFNN TFLNN
Nature of Control Filter Non- Non- Adaptive | Adaptive
Adaptive Adaptive
Degree of Filter NA NA Second Third
Order Order
MSE More Medium Least Least
Oscillations High Medium Least Least
Computational More Medium Small Small
Complexity
Sampling Time 50pus 45us 40us 35us
Settling Time 0.07s 0125 0035 0.03s
(Moderate) (Slow) (Fast) (Fast)
Overshoot Less High Least Least
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4.4.2 Comparison of THD Analysis

Table 4.10 shows a comparison of THD in supply current under different loading
conditions with normal grid connected systems in simulink and hardware. It has been
found that the SRFT shows the highest THD of 2.18% in grid current with non-linear
load, 3.49% under mixed loading and 2.47% under linear loading conditions whereas
the LFNN shows the lowest THD of 1.42% with non-linear load, 3.63% under mixed
load, and 1.78% under linear loading conditions. These are the THD values observed
under all loading conditions among all the developed controllers. In hardware it has
been found that the SRFT shows the highest THD of 4.5% in grid current with non-
linear load, 4.1% under mixed loading and 4.5% under linear loading conditions
whereas the LFNN shows the lowest THD of 2.9% with non-linear load, 3.0% under

mixed load and 2.8% under linear loading conditions.

TABLE 4.10. Comparison of THD values of the Proposed Algorithm with
Conventional Control Algorithm in simulation and hardware under varying load
conditions without PV integration

' Ilili%r(;\r Mixed Linear Ei?\r;;r Mixed Linear
Loading Load L oad Load Load Load Load
Conditions oa oa

Simulation Results Hardware Results

i, (THD) 29.16% 18.47% | 0.00% 29.9% 7.4% 0.4%

Algorithms | i;(THD) | is(THD) | is(THD) | is(THD) | is(THD) | is(THD)

SRFT 2.18% 3.49% 2.47% 4.5% 4.1% 4.5%
SOGI 1.79% 2.53% 2.33% 4.1% 3.6% 4.0%
TFLNN 1.96% 3.27% 2.37% 3.1% 3.3% 3.7%
LFNN 1.42% 3.63% 1.78% 2.9% 3.0% 2.8%
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The SRFT shows the worst THD in source current and the LFNN shows the best THD
in source current. Hardware results are found to be in agreement with the simulation

results.

4.4.2.2 Comparison of THD analysis in PV integrated grid connected systems

under non-linear load conditions

Table 4.11 shows a comparison of THD in supply current in PV integrated grid
connected systems under non-linear load conditions in simulink and hardware. It has
been found that the SRFT shows has the highest grid current THD of 3.70% with non-
linear load and the LFNN shows the lowest THD of 2.01%. In hardware it has been
found that the SRFT controller shows the highest THD of 6.09% in grid current with
non-linear load and the LFNN has the lowest THD of 5.35% in grid current. The THD

values in grid current are slightly higher than those observed with simulation studies but

TABLE 4.11. Comparison of THD values of Different Algorithms under non-linear
load conditions without/with PV integration

Algorithms Simulation Hardware
i,=29.16%, v3=0.01%, i;,=32.46%,v5=2.15%
Without PV | With PV | Without PV | With PV
SRFT 2.18% 3.70% 4.5% 6.09%
SOGI 1.79% 3.20% 3.8% 5.75%
TFLNN 1.96% 2.04% 3.1% 5.56%
LFNN 1.42% 2.01% 2.9% 5.35%

the trend is similar. The load current THD is ~ 32% recorded experimentally as
compared to ~29% in simulation setup. Moreover, the supply is not perfectly sinusoidal

as considered in simulation results.

4.5 Conclusions
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This chapter focusses on the design and development of four control algorithms viz
SRFT, SOGI, TFLNN and LFNN controller for shunt compensation in PV integrated
single phase grid connected systems. The performance is tested using both Matlab
Simulink developed models and on hardware setup in the laboratory. The performance
analysis is discussed under different loading conditions i.e linear, non-linear, and mixed
loading conditions under changing solar irradiation conditions. The performance of the
functional NN algorithms is compared with conventional algorithms viz SRFT and
SOGI. The proposed LFNN and TFLNN algorithms are designed on the basis of
functional series expansion and hence they are simple to implement and need less
computation. A few terms of these expansion series have been found to be suitable and
sufficient. These functional NNs have further been made adaptive. The real time training
of the algorithms is done by LMS algorithm. It overcomes the need of PLL
synchronization, Park—Clark transformation techniques as in conventional algorithms
such as SRFT. The SRFT and SOGI algorithms require transformation blocks and
require tuning of gain constants to obtain the best response. Finally, a fair comparison
of all the algorithms is performed by analyzing the tracking performance of all the
algorithms under dynamic load variations. The proposed new algorithms LFNN and
TFLNN show improved performance for SAPF operation. Further, the performance of

these algorithms is quite satisfactory under PV integration.
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Chapter 5

DESIGN AND ANALYSIS OF CONTROL ALGORITHMS
FOR MITIGATION OF POWER QUALITY PROBLEMS
IN THREE PHASE GRID CONNECTED PV SYSTEM

5.0 General

This chapter discusses the development of control algorithms for SAPF in three-
phase two stage PV integrated grid connected systems for mitigating power quality

problems under varying solar insolation and under different loading conditions i.e

NonLinear  Circuit
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Fig. 5.1. Schematic Block Diagram of three-phase grid connected PV system
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linear, non-linear, mixed loading and unbalancing load. The schematic diagram of the
PV integrated three-phase grid connected systems is shown in Fig. 5.1. The SAPF is
used in mitigating power quality problems such as harmonic elimination, load
balancing, reactive power compensation with the help of different algorithms. The
effectiveness of the control algorithms is checked using the proposed distribution
system in Matlab Simulink as well as on the prototype hardware models developed in

the laboratory.

5.1 Mathematical Analysis of Control Algorithms for Control of

Three-phase SAPF

The mathematical analysis of control algorithms for control of SAPF in
removing current based power quality problems through reference current generation

in three-phase PV integrated grid connected systems is discussed below.

5.1.1 Three Phase Synchronous Reference Frame Theory (SRFT)

SRFT algorithm is used to extract the fundamental component of the load
current for all the three phases. The load currents (i, 4, i;5 and i,.), the grid voltages
(Vsq, vgp and v, ) and the DC link voltage (V;.) shown in Fig. 5.2. The load currents

(iLa, i and iy ) are transformed in to dgO frame using Park transformation

; [ cos6 —sinf
Ld
|:l:Lq zg cos (6 — 2?”) —sin (6 — 2?”)

Lo cos (6 + 2?”) sin (0 + 2?”)

1 .
lra
H 51
Ic

NIRNI|IRN]|R

The i 4 and i, terms consist of fundamental and harmonic active and reactive current
respectively.

iLa = lpape T lLaac (5.2)
g = ligpe + lrgac (5.3)
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The i 4 and i, are filtered through LPF to extract the DC component and the
reactive power component is provided by shunt active power filter. The controller is
designed so that the supply current should provide the DC component of load current
(ipc)- Also, to maintain the constant DC link voltage and to compensate for losses in
the DSTATCOM the loss component (i;,ss) from the PI controller is added. The term

ipy sy is subtracted to account for the PV contribution.

[1a = lrest = lra T lLoss — Lpwsr (5.4)

Since the reactive power component is supported by Shunt Active Power Filter
therefore the reference supply current must be in phase with the grid voltage therefore
i1q and i, must be equated to zero in equation (5.5) below. SRFT PLL shown in Fig.
5.3 is used to generate the unit-in phase (sin wt) and unit-in quadrature (cos wt)
templates The ij,; and i}, are converted to reference supply current by reverse Park

transformation as

o cosf —sinf 1 i
sa 27 . 2m L
iZ,|=|cos (0 =) —sin(@ =) 1| (5:5)

isc] [cos (6 + 2?”) sin (8 + 2?”) 1| Lizo
The estimated fundamental component (i,.s;) iS used to generate reference
source currents (igq, is,, isc) for SAPF in three-phase grid connected systems discussed
in Section 3.3. The reference source currents are compared with the actual source

currents (i,,, s, and i) and fed to the hysteresis controller for generation of six pulses

to the PWM controller.

5.1.2 Dual Second-Order Generalized Integrator (DSOGI)
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DSOGI consists of two SOGI blocks with unity feedback as shown in Fig. 5.4. The

three phase load currents (i, 4, i, 5 and i, ) are converted to (i, ) and (i, g) using Clark’s

transformation.

Ve T~ T T T T T T e e
pv | | * |
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Ipv | | Boost | | IV de Pi Moss
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l_pp.‘. . |
| 213 | Ref Cc t
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] Gain | Generation using
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|?undelmr-,-ntal Component Extraction|of | il ___ Controller
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| I
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Fig. 5.2. Schematic control diagram of three phase SRFT controller
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.y _ip Kws

lLaS)_iL T s24+Kws+w? (5.7)
.y _qiy _ Kw?

bp ()= i S2+Kws+w? (5.8)

The output of i, and i,z is used to calculate the peak amplitude and is used to generate
the reference source current.

ILest = /ifa + i’ng (5.9)

Yoo T — —— T = = =
pv | I~ s
> WPeT |2 | | Vde |
'|‘ 'm= Controller _,L | ]
lpv »| Boost | | | Vde Pl | i]oss
: »{Converter| | Controller [T
Maximum PV Power | | DC Link |
| Edtracion .+ |__Controller _
er. >t l Referencf.- Current '
| 213 | : Generation using Hysteresis
| Vit *51 PV Feedforward | pvff Current Controller
|l _ _ Gain_ _ |
| Fundamental Component Extraction of Load
| - R
| iLa 1 i
> » SOGI >
ligp | 30C [ \dg
i, | /o |Lp i'LB iy a-
| "S0GTLaz) »
| | i
| | * 1y
| L qy !
L _________ e — — — — — —_— — — ———
|cose, sin© 3
2,2 2
From Three Phase Vi= \’5“5” +Vap + Vi)
SOGI PLL

bl

Ysa  Vsb ¥
Fig. 5.4. Schematic Control Diagram of DSOGI controller

The estimated fundamental component (i;.s;) IS used to generate reference source

currents for SAPF in three-phase grid connected systems discussed in Section 3.3.
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The central frequency of SOGI should correspond to the input supply frequency.

Hence o is selected to be 314 rad/s corresponding to 50 Hz.

|r v V' v; Three Phase jl

v 0 @_ \Y SOGI PLL

__sa SOGI d

| V.  labc ] ¥ ) |

| Ve 0-g-0 'sp Vs [ap \ [™[Controller o sin | |

|—l- SOGI - v |
' ; 8q

| Vgh ' . |

| quu wr |

q"'sﬂ'.."ll qlLD'.. S0G|

Fig. 5.5.(a) Schematic Diagram of DSOGI PLL for the generation of unit templates (b) SOGI
controller to extract the in phase and quadrature controllers of load current or voltage signal

The bandwidth of both the filters (Band-pass and Low pass Filter) is controlled

by gain ‘K’, which is related to the settling time t; and can be determined by

K =22 (5.10)

tsxw

The gain ‘K’ is chosen as 1.414 to have the trade-off between the steady state
and dynamic state speed. The DSOGI PLL is shown in Fig. 5.5. is used to synchronize

the signals and generate the unit-in phase (sin wt) and unit-in quadrature (cos wt)
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templates. The reference source currents are generated by multiplying it with the unit-

in phase (sin wt) templates.

5.1.3 Adaptive Volterra Second Order Filter (AVSF)

Volterra Filter is one of the most popular non-linear adaptive filters. It was
proposed by Weiner [205]. The Weiner model expands the Volterra series using
orthogonal polynomial. The functional block diagram is shown in Fig. 5.6. The LMS
adaptive filtering is used to extract the fundamental load current with the help of
Volterra expansion terms by weight updation method of error minimization. The output

i.es: Of the causal, time invariant filter is described by input-output relationship as

Iest = ipe + X wi(k)ip(n—ky) + XX wy(kiky)if(n —k)ij(n—ky) + X .. %

(5.11)
where h, is the coefficient and the {h;(k;,...... k), 1.
The second order Volterra filter is given by
i =i, im=1), e iy(n =M+ 1),i?(n),if(n—1),....i3(n =M+ 1)] 7
(5.12)
The weight vector is given by
W= [wy, Wy, Ws, Wy, ... Wy |7
The estimated load current (i, ) is given by
[Lest = Di=1 Wi lL (5.13)

In similar manner using equation (5.14) to equation (5.19), all the three fundamental
current components are extracted. The fundamental component of load current of phase
‘a’ is given by

ipest = i + Xwi(k)iy(n—ky) + XX wyi(kiky)iy(n —ky) iy(n — k) (5.14)

lLesta = lLa + WaiLa(n - 1)+ WaiLa(n - 1)iLa(n - 2) (5-15)
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The fundamental component of load current of phase ‘b’ is given by

Iestp = ik T 2 wy(k)ip(n —ky) + XX wy(kiky)ip(n— ki) ip(n—ky) (5.16)
iest = Iy + Wpigp(n — 1)+ wyippy(n— 1)ig,(n— 2) (5.17)

The fundamental component of load current of phase ‘¢’ is given by

iLeste = i T+ 2wy (k)ip(n—ky) + X X wy(kqky)ip(n—ky) i(n — k) (5.18)
[Lestc = lpe T Weipe(m — D)+ weipc(n—1)ia(n — 2) (5-19)

The average estimated current of all the three phases is represented as
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Fig. 5.6. Schematic Block Diagram of AVSF controller
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. _ iLestatiLestbtiLestc
lrest = 3 (520)

The estimated fundamental component is used to generate reference source
currents for three-phase SAPF and gating pulses and the complete procedure discussed

in Section 3.3

The Volterra filter is further made adaptive. The LMS adaptive algorithm is
used for updating the weight coefficients using equation (5.21) for each phase a, b and

C.

w( + 1) =w(j) + ne(j)sind (5.21)

5.1.4 Cubic Beizer Functional Expansion Based Adaptive Filter (CB-FEBAF)
CB-FEBAF follows the B-spline methods for curves and surfaces [206-210]. B-
spline curve is defined as the blending differential interpolation curve used to estimate
the fundamental component of load current. The fundamental component of load
current is enclosed inside the convex hull of the defined control points. The four control
POINts iy¢j_1), ircjy»iL(j+1) @nd iycj+2) constitute the cubic beizer curve. The control
points are updated by weight coefficients of LMS algorithm. The weights are updated
in such a way that the mean square error is minimized. This error is taken as difference
between the actual load current and the estimated load current. The schematic control

diagram is shown in Fig. 5.7.

The B-spline curve is defined as
iLf(Q) = Z?:o ijBn,j (q@) (5.22)

The Cubic Spline Beizer Curve follows the path through control points

IL(ji—1) bL(j) » Lgj+1) and B4y traced by the function i), as
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iLf(Q) = iLoBs,o(Q) +i11B31(q) +i12B32(q) +i13B33(q) (5.23)

The Beizer polynomials are given by

n .
Baj(@) = () 1= @)"7g/ (5.24)
ny . . . . .. _ nl . . .
where (1) is given by binomial coefficients =ahin which is defined as
inp (@) = (1= @) (2923 i) Bina (@) + (T 1) Bjos na (0)) (5.25)
ir(q) = (1= q)3iye +3q(1 — @)%ipg +3¢*°(1 — @Qigy + q%i3 (5.26)

ip(@) = (1= q*—3q(1 — q))iy +3q(1 + q* — 2q)iys + (3¢° — 3¢°)is, + 7y
(5.27)
ir(@) = (1= q*> = 3q +3q¢%)i +3q(1 + q* — 2q)iy + (3q* = 3¢)iy, + ¢irs
(5.28)

irf(@) = (1—=3q+3q9*—q®iy + (39 —6q%+3q*)i,; + (39* —3¢®)iy, + ¢°iys

(5.29)
Generalizing the coefficients of the matrix we get
1 0 0 O l:LO
iLes() = [1 9 q%q°] _33 _36 (3) 8 ii; (5.30)
-1 3 =3 1llis
1 0 0 O
where M= _33 —36 g 8 is the Cubic Bezier matrix
-1 3 -3 1
Generalizing the knot points and restricting to few terms gives
ir(p) = (1 —3q+ 39 — @i g + (3q — 60° + 3¢*)i -1y + (3% —
39*)iLg-2) + q%iL-3) (5.31)

The coefficients of the matrix are regularly updated by weight coefficients of the LMS

algorithm and summed together to get the estimated load current.
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I(Lest)j = ) WjTiLcs = W]'T@(P]'T) =X WjT [M TP]T] (5.32)
30G-1)r Wy B iL(j-2) = 3iiG-5)) Wi (5.33)

The above matrix is formulated for each phase (a, b and ¢) and the average of

all the three phases are taken
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. _ipLestatiLestbtiLestc
lrest = 3

(5.34)

The estimated fundamental component is further used to generate reference

source currents for SAPF as discussed in Section 3.3.

The error between the actual load current and the estimated load current is

given by

e(j) = iyj — ipest(jySind

(5.35)

The cost function ’J’ is constituted and the adaptive learning mechanism is

employed to minimize the above error by LMS algorithm under changing load

conditions.
](W» iLest) = E(ez(j)]

](W» iLest) = E[(iLj - iLest(j) Sine)z]

The adaptive learning LMS learning algorithm is given by

w(+1) =w()) - 12

2 Oipest(j)

Differentiating equation (5.37) we got equation (5.39)

d , de
9 e(j) =
OipLest(J) Olpest(j)

Differentiating equation (5.35) we got equation (5.40)

de .
- — = —sinf
ipest(J)

Putting equation (5.40) in equation (5.39) we got

o _ —2e(j)sinb

0 iLest(j)
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Putting equation (5.41) in equation (5.38) we got
w( + 1) =w(j) +ne(j)sind (5.42)

The weights coefficients for each phase a, b, ¢ are updated by the above learning
LMS mechanism and then the average weight is computed. The simulation results with
four control algorithms are now discussed in detail followed by hardware results on

three phase system.

5.2 Simulation Results

This section discusses the modelling and simulation of SRFT, SOGI, Adaptive
Volterra Second Order Filter (AVSF), Cubic Beizer Functional Expansion Based
Adaptive Filter (CB-FEBAF) for SAPF in three-phase grid connected system without/
with PV interfaced systems. The PV array of capacity 750W is simulated using three
Kyocera solar 320GX-LPB panels of capacity 250W connected at the DC Link of
SAPF. The performance analysis under different linear, non-linear, mixed loading
conditions as well as ambient conditions such as irradiation conditions for checking the

effectiveness of the developed control algorithms is discussed in detail.

5.2.1. Performance analysis with Three Phase SRFT Controller

The Synchronous Reference Frame theory-based control scheme is modelled and
simulated in MATLAB environment under different loading conditions as well as

changing solar irradiation conditions.

5.2.1.1 Performance under changing load conditions
The steady state waveforms of source voltages (vs,pc), Source currents (isqpc),
load currents (i,5) compensator currents (irq,) and DC link voltage (V) under all

different loading conditions are shown in Fig. 5.8. Non-linear load conditions are
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Fig. 5.8. Steady state waveforms under changing load conditions with three phase
SRFT controller in simulink

simulated from 0.1sto 0.2s. The source currents are found to be sinusoidal and balanced

in Fig. 5.9 when the load current has a THD of 20.26%.

At 0.2s, linear load is added and mixed loading conditions are created. The
source current increases to 25A to meet the additional load demand. The THD of source
current under mixed loading conditions is found to be 0.73 % when load current has a

THD of 12.77% shown in Fig. 5.10.

At 0.3s, the additional linear load is removed and brought back to non-linear load
conditions and current magnitude comes back to 19A. The DC link voltage is observed
to be well settled at 200V.
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Under linear loading conditions from 0.35s to 0.5s, the performance of system with

SRFT control is tested. The source currents and the load currents both are sinusoidal. A

source current of 9A is used to meet the load demand of 9A. The THD in grid current
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under linear load conditions is found to be 2.33% when the THD in load current is 0.19%

as shown in Fig. 5.11.

From 0.55s to 0.65s, the non-linear load disturbance is added, the source current
increases to 32A to meet the load demand of 32A. The source currents are balanced and

sinusoidal.
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Fig. 5.12. Steady state power waveforms under changing load conditions with three phase
SRFT controller in simulink

The SAPF Filter injects the necessary compensating currents to cancel the harmonics
injected into the source current by the non-linear load. This makes the source currents
sinusoidal under all loading conditions.
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The DC link voltage shows a little dip and rise under all sudden variations in
loading conditions. However, it recovers to its 200V value with in half cycle due to a
properly tuned PI controller. The unbalanced load conditions are now tested from 0.7s
to 0.8s and it is observed that there are sudden oscillations in DC link voltage however
it is well regulated. Moreover, the supply currents are sinusoidal though reduced in

magnitude.

Fig. 5.12 shows steady state power results under changing load conditions. It has
been found that under non-linear load conditions from 0.1s to 0.2s, 2.5kW of load power
is met by the source power of 2.5kW. Also, 970VAR of reactive power demand of load
is met by the compensator which injects 970VAR. Under mixed loading conditions from
0.2s to0 0.3s, 3.240 kW of load is met by the source power and 1.650 KVAR of reactive

power needed by the load is met by the compensator.

Under linear loading conditions 1.060 kW of active power is met by the source active

power. The reactive power of 0.545 kVAR is met by the compensator.

Under non-linear load disturbance from 0.55s to 0.65s, the load power is increased to
4.365 kKW which is met by the source power. The reactive power load demand of 2.390
kVAR is met by the compensator. Under un-balancing load conditions 1 kW load is met

by the source and 0.5 kVAR load demand is met by the compensator.

Fig. 5.13 shows the intermediate results of i4pc, ig +ig siLest AN ipnee USING SRFT

algorithm under changing load conditions. It has been found that the i; increases

proportionately with respect to load current variation and i, corresponds to reactive
power component of load current. w,,, u,, and u,. correspond to the unit in phase
templates obtained. The i, is obtained by the addition of fundamental load component
and the DC link voltage controller current i,,,. Table 5.1 shows the THD values
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Fig. 5.13. Steady state intermediate waveforms under changing load conditions with three
phase SRFT controller in simulink

obtained in simulink with SRFT algorithm for three phase system under various loading

conditions.

Table 5.1. THD values obtained in simulink with three phase SRFT algorithm under
various loading conditions

Loading Conditions | Three Phase Synchronous Reference Frame Theory
(SRFT)
i, (THD) | ig(THD) vs(THD)
Non-Linear Load | 20.26% | 0.96% 0.01%
Mixed Load 12.77% | 0.73% 0.01%
Linear Load 0.19% 2.33% 0.01%
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5.2.1.2 Performance under changing solar irradiation conditions and constant

load conditions

The steady state waveforms of solar irradiation G (1), PV power P, source voltages
(Vsapc), source currents (isqpc), load currents (iqpc),compensator currents (ifqpc)
under changing irradiation conditions under non-linear load are shown in Fig. 5.14.
Under normal grid conditions and non-linear load from 0.1s to 0.13s, the source current
of 19A is used to meet the load current of 19A. The three Kyocera 250W PV array

panels are connected in series having a maximum power capacity of 750W at
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Fig. 5.14. Steady state waveforms under changing solar irradiation and constant non-linear
load conditions with three nhase SRFT controller in simulink
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three phase SRFT controller in simulink

1000W/m?. The array delivers active power of 660W at the DC link of inverter. From
0.13s to 0.3s, the solar irradiation of 1000W/m? is tested and it is found that the source
current reduces to 14A to meet the load current as the load current is shared by both PV
current and source current. The solar irradiation is now reduced to 400W/m? at t= 0.3s
and the source current increases to 17A to meet the load demand, the PV current reduces
and the grid current increases proportionately to meet the load demand, the PV current

reduces and the grid current increases proportionately to meet the load demand of 19
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Fig. 5.16. THD of three phase SRFT controller for (a) source voltage (vs,pc) (b) source

current (isqpc) and (c) load current (i;,pc) under changing PV irradiation conditions for
constant non- linear load conditions in simulink

A. The DC link voltage maintains a set reference value of 200V by the PI controller

action.

The steady state results show power waveforms of PV power, source power, load power
compensator power and are depicted in Fig. 5.15. The PV array has a capacity of 750
W under 1000W/m? but it is injecting 670W at the DC link of inverter. From 0.1s to
0.13s, the total load power of 2.520kW is met by the source alone as PV source is not
connected. From 0.13s to 0.3s, under solar irradiation of 1000W/m?, the load power of
2.520 KW is met partially by the source power of 1.850 kW and PV power of 0.670
KW. The solar irradiation is now reduced to 400W/m? from 0.3s to 0.45s, here PV power
is reduced to 0.3kW and the source power increases to 2.250kW to meet the total load
power of 2.5kW. From 0.45s onwards, the solar irradiation is made to zero and the load
power is completely met by the source now. The THD of source current under
1000W/m? solar irradiation conditions is found to be 1.57% shown in Fig. 5.16 when

the load current THD is 20.26%.
5.2.2. Performance analysis with DSOGI Controller

The DSOGI based control scheme is now modelled and simulated in MATLAB
environment under different loading and changing solar irradiation conditions. The

performance of this controller is now discussed in detail.
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5.2.2.1 Performance under changing load conditions in grid connected systems
The steady state waveforms of vs,pc.isapc iLabc sifanc UNder varying load
conditions i.e., non-linear, linear and mixed loading conditions are shown in Figure
5.17. Under non-linear load conditions till 0.2s, the source current of 19A is used to
meet the load demand of 20A.The THD of source current is improved to 0.90 % under
non-linear load conditions having THD 30% as shown in Fig. 5.18. The compensating
currents from SAPF has removed the harmonics from the source currents which were

injected by the non-linear load thus the supply currents are sinusoidal and balanced as

desired.
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Fig. 5.17. Steady state waveforms under changing load conditions with three phase SRFT
controller in simulink
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Fig. 5.20. THD of DSOGI controller for (a) source voltage (vs,p) (b) source current (is,pc)
and (c) load current (i;45.) under linear loading conditions in simulink

From 0.2s to 0.3s, additional linear load is added and mixed loading conditions
are created and it is found that the source currents are sinusoidal and balanced and the
THD has been improved to 0.67% under mixed load having THD of 12.77% as shown

in Fig. 5.19.

From 0.35s to 0.5s, linear loading conditions are created and under these conditions
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both source current and the load current are sinusoidal. The THD of source current is

2.58% with load THD of 0.19% shown in Fig. 5.20.

From 0.55s to 0.65s, the non-linear load is added and non-linear load
disturbance is created, the source current increases to 32.5A to meet the load demand.

The source currents are observed to be sinusoidal and balanced.

After 0.65s, non-linear load conditions are again resumed and source current of 20 A is

used to meet the load demand of 19A.

From 0.7s to 0.8s, the unbalancing in load conditions is created by opening of one of

the phases. Here the source current decreases to 14A to meet the corresponding load

Non-Linear Linear Load Linear Load Ui Non-Linear Load Uanlancing in
Load added removed Uadt Disturbance Load i.e Phase ¢
Mixed 0ading dddea removed
l Loading l l
P s e T —
R e :
40 .
s _ 20
-~
. S’-zg
g™
S <«
x 2 4 :
2% 2
2
o crﬂ _z 1 il n L I 1 1
E ' l PLahc: '—QLabcI ' ' ' ‘
>
=& ; :
3 g M
B c—l 0 1 1 L 1 ! 1 : 1
~ 4 T T T T T
E % |_P1nbc_°hbc|
X ;_ 2r 1
3% ——
B ow'! -2 L L L Il A A Il
0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 08
Time (s)

Fig. 5.21. Steady state power waveforms under changing load conditions with DSOGI
controller in simulink
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demand. It remains sinusoidal and balanced. After 0.8s again the non-linear load

conditions of 19A are again resumed

Fig. 5.21 shows the steady state power waveforms under changing load conditions.
Under non-linear load conditions till 0.3s, the source power of 2.520kW is used to meet
the source power. From 0.2s to 0.3s the mixed loading conditions are there and the
source power increases to 3.240kW to meet the load demand. The load power again

reduces to 2.520kW under non-linear load conditions.

From 0.35s to 0.5s, the linear loading is simulated. The load power of 1.060kW is

met by the source. Again from 0.5s to 0.55s the non-linear load conditions are again
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Fig. 5.22. Steady state intermediate waveforms under changing load conditions with
DSOGI controller in simulink
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attained.

From 0.55s to 0.65s the load demand is increased to 4.365kW which is met by the
source power as the non-linear load disturbance is added. Under un-balancing load
conditions where one phase is removed the load power reduces to 1kW which is met

by the source power of 1kW.

Figure 5.22 shows the i, gpc iraipnasiibeta siLest +lpnec @nd unit in phase
templates u,, , up, and u,. intermediate waveforms of DSOGI under varying load
conditions. The ;4,0 Obtained is in phase with the supply voltage and i, e, IS
obtained by 90° phase shift. The i,,, is the fundamental rms component estimated by
the algorithm. The i,,., obtained by adding the i,.s, with the i;,s; cOmponent given

by DC link voltage controller.

Table 5.2 shows the THD values obtained in simulink with DSOGI algorithm for the

three phase systems under various loading conditions

Table 5.2. THD values obtained in simulink with DSOGI algorithm under various
loading conditions

Loading Dual Second Order Generalised Integrator (DSOGI)
Conditions i, (THD) i;(THD) | v,(THD)
Non-Linear 20.26% 0.90% 0.01%

Load
Mixed Load 12.77% 0.66% 0.01%
Linear Load 0.01% 2.58% 0.01%

5.2.2.2 Performance under changing solar irradiation conditions

Fig. 5.23 shows the waveforms of solar irradiation G (1;,,-), PV power B, source

voltage(vsgpc ), source current (isqpc), load current (iyqpc),compensator current (irqpc)
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and changing PV irradiation of 1000W/m? and 400W/m? under non-linear load
conditions. From 0.1s to 0.13s the non-linear load conditions are there and 19A source
current is used to meet the load demand of 19A. The three Kyocera 250W PV array
panels connected in series having a maximum power capacity of 750W at 1000W/m?is
interfaced at the DC link of SAPF. At 0.13s the solar irradiation of 1000W/m? is
connected, it is found that the source current reduces to 14A to meet the load demand.
As the load current now is partially shared by the PV current of 7.5A. The compensator
has removed the source current harmonics injected by the load current. The source
currents are sinusoidal and balanced. The THD of source current is 1.53% under non-

linear load THD of 20.07% as shown in Fig. 5.24. From 0.3s to 0.45s the solar
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Fig. 5.23. Steady state waveforms of DSOGI controller under changing PV irradiation
conditions with constant non-linear load conditions in simulink
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Fig. 5.25. Steady state power waveforms with DSOGI under changing PV irradiation
conditions with constant non-linear load conditions in simulink

irradiation intensity is reduced to 400W/m?, the source current increases to 17A and PV

current decreases to 3.5A to meet the 19A load current. The source currents are observed

to be sinusoidal and balanced.
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The DC link voltage is regulated to set reference value of 200V by PI controller under

solar irradiation of 2000W/m? and 400W/m?.

Figure 5.25 shows the steady state power waveforms under changing solar irradiation
conditions. The PV array of capacity 750W is used and it is injecting 660W power at the
DC link of inverter. The source power of 2.52kW is used to meet the load demand of
2.52 kW under normal non-linear load conditions. Under solar irradiation intensity of
1000 W/m?, the load power of 2.52kW is shared by source power of 1.85kW and PV
power of 0.66kW. Under solar irradiation intensity of 400W/m?, the source power
increases to 2.260kW and PV power reduces to 0.26kW to meet the load demand of

2.52kW. The reactive VAR demand of the load is completely met by the compensator.

From 0.35s to 0.5s, the linear loading is simulated. The load power of 1.060kW is met
by the source. Again from 0.5s to 0.55s, the non-linear load conditions are again attained.
From 0.55s to 0.65s, the load demand is increased to 4.36kW which is met by the source

power as the non-linear load disturbance is added.

Under un-balancing load conditions where one phase is removed the load power
of 1kW is used to meet the source power of 1kW. Supply currents are balanced and

sinusoidal even in this case with DSOGI algorithm.

5.2.3 Performance analysis with AVSF Controller

The performance of the Adaptive Volterra Second Order Filter (AVSF) based
control scheme is designed and modelled under changing load conditions and changing

solar irradiation conditions.

5.2.3.1 Performance under changing load conditions

The performance analysis under changing load conditions i.e, linear, non-linear
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and mixed loading conditions are analyzed with steady state voltage and current
waveforms of vggpeisabe sirabe sifape N Fig. 5.26. From 0.1s to 0.2s, the non-linear
load conditions are there and the source current of 19A is used to meet the load demand
of 19A. The source currents are observed to be sinusoidal and balanced. The
compensator currents from the SAPF cancels the harmonics injected in to the source by
the load. The source current THD under non-linear load conditions is 0.84% with load

THD of 20.26% as shown in Fig. 5.27.

From 0.2s to 0.3s, the linear load is added and mixed loading conditions are created and
it is found that the source current increases to 24A to meet the corresponding load
demand. The source currents are observed to be sinusoidal and balanced. The source

current THD has been improved to 0.61% shown in Fig. 5.28. The DC link voltage
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Fig. 5.26. Steady state waveforms of AVSF controller under changing load conditions in
simulink
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5.29. THD of AVSF controller for (a) source voltage (vgqpc) (b) source current (isqpc)
(c) load current (i, 4p.) under linear loading conditions in simulink

shows slight dip and rise of 1V under instant of load addition and removal and attains

its steady state value of 200V with in half cycle. After 0.3s, the normal non-linear load

conditions are attained and the load current attains the value of 19A.

From 0.35s to 0.5s, the linear loading is there it is found that the source current and load

current both are sinusoidal and balanced. The source current of 8A is used to meet the

corresponding load demand. The source current THD under linear load conditions are
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2.08%. shown in Fig. 5.29. The DC link voltage is maintained at reference value of 200

V.

From 0.55s to 0.65s, the non-linear load disturbance is added and the source current

increases to 33A to meet the corresponding load demand. Again for 0.5s, the original

non-linear load conditions are attained. The DC link voltage shows dip and rise when

non-linear load disturbance is added and removed. It maintains the DC link voltage to

approximately 200V reference value as desired.

From 0.7s to 0.8s, the unbalancing in load is created and it is observed that the

source current magnitude decreases to 14A to meet the load demand. The source currents
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Fig. 5.30. Steady state power waveforms of AVSF controller under changing load conditions

in simulink
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are observed to be sinusoidal and balanced. The DC link voltage shows continuous

oscillations of small magnitude under unbalancing conditions.

The steady state analysis of power waveforms under changing load conditions
are shown in Fig. 5.30. The results show the sharing of power between source, load and
compensator. Under non-linear load conditions till 0.2s, the load active power of 2.520
kW is met by the source active power. The reactive power demand of load is met by the

compensator.

Under mixed loading conditions from 0.2s to 0.3s, the load active and reactive
demand is increased which is met by the source power of 3.240 kW and the compensator

provides reactive power of 1.650kVAR.

Non-Linear Linear Load Li:‘:;;\';::d Linear Non-Linear Load Unbalancing in
Load added w8 Loading Disturbance, Load i.e Phasec
l Laading l l added removed
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01 0.8 0.85
Time (s)

Fig. 5.31. Steady state intermediate waveforms of AVSF controller under changing load
conditions in simulink
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Under non-linear load disturbance added from 0.55s to 0.65s, the load active
power and reactive power demand again increases which is met correspondingly by the

source active power of 4.365kW and compensator reactive power of 2.390kVAR.

Under unbalanced load conditions simulated from 0.7s to 0.8s, the load active
power of 1kW is met by the source, The reactive power load demand of 0.8kVAR is met

by the compensator.

Figure 5.31 shows the intermediate waveform of i, ,,c i10.i11 JiLest sipnet » W and unit
in phase templates u,, , u,, and u,. of AVSF controller under changing load
conditions. Thei;, and i, are the expansion components of the algorithm for estimating
the fundamental load current. The expansion components are regularly updated by the
weights of the LMS algorithms to get the accurate estimate of the load current. The iy,
is the total load current used to estimate the reference sinusoidal current by multiplying
it with the unit-in phase templates in each phase. The unit-in phase templates are the

sinusoidal waveforms obtained from PCC voltages itself.

Table 5.3 shows the THD values obtained in simulink with AVSF algorithm under
various loading conditions i.e., non-linear load, linear load and mixed loading

conditions.

Table 5.3. THD values obtained in simulink with AVSF algorithm under various
loading conditions

Loading Conditions | Adaptive Volterra Second Order Filter (AVSF)
i, (THD) ig(THD) vs(THD)
Non-Linear Load 20.26% 0.84% 0.01%
Mixed Load 12.77% 0.61% 0.01%
Linear Load 0.19% 2.08% 0.01%
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5.2.3.2. Performance under changing PV irradiation conditions

The steady state waveforms of G (Iirr), Pyy, Vsabeirlsabc rirabe sLfanc fOr changing
PV irradiation conditions of 1000W/m? and 400W/m? under non-linear load conditions
is shown in Fig. 5.32. The source current of 19A is used to meet the load current of 19
A under normal non-linear load conditions. The source currents are sinusoidal and
balanced. The three Kyocera 250W PV array panels connected in series having a
maximum power capacity of 750W at 1000W/m?.Under solar irradiation conditions of
1000W/m?, the source current has been reduced to 14A as the load current is shared by
both the source current and the PV current. The source currents are observed to be
sinusoidal and balanced. The THD of source current is improved to 1.44 % under non-
linear load condition of 20 % shown in Fig. 5.33. Then under solar irradiation conditions
of 400W/m?, the source current increases to 17A and the PV current reduces to 3.5A to

meet the load demand.

The steady state power sharing demand waveforms under changing PV irradiation
conditions of 1000W/m? and 400W/m? is shown in Fig. 5.34. The Kyocera Solar PV

panel has a capacity of 750W and is delivering 660W of active power at the DC link of
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Fig. 5.33. THD of AVSF controller for (a) source voltage (vgqpc) (D) source current (isqpc)
and (c) load current (i;,p.) Under changing solar irradiation with constant non-linear load
conditions in simulink
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Fig. 5.34. Steady state power waveforms of AVSF controller under changing solar irradiation
condition with constant non-linear load conditions in simulink

inverter. The source power of 2.520kW is used to meet the load demand. Under solar
irradiation of 1000W/m?, PV power of 0.66kW and the source power of 1.850kW is used
to share the load power of 2.520kW. Under solar irradiation of 400W/m?, the PV power
has been decreased to 0.260kW and the source power has been increased to 2.260kW to
meet the load power of 2.520kW. The reactive VAR of load is completely met by the

compensator.

5.2.4 Performance analysis with CB-FEBAF Controller
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The Cubic Bezier Functional Expansion Based Adaptive Filter based control scheme is
designed and modelled for SAPF operation and its performance is tested under changing

load conditions and changing solar irradiation conditions.
5.2.4.1 Performance under changing non-linear load conditions

The steady state waveforms for vgpe,isanc iLanc siranc TOr performance analysis of
control algorithm under varying load conditions are shown in Fig. 5.35. From 0.1st0 0.2
s under non-linear load conditions, 19A of grid current is used to meet the load demand.
The source currents are observed to be sinusoidal and balanced. The THD of source
currents are improved to 0.81% with non-linear load THD of 20.26 % as shown in in
Fig. 5.36. The compensator has been designed to cancel the harmonics in source current

injected by the non-linear load making it sinusoidal and balanced.
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Fig. 5.35. Steady state waveforms of CB-FEBAF based controller under changing load
conditions in simulink
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Fig. 5.36. THD of CB-FEBAF controller for (a) source voltage (vsqpc) (b) source current
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Fig. 5.37. THD of CB-FEBAF controller for (a) source voltage (vsqpc) (b) source current
(isapc) and (c) load current (iyqpc) Under mixed loading conditions in simulink

From 0.2s to 0.3s, the linear load is added and mixed loading conditions are created. The
source current increases to meet the load demand. The source currents are sinusoidal and
balanced and the THD of source current is found to be 0.53% under mixed loading THD

of 12.77% shown in Fig. 5.37.

Linear loading is created from 0.35s to 0.5s, here both the source current and the load
current are sinusoidal and THD of source current is 2.04% under linear load THD of

0.19% shown in Fig. 5.38.

Under non-linear load disturbance added from 0.55s to 0.65s, the source current
increases to meet the load demand of 34A. The source currents remain sinusoidal and

balanced.

Under unbalancing load conditions, the source current decreases to 14A to meet

the load demand. The source currents remain sinusoidal and balanced.
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Fig. 5.38. THD of CB-FEBAF controller for (a) source voltage (vgqpc) (b) source current
(isapc) @nd (c) load current (iyqpc) Under linear load conditions in simulink

Figure 5.39 shows the steady state active power and reactive power balance between
source, load and compensator. Under non-linear load conditions, the 2.520kW load
power is met by the grid power. Under mixed loading conditions the source power
increases to 3.240kW to meet the load power. The reactive power of load corresponding

to 1.650kVAR is met by the compensator.
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Fig. 5.39. Steady state power waveforms of CB-FEBAF controller under varying load
conditions in simulink
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Under linear load conditions the load power of 1.055kW is met by the source and the

reactive power of 545VAR is met by the compensator.

Under non-linear load disturbance the source power increases to 4.365kW to

meet the load demand. The load reactive VARS are met by the compensator.

Figure 5.40 shows the intermediate waveforms of the CB-FEBAF algorithm
[Labe L0viLay Lr2s L3 Lrest »lpner » W TOr its performance analysis under changing load
conditions. The expansion components i,,, i,1, 12, i3 are used for estimating the
fundamental component of the load current. The contribution of expansion components
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Fig. 5.40. Steady state intermediates waveforms of CB-FEBAF controller under changing
load conditions in simulink
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i10, 113 1S quite less so they can be neglected and i,,, i, are sufficient in estimating the
fundamental component of the load current. The expansion components are updated by
weight components of the least mean square (LMS) algorithm in real time under
changing load conditions. This real time and online training help to estimate the
fundamental component of the load current accurately. The iy, is the total load current
considering the estimated load current and the switching losses current estimated from
the DC link PI controller. u,, , u,, and u, are the unit -in-phase sinusoidal templates

obtained from the PCC voltages algorithm for generating reference currents.

Table 5.4 shows the THD values obtained in Simulink with CB-FEBAF under various

loading conditions i.e., non-linear load, linear load and mixed loading conditions

Table 5.4. THD values obtained in simulink with CB-FEBAF under various loading
conditions

Loading Conditions | Cubic Beizer Functional Expansion
Based Adaptive Filter (CB-FEBAF)
i,(THD) | ig(THD) | vs(THD)

Non-Linear Load 20.26% 0.81% 0.01%

Mixed Load 12.77% 0.53% 0.01%
Linear Load 0.19% 2.04% 0.01%

5.2.4.2 Performance under varying solar irradiation conditions

The steady state waveforms for non-linear under changing PV irradiation
conditions of OW/m?, 400W/m? and 1000W/m? is shown in Fig. 5.41. Under non-linear
load conditions source current of 19A is used to meet the load demand of 19A. The three
Kyocera 250 W PV array panels connected in series having a maximum power capacity
of 750W at 1000W/m?.Under PV irradiation intensity of 1000W/m?, the source current

decreases from 19A to 14A as the remaining current will be provided by PV to share the
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Fig. 5.41. Steady state waveforms of CB-FEBAF controller under changing solar
irradiation with constant non-linear load conditions in simulink
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conditions in simulink

load demand. The source currents are observed to be sinusoidal and balanced. The DC

link voltage is maintained at 200V. The THD of source current is improved to 1.31 %

under non-linear load condition of 20.26 % shown in Fig. 5.42. Under PV irradiation

intensity of 400W/m?, the grid current increases to 17A and PV current decreases to
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meet the load demand of 24A still it is observed that the source currents are sinusoidal

and balanced. The DC link voltage is maintained to reference set value of 200 V.

The steady state sharing of load under changing PV irradiation conditions is
shown in Fig. 5.43. Under non-linear load conditions, 2.520kW is used to meet the load
demand of 2.520kW. The Kyocera Solar PV array has a capacity of 750W and it delivers
660W of active power at the DC link of inverter. Under PV irradiation intensity of 1000
W/m?, the load power of 1.850kW is shared by the grid power and PV power of 0.6kW.
Under PV irradiation intensity of 400W/m?, grid power increases to 2.260kW and the

PV power decreases to 0.260kW to meet the load demand.
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Fig. 5.43. Steady state power waveforms of CB-FEBAF controller under changing solar
irradiation condition with constant non-linear load conditions in simulink
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5.3 Hardware Results

This section discusses the hardware implementation results of SRFT, DSOGI,
Adaptive Volterra Second Order Filter (AVSF) and Cubic Beizer Functional Expansion
Based Adaptive Filter (CB-FEBAF) based controller for SAPF control. A hardware
prototype of three-phase grid connected non-linear load system is developed in the
laboratory using Microlab Box 1202 with and with-out PV interfaced systems. The
hardware results are taken on power analyzer and DSO. The Chroma EN50530 Sandia
PV array of maximum capacity 300W is interfaced at the DC link of inverter for testing
PV interface results. The performance analysis under non-linear loading conditions for
SAPF operation and SAPF with PV integration are studied for checking the

effectiveness of these control algorithms.

5.3.1 Performance analysis with Three Phase SRFT Controller

The SRFT based control scheme is modelled in Microlab Box 1202 on hardware

prototype developed on three-phase grid connected systems.

5.3.1.1 Performance under non-linear load conditions

Fig. 5.44 shows the hardware operation of SAPF on three-phase grid connected
systems. The SAPF operation is performed at 40V, 50Hz supply feeding non-linear
load. Fig. 5.44 shows the steady state performance results of voltage and current
waveform under SAPF integrated grid connected systems. Figs. 5.44 (a-d) show the
source voltage waveforms (vg,p.), load current waveforms (i ,,.), source current
waveforms (is,pc), source voltage THD, source current THD and load current THD.
The source currents are observed to be sinusoidal and balanced. The source current
THD is found to be 4.08% with SRFT algorithm under non-linear load conditions of

21.15% as shown in Fig. 5.44.
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Fig. 5.44. Steady state experimental performance analysis of three phase SRFT controller
under non-linear load conditions (a) source current waveforms (b) load current waveforms
(c) source current THD (d) load current THD

5.3.1.2 Steady state power transfer under non-linear loading conditions

The steady state power transfer under non-linear load between source power
(Psapc), load power (Pyq;.) and compensator power (Pygp.) is shown in Fig. 5.45. It is

observed that the load active power of 98W is met by the source active power of 108W.

168



The reactive power of load of 31VAR is met by the compensator reactive power of 36

VAR.
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Fig. 5.45. Steady state experimental power analysis of three phase SRFT controller under
non-linear load conditions (a) source power (Pgqpc) (b) load power (Py,pc) and (c)
compensator power (Prgp)

5.3.1.3 Dynamic Results with SRFT controller

Fig. 5.46 shows the dynamic results of SRFT algorithm under changing load conditions.
Figs. 5.46 (a-b) show the waveform of source phase voltage (v,,), load current
(iLe), fundamental load current component (i;.,;), template (sin@) under load decrease
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and increase. The fundamental component is estimated accurately and decreases and
increases with the corresponding load changes. The unit template obtained is perfectly

sinusoidal. Figs. 5.46 (c-d) show the waveform of source phase voltage (vg,), load
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Fig. 5.46. Dynamic waveforms of three phase SRFT observed on oscilloscope (a-b)
Vsq (50 V/div), ipq (2 A/div) ipes: (1 A/div), sin8(2A/div) under load decrease
and increase (c-d) vy (50V/div), ife (2A/div), iq (1 A/div), iLq(2 A/div)
under load increase and decrease

current (i,,), fundamental load component (i.4), quadrature component (i,) under

load decrease and increase.

5.3.1.4 Steady state waveforms under PV integrated systems
Fig. 5.47 shows the hardware operation of SAPF on three-phase PV integrated grid
connected systems. The SAPF operation is performed at 40V, 50Hz supply feeding

non-linear load. Fig. 5.47 shows the steady state performance results of voltage and
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Fig. 5.47. Steady state experimental performance analysis of three phase SRFT controller
under PV integrated non-linear load conditions (a) source current waveform (b) source
current THD (c) load current waveform (d) load current THD

current waveform under SAPF PV integrated grid connected systems. Figs. 5.47 (a-d)
shows the source voltages (vq,;.) Waveforms, source current waveforms (i,;c), Source
current THD, load current waveforms (i, ,5.) and load current THD. It has been found
that the source currents become 180° out of phase with the source voltage showing that
the grid is absorbing active power. The source currents are observed to be sinusoidal
and THD have been improved to 6.88% under non-linear load conditions of 21.62%
with SRFT algorithm.
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5.3.1.5 Steady state power transfer under PV integrated systems
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Fig. 5.48. Steady state experimental power analysis of three phase SRFT controller under
PV integrated grid connected systems (a) source power (Ps,pc) (b) load power (P qpc) and

(c) PV power (Prgpc)

The PV model used for hardware testing is EN50530 with power capacity of 300W,

which supplies 289.9W of active power. It has been observed that now the load demand

is shared by the PV. Out of 289.9W of power given by the PV, 98W is used for meeting

active power demand of load and remaining 170W is absorbed by the grid. These results

are shown in Fig. 5.48.
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5.3.2 Performance Analysis with DSOGI Controller

The Dual SOGI based control scheme is modelled in Microlab Box 1202 on hardware
prototype developed in three-phase grid connected systems.

5.3.2.1 Performance under changing non-linear load conditions

Fig. 5.49 shows the hardware operation of SAPF on three-phase grid connected

systems. The SAPF operation is performed at 40V, 50Hz supply feeding non-linear
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Fig. 5.49. Steady state experimental performance analysis of DSOGI controller under non-
linear load conditions (a) source current waveform(b) load current waveform (c) source
current THD (d) load current THD
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load. Fig. 5.49 shows the steady state performance results of voltage and current
waveform under SAPF integrated grid connected systems. Figs. 5.49 (a-d) show the
source voltages waveforms (vs,p,c), l0ad current waveforms (i, ,p.), source currents
waveforms (is,pc), source voltage THD, source current THD and load current THD.
The source currents are observed to be sinusoidal and balanced. The source current

THD is found to be 3.51% under non-linear load conditions of 21.15%.

5.3.2.2 Steady state power transfer under non-linear loading conditions
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Fig. 5.50. Steady state experimental power analysis of DSOGI controller under non-linear
loading conditions (a) source power (Ps,pc) (b) load power (P.,p.) and (c) compensator

power (Pfabc)
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The steady state power transfer under non-linear load between source power (Psqpc),
load power (Ppqp:) and compensator power (Prqpc) is shown in Fig. 5.50. The load
active power of 98W is met by the source active power of 106W. The reactive power of

load of 31VAR is met by the compensator reactive power of 36VAR.

5.3.2.3 Dynamic Results with DSOGI Controller
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Fig. 5.51. Dynamic waveforms of DSOGI observed on oscilloscope (a-b) vy, (50 V /div),
ira (1A/div), ipest (1A/div), sinf (24/div) under load decrease and increase (c-d)

irg (1A/div), irqipna (5A/diV) ipperq (5A/div),irese (2 A/div)under load increase and
decrease

Fig. 5.51 shows the dynamic results of SOGI algorithm under changing load conditions.
Figs. 5.51 (a-b) show the waveform of source voltage (v,,), load current

(iLa), fundamental load current component (i;.g), unit-template (sinf) under load
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decrease and increase. The fundamental component is estimated and decreases and
increases with corresponding load change. The unit template obtained is perfectly
sinusoidal. Figs. 5.51 (c-d) show that the i;q;,,p, IS in phase with the source voltage and
irpeta 1S 90° out of phase with the voltage. The i, is the active component of load

current is obtained by taking the square of the magnitude of the i,qin, and ipperq-

5.3.2.4 Steady state waveforms under PV integrated conditions

Fig. 5.52 shows the hardware operation of SAPF on three phase PV integrated grid
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Fig. 5.52. Steady state experimental performance analysis of DSOGI controller under PV
integrated non-linear load conditions (a) source current waveform (b) source current THD
(c) load current waveform (d) load current THD
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connected systems. The SAPF operation is performed at 40V, 50Hz supply feeding non-
linear load. Fig. 5.52 shows the steady state performance voltage and current waveform
results under SAPF PV integrated grid connected systems. Figs. 5.52 (a-d) show the
source voltages (vs,p.) Waveforms, source currents waveforms (ig,;c), Source current

THD and load current THD. It has been found that the source currents are 180° out of
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Fig. 5.53. Steady state experimental power analysis of DSOGI controller under PV integrated
grid connected systems (a) source power (Ps,pc) (b) load power (P,4pc) and (c) PV power

(Pfabc)
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phase with the source voltage showing that the grid is absorbing active power. The
source currents are observed to be sinusoidal and THD has been improved to 6.32%

under non-linear load conditions of 21.62%.

5.3.2.5 Steady state power transfer under PV integrated conditions

The PV model used for testing is EN50530 with power capacity of 300W which supplies
289.9W of power. It has been observed in Fig. 5.53 that now the load demand is
completely shared by the PV simulator. Out of 289.9W of power given by the PV
simulator, 98W is used for meeting active power demand of load and remaining 169W

is absorbed by the grid.

5.3.3 Performance analysis with AVSF Controller

The AVSF based control scheme is modelled in Microlab Box 1202 on hardware
prototype developed in three-phase grid connected systems. The performance results are

shown in Fig. 5.54.

5.3.3.1  Performance under changing non-linear load conditions

Fig. 5.54 shows the hardware operation of SAPF on three-phase grid connected systems.
The SAPF operation is performed at 110V, 50Hz supply feeding non-linear load. Figs.
5.54 (a-d) shows the source voltages waveforms (vg,;.), 10ad current waveform (i, ,5c),
source current waveforms (is,pc), source voltage THD, source current THD and load
current THD. The source currents are observed to be sinusoidal and balanced. The
source current THD is found to be 3.07% under non-linear load conditions when load

current has THD of 21.5%.

5.3.3.2 Steady state power transfer under non-linear loading conditions
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The steady state power transfer under non-linear load between source power (Psgpc),
load power (Ppqp:) and compensator power (Prqpc) is shown in Fig. 5.55. The load
active power of 98W is met by the source active power of 107W. The reactive power of

load of 31VAR is met by the compensator reactive power of 38VAR.
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Fig. 5.54. Steady state experimental performance analysis of AVSF controller under non-
linear load conditions (a) source current waveform (b) load current waveform (c) source
current THD (d) load current THD

5.3.3.3 Dynamic Results with AVSF Controller
Fig. 5.56 shows the dynamic results of AVSF algorithm under changing load conditions.

Figs. 5.56 (a-b) show the waveform of source voltage (v,,), load current
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(iLq), fundamental load current component (i;.s:), unit-template (sind) under load
decrease and increase. The estimated load current also increases and decreases with the
load change as shown below. The i;,, and i;,; are the expansion components of the
algorithm used for estimating the fundamental load current. The expansion components
are regularly updated by the weight of the LMS algorithm to get the accurate estimate
of the load current. The i;,.s: IS the total estimated load current of phase ‘a’ used to
estimate the reference sinusoidal current by multiplying it with the unit-in phase
templates of phase ‘a’. The error plot is also shown which shows the difference between

the estimated and actual current.
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Fig. 5.56. Dynamic waveforms of AVSF controller observed on oscilloscope (a-b)
Vsq (50 V /div), ipq (2A/div), ipes (1A/div),sinf(2A/div) under load decrease
and increase (c-d) i, (2A/div), ioq (1 A/div), ip14 (14/div),e(1 A/div) under
load increase and decrease
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5.3.3.4 Steady state waveforms under PV integrated conditions

Fig. 5.57 shows the hardware operation of SAPF on three-phase PV integrated grid
connected systems. The SAPF operation is performed at 40V, 50Hz supply feeding non-
linear load. Fig. 5.57 shows the steady state performance voltage and current waveform
results under SAPF PV integrated grid connected systems. Figs. 5.57 (a-d) show the

source voltage waveforms (vgqpc), Source currents waveforms (ig,pc), Source current
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Fig. 5.57. Steady state experimental performance analysis of AVSF controller under PV
integrated non-linear load conditions (a) source current waveform (b) load current waveform
(c) source current THD (d) load current THD
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source current THD and load current THD. It has been found that the source currents are
180° out of phase with the source voltages showing that the grid is absorbing active
power. The source currents are observed to be sinusoidal and THD has been improved

to 6.01% under non-linear load conditions of 21.62%.
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Fig. 5.55. Steady state experimental power analysis of AVSF controller under non-linear
loading conditions (a) source power (Pg,pc) (b) load power (P.,pc) and () compensator
power (Pfabc)

5.3.3.5 Steady state power transfer under PV integrated conditions

182



The PV model used is EN50530 with power capacity of 300W, and supplying
289.9W of power. It has been observed in Fig.5.58 that now the load demand is shared
by the PV simulator. Out of 289.9W of power given by the PV simulator, 98W is used
for meeting active power demand of load and remaining 169W is absorbed by the grid

and rest 22\W are losses.
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Fig. 5.58. Steady state experimental power analysis of AVSF controller under PV integrated
grid connected systems (a) source power (Pgqpc) (b) load power (P, 4p.) and (c) PV power

(Pfabc)

5.3.4. Performance analysis with CB-FEBAF Controller
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The CB-FEBAF based control scheme is modelled in Microlab Box 1202 on

hardware prototype developed in three-phase grid connected system

5.3.4.1 Performance under changing non-linear load conditions

Fig. 5.59 shows the hardware operation of SAPF on three-phase grid connected
systems. The SAPF operation is performed at 40V, 50Hz supply feeding non-linear

load. Fig. 5.59 shows the steady state performance voltage and current waveform results
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Fig. 5.59. Steady state experimental performance analysis of CB-FEBAF controller under
non-linear load conditions (a) source current waveform (b) load current waveform (c) source
current THD (d) load current THD
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under SAPF integrated grid connected system. Figs. 5.59 (a-d) show the source voltages

waveforms (vg,p.), Source currents waveforms (i), l0ad currents waveforms (i, ,pc),

source voltage THD, source current THD and load current THD. The source currents

are observed to be sinusoidal and balanced. The source current THD is found to be

2.98% under non-linear load conditions of 21.5%.

5.3.4.2 Steady state power transfer under non-linear loading condition

CHIZ3: 3P 1000V S04 U: 2808 £:50Hz D | 3days [ CHLZ3: 3P3W3M 1000V 5048 U: 2800 £:50Hz D | 3days
MONITOR ~ 2/8 Electric power BT 0 f MONITOR  2/8 Electric power BVENT 0
Starti-=-=- -=i=-i-- Tinei-=-r-=- -=:=-i-| Urns Starti-==s —=i=-i=- Tiner-=-=-=- =-:=-:--| Urns [NSITNNN
Urns[V] Irms[A] | Freq[Hz] Urns[V] [rms[A] Freq[Hz]
12 35.69 [ 1 1.880 (U1 49.954 123580 [ 1 1.740 (U1 49.963
23 3.63 (2 1.3 2 3BS710
31 33.88 |3 1.634 3N B3 1.694
P#] S[VA] Ofvar] PF PIW] S[VA] O[var] PF
1 0.038k 0.038k 0,007k 0.9847 1 0.034k 0.036k 0.011k 0.9509
2 0.03% 0.03%  -0.00%k  -0.983 2 0,034 0.036k 0.012% 0.9428
3 0.031k 0.03%  -0.005%  -0.9878 3 0,03k 0.03% 0.010k 0.9517
SUM 0,105 0.106k  -0.014  -0.991% SUM0.098k 0.103k 0.031k 0.9538
Active energy WP+ 0.0000k Wh Active energy WP+ 0.0000k Wh
Elapsed time 0:00:00 Elapsed time 0:00:00
(a) (b)
CH1Z3: 3P3W3M 1000V S0AQ U: 280V f:50Hz SD | 37days
MONITOR  2/8 Electric power EVENT =0
Starti=---- —=:-=:-= Timei==-==-= —-=:-=:==| Urms
Urms[V] Irms[A] Freq[Hz]
12 35.68 |1 0.576 |UT 49.933
23 32.92 | 2 0.685
31 33.70 | 3 0.534
P[W] S[VA] 0[var] PF
1 - 0.004k 0.012k 0.011k 0.3780
2 - 0.003k 0.014k 0.013k 0.2153
3 0.000k 0.010k 0.010k 0.0057
SUM - 0.007k 0.035k 0.034k 0.2081
Active energy WP+ 0.0000k Wh
Elapsed time 0:00:00
(c)

Fig. 5.60. Steady state experimental power analysis of CB-FEBAF controller under non-linear
load conditions (a) source power (Psgpc) (b) load power (P.,p.) and (c) compensator power

(Pfabc)
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The steady state power transfer under non-linear load between source power, load power
and compensator power are shown in Fig. 5.60. The load active power demand of 98W
is met by the source active power of 107W. The reactive power of load of 31VAR is met

by the compensator reactive power of 38VAR.
5.3.4.3 Dynamic Results with CB-FEBAF Controller

Fig. 5.61 (a) shows the waveforms of source voltage (vg,), source current ( is,), load

current (i;,) and error (e) during the open loop conditions as well as under closed loop
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Fig. 5.61. Dynamic waveforms of CB-FEBAF observed on oscilloscope (a)
Vsq 2V /div),isq (1 A/div), irq (1 A/div),e (5A/div) when shunt compensation is
on (b) i e (5A/div), ipgest (20 A/div),iLq1 (20 A/div), i140 (50 A/div) under load
increase (C) iy, (500 mA/div), i qes: (20 A/div), w(5 A/div), e(5V/div) under
load increase (d) Vy.(1V/div),isq(1 A/div) iy, (1 A/div),e (10 A/div) during load
unbalancing
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conditions. The open loop conditions represent the situation when no gate pulse is given
to SAPF. The closed loop conditions represent the situation when the gate pulses are
given to the SAPF. The source current contains the harmonics and is distorted during
the open loop condition i.e., when the shunt compensation is off. The source current
becomes sinusoidal when gate signal is provided to the SAPF. Fig. 5.61 (b) shows the
intermediate waveforms of the CB-FEBAF algorithm i;,, i;4est) irqosizqr  TOr its
performance analysis under changing load conditions. The expansion components
iLq0.lLq1 @re used to estimate the fundamental component of the load current. Fig. 5.61
(c) shows the intermediate waveforms of the CB-FEBAF algorithm and plots of i,
iLqest» W and ‘e’ under load increase are shown. The expansion components are updated
by weight components of the least mean square (LMS) algorithm in real time under
changing load conditions. This real time and online training help to estimate the
fundamental component of the load current accurately. The i, 4., IS the estimated load
current of phase ‘a’. Fig. 5.61 (d) shows the waveforms of the source voltage (vq,),

source current (i, ), load current (i,,) and error (€) during unbalancing load conditions.

5.3.4.4. Steady state waveforms under PV integrated conditions

Fig. 5.62 shows the hardware operation of SAPF on three-phase PV integrated grid
connected systems. The SAPF operation is performed at 40V, 50Hz supply feeding non-
linear load. Fig. 5.62 shows the steady state performance voltage and current waveform
results under SAPF PV integrated grid connected systems. Figs. 5.62 (a-d) show the
source voltages waveforms (vg,;c), Source currents waveform (igq;c), load currents
waveforms (i, ,p.), source current THD and load current THD. It has been found that
the source current are 180° out of phase with the source voltages showing that the grid
is absorbing active power. The source currents are observed to be sinusoidal and THD
has been improved to 5.86% under non-linear load having THD of 21.62%.
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Fig. 5.62. Steady state experimental performance analysis of CB-FEBAF controller under
non-linear load conditions (a) source currents waveforms (b) load currents waveforms (c)
source current THD (d) load current THD

5.3.4.5 Steady state power transfer under PV integrated conditions
The PV model used is EN50530 with power capacity of 300W, and supplying
289.9W of power. It has been observed in Fig. 5.63 that now the load demand is shared

by the PV simulator. Out of 289.9W of power given by the PV simulator, 98W is used

for meeting active power demand of load and remaining 170W is absorbed by the grid.
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Fig. 5.63. Steady state experimental power analysis of CB-FEBAF controller under PV
integrated grid connected systems (a) source power (Ps,pc) (b) load power (P, 4;.) and (c) PV

power (Pfabc)

5.4 Comparative Evaluation of Proposed Control Schemes

5.4.1 Comparison under load variations

The comparison analysis of the four developed algorithms viz three phase SRFT,
DSOGI, AVSF and CB-FEBAF is shown in Fig. 5.64. The comparison is based on

various important parameters such as nature of filter, computational complexity, PLL
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Fig. 5.64. Comparison analysis of weight convergence under load variations of different
control algorithms for shunt compensation

required, convergence rate, THD of supply current, settling time, oscillations, response
time, DSP speed which are summarized in Table 5.5. The CB-FEBAF shows fast
transient response and shows almost no oscillations in tracking steady state and dynamic
state behavior. SRFT shows highly sustained continuous oscillations. DSOGI shows 3-
4 dynamic oscillations peaks before settling down. AVSF shows one dynamic peak and
then settles down. The settling time of CB-FEBAF is 0.003s and that of AVSF is the
highest. The AVSF and CB-FEBAF is made adaptive by training it online by LMS
algorithm. Three Phase SRFT and DSOGI are algorithms that are parameter dependent
and require optimized parameter tuning and hence not well suitable under all dynamic
conditions. They require PLL and hence computation is complex. The computational
complexity of CB-FEBAF algorithm is less and the sampling time taken for running the
algorithm experimentally is 35us which is the least of all the three. The THD of grid
current using CB-FEBAF filter is 1.34% which is the lowest and satisfies IEEE-1547
standard for shunt compensation in grid connected PV system. Hence the performance

of this proposed algorithm is far superior.
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TABLE 5.5. Comparison analysis of weight convergence under load variations of
different control algorithms for shunt compensation

CB-
Parameters SRFT SOGI AVSF
FEBAF
Non- Non-
Nature of Control Filter Adaptive Adaptive
Adaptive Adaptive
Second Third
Degree of Filter NA NA
Order Order
MSE More Medium Least Least
Oscillations High Medium Least No
Computational
More Medium Medium Small
Complexity
Sampling Time 50pus 45 s 40us 35us
0.03s 0.08 s 0.08 s 0.03s
Settling Time
Moderate Slow Slow Fast
Overshoot Less 3V 3V Least
THD in Grid Current
0.96% 0.90% 0.84% 0.81%
(Simulink)

5.4.2 Comparison under analysis in normal grid conditions under varying load

conditions

Table 5.6 shows the comparison of THD in supply current under different loading
conditions with normal grid connected systems in simulink. It has been found that the
three Phase SRFT shows the highest grid current THD of 0.96% with non-linear load,
0.73% under mixed loading and 2.33% under linear loading conditions whereas the CB-

FEBAF has the lowest THD of 0.81 % in grid current with non-linear load, 0.53% with
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mixed load and 2.04% with linear loading conditions. the lowest THD under all loading

conditions.

TABLE 5.6. Comparison of THD values of different algorithms in simulink under
varying loading conditions without PV integration

S.NO. Algorithms Non-Linear Load | Mixed Load | Linear Load
i;(THD) is(THD) is(THD)
Without Compensation 20.26% 12.77% 0.19%
1. | Three Phase SRFT 0.96% 0.73% 2.33%
2. | Dual SOGI 0.90% 0.66% 2.58%
3. | AVSF 0.84% 0.61% 2.08%
4, CB-FEBAF 0.81% 0.53% 2.04%

Table 5.7 shows a comparison of THD in supply current under different loading
conditions with normal grid connected systems in hardware. It has been found that the
three phase SRFT shows the highest THD of 4.08% in grid current under non-linear
load whereas the CB-FEBAF has the lowest THD of 2.98 % under non-linear loading

conditions

Table 5.7. Comparison of THD values of different algorithms under
Hardware Testing with Non-Linear load conditions

S.No Algorithms Non-Linear Load
is(THD)
Without Compensation 21.15%
1. Three Phase SRFT 4.08%
2. DSOGI 3.51%
3. AVSF 3.07%
5. CB-FEBAF 2.98%
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5.4.3 Comparison under analysis in normal grid conditions with PV integrated

grid connected systems

Table 5.8 shows a comparison of THD in supply current in PV integrated grid connected
systems under non-linear load conditions in simulink and hardware. It has been found
that the SRFT shows the highest THD of 1.57% with non-linear load and the CB-FEBAF
shows the lowest THD of 1.31%. In hardware it is found that the SRFT has the highest
THD of 6.88% with non-linear load and the CB-FEBAF has the lowest THD of 5.86%.
The THD obtained in hardware testing are marginally above the simulation testing
results. The difference could be due to the fact the supply voltage itself is distorted in
the laboratory and the testing has been done on the reduced voltage levels. However, the

performance aspects of different algorithms are in line with simulation results.

TABLE 5.8. Comparison of proposed algorithm with conventional control algorithm
in Simulink and Hardware with PV and without PV integration under non-linear load

Algorithms Shunt Compensation in | Shunt Compensation in
Matlab Simulink under Hardware under non-
non-linear load linear load

i,=20.26%, Vs=0.01%, | i,=21.15%V,=1.12%

Without PV | With PV Without With PV
PV
Three SRFT 0.96% 1.57% 4.08% 6.88%
Dual SOGI 0.90% 1.53% 3.51% 6.32%
AVSF 0.84% 1.44% 3.07% 6.01%
CB-FEBAF 0.81% 1.31% 2.98% 5.86%

5.5 Conclusions
This chapter discusses the design, mathematical modelling and analysis of
algorithms viz three phase SRFT, DSOGI, AVSF and CB-FEBAF for control of SAPF

and PV integration in three phase grid connected systems. . The results have been taken
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on Matlab Simulink software and validated through hardware studies. The results
without/with PV integration on three phase systems have been tested under linear load,
non-linear load and mixed loading conditions. Detailed control analysis for the
developed systems is shown in this chapter. The performance of the system with CB-
FEBAF gives the best results followed by AVSF, DSOGI and Three Phase SRFT. The
results with SRFT technique show continuous sustained oscillations in steady state and
dynamic state conditions. AVSF and CB-FEBAF algorithms are based on the functional
expansion of the input load current and are made robust and adaptive by updating the
coefficients using LMS technique. Real time training of algorithms helps to track the
changes faster and give quick response under different loading conditions and irradiation
conditions. The CB-FEBAF shows very fast transient response and shows almost no
oscillations in steady state and dynamic state behavior. The AVSF and CB-FEBAF are
also real time adaptive techniques and overcome the drawbacks of conventional time
domain algorithms. However, three Phase SRFT and DSOGI algorithms require tuning
of the gain parameters. Hardware results are also in agreement with the simulation

results.

194



CHAPTER-6

SYNCHRONIZATION TECHNIQUES FOR GRID TIED
SYSTEM

6.0 General

This chapter discusses the development of the Phase Locked Loop techniques
developed for synchronization of single-phase non-ideal and weak grids. The
performance is tested under various grid disturbances such as distorted grid conditions,
voltage sag, voltage swell, frequency change, phase change and DC offset. The
effectiveness of the proposed PLLs in steady state and dynamic conditions is studied in
Matlab Simulink and through hardware prototype developed in the laboratory under
several grid conditions. The unit template-based scheme can be realized as the simplest
PLL but does not work well under distorted grid conditions. Hence, there is a need to

design, develop and test new synchronization techniques for their effectiveness.

6.1 Mathematical Analysis of PLL Schemes

The mathematical analysis of different conventional and adaptive PLL techniques is
discussed in this section. These are developed for detecting the phase angle accurately

and generating sinusoidal unit template and filtered voltage under weak grid conditions.

6.1.1 Synchronous Reference Frame Theory (SRFT) PLL

Single-phase voltage (v;) generates two orthogonal signals (v, v5z) from the

single-phase voltage. The single-phase input from the grid voltage is depicted as

Vgq = Vi, Sin wt (6.1)
where 1},, is the peak amplitude grid voltage

The 90° delayed signal is given by
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Vgp = Vo sin(wt +7) (6.2)
The orthogonal voltages are converted in to dq reference frame using Park

transformation

i Ry o

Vsq
vgq CoNtains the information about the amplitude of the grid voltage and v,
gives the information about the phase angle error. During ideal grid conditions when

there are no harmonics and distortions, the PLL estimates phase angle (6 ) till it equals

the grid angle (wt).

Vgq = cos(wt — 0) (6.4)
Vsq = Sin(wt — 0) (6.5)

The PLL is synchronized to the grid when the phase angle error is zero i.e phase
angle tracked by PLL (8) is close to actual grid voltage angle (wt ) and then it can be
said that PLL is locked, then sin(wt — 0) = (wt — 8). Hence for small value of (wt —

0)

ap-dq transformation block

Vsa=Vsq SiNwt-vggcoswt

sinwt coswt Vsq=Vsq COSWE+Vgsinwt

VB VSO _ VEd
"\ dg
op Pl
Vmsin(wt-90°) > ™ [Controller
Vsp Vsq

Fig. 6.1. Basic Block Diagram of SRFT PLL

196



Vsq = (wt — 6) (6.6)
The PI controller is used to regulate V;, =~ 0 and eliminate the steady state error and the

output is fed back to generate the angle and sine values.

It has been observed that any error in phase angle is reflected in the g term. The control

diagram of SRFT PLL is shown in Fig. 6.1.

6.1.2 Second Order Generalized Integrator (SOGI) PLL

SOGI PLL has been designed to improve the performance of basic SRFT PLL.
SOGI-PLL is used as an adaptive pre-filter to generate in-quadrature (qv;) and in-phase
signal (v;) through quadrature signal generator. The control diagram of SOGI PLL is
shown in Fig. 6.2. The two outputs (v;) and (qv;) are interconnected by the transfer

function having the characteristics of low pass and band-pass filter given by

Vs _ Kws

Usa (S)_vs T S24+Kws+w? (6.7)
_qvs _ Kw?

Usp ()= vs  S24+Kws+w? (6.8)

where ‘K’ decides the filtering capability and affects the bandwidth of the
closed loop system. A small value of ‘K’ leads to reduced bandwidth and makes the

dynamic response slower.

The SOGlI filtered signals vy, v4g are now fed to the SRF-PLL as shown in Fig.

6.1 for enhanced performance. The entire scheme is shown in Fig. 6.2.

The SOGI PLL consists of two feedback loops in cascade i.e the QSG
(Quadratic Signal generator) provides the phase angle and frequency to the Park
transformation block.

[Usa] _ [sin wt —coswt] [Usa]

6.9
coswt sinwt 1|Vsp (6.9)

Usq
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The frequency is fed back to the SOGI-QSG to tune the detected frequency and
to make it adaptive and the PLL is locked to the input phase angle. The center frequency

corresponds to the input frequency to get the equal component of in-phase and

quadrature components.

The bandwidth of both the filters (Band-pass and Low pass Filter) is controlled

by gain ‘K’ which is related to the settling time t, and can be determined by [175].

9.2
= e (6.10)
Vs é ‘E Vsa

+ =

@' 1/s » y Vsd

A q '

A
v Y ™ Controller
B sp _‘_,L Vsp Veg

Fig. 6.2. Basic Block Diagram of SOGI PLL

6.1.3 Quadratic Bernstein Functional Blending Neural Network (QB-FBNN) PLL

The Quadratic Bernstein Polynomial Expansion belongs to the family of Spline
curves [206-210]. These are powerful models for estimating non-linear systems. They
exhibit Spline interpolating properties having values between 0 to 1 and for any degree,
and all the Bernstein coefficients sum up to one. Therefore, the challenge to select the
differentiable activation function is altogether eliminated. The expansion exhibits the
maximum differentiable and convex hull property of the polynomial ensuring the

smoothness of the estimated interpolated curve. The schematic control diagram of QB-

FBNN PLL is shown in Fig. 6.3.
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The single-phase grid voltages (vs) is converted in to af frame by 90° delay.

The input voltage signal is considered as vy, while 90° shifted signal component is the

175[3
Vso = Vp, Sin wt (6.11)
Vgp = Vo sin(wt + ) (6.12)

Ve and v,p are converted to dg frame using Park Transformation. vy, gives the
amplitude of the voltage estimated and vy, gives the information about the phase angle

error

(6.13)

[Vsd] _ [sin wt —coswt] [vsa
Vsq

" lecoswt  sinwt 11Vsp

Vsq IS given as input to the QB-FBNN PLL and it maintains its value to zero

through closed loop system regardless of the changes in frequency, phase, voltage dip,
rise and harmonic distortion in weak grids. The QB-FBNN PLL controller computes

the Vg (est) as follows

Vsqr (t) = Z}?:O Usq Bm,k (t) (6-14)

where Bernstein Coefficient B,, . (t) is defined as
m
Bunse(®) = () (1 — @)™ ¥ (6.15)

such that Y7~ B, x (t) = 1 unlike other higher order polynomials
m _
Veqr (D) = Xitoveg () (1 — @)™ ¥ (6.16)

m m! . .
where (k) lr— which can be expressed recursively as

vsqF (t) = (1 - CI) ( ZAL=_01 vsqk Bm—l,k(q)) + t(Z;cn=1 vsqk Bk—l,m—l(q)) (6-17)
The above expression is a linear interpolation between two-degree m — 1 Bernstein
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curves. For quadratic Bernstein Curve we have m=2,

Vsqr(k) = Yo VsquBax (k) k=01...m (6.18)

Vsqr (t) = V5q0B2,0(q) + Vsq1B2,1(q) + Vsq2B22(q) (6.19)

vsqF(t) = (1 - Q)zvsqo + ZCI(l - q)vsql + qzvsqz (620)

vsqF(t) = (1 + q2 - Zq)vsqo + Z(q - qz)vsql + qzvsqz (6-21)

vsqF(t) = Usqo + Q(_szqo + szql) + qz(vsqo - szql + vsqz) (6-22)
1 0 0][Vsqo

ver® =[1qq?|-2 2 of[vsmn (6.23)
1 -2 110lVsq2

Generalizing the above matrix, we get

VsqF(t) = [(qz - Zq + 1)vsq(k—z); (_Zqz + 2q + 1)vsq(k—1): qzvsq(k)] (624)
Usqr = [vsqo(k)’ Usql(k)’ Usqz(k)] (6.25)
Vs v, Vs L
sa % . * -
sin
cos 0 —» % —|’ 25 B I R
& © * | Vsd o < Vsq
Tl - < .
|
sin© | % cosO —» x | |
|

T T T T T T T T T T T T I
I |
| v | [314]
| ) B RR | :
| Ve =V . Wy
Visq i , wl ‘sqestjl_; Pl A m.—
Y Vg =_2(‘;1 n—zj_z‘vﬂa(n—lﬁh%\fg 4 | Controller A®
.12 . |
Y52 =305y o)L T ] Vsq
wl | |
L
[ Adaptive |e1
LMS
Algorithm

Fig. 6.3. Basic Block Diagram of QB-FBNN PLL
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17sqest = [stqo(k)+W vsql(k)+wvsq2(k)] (626)
The estimated quadrature voltage computed by QB-FBNN based controller is given by

175qest(t): W[vszq (k—2)— szq (k—2)+ VUsq (k—2) - zvszq (k—1)+ 2vsq(k -
1) + vgq(k — 1) + vZ (k)] (6.27)

The adaptive PLL closed loop control is implemented, which is used to
minimize the error between the reference quadrature voltage Vi, and the estimated
quadrature voltage Vsqes: . This is done by training the algorithm in real time by using

Least Mean Square (LMS) algorithm.

Least mean square algorithm updates the algorithm coefficients by updating
corresponding weight parameter ‘w’calculated through error ‘e’. This adaptive control
of reactive voltage component (Vy,.s¢) to zero help in tracking the grid parameters such
as voltage, frequency, dc offset and phase angle oscillations fast and give quick

response without delay

€ = Vgq ) — Vsqest ® (6-28)
where sin6 is the synchronization template obtained from the QB-FBNN PLL. This

error computed in equation (6.28) is minimized by updating the weights in real time by

LMS Algorithm

2
wlk +1) = wk) — g% (6.29)
w(k + 1) = w(k) + uesiné (6.30)

where u indicates the learning parameter, e indicates the error and E indicates
the expected mean error. The V.., calculated is given as input to the Pl controller.
The PI controller computes the error in angular frequency (Aw). The error in angular
frequency is summed with the natural frequency (w,) to get the estimated angular

frequency
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West = Wy + Aw (6.31)

The estimated frequency (w,;) is integrated to get the grid voltage angle (6,;) -

[ Wes dt = 0,4, (6.32)
The estimated voltage angle (6.;) is used to get the unit in-phase template and

the quadrature template for generation of reference signal.

6.1.4 Fractional Delay Newton Langrangian Interpolation (FD-NSLI) PLL

The Fractional Delay Interpolation concept is proposed by Newton Langrangian
[211-213] to allow arbitrary fractional sampling. This concept is developed in the form
of PLL which minimizes synchronization error in tracking the various grid parameters
such as voltage, frequency, dc offset and phase angle oscillations fast and give quick
response without delay. The structure of the algorithm is flexible and its interpolation
order can be altered in real time. The output of the filter is always less than one and
thus leads to faster convergence and thus making the system stable. Its schematic

control diagram is shown in Fig. 6.4.

The single-phase grid voltage is split in to corresponding orthogonal voltage signals

as
Vgq = Vpp Sin wt (6.33)
Vsp = Vp, sin(wt + g) (6.34)

where vy, vsp are given as input to Park Transformation block
The quadrature voltage (vsqese) estimated by Fractional Delay approximation

functions which can be expressed as:

Usqest (z) = Zﬁ':o Ly (k) Akvsq (2) (6.35)

where Y¥_, L, (k) A¥= z~2 for (6.36)
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and A denotes delay factor expressed as A= {0, 1, ,.N}

The z-transform of N'" order Lagrangian Interpolation controller and its transfer

function can be expressed as

VUsqest (z) = Z_Avsq (2) (6.37)
_ . —A _ Vsqest(z) 6.38
UsqTF (z2) =z""= Voq(2) (6.38)

The Newton Langrangian Expansion of vggrr(a)(2) intermsof z~* is given as

vquF(A) (Z) = vquF(A) (0) + USqTF(A)(l)Z_l o vquF(A) (N)Z_N (639)

The Taylor series expansion of above equation is obtained by replacing z7 = g in

VsqTF(b) (g~1) = g* about g=1 we get

_ ’ 1
quTF(A) (q 1) = vquF(A)(l) + vquF(A)(l)(q - 1) + EvquF(A)(l)(q - 1)2 +
1
S Visarry (D (@ — 1)° + - (6.40)
= 14+ A¢" oy (g — D + 380 = DA 2lpoy (g = D2+ (6.41)

=1+A(g-D+50A0-1D(g-1D?+AA0-1D@A-2)(q-1)° (642

The above derivatives are taken with respect to q = z7% €.9. Vggrr)(q) 2

a4 A _ A 01
d =Aa

Now Generalizing the Taylor series expansion at order N we get

Doqrray(@) 2 1+A>q =D +3A0 - D(g— D2+ A0 - DB - 2)(q -

1

12 4 = [TIVZA(A — K)](g = D] (6.43)

2 voarra) (0) + ¥sgrra) (1) (g — 1) + ¥sqrr(a) (2) (@ — 1D? + ¥57r ) (3) (g —
D3 + oo Bygrry (V) (@ — DY (6.44)
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where

1 - A(A-1)(A-2)(A-n+1
‘vquF(A)(N) — m gz(}(A - k) — ( )( Y(A—n+1)

n!

(6.45)

Replacing g by z~1 in Eq. (6.43) and manipulating signs we get equation (6.46).
The Hold and Sample Block (H &S) block is used in which each output sample obtains

the value of the previously arrived input sample.

Vsqrray (@) 21— A1 —2z71) + %A(l —AN(1-2z"1)2 - %A(l —A)(A—

2)(1 =z 4 — [TV (A - 0]z — )Y (6.46)

The error between the reference quadrature voltage vs, (t) and the estimated quadrature
voltage vgges(t) is minimized by adaptive PLL closed loop control. The error
computed is minimized be updating the angle ‘A’ by gradient descent algorithm. Now

substituting the V;, . e(n) in equation of gradient Descent algorithm in equation (6.48)

results in adaptive LMS algorithm.

€ = Vsq (t) — Usqest (t) (6'47)

The reactive voltage component estimated (vg,.s:) is regulated to zero by

adaptive closed loop PLL control. This helps in tracking the grid parameters such as

voltage, frequency, DC offset and phase angle oscillations quickly.

The delay A is updated by LMS algorithm.
A(n+1) = An) — gvee(n) (6.48)

where Vye(n) = ?ﬂdenotes the MSE

lLest
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MSE = e(n) = E[ez] = (vsq - vsqest(t) )2 (6.49)

where Vye(n) = Zf(n)denotes the MSE
Lest
MSE = €(n) = E[e?] = (054 () = Vsgese (1) )? (6.49)

Differentiating equation (6.49) gives,

Oem) _ -2 Sine(vsq (1) - Usqest ® ) = —2esin© (6.50)

aqust
An+1)=AMn) — g (—2e sinB)

where u indicates the learning parameter, e indicates the error and sin® is the

synchronization template obtained from the FD-NSLI PLL.

V. ‘.saﬂ > L
s > % - ' *
sin O
%
S cos0—» % 2 L
o 9 =t [ Vsd g% Vsq
U T > T >
< Vsp - Vsp b
e
. cos 0 —»{x |
Sinh —= % — : |
|
___________________________ ]
* r
A
1+Ap-D+ o >+

%ﬁ(a—l}(&—l}(p—l]s _—

| |
| |
| |
‘1| L \a-np-ns A Vsqe§|ﬁt PI
L (P o >
Y B ﬁ + Controller A®
A

! < DT T Vsq
S fa-we-0% N
|| Adaptive et
LMS
Algorithm

Fia. 6.4. Basic Block Diaaram of FD-NSLI PLL
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The vsqes: Calculated is given as input to the PI controller. The PI controller computes

the error in angular frequency (Aw). The error in angular frequency summed with the

natural frequency (w,) to get the estimated angular frequency

West = Wy + Aw (6.51)

The estimated frequency (w,;) is integrated to get the grid voltage angle (6,;) -

fwest dt = Ot (6-52)

The estimated voltage angle (6,;) is used to get the unit in-phase template and the
quadrature template for generation of reference signal. The templates sinf and cos6

can now be computed easily and used for synchronization process.
6.2 Simulation Results

Proper synchronization of inverter to the grid requires the use of PLL. The unit
template-based scheme can be realized as PLL but it doesn’t work well under distorted
grid conditions. This section discusses the simulation results of conventional and
adaptive PLL such as SRFT PLL, SOGI PLL, QB-FBNN PLL and FD-NSLI PLL under

different grid disturbances.

6.2.1 Performance Analysis with SRFT PLL

The performance of the PLL is observed under various grid voltage disturbances
such as voltage sag, swell, distorted grid, phase change and frequency change

conditions.

The waveforms of source voltage (vg), voltage magnitude v, (pu), frequency
(f), unit template (sin®), grid phase angle (8) are shown in Fig. 6.5 under voltage sag,

swell and distorted grid, phase change and frequency change conditions. It has been
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Fig. 6.5. Performance of SRFT algorithm as PLL under various grid conditions (a) voltage swell of
10% (b) voltage sag of 10% (c) 10% DC offset (d) Distorted Grid (e) phase change of 30° (f)
frequency change to 52 Hz in simulink
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found that the template obtained are perfectly sinusoidal and in phase with the grid

voltage under all disturbances of voltage sag, swell and distorted grid.

Under voltage swell of 10% in grid voltage as shown in Fig. 6.5 (a), it has been
observed that the SRFT PLL estimates voltage magnitude correctly and it is calculated
correctly within half cycle. The templates obtained are sinusoidal i.e. 8 and sin () is

estimated correctly. The frequency shows a little rise but settles down quickly to 50 Hz.

Under voltage sag of 10% in Fig. 6.5 (b), the voltage magnitude estimated by
SRF-PLL is calculated correctly with fast response. The templates obtained are

sinusoidal. The frequency shows a little dip and recovers quickly to 50 Hz.

Under distorted grid conditions when 20% harmonics are injected in to the grid
shown in Fig. 6.5(c), it is found that the SRFT PLL produces sinusoidal templates. The

estimated quantities vy, and frequency however show continuous oscillations.

The 10% DC offset is introduced in the grid voltage as shown in Fig. 6.5 (d).
The quantities vy,, f, 8 and sinf are estimated correctly by the PLL. The tracked

frequency and v,,; show large perturbations during DC offset.

The phase change of 30° is introduced in the grid supply voltage shown in Fig.
6.5 (e). It has been observed that the phase change has been tracked in 2 cycles for both
synchronizing template and frequency. However, a large dip and rise in frequency and

V4 are observed during this period.

The frequency change from 50Hz to 52Hz is simulated in the grid supply
voltage as shown in Fig. 6.5 (f). It has been observed that the large spikes are observed
in estimated frequency. The voltage and sinusoidal template are little bit out of phase

throughout. The frequency settles down after 2.5 cycles.
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The problem with SRFT PLL observed in simulation results is that the tracked

frequency shows continuous oscillations.

6.2.2 Performance Analysis with SOGI-PLL

The mitigation of voltage-based power quality problems existing in weak grid
conditions such as voltage sag, swell, DC offset, phase change and frequency change
conditions such as voltage sag, swell, DC offset, phase change and frequency change

are discussed in the below section with the help of designed SOGI-PLL.

Under 10% voltage sag and swell of 10% shown in Figs. 6.6 (a) and (b), it is
observed that voltage v, is estimated accurately within 2 cycles and the synchronising
template 8 and sinf are accurately tracked. The frequency shows very little

perturbations but soon settles down to 50 Hz.

Under harmonics (20%) in grid voltage from 0.4s to 0.5s shown in Fig. 6.6 (c),
the little oscillations in vy, and frequency are observed. The phase angle 6 is perfectly

tracked. The unit-in phase template sinf obtained is perfectly sinusoidal.

With 10% DC offset in Fig. 6.6 (d) in the supply voltage, tracking of v, and
frequency is observed. There are very negligible oscillations in v,; and tracked

frequency compared to SRFT PLL. The 8 and sinf are accurately tracked.

During phase change of 30° introduced in the grid voltage shown in Fig. 6.6(e),
a quite large deviation in voltage v, is observed and frequency and settles down to 50
Hz after 5 cycles. The synchronizing template i.e 8 and sinf are accurately tracked

after 2.5 cycles and sin@ is in phase with the grid voltage.

During frequency change of 2Hz (50Hz to 52Hz) introduced in the grid voltage
in Fig. 6.6 (f) it has been observed that there is large dip in magnitude of voltage and
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Fig. 6.6. Performance of SOGI PLL under various grid conditions (a) voltage swell of 10% (b)
voltage sag of 10% (c) 10% DC offset (d) Distorted Grid (e) phase change of 30° (f) frequency
chanae to 52Hz in simulink
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frequency estimated. The oscillations are also observed in voltage and frequency and
vsq and settles down after 5 cycles. Proper synchronising templates are generated after

2.5 cycles.

6.2.3 Performance Analysis with QB-FBNN PLL

The performance of QB-FBNN PLL is observed under various weak grid conditions
suffering from voltage quality problems such as voltage sag, swell, frequency, and

phase change and the results are shown in Fig. 6.7.

Under voltage swell of 10% from 0.25s to 0.35s, shown in Fig. 6.7 (a) the
voltage magnitude increases and is correctly estimated with fast response. The
frequency shows a little deviation from its 50Hz value and settles down to reference
with in less than half cycle. The synchronization template 6 and sinf are correctly

tracked

Under voltage sag of 10% from 0.1s to 0.2s, shown in Fig. 6.7 (b) the voltage
magnitude estimated decreases and is correctly measured and frequency show very little
deviation of 0.5Hz and soon settles down to 50Hz with in less than half cycle. The 6

and sin@ are perfectly sinusoidal and in phase with the voltage.

The phase change of 30° is introduced in grid voltage in Fig. 6.7 (c). The estimated
frequency shows a dip of 7Hz and voltage estimated shows a dip of 0.18pu. The
synchronizing template sin© deviates initially and then correctly estimates and come in
phase with the voltage within 3.5 cycles. This shows the effectiveness of the designed

PLL which works effectively.

The frequency change of 2Hz is observed in grid voltage in Fig. 6.7(d). The dip of

frequency and voltage magnitude is observed. The synchronizing template tracks within
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Fig. 6.7. Performance of QB-FBNN PLL under various grid conditions (a) voltage
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Distorted Grid to 52Hz in simulink
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3.5 cycles.

Under 20% harmonics injected in to the grid supply voltage in Fig. 6.7 (e), it has been
observed that the estimated voltage magnitude and the frequency shows minimal
oscillations compared to the above techniques. The 8 and sin 6 are perfectly sinusoidal

and in phase with the supply voltage

6.2.4 Performance Analysis with FD-NSLI PLL

The performance analysis of FD-NSLI PLL under weak grid conditions
suffering from voltage sag, swell, DC offset, harmonics, phase change and frequency
change is discussed. The performance evaluation is done on the basis of parameters

Vs, s, 15, 8, Vpc, sinf and frequency f shown in Fig. 6.8.

Under the voltage swell of 10% in grid voltage, it has been observed that the
voltage amplitude estimated increases. The frequency shows a little rise of 0.2Hz and
settles down to 50Hz again within 0.75 cycle. The synchronizing signal sin© is

sinusoidal and in phase with the supply voltage.

Under the voltage sag of 10% in grid voltage in Fig. 6.8 (b), it has been observed
that the voltage amplitude estimated decreases showing voltage sag properly. The
frequency shows a little dip of 0.2Hz and settles down to 50Hz again within 0.75 cycle.

The synchronizing signal sin© is sinusoidal and in phase with the supply voltage

Under distorted grid voltage having THD of 20% in Fig. 6.8(c), the estimated
synchronizing signal sin®© is sinusoidal and in phase with the voltage. The estimated

voltage magnitude and frequency show minimal perturbations under distorted grid.

The voltage shows 10% dc offset in grid voltage shown in Fig. 6.8 (d). The
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voltage magnitude and frequency tracked shows minimum oscillations during the

transient.

In Fig. 6.8 (e), under phase change of 30" introduced in supply the v, and f
exhibits a small deviation of 3V and settles down with in 1 cycle with zero steady state
error. The synchronization template is correctly tracked with in <1/2 cycle and is in

phase with the voltage.

In Fig. 6.8 (f), under frequency change of 2Hz is simulated from 1.43s to 2s, tracked
vsq and f show little deviation and minimal oscillations during change in frequency
and settles down with zero steady state error within 1 cycle. The synchronization

template 6 and sin@ are correctly tracked within 1 cycle and in phase with the voltage.

However, the new frequency is tracked effectively showing that the proposed

FD-NSLI controller works effectively as a PLL also.

6.3 Hardware Results

The section discusses the hardware results of conventional and adaptive PLLs
such as SRFT PLL, SOGI PLL, QB-FBNN PLL and FD-NSLI PLL under grid
disturbances such as voltage sag, voltage swell, DC offset, phase change and frequency

change conditions.

6.3.1 Performance Analysis with SRFT PLL

The performance of the PLL is observed under various grid voltage
disturbances such as voltage sag, swell, distorted grid, phase change and frequency

change conditions.

The waveforms of v , vy, f, sind, @ are shown in Fig. 6.9 under voltage sag,
swell and distorted grid, phase change and frequency change conditions. It has been
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found that the template obtained are perfectly sinusoidal and in phase with the grid

voltage under all disturbances of voltage sag, swell and distorted grid.

Under voltage swell and sag of 10% in grid voltage, a little dip in Af is observed
under sag and swell after that it returns to its normal condition instantly in 0.005 cycles.

The templates obtained are sinusoidal shown in Figs. 6.9 (a-b).

A frequency change of 2Hz is introduced in the grid supply voltage shown in
Fig. 6.9 (c). It has been observed that the template tracks the frequency change in 5-6

cycles.

The phase change of 30 is introduced in the grid supply voltage as shown in Fig.

6.9 (d). It has been observed that the template tracks the phase change after 3 cycles.

Under 20% harmonics in grid voltage, continuous oscillations in Af are observed.

The sin© obtained is perfectly sinusoidal shown in Fig. 6.9 (e).

In 10% DC offset oscillations in v, and frequency are observed. The sin6 appears

to be accurately tracked shown in Fig. 6.9(f)

6.3.2 Performance Analysis with SOGI-PLL

The performance of the SOGI PLL is observed under various grid voltage
disturbances such as voltage sag, swell, distorted grid, phase change and frequency

change conditions shown in Fig. 6.10.

Under voltage swell and sag of 10% in grid connected systems a little variation in Af
is observed under sag and swell after that the tracked frequency returns to its normal
condition with in 0.005 cycles. The templates obtained are sinusoidal shown in Fig.

6.10 (a) and Fig. 6.10 (b).
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218



The phase change of 30° is introduced in the grid supply voltage as shown in
Fig. 6.10 (c). It has been observed that the template tracks the phase change after 1

cycle.

The frequency change of 2Hz is introduced in the grid supply voltage shown in
Fig. 6.10 (d). It has been observed that the template tracks the frequency change in 1

cycle.

Under 20% harmonics in grid voltage, continuous oscillations in Af are
observed but the magnitude of oscillations is less than SRFT PLL shown in Fig. 6.10

(e). The sin© obtained is perfectly sinusoidal.

In 10% DC offset there is very minute oscillations in v, and frequency compared

to SRFT PLL. The 8 and sin@ are accurately tracked shown in Fig. 6.10 (f).

6.2.3 Performance Analysis with QB-FBNN PLL

The performance of QB-FBNN PLL is observed under various weak grid conditions
suffering from voltage quality problems such as voltage sag, swell, frequency, and

phase change.

Under voltage swell and sag of 10% under normal grid conditions, the voltage
magnitude also increases and decreases and is correctly estimated with fast response.
The synchronization template sin© is correctly tracked and is sinusoidal in shape shown

in Fig. 6.11 (a-b).

A phase angle change of 30° is introduced in the grid supply voltage shown in

Fig. 6.11 (c). It has been observed that the correct template is obtained after 2 cycles.

The frequency change of 2Hz is introduced in the grid supply voltage shown in

Fig. 6.11 (d). It has been observed that the template tracks the frequency change in 3-4
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Fig. 6.11. Dynamic performance results of QB-FBNN PLL under various grid conditions (a)
voltage swell of 10% (b) voltage sag of 10% (c) phase change of 30° (d) frequency change to 52Hz
(e) Distorted Grid on oscilloscope
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in 3-4 cycles.

Under 20% harmonics injected in to the grid supply voltage under sag and swell
in Fig. 6.11(e), the voltage magnitude also increases and decreases and is correctly
estimated with fast response. The synchronization template sin(©) is correctly tracked

and is sinusoidal in shape.

6.2.4 Performance Analysis with FD-NSLI PLL

Under the voltage swell of 10% in grid voltage shown in Fig. 6.12 (a), it has
been observed that the voltage amplitude estimated increases. The frequency Af shows
oscillations. The synchronizing signal sin© is sinusoidal and in phase with the supply

voltage.

Under the voltage sag of 10% in grid voltage shown in Fig. 6.12 (b), it has been
observed that the voltage amplitude estimated decreases showing voltage sag properly.
The frequency Af shows oscillations. The synchronizing signal sin© is sinusoidal and

in phase with the supply voltage

Under distorted grid voltage having THD of 20% in Fig. 6.12 (c). The estimated
synchronizing signal sin© is sinusoidal and in phase with the voltage. The voltage

magnitude and frequency estimated shows minimal oscillations under distorted grid.

The voltage shows 10% DC offset in grid voltage shown in Fig. 6.12 (d). The
estimated synchronizing signal sin© is sinusoidal and in phase with the voltage. The

voltage magnitude and frequency tracked shows perturbations during the transient.

The frequency change of 2Hz is observed in grid voltage in Fig. 6.12 (e). The dip

of frequency and voltage magnitude is observed. The synchronizing template tracks the
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the voltage correctly within 1 cycle.

The phase change of 30° is introduced in grid voltage in Fig. 6.12 (f). The

synchronizing template sin© deviates initially and then correctly estimates and come in
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Fig. 6.12. Dynamic performance results of FD-NSLI algorithm as PLL under various grid conditions
(a) voltage swell of 10% (b) voltage sag of 10% (c) Distorted Grid (d) 10% DC offset (e) phase
change of 30° (f) frequency change to 52Hz on oscilloscope
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phase with the voltage within 2-3 cycles. This shows the effectiveness of the designed

PLL which works effectively.

However, the new frequency is tracked effectively showing that the proposed

FD-NSLI controller works effectively as a PLL also.

6.3 Comparison Analysis of Different PLLs

Fig. 6.13 shows the comparison results for four PLLs viz. SOGI-PLL, SRFT-PLL,
proposed QB-FBNN and FD-NSLI based PLL. In Fig. 6.13 (a) shows the harmonics in
grid voltage having THD of 20%. It has been observed that the FD-NSLI PLL shows
very minute oscillations in frequency. SOGI-PLL and QB-FBNN PLL show minimal
oscillations and SRFT PLL shows very high amplitude oscillations hence poor
performance. Fig. 6.13 (b) shows the grid voltage with 10% offset. Frequency
estimation is observed in all the three cases. It has been found that SOGI PLL shows
minimal oscillations and the high spikes are observed in frequency estimation with
SRFT PLL; whereas QB-FBNN PLL does not work under DC offset. Fig. 6.13 (c)
shows the variations in frequency during Phase change of 30°. It has been found SRFT
shows the highest overshoot. FD-NSLI PLL shows medium overshoot whereas SOGI
PLL and QB-FBNN PLL shows the minimum overshoot. However, frequency in FD-
NSLI settles down very fast with in half cycle. Very minute oscillations are observed
in SOGI PLL. Fig. 6.13 (d) shows the frequency change of 50Hz to 52Hz, it has been
observed that SRFT PLL shows the highest overshoot in the beginning and then
continuous sustained oscillations during this duration. FD-NSLI shows medium

overshoot and SOGI PLL and QB FBNN PLL shows minimal overshoot. SOGI PLL
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also shows minimal oscillations during steady state and FD-NSLI shows almost no

oscillations.

Fig. 6.13 (e) shows the amplitude tracking (vsq = Vimagnituae) and the time taken by

PLLs to settle down to steady state value has been recorded. FD-NSLI PLL takes vey

less time to down settle down whereas SRFT PLL takes the highest time to settle down.

Table 6.1 shows the comparison analysis in simulink of different PLL techniques under

various weak grid condition parameters.

Table 6.1. Comparison analysis in simulink of different PLL techniques under
various weak grid conditions

in frequency
characteristics during
Phase change

S.No | Parameter FD-NSLI QB-FBNN | SOGI PLL | SRFT PLL
PLL PLL
1. Complexity Medium Low Medium Medium
2. Type Adaptive Adaptive Non- Non-
Adaptive Adaptive
3. Time taken for 0.75cycle | 0.5cycle 2 cycles 0.5 cycle
amplitude estimation
under voltage sag and
swell
4. Oscillations in Negligible | Minimum Medium Very High
frequency in distorted | Amplitude | Amplitude | Amplitude | Amplitude
grid Oscillations | Oscillations | Oscillations | Sustained
Oscillations
5. Oscillations in Negligible Does Not Medium | Very High
frequency during dc | Amplitude work Amplitude | Amplitude
offset Oscillations Sustained | Sustained
Oscillations | Oscillations
6. Oscillations in Negligible | Minimum Medium | Very High
Frequency during Amplitude | Amplitude | Amplitude | Amplitude
Frequency change and | Oscillations | Oscillations | Sustained | Sustained
Phase Change Oscillations | Oscillations
7. | Overshoot/Undershoot | Medium Low Low Very High
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frequency to track
Phase angle change

9. Time Taken by 0.5 cycle ~3.5 cycle 5 cycles 2.5 cycles

frequency to track
frequency change

10. Time Taken by 0.5cycle | ~3.5cycle 5 cycles 2 cycles

6.4 Conclusions

This chapter discusses the design, mathematical modelling and analysis of different
phase locked loop techniques viz SRFT PLL, SOGI PLL, FD-NSLI and QB-FBNN
PLL. All the phase locked loops have been designed for grid synchronization. The PLL
are designed to estimate grid phase angle, frequency change, voltage sag and swell
conditions as well as distorted grid conditions under same test conditions. The results
have been taken on Matlab-Simulink and validated through hardware studies. Detailed
control analysis for the developed techniques has been performed. The performance of
the system with FD-NSLI PLL gives the best results followed by QB-FBNN PLL,
SOGI and SRFT PLL. All the PLLs have been tested extensively for achieving for grid
synchronization under various test conditions such as voltage sag. swell, DC offset,
harmonics, phase change and frequency change. It has been observed that the FD-NSLI
PLL shows negligible oscillations in tracking frequency variations. QB-FBNN PLL and
SOGI-PLL shows some minimal oscillations and SRFT PLL shows very high
amplitude oscillations hence poor performance. Comparison of the new developed
PLLs with the conventional PLLs such as SOGI PLL and SRFT PLL have also been
discussed in detail. FD-NSLI PLL and QB-FBNN PLL show self-adaptive nature which
makes the PLL fast and avoids tuning it under several disturbances. The proposed FD-

NSLI PLL and QB-FNN PLLs are able to work as effective synchronization techniques
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under weak grid conditions. The experimental results obtained in the chapter match the

findings of the simulation results.
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CHAPTER-7

PERFORMANCE ANALYSIS OF PV INTERFACED
GRID CONNECTED SYSTEMS WITH BATTERY
SUPPORT

7.0 General

This chapter discusses design and analysis of a PV based system with battery
energy storage system connected to non-linear loads. The simulation of considered
system is performed in Matlab using Simulink in both grid connected and islanded
mode. The schematic diagram of PV based system with battery energy storage system
is shown in Fig. 7.1. In grid connected mode, the controller is designed to operate in
current control mode and performs shunt compensation and improves power factor of
supply currents to unity. In islanded mode, the controller is designed to operate in
voltage control mode. A Static Transfer Switch (STS) is used for bidirectional power
flow and seamless transfer is possible between both the modes. The battery dynamics
are controlled by bidirectional DC-DC converter. The flow of power between battery,
PV and grid is controlled to maintain the power balance. Performance aspects of this
integrated system are discussed with the Synchronous Reference Frame Theory (SRFT)

and Grid Sequence Separator (GSS) based developed controllers.

7.1 Performance Analysis of PV Interfaced Grid system with Battery

Support

The performance analysis in steady state and dynamic state characteristics of
PV interfaced with battery grid connected systems is discussed below. The following
controllers viz Synchronous Reference Frame Theory and Grid Sequence Separator

Based Control are discussed in detail.
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Fig. 7.1. Schematic diagram of battery interfaced PV integrated grid connected system

7.1.1 Synchronous Reference Frame Theory (SRFT)

The Synchronous Reference Frame theory-based control scheme is modelled and

simulated in MATLAB environment under both grid connected and islanding mode of

operation.

7.1.1.1 VSC in Current control Mode in the Grid Connected Case

A single-phase system can be represented as a two-phase orthogonal system in
af frame. The sensed grid connected current and voltages are taken in a frame. The
signals in B’ frame is generated by shifting the 'a’ frame by 90° lag. Using the above

approach, the load current in a8 frame is represented by
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iLCI! . lL(wt + ()0)
[im] (ot + o+

(7.0)
The stationary frame i, and i, is transformed to synchronously rotating frame
i14 and i;, by using Clark’s transformation matrix
[iLd] _ [sin wt —coswt] [im] (72)
lrq coswt  sinwt 1|lp '
where wt = 6 is input phase angle information of grid voltage signal.
The load current i;,; is decomposed to fundamental and harmonic active

component of load current and i, is decomposed to fundamental reactive and harmonic

component of load current using appropriate low pass filters.

iLa = Tpa *+ 1q (7.3)

iLqg = Tq tirg (7.4)
The fundamental component is thus extracted with the help of LPF and the load

harmonics and the reactive power components are contributed by Shunt Active Power

Filter. Thus, the controller is designed such that the supply current must meets the

fundamental ‘d” component of the load current and the ‘q’ component of load current

is completely met by the compensator.

i —

i) =[5 (75

The reference source currents are produced by taking the inverse of Equation (7.2)

- T ’0

i* . _

['ia] _ [ sin wt cgswt [lLd] (7.7)
lsp —coswt  sinwtdl 0

However, a loss term i, IS incorporated in Equation (7.8)

itp = Tqa + lLoss (7.8)
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The i;,ss 1S provided by the source current to maintain the constant DC link voltage
and to meet the losses in the SAPF. The schematic diagram showing current control

mode is shown in Fig. 7.2.

i;a'] _ [ sin wt coswt] [ﬂ + iLOSS] (7.9)
isp —coswt  sinwt 0 '

The PV and Battery contributions Viz ipy s and ipqecsr are reflected on the grid side

and shown as

2*va

boofr = 5" (7.10)

2+Ppart

Ipattrf = v (7.11)
The total current drawn from the grid is obtained by

it = lpest — lpvrf — lbattff (7.12)
iy =i *sinf (7.13)
The difference between the actual source current and the reference source current is

given to the hysteresis controller for the generation of pulses in current control mode

e, = i3 — i (7.14)
7.1.1.2 VSC in Voltage Control Mode in Islanding Case

The aim of the islanded control is to work well when there is grid failure. A smooth
transition from grid connected to islanded mode is always desired. The control diagram
of the microgrid showing transition and voltage control mode in islanding case is shown

in Fig. 7.2.

The controller action decides whether to operate the PV based battery integrated system
either in islanding mode or grid connected mode. The magnitude (v;) and frequency

(fs) generated by the grid must be comparable with that generated by load voltage (v;)
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Fig. 7.2. Control Diagram of SRFT based Microgrid

and frequency (f;,) measured at PCC.

If the voltage and frequency of supply/grid are within the range (i.e.
0.9 < vg(pu) < 1.05 and 49.2Hz < f; < 50.2Hz) then ‘1’ signal is given to the STS
and when mismatch takes place then ‘0’ signal is given to the STS, STS=1 denotes grid
connected mode while STS=0 denotes islanded mode as shown in Fig. 7.2. A seamless
transition to islanding mode is achieved as illustrated in flow chart in Fig. 7.3 (a) and
graphical representation in Fig. 7.3 (b). In islanded mode, the reference PCC voltage is

generated as

v = Vi Sinwt (7.15)
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The controller action decides whether to operate the PV based battery integrated system
either in islanding mode or grid connected mode. The magnitude (vy) and frequency
(fs) generated by the grid must be comparable with that generated by load voltage (v;)
and frequency (f ) measured at PCC.

The PCC voltage (v,) generated is compared with the sensed PCC Voltage and is fed

to the PI controller and generates the reference VSC current.

e, =V, — v (7.16)

The PI controller output at ‘m’ instant is calculated as
ipse (m) = ipse (m—-1)+ va{vL (m) — vy (m — 1)}+vaz (7.17)

The reference VSC current is compared with the sensed VSC current and given to the

hysteresis controller for the generation of PWM pulses. This is depicted in Fig. 7.2.
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7.1.3 Synchronization Controller for grid voltage and load voltage

It is used to generate 6, and 6, of load voltage and supply voltage
simultaneously. The grid voltage and load voltage are used to compare the magnitude,
phase angle and grid frequency by phase locked loop techniques. The schematic

diagram of the synchronization controller is shown in Fig. 7.4.

Using the single-phase voltage (Vi) two orthogonal signals (vsq,vss) —are

generated from the single-phase voltage. The single-phase input from the grid voltage

Vgo = Vp, Sin wt (7.18)

The delayed signal is given by
Vsp = Vi sin(wt + g) (7.19)

The orthogonal voltages are converted in to dg reference frame using Park

transformation

[Vsd] _ [sin wt —cosa)t] [Usa] (7.20)

Usql T lcoswt  sinwt 1|Vss
vgq Contains the information about the amplitude of the grid voltage and v,
gives the information about the phase angle error. During ideal grid conditions when

there are no harmonics and distortions, the estimated phase angle (€) is equal to the grid

angle (wt).
Vsq = cos(wt — 0) (7.21)
Vsq = Sin(wt — 0) (7.22)

The PLL is synchronized when the phase angle error is zero i.e. phase angle tracked
by PLL is close to the actual voltage angle then the PLL is said to be locked, then

sin(wt —0) = (wt —0) .
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Fig. 7.4. Synchronization Controller for SRFT PLL

Vsq = (wt — 6) (7.23)

The PI controller is used to eliminate the steady state error and the output is fed
back to generate the angle and sine values. It has been observed that any error in phase

angle lock process will get reflected in g term.

v,q Obtained is applied as input to the PI controller whose output provides the

error in angular frequency (Aw). This angular frequency error is added to the natural

frequency (w;) to get the estimated angular frequency

West = Wy + Aw (7.24)

The estimated frequency (w,s;) is integrated to get the grid voltage angle (8,;) -
fwest dt = O, (7.25)
The estimated voltage angle (6,;) is used to get the unit in-phase template and the

quadrature template for generation of reference signal.

West = 2 % pi * fs (7-26)
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The estimated source phase angle (6, ) is compared with the load phase angle
(6,) to detect the difference, the PLL voltage is compared with the load voltage
magnitude and the £, is compared with the f,. If they are found to be in mentioned
operating range then the grid connected mode is maintained otherwise control shifts to

islanded mode.

7.2.2 Grid Sequence Separator (GSS)
The Grid Sequence Separator based control scheme is modelled and simulated

in MATLAB environment under both grid connected and islanded mode of operation.

7.2.2.1 Current Control Mode in the Grid Connected Case

Grid Sequence Separator (GSS) based controller works on the principle of
Delayed Signal Cancellation Technigue. Here the time delayed version of the signal in
dg frame is added to its actual signal to cancel the effect of individual harmonics. The

control diagram is shown in Fig. 7.5.

. . . T,
ifaq = 2 [i2aq () + inag (£ = 2)] (7.27)
where T, is the fundamental time period of the load current and n is the delay

factor. The load current consisting of harmonic order h’ can be defined in dq frame as
i = I, cos(h'wt) (7.28)
il = I, sin(h'wt) (7.29)
where h' = h — 1, h represents harmonic order in a8 frame.

From (7.27), (7.28) and (7.29) and using trigonometric properties we get

iLag = In [cos (h’wt - h;l—”) + j sin (h’wt - h;—n)] cos (h;—n) (7.30)
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Representing the above equation (7.30) in Euler form and polar form we get

!

i = cos(hn—”) e el et (7.31)
= cos (M),

= cos( - )A - (7.32)

By selecting the suitable value of n and h’, the required harmonics can be

removed. It has been found that the harmonic order h’ in dg frame is one less than h

when studied in a¢f frame. Therefore, fifth harmonic in af frame is removed when

h' = —6 and n=4. Similarly, the 11th harmonic in af frame is removed when h' =

—12 and n=8.

GSS controller is transformed again to af frame from dq frame

llm ®] . lLa (t)l l“’s Ch —sin &) il (e-3) (7.33)

i () B irs(®) ] | sin (27”) cos (Zf) [ifﬁ (t - %)]

The estimated current from the GSS controller is calculated as

lLest = /ilz,a + ilz,ﬁ (7-34)

The PV and Battery contribution reflected in the grid is shown by

Z*Pp,,

ipyrr = (7.35)

Ipattff = % (7.36)

The total current drawn from the grid is obtained by

It = lpest — ipvff - ibattff (7.37)

iy =i, *sinf (7.38)
The difference between the actual source current and the reference source current

is given to the hysteresis controller for the generation of pulses in current control mode
e, =i — i (7.39)
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7.2.2.2 VSC in Voltage Control in Islanding mode

The aim of the designed controller is to have smooth transition from grid
connected to islanded mode. The controller is used to operate the PV Based Battery
integrated system either in islanding mode and grid connected mode. The magnitude
(vs) and frequency (f;) generated by the grid must be comparable with that generated

by load voltage (v,) and frequency (f;,) measured at PCC.

If the voltage and frequency are within the range (i.e., 0.9 < V,(pu) < 1.05
and 49.2Hz < f; < 50.2Hz) then ‘1’ signal is given to the STS and when mismatch
takes place then ‘0’ signal is given to the STS and seamless transition to islanding mode
is achieved as illustrated in flow chart above in Fig. 7.3. Inislanded mode, the reference

PCC voltage is generated as

vy = VL sinwt (7.40)
The PCC voltage (v,) generated is compared with the sensed PCC Voltage and

is fed to the PI controller and generates the reference VSC current.

Ve = V] — Uy, (7.43)

The PI controller output at ‘m’ instant is calculated as
iysc (m) = ipse (m—-1)+ va{veL (m) — Vel (m— 1)}+Kivv;L (7.44)

The reference VSC current is compared with the sensed VSC current and given

to the hysteresis controller for generation of PWM pulses.

7.2.2.3 Design of Synchronization Controller
It is used to generate 6, and 6, of load voltage and supply voltage

simultaneously. The grid voltage and load voltage are used to compare the magnitude,
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phase angle and grid frequency by Phase Locked Loop Techniques. The schematic

diagram of the synchronization controller is shown in Fig. 7.6.

Grid Sequence Separator (GSS) PLL in aff frame is represented as

To

vk () 1 va (t)]|cos (— —sin (2?”) vl (t — ;)
G m, | Al (7.45)

vg'(t) UB (]| sin (—) cos () | v (t _ ;o)

The orthogonal voltages are converted in to dq reference frame using Park

transformation
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[vd] _ [sin wt —coswt] [EZ] (7.46)

Vq coswt  sinwt

vgq CONtains the information about the amplitude of the grid voltage and v,
gives the information about the phase angle error. During ideal grid conditions when

there are no harmonics and distortions, the estimated phase angle () is equal to the grid

angle (wt).
Vgq = cos(wt — 0) (7.47)
Vsq = Sin(wt — 6) (7.48)

The PLL is synchronized when the phase angle error is zero i.e phase angle
tracked by PLL is closed to actual voltage angle and we say that PLL is locked, then

sin(wt —0) = (wt —0) .

Vsq = (wt — 6) (7.49)
The PI controller is used to eliminate the steady state error and the output is fed
back to generate the angle and sine/ cosine values of the tracked angle. It has been

observed that any error in phase angle lock process will get reflected in V, term

V, is applied as input to the PI controller whose output provides the error in

angular frequency (Aw). This angular frequency error is added to the natural frequency

(wy) to get the estimated angular frequency

West = Wy + Aw (7.50)

The estimated frequency (w,g;) 1S integrated to get the grid voltage angle (6,;) .

fwest dt = Ot (7.51)
The estimated voltage angle (6, ) is used to get the unit in-phase template and

the quadrature template for generation of reference signal.
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West = 2 % Pi * f; (7.52)

The estimated source phase angle (6;) is compared with the load phase angle
(6,) to detect the range, the source voltage is compared with the load voltage magnitude
and the f; is compared with the f;. If they are in given operating range then the grid

connected mode is maintained otherwise islanded mode is achieved.

Fig. 7.6. Synchronization Controller for GSS-PLL

7.2 Simulation Results

This section discusses the performance aspects of SRFT and GSS based controller in
PV interfaced battery connected system. The three PV Kyocera 320G X-LPB panels of
750W capacity is used delivering 660W at the DC link of inverter after double stage
topology switching losses. The lead acid battery of 120V, 20Ah capacity is used and
load of 7.5€Q2 and 40mH inductor is used. The active power demand of load is around
650W and after load increase the active power demand of load increases to 900W. The

performance analysis under both grid connected and islanding mode is discussed.

7.2.1 Performance Analysis with SRFT Controller

7.2.1.1 Simulation response of PV-BES System in Grid connected and Islanded

Mode
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Fig. 7.7 shows the performance analysis of SRFT controller under grid
connected and islanded mode. The response of waveforms of solar irradiation G (/,.,.),
source voltage (vg), source current (ig), load current (i), DC Link voltage (V;.),

compensator current (ir) and PCC voltage (V) are recorded.

In grid connected mode with solar irradiation intensity of 1000 W/m? till 0.3s,
the synchronization controller sends the ‘1’ signal to the Static Transfer Switch (STS).
The VSC is working in current control mode and the performs the function of shunt
compensation. The source current is sinusoidal and in phase with the voltage. The THD
in source current in SRFT controller is 2.18% when the load current THD is 29.19%

shown in Fig. 7.8. The PCC voltage is sinusoidal. The DC link voltage is maintained at
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Mode with Py of " ofintensity 800 1121 4ing Mode with PV of :
oce Wi > Wim intensity 400 W/m® with PV
intensity 1000 W/m ! ity disconnected

1000 : . . : . : .
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0r i
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Time (s)
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Fig. 7.7. Steady state voltage waveforms of SRFT controller under grid connected and
islanded mode
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Fig. 7.8. THD of SRFT controller for (a) source voltage (vs) (b) source current (i) and (c)
load current (i;,) under non-linear load conditions in simulink

200V. The load needs 650W of power. Its 450W power is met by the source and
remaining 200W is met by the PV. Remaining power of around 460W is used for

charging the battery.

From 0.3s onwards, the grid is disconnected and performance of the system is
discussed under islanded mode with varying PV irradiation intensity of 800W/m? and

2

400W/m?. The synchronization controller sends the ‘0’ signal to the Static Transfer
Switch and the mode shifts from current control mode to islanding mode without any

oscillations and transients.

Under islanding mode with solar irradiation intensity of 800W/m? from 0.3s to
0.4s shown in Fig. 7.9 and Fig. 7.10, the load demand of 550W is completely met by
the PV array of 550W. It is observed that the I, .. is approximately zero and SOC is

almost constant at 89.99998. The battery is neither charging nor discharging.

Under islanding mode with solar irradiation intensity of 400W/m? from 0.4s to
0.6s, the load demand of 500W is shared by both the PV source of 250W and the battery
power of 250W. The increase in load is made from 0.45s to 0.55s, it has been found
that the load power of 800W is met by the battery power of 500 W and PV power of

300W. The extra load is removed at 0.55s, and the load power condition of 500W is
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again resumed.

After 0.6s, islanding mode with no PV irradiation is simulated load demand is
met completely by the battery. The SOC is decreasing from 89.99999 to 89.99995. The
Ipqee 1S discharging with current of 8A and the battery voltage is decreasing. The total
connected load is met by the battery. I, is discharging with current of 8A and the

battery voltage is decreasing. The total connected load is met by the battery.

7.2.2 Performance Analysis with GSS Controller

7.2.2.1 Simulation Response of PV-BES System in Grid connected and Islanded
Modes

Fig. 7.11 shows the performance of PV-BES system under grid connected and
islanded mode. The results of solar irradiation G (I,.,-), source voltage (v,), source

current (i), load current (i), DC Link voltage (V;.), compensator current (i) and PCC

voltage (v,) are recorded.

Fig. 7.11 shows the results in grid connected mode with solar irradiation
intensity of 1000W/m? till 0.3s. The source current is sinusoidal and in phase with the
voltage. It meets the required load demand. The THD of source current in GSS
controller is 1.86% when the load current THD is 29.19% The PCC voltage is also
sinusoidal. The DC link voltage is maintained at 200 V value. In grid connected mode,
the battery current is negative, which signifies charging mode. This is shown in Fig.
7.13. The battery voltage increases and the SOC is also linearly increasing as shown in
Fig. 7.13. In grid connected mode shown in Fig. 7.14, the load power of 600 W is met
by the grid power of 400W and 200W by PV power. The remaining PV power of 500

W is used for charging the battery.
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Fig. 7.11. Steady state voltage waveforms under grid connected and islanded mode
of GSS controller for developed system

The synchronization controller sends the ‘0’ signal to the Static Transfer Switch
(STS) and islanding is achieved smoothly i.e., without any transients in voltage and

current.

In islanding mode with 800W/m? from 0.3s to 0.4s, v, and iy are not present
due to grid failure. The load power of 500W is completely met by the PV power of

500W. The battery is delivering zero power. SOC is maintained constant.

In islanding mode with 400W/m? from 0.4s to 0.6s, the battery is discharging
with 2A current source. SOC also decreases slightly. The load power is shared by the
PV power of 300W and battery power of 200W till 0.45s. The load is increased at 0.45s

to 0.55s, it has been found that the load power of 800W is met by the battery power of
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500W and PV power of 300W. The extra load is removed at 0.55s, and the load power

condition of 500W is again resumed.

From 0.6s to 0.7s, the islanding mode is achieved with PV disconnected. The

load demand of 500W is met completely by the battery power of 500W.
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Fig. 7.12. THD of GSS controller for (a) source voltage (vg) (b) source current (i)
and (c) load current (i;) under non-linear load conditions in simulink
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Fig. 7.13. Steady state intermediate waveforms of GSS based Controller for
developed system
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7.4 Comparison Evaluation of Proposed Control Schemes

The comparison analysis of the developed algorithms viz SRFT and GSS

controller for shunt compensation in grid connected mode under load variation is shown
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Fig. 7.15 Comparison of weight convergence analysis during load variations of
different control algorithms in grid connected mode
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in Fig. 7.15. The comparison is based on the various important parameters such as
convergence rate, THD of supply current, settling time, oscillations and response time.
The GSS controller shows fast transient response hence faster convergence rate and
response time. It has negligible oscillations in steady state and dynamic state where as
SRFT controller shows continuous oscillations under both steady state and dynamic
state. The settling time of GSS PLL is at 0.05s whereas of SRFT PLL is 0.07s. The

THD of GSS controller is 1.86% and THD of SRFT controller is 2.18%.

7.5 Conclusions

This chapter discusses the simulation, design and performance analysis of PV
interfaced battery connected system in grid connected and islanding mode. The grid
mode operation is discussed in current control mode and islanding operation is
discussed in voltage control mode. The SRFT and Grid Sequence Separator (GSS)
control are discussed in detail for both the modes. Simulation results have been shown
for the improvement of PQ of PV interfaced battery system. Simulation test results have
been taken for varying solar irradiation in both the modes under non-linear load
conditions. The detailed analysis of GSS-control has been discussed in this chapter.
Results show that the working of GSS control shows fast transient response hence faster
convergence rate and response time during grid connected mode than SRFT control
with THD in source current as 1.86%. Results show that the working of both the control

in islanded mode are quite similar in performance aspects.
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CHAPTER-8

CONCLUSIONS AND FUTURE SCOPE OF WORK

The main objective of the thesis work is to mitigate power quality problems in single-
phase and three-phase grid connected distribution systems. The non-linear loads in PV
integrated systems deteriorate the grid current and grid voltage. The mitigation
objective is achieved by developing adaptive control algorithms for power quality
improvement. Adaptive Phase locked Loop Techniques are developed under weak grid
conditions of voltage sag, swell, DC-offset, frequency change and phase change.
Simulation and hardware results have been performed to verify the efficiency of the
control algorithms under various loading conditions i.e non-linear load, mixed loading
conditions and linear loading conditions. The conclusion of the thesis work is discussed

in the next section

8.1 Conclusions

Chapter 1 presents the introduction of the thesis work, which discusses the power
quality issues in grid voltage and grid current due to non-linear loads in distribution

systems and the state of art techniques to mitigate these power quality problems.

Chapter 2 discusses the literature review on current based power quality problems in
single phase and three phase grid connected systems, phase locked loop techniques in
weak grid connected systems and PV integrated battery connected systems in grid

connected and islanding mode.

Chapter 3 discusses the design and analysis of PV integrated grid connected systems
The configuration of SAPF, its design parameters and figures in single phase and three

phase PV integrated grid connected systems. The design of PV array, inductor and
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capacitor of boost converter and battery integrated grid connected systems parameters

are discussed.

Chapter 4 This chapter discusses the design and development of four control algorithms
viz SRFT, SOGI, TFLNN and LFNN controller for shunt compensation in PV integrated
grid connected systems. The performance is tested under both Matlab Simulink
developed model and on hardware setup in the laboratory. The performance analysis is
discussed under different loading conditions i.e., linear, non-linear and mixed loading
conditions along with changing solar irradiation conditions. The performance of the
functional NN algorithms is compared with conventional algorithms viz SRFT and
SOGI. The proposed LFNN and TFLNN algorithms are designed on the basis of
functional series expansion and hence they are simple to implement and need less
computation. A few terms of these expansion series have been found to be suitable and
sufficient. These functional NNs have further been made adaptive. The real time training
of the algorithms is done by LMS algorithm. It overcomes the need of PLL
synchronization, Park—Clark transformation techniques as in conventional algorithms
such as SRFT. The SRFT and SOGI techniques require transformation blocks and
require tuning of gain constants to obtain the best response. Finally, a fair comparison
of all the algorithms is performed the tracking performance of all the algorithms are
performed under dynamic load variations. The proposed new algorithms LFNN and
TFLNN meet the stipulated level of THD of below 5% for SAPF operation. Further, the

performance of these algorithms is quite satisfactory under PV integration also.

Chapter 5 discusses the design mathematical modelling and analysis of algorithms viz
Three Phase SRFT, DSOGI, AVSF and CB-FEBAF. The results have been taken on
Matlab Simulink software and validated through hardware studies. The results

without/with PV integration on three phase systems have been tested under linear load,
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non-linear load and mixed loading conditions. Detailed control analysis for the
developed systems is shown in the Chapter. The performance of the system with CB-
FEBAF gives the best results followed by AVSF, DSOGI and Three Phase SRFT.
Performance with the Three Phase SRFT technique shows continuous sustained
oscillations in extracted current waveform in steady state and dynamic state conditions.
The AVSF and CB-FEBAF algorithms are based on the functional expansion of the
input and also made robust and adaptive by updating coefficients by LMS algorithm.
The real time training helps to track the changes faster and give quick response under
different loading conditions and irradiation conditions. The CB-FEBAF algorithm
shows very fast transient response and almost no oscillations in steady state and dynamic
state behavior. The AVSF and CB-FEBAF techniques are real time adaptive in nature
therefore overcome the drawbacks of conventional time domain algorithms, SRFT and
SOGI of tuning gain parameters ‘K’. The functional techniques developed do not need
PLL for generation of unit templates which make the algorithm complex. Hardware

results are also in agreement with the simulation results.

Chapter 6 discusses the design mathematical modelling and analysis of
algorithms viz SRFT PLL, SOGI PLL, FD-NSLI and QB-FBNN PLL and these
algorithms have been designed for grid synchronization. The results have been taken
on Matlab-Simulink and validated through hardware studies. Detailed control analysis
for the developed systems has been done. The performance of the system with FD-
NSLI PLL gives the best results followed by QB-FBNN PLL, SOGI and SRFT PLL.
All the algorithms for PLL have been tested extensively for achieving grid
synchronization under various test conditions. It has been observed that the FD-NSLI
PLL shows almost no oscillations in tracking frequency, QB-FBNN PLL and SOGI-

PLL show minimal oscillations and SRFT PLL shows very high amplitude oscillations
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hence poor performance. Comparison with the conventional algorithms such as SOGI-
PLL and SRFT PLL has also been discussed in detail in the chapter. The PLL are
designed to estimate grid phase angle, frequency change, voltage sag and swell
conditions as well as distorted grid conditions. Self-adaptive nature of the designed
PLLs makes the controller fast and avoids tuning it under several disturbances thereby
making the synchronization control effective. The experimental results obtained in both

the cases match the findings of the simulation results.

Chapter 7 discusses the simulation, design and performance analysis of PV
interfaced battery connected system in grid connected and islanding mode is discussed.
The grid mode operation is discussed in current control mode and islanding operation
is discussed in voltage control mode. The SRFT and Grid Sequence Separator (GSS)
PLL control are developed and discussed in detail in both the modes. Simulation results

have been shown for the improvement of PQ of PV interfaced battery system.

8.2 Future Scope of Work

The thesis work has discussed the design and mathematical model analysis of shunt
compensation in single phase and three phase PV integrated grid connected systems. It
also discusses design and analysis of different Phase locked loop techniques in weak
grid connected systems. Further PV integrated battery systems are also designed and

discussed in grid connected and islanding mode.

The PV integrated systems have been developed using Matlab Software. This work can
be extended in hardware mode too. New control algorithms can be developed and tested
for grid synchronization, large interconnected systems and work can be extended to
larger size and multi machine systems. Stability aspects of different control algorithms

can also be thoroughly investigated as an extension of this thesis.
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APPENDIX

Appendix |
Design Parameters of Single-Phase Grid Connected System
Simulation Parameters

Grid supply voltage: 110 V (rms), 1-phase, 50 Hz, interfacing inductor: 3 mH,
reference DC bus voltage =200 V, non-linear load rating: 1-phase 2-leg diode bridge
rectifier connected to Ry;1=7.5 Q, Ly;1=40 mH, Ry;,= 15 Q, linear load rating: R; =
15 Q, L,= 80 mH, R=15 Q, Mixed Loading: R, = 7.5 Q, L, =40 mH, supply side
inductor L, : 1 x 10~°, DC bus capacitance: 3000 pF, PV panel specifications: Kyocera
Solar KD250GX-LFB2, maximum power B,,, = 250.022 W, open circuit voltage V,.
=36.9 V, short circuit current I, =9.09 A, maximum voltage, V,,,=29.8V,
maximum current I, =8.39 A, series connected module per string=3, cells per
module =60, parallel solar strings=1, temperature coefficient of voltage (%/°C)

=—0.32, temperature coefficient of current (%/°C) =0.06, sampling time: 5 Us.

Experimental parameters

Grid supply voltage: 110V (rms), 1-phase, 50 Hz, SAPF rating: 1.5 kVA,
interfacing inductor: 3 mH, non-linear load rating: 1- phase 2-leg diode bridge rectifier
connected to resistive load : 250 V, 24 A, inductive load: 80 mH, 15 mA, reference DC
bus voltage =200 V, DC bus capacitance: 3000 pF, PV panel specifications: EN50530,
irradiation: 1000 W/m2 , Pmp= 500 W (3-phase), 166 W (per-phase), temperature

coefficient of voltage (%/°C) =—0.38, sampling time = 50 .

APPENDIX 11

Design Parameters of Three-Phase Grid Connected System
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Simulation Parameters

Grid supply voltage: 110 V (rms), 1-phase, 50 Hz, interfacing inductor (Lf): 1
mH, reference DC bus voltage (V;.) =200 V, non-linear load rating: 3-phase 3-leg
diode bridge rectifier connected to Ry;1="7.5 Q, Ly;1=40 mH, Ry;,= 15 Q, linear load
rating: P=1000 W, Q.= 500 VAR, Mixed Load Rating: P=1000 W, Q.= 500 VAR,
supply side inductor Ls : 1x10-6, DC bus capacitance: 3000 pF, PV panel

specifications: Kyocera Solar KD250GX-LFB2, maximum power B, = 250.022 W,

open circuit voltage V,. =36.9 V, short circuit current I, =9.09 A, maximum voltage,
Vinp =29.8 V, maximum current I,,,,, = 8.39 A, series connected module per string =3,

cells per module =60, parallel solar strings=1, temperature coefficient of voltage

(%/°C) =—0.32, temperature coefficient of current (%/°C) = 0.06, sampling time: 5 Ys.

Experimental Parameters

Grid Supply voltage (v;) : 110 V (rms) 3-¢, 50 Hz, SAPF rating: 10 kVA,
Interfacing Inductor (L¢): 1 mH, Reference DC Voltage (V;.)=200 V, Non-Linear Load

Rating: Diode-bridge rectifier feeding Resistive Load: 6 kW, 24 A, Inductive Load:
80mH, 15mA, Linear Load Rating:15 kVA, pf: 0.7 to 1, DC bus Capacitance: 1640uF,
Chroma PV Simulator: PV panel Specifications: EN50530, Solar Irradiation:1000

W /m? P,,,=300W, Temperature Coefficient of Voltage (%/°C)=-0.38.

Appendix I
Design Parameters of Battery Interfaced PV integrated Grid Connected System
Simulation Parameters

Grid supply voltage: 110 V (rms), 1-phase, 50 Hz, Interfacing inductor: (L¢): 3

mH, reference DC bus voltage (V;.)=200 V, non-linear load rating: 1-phase 2-leg
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diode bridge rectifier connected to Ry;1= 7.5 Q, Ly;1= 40 mH, Ry;,= 15 Q, Supply
side inductor Ls : 1 x 10—6, DC bus capacitance: 3000 pF, PV panel specifications:

Kyocera Solar KD250GX-LFB2, maximum power B,, = 250.022 W, open circuit
voltage V,, =36.9 V, short circuit current I, =9.09 A, maximum voltage, V;,,,, =29.8
V, maximum current I,,,,, =8.39 A, series connected module per string= 3, cells per

module =60, parallel solar strings=1, temperature coefficient of voltage (%/°C)
=—0.32, temperature coefficient of current (%/°C) = 0.06, sampling time: 5 s. Battery
specifications: Lead Acid Battery 120 V, 20 Ah, Initial State of charge=90%, Battery

response time=0.1s, L,=3 mH
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