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ABSTRACT

Energy is one of the most important, indicative parameters for the economic and
industrial development of a country. It is expected that in coming years world energy
consumption will be significantly higher than at present. Most of the power produced
across the world is from conventional sources. The adverse effect of power generation
from these conventional sources has led to alternative renewable energy sources (RES)
of power generation. Therefore, the role of RES has increased considerably in current
years due to increasing energy demand with minimum ecological impact. Renewable
energy sources (RES) such as solar, wind, geothermal, tidal, and hydrogen energy etc.
are progressively emerging as a sustainable and cost-effective way to satisfy power
demand. Furthermore, due to technological improvements, abundant availability, and
satisfactory performance, solar energy is emerging as one of the most popular
renewable energy source. For the SPV system to operate reliably and effectively, other

energy sources such as wind, fuel cells, batteries, etc., can be integrated with it.

The power generated by the SPV system can either be integrated into the utility grid or
used by the local loads in the microgrid. Microgrid is a collection of distributed
generation (DG), renewable energy sources, and local loads connected to the utility
grid. Since the SPV power generation is near to the load, the microgrid offers various

advantages, viz. efficiency, lower transmission losses, as well as increased stability.

A grid-integrated microgrid offers a way to manage local loads and generation. It could
increase the system's overall effectiveness, power quality, and availability of energy for
vital loads. Therefore, for developing efficient and cost-effective SPV systems, the

study, analysis and control of SPV-based microgrids need to be performed.

In the present work, “Control and performance analysis of RES based microgrid”, a
system approach is considered for efficient design, development and control of

microgrid to provide reliable and good quality.

A 10.25 kW, two-stage, three-phase grid integrated SPV based microgrid is designed
and developed. In the developed, grid-connected SPV-based microgrid, the output

power of the SPV array is governed by a maximum power point tracking (MPPT)
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algorithm by controlling the switching of DC-DC boost converter. The output of the
boost converter is coupled to DC link voltage of the voltage source converter (VSC),
which is interfaced to the grid at the point of common coupling (PCC). The voltage
source converters (VSC), supplies the power produced from the SPV system to the
appropriate voltage and frequency, as well as maintain the power balance between the
SPV system, load, and grid.

Grid integration/synchronization of SPV system is accomplished using the VSC control
algorithm, which regulates the operation of VSC to ensure efficient performance.
Furthermore, VSC, operating under unity power factor (UPF) mode of operation,
control the output of the VSC thus improve the power quality at the PCC by
compensating the reactive power, harmonics, and load unbalancing along with the

overall efficiency.

In this work, various VSC control algorithms viz. conventional synchronous reference
frame (SRF) theory, instantaneous reactive power theory (IRPT), unit template and
adaptive least mean logarithmic (LMS) based control algorithm have been
implemented. Furthermore, it has been observed that overshoots/undershooting, settling
time, and oscillations under the dynamic condition in their responses are inevitable with
these conventional control algorithms while regulating the DC-link voltage and
estimating the fundamental active component of the load current. Additionally power
quality issues that affect the distribution grid and consumers viz. unbalance load, low
power factor, and excessive reactive power demand are power quality related issues
that are observed due to power electronics-based technology. A rise in power
electronics-based loads leads to poor power quality at the power distribution. These
nonlinear loads produce a harmonic current that circulates to other coupled loads at the
point of interconnection (PCC). To address the aforementioned issues, an intelligence-
based novel modified SRF control algorithm, and adaptive-filter based variable step
size least mean logarithmic (VSSLMS), and robust least mean logarithmic square
(RLMLS) control algorithms for VSC are designed and developed. The simulation
studies for the considered system have been carried out using proposed algorithms,
under different operating conditions to validate the feasibility of the proposed control

algorithm.
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All the above-aforementioned control algorithms have been designed and developed in
MATLAB /Simulink environment. The performance of the proposed control algorithms
has been thoroughly investigated using simulation studies and experimentally on the
prototype hardware developed in the laboratory. Due to laboratory resource limitations,
adaptive control algorithms of VSC are tested in real time on the prototype hardware
set-up of DSTATCOM developed in the laboratory using a Micro-Lab box(dSPACE-
1202). The various performance parameters are measured and analysed using FLUKE
PQ Analyzer. Furthermore, the design and selection of various components viz.
interfacing inductors, DC link capacitor, voltage sensing circuits, current sensing
circuits, linear, reactive and nonlinear loads to be compensated, are also required for
the prototype hardware set-up in the laboratory.

Despite the benefits of solar PV power generation, they also pose some risks, such as
unintended islanding, safety concerns, reverse power flow, etc. As a result, the grid
integration of DG necessitates protection and safety concerns in the distribution

network.

The detection of the island operations of distributed generators has become very
important, in order to ensure the safety of service personnel and electrical components.
Microgrid islanding arises as a consequence of faults, breakers accidentally tripping,
resulting in a significant threat to the safety of staff, damage to the equipment of
utilities, consumers, loss of control over voltage and frequency, etc. Islanding refers to
a situation where energized DGs are disconnected from the bulk power grid, providing
power only to the local loads for the time being. A comprehensive review, analysis and
study of the various islanding detection techniques that have been described and are
divided into the following categories: remote, passive, active, signal processing is
presented. An active islanding identification based on disturbance injection through the
quadrature axis controller has been studied and analysed. Analysis of different islanding
detection scheme along with the advantages, disadvantages and limitations are

evaluated and summarized.

The thesis research work is designed to give good exposure to the design, and

development of a solar PV-based microgrid.
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CHAPTER-I
INTRODUCTION

11 INTRODUCTION

Energy is one of the most important indicative parameters for the economic and industrial
development of a country. It is expected that in coming years the world energy consumption
will increase exponentially. Presently most of the power produced across the world is from
conventional sources. The adverse effect of power generation from these conventional sources
has led to alternative renewable energy sources (RES) of power generation. The role of RES
has increased considerably in coming years due to increasing energy demand with minimum
ecological impact. Renewable energy such as solar, wind, geothermal, tidal, and hydrogen
energy etc. are progressively emerging as a sustainable and cost-effective way to satisfy power
demand.

Sources of sustainable and green energy such as renewable energy sources (RES) are
ecologically friendly and can be harnessed for microgrids [1]-[3]. Among all the renewable
energy sources (RES), solar energy is the most abundant source of energy which leads to
photovoltaic (PV) based microgrids gaining much interest as a source of power generation.
Additionally, solar photovoltaic (SPV) power generation is becoming eminent due to ease of
installation, low maintenance cost, an adequate amount of resources etc. [4]-[6]. Furthermore,
SPV based power generation, resolves ecological issues like global warming, greenhouse effect
etc. Therefore, for developing efficient and cost-effective systems, the study, analysis and
control of SPV-based microgrids need to be performed.

The power generated by the SPV system can either be integrated into the distribution grid or
used by the local loads in the microgrid. Since the SPV power generation is near to the load,
the microgrid offers various advantages, viz. efficiency, lower transmission losses, as well as
increased stability. Furthermore, due to technological improvements, abundant availability,
and satisfactory performance, solar energy is the most popular renewable energy source. For
the SPV system to operate reliably and effectively, other energy sources such as wind power,
fuel cells, batteries, etc., can be connected in parallel.

A grid-integrated microgrid offers a way to manage local loads and generation. It could
increase the system's overall effectiveness, power quality, and availability of energy for vital
loads.
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12 RENEWABLE ENERGY SOURCES BASED MICROGRID

A microgrid is a group of distributed energy resources and interconnected loads within clearly
defined electrical boundaries with respect to the grid. Microgrid expresses the concept of
integrating RESs (PV, wind, biomass, etc.) to take use of their potential as a way to fulfil the
rising energy demands. Microgrids can be run in grid-connected or autonomous modes. A
microgrid system based on SPV is going to be an alternative source of power generation in the
future. However, for a microgrid to be reliable and efficient network, it needs an operational
mechanism and an advanced control system. Single line diagram of RES based microgrid is
shown in figure 1.1. In the present work, control and performance analysis of SPV based

microgrid has been performed.

DG Unit-2 i R DG Unit-3

Wind turbine

Interfacing
inductors
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Interfacing | .
i inductance

Solar PV inductors

C.B.: circuit breaker
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Fig.1.1 Single line diagram of RES based microgrid

1.2.1 Grid Connected Solar PV Based Microgrid

Figure 1.2 shows, the block diagram of the SPV based micro grid. Main components of SPV
based microgrid are PV array, DC-DC converter, MPPT, voltage source converter (VSC). The
system is two stage power conversion system. In the first stage, converter is used to convert
the voltage that is obtained from PV array to get the required voltage level. As power from PV
array is not constant and changes with environmental conditions, therefore to track the
maximum power, MPPT algorithm is used. In second stage of conversion, dc link voltage
obtained after first stage conversion is converted to ac voltage of required magnitude and
frequency using VSC. VSC is an IGBT based three leg converter used to feed power to the
load and utility grid.
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VSC serves the active and reactive power demand of load and maintains unity factor at grid
side. Furthermore, under nonlinear and unbalance load, VSC maintains the grid current to be
sinusoidal and balanced by compensating the harmonics and unbalancing of the load.

SPV based microgrid Three phase grid
Interfacing inductors (L) Source inductance
R L VPCC R Ls
| €— I

Vsb j

< isp

< isc

Solar PV
Array

i*sc Reference

current
<«—Vdc

Vsa Vb Ve lia o e

Fig.1.2. Block diagram of grid integrated SPV based microgrid

1.2.2 Maximum Power Point Tracking (MPPT) Techniques
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Fig.1.3. I-V and P-V characteristics of PV array

The SPV power generation emerges as a hopeful among the RES due to it being ubiquitous,
cost-effective, ecological, and abundant in nature. In the SPV power generation, the amount
of power supplied by SPV system depends upon the available solar energy. The available

solar energy is depend on environmental conditions viz. temperature, irradiance etc. [7]-[10]
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However, the output power is primarily influenced by factors such as the cell’s temperature,
and irradiation [11]. To maximise the power extraction from the SPV array, maximum power
tracking technique (MPPT) have been embedded along with the boost converter. I-V and P-
V characteristics of the PV array can be seen from the figure 1.3 [12]-[13].

In the present work, a 10.25 kW, two-stage, three-phase grid integrated SPV based microgrid
has been design, developed and analysed. The power point tracking (MPPT) algorithms are
used to track the optimal power from the PV array. The DC link voltage is transformed into
three phase AC of 415V, 50Hz using the VSC (PV inverter), which is connected to the grid.
Interfacing inductors are designed properly to produce a sinusoidal voltage waveform. The
SPV based microgrid system is to grid through connected to voltage source converter (VSC)
at the point of common coupling (PCC). VSC control algorithm is used to convert generated
DC power into AC of required voltage level and frequency for grid synchronization and also
to regulate the DC link voltage. Furthermore, VSC supplies the power produced from the SPV
system, as well as maintain the power balance between the SPV system, load, and grid.

The mathematical modelling and design of a grid-connected PV system along with the
simulation investigations are carried out using MATLAB/Simulink. The various design and

developed parameters for the proposed system is given in the appendix: A.

1.3 VSC CONTROL ALGORITHMS FOR GRID INTEGRATION OF
MICROGRID

The increasing penetration of solar photovoltaic (SPV) system in utility grids, degrades power
quality (PQ) at the point of common coupling (PCC) and it’s becoming a major concern.
Harmonics are generated either by nonlinear local loads or power electronics converter used in
the PV based microgrid system [14]-[17]. To successfully mitigate power quality concerns and
comply with IEEE standards, an efficient control for optimal operation of VSC is necessary.
Grid integration techniques are used to control VSC output for its efficient operation.
Furthermore, to improve power quality at PCC by providing reactive power and
harmonic compensation, and maintaining the grid current to be sinusoidal and balanced under
unbalanced load.

In the present work, various VSC control algorithms viz. conventional synchronous reference
frame (SRF) theory, instantaneous reactive power theory (IRPT), unit template and adaptive
least mean logarithmic (LMS) based control algorithm have been implemented. Furthermore,
it has been observed that overshoots/undershooting, settling time, and oscillations under the

dynamic condition in their responses are inevitable with these conventional control algorithms

4
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while regulating the DC-link voltage and estimating the fundamental active component of the
load current. To address the aforementioned issues, an intelligent-based novel modified SRF
control algorithm, and adaptive-filter based variable step size least mean logarithmic
(VSSLMS), and robust least mean logarithmic square (RLMLS) control algorithm of VSC are
designed and developed.

Furthermore, in the adaptive theory-based control algorithms, the calculation of fundamental
active and reactive power components of load currents is based on input signals, which can
be constant or variable. The benefit of adopting fixed parameters is low complexity, which
reduces the burden of computation on the DSP processor. An adaptive theory based VSC
control algorithms has been presented for grid integration of microgrid.

The simulation studies have been carried out using proposed VSC algorithms, for the
developed system under different operating conditions and results have been presented to prove
the feasibility of the proposed VSC control algorithm.

The efficiency of the proposed VSC control algorithms has been evaluated in MATLAB
/SIMULINK and Sim-power system (SPS) toolboxes.

1.4  DEVELOPMENT OF PROTOTYPE HARDWARE FOR THE GRID
CONNECTED PV SYSTEM

To test the efficacy of the developed VSC control algorithms in the real time, a prototype model
of DSTATCOM is developed in the laboratory. This requires the design, development and
selection of three phase VSC, DC bus capacitor, voltage sensing circuits, current sensing
circuits, interfacing inductors, linear, reactive and nonlinear loads to be compensated.

The VSC (Semikron make), insulated gate bipolar transistors (IGBTs) and antiparallel diodes
has been used to develop the DSTATCOM prototype in the laboratory. The simulation model
of the system is developed in MATLAB environment using SIMULINK and Sim Power
System (SPS) tool boxes. VSC is used to feed power to the load and operate at UPF mode thus
maintain unity power factor at grid side along with harmonics compensation.

The prototype hardware set- up is designed and developed at a voltage rating of 110V, 50Hz
in the laboratory. Figure 1.4 shows, block diagram of three phase DSTATCOM that has been
developed in the laboratory. The developed VSC control algorithm in MATLAB/ Simulink is

validated in real-time on the hardware(prototype) developed in the laboratory.
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Fig.1.4. Block diagram of layout of three phase DSTATCOM connected to grid

The DSP (Microlab box/dSPACE 1102) embeded in the personal computer is used to perform
the real- time control operation of the VSC. Figure 1.5 shows, the layout of three phase
prototype hardware set-up developed in the laboratory. The various design and developed

parameters for the prototype hardware are given in the appendix: B.
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Fig.1.5. Layout of three phase Prototype Hardware set-up
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1.5 COMPREHENSIVE REVIEW ANALYSIS OF ISLANDING DETECTION
TECHNIQUES IN MICROGRID

Nowadays, the renewable energy sources (RES) based distributed generator (DG) has been
increased substantially in the distribution grid. The most practical DG technology has been
grid-connected photovoltaic systems, which have advantages in terms of technology,
economical, and the environmentally clean and green. Despite the benefits of RES, they also
pose some risks, such as unintended islanding, safety concerns, reverse power flow, etc. As a
result, the grid integration of DG necessitates protection and safety concerns in the distribution
network [18]. Islanding occurs when a section of the utility system that comprises both load
and distributed resources remains energised while disconnected from the rest of the utility
system. lIslanding refers to a situation where energized DGs are disconnected from the bulk
power grid, providing power only to the local loads during that power [19]-[20].

Figurel.6 depicts the single line diagram for islanding detection schemes.

, Three phase Grid
: SPV hased DG Interfacing DG power Grid power: P :
i P, AP A

| lenducttli_;s tQ Q% R Ls |
: DC-DC Vee o |
| converter Load power v VSV ( ) :
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Fig.1.6 Single line diagram for islanding detection

1.6  MOTIVATION AND RESEARCH OBJECTIVES

RES based micro grid are gaining much interest as a source of renewable energy. For
developing efficient and cost-effective systems, the study, analysis and control of RES based
microgrid need to be performed. Furthermore, among all RES, solar energy is the most
abundant source of energy and also resolves the ecological issues like the global warming,
greenhouse effect etc. The SPV generation is becoming eminent due to ease of installation, low
maintenance cost, and an adequate amount of resources.

Power generated using SPV system can be utilized locally and can be integrated with grid also.
SPV integration to the utility grid faces challenges related to power quality like distortion in
voltage/current, voltage fluctuations and harmonics [21]-[23]. Due to grid integration of SPV
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system, harmonics are generated on both sides viz. SPV (source) and common coupling point

(PCC) of the system. However, harmonics injection from SPV system to grid is mainly due to

switching of power electronics based converter, degrading power quality of supply system [21],
[24]-[30].
All these advantages and limitations [4]-[6],[31]-[36] of PV based microgrid motivated and led

to the following research objectives:

1.

1.7

Design and development of control algorithms for tracking of Maximum Power Point in
solar PV based microgrid.

Design and development of VVSC (inverter) control algorithms for microgrid.

Design and development of prototype hardware of grid connected SPV system.
Islanding detection techniques for the microgrid.

PROBLEM IDENTIFICATION

The following issues have been observed in order to accomplish the defined objectives:

» The design and development of the SPV-based microgrid and its components,

including the dc-dc boost converter, VSC, DC link capacitor, and interface inductors,
needs to be carried out along-with the simulation studies. The output of SPV are non-
linear in nature and depend on environmental conditions viz. temperature, irradiance
etc. Therefore, special techniques known as MPPT are employed to extract the
maximum available power from the PV source. Thus, efficient MPPT techniques needs
to be developed.

In grid integrated PV system, VSC control algorithms regulates the active and reactive
power sharing between the load, grid and PV system. As a result, a controller capable
of maintaining constant dc link voltage during system transients needs to be developed
and implemented. The grid interfacing control algorithms are used to regulate the output
of the VSC, and to improve power quality at PCC. An efficient control for efficient
functioning of VSC is essential to successfully minimise power quality concerns and to
comply with the relevant IEEE standards.

Developed VSC control needs to be efficient, under dynamic and nonlinear load and
also under distorted grid voltage conditions viz. harmonics, unbalanced and voltage
fluctuations.

The prototype hardware model of the grid connected PV system, needs to be developed

in the laboratory for the real-time validation of the developed VSC control algorithms.
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> Despite the benefits of solar PV power generation, they also pose some risks, such as
unintended islanding, safety concerns, reverse power flow, etc. As a result, the grid
integration of DG necessitates protection and safety concerns in the distribution
network. The detection of the island operations of distributed generators has become
very important, in order to ensure the safety of service personnel and electrical

components.

1.8  THESIS ORGANIZATION
Chapter-1 Includes the research work's introduction, motivation, objectives, and problem

identification. This chapter also contains information on how to organise your thesis.

Chapter-Il This chapter presents an overview of the literature on grid-connected SPV-based
microgrids and its related aspects. A literature review of the MPPT control technique for grid-
integrated PV based microgrid have been presented. Furthermore, literature survey on
conventional VVSC control, adaptive theory based VVSC control algorithms and comprehensive

review of islanding detection techniques for the microgrid have been carried out.

Chapter-I11 This chapter presents the design and development of a 10.25kW grid integrated
solar PV-based microgrid. The mathematical modelling, and parameter selection/design of
grid-integrated solar PV-based microgrid systems have been presented in the subsequent
sections.

The design and modelling of conventional VSC control algorithm for grid integration viz.
synchronous reference frame theory-based conventional control algorithm, instantaneous
reactive power theory (IRPT), unit template-based convention control algorithm also has been
presented.

Furthermore, novel intelligence-based VSC control algorithm is presented. Modelling and
simulation of the two-stage, three-phase grid-interfaced SPV system has been carried out using
conventional and proposed VSC control algorithm both in the MATLAB/SIMULINK
environment. The simulation studies have been carried for the developed system using these
developed VSC control algorithms under different operating conditions and results have been

presented to prove the feasibility of the proposed control algorithm.

Chapter-1V This chapter presents adaptive theory-based PV inverter (VSC) control algorithms
for three-phase grid interfaced two stage PV system. Adaptive filters-based novel variable step

9
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size LMS (VSSLMS), and robust least mean logarithmic square control algorithm (RLMLS),
VSC control algorithms along with the conventional LMS are developed and presented for the
PV based microgrid. The efficiency of the proposed control algorithms has been tested for
different condition such as insolation variation, load variation, load unbalancing, nonlinear
load, reactive load, grid voltage unbalancing, and distorted grid voltage etc. The performance
of the proposed control algorithms is verified on MATLAB/ Simulink. Furthermore, the
performance of the proposed algorithms is compared with conventional SRF and LMS control
in terms of THD and weight convergence has also been presented to validate the superiority of

the proposed VSC control algorithms.

Chapter-V In this chapter, the development of prototype hardware for the grid connected PV
system has been presented. The developed VSC control algorithm in MATLAB/ Simulink is
validated/ tested in real-time on the prototype hardware set-up developed in the laboratory. The
DSP (Microlab box/dSPACE 1102) embeded in the personal computer is used to perform the
real- time control operation of the VSC. Due to laboratory limitations the developed algorithms
are tested on a prototype hardware of grid-connected VSC, acting as a DSTATCOM.

The performance of developed control algorithms is evaluated on prototype hardware setup
developed in the laboratory using dSPACE1202.

The efficiency of the proposed adaptive control algorithms has been tested under different
condition such as load variation, load unbalancing, nonlinear load, reactive load, grid voltage
unbalancing etc. Furthermore, the performance of the proposed algorithms are compared with

conventional SRF and LMS control.

Chapter-VI This chapter provides a comprehensive analysis and study of the various islanding
detection techniques. The various islanding detection techniques are categorised as, remote,
passive, active, and signal processing-based schemes. An active islanding identification based

on disturbance injection through the quadrature axis controller has been studied and analysed.
Chapter-VII The key summary and conclusions of the proposed work are highlighted in this

chapter. At the end of this chapter, the scope for future study in this area is also stated.

The list of references and appendices is given at the end of the thesis.

10
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1.9 CONCLUDING REMARKS
This chapter provides an overview of the completed and included research work in this
dissertation. The research work challenges are outlined, along with the purpose and main

objectives of the research work. The research work completed in each chapter is summarised.

11
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CHAPTER-II
LITERATURE REVIEW

2.1 INTRODUCTION

In chapter-I, the motivation, and problem identification for the proposed research work are
derived. A literature review has been carried out in the associated domains of the research
problems in order to get the right perspective on research work. This chapter provides the
brief review on the (i) renewable energy sources based microgrid (ii) design and development
of grid connected SPV based microgrid along with the Maximum Power Point Tracking
(MPPT) Techniques (iii) Conventional and intelligent based novel VSC control algorithm
(iv) Adaptive theory-based VSC control algorithms (v) development of prototype hardware
for the grid connected PV system (vi) Islanding detection techniques in microgrid. Each issue

is briefly explored and examined in the present chapter.

2.2 RENEWABLE ENERGY SOURCES BASED MICROGRID

Nowadays, the sources of sustainable and green energy such as renewable energy sources
(RES) are ecological friendly and can be harnessed for distributed generation (DG).
Furthermore, with increase in electrical demand and harmful effect of conventional sources,
the future of energy generation is moving towards distributed generation (DG) using
renewable energy sources (RES) [29],[30],[31],[32]. Amongst different RES (Photovoltaic,
wind, biomass, etc.), solar photovoltaic (SPV) based power generation, resolves the
ecological issues like the global warming, greenhouse effect etc [33]-[34]. The SPV
generation is becoming eminent due to ease of installation, low maintenance cost, and an
adequate amount of resources and also its cost continues to decrease in the recent years [35]-
[36]. Solar photovoltaic (SPV) is a source of green energy SPV system has been installed
worldwide at a massive scale for power generation. Power generated using SPV system can

be utilized locally and can be integrated with grid also.

2.2.1 Grid Connected SPV Based Microgrid

PV array, dc-dc converter, VSC, interface inductors, loads, and grid comprise an SPV-based
microgrid. The output characteristics of a PV array are determined by meteorological factors
such as solar irradiation and temperature. Therefore, power from PV array is not constant and

changes with environmental conditions, hence to get the maximum efficiency of SPV array,

12
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MPPT algorithm is used. DC link voltage maintained at certain level and converted to ac
voltage of required magnitude and frequency using VSC.

SPV based Microgrid can be either grid connected or stand alone system. The development
of a microgrid system gives several benefits to both the consumer and utility grid. The
application of a grid connected microgrid is improves the power quality, reduce the
emissions, and cost of electricity.

From the view point of the electric utility grid, the goal is to minimise power flow on
transmission and distribution lines, hence lowering losses and network construction costs.
Micro grids can also lower network load to fulfil power demand and assist in network repair
if a malfunction arises.

DGs are often located near to the customer and necessitate power electronic devices for grid
connection. The synchronization of a solar PV system to the grid poses several issues,
including efficient performance and power quality [1],[21],[23] [37]-[38]. Appropriately
designed power electronics and controls guarantee that the microgrid satisfies both its
customers' and the utility's challenges [39]-[41].

Before making an investment, it is consequently necessary to model the entire system,
including control techniques, in order to forecast the system's behaviour in both steady and
dynamic states [42]-[43].

2.2.2  Maximum Power Point Tracking (MPPT) Techniques

Solar PV arrays possess nonlinear current-voltage characteristics that are irradiance and
temperature dependent, and hence it is very challenging to get the maximum efficiency of a
PV array. To maximise the power extraction from the SPV array, solar PV systems are being
regulated utilising a maximum power tracking technique (MPPT). For maximising the
amount of power available from SPV systems, MPP techniques are fitted with the appropriate
controller. To get maximum power from PV array, various maximum power point tracking
algorithm (MPPT) algorithm has been discussed precisely [44]-[50].

Bidyadhar Subudhi et al. [44 ] presented, a comprehensive review of the maximum power
point tracking (MPPT) techniques applied to photovoltaic (PV) power system. A detailed
description and classification of the MPPT techniques have been carried out. Comparison of
Photovoltaic Array Maximum Power Point Tracking Techniques has been presented by
Trishan et al. [47]. M. A. G. de Brito et al. [51], have presented the different techniques of the
conventional MPPT, viz. incremental conductance (InC), hill climbing (HC), open circuit
voltage (OCV), short circuit current (SCC), perturb and observe (P&O), improved P&O

13



Control and Performance Analysis of RES Based Microgrid

method. The MPPT problem has been addressed in the literature, however P&O is the most
commonly employed technique due to its low cost and ease of implementation. The
simplicity and general character of the P&O approach, which includes trade-offs between
response rate and steady-state oscillations, is one of its advantages [52]-[54]. Further research
is being carried out to improve the existing MPPT algorithm to handle temperature and

irradiance variations.

2.2.3 VSC Control Algorithm

The design and development of the VSC control algorithm for grid integration of SPV based
microgrid, has been reported in various literature along with the various conventional,
intelligent and adaptive theory based VSC control algorithms for reference current
generation.

Synchronous reference frame (SRF), instantaneous reactive power theory (IRPT), unit
template, and power balance theory (PBT) have been developed in the various literature [14]-
[17], [55]-[59]. In SRF-based control [55], a phase locked loop (PLL) is necessary to convert
three phase quantities to two phase, however it sometimes shows computational delay and
must be tuned prior to operation. Conventional SRF is one of the most practically applicable
method. Although due to conventional PLL, it exhibits poor performance under distorted and
unbalance grid [60],[61]. In the literature [21], [61], it has been observed that performance of
PLL is easily affected by distortions and noise, to overcome these drawbacks SOGI PLL has
been proposed by H. K. Yada et al. [62]. F. Xiao, et al. [63], presented second-order
generalized integrator (SOGI) based phase-locked loops (PLLs) are widely used for grid
synchronization in single-phase grid-connected power converters. However, it also suffers
from poor dynamic response and uses generalized integrator thus requiring tuning of gains.
Furthermore, second-order generalized integrator-PLL [64], quadrature PLL (QPLL) and
enhanced PLL (EPLL) [65] and synchronous PLL(SRF-PLL) [66] have been presented. The
main drawbacks of PLL-based approaches include more complexity, the presence of a low-
pass filter in SRF-PLL, which reduces dynamic response, and higher computational burden.
Furthermore, it has been observed that sometimes implementation of PLL, exhibit
computational delay and must be tuned before use. In the literature, Deo et al. [66] has
presented an adaptive PLL-less approach, demonstrating that the operation of a system
utilising a PLL-less method is less appropriate for real-time applications since it is more
sensitive to parameter fluctuations. N.Beniwal at al.[21],[67], sentenced that in the

implementation of IRPT, in which reference current is estimated using voltage and current of
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the PCC, so fluctuation in voltage is reflected in the reference current. Furthermore, in the
literature, S. B. Pandu et al. [59], presented power quality enhancement in distribution grid
using intelligent based Interval Type-11 Fuzzy Logic Controlled (FLC) in DSTATCOM. P.K.
Bharik et al.in [60] evaluated the power quality of distribution static compensator system
(DSTATCOM) using type-1 FLC. DC-link voltage regulation and reduction in its settling
time are realized by either Pl or FLC or fuzzy-PI controller schemes in SRF based designed
control for shunt active filter. Karuppanan P. et.al in [61] proposed, FLC based control
algorithm for estimating reference current using shunt active power filter for PQ
improvement. THD (%) in grid current and DC link settling time are small using FLC. H. K.
Yada et al. [62], presented power quality enhancement using FLC based control. D.
Pullaguram et al. [69], authors have proposed Takagi Sugeno Fuzzy to maintain voltage
across DC link for enhance performance of standalone PV system connected to single phase
grid. In the literature, M. Farhat et al. [70] Pl genetic algorithm-based control of grid
integrated to PV system has been proposed to reduce the harmonics in UPF mode of
operation. The genetic algorithm has been compared with PI controller and genetic algorithm
found to be better than PI controller.

Gupta N. et al in [71]-[72] presented asymmetrical fuzzy logic control (FLC) for reference
generation, showing type-1 FLC is superior than conventional PI controller for the control of
DC link voltage. However, type-1 FLC may not handle dynamic environment having
linguistic and numerical uncertainties. FLCs exhibit obvious limitations such as their
requirement on the user's knowledge about the system and complicated rules. The higher
number of rules will increase the difficulty of FLC design and implementation [73]. Type-1
FLC is very challenging when these uncertainties are related to input, output which leads to
uncertainties in the optimization of fuzzy set membership functions. The limitations of type-1
FLC can be overcome by interval type (IT-2) FLCs which have the potential to optimize the
fuzzy set membership function and give more efficient performance for grid integration of

RES based micro grid applications [74].

2.3  ADAPTIVE THEORY-BASED VSC CONTROL ALGORITHMS FOR GRID
INTEGRATION OF MICROGRID

Adaptive control methods have been implemented for a variety of applications throughout the

last several decades. Among these, the least mean square (LMS) algorithm distinguished one,

with its stability and optimality being studied in several literature. Conventional

LMS, adaptive control has been widely used because to its simplicity, however the
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performance is frequently unsatisfactory due to poor dynamic performance caused by a trade-
off between tracking capacity and precision in fixed step size [75]-[77].

Agarwal et al. [78] developed the least mean fourth (LMF) control algorithm which has a
poor steady-state response due to fourth-order optimisation and lacks precision in terms of
fundamental extraction capabilities. Z. Li et al. [79] and M. O. Sayin et al. [80] have
presented, LMS and LMF respectively whereas the adaptive LMS control is a distinguished
one, which is widely used due to its simplicity. LMS and LMF, are subject to oscillations and
have lower accuracy in estimating mean square error (MSE). However, LMF offer better
performance than LMS, in terms of trade-off point between steady state and transient
performance. The performance of conventional adaptive LMS controls is frequently
inadequate due to poor dynamic performance as a result of there is a trade-off between
tracking capabilities and accuracy related to fixed step size. As a result, an optimal control
approach is required to provide good transient, dynamic and steady-state performance, which
can be overcome the aforementioned issues. Y. Tsuda et al.[81] have presented an improved
NLMS algorithm. A. Chaturvedi, et al. [82] have presented, a comparative analysis of LMS
and NLMS algorithms for adaptive filter. J. Dhiman, et al. [83], discussed about comparative
analysis between adaptive filter algorithms LMS, NLMS and RLS. K. Xiong et al. [84], and
Z. Yuan et al.[85] have presented the various adaptive filter alongwith the robust least mean
logarithmic square and new LMS adaptive filtering algorithm with variable step size for
different application respectively.

B. Fan et al. [86] presented, a lyapunov-based nonlinear power control algorithm for grid-
connected VSC. A. A. S. Mohamed et al. [87], presented predictive neural network controller
(PNNC) with aim to improve the PQ issues like harmonics within IEEE norms and DC link

voltage regulation along with reactive power compensation.

2.4  ISLANDING DETECTION TECHNIQUES IN MICROGRID

Despite the benefits of solar PV, they also pose some risks, such as unintended islanding,
safety concerns, reverse power flow, etc. As a result, the grid integration of DG necessitates
protection and safety concerns in the distribution network [18],[29]-[30],[88].

In order to ensure the safety of service personnel and electrical components, the detection of
the island operations of distributed generators has become very important. Microgrid
islanding arises as a consequence of breakers accidentally tripping, resulting in a significant
threat to the safety of staff, damage to the equipment of utilities, consumers, loss of control

over voltage and frequency, etc. Islanding refers to a situation where energized DGs are
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disconnected from the bulk power grid, providing power only to the local loads for the time
being. The islanding operation is detrimental to the maintenance crew that provided a de-
energized line [88]-[90]. The rapid detection of an islanding activity is a compulsory
requirement, for microgrid for seamless reconnection to preserve the stability of the
procedure and supplying likewise, critical demand of loads. Furthermore, several islanding
detection techniques for the microgrid have been described in the literature, Z. Lin et al. [91]
and R. Sun et al. [92] have discussed and presented remote island detection investigations
based on the Phasor Measurement Unit (PMU). In the literature, G. Bayrak et al. [93]-[94],
presented the remote islanding detection method in which, the frequency, real power, and
current in the circuit breaker are used as criteria for the detection of islands. Whereas, remote
IDTs (islanding detection techniques) are not suitable for small microgrids because of the
increased investment due to communication system. It is possible to apply these reliable and
fast schemes to synchronous as well as inverter-based DGs. However, the increased burden
due to expense is recognised as the key constraint. N. Liu et al. [95], presented, a magnitude
of frequency-dependent impedance-related data for the Passive IDTs in the literature. B.
Guha et al. [96], presented, voltage ripple-based passive islanding detection technique for
grid-connected photovoltaic inverters and furthermore, to identify islanding, the inverter’s
ripple content output voltage’s content of ripple is analysed in the time domain. J. Merino et
al. [97] also presented islanding detection in microgrids using harmonic signatures.

K. Colombage et al. [98], and D. Reigosa et al. [99], have presented the Local islanding
detection technique (IDTs) which are usually limited to the different parameters at common
coupling point (PCC) such as voltage, current, frequency is monitored for evaluation, and
decision making. There are three kinds of local IDTs: passive, active and hybrid techniques.
Recent passive approaches are illustrated in the literature. Y. M. Makwana et al. [100], R.
Haider et al. [101], and M. Bakhshi et al. [102] presented the criteria for island detection are
voltage and PCC harmonic characteristics. Although these passive solutions in the literature
can be applied easily and cheaply. However, they have a large non-detection zone (NDZ), or
circumstances where power generation and consumption are nearly matched but not detected
by islanding. Another difficulty is choosing a threshold which trade- off between false
tripping and minimum NDZ. To extract features from the frequency-domain, a number of
mathematical approaches have been employed in the literature. In the literature, H.
Pourbabak et al. [103], which includes positive feedback different inverter control
parameters, such as voltage, frequency, and phase angle, consequences an unstable system

when the inverter is controlled and the grid is disconnected. To enhance the NDZ and PQ
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degradation, hybrid method including two local IDTs have been developed in the literature Q.
Sun, et al. [104]. Under standard operating circumstances, the standard of power has not been
impacted [105]. Nevertheless, difficulty and costs are still regarded as the biggest
disadvantages in the Hybrid methods of IDT’s. For the purpose of detecting islands
depending on reactive power and load control approach, Laghari et al. have presented a
hybrid strategy [106],[107].

2.5 IDENTIFIED RESEARCH GAPS

Despite the fact that lots of studies have been carried out in the field of solar PV-based

microgrids, many challenges still remain unsolved. Based on the extensive literature review

indicated above, the following research gaps were identified:

> It is very challenging to get the maximum efficiency of a PV array. To maximise the
power extraction from the SPV array, it is required to be regulated utilising a maximum
power tracking technique (MPPT).

» Existing control algorithms for inverter are sometimes plagued by slow convergence,
higher complexity and harmonics in the reference current.

» The VSC control schemes developed, have scope for improvement in terms of
convergence speed, inintal/ dynamic transients in their estimation of fundamental
components and their ability to operate under unbalanced and distorted grid
circumstances.

> Despite the benefits of solar PV, they also pose some risks, such as unintended islanding,
safety concerns, reverse power flow, etc. As a result, the grid integration of DG
necessitates protection and safety concerns in the distribution network. In order to ensure
the safety of service personnel and electrical components, the detection of the island
operations of distributed generators needs to be studied.

2.6 CONCLUDING REMARKS

This chapter provides a review of the literature on grid connected solar PV-based microgrid

and related areas. The contribution of research in the area of design and development of SPVs

connected to utility grids with their VSC control algorithms has been outlined. It is offered a

review of the work of many researchers in the area of control of grid connected SPV based

microgrid. The research gaps in the solar PV-based microgrid are identified based on the

literature review.
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CHAPTER-III
DESIGN AND DEVELOPMENT OF GRID CONNECTED SPV BASED
MICROGRID

3.1 INTRODUCTION

The sources of sustainable and green energy such as renewable energy sources (RES) are
ecological friendly and can be harnessed for distributed generation (DG). Amongst different
RES, solar photovoltaic (SPV) based power generation, resolves the ecological issues like
global warming, greenhouse effect etc. The SPV generation is becoming eminent due to ease
of installation, low maintenance cost, learning skill, an adequate amount of resources, and
emerging technologies. SPV system has been installed worldwide at a massive scale for power
generation. Power generated using SPV system can be utilized locally and can be integrated
with grid also.

This chapter contributes towards the design and development of grid integrated solar PV based
microgrid. MATLAB/SIMULINK environment is used for the simulation of the solar PV
based microgrid system. The mathematical modelling and parameter design of grid integrated
solar PV based microgrid systems have been presented in the subsequent sections. Also, a
novel intelligence based modified synchronous reference frame-based voltage source
converter (VSC) control algorithm has been developed. To establish the superiority of the
developed algorithm, it is compared with the conventional algorithm of VSC control.

3.2 DESIGN AND MODELLING OF GRID CONNECTED SOLAR PV SYSTEM
In this chapter, a 10.25kW, two stage solar photovoltaic (SPV system) has been designed and
integrated to the grid. The power point tracking (MPPT) algorithms are used to track the
maximum power of the PV array. The PV array's DC output voltage is transformed into three-
phase, 415V,50Hz AC by the PV inverter, which is connected to the distribution grid.

Figure 3.1 depicts the schematic diagram of the grid-connected SPV system, and its primary
components including a solar PV panel/array, a boost converter, a MPPT control technique for

maximum power point tracking, VSC, and a load.
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In the first stage, DC-DC converter is used to convert the voltage that is obtained from PV
array to the required voltage level. As power from PV array is not constant and changes with
environmental conditions, therefore to track the maximum power, MPPT algorithm is used.
In the second stage, three phase VSC is used to achieve the DC-AC conversion. On the DC
side, the VSC comprises of insulated gate bipolar transistors (IGBTs) with antiparallel diodes
based three leg (six switch) and DC link capacitor (Cqc). Interfacing inductors (L¢) are used on
the AC side of the VSC to connect it to the grid. An uncontrolled bridge rectifier with a series
R-L branch is used to simulate the nonlinear load. The control algorithm receives voltages
signal at the PCC (Vsa, Vsb, Vsc), grid current (isa, ish, isc), load current (i, i, iic), and DC bus
voltage (Vdc). This section goes on to discuss the design and selection of SPV arrays, DC-DC
boost converter characteristics, DC bus voltage, and interface inductors. The mathematical
modelling and design of a grid-connected PV system along-with the simulation investigations
are carried out using the MATLAB/Simulink.

The design parameters of SPV system are given in Appendix: A. The detailed design of
components used for grid connected SPV system is discussed as follows.

SPV based microgrid

Three phase grid
i"Source inductance

PGC Rs Ls
| — isa

«— i

< i

Solar PV
Array

Reference
current

<«—Vdc

Fig.3.1. Schematic diagram of the grid-connected SPV system

3.2.1 Design of PV Array Configuration
PV cells, an active transducer that transforms light energy (photons) into electricity, are the
fundamental building block of a photovoltaic array. To create PV modules, PV cells are

connected in parallel and /or series. PV modules may then be combined in series or parallel
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to create PV arrays with the specified output voltage and current. A Typical cell, module and

array can be seen from the figure 3.2.
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Fig.3.2. Typical PV cell, module and array
3.2.1.1 Modelling of PV cell
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Fig. 3.3 Equivalent circuit of a PV cell
The photovoltaic cell is the basic element of a PV array, that transforms sunlight into

electricity when its p-n junction is exposed to light and provides an open circuit output
voltage of 0.5V to 0.7V. If a solar cell is short-circuited, the incident light generates a charge
carrier, which causes an electric current to flow.

Photo voltaic generator is neither a constant voltage source nor constant current source. A
dc current is generated if solar irradiance falls on it. Approximate circuit of PV cell consist
of current source (I,,5,), diode, shunt (Ry,) and series (Ry) resistance. figure 3.3 depicts the
approximate equivalent circuit of PV cell from which nonlinear characteristics can be
derived. Depending on the application, required voltage and power level can be derived from
the PV cell by connecting them in series or parallel combination and forming a PV array.
The PV cell can be presented by equation (3.1) to (3.3):
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V+IRg
I, = I [e<q( KT )> . 1] (3.1)
Output current of solar cell:
I'=1Ipn—1Ip—1Is (3.2)

By putting the value of I, and I,,, in the above equation (3.2), output current Equation can be

written as:
V+IRg )
q
1=1ph—15[e< &) -1

Where | is output current (A), I, is current through the diode, L, is photon current generated

— (V +IRs)/Rgp (3.3)

by PV cell, V is output voltage (V), Is is saturation current, g is electron charge (1.6 *

10716 (), K is Boltzmann constant (1.381 = 10723 £22€y and T is operating temperature

kelvin

(K), Ry, is shunt resistance and R; is series resistance.

3.2.1.2 1-V and P-V Curve of PV Array

To obtain a peak power capacity of 10.25kW, 10 such modules in series and 5 such modules
in parallel are required. Thus, a 10.25 kW PV array was developed and simulated in the
MATLAB/ Simulink. Each module has an open circuit voltage of 47.8V and a short circuit
current of 5.53A. Furthermore, the modules' voltage at maximum power point (Vmp) and
current at maximum power point Imp (A) are 40V and 5.13A, respectively. The SPV array is
developed by connecting these modules in the combination of series and parallel as needed. I-
V and P-V curve of PV array is shown in the figure 3.5(a) and 3.5(b).
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Fig.3. 4(a). I-V and P-V curve of PV array at variable insolation
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Fig. 3.4(b). 1-V and P-V curve of PVarray at variable temperature

3.2.2 Design of Boost Converter

Inductor Diode Capacitor
A lin L 5' oy +
TVin LY GBT == ¢ R[] |vo
Gating I
Signal

Fig.3.5. Schematic diagram of Boost converter

DC-DC converters are commonly employed for a regulated voltage output from a source which could
be effectively controlled. DC-DC converters are buck converter, boost converter and buck-boost
converter etc. In the present work, the output voltage of the PV array is 400V and output of the DC-
DC converters is required to be 750V, hence, a boost converter is needed. Figure 3.5 depicts the boost
converter (dc-dc) having output voltage more than its input voltage. The output voltage and current
equations for above converter along with the design parameters are given below [58],[108]-
[110],[55].

The output voltage and current equations for above converter are given below:

Vo = Vin/(1 = k) (3.4)
Iop = Iin/(1 = k) (3.5)
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k=1-G2
Where Kk is duty ratio, V, is output voltage, I, is output current, f;, IS switching
frequency (10 kHz), L is the inductance of the boost converter respectively. Maximum power is
tracked by P&O control algorithm. SPV array voltage (Vpv) has been boosted to 750V, by using
DC-DC boost converter.

Design parameters of the DC-DC converter are given as:
L = k %V, /(2403 * fi,) (3.6)

Calculated value of duty cycle (k)= 1- (Vﬂ), is 0.46.

Vo
This converter boosts the voltage of SPV array from V,,, = V;;, = 400 V to Vdc=750 V.
The calculated value of k is between 0.46. Ai, is the ripple current and taken as 10% of input
current (i, = Ppv/V;, =25.65) of the converter. The calculated value of Ai; is 2. 565A. The

estimated value of inductance (L) using the equation (3.6) is 3.58mH.

3.3 MAXIMUM POWER POINT TRACKING

PV systems are not linear in nature and depend on environmental conditions viz. temperature,
irradiance etc. The nonlinear characteristic of the I-V curve of P-V module has a unique single
point of maximum power as shown in figure 3.4. Therefore, special techniques known as MPPT
are used to extract the maximum available power from the PV source. The MPPT technique is used
to control of these power electronic converters. Several techniques for locating the MPP have been
developed over time. These methods differ in a variety of ways, including the number of sensors
used, their complexity, price, efficacy range, speed of convergence, how well they detect changes
in temperature and/or radiation, the hardware required for implementation, and their general

popularity.

3.3.1 Perturb and Observe (P&O) Algorithm

This P&O MPPT is user-friendly, has the simplest algorithm and is simple to implement on any
microcontroller, making it ideal for most researcher, to utilise in their applications. P&O involves
changing the DC-DC converter's duty cycle as well as the operating voltage of the DC-link
connecting the SPV system and the DC-DC converter. Changing the duty cycle of the converter
means changing the voltage of the DC-link connecting the converter and SPV system. The sign of

24



Control and Performance Analysis of RES Based Microgrid

the most recent perturbation and the most recent power increment also determine the direction of

the next perturbation.

Yes
P(K) -P(k-1) =0

Fig. 3.6. Flowschart of P&O algorithm for MPPT

According to figure 3.8, increasing the voltage on the left of the MPP causes the power to increase,
while decreasing the voltage on the right causes the power to decrease. The perturbation should
remain in the same direction if the power increases, and if the power decreases, the next
perturbation should be in the opposite direction [108]. P&O calculations compare the voltage
position after comparing, with obtained power at two places on a P-V curve. The voltage is then
changed appropriately to follow the MPP (either to the left or right of the P-V curve). based on
aforesaid facts algorithm is implemented and shown in flowchart in figure 3.6.

3.3.2 Incremental Conductance (InC) Algorithm

This approach largely follows the same path from P&O to MPP, but makes use of the special
relationship between the I-V curve.
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Sense V(K), I(k)
AV=V(K)-V(k-1)
Al=1(K)*1(k-1)

<.

Fig.3.7. Flow chart of InC algorithm for MPPT
In the incremental conductance method, which is based on the incremental and instantaneous

conductance of the PV module, the array terminal voltage is always adjusted in accordance with
the MPP voltage. According to figure 3.8, the slope of the P-V array power curve is zero at the
MPP and increases to a greater extent on the left and decreases to a greater extent on the right side
of the MPP.

Following are the fundamental equations for this method.

At MPP, a_ _I (3.7
av 74
dl 1
Left OfMPP,ﬁ> —; (38)
. dl 1
nght of MPP, pre= < v (39)
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Fig.3.8. P-V curve of the array

Equations' left side denotes the P-V module's incremental conductance, while their right side
denotes the instantaneous conductance. The solar array will function at its peak power point when
the ratio of change in output conductance equals the negative output conductance. The theory
behind this method assumes that the ratio of output conductance change to negative output
instantaneous conductance is equal. [108]-[109].

In the present work, Perturb and Observe (P &0O) MPPT has been used.

3.4 DESIGN AND SELECTION OF VOLTAGE SOURCE CONVERTER PARAMETER
[55],[58]
VSC is an IGBT based three leg converters used to feed power to the load and utility grid. VSC

supplies, power to the load/grid and operate at UPF mode thus maintain grid power factor at unity.

3.4.1 DC Link Voltage
Minimum required voltage across dc link capacitor must be more than two times of the voltage

per phase of the system.
Vie = 2V2 *W;Lm) = (2v2) *415/ (V3= 1) (3.10)

V=677V
Modulation index (m) is taken as 1, Voltage across dc link obtained from equation (3.10), is 677V
for VV,;, of 415V and is chosen as 750V.
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3.4.2 DC Link Capacitor

Cac = lgc/(2* w = Vdcripple) (3.11)

Where C,. is dc link capacitor, V,,,, and Py, are PV voltage and power respectively. DC link
current (Igc = Pyc/Vpy), When load on one phase is removed DC current is (2/3) of the original
current. Considering, Vycrippie as 5% of Vg, Pyc as 10.25 kW and V,,, as 400 V and w is angular

frequency.
C4.= 644.8 uF, calculated value using the equation (3.11), corresponding to load unbalancing of

one phase. Selected value of C,;. is 1000 pF.

3.4.3 Interfacing Inductors

Interfacing inductor rating of VSC depends on switching frequency (fs,,), current ripple (Ai) and
dc link voltage (V). Interfacing inductor (L) is given as follows:

L =V3xmx Vg /(12 % h x fy,, * AD) (3.12)
Ly =3.35mH

Where h is overloading factor, m is modulation index and Ai is current ripple. Assuming,
m=1,V,, =750V,h = 1.2, f,,, = 10 kHz and Ai = 10%.

The calculated value of Ls is 3.35 mH. In the proposed system L, of 4 mH is taken. Table 3.1,

shows the system parameters considered in this system.

TABLE 3.1. System parameters

Design parameter of boost converter Values Unit
Inductor (L) 3.58 mH
Capacitor (C) 1000 uF
Switchign frequency (fsw) 10 kHz
Input voltage of boost converter 400 \%
Output voltage of boost converter 750 \%
Duty cycle 46 %
Interfacing inductor (Ly) 4 mH
Grid voltage 415 \%
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3.5 SYSTEM DESCRIPTION AND OPERATING PRINCIPLE

In this section, Solar PV based microgrid has been integrated to the grid using inverter control
algorithms. A two-stage three-phase grid-interfaced PV system has been demonstrated. Interfacing
inductors (L) link the VSC at the point of common connection. The integration of PV system
requires voltage source converter (VSC), switching of this converter generates harmonics at the
output of microgrid. Control algorithms are used to control the VSC for the grid integration for
efficient utilization of power. VSC control algorithms compensates harmonics and reactive power
of the local loads.

A PV system's main objective is to transmit power to loads and the grid while mitigating the power
quality issues such as reactive power, unbalanced currents, and load harmonics present in the
load (if any) and supplying sinusoidal balanced grid currents. In the present work, various VSC’s
conventional control algorithm and a novel intelligence based modified synchronous reference
frame-based control algorithms are developed and proposed for grid connected PV system. The
proposed control algorithms are evaluated and compared with conventional control algorithms, by

conducting simulation studies using MATLAB-Simulink.

SPV based microgrid
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Fig.3.9. Proposed model of grid integrated PV system

Figure 3.9, depicts a two-stage three-phase grid-interfaced SPV system with a 10.25 kW SPV
array. The MPPT (P&O) is utilised to get the maximum power out of a PV array under a range of
scenarios of environmental conditions. VSC control algorithms are developed to
generate reference current, which is subsequently utilised to produce inverter (VSC) switching

pulses.
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3.6 VSC (PVINVERTER) CONTROL ALGORITHMS

For the voltage source converter, a variety of control algorithms viz. Conventional, adaptive theory
and intelligence based are available to estimate reference currents. In the section, conventional and
intelligence-based VSC control algorithm has been modelled and simulated along with the design,
and modelling of grid connected Solar PV system. The following are the VSC control algorithms
used in the current work:

»  Conventional Control Algorithms

e Synchronous reference frame theory (SRFT)

e Instantaneous reactive power theory (IRPT)

e Unit Template based conventional control algorithm
» Proposed Intelligence based VSC control algorithms

e Novel modified synchronous reference frame-based control algorithm

3.6.1 Conventional Control Algorithms

3.6.1.1 Synchronous reference frame theory-based conventional control algorithm [110]-
[113],[55]

Figure 3.10 represents the block diagram of reference current estimation using SRF control

algorithm under UPF mode of operation. Park’s transformation has been used to convert load

current components from synchronous rotating reference frame to d-q reference frame.

EVdc* E
: error(e)
: Vic = LPF P1 Controller ;
E idloss i
il abotodqo | Tq0tabe |, Reference
! . d . [ E
:ti’: transformation [— | LPF transformatlon:: (Sllg:j)l 5
ut ?
EVsa —P> i
Vo Three phase E
i Ve = PLL E

Fig.3.10. Block diagram of SRF control algorithm
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Three phase current in the a-b-c frame is transformed into d-g-O frame by means of Park’s

conversion as given below:

sinwt sin (wt —120) sin (wt + 120)
1/2 1/2 1/2

iq , coswt cos (wt—120) cos (wt+ 120)|[iL,
HE ] o9
lg lpc

PI controller, is used to maintain the voltage across dc link. fundamental active (i;) and reactive
(ig) component of load current is extracted by means of low pass filter. VSC must supply the
reactive power demand of the load to operate the SRF algorithm in unity power factor mode.
Reference reactive component (i;) must be zero(i; = 0), to compensate the reactive demand of the
load. While (i;) is added with output of Pl controller (iz;.ss) in order to regulate the dc link
voltage.

ig =i,+ ldioss (3.14)
Further converting the reference signal from d-q frame to a-b-c by means of inverse Parks
transformation, provides reference current (isq, isp, isc)-

Generated reference current (i”"sac) must be in same phase with grid voltage, using reverse Park’s

conversion as represented below, i sanc are obtained:

isq cos wt sinwt 11 1ia
isp| = [cos (wt —120) sin (wt —120) 1] [iq] (3.15)
isc cos (wt +120) sin (wt +120) 11Li,

Reference current are compared with sensed grid current (isq, isp isc) in hysteresis control to

generate switching signals to operate VSC.

3.6.1.2 Instantaneous reactive power theory (IRPT) -based conventional control algorithm
Figure 3.11 depicts the block diagram representation of IRPT control algorithm of reference current.
In this control Clark’s transformations are used to converts the PCC voltage and load current in to

a-p frame respectively as given below:

Vo] 1 —-1/2 —1/21[%a]
_Vﬁ]_\/(z/ 3)[0 V3/2 —J3/2 [Zﬁ’c’ (3.16)

0] 1 -1/2 -1/2 l:La—
_iLB]_\/(2/3) [o V32 —3/2 [iii (3.17)
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Instantaneous active power ( p,) and Instantaneous reactive power (q,) are computed using the

equations (3.18) and (3.19) as given below:

PL = Vqlra + Vgl (3.18)
qrL = Valpg + VglLe (3.19)
[pL] _[pr DL (3.20)
a. q, +pL '
Vdc* l
Vdc DC voltage Pdioss :
dc ) LPF —»@)—» :
P1 controller :
{ Vsa—p| a-b-cto a-p Va )
: -0-c 1o a- > L * T i
é\\//sst;:transformation VB —» LPF ->®—P> Reference _%
: ”| Active and current o a-ptoabec >0
reactive FSICUI?t'On transformation| >S &
5 - power" q* IN o-p frame > _’:‘Z’ :
liLa—> a-b- t0 a-p ia | calculation | 3| | pE =
i ILb—>transformation ip G
§ |LC—) » qvr
AC voltage
VP LpE Pl
Vsp* controller

Fig. 3.11. Block diagram of IRPT control algorithm

Computed power contains both dc and ac component. To filter out the fundamental active and
reactive power components, low pass filters are used. Reference active and reactive component of

power is estimated using equation given below:
p*: ﬁ + Pioss (3-21)
C[*: E — Qur (3-22)

The Poss refers to the instantaneous active power required to adjust the DC capacitor at its reference
voltage. Additionally, the PCC voltage must be adjusted to its reference value using Qur,

necessary instantaneous reactive power.
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Reference current (i3, isp, isc) IS estimated as given below:

iz 10 L
o=V |12 Vae |(Ze R (3.23)
isc -1/2 —/3/2

In PFC mode reference reactive power component (g*) should be zero in the equation (3.23) to
maintain the grid at unity power factor. Reference current are compared with sensed grid current

(isa isp,isc) N hysteresis control and generate switching signals to operate VSC.

3.6.1.3 Unit template-based conventional control algorithm [105],[110]

Vdc* :
: error(e 5
E Vdc LPF ) ®) pc voltage Pl " :
: controller :

©
L] C L]
i Vsa—> L Upa —>I‘><|—>.9 5
F \/sh Estimation of Vsp Estimation of Uoh —» s 2
voltage amplitude »| inphaseunit =P | X gy i
E Vsc —> template Upc _, E’ =
5[:) '

Fig.3.12. Block diagram of unit template control algorithm

Unit template control algorithm of VSC for estimating the reference currents is shown in figure
3.12. The unit template is a simple VSC control technique for estimating the reference current.
This control algorithm can be made flexible and it can be modified either for PFC or voltage
regulation at PCC. The unit template control algorithm in PFC mode of operation is performed to
estimate reference current as shown in the figure 3.12, PCC voltage and DC bus voltage of VSC
are used for implementing this control algorithm. A band-pass filter (BPF) can be used to remove
distortion in sampled PCC voltages in real time implementation. Assume that after filtering the

PCC voltage signal is ( vy, vgp, Us:). Peak amplitude of PCC voltage is calculated as:

V, = \/g (V2 + V3, +V2) (3.24)

The in-phase unit voltages template (U,q,, U,p, Upc) can be calculated using phase voltages

(Ysa » Vb , Vi) With peak amplitude (V) as follows:
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Upg = 1;—t Uy, = ‘%b,upc = 1;—t (3.25)
Further, error in DC link voltage is compensated using PI controller. Output of PI controller is
considered as amplitude of reference current(iz;,ss) - Amplitude of reference current(iz;ss) are
multiplied by in- phase unit template to get reference current (i, ig,, isc) as given below:

isa = latoss * Usar isp = Laioss * Usp, Isc = laioss * Usc (3.26)
Reference current( ig,, i, isc) are compared with sensed grid current (isq, igp isc) in hysteresis
control and generate switching signals to operate VSC [112]-[115].

3.6.2 Proposed Intelligence Based Novel Modified Synchronous Reference Frame-Based

Control Algorithm

inc* i
: Voo —|_LPF IT-2FLC i
i idloss i
; change in error(Ae) ;
i apctoda0 | s i ————1 , Reference!
{ Lo transforma?ion — Pt > dq?toapc —> Signal
i —p transformation[__, () |
\\ﬁab:: Three phase | Wt

' Ve = PLL

Fig. 3.13. Proposed modified SRF Control algorithm for reference current generation of PV inverter

Novel modified SRF Control algorithm has been presented in figure 3.13. In the present studies,
interval type-2 fuzzy logic controller (IT-2 FLC) has been proposed to regulate the DC link voltage
of grid integrated SPV system. Proposed IT-2 FLC based control block diagram of DC link voltage
of inverter is shown in figure 3.14(a). Controller has two input variables: error (e(k)), change in
error (Ae(k)) and one output variable (ig;0ss)-

e(k) = Vge — Vac(k) (3.27)
Ae(k) =e(k) —e(k—1) (3.28)
where V.. is reference DC link voltage and V. (k) is actual sensed DC link voltage at ks iteration,

e(k) and Ae(k) are error and change in error respectively at ki iteration [71]-[72].
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Structure of proposed controller along with, description of each block viz. fuzzification, rule base
and defuzzification involving type reduction are presented. Error (e(k)) and change in error
(Ae(k)) represents input variables and i4;,ss as an output variable.

IT-2 FLC has four stages: fuzzification, rule base, inferencing and output processing which are

explained below:

b Ve

E(Refgrence DC reesmmmnnneeenna Interval type-2FLC ...
¢ link voltage) error(e) |

Y Vi (controller input) ¢ T .
E(Sensed DC ' ype reaucer

| Jdt L Fuzzification {pe| Inference || (KM algorithm)

ilink voltage)
change in error(Ae)
(controller input)

Idloss

Rule Base Defuzzification | (Controller ouput)

FIS Variables +B(U/L)

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
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(b) (c)
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0.5
-
=
=
=
= 0
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Fig. 3.14 (a). Block diagram of proposed interval type-2 FLC, (b) and (c) Membership function for input

variable ‘error’ and ‘change in error’ respectively (d) surface view of IT-2 fuzzy logic design
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Interval type-2 fuzzification

Figure 3.15, represents an example for fuzzification of 1T-2 FLC. IT-2 FLC membership value in
the [0, 1] domain is defined for each input. For each input two membership levels are computed
one is called the upper membership function (UMF) and other lower membership function (LMF).
Interval type-2 FLC with an extra dimension called footprint of uncertainty (FOU) is capable of

handling large amount of uncertainty. In the figure 3.15, when e (k) = a;, a vertical line at a;
intersects FOU (P) everywhere in the interval [ S5 (a),Sp (a})] and when Ae(k) = a}, vertical line

at o intersects, FOU (Q) everywhere in the interval [ Sq (az), E; (a3)].

(k)

L
a'l

; Y _
Vde min(f)
Y

min()_r)
So(az) 4

F(yy LMF  \ '\ $;(a))
/; \\ >se(k)

a'2

UMF

Fig. 3.15. Fuzzification and inference of IT-2 FLC

Rule base and inference system

In the design of rule base of IT-2 FLC for inverter, five sets of triangular membership function are
used, as Negative big: ((-B (U/L)), Negative medium (—M (U/L)), zero (Z (U/L)), Positive medium
(+M (U/L)), Positive big (+B (U/L)). Interval type-2 fuzzy rule base for proposed controller is
written in the equation given below:

IF e(k) is P and Ae(k) is Q THEN output is R (3.29)
where P and Q are IT-2 fuzzy sets and R is output. Therefore, using equation (3.34), 25 rule bases

have been developed for computation of i ;s as shown in table 3.2.
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Table 3.2. Rule Base for IT-2 FLC

Error(e) \ change in | -B (U/L) -M (U/L) Z (U/L) +M (U/L) +B (U/L)
error (Ae)
-B (U/L) -M(U/L) | Z(U/L) Z(U/L) +M(U/L) +M(U/L)
-M (UIL) Z(U/L) Z(U/L) +M(U/L) +M(U/L) +B(U/L)
Z (U/L) Z(U/L) +M(U/L) +M(U/L) +B(U/L) +B(U/L
+M (U/L) +M(U/L) | +M(U/L) +B(U/L) +B(U/L +B(U/L
+B (U/L) +M(U/L) | +B(U/L) +B(U/L +B(U/L +B(U/L

Inference process combines rule and gives mapping from input to output. For a single rule

inference process is shown in figure 3.15. Two firing levels are then computed, an upper firing
level, f and a lower firing level f.

Where, f = min[S,(a}),Sq(a3)]and f =min [S5 (a}), S5 (a3)].

Type reduction and defuzzification

Type 1 fuzzy set is generated by type reduction and the reduced fuzzy set is converted into crisp

value in defuzzification stage. In the present work, Karnik Mendel (KM) algorithm has been used

for type reduction and defuzzification.

3.7 RESULTS AND DISCUSSIONS

The simulation results for all the VSC control algorithms discussed, have been presented. For
conventional algorithm, under nonlinear load along with the THD (%) in grid current has been
presented and for the developed novel intelligence based modified SRF control has been analysed

in details under various load and environment conditions.

3.7.1 Performance of Various Conventional Control Algorithms Under Nonlinear
(Balanced/Unbalanced) Load at STC Input
To analyse the efficacy of various control algorithms under nonlinear load, a bridge rectifier has

been considered with RL load (R=100 Q, L=100 mH). Further, to create the unbalance in the load,
one phase is kept open from 0.15 to 0.25 seconds. Proposed system using conventional VSC
control algorithm is supposed to be working at standard test condition (1000W/m?, 25°C) in PFC
mode of operation.
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Simulation results using various control algorithms viz. SRFT, IRPT and unit template algorithms
under nonlinear (balance/unbalance) load are given in the figure 3.16-3.19. To impose the
unbalance, one phase is kept open between 0.15 to 0.25 second. It can be seen from figure 3.16-
3.18, that all the algorithms are efficient in maintaining the grid current sinusoidal and balanced
for the unbalance load current between 0.15 to 0.25 sec. Figure 3.19, shows the THD (%) in load
current waveform 29.39%. Furthermore, it can be seen from figure 3.20-3.22, and table 3.3, that
grid current THD (%) is well within the IEEE standard-519, while THD (%) in load current is
29.39%.

= OO = AR
% 23 """."""""""'"""""' """"’w"""‘ .' %ﬁ :E 56’)(:)(/’)(\\)0(‘ %’X‘%’X\%’X‘&’X\%%&Ww
S T 2 s | '
3 OO0 S RORoR o
% o SO & o D
f.n",]_f 0.15 . (']s:echmds) 0.25 0.3 | 0.1 0.15 rime (':ezconds) 0.25 0.3
Fig. 3.16. Performance using SRF control Fig. 3.17. Performance using IRPT control
B I e e e
% o RS Rsnsg Fljmfﬁ 1
= o RN
0.1 0.15 . (':jc(;nds) 0.25 0.3 = Frequency (Hz)
Fig. 3.18. Performance using unit template control Fig. 3.19. THD (%) in nonlinear load current
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Fig. 3.22. THD (%) in grid current using unit template control

3.7.2 Proposed Novel Intelligence Based Modified SRF Based Control Algorithm

3.7.2.1 Performance under linear/nonlinear unbalanced load at STC

The performance of proposed novel intelligent based modified SRF based control algorithm under
linear (5kVA, 0.8 pf) and nonlinear load (three phase bridge rectifier with RL load, R=100€2,
L=100mH), depicted in figure 3.23 and figure 3.24 respectively. Various parameter of the system viz.
Vgrid, lgrid, load, linv,Vac and power balance between grid, load and inverter are also analyzed.

It can be seen from figure 3.23 that till 0.15 seconds PV inverter supplies 4kW active and 3.0 kKVAR
of reactive power demand of the load (5kVA, 0.8 pf), Vgrid and Igrid are 180° out of phase (as excess
6.25 kW power is supplied to the grid), Vdc is maintained at 750V. The inverter alone supplies the
load active and reactive power demand, which decreases the reactive power drawn from the grid to
zero, demonstrating that the proposed control is effective in maintaining the grid at UPF. Further,

unbalanced condition occurs at 0.15 seconds. Performance of the proposed control under linear
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unbalanced load condition by keeping one phase (phase b) disconnected between 0.15 to 0.35 seconds
is studied and various parameters Vviz. Vgrid, lgrid, lioad, linv, Pgrid, Qgrid, Pinv, Qinv, Pioad, Qioad, and Vqc are
analyzed and depicted in figure 3.23. During unbalance period, inverter current compensates, effect
of load unbalance and maintains grid current to be balance. It also supplies the load requirement for
reactive power and thus holds the grid at UPF along with the balance grid current. Furthermore,
between 0.35 to 0.4 seconds, operating at its initial load (5kVA, 0.8 pf) condition. It has been realised
that during single phasing, inverter act as a load balancer by minimizing the unbalanced in grid current
while sharing the power between load and grid during single phasing in three phase system, maintains

lgria to be sinusoidal and Vg is maintained at 750 V.

% s

"

S 0%%’0'0’&"'0'&'&0’0%’0’ %'o't'o'o"40'6"t't's’c't'u'o'u%&'o'&w
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Fig. 3.23. Performance of SPV based microgrid under linear unbalanced load at STC for developed algorithm
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Fig.3.24. Performance of SPV based microgrid under nonlinear unbalanced load at STC for developed algorithm

Further, to test the proposed control under nonlinear load (three phase bridge rectifier with RL
load, R=100Q, L=100mH), has been considered and results are shown in figure 3.24. It is
observed that till 0.15 seconds; PV system supplies its nominal power of 10.25kW. It is observed
from figure 3.24, that till 0.15 seconds Vgrid and lgrig are 180° out of phase, maintains V. at 750V,
PV inverter supplies 3.1kW active power demand of the load. Further, remaining 7.15 kW power
of the PV system is supplied to the grid.

Further, proposed control under nonlinear unbalanced condition is also tested. Under nonlinear

unbalanced load condition by one phase ‘b’ of load disconnected between 0.15 to 0.35 seconds
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and various parameters Viz. Vgrid, lgrid, load, linv, Pgrid, Qgrid, Pinv, Qinv, Pload, Qload, and Vac are
analyzed and presented in figure 3.24, during unbalance period, inverter current compensates,
effect of load unbalance and maintains balanced grid current. It also supplies the load requirement
for reactive power and thus holds the grid at UPF along with the balance grid current.
Furthermore, between 0.35 to 0.4 seconds, operating at its initial nonlinear load (three phase
bridge rectifier with RL load, R=100Q, L=100mH).

It has been realised that during single phasing also grid current is sinusoidal and Vqc is maintained
at 750 V. THD (%) in lgrig is also maintained at 1.71% as depicted in figure 3.25 which is as per
IEEE standard 519-2014, are well within the limit, while THD (%) in nonlinear load current is
29.38%, can be seen from figure 3.26.
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Fig. 3.25. THD (%) in grid current under nonlinear load  Fig. 3.26. THD (%) in nonlinear load current

3.7.2.2 Performance under variable load at STC
Furthermore, to test the robustness of the proposed control under varying load condition has
been analysed. A nonlinear load of a three-phase bridge rectifier with RL load (R=100€,
L=100mH) is connected, and operating at its initial nonlinear load as shown in figure 3.27. For
the load varying conditions between 0.15 to 0.35seconds, an extra linear load of 5kVA, 0.8 pf
lagging is added at 0.15 seconds in the system of existing nonlinear load. After 0.15 seconds
load demand is 7.1kW and 3 kVAR, out of which 7.1kW is supplied by PV inverter, as its
generated power is 10.25 kW, after satisfying the load requirement, remaining power 3.15 kW
is supplied to grid and reactive demand is met by inverter. It has been realised that during load
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variation also grid current is sinusoidal and Vgc is maintained at 750 V. The inverter alone
supplies the load active and reactive power demand, which decreases the reactive power drawn
from the grid to zero, demonstrating that the proposed control is effective in maintaining the
grid at UPF. It has been observed that even under non-linear load conditions, the proposed
control approach compensates, the effect of reactive power, and non-linearity of the load hence

improves the power factor, maintains sinusoidal and balanced grid current.
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Fig. 3.27. Performance of SPV based microgrid under variable nonlinear load at STC
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3.7.2.3. Performance under linear and nonlinear load condition at Varying insolation

Further to test robustness of proposed IT-2 FLC, the controller is tested under linear/nonlinear load
at varying insolation. Solar insolation is reduced at 0.15 second from 1000W/m? to 700W/m? till
0.25 second, between 0.25 to 0.35 insolation is minimum i.e.,700W/m? and again increased from
0.35 second to 0.45 second upto 1000 W/m?. Due to decrease in solar insolation, solar PV current
decreases that leads to decrease in output power of solar PV and vice versa, between 0.25 to 0.35

insolation is minimum i.e.,700w/m?, thus power supplied by the inverter is minimum under this
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Fig. 3.28. Performance of SPV based microgrid under linear load at varying insolation
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A 20kVA, 0.8 pf lag linear load is considered, simulated results and corresponding various
parameters Viz. Vgrid, lgrid, lioad, linv, Pgrid, Qgrid, Pinv, Qinv, Pioad, Qload, and Vgc of the PV inverter
are shown in figure 3.28. It is observed from figure 3.28, between 0.1 to 0.15 second, that both
Vgrid and lgrig are in phase (as power is supplied from grid to load), Vqc is maintained at 750V,
PV inverter supplies its generated power 10.25kW which is not enough to fulfil the load demand
of 20kVA, 0.8pf lag (16kW and 12kVAR), therefore to meet the load demand, extra power
5.75kW is taken from distribution grid, while 12 kVAR of reactive demand of the load is
supplied by PV inverter alone, showing proposed control is efficient in maintaining the grid at
UPF. Further the proposed algorithm on linear load (20kVA, 0.8 pf lag) is tested under varying
insolation from 0.15 seconds and 0.25second and various parameters are presented in figure
3.28. Due to decrease in solar insolation, Piny is decreased upto 7.75kW till 0.25 seconds causing
the grid to share more power by 2.5 kW (total 8.25 kW) to the load(16kW) as depicted in figure
3.28, while, total reactive power demand of load is still supplied by inverter alone hence keeping
grid at UPF during the adverse scenario of solar insolation.

After 0.25 second to 0.35 seconds, insolation is constant at 700W/m?and PV power is constant
at 7.75kW as can be seen from the figure 3.28.

It has been observed that during solar insolation variation, sharing of active and reactive power
between load (Pioad, Qioad), grid (Pgrid, Qgria) and inverter (Pinv, Qinv) is maintained, grid current
is sinusoidal and Vgc is maintained at 750 V.

After 0.35 second till 0.45 second insolation and hence PV power both has been increased and
system regains the initial (0.1 to 0.15 second), steady state condition.

It has been observed that during solar insolation variation, sharing of active and reactive power
between load (Pioad, Qioad), grid (Pgrid, Qgria) and inverter (Pinv, Qinv) is maintained, grid current
is sinusoidal and maintains Vqc at 750 V.
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Fig.3.29. Performance of SPV based microgrid under nonlinear load at varying insolation

Further for a nonlinear load (three phase bridge rectifier with RL load, R=100Q2, L=100mH) at
varying irradiance, simulated results and corresponding various parameters viz. Vgrid, lgrid, load,
linv, Pgrid, Qgrid, Pinv, Qinv, Pload, Qioad, and Ve Of the PV inverter are shown in figure 3.29. It is
observed from figure between 0.1 to 0.15 second, Vgrig and lgrig are out of phase by 180° (as
power is supplied to grid), V. is maintained at 750V, PV inverter supplies its generated power
10.25kW. After satisfying the load demand of 3.1 kW, rest power 7.15kW is fed back to grid,
while PV inverter alone supplying reactive power demand of the load, showing proposed

control is efficient in maintaining grid at UPF.
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After decrease in solar insolation at 0.15 seconds till 0.25 seconds, PV inverter power is
decreased from 10.25kW to 7.75kW, leading to decrease in the power fed to the grid by 2.5kW
as shown in figure 3.29. While reactive power demand of load is supplied by PV inverter (VSC)
alone hence keeping grid at UPF during the adverse scenario of solar insolation.

After 0.25 second, to 0.35 seconds, insolation is constant at 700W/m?and PV power is constant
at 7.75kW as can be seen from the figure 3.29. After 0.35 second, insolation and PV power both
has been increased and system regains the initial (0.1 to 0.15 second), steady state condition.

It has been observed that during solar insolation variation, active and reactive power is balanced
between inverter (Pinv, Qinv) l0ad (Pioad, Qioad) and grid (Pgria, Qgria) IS maintained, lgrig is
sinusoidal and Vqc is maintained at 750 V. Also, it is observed from figure 3.30 and that using
proposed control during the varying insolation, THD (%) in lgrig is 1.45% which is well within
IEEE limits, whereas THD (%) in load current is 29.39% can be seen from figure 3.31.
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Fig. 3.30. THD (%) in grid current at varying insolation Fig. 3.31. THD (%) in nonlinear load current

under nonlinear load

3.8 COMPARATIVE ANALYSIS OF VARIOUS CONTROL ALGORITHMS

In this section, the proposed control algorithms viz. novel modified SRF have been analysed
and compared with other conventional VSC control viz. SRF, IRPT, and unit template in terms
of THD (%) in the grid current under the non-linear load. The obtained THD (%) using novel
intelligent based modified SRF control algorithms and other conventional control schemes are
presented below in table 3.3. The THD (%) in load current is 29.53% while the THD (%) in

grid current in the case of all the VSC algorithms is well within the IEEE standards.
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Table 3.3 THD (%) in grid current using various control algorithms

SN THD in grid current
Control algorithms THD (%)
1 SRF 1.85
2 IRPT 2.29
3 Unit template 2.92
5 Novel intelligent based Modified SRF 1.71

3.9 CONCLUDING REMARKS

In this chapter, design and development of two-stage, three phase grid connected SPV based
microgrid has been carried out. The VSC control algorithms viz. conventional and a novel
intelligence-based control is modelled and simulated for the SPV system.

Numerous simulation results from various operating scenarios have been shown to demonstrate
the viability of the developed control techniques. Under all test environments, the proposed
algorithms' performance was found to be efficient. It has been observed that the developed control
algorithm ensures power balance and compensates for the load's reactive power and nonlinearity.
The THD (%) in grid current is observed to be less than 5% which is within IEEE-519 standard.
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CHAPTER-IV
ADAPTIVE THEORY BASED VSC CONTROL ALGORITHMS FOR
GRID INTEGRATION OF SPV BASED MICROGRID

4.1 INTRODUCTION

In previous chapter, design and development of grid connected SPV based microgrid has been
discussed. The VSC control algorithms viz. conventional and a novel intelligence-based control
is modelled and simulated for the two-stage, three-phase grid interfaced SPV system and detailed
simulation results have been studied.

This chapter contributes toward the design, modelling, and simulation of adaptive theory-based
VSC control algorithms.

In adaptive theory-based control algorithms, the calculation of fundamental active and reactive
power components of load currents is based on adaptive parameters of input signals, which can
be constant or variable. The benefit of adopting fixed parameters is lower complexity, which
reduces the burden of computation on the DSP processor. In the case of fixed parameters, there
is a trade-off between convergence rate and steady-state error. The benefits of employing variable
parameters include faster convergence and lower steady-state error, but this increases the
computational burden on the DSP processor. For control of SPV-based microgrids, the novel
control methods on adaptive approach are developed. The following are the control algorithms
used in the current work to estimate reference currents.

» Adaptive Control Algorithms
e Least Mean Square (LMS) based Adaptive Control Algorithm
» Proposed Adaptive Theory-Based Control Algorithms

e Variable Step Size LMS
e Robust Least Mean Logarithmic Square (RLMLS)

4.2 LEAST MEAN SQUARE (LMS) BASED ADAPTIVE CONTROL ALGORITHM
The least mean square (LMS) adaptive control algorithm, consists of an adaptive process, which
requires automatically adjusting of system parameters based on the estimation error. The
conventional least mean square techniques, is used to estimate the fundamental active and
reactive power weight components of load currents. The calculated weights are employed to

generate reference currents and, eventually, switching pulses. The mathematical formulation of
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an LMS-based control method is covered in this section. LMS control technique computes the
reference currents to generate pulses for VSC operation as demonstrated in figure 4.1 [116]-
[118]. Control algorithms based on Least Mean Squares (LMS) are developed for generating
switching pulses as below:

va_, MPPT
I pv = Vdc

V*4c P1 Controller

Woae

Wi
Wpa(n+1) = Wpa(m +u(n)*epa(n); | +| 3173 LPF | (SR} ><Wrs
Waa(n+1) = Waa(m +u(n)*ega(n); |[Wee > * - i*a
- i e
D .
‘

Wpb(n+1) = Wpb(n) +p(n)*Epb(n); | Wps *Upb=i*pb;
[Eap>—p]|_ WPD(+1) = Wib(m +h(n)€pb(n); (W Wps *Upc =I*pc;

” + qu
Wpa(n+1) = Wpa(n) +u(n)*Epc(n); M‘i} 13 LPF % QW |

Wpb(n+1) = Wpb(n) +u(n)*Epb(n); [Wee *

+

RefeFence current

\ 4
+ +
m_*.

Vsa | Computation of unit Templates VL LPE PI Controller Wac
Vsb ! and peak amplitude voltage (Vt) -

V*; Wogs *Uga =i*qa; L
N N N R Was *Ugb=i*qb; []__J[F]17sc
S =1l I ERE Was *Uqc =i*qc; +

Fig. 4.1. Adaptive LMS Control algorithm

\ 4

Estimation of in phase and unit templates of voltages

The peak amplitude of voltage (V) of grid voltage, can be calculated by:

2
Vo= (20243 +V2) (4.1)

The in-phase unit voltages template (Uy,q, Uy, Uyc) can be calculated by the relation of phase

voltages (Vg , Vip, , Vi) With peak amplitude (V;) voltage as follows:

_ Vsq __ Vs _ Vs
upa = V_t ,upb = V—t,upc = (42)

Estimation of fundamental active and reactive components

Error in active component of load current in each phase (e,q; epp; €pc) at n"instant is estimated

by using in-phase unit template (U,q; Uyp; Upe) and fundamental active component

pas
(Wpa; Wpe; Wp) Of load current (iy,; irp; irc) as follows:
epa(n) = iLa(n) — Upg * Wpq (n) (4.3)

epb(n) = ip(n) — Upp * Wpp (n) (4.4)
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epc(n) = ipc(n) — upc * wpc(n) (4.5)
The fundamental active weights w,q, wy,p, Wy at (n+1) instant be computed as:

Wpa(M+ 1) = wpa(n) + p(n) * epq(n) (4.6)
wpp(n+ 1) = wpp(n) + p(n) * epp(n) (4.7)
Wpe(n+ 1) = wye(n) + p(n) * epc(n) (4.8)

where, step size () value must be small and positive taken as 0.1.
The average fundamental active weight components can be computed as:

at +Wpc
Wy = M (4.9)

Similarly, estimation error in reactive component (e,) of different phases (eqq, eqp, €4c) 1S
estimated using quadrature unit templates (U, , Ugp, Ug:) and load current (i) of the phases

“a” “b”, and “c” at n" instant as follows:

eqa(n) = iLa(n) — Uga (n) * Wya (n) (4-10)
eqb(n) = Ipp (n) — Ugp (n) * Wap (n) (4-11)
eqc(n) = ic(n) — Ugc (n) * ch(n) (4.12)

Fundamental reactive weights (wgq, wqp, Wyc) at (n+1)" instant for the phases “a”, “b”, and “c”

can be computed as:

Updated reactive weight vector for different phases given below:

an(n +1) = Wpa(n) + u(n) * epa(n) (4.13)
wer(n+ 1) = wyp(n) + pu(n) * ey, (n) (4.14)
ch(n +1) = Wpc(n) + U(n) * epc(n) (4-15)

The total fundamental reactive weight component of load (w,,) is estimated by taking average
of updated weight vector.

wyg = Lartrartve) (4.16)

The sensed voltage of dc-link ( V) is compared with reference dc bus voltage (V,;.) to estimate
error in DC link voltage and compensated using proportional integral (PI) controller. The output
of the controller is dc loss weight (wg.).

The total active weight (w,,s) component of the supply reference current is given by:

Wps = Wi, + Wg, (4.17)
The active in-phase reference current can be evaluated as:

e e e
lsag = Wpsupw lsp = Wpsupb' lsc = Wpsupc (4-18)
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The sensed peak magnitude of supply voltage is compared with set reference peak magnitude
and generated error is compensated by PI controller. Output of the controller is ac loss weight
(Wge) s given as:

Waec(n + 1) = Wae(n) + Kpa{vee(n + 1) = v (M)} + Kig Ve (n + 1) (4.19)
Where K,,, K;, are gains of ac voltage PI controller and v..(n + 1) is the error of the sensed
ac voltage and reference ac bus voltage at (n+1) " sampling time.

Total reactive weight component (w,) of the reference current as shown below:

Wgs = Wac — Wiq (4.20)
Reactive reference current components can be evaluated as:

lga = Wgs * Ugq; Tgp = Was * Ugp; lge = Wgs * Uy (4.21)
Estimation of reference current and switching signal for VSC

The active and reactive reference current (inq, ipp, ipc), (igar ign tgc) respectively are added to
get reference current (iz,, i5p, isc) Which is given by:

(30 = Uha + ioa ity = Uy + i0pise = ipe + i5c (4.22)
Furthermore, reference current (i3, is,,i5c) are compared with sensed grid current

(isq isp,isc) In hysteresis control and generate switching signals to operate VSC.

43 PROPOSED ADAPTIVE THEORY BASED CONTROL ALGORITHMS
Because of its simplicity, conventional LMS adaptive control has been widely implemented, but
the performance is frequently unsatisfactory due to poor dynamic performance caused by a

trade-off between tracking capability and accuracy in fixed step size.

4.3.1 Variable Step Size LMS Adaptive Theory-Based Control Algorithm

The proposed control generates reference current by extracting the fundamental active and
reactive component from load current. The control, offers better initial transients, dynamic
performance and better convergence than conventional LMS and SRF based control. The
proposed VSSLMS control of VSC has been discussed in details in the present section.

The proposed control algorithm is depicted in figure 4.2, proposed control algorithm extracts the
fundamental components from load current to estimate reference current. It improves the PQ of
the grid by compensating harmonics, reactive power, and unbalancing of the load. It is more
efficient, than conventional LMS and SRF control due to faster tracking abilities during dynamic

loading condition, and is efficient under adverse grid scenario viz. unbalance and distorted grid
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voltage. Grid integrated PV system is modelled in MATLAB/Simulink2016(a) and various

system parameters are given in the appendix: A.

va—) MPPT
IPV_> Ve
\Vi X PI Controller
Calculation of active weight component (wpa,Wpb,wpc):
Wpa(n+1)=Wpa(n)+u(n)*E€pa(m) ;
Wpb(n+1)=Wpb(n)+H(n)*Epb(n) ;
Whpc(n+1)=Wpc(n)+p(n)*€pb(n) ; Wete Estimation of active
+ + + - Y - reference component: +H 5
- - - Calculation of total active i* 2= Wos*Una - +[j*
Calculation of avere;g(e ?c§|ve weight Wip weight components: R _*pa ps*Upa ; saE
component (wip ): > ~ i*pb=Wps*Upb ; &
WIip= (Wpa+Wph+Wpc)/3 Wps=Wip+Wdc ke m =
1™ pc=Wops*Upc ; —i* 3
- - - + sbw
Calculation of averagt;e reacFlve weight | Calculation of total Reactive STElTEn o EEEhe " —>§
o), [ e e [T
Wgs=Wac -Wiq i*ga=Was-Uqa: _ i*scn:
A i* =Wos-UgB : & —>
Calculation of reactive weight component (wga,wgb,Wgc): W gb=Was-UgB ; »| +
ac 1 —  —
Waa(n+1)=Wqa(n)+(n)*€qa(n) ; I*qc=Was-Uqc;
Wab(n+1)=Wab(n)+u(n)*Eqb(n) ;
Wac(n+1)=Waqc(n)+{(n)*Eqb(n) ;
zsz—b Computation of unit Templates Vi LPF : PI Controller
SO—»1  and peak amplitude voltage (Vt) +
Fig.4.2 VSSLMS adaptive control for reference current generation
Estimation of in phase and orthogonal unit templates of voltages
The peak amplitude of voltage (V;)of grid voltage, can be calculated by:
2
— |22 2 2
Vt - \/3 (Vsa + Vsb + Vsc) (4-23)

The in-phase unit template voltages (U,q, Upp, Upc) can be calculated from phase voltages

(Vsa» Vs » Vsc) and peak amplitude of voltages (V;) [68] as follows:

_ Vsq _ Vs _ Vsc
Upg =22, Uy = 22, Uy = 2 (4.24)

The reactive/orthogonal/quadrature unit templates (U, , Ugp, Uqc) Can be obtained from in
phase unit template voltages as follows:

u u V3u Upp—U V3u Upp—U
u :_Lb_l_ pc , — pa (pb pC), _ pa+(pb pC)

2.y u,,. =
qa V3 ' oy3’ “ab 2 23’ ac 2 2V3

(4.25)
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Estimation of active and reactive weight components

Instantaneous estimation error (e,) of active component in each phase at n'" instant is estimated
from in phase unit template (u,) and load current (i) for phases “a”, “b” and “c” can be

computed using the equation (4.26) -(4.28):

Estimation error (e,) of different phases (e,q, ey, €,¢) IS estimated using in phase unit

template (u,) and load current (i,,) at n" instant as follows:

epa(n) = iLa(n) - upa(n) * Wpa (n) (4.26)
epp(n) = ipp(n) — upp(n) * wy,(n) (4.27)
epc(n) = iLc(n) - upc(n) * Wpc(n) (4-28)

New variable step size (p) for proposed control algorithm can be realized by mathematical

equations as given below [116],[120]:

_ B
K(n)= {[1 + exp(~ale(n)e(n—1)[)]-0.5} (4.29)

where e (n) represents the estimation error at nw instant, and scaling factor (a) and (B) are
positive scalar constant, taken as 20 and 0.01 respectively for minimum error.

Fundamental active weights w4, wy,p, Wy, at (n+1) instant for the phases “a”, “b” and “c” can
be computed using equation (4.30) -(4.32).

Where, ey, (n) is the priori estimation error and u(n) is step size for minimum error. Updated
active weight vector wy,,,, (n + 1) is calculated from weight w,,,,, (n) for overall error

minimization. Updated active weight vector for different phases given below:

Wpa(n +1) = Wpa(n) + u(n) epa(n) (4.30)
Wy (1) = Wi (1) + () * e (1) (431)
Wpc(n +1) = Wpc(n) + u(n) * epc(n) (4.32)

The total fundamental active weight component of load (w;,,) is estimated by taking average of
updated weight vector.

Wy = Loatortpd) (4.33)

The purpose of proposed control technique is to minimize the error. Similarly, estimation error
(eq) of different phases (eqq, €qp, €4¢) is estimated using quadrature unit templates (Ugq

, Ugp, Ugc) and load current (i) of the phases “a”, “b”, and “c” at n" instant as follows:

eqa(n) = g (n) — Uga (n) * Wyqa (n) (4.34)
eqp(n) = ip(n) — ugp () * wyp(n) (4.35)
eqc(n) = ic(n) — Ugc (n) * ch(n) (4.36)
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Fundamental reactive weights (wgq, wqp, wyc) at (n+1)" instant for the phases “a”, “b”, and “c”
can be computed as:

Updated reactive weight vector for different phases given below:

an(n +1) = Wpa(n) + u(n) = epa(n) (4.37)
W+ 1) = Wy () + () * e () (4.39
ch(n +1) = Wpc(n) + p(n) = epc(n) (4.39)

The total fundamental reactive weight component of load (w,,) is estimated by taking average
of updated weight vector.

_ (Wgatwgptwc) (4.40)

qu 3

The error in sensed actual dc-link voltage ( V,.) as compared to (V) reference voltage is
compensated using PI controller. Output is dc loss weight (w,.) of PI controller is given as:
Wae(n + 1) = wae(n) + Kpa{vaeey(n + 1) = Vacey (M} + KigVaceey(n + 1) (4.41)
Where K4, K;4 are gains of dc bus PI controller. vy (n + 1) is the error of the sensed V.
and V.. dc bus voltage at (n+1)" sampling time.

Total active weight (w,s) component in reference current can be calculated as:

Wps = Wiy + Wgc (4.42)
The active in-phase reference current components can be evaluated as:

Ipa = Wps * Upa; Lpp = Wps * Upp; ipe = Wps * Uy (4.43)
The sensed peak magnitude of supply voltage is compared with set reference peak magnitude
and generated error is compensated by PI controller. Output of the controller is ac loss weight
(Wge) s given as:

Wac(M + 1) = Wac(n) + Kpa{vee(n + 1) — v (M)} + Kig Ve (n + 1) (4.44)

Where K

»a» Kiq are gains of ac voltage PI controller and v, (n + 1) is the error of the sensed

ac voltage and reference ac bus voltage at (n+1) ™ sampling time.

Total reactive weight component (w) of the reference current as shown below:
Wgs = Wae — Wig (4.45)
Reactive reference current components can be evaluated as: igq = wys * Ugqs igp =

Wes * Ugp; lge = Wgs * Uge (4.46)
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Estimation of reference current and switching signal for VSC

The active and reactive reference current (iyq, ipp, ipc)s (igas igp iqc) T€SPectively are added to

get reference current (i3, i3y, isc) Which is given by:

isa = ipa + [garisy = bpp + igp, lsc = ipe + igc (4.47)
Furthermore, reference current (i3, is,i5c) are compared with sensed grid current

(isq isp,isq) In hysteresis control and generate switching signals to operate VSC.

4.3.2 Robust Least Mean Logarithmic Square Based Control Algorithm

To overcome the limitations of LMS VSC control algorithm, a novel VSC control technique
based on a robust least mean logarithmic square (RLMLS) adaptive filter is proposed. It provides,
better performance in terms of transient, steady-state, dynamic response and faster convergence
speed.

It compensates unbalance and nonlinearity of the loads, even under ideal and weak grid scenarios.
The control scheme is efficient in the event of an unbalanced or distorted grid voltage.

It also significantly improves accuracy of the algorithm during the dynamic load condition and
offer less oscillations in the estimation of active component. The proposed control scheme does
not require a complicated block for synchronization, such as a phase lock loop (PLL). Hence,
proposed control eliminates the additional computational burden, with the added benefit of
reduced complexity, ease of implementation, and adaptability.

Figure 4.3, depicts the proposed RLMLS control, various input signal such as load current, grid
voltages at PCC along-with DC link voltages are sensed. In- phase, quadrature unit templates of
voltage, and fundamental active and reactive weights component are estimated. Furthermore,
total active and reactive weights are estimated by adding compensated current from DC and AC
side PI controller respectively. In the next stage, active and reactive components of reference
current are estimated by multiplying in-phase and quadrature unit template respectively. In the
final stage, active and reactive reference components of respective phases are added to get
reference current. Furthermore, hysteresis current control is used for generation of controlled
switching pulses of VSC. Proposed RLMLS control of VSC has been discussed in details in this

section.

Estimation of in phase and orthogonal unit templates of voltages

The peak amplitude of voltage (V,)of grid voltage, can be calculated by:
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Vo= [F0+ V5472 (4.48)

The in-phase unit template (U,q, Upp, Upc):

Upq = % yUpp = %,UPC = 1% ; where (Vs , Vsp , Vsc) are phase voltages. (4.49)
t t t

Quadrature unit templates (Uyq , Ugp, Uge):

w = Uph + Ype V3upa . (upp—upc) —_ V3 upg + (upp—tpc) (4.50)
@ R 2 23 e 2 23 '
Vi MPPT
|pv Ve
V*4c PI Controller

Calculation of active weight component (wpa,wpb,wpc):
Wpa(n+1)=Wpa(n)+p(n) *[a*€pa(n)/ (1+a*€2pam))]*Epam) ;
Wpb(n+1)=Wpb(n)+(n) *[e*€pb(n)/ (1+a*€2pb(n))]*Epbn) ;

Estimation of active
=" * % % | .
Wpc(n+1)—*Wpc(n)+u(n) *[o*€pc(n)/ (1+a*E2pc(n))]*Epb(n) ; 3 Widc e GE T i
- +
Calculation of average active weight Calculation of total active 1*pa=Wps*Upa ; ’ r
component (wWip ): Wlp: weight components: N i*pb:Wps*Upb : E
el e 1*pc=Wps*Upc ; | | g
? =)
Calculation of average reactive weight Calculation of total reactive — - > + %53
component (wiq ): W'CL weight Components: Es]:umatlon €l reactl\f » E
WIg= (Wqa+Wgqb+Wqc)/3 > _ N rererence component: > &
Wgs=Wac -Wiq fx S
£ 2 S 2 i3 i*ga=Wos*Uda ; i &
Calculation of reactive weight component (wga,wgb,wqc ): Wac i*qb:qu*Uqb . +
= * * * . o P> +
Waa(n+1)=Waqga(n)+u(n) *[a*€qan)/ (1+e*€2qan))]*€agan) ; i*ge=Was*Uqc : :I
Wab(n+1)=Wab(n)+u(n) *[e*€abm)/ (1+a*€2gbn))]*E€ab(n) ;

Woc(n+1)=Wac(n)+i(n) *[o*Eqc(n)/ (1+a*€2qcn))]*€ab(n) ;

Vsa—p! Computation of unit Templates o"
Vsb—»!  and peak amplitude voltage (Vt) &

Fig.4.3. RLMLS adaptive control for reference current generation

P1 Controller]

Weight Extraction by Proposed Control
Using the load current (i) and in-phase unit template (U, Upp, U,c) at the nu instant, the

estimation error (e,,) of distinct phases ey, e,p, ey is calculated as follows:

epa(n) = iLa(n) - upa(n) * Wpa (n) (4.51)
epp(n) = i1 (n) — upp () * wyp(n) (4.52)
epc(n) = iLc(n) - upc(n) * Wpc(n) (4.53)

Fundamental active weights w,,, wp,p, Wy, at (n+1)™" instant for different phases are computed
by equation (4.54)-(4.56). Where, e,q(n), ey, (n), e,c(n) are the priori estimation error. step

size () and scaling factor (a) are positive scalar constant and taken as 0.1 and 0.0035

respectively for minimum error.
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For overall error reduction, updated weight wy,,,, (n + 1) is computed from weight w,,,,(n). The

following is an updated weight vector for various phases:

* epq(n)

Wpa (1 + 1) = Wy (n) + () 725 epa(n) (4.54)
* epp(n)

Wb (1 + 1) = Wy () + () 22T e () (4.55)
* epc(n)

wye(n+1) = wye(n) + p(n) —H“afgpcj(n) * epe (1) (4.56)

By averaging the active component of load (w,,), is calculated.

Wy = (Wpa+W§b+Wpc) (4.57)

Using the load current (i,) and quadrature unit template (Ug,, Ugp, Ugc) at the n'" instant, the

estimation error (e,) of distinct phases e, e4p, €4 is calculated as follows:

eqa(n) = ia(n) — Uga (n) = Waqa (n) (4.58)
eqp(n) = ipp(n) — ugp (n) * wyp(n) (4.59)
eqc(n) = iLc(n) — Uge (n) = Wyc (n) (460)

For overall error reduction, updated weight wg,,, (n + 1) is computed from weight w,, (n). The

following is an updated weight vector for various phases:

Waa(+ 1) = wea(n) + p(n) —<12®_, o (n) (4.61)

1+ax* epg?(n)

Wep(n+ 1) = wap(n) + p(n) ——=M_, o () (4.62)

1+ax epg?(n)

ax eqa(n)
1+a* egq?(n)

ch(n +1) = ch(n) + H(n) * eqc(n) (463)

The proposed control technique's aim is to reduce error. The average fundamental reactive
components of load (w,,) can be calculated in the same way:

wyg = Latrartve) (4.64)

The error v (n), in sensed actual dc-link voltage ( V) with respect to reference voltage
(V;.) is given as at ng sampling,

Vac(e)(n) = Vg (n) = Vac(n) (4.65)
P1 controller output is dc loss weight (w,.), which regulates the dc-link voltage. DC loss weight
(Wqc) is estimated by v4.(.) and gains of PI controller gains (K4, Kiq) given as:

Wae(n+ 1) = wae () + Kpa{vacey(n + 1) — vacey (W} + KigVacey(n + 1) (4.66)
Where K, 4, K;q are gains of PI controller of DC link. Error in the DC link voltage at (n+1)"

sampling time with respect to V. is represented by vy ) (n + 1).
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The vgc)(n + 1) represents the error in the DC link voltage at (n+1)™ sampling time with
respect to V. , where K4, K;4 are the gain of dc side PI controller.

Total active weight (w,;) component:

Wps = Wi, + Wq, (4.67)
Active reference current can be evaluated below:

ipa = Wps * Upg ; i;b = Wps * Upp 5 Ipe = Wps * Upc (4.68)
Error in the supply voltage with respect to set reference voltage compensated by PI controller.
ac loss weight (w,.) output of PI controller is given as:

Woc(m+1) = wge () + Kpg{vee(n + 1) — vee (M)} + Kigvee(n + 1) (4.69)
Error at (n+1) ™" sampling time with respect to set reference ac voltage is presented by v, (n + 1),

where K

»a» Kiq are gain of ac side PI controller.

The reference current’s total reactive weight component (w;) is illustrated below:

Wgs = Wae — Wig (4.70)
Reactive reference components can be estimated as:

lga = Wgs * Uga, lgp = Wgs * Ugp, lge = Wgs * Uge (4.71)
Switching Pulse Generation

The addition of (ipe, ippsipc) and (iga, igp iqc) are utilized to estimate reference current
(isa Lsp, isc) Which is given by:

lsa = lpa t lgar lsp = lpp + igpsisc = lpc +ige (4.72)
Furthermore, reference current (ij,, isp i5c) are compared with sensed grid current

(isq Usp,isc) In hysteresis control and generate switching signals to operate VSC.
4.4 RESULTS AND DISCUSSIONS

4.4.1 Least Mean Square (LMS) Control Algorithm

The simulation results of LMS are presented and analysed under nonlinear balanced and
unbalanced load at STC. To analyze the efficacy of conventional LMS control algorithms under
nonlinear load, a bridge rectifier has been considered with RL load (R=100 Q, L=100 mH).
Further, to create the unbalance in the load, one phase is kept open from 0.15 to 0.25 seconds.
System is supposed to be working at standard test condition (1000w/m?, 25°C).

Simulation results using LMS control algorithms under nonlinear(balance/unbalance) load are

given in the figure 4.4. To impose the unbalance between 0.15 to 0.25 second one phase is kept
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open. It can be seen from figure, that LMS is efficient in maintaining the grid current sinusoidal
and balanced under the unbalance load current between 0.15 to 0.25 sec. Figure 4.5 shows the
grid current waveform and THD (%). It can be seen from figure 4.9 and figure 4.5, that load
current THD is 29.28% while grid current THD 1.92% respectively, which is well within the
IEEE standard-519.

s o SO Rg,~

% ;% -100.1 0.11 0.12Ti%£3(s)0.i4 0.15

:E 2 i . . -‘ %T a;y:;amem;l (50Hz) = 14.14 , THD=1.92%

R U S v

g 6m:].l 0.I15 Time (OsieZc(mds) 0.I25 0.3 g 0 200 Fre:(l(l"cy‘i?_?z) 800 1000
Fig. 4.4. Performance using adaptive LMS control Fig.4.5. Grid current waveform and THD (%): after

compensation using LMS control

4.4.2 Variable Step Size Least Mean Square Control Algorithm

4.4.2.1 Performance under linear/nonlinear (unbalanced) and variable load at STC

The performance of proposed new VSSLMS adaptive control under linear (5kVA, 0.8 pf) and
nonlinear load (three phase bridge rectifier with RL load, R=100Q, L=100mH), depicted in
figure 4.6 and figure 4.7 respectively. VVarious parameter of the system viz. Vgrid, lgrid, load, linv, Vdc
and power balance between grid, load and inverter are also analyzed.

It can be seen from figure 4.6 that till 0.15 seconds PV inverter supplies 4kW active power and
3.0 KVAR of reactive demand of the load (5kVA, 0.8 pf), Vgrid and Igrid are 180° out of phase
(as excess 6.25 KW power is supplied to the grid), Vdc is maintained at 750V. The inverter alone
supplies the load active and reactive power demand, which decreases the reactive power drawn
from the grid to zero, demonstrating that the proposed control is effective in maintaining the grid
at UPF.
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Fig. 4.6. Performance at STC input under linear (balance/unbalance) and load variable

Further, unbalanced and load varying condition occurs at 0.15 seconds and 0.30 second
respectively. Performance of the proposed control under linear unbalanced load condition by
keeping one phase (phase b) disconnected between 0.15 to 0.25 seconds is studied and various
parameters Viz. Vyrid, lgrid, hoad, linv, Pgrid, Qgrid, Pinv, Qinv, Pioad, Qload, and V. are analyzed and
depicted in figure 4.6. During unbalance period, inverter current compensates, effect of load
unbalance and maintains grid current to be balance. It also supplies the load requirement for
reactive power and thus holds the grid at UPF along with the balance grid current.
Furthermore, between 0.25 to 0.3 seconds, operating at its initial load (5kVA, 0.8 pf)
condition. For the load varying condition between 0.3 to 0.45 seconds, an extra linear load of
10kVA, 0.8 pf lagging is added at 0.3 seconds in the system. After 0.3 seconds load demand
is 15kVA, 0.8 pf lagging (12kW and 9 kVAR). Power supplied by PV inverter is 10.25kW
which is not enough to fulfill the load requirement therefore to meet the load demand extra
required power 1.75 kW is taken from distribution grid and the reactive power demand of the
load is met by inverter, and the grid is at UPF. It has been realised that during load variation

and single phasing also that lgrig is sinusoidal and V¢ is maintained at 750 V.
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Fig. 4.7. Performance at STC input under nonlinear (balance/unbalance) and load varying

Further, to test the proposed control under nonlinear load (three phase bridge rectifier with RL
load, R=100Q, L=100mH), has been considered and results are shown in figure 4.7 It is
observed that till 0.15 seconds; PV system supplies its nominal power of 10.25kW. It is
observed from figure 4.7 that till 0.15 seconds Vgrig and lgrig are 180° out of phase, maintains
Ve at 750V, PV inverter supplies 3.1kW active power demand of the load. Further, remaining
7.15 kW power of the PV system is supplied to the grid.

Further, proposed control under nonlinear unbalanced and load varying condition are also
tested. Under nonlinear unbalanced load condition by one phase ‘b’ of load disconnected
between 0.15 to 0.25 seconds and various parameters Viz. Vyrid, lgrid, lioad, linv, Pgrid, Qgrid, Pinv,
Qinv, Pioad, Qioad, and Vg are analyzed and presented in figure 4.7, During unbalance period,
inverter current compensates, effect of load unbalance and maintains balanced grid current. It
also supplies the load requirement for reactive power and thus holds the grid at UPF along with
the balance grid current. Furthermore, between 0.25 to 0.3 seconds, operating at its initial
nonlinear load (three phase bridge rectifier with RL load, R=100Q, L=100mH).
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For the load varying conditions between 0.3 to 0.45 seconds, an extra linear varying load of
5kVA, 0.8 pf lagging is added at 0.3 seconds in the system of existing nonlinear load. After 0.3
seconds load demand is 7.1kW and 3 kVAR, out of which 7.1kW is supplied by PV inverter, as
its generated power is 10.25 kW, after satisfying the load requirement, remaining power 3.15 kW
is supplied to grid and reactive demand is met by inverter. It has been realised that during load
variation and single phasing also grid current is sinusoidal and V¢ is maintained at 750 V. THD
(%) In lgrig is also maintained at 1.38% as depicted in figure 4.8 which is as per IEEE standard
519-2014, are well within the limit, while THD (%) in nonlinear load current is 29.38%.
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Fig. 4.8. THD (%) in grid current under nonlinear load  Fig. 4.9. THD (%) in nonlinear load current

4.4.2.2 Performance under linear and nonlinear load at varying insolation

Further, the proposed new VSSLMS control is also tested at varying insolation under linear and
nonlinear load. Solar irradiance is decreased at 0.15 second from 1000W/m? to 700W/m? and
again increased to 1000W/m? at 0.25 second; thus, solar PV current decreased; thus, PV output
power is reduced and vice versa.

A 20kVA, 0.8 pf lag linear load is considered, simulated results and corresponding various
parameters Viz. Vgrid, lgrid, lioad, linv, Pgrid, Qgrid, Pinv, Qinv, Pload, Qload, and Vqc of the PV inverter
are shown in figure 4.10. It is observed from figure 4.10, between 0.1 to 0.15 second, that both
Vgrid and lgrig are in phase (as power is supplied from grid to load), Vqc is maintained at 750V,
PV inverter supplies its generated power 10.25kW which is not enough to fulfil the load demand
of 20kVA, 0.8pf lag (16kW and 12kVAR), therefore to meet the load demand, extra power
5.75kW is taken from distribution grid, while 12 kVAR of reactive demand of the load is
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supplied by PV inverter alone, showing proposed control is efficient in maintaining the grid at
UPF. Further the proposed algorithm on linear load (20kVA, 0.8 pf lag) is tested under varying
insolation from 0.15 seconds and 0.25second. The performance of system using proposed
algorithm under linear load condition under varying insolation between 0.15 to 0.25 seconds is
analysed and various parameter viz. Vgrid, lgrid, lioad, linv, Pgrid, Qgrid, Pinv, Qinv, Pload, Qioad, and
V4 are presented in figure 4.10. Due to decrease in solar insolation, Piny is decreased to 7.75kW
at 0.15 seconds causing the grid to supply more power by 2.5 kW (total 8.25 kW) to the load as
depicted in figure 4.10, while, total reactive power demand of load is still supplied by inverter
alone hence keeping grid at UPF during the adverse scenario of solar insolation. After 0.25
second, insolation and PV power both has been increased and system regains the initial (0.1 to
0.15 second), steady state condition.

It has been observed that during solar insolation variation, sharing of active and reactive power

between load (Pioad, Qload), grid (Pgrid, Qgrid) and inverter (Pinv, Qinv) is maintained, grid current
is sinusoidal and maintains Vqc at 750 V.
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Fig. 4.10. Performance of system under linear load at varying insolation
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Fig. 4.11. Performance of system under nonlinear load at varying insolation

Further for a nonlinear load (three phase bridge rectifier with RL load, R=100Q, L=100mH) at
varying irradiance, simulated results and corresponding various parameters viz. Vgrid, lgrid, load,
linv, Pgrid, Qgrid, Pinv, Qinv, Pload, Qload, and Vg of the PV inverter are shown in figure 4.11. It is
observed from figure between 0.1 to 0.15 second, Vgrig and lgrig are out of phase by 180° (as
power is supplied to grid), Vqc is maintained at 750V, PV inverter supplies its generated power
10.25kW after satisfying the load demand of 3.1 kW, rest power 7.15kW is fed back to grid,
while PV inverter alone supplying reactive power demand of the load, showing proposed
control is efficient in maintaining grid at UPF.

After decrease in solar insolation at 0.15 seconds, PV inverter power is decreased from
10.25kW to 7.75kW, leading to decrease in the power fed to the grid by 2.5kW as shown in
figure 4.11. While reactive power demand of load is supplied by PV inverter (VSC) alone hence
keeping grid at UPF during the adverse scenario of solar insolation. After 0.25 second,
insolation and PV power both has been increased and system regains the initial (0.1 to 0.15

second), steady state condition.
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It has been observed that during solar insolation variation, active and reactive power is balanced
between inverter (Pinv, Qinv) l0ad (Pioad, Qioad) and grid (Pgria, Qgria) IS maintained, lgrig is

sinusoidal and Vg is maintained at 750 V.

4.4.2.3 Comparison of active weight convergence of proposed VSSLMS algorithm and

conventional SRF and LMS control algorithms
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Fig. 4.12 Comparative performance of proposed VSSLMS with SRF and LMS control
Table 4.1. Comparison of VSSLMS control algorithm with SRF and LMS
Control Settling time Overshoot in active Undershoot in active component
algorithm (sec) component (Wps) (Whs)
SRF 0.06 160 -58
LMS 0.05 140 -50
VSSLMS 0.03 75 -25

Figure 4.12, shows comparison of proposed VSSLMS control with conventional SRF and LMS
adaptive control. Nonlinear load viz. three phase bridge rectifiers with RL load
(R=100€2,100mH) is considered and further to investigate the transient response during load
perturbation one phase of load is kept removed from 0.15 to 0.25 second.

It can be seen from figure 4.7, that till 0.30 seconds; PV system supplies its rated active power.

It is observed that till 0.30 seconds Vgrig and lgrig are 180° out of phase (as power is fed to the
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grid) therefore, active component of reference current is negative as it can be seen from figure
4.12.

Figure 4.12, shows the comparison of transient and dynamic performance under considered
load. It can be seen from the figure., that during grid integration, proposed control gives better
initial transient response in terms of settling time, overshoot and undershoot as given in table
4.1 and has less oscillations. Further during load perturbation, it can be seen that proposed
control has lower ripples as compared to that of the conventional SRF and LMS control, settling
time using proposed VSSLMS control is 30msec whereas it’s S0msec and 60msec respectively
in case of conventional SRF and LMS. Hence the proposed control, is more efficient than that

of other conventional SRF and LMS adaptive control.

4.4.3 Robust Least Mean Logarithmic Square Control Algorithm

4.4.3.1 Performance under linear/nonlinear (unbalanced) and load varying at STC

Figure 4.13 and 4.14 show the performance of control under linear (5kVA, 0.8 pf) and nonlinear
load (three phase bridge rectifier with RL load, R=100Q2, L=100mH), respectively. Vgrid, lgrid,
lioad, linv, Vdc, and power sharing between VSC, grid and load are among the system’s
parameters that are examined.

VSC supplies 4kW and 3.0 kVAR demand of the load until 0.15 seconds, lgrig and Vgrig are 180°
out of phase (as grid is receiving reserve 6.25 KW power), and V¢ is maintained at its reference
(V*4c). VSC alone meets reactive power requirement of load, resulting in a 0% reactive power
delivered from the grid, proving that control scheme is efficient under UPF mode.
Furthermore, performance under linear unbalanced conditions is evaluated by disconnecting
one phase ‘b' for 0.15 to 0.25 seconds and investigating several system parameters such as Vgrid,
lgrid, lioad, linv, Pgrid, Qgrid, Pinv, Qinv, Pioad, Qioad, @and Vgc as shown in figure 4.13.

During the unbalance moment, the VSC compensates for the effect of the load unbalance and
keeps the lgrig balanced. It also meets the reactive demand, keeping the grid at UPF while
balancing the lgrig. Furthermore, between 0.25 to 0.3 seconds, operating at its initial load (S5kVA,
0.8 pf) condition. A 10kVA linear load with 0.8 pf lagging connected to PCC at 0.3 to 0.4
seconds to examine the load variation performance. At 0.3 second’s, demand is 15kVA, 0.8 pf
lagging (12kW and 9 kVAR). VSC is insufficient to meet the load requirement, an additional
1.75 kW is drawn from the grid to meet the load requirement.

It has been observed that lgrig is sinusoidal and Vg is maintained at VV*q4 during single phasing
and load variation. It has been observed the proposed control approach compensates, the effect
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sinusoidal grid current under different loading conditions under STC.
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Fig. 4.13. Performance at STC input under linear (balance/unbalance) and variable load

proposed control has been validated, and the results are given in figure 4.14.

The VSC supplies 3.1 kW, until 0.15 seconds, lgrid, Vgria are 180° out of phase (as grid is
receiving reserve 6.25 kW power), and V¢ is maintained at its reference (V*qc). VSC alone

meets the load requirement, resulting in a 0% reactive power delivered from the grid, proving

that suggested control is effective under UPF mode by keeping the grid at UPF.

Furthermore, the performance under nonlinear unbalanced load conditions is evaluated by
disconnecting one phase ‘b’ for 0.15 to 0.25 seconds and investigating various system

parameters such as Vyrid, lgrid, lioad, linv, Vde, Pgrid, Qgrid, Pinv, Qinv, Pload, Qload, @nd Vgc as shown
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in figure 4.14. During the unbalance moment, the VSC compensates for the effect of the load
unbalance and keeps the Igrig balanced. It also meets the for reactive load demand, keeping the
grid at UPF while balancing the lgrig. A 5 kVA, 0.8 pf lag, is connected at PCC from 0.3 to 0.4
seconds to examine the load variation performance. At 0.3 second's Load requirement is
(7.1kW and 3 kVAR), because the power produced by the PV inverter is sufficient to meet the
load requirement, remaining 3.15 kW is delivered to the grid.

It can be seen that VSC compensates the harmonics and maintains lgrig Sinusoidal, Vdc is
maintained at VV*dc, during single phasing and load variation. THD (%) in Igrid is 2.49 percent,
as depicted in figure 4.15, it lies inside the bounds of IEEE standard 519-2014, whereas THD
(%) in lioad is 29.39% given in the figure 3.16.
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Fig. 4.14. Performance at STC input under nonlinear (balance/unbalance) and load varying
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It has been observed that even under non-linear load conditions, the proposed control approach
compensates, the effect of reactive power, unbalance and non-linearity of the load hence
improves the power factor, maintains sinusoidal and balanced grid current. Further, harmonics
in the lgrig is 2.49% which satisfies the IEEE standards.
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Fig. 4.15. THD (%) in grid current waveform
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Fig. 4.16 THD (%) in nonlinear load current waveform

4.4.3.2 Performance under linear and nonlinear load at varying insolation

Furthermore, control is validated under variable insolation. Solar irradiance is lowered from
1000W/m? to 700W/m? at 0.25 seconds, resulting in a fall in solar PV current as a result, a
reduction in PV output power and results has been discussed for linear and nonlinear load
respectively in the figure 17 and 18.

The simulated results under 20 kVA, 0.8 pf lag linear load and associated different parameters
such as Vgrid, lgrid, load, linv, Vide, Pgrid, Qgrid, Pinv, Qinv, Pload, Qload, and Ve, are presented in figure
4.17. It can be shown in figure 4.16, until 0.25 seconds that both Igria and Vgrig are in phase, Vac
is maintained at V*qc, VSC delivers its developed 10.25 kW, which is insufficient to meet the
load requirement of 20 kVA, 0.8pf lag (16 kW and 12 kVAR), so balanced power of 5.75 kW
is drawn from the grid to meet the load demand, while 12 kVAR of reactive demand is fed by
VSC alone, proving that the control is effective under UPF mode. The proposed technique has
also been evaluated on a linear load with insolation ranging from 0.25 seconds to 0.4 seconds.
After 0.25 seconds, due to reduction in solar irradiance, Piny is reduced to 7 kW at 0.25 seconds,

causing additional 3.25 kW has been supplied by grid to the load as shown in figure 4.17.
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Whereas the complete reactive power is still met by the VSC alone, the grid remains at UPF
during periods of low solar irradiance.

The sharing of power between load (Pioad, Qioad), VSC (Pinv, Qinv) and grid (Pgrid, Qgrid) IS
maintained throughout solar insolation variation, lgriqis sinusoidal, Vqc is sustained at reference
dc link voltage (V*dc).

It has been observed the proposed control approach compensates, the effect of reactive power,
hence improves the power factor, under varying insolation.
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Fig. 4.17. Performance at varying irradiance under linear load
Further, under nonlinear load (three phase bridge rectifier with RL load, R=100Q2, L=100mH),
and varying irradiance, has been validated and corresponding different parameters such as Vgrid,
lgrid, load, linv, Pgrid, Qgrid, Pinv, Qinv, Pioad, Qioad, and Vgc Of the VSC are depicted in figure 4.18.
Until 0.25 seconds, lgrig and Vgrig are out of phase by 180° (as grid is receiving power), Vg is
maintained at V*qc, VSC supplies 10.25 kW. After meeting the 3.1 kW load demand, the excess
7.15 kW is supplied to the grid, the VSC delivers the load’s reactive demand, showing that the
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control is effective under UPF mode. After 0.25 seconds, due to reduction in solar irradiance,
Pinv is reduced to 7 kW at 0.25 seconds, causing decrease the power fed to the grid and load as
depicted in figure. 4.18. The sharing of active and reactive power between load (Pioad, Qioad),
grid (Pgrid, Qgria) and inverter (Pinv, Qinv) IS maintained throughout solar insolation variation, lgrig

is sinusoidal, Vg is maintained at V*q¢c. THD in lgrig is 1.95% under varying insolation, as
depicted in figure 4.19.
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Fig. 4.18. Performance at varying insolation under nonlinear load

it lies inside the bounds, of IEEE standard 519-2014, while THD in ljcaq is 29.39% as depicted
in figure 4.20. It has been observed the proposed control approach compensates, the effect of

harmonics in load current, hence improves the lgrig, under varying insolation.
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4.4.3.3 Comparison of active weight convergence of proposed RLMLS algorithm with SRF

and LMS control algorithms
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Fig. 4.21 Comparative performance of proposed RLMLS, and conventional SRF and LMS control

Table 4.2. Comparison of RLMLS control algorithm with SRF and LMS

Control Settling Overshoot in active Undershoot in active
algorithm time (sec) component (Wps) component (Wps)

SRF 0.06 205 -65

LMS 0.06 158 -55
RLMLS 0.06 80 -22
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Figure 4.21, depicts performance comparison of proposed RLMLS, SRF and LMS algorithm
under transient and dynamic performance. Nonlinear load is considered to study both transient
and dynamic response. Further, from 0.15 to 0.25 second, one phase of load is eliminated for
dynamic response. As can be observed from the figure 4.13, and table 4.2, the proposed control
provides the better initial transient response in terms of overshoot and undershoot. Further
during load perturbation, from 0.15 to 0.25 seconds, it can be seen, that proposed control
scheme has lower ripples than LMS and SRF control, in the active component estimation,
during single phasing that refers faster convergence. Furthermore, the control scheme does not
require a complicated block for synchronization, such as a phase lock loop (PLL), which
eliminates the additional computational burden, with the added benefit of reduced complexity,

ease of implementation, and adaptability.

45 COMPARATIVE ANALYSIS OF VARIOUS CONTROL ALGORITHMS
THD (%) in grid current using the proposed control algorithms viz. VSSLMS, RLMLS and
conventional LMS, SRF control are presented in table 4.3, under non-linear load. THD (%) in
grid current using proposed control algorithms are 1.38%, 1.95% and THD (%) in grid current
using conventional SRF and LMS control are 1.85% and 1.92% respectively while THD (%) in
load current is 29.53%. THD (%) in grid current under nonlinear load is observed to be less
than 5% which is within the limit of IEEE-519 standard. Furthermore, the proposed control
scheme does not require a complicated block for synchronization, such as a phase lock loop
(PLL), which eliminates the additional computational burden, with the added benefit of reduced
complexity, ease of implementation, and adaptability along with the better response of transient

and dynamic load condition.

Table 4.3. Comparison of THD (%) in grid current using various adaptive control algorithms

SN THD in grid current
Control algorithms THD
1 SRF 1.85
2 LMS 1.92
3 VSSLMS 1.38
4 RLMLS 1.95
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4.6 CONCLUDING REMARKS

In this chapter, adaptive theory based VSC control algorithms viz. conventional LMS, and
proposed novel VSSLMS, and RLMLS, for two-stage, three-phase grid interfaced SPV system
have been presented. The efficiency of the proposed control algorithms has been tested under
different input/output condition such as insolation variation, load variation, load unbalancing,
nonlinear load, reactive load, grid voltage unbalancing, and distorted grid voltage etc.
Furthermore, the performance of the proposed algorithms is compared with conventional SRF
and LMS control in terms of THD (%) in grid current and weight convergence. The
performance of the proposed control algorithms is verified on MATLAB/ Simulink. It has been
observed that developed control algorithms maintain power balance, compensates reactive
power, and harmonics. THD (%) in grid current under nonlinear load is observed to be less than
5% which is within the limit of IEEE-519 standard. Furthermore, both VSSLMS, RLMLS have
better weight convergence capability and better initial transient response in terms of overshoot
and undershoot and lesser oscillations in the response during dynamic scenario. Performance
of the proposed VSC control algorithms has been found to be satisfactory under all test

conditions.
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CHAPTER-V
DEVELOPMENT OF PROTOTYPE HARDWARE FOR THE GRID

CONNECTED PV SYSTEM
5.1 INTRODUCTION

In the earlier chapter two novel adaptive control algorithms viz. variable step size
LMS(VSSLMS) and robust least mean logarithmic square control algorithm (RLMLS) has
been developed and simulated in the MATLAB/Simulink. In this chapter, the performance of
these algorithm is tested in the real- time on a prototype model of a grid connected PV
system.

In this chapter, the development of prototype hardware for the grid connected PV system and
its various components has been presented. Furthermore, due to limitations (non-availability)
of solar PV array/PV simulator in the laboratory, developed VSC control algorithms are
tested on the DSTATCOM in the laboratory and real- time hardware results have been
presented. The layout of three phase DSTATCOM connected to grid is shown in the figure
5.1.

e -~ ! Source  Three phase
. I inductance rid
Link Voltage | Interfacing inductors (Lf) . PCC Rs L ?
(Vdc) Ri Ls Vsa «—isa S s

[ Vsb | gemiso

;‘:Vsc .
i 7| €—Isc

L C | Licli ch

Vsa Vsb Vsc ILa b e Ve
Fig. 5.1. Layout of three phase DSTATCOM connected to grid

5.2 HARDWARE CONFIGURATION AND DEVELOPMENT OF PROTOTYPE
OF THREE PHASE DSTATCOM

The prototype hardware set -up of grid connected PV system requires primarily the design,

and development of VSC, DC-DC converter, and solar PV array. Furthermore, the design and
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selection of various components viz. interfacing inductors, DC link capacitor, voltage sensing
circuits, current sensing circuits, linear, reactive and nonlinear loads to be compensated, are
also required for the prototype hardware set -up in the laboratory.

A three-phase nonlinear load is fed by three-phase AC mains with grid impedance, as
depicted using a series Rs-Ls combination. IGBTs along with anti-parallel diodes are used in
the three-leg of VSC, and a DC link capacitor (Cqc) on the DC side. On the AC side of the
VSC, interfacing inductors (Lf) are employed to connect the VSC to the grid. The
uncontrolled bridge rectifier with RL load (R=0-100Q, L=20mH) is used for the nonlinear
load. The DSP receives sensing signal of the three-phase voltage from the PCC i.e. (Vsa,Vsb
and Vsc), grid current (isa, iso and isc), DC link voltage (Vdc) and load current (iLa, io and irc).
DSP processes these signals to provide the proper switching pulses for the three phase VSC.
The prototype of three-phase DSTATCOM is implemented in the laboratory. The system is
developed at lower voltage rating of 110V, 50Hz due to unavailability of equipment rating
constrains in the laboratory. Single line diagram of the three-phase DSTATCOM’s is
depicted in figure 5.1, shows the AC mains (three-phase, 415V, 50Hz) is the input to the
auto transformer, and its output voltage is 110V,50Hz. Three phase VSC is designed using
three leg IGBTSs (six IGBTS, anti-parallel diodes), and a large capacitor are used on the DC
side [121].

The DSP (Microlab box/dSPACE 1102) embeded in the personal computer is used to
perform the real- time control operation of the VSC. The VSC control algorithm for the
estimation of reference current is modelled in the MATLAB/ Simulink and have been
implemented using MicroLabbox (dASPACE1102).

Hall effect voltage and current sensors are used to measure the PCC i.e. (Vsa Vsb and V),
grid current (isa, isb and isc), DC link voltage (Vac) and load current (s, iLo and ic).

The outputs of the voltage and current sensors are sent into the DSP's ADC channels. The
ADC channel signals are scaled up to obtain the real values of PCC voltages, grid,and load
currents, and DC link voltage. These input signals are sent into the control algorithm, which
generates reference currents. The switching pulses for VSC are obtained via the DSP-
dSPACE's PWM port through the gate driver circuit. Interfacing inductors connect the VSC's

alternating current side to the PCC.
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5.3 DESIGN OF COMPONENTS AND TESTING FOR PROTOTYPE
HARDWARE

For designing a prototype hardware, design of its each component is required.

5.3.1 Design of Voltage Source Converter (VSC) [121]

Fig. 5.2. IGBT based VSC

VSC is an IGBT based three leg converters used to feed power to the load and utility grid.
VSC supplies, power to the load/grid and operate at UPF mode thus maintain grid power
factor at unity.

The VSC (Semikron make) used as DSTATCOM in the laboratory is depicted in figure 5.2.
Insulated gate bipolar transistors (IGBTs) and antiparallel diodes make up this device. The
DC bus capacitor has a rating of 1650 pF, 1200 V. For real- time control of VSC, the
switching pulses are provided through microlab box (dSPACE1102). Switching pulses are
produced from the MicrolabBox's PWM port and supplied to the gate driver circuit, which
produces 15V output pulses for the IGBTSs' functioning. The proposed system's simulation
model is developed in MATLAB/Simulink.

5311 Design and selection of rating for inverter switches

The voltage rating of IGBTs of VSC under dynamic load condition is presented below: [121],
Vsm=Vdc+ AVdc =200 + 20 = 220V (5.1)
where AVdc is the 10% overshoot in the DC link voltage under dynamic load condition. If a
reference value of DC bus voltage is selected as 200V, then voltage rating of switches is
calculated to be 220V. The IGBTSs voltage rating is selected 750/1200V, after considering
appropriate safety factor.

Current rating of IGBTs of VSC under dynamic load condition is presented below:

ism = 1.25(Isw + Icr) = 1.25(14.41 + 2.8) = 21.54 (5.2)
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where Isw and Icr are the peak values of compensator current (for nonlinear load specified in

Appendix-B: maximum available load in the lab is up to 10A) and the allowed ripple currents
considering 20%. The current rating is calculated 21.5A. The IGBT module, SKM150GB12V
(Semikron make) is selected. The available voltage and current rating for IGBT module in the

laboratory are 1200V and 120 A respectively.

5.3.1.2 Design and selection of DC link voltage [121]-[122], [55].

Minimum required voltage across dc link capacitor must be more than two times of the
voltage per phase of the system.

Vae = 2V2 * VLL/(\/§) (5.3)
Vae= (2¥2) ¥110 / (N3) =180V

Voltage across dc link obtained from equation (5.3) is 180V for V;, of 110 V and is chosen as
200V.

53.1.3 Design and selection of DC link capacitance [122]-[123], [55]
The DC capacitor's design is determined by how the DC bus voltage changes when a load is
applied and how it changes when a load is removed. The equation governing C,. depends on

the principle of energy conservation as given below:
7Cac(V2ac =V24c1) = ky3VAIL (5.4)

Where C,. is dc link capacitor, V,. and V,., are reference dc link voltage and minimum dc

link voltage level respectively. Overloading factor (h=1.2), V is phase voltage (110 = v/3), t
is time to be recovered by dc link voltage. Variation of energy under dynamics =10% ( k; =
0.1), I=10.5A, considering 1kV A, reactive power compensation by VSC with safety factor of
0.1ina 110V, 50Hz distribution system.

Cye= 1040 uF

The estimated value of C,, using equation (5.4) is 1040 uF, selected value of C,. is 1650 pF
due to availability of capacitor in the laboratory.

53.2 Design of Interfacing Inductors [122]-[124], [55]
Interfacing inductor rating of VSC depends on switching frequency (f;,, ), current ripple (Ai)

and dc link voltage (V). Interfacing inductor (L) is given as follows:

Ly =V3xmx Vg /(12 * h * fg, * Al) (5.5)
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Ly = 2.29 mH

Where h is overloading factor, m is modulation index and Aiis current ripple.
Assuming,m =1, V;. =200V, h = 1.2, f;, = 10 kHz and Ai = 10% of VSC current
(10.5A). The calculated value of L, is 2.29 mH. In the prototype hardware, interfacing

inductor (Ly) of roughly 3mH has been considered.

Interfacing inductor

Fig. 5.3. Interfacing inductor

Figure 5.3 shows the interfacing inductors. The value of the interface inductors depends on
the VSC's DC link voltage, allowed percentage of ripple current and switching frequency.

The interface inductor used in this setup is rated at 3mH and 10A current.

5.3.3 Design and testing of Sensor Circuit

Sensor
circuit

Fig. 5.4. PCC voltage sensors, load current and grid current sensors

For the designing of three phase balanced AC mains PCC voltage, and currents, Hall-effect-
based sensors, voltage (LV 25-P) and current (LA 55-P) are used [123]. These sensors
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operate at +15V DC supply as shown in figure 5.4. The output signal of sensor circuit is
given as input to the developed control algorithm through analog to digital (ADC) channel of
DSP-dSPACE. Figure shows different sensors for the test set up. The output signal of this
sensor is given to the ADC channel of DSP-dSPACE.

5.3.3.1 Testing Results of Voltage Sensors

The PCC voltage sensors' test results are shown in figure 5.5. The three phase voltages of a
three-phase system are sensed with three phase PCC voltage sensors. Actual PCC voltages
and sensed PCC voltages corresponding to phases “a”, “b”, and “c” are depicted in figure
5.5(a) and (b), respectively. The sensed PCC voltage magnitude is 100mV (peak), whereas
the actual PCC voltage magnitude is 90V (peak). In order for the output signals of PCC
voltage sensors to achieve actual magnitudes, the value of gains is selected at approximately
900. The waveforms of the sensed three phase voltages at PCC are shown in figure 5.5(a).
Actual PCC voltage waveforms are shown in figure 5.5(b).

The output of the DC bus voltage sensor is 150mV when the DC bus voltage is initially at its
peak amplitude of line voltage, which is roughly 150V. As a result, the gain value selected
for the DC bus voltage sensor is near to 1000, which is used to determine the true value of the

DC bus voltage.

Sensed_P C vqltage (sa) . . Acdtual PCC vo1nage (Ysa)

ual PCC voltage (Vsb) |
A A ',-'g (.r-‘ );

¢ctual PCC voltage (Vs
~ LA

VIV VYN

al DC link|voltage (\Vdc)

(a) Ch. 1-2-3: 200mV/div, ch.4:300mV/div, (b)Ch. 1-2-3: 200V/div, ch.4:300V/div
Fig. 5.5. Sensed and actual PCC voltages and DC bus voltage

5.3.3.2 Testing Results of Grid Current Sensors

Figure 5.6 depicts the testing results of grid current sensor. Three current sensors were used
to sense the grid currents of three phases. Figures 5.6 (a) and (b) depicts the waveforms for
sensed and actual grid currents respectively for the phases ‘a’, ‘b’, and ‘c’, Actual grid
current are observed by using current probe (power quality analyser: FLUKE).

The sensed, grid current magnitude is 100mA (peak), the actual grid current magnitude is 2A
(peak). The value of gains was chosen at around 20, in order to achieve actual magnitudes
from the output signals of grid current sensors. The waveforms of the grid current sensed, are

shown in figure 5.6(a). Actual grid current waveforms are shown in figure 5.6(b).
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Fig. 5.6. Sensed and actual grid current

5.3.3.3 Testing results of load current sensors

The test results of load current sensors are shown in figure 5.7. Three current sensors were
used to sense the load currents of three phases. Figures 5.7(a) and (b) depicts waveforms of
sensed and actual load currents respectively for phases ‘a’, ‘b’, and ‘c’.

Actual load currents are observed by using current probe (power quality analyser: FLUKE).
Whereas the sensed, load current magnitude is 300mA (peak), the actual load current
magnitude is 3A (peak). The value of gains was chosen at around 10, in order to achieve
actual magnitudes from the output signals of load current sensors. Figure 5.7 depicts the

signal of sensed and actual, three phases of load current.
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(a)Ch. 1-2-3: 500mA/div, (b)Ch. 1-2-3: 5A/div

Fig. 5.7. Sensed and actual nonlinear load current

5.3.4 Testing Results of PWM Port of Micro-Lab box(dSPACE-1202)

It is observed from these results that the amplitude of pulses output from DAC channels are
5V. Figure 5.8. depicts the gating pulse generated from PWM current controller of DSP and
their inverted pulses corresponding to phase ‘a’, phase ‘b’ and phase ‘c’. Furthermore, pulses
generated from PWM port of DSP-dSPACE get amplified up to 15V using developed gating
circuit, which is sufficient to derive IGBTs of VSC. The developed DSTSTCOM has been
depicted in the figure 5.9.
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Fig.5.9. Prototype Hardware set-up

54  RESULTS AND DISCUSSIONS OF PROPOSED CONTROL ALGORITHMS
5.4.1 Variable Step Size Least Mean Square Control Algorithm

The proposed VSSLMS control, has been tested in real- time on prototype hardware.
Performance of algorithm under various loads viz. linear, nonlinear, unbalanced load and
under unbalance voltage of the grid has been analysed and various experimental results are
presented in this section.

5.4.1.1 Performance under balanced linear load

Performance of proposed control, under linear load of 0.46 kVA, 0.93 pf lagging has been
considered. Vyrid, lgria, load, current supplied by inverter (linv) of one phase “a”, before and
after compensation are shown in figure 5.10 (a). Power factor of the load is 0.93 pf lagging,
before compensation, it can be seen from figure 5.10(b), while after compensation reactive
power supplied by grid is approximately zero, showing UPF operation of proposed control as
shown in figure 5.10(c). After compensation load reactive demand is fulfilled by the VSC
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alone. Figure (b) and (c) shows the power factor of the grid before and after compensation
respectively. Power factor of grid is maintained UPF after compensation as it can be seen

from figure 5.10(c) as reactive power fed by grid zero.
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Fig.5.10. Experimental result using proposed control: (a) waveform; (b) power factor, before compensation; (c)

power factor, after compensation

5.4.1.2 Performance under balanced nonlinear and variable load

Performance of proposed control is tested on hardware prototype under nonlinear load by
connecting a diode bridge rectifier with RL load (R= 50Q2, L=20mH). Figure 5.11 (a) depicts
the Vgrid, lgrid, lioad, and current supplied by inverter (linv) respectively of one phase (‘a’) and
figure 5.11(b) shows the load resistance (R) changed from 50Q to 40Q. Inverter act as a
harmonic compensator by compensating the harmonics of local loads. THD (%) in Igrid is
2.4% while THD (%) in lload is 27.7% as depicted in figure 5.11(c) and (d) respectively,
which is well within IEEE standard 519-2014. It is analyzed that using proposed control, grid

current is improved significantly in terms of distortion by removing the harmonics.

84



Control and Performance Analysis of RES Based Microgrid

1 250\;".-"/ 2  5.008/7 3 5.00A7 4 10.0%/ 13.82s 20.00z/ Stop
R = P P - PV . Gl O P = -
& R A SN S A A W A v T A ™
Before compensation tgric After compensation
M M AT A
W W W W NN N N
rmoad
P e O T e O O O e O O s O
o ™ ™ ™ ™ T ™ ™ O N g
1linv
ap] . -, L‘“"T" JLWL’ ;LTA-" r{;_.:..v.-' A“I\T-ﬁ.:'d.rl
(@)
| 250v/ 2 5.00A/ 3 5004/ 4 10.0%/ 12.59s 20.00%/ Stop

Vgrid
N ey S S . . Nl N . .
L U o I | e | e T e e | N | e | N

NANA A A DN DN
AR AR AR AVARVARVIAY,

Lomomomom A TN ]
EiRE e AR = SRR

linv | oad increased
@Q%MA ‘LAFJ,_ ‘}..#_’.ﬂ_min.wl..rm_-t ‘MHAYMKH&,J‘V% i #1[/‘.. F\“"LAVJL ,FM J&WA.-
(b)

Harmonics _ ) Harmonics

A THD 27.¢%fIR K 6.6

Puni ®  0:00:07 P < Puw & 2:02:21 P E-G
@b OB e e 3.0 0 D 0D B I B EID 0 0 CHo DO DD 50O OO EES o D e
,,,,, (] |2 00000000 000000 0A0000A0 RAGET0AL LATTHIOAI SACI0A & --50%IE---- -
I.I ...... '.-‘.--'..|||,..l'l'...,.-'..lll‘..lll‘..,--‘..lll e RO R R R R R R T R
THDDC 1 3 5 7 9 1M 13 15 17 THDDC 1 3 5 (s 9 11 13 15 17
08712720 18:19:40 120U 50Hz38 WYE ENS50160 08712720 22:02:41 120U 50Hz 38 WYE EHS0160
A B C EVENTS STOP A B C EVENRTS STOP
AU SR ALL | TIETER 0 START UAlW "y ALl | METER 1 START
(c) (d)

Fig.5.11. Parameter:(a) performance under nonlinear load; (b) performance under nonlinear load during load
variation(increased); (c) THD in grid current before compensation under nonlinear load (d) THD in grid current

after compensation under nonlinear load

5.4.1.3 Performance under nonlinear unbalance load
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Fig .5.12. Experimental result under nonlinear unbalance load

To study the performance of proposed control under nonlinear unbalanced load existing diode
bridge rectifier with RL load (R=50Q, L=20mH) is taken. Unbalancing is formed by
removing one phase for few cycles and again connected back. The system's many
experimental parameters, including lload, Wps, Vdc, and linv, can be seen in figure 5.12.

Performance is effective, according to the experiment's results.

5.4.1.4 Performance under unbalanced voltage of grid

Performance of proposed control is also tested under unbalance grid voltage at nonlinear and
unbalanced load both. From figure 5.13(a), it can be seen that, during the unbalance of
voltage of the grid which is decreased by 17%(approx.) in phase ‘a’, proposed control is
efficient in maintaining the grid current to be balance and free from harmonics. Furthermore,
during the unbalance of the load by means of removing one phase of load, different phases of
load current are depicted in figure 5.13(b). It has been found that performance using proposed

control is efficient under unbalance scenario of the grid voltage also.
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Fig 5.13. Performance of the system under unbalance voltage of grid:(a) under nonlinear load; (b) unbalance

load

5.4.2 Robust Least Mean Logarithmic Square Control Algorithm
The proposed RLMLS control, has been tested in real- time on prototype hardware of the
DSTATCOM. Performance of algorithm under various load viz. linear, nonlinear, unbalanced

and unbalance voltage of the grid also has analysed and presented in this section.

5.4.2.1 Performance under balanced linear load

In the figure 5.14, experimental results, for Vgrig, lgrig, lioad, and current provided by inverter
(linv) are presented. Performance, under load of 0.43 kVA, 0.91 pf lag, has been evaluated.
According to figure 5.14 (b), the grid side's reactive power and power factor are 0.19 kVAR
and 0.91 pf lagging, respectively, before the compensation. According to figure 5.14 (c),
power factor at the grid side is unity (approximately i.e., 0.99 pf lagging), after compensation.
After compensation, the reactive power supplied by grid is almost zero, and the grid is
maintained at UPF, as shown in figure 5.14 (c), which shows UPF operation with the
proposed control. The VSC meets the load reactive demand after compensation which was
supplied by grid before compensation. Figures 5.14 (b), (c) depict the grid’s power and power
factor before and after correction. As may be observed in figure 5.14(c), the grid's power
factor is kept close to UPF after compensation. By correcting the reactive power, the grid
power factor is considerably enhanced and kept around UPF (0.99 lagging) using the

proposed control.
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Fig.5.14. Experimental result: (a) waveform; (b) power factor, before compensation (c) power factor, after

compensation

5.4.2.2 Performance under balanced nonlinear load

The performance under nonlinear load, Vgrid, lgrid, lioad, @nd current supplied by inverter (linv)
of are shown in figure 5.15 (a), and 5.15(b) illustrates the load resistance fluctuation from 65
to 40. By correcting the harmonics of local loads, the inverter acts as a harmonic
compensator. As indicated in figure 5.15 (c) and (d), THD in lgid is 2.8 %, which are under
the limit of IEEE standard 519-2014, while THD in nonlinear load current is 27.7%. lgrid iS

considerably improved in terms of THD using the proposed scheme by eliminating the
harmonics.
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Fig.5.15. System parameter (a)waveform under nonlinear load; (b) waveform: load increment; (c) THD (%) of

lioad (d) THD (%) of lgria

5.4.2.3 Performance under nonlinear unbalanced load

Control scheme is also evaluated and tested with a nonlinear unbalance load (R= 65Q,

L=20mH). Unbalance is achieved by disconnecting one phase for a few cycles and then

reconnecting it, as seen in figure 5.16, by the circled area. The system's various experimental

parameters, including lload, Wps, Vdc, and linv, are displayed in figure 5.16. The proposed

control’s performance is found to be efficient even when the load is unbalanced.
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Fig .5.16. Experimental result under unbalance nonlinear load

5.4.2.4 Performance under unbalanced voltage of grid

The proposed control’s performance is also analyzed for nonlinear and unbalanced loads
under unbalanced grid voltage. Figure 5.17(a) shows that the control scheme is efficient in
keeping, lgria free of harmonics while the grid voltage is unbalanced by 21% (increased) in
phase ‘a’. Furthermore, distinct phases of load current are represented in figure 5.17(b),
during the unbalance of the load by removing one phase ‘b’. It was found that the

performance of the proposed control is also efficient under non ideal grid.
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Figure 5.17. System response under unbalanced grid voltage at: (a) balance load; (b) unbalanced load.

5.5 COMPARISON OF PROPOSED CONTROL ALGORITHMS WITH OTHER
CONTROL ALGORITHMS

Performance of proposed VSSLMS, and RLMLS control has been compared with

conventional LMS and SRF control separately in terms of active weight convergence.

Furthermore, to test the performance under nonlinear load (three phase bridge rectifier with

RL load, R=65Q, L=20mH) has been considered and compared in this section.

5.5.1 Comparison of Proposed VSSLMS And Conventional SRF and LMS Based
Control algorithms

Performance of proposed VSSLMS control has been compared with conventional LMS and
SRF control and is depicted in figure 5.18. It has been observed that proposed control’s
performance is efficient over other conventional control and provide comparatively 40msec
faster convergence speed with minimum oscillations during dynamic condition viz.
unbalanced load. Moreover, proposed control does not require any complex block like phase
lock loop (PLL) for the synchronisation, which reduces the additional computational burden
and provides faster response in terms of convergence speed compared to the SRF and LMS
algorithm to estimate the reference current. Table 5.2, shows the comparative analysis of
proposed control with other conventional control.
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5.5.2

under steady state and dynamic performance. Further, one phase of load, has been removed
and reconnected, for dynamic response. As can be observed from the figure 5.19, and table
5.1, that, proposed control has low oscillations during dynamic condition viz. unbalanced
load, and shows faster convergence speed while estimating the fundamental active
component hence, dynamic performance get improved. Furthermore, proposed control
algorithm is less complex due to absence of PLL as in case of SRF therefore, sampling time

get reduced thus accuracy is better with the added benefits of faster convergence speed, less
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Fig.5.18. Comparison of proposed VSSLMS and conventional SRF and LMS based control

Comparison of Proposed RLMLS And Conventional SRF and LMS Based

Control algorithms
Figure 5.19, depicts performance comparison of proposed RLMLS, SRF and LMS algorithm

complexity thus less sampling time, ease of implementation, and adaptability.
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Fig .5.19. Comparison of proposed RLMLS control with conventional SRF and LMS under dynamic load
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Table 5.1. Comparison of Proposed VSSLMS and RLMLS algorithm, with conventional SRF and LMS

Control and Performance Analysis of RES Based Microgrid

S.N. Criteria SRF LMS VSSLMS RLMLS
1 | Convergence Slow Moderate Better Better
2 | Complexity High Low Low Low
3 | dSPACE-1202/ sampling time 50uS 40uS 40us 40us
4 | Filtering Type Time Adaptive Adaptive Adaptive

Domain
5 | Dynamic oscillations in active component High High Low Low
6 | Accuracy of the algorithm Good Moderate Better Better
5.6 CONCLUSIONS

In this chapter, the three-phase grid connected PV system and its various components are
designed and developed for real-time validation/ implementation of the proposed control in
the laboratory of the Electrical Engineering Department of DTU. Due to lab resource
limitations, VSC control algorithms are tested on prototype hardware set- up of DSTATCOM
and real-time results has been presented in this section. Moreover, Micro-Lab box(dSPACE-
1202) is employed for real time implementation. Proposed control algorithms viz. Variable
Step Size Least Mean Square (VSSLMS), Robust Least Mean Logarithmic Square Control
Algorithm (RLMLYS) are validated experimentally in the laboratory on prototype hardware set
up.

The performance of the proposed adaptive control algorithms has been tested for different
condition such as load variation, load unbalancing, nonlinear load, reactive load, grid voltage
unbalancing etc. THD (%) in grid current under nonlinear load is observed to be less than 5%
which is within the limit of IEEE-519 standard.

Furthermore, proposed control algorithms have better weight convergence capability and
better initial transient response in terms of overshoot and undershoot and lesser oscillations in
the response during dynamic scenario as compared to SRF algorithm. Performance of the
proposed VSC control algorithms VSSLMS, RLMLS has been found to be satisfactory under
all test conditions. Experimental investigations justify the efficacy of the proposed

algorithms.
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CHAPTER-VI
COMPREHENSIVE REVIEW, AND ANALY'IS OF ISLANDING DETECTION
TECHNIQUES IN MICROGRID
6.1 INTRODUCTION
In the chapter 111-1V, design and development of grid connected SPV based microgrid has
been carried out. The VSC control algorithms viz. conventional, intelligence and adaptive
theory-based control is modelled and simulated for two-stage, three-phase grid integrated SPV
system.
The challenges that arise out of grid integrated SPV based microgrid, are reactive power
management, synchronisation, power quality, and islanding. One of these problems is islanding
detection, which is one of the essential aspects of the PV power generation as distributed
generation (DG).
In order to ensure the safety of service personnel and electrical components, the detection of
the islanded operations of distributed generators has become very important. Islanding refers
to a situation where energized DGs are disconnected from the bulk power grid, providing power
only to the local loads for the time being [19]-[20]. Microgrid islanding arises as a consequence
of breakers accidentally tripping, resulting in a significant threat to the safety of staff, damage
to the equipment of utilities, consumers, loss of control over voltage and frequency, etc.
This chapter provides comprehensive review, analysis and study of the various islanding
detection techniques that have been described in the literature. These techniques have been
categorised as: remote, passive, active, and signal processing-based techniques. An active
islanding identification based on disturbance injection through the quadrature axis controller
has been studied and analysed.
In the present work, analysis of different islanding detection scheme along with the advantages,

disadvantages and limitations are evaluated and summarised [125].

6.2 ISLANDING OF MICROGRID

Islanding in a microgrid occurs when a section of the utility system, which includes dispersed
resources as well as load, keeps running even though it is cut off from the rest of the system
[126]. Islanding may occur accidentally or on purpose, both intentional and unintentional
islanding are defined by IEEE 929-2000 [126] and IEEE 1547 [127]. In certain circumstances,
intentional islanding may be advantageous such as under weather disaster or unplanned outage

when microgrid is needed to operate independently.
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Fig.6.1. Grid integrated PV based microgrid

Unintentional islanding, which occurs when the grid loses control of the electrical parameters
of the islanded zone, is not planned and is undesirable. This might lead to voltage or frequency
excursions, which could destroy customer equipment or expose staff members to potentially
dangerous environments. Thus, islanding must be detected as soon as possible, and the DG
device in the islanded zone must be cut off from the rest of the system. Figure 6.1. shows the

grid integrated PV based microgrid for the study and analysis of islanding detection schemes.

6.3 ISLANDING DETECTION TECHNIQUES FOR THE MICROGRID

In the present study, to analyse the islanding detection techniques, single line diagram of grid
integrated PV based microgrid has been depicted in the figure 6.2, which comprises of one DG
(SPV system) and load at PCC is integrated to the grid. To facilitate the islanding identification
capability, DG necessitates, the integration with the islanding detection technique. An efficient
islanding detection technique has small non-detection zone (NDZ). A NDZ is the operational
area when an islanding detection system fails to detect the islanding. The performance of the
islanding detection approach will be high when the NDZ is minimum.
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Fig.6.2. Single line diagram of grid integrated PV based microgrid
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Power mismatches, (active/reactive) where the frequency and voltage relays fail to detect the
islanding, can be used to evaluate NDZ. If there is a minor active and reactive power mismatch
at the point of PCC, the changes in the voltage and frequency are not enough to detect the
islanding state.

The power balance equation are as follows:

Pload = Ppoc + AP (6.1)
Qioad = Qpc + AQ (6.2)
AP, AQ is active and reactive power shared by grid, and Ppg, Qoc are power shared by DG
respectively. Pioad and Qioead are active and reactive demand of the load respectively.

Range for the power mismatches can be estimated as follows [128]:

(v,:ax)z ~1< () < (va)z -1 (6.3)
i (fnfm)z) < (o)sa- (f,f:f) (6.4)

Where Qf represents the quality factor, and fmin, fmax, Vmin, and Vmax are the minimum and

maximum frequencies, and voltages respectively.

6.3.1 Quality Factor and Parallel RLC Load

The load quality factor is a significant measure used to evaluate the robustness and reliability of
any islanding detection method (IDMs) [128]. The performance analysis of the IDMs is
severely reliant on the load quality factor's value because it influences the size of the NDZ and
detection accuracy. The majority of the loads in the power system are inductive, so VSC based
DGs often operate at unity power factor condition to generate maximum energy. Detecting
islanding is more difficult during a near zero-power mismatch between the DG and connected
load. The most difficult RLC load will be one with a high-quality factor (Qs), as it will have
low inductance, high capacitance, and/or high resistance. Both the grid frequency and the
resonant frequency are regarded as same. The following mathematical formulas can be used to

express the R, L, and C parameters under the unity power factor constraint [128].

R = V2/ Pioag (6.5)
L= V2 (27f Pioad) (6.6)
C= Qr.Pioad /(27f. V?) (6.7)
f= (1/2m)V(L/C) (6.8)
Qr=RV(C/L) (6.9)
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6.4  ISLANDING CLASSIFICATION

Islanding detection techniques, assist in recognising the islanding situations and the inverter is
prompted then to stop energising the loads. As observed in figure 6.3, they may be roughly
classified as: remote islanding detection, local islanding detection and signal processing-based

islanding detection schemes.

Islanding detection
schemes
Remote Local islanding Signal
islanding detection Processing
detection schemes based islanding
schemes detection
+ ¢ schemes
PLCC SCADA | [ Active: Passive: FT: Fourier
Frequency jump; OV/UV; Transform;
Active frequency OF/UF; STFT
Trip transfer drift; Harmonics detection; transform;
scheme Sandia FS/VS; Rate of change method; [ | WT: Wavevelet
Slip mode frequency Phase jump detection transform;
method method

Fig.6.3. Classification of Islanding detection schemes

6.4.1 Remote Islanding Detection
The idea of communication between DERs and utilities is the foundation of remote islanding
detection techniques. The DER gets a trip signal from the controller after the islanding occurs.
The transfer trip scheme, the power line carrier communication scheme (PLCC), and the
supervisory control and data acquisition (SCADA) make up remote islanding detection
systems. Zero non-detection zones (NDZ), quicker reaction times, minimal influence on power
quality, and efficient use in numerous DG systems are the benefits of remote islanding
detection approaches. On the other hand, implementing remote techniques in small-scale

systems is quite expensive [91]-[94],[129].
6.4.1.1 Power line carrier communication

Using the power line carrier communication (PLCC) technology, the signal is continually

delivered via the power line and detected by the receiver at the target DG. The islanding
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phenomena is identified and the DGs should be disconnected when the receiver is unable to

detect the signal over a set a delay [129].

6.4.1.2 Supervisory control and data acquisition

Through the use of a SCADA system, islanding detection is accomplished by continually
measuring electrical characteristics like voltage, current, power, and frequency. The utility
grid's sudden disengagement will cause a sudden change in the grid's properties. The necessary
action is then carried out by the SCADA system by instructing the relays at the relevant DGs
to disconnect [130]. The system efficiency is greatly increased by this method as it has very
small NDZ. However, it has drawbacks like expensive communication links, and delayed

detection.

6.4.1.3 Transfer trip method

The basic algorithm of the transfer trip technique monitors the state of the switches. Whenever,
the grid is cut off, the algorithm locates the islanded areas and transmits the trip signal to the
DGs. This technique is used in conjunction with a SCADA system to monitor the switches'
state and to effectively coordinate the microgrid with the utility grid [131]. However, this

approach has disadvantage of high cost [132].

6.4.2 Local Islanding Detection

The measurement of changes in the system characteristics like voltage, current, frequency,
impedance, phase angle, harmonic distortion, etc. is the basis of local detection
techniques. These techniques are further divided into passive and active islanding detection

schemes.

6.4.2.1 Passive islanding detection techniques

The initial approaches for islanding detection that have been employed are passive ones. The
measurement of the local variables at PCC is the key to the success of the conventional passive-
based islanding detection method (IDMs).

For analysis, parameters like frequency and voltage that were retrieved from the target DG at
PCC are employed. These parameters have established threshold settings, and any variations
from those settings will identify the presence of islanding. The flowchart in figure 6.4 outlines

the steps involved in passive islanding detection.
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Fig.6.4. Flow chart of passive islanding detection methods

i. Voltage unbalance method

During islanding event, a change in the configuration of the system, or small alteration in the
load causes the voltage to become unbalanced. Using the positive and negative sequence
components, an islanding detection strategy has been proposed in the literature [133].

ii. Total harmonics distortion method

This technique for islanding detection has been suggested based on noticing variations in the
total harmonic distortion (THD). Changes in the harmonic components of current is monitored
in this scheme [133].

iii. Over/under voltage and over/underfrequency method

Microgrids that are connected to the grid must have over/under voltage (OV/UV) and
over/under frequency (OF/UF) relays, which cut off power to the loads if the frequency or
amplitude of the voltage at the PCC goes outside of allowed ranges. The system's behaviour
at the moment of grid separation will be determined by AP and AQ just before the switch opens
to create the island. The active and reactive power imbalances (mismatches) at the PCC are
shown in the equation (6.1) and (6.2). The AP and AQ are measured using the over/under

voltage (OV/UV) and over/under frequency (OF/UF). If AP+ 0, when the voltage amplitude
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changes, the OV/UV relay will switch on. If AQ+ 0, the OF/UF relay will activate, and the DG
will trip [134] due to change in frequency.

iv. Rate of change of power method

During the islanding state, the load will be directly impacted. In order to detect the islanding
event [135], the output power at the DG terminals is employed to further calculate the rate of
change of power (ROCOP).

v. Rate of change of frequency method

Frequency variations will be caused by the power imbalance caused under the utility grid is cut
off [135]. Therefore, the islanding condition has been identified [136] by monitoring the rate
of change of frequency (ROCOF) over a few cycles and defining a threshold values.

vi. Rate of change of frequency over power method
A method using (df/dP) is proposed [137] to detect the islanding event under a low power
mismatch condition because the ROCOF technique will fail to identify the islanding event

when the power mismatch is small.

vii. Phase jump detection method

The phase difference between the current and voltage obtained at the DG is continually tracked
in the phase jump detection (PJD) approach [130]. When everything is working properly,
phase-locked loops (PLLS) synchronize the inverter voltage with the PCC voltage. But when
islanding happens, the voltage phase angle suddenly increases without any change in the

current phase angle as described [138].

Table 6.1: Passive islanding detection methods: summarised [139]
Techniques Detection time Description

Voltage unbalance method 53 ms NDZ is large
Error detection rate is low
No power quality effect

Harmonic distortion 45 ms NDZ is large for high-quality
factor

Error detection rate is high
No power quality effect

OV/UV and OF/UF 4 ms -2s NDZ is large
Error detection rate is low
No power quality effect
ROCOF 24 ms NDZ is small
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Error detection rate is high
No power quality effect
ROCOP 24-26 ms NDZ is less than ROCOF
Error detection rate is low
No power quality effect
Phase jump detection method 10-20 ms NDZ is large

Error detection rate is low
No power quality effect

6.4.2.2 Active islanding detection techniques

The detection methods for active islanding depend on how the system reacts to disturbances
that are either created in the inverter current's or voltage's amplitude, frequency, or phase. The
impact of these perturbations experienced at PCC under normal steady-state settings is quite
small. The impact of these disturbances experienced at PCC, however, is quite significant once
the microgrid is islanded. Reduced NDZ and a decrease in detection rate error are benefits of

active detection systems.

Inject perturbation at
PCC(at specified
level)

v

Analyse parameter at
PCC

Set threshold value

No Yes

Parameter > threshold ?

Non-Islanding Islanding
event event

Fig 6.5. Flow chart of active islanding detection methods

Passive scheme detects islanding quickly but they are limited by nuisance tripping because of
improper threshold settings, i.e., small threshold values. The slightly large setting may have a
large NDZ and make it difficult to detect an islanding condition. Therefore, in active

approaches an external disturbance signal is injected to specific parameters in the system.
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These changes are utilised with a predetermined threshold setting to determine the islanding
event. The flowchart outlines the procedures for active islanding detection as seen in figure 6.5
and different active methods are reported in this section.

I. Active frequency drift method (AFD)

The voltage and currents are constant, in grid synchronised condition, but in a loss of mains
situation, the perturbing current signal injection will change the zero crossing of the voltage,
which is followed by a change in phase between the voltage and current, and this will start a
frequency drift in the current to eliminate the phase error. This drift in the frequency is used to
determine the islanding conditions [130]. The AFD distorts the frequency output to produce a
persistent trend by in order to "drift" the frequency away from the fundamental. The technique
involves changing the frequency by slowly increasing it every half cycle, followed by a "dead
time" during which the system waits for the fundamentals to catch up to the biased frequency.
To get over the drawbacks of the AFD technique, positive feedback is added [140]. By raising

the frequency deviation from the nominal values, it is used to increase the chopping frequency.

ii. Frequency jump method (FJ)

Similar to AFD, the frequency jump (FJ) approach introduces some dead zones into the
perturbing current signal. Instead of every cycle, the dead zones are introduced every three
cycles [88], with a normal situation, the frequency of the voltage is unaltered; but, with a mains
failure, it will vary [130]. FJ and AFD fail in the test system connected with several parallel-

connected DGs.

iii. Sandia frequency shift method (SFS)

By adding positive feedback to the frequency of the voltage signal, the Sandia frequency shift
(SFS) approach has extended AFD. Then the chopping frequency [88] will be modified as
Ci= Cfo+ K (foce — fyria) (6.10)
Where, K, frcc, and fqrig, represents the accelerating frequency, voltage signal frequency, and
grid frequency respectively. SFS offers the least amount of NDZ in comparison to other active

detection schemes [130].

iv. Sandia voltage shift method (SVS)
In order to detect a loss of mains condition, Sandia voltage shift (SVS) additionally applies
positive feedback to the voltage at the PCC. When feedback is supplied to the voltage signal

during a mains outage, the power and current will change as a result, accelerating the voltage
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drift [188]. Although the SVS approach is simple to use and efficient, much like the SFS
method, it has some drawbacks include introducing poor power quality and decreases the

inverter efficiency [130].

v. Slip mode frequency shift method

The positive feedback is applied to the voltage signal's phase in the slip mode frequency shift
(SMS) method, which shifts the voltage signal's phase and, as a result, the frequency
[138],[141]. For the purpose of islanding detection, a minor modification can be used with ease.
In comparison to other active methods, it has a small NDZ. However, it will still result in
transient response issues and power quality problems for high feedback loop gains, which are

typically present in any schemes with positive feedback.

vi. Variation of active and reactive power method
The fluctuations in real power will immediately affect the load when islanding takes place. It
has an impact on the PCC's voltage and current. The following formula [142] can be used to

determine the variation in the active power injected from the inverter:

Poc = Pioad = VAR (6.11)
AV =228 [(R/Ppg ) (6.12)
Similarly, variation in the reactive power and frequency can be estimated using the equation
below:

dQ= K (fa-f) (6.13)

where, where Ksis gain, f is the estimated frequency, and f, is nominal frequency.

Table 6.2: Active islanding detection methods: summarised [139]

Techniques Detection time | Description
Active frequency drift Within 2 s NDZ is large for high quality
method factor

Error detection rate is high

Power quality degrades

Frequency jump 75 ms NDZ is small

Error detection rate is low

Power quality degrades

Active frequency drift Nearly 1 s NDZ is smaller than AFD

Error detection rate is lower than AFD
Power quality slightly degrades

Sandia frequency shift 05s NDZ is very small
method Error detection rate is low
Power quality slightly degrades
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Sandia voltage shift method | 0.5s NDZ is very small
Error detection rate is low
Power quality slightly degrades

Slip mode frequency shift Nearly 0.4 s NDZ is small

method (SMS) Error detection rate is low
Power quality degrades

Variation of active and 0.3-0.7s NDZ is small

reactive power Error detection rate is high

Power quality degrades

6.4.3 Signal Processing-Based Detection
With the ability to extract hidden features from any signal, signal processing (SP) techniques
are introduced into islanding detection to reduce the NDZ of passive technique. The flowchart

for the SP-based islanding detection technique is shown in figure 6.6.

I. Fourier transform based methods

A popular frequency-domain method is the Fourier transform (FT). It is the depiction of a
signal as the accumulation of several frequency sinusoids.

However, in dynamic circumstances, FT is unable to resolve the transient information [143].
The time frequency analysis is introduced to address the flaw. A modified form of FT called
the short-time Fourier transform (STFT) separates the original signal into a series of brief
stationary frames. Additionally, a moving window is applied over these frames to examine the
signal's time-frequency information [144]. However, STFT is not appropriate for nonstationary
signals because of the fixed window [145]. By choosing a smaller window, STFT has been

used to identify the transients in the disturbance signal [146].

ii. Wavelet transform based methods

The wavelet transform (WT) is a method for signal analysis [147]. The main difference is that
in WT, the information is localized using wavelets in both the temporal and frequency domains.
The mother wavelet is used to split the original signal into smaller waves of various frequency,
known as wavelets. In order to examine the dynamics and transients in any nonstationary
signals, wavelets have longer windows for lower frequencies and narrower windows for higher
frequencies. WT is thus helpful for signal analysis in any situation where time-frequency
analysis is required [148]. Continuous WT (CWT) and discontinuous WT (DWT) are two types
of WT.
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Fig 6.6. Flow chart of signal processing-based islanding detection method

6.5 STUDY OF ISLANDING DETECTION TECHNIQUE USING Q- AXIS
CONTROL

In the g-axis current, a disturbance signal is injected into the g-axis current. Figure 6.7 depicts

the block diagram for inverter's g-current controllers for islanding detection technique. Q-axes

current controllers regulate, real and reactive powers supplied by the VSC [18]. In the present

study, an investigation method is presented along with the injection of a sinusoidal waveform

working as a disturbance signal at a single frequency via, g-axis controller.
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Fig.6.7. Block diagram of g-active control

The power equations are given below:

3 .
p=5*Va*ig) (6.14)
3 .
q=—5*@Wa*ig) (6.15)
The following are the current equations for the inverter output:
[ i
[l.d H.dref ] (6.16)
g 1 Ugrer

Disturbance signal frequency is injected into the grid, to test for the islanding formation.
Furthermore, for an active islanding detection, the equations are reframed as:
[ [

[;Z ]:[iqrefdf];dist. ] (6.17)

lgist.= igr * Sinwdt (6.18)
In this investigation, a single 20 Hz signal of magnitude equal to 1% of rated d-axis current is
applied to the VSC [149]-[150]. Under perfectly matched power conditions (between the solar
PV system and load demand), frequency responses with and without injecting disturbance of
current signal via, g-axis, has been observed and analysed when no current disturbance is
injected, the frequency variation on post-islanding is negligible. Because of this, the majority
of passive islanding detection are inefficient at detecting the island formation. Only in post-
islanding conditions, the current disturbance injection significantly change the frequency of the
voltage signal [8]. To determine whether the frequency variation is caused by islanded or non-
islanded conditions, the frequency is further analysed.
Block diagram of islanding detection schemes for g-axis controller is shown in figure 6.8.
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6.5.1 Phase-Locked Loop (PLL)

The PLL is used to determine the frequency of the PCC voltage, angular frequency, and the
theta needed for transformation from abc to dq0 and vice-versa.

6.5.2 Band-Pass Filter

In the event that the grid frequency deviates more than 0.5 Hz from the nominal system
frequency, the active islanding detection technique is projected in [9] and mal-identify, grid
integrated mode as islanded operation.

6.5.3 Absolute Frequency Variation (Mean)

Absolute output of BPF is used to calculate AFVmean, which is presented as follows:

AFVean = (1) Ui, (AFV (1))t (6.19)
T is one period of time, injected sinusoidal wave and t is the time (instantaneous).

6.5.4 Threshold Settings

The AFV and AFVmean are then calculated using equation (6.19). It is important and
worthwhile to note that peak frequency deviation. for any well-matched solar PV system and
load demand is roughly equal of (Qr=2.5). As aresult, the threshold is set at 95% of the derived
AFVmean values. The following generalised expression to estimate peak variation in
frequency w.r.t. to Qs under perfectly matched power state is given below:

Deviation in Peak Frequency = —0.042 In (Qf) + 0.1004. (6.20)
The loads of Qf =2.5, have been recommended for use by several standards and are therefore
threshold has been studied in the literature [18]. The presented technique’s step-by-step process
depicted in the Figure 6.9. The PLL is used to determine the frequency of the Vpcc voltage.
Furthermore, estimated frequency is passed through the BPF, and the output is taken as an
absolute value. AFVmean is then calculated using equation (6.19). For the purpose of

comparing the stable value to the threshold, AFVmean is computed.
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Figure 6.8, depicts, islanding detection system, the deliberate time delay is 90ms, and it is
calculated under adverse scenarios [18]. The intentional time delay is required so that the

islanding detection technique does not mistakenly identify transients as being on an island.

6.6 CONCLUDING REMARKS

This chapter provides comprehensive review, analysis and study of the many islanding
detection techniques that have been described and are divided into the following categories:
remote, passive, active, signal processing is presented. An active islanding identification based
on disturbance injection through the quadrature axis controller has been studied and analyzed.
It offers the several contributions/benefits viz. the islanding identification time is 180
milliseconds (which is better than several other techniques in the literature), correctly
distinguishes between non-islanding and islanding scenarios, compatible with all international

standards.
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CHAPTER-VII
CONCLUSIONS AND SUGGESTION FOR FURTHER WORK

71  INTRODUCTION

Renewable energy sources can meet the world's rising demand for energy and environmental
concerns. As per present developments, one of the most significant green energy source is a
solar photovoltaic generation system.

The major objective of this research work is to design and develop a three-phase, two-stage,
grid-connected SPV-based microgrid for efficient and improved performance. In the grid-
connected SPV-based microgrid, SPV system is connected to VSC via dc-dc converter (boost
converter). To track the maximum power that can be extracted by the SPV array, the P&O
MPPT algorithm is used to control the switching pulses of the dc-dc converter. Furthermore,
for grid integration of VSC, various conventional control algorithm viz. SRF, IRPT and unit
template methods are employed to generate switching pulses for VSC. Proposed system of grid
integrated PV based microgrid is designed and simulated in the MATLAB environment
utilising the Simulink and SPS tool boxes.

The proposed grid integrated PV based microgrid, provides several functions including
compensation of harmonic current, reactive power and load unbalance. Furthermore, novel
intelligent based SRF theory based VSC control algorithm has been developed for grid
integration of microgrid. The proposed control method of VSC has been examined for the
various operating conditions of the load. Control and performance of system with novel
developed has been analysed.

Furthermore, Adaptive theory based VSC control algorithms viz. conventional LMS, and novel
Variable Step Size Least Mean Square (VSSLMS), Robust Least Mean Logarithmic Square
Control Algorithm (RLMLYS), for two-stage, three-phase grid interfaced SPV system have been
developed and presented. The efficiency of the proposed control algorithms has been tested
under different input/output condition such as insolation variation, load variation, load
unbalancing, nonlinear load, reactive load, grid voltage unbalancing, and distorted grid voltage
etc. Furthermore, the performance of the proposed algorithms is compared with conventional
SRF and LMS control in terms of THD (%) in grid current and weight convergence. The
performance of the proposed control algorithms is verified on MATLAB/ Simulink.

To test the validity of the proposed algorithms, the prototype hardware for the grid connected

PV system and its various components has been presented. Furthermore, due to non-availability
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of solar PV array/PV simulator in the laboratory, developed VSC control algorithms are tested
on the DSTATCOM in the laboratory. Proposed control algorithms viz. Variable Step Size Least
Mean Square (VSSLMS), Robust Least Mean Logarithmic Square Control Algorithm
(RLMLYS) are validated experimentally in the laboratory on prototype hardware set up.

The performance of the proposed adaptive control algorithms has been tested for different
condition such as load variation, load unbalancing, nonlinear load, reactive load, grid voltage
unbalancing etc. THD (%) in grid current under nonlinear load is observed to be less than 5%
which is within the limit of IEEE-519 standard.

Furthermore, comprehensive review, analysis and study of the various islanding detection
techniques have been carried out. Islanding detection techniques are categorised into the
following categories: remote, passive, active, and signal processing. An active islanding
identification based on disturbance injection through the quadrature axis controller has been
studied and analysed. the analysis and study of all the aforementioned techniques have been

discussed in details.

7.2  MAIN CONCLUSIONS

The following are the main key conclusions of the research study that is being presented:

» In this present work, design, and development of three phase, two-stage grid integrated
solar PV based microgrid has been carried out. The efficiency of a solar PV system is
affected because of the changes in the output in response to changing weather conditions.
Maximum power point approaches, have been studied and analysed. P&O MPPT has been
used in order to extract the maximum power.

» The design and development of conventional control viz. SRFT, IRPT and unit template
algorithms has been carried for grid integration and control and performance has been
analysed.

» In a grid connected microgrid system, PV inverter control (VSC), is very essential part of
the system. The inverter (VSC) should include features like active filtering and preserve
the grid’s power quality along-with supplying power to the load at the defined voltage and
frequency.

» Anovel, IT-2 FLC based modified SRFT control algorithm has been developed. It has been
tested under different operating condition such as insolation variation, load variation, load
unbalancing, nonlinear load, reactive load etc, Simulation results under different operating
scenarios have been analysed and presented to demonstrate the viability of the developed

control technique. Under all test conditions, the proposed IT-2 FLC based modified SRFT
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algorithms' performance is found to be efficient and satisfactory. It has been observed that
the developed control algorithm ensures power balance and compensates for the load's
reactive power and nonlinearity. The THD (%) in grid current is observed to be less than
5% which is within IEEE-519 standard.

Furthermore, adaptive theory based VSC control algorithms for grid integration viz.
variable step size least mean square (VSSLMS) and robust least mean logarithmic square
(RLMLS) are developed and presented. The performance of the proposed control
algorithms is verified on MATLAB/ Simulink.

The efficiency of the proposed adaptive control algorithms has been tested under
different operating condition such as insolation variation, load variation, load
unbalancing, nonlinear load, reactive load, grid voltage unbalancing, and distorted

grid voltage etc. and it is found to be efficient and satisfactory under all the
conditions.

The developed control algorithms also maintain power balance, compensates reactive
power, and harmonics.

Furthermore, the performance of the proposed algorithms is compared with
conventional SRF and LMS control in terms of THD (%) in grid current and weight
convergence. Furthermore, proposed control has better weight convergence
capability and better initial transient response in terms of overshoot and undershoot

and lesser oscillations in the response during dynamic scenario.

THD (%) in grid current under nonlinear load is observed to be less than 5% which

is within the limit of IEEE-519 standard.

Furthermore, proposed control algorithms are also tested on prototype hardware set up of
DSTATCOM, developed in laboratory under different load and adverse scenario of grid
viz. unbalanced voltage of grid condition. Performance of the proposed VSC control
algorithms has been found to be satisfactory under all test conditions and THD (%) in grid
current is within the 5% under nonlinear loads.

Analysis of different islanding detection scheme along with the advantages, disadvantages

and limitations are evaluated and summarized.

SUGGESTIONS FOR FURTHER WORK
There are a number of critical issues that needs to be examined in the present work.
» These algorithms can be extended to mitigate power quality issues in three phases, four

wire DSTATCOM systems, in addition to neutral current compensation.
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» The present research focuses on the design and management of solar-powered

photovoltaic microgrids under stable grid conditions. It is possible to evaluate the

performance of proposed control, under the fault conditions.

» Due to laboratory limitations the developed algorithms have been tested on DSTATCOM.

It can be extended for experimental verification on a SPV based system.
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APPENDICES
APPENDIX-A
Parameters: Simulation of grid integrated SPV system Attributes
Solar PV array Power 10.25 kW

(SunPower SPR-205-BLK-U) Array Short circuit voltage 478 V

Array Open circuit current ~ 27.65 A

Array current at MPP 25.65 A
Array voltage at MPP 400 V

Boost Converter Duty Ratio 0.46
Inductor 3.58 mH
Capacitor 1000 uF
Switching frequency 10 kHz

Inverter DC link voltage (reference) 750V
DC link Capacitor 1000 pF
Interfacing inductor 4 mH
Line-to-line voltage 415V
Line-to-neutral voltage 239.6 V

Grid Grid frequency 50 Hz
Source impedances (Rs, Ls) 0.01 Q, 0.1mH
Line-to-line voltage 415V
Line-to-neutral 239.6 V

Load linear load 5kVA, 0.8 pflag.
(balanced/unbalanced)
linear varying load 10 kVA, 0.8 pf lag.
Non-Linear Load Three phase bridge

rectifier with RL
load, R= 100Q, L=
20mH
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PI Gains DC PI gain Kpd, Kid Kpd=0.2, Kid =20
Matlab/Simulink model Sampling time 5.5 us
APPENDIX-B

Development of prototype hardware Attributes
Three phase AC mains (grid) Input voltage Auto- 15V

transformer

Output voltage Auto-

110V

transformer

Grid voltage (Line-to-line) 110V

Grid frequency 50 Hz
Inverter DC link voltage 200V
DC link Capacitor (Cadc) 1650 puF
Interfacing Inductance 3 mH
Load Linear Load 0-0.5 kVA, 09 p.f.
lagging
Three phase bridge
Non-Linear Load rectifier with RL
load, R= 0-100Q,
L=20mH
PI Gains DC PI gain Kpd, Kid 0.5,0.1
Real -time hardware model Sampling time 40 ps
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