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ABSTRACT

The concern of environment due to green house gases and global warming have forced grid
designers to design a smarter power system that has potential to integrate renewable energy
sources with the power grid. Solar and wind power generators, now, have become standard
electrical energy sources. In contrast to fossil fuels, which are quickly being drained,
renewable energy sources are regularly recharged and environmental friendly. The human
activities contribute to the global warming of the planet. Today depleting fossil fuels is not
the only concern, but also its rising prices which are affecting the economic stability
worldwide. The photovoltaic (PV) generation system is one of the best renewable energy
sources available to meet out the energy crisis. It is safe, clean, pollution-free, and it
requires less maintenance and inexhaustible. Solar photovoltaic system may be
implemented as standalone system or grid connected system.

In recent years, the power generation through solar PV systems have shown rapid growth
all over the world .There has been a remarkable increase in the grid interfaced PV systems
being connected to the distribution end. These systems require high quality, low harmonic
distortion and current injection into the grid. Inorder to fulfill these objectives, careful
consideration of the inverter control is required.

In this work, modeling and simulation of grid interfaced 8 kW solar photovoltaic system is
presented under different load and atmospheric conditions. The MPPT algorithms for
tracking maximum power are presented. The inverter control for integrating the PV system
to the grid is presented. The three phase inverter works as a multi-tasking device, which not
just supplys power to the grid as power converter but also behaves as harmonic eliminator.
The inverter controlling operation is performed on the system using three different control
algorithms, under different load and environmental conditions in MATLAB/SIMULINK.
These inverter control schemes are implemented to have reduced harmonics in the source
current occuring due to various loads in the system. The system further involves the
implementation of LCL filter between the PV array and distribution grid, providing reduced

THD.Hence, the system have better power quality with reduced THD.
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CHAPTER 1

INTRODUCTION
1.1 General

Electrical energy is the primary need for the economic development of a nation. We need
energy in different walks of life, whether it is cooling our homes, cooking, charging our
laptops or having bath. The degree of energy consumption of a nation depicts the standard
of living of it people. With the growing population and modernization electrical energy
demand is also growing. To meet this increasing energy demand, electric generation must
be raised. The world’s total energy production has been increased from 21.6 trillion kWh in
2012 to 24.4 trillion kWh in 2015 and is estimated to be 25.8 trillion kWh in 2020 and
would reach about 36.5 trillion kWh by 2040[1]. Today fossil fuels (Non-Renewable
resource) are one of the major sources of electrical energy. Cheaper and abundant energy
availability is essentially required for all living beings in different walks of life. With the
increased rate of consumption of energy, fossil fuel energy sources are soon depleting
followed by huge energy crisis. Increased use of non-renewable resources can contaminate
environment to a great extent resulting in greenhouse gas emission, causing global
warming. To overcome such pollution hazards and greenhouse gas emissions like carbon
dioxide and mercury, today’s generation is now switching from conventional energy
sources to the renewable energy sources. Renewable energy sources are environmental
friendly sources of energy. Thus to provide a better future for the upcoming generations,

renewable source of energy need to be developed.

1.2 Classification of Energy Sources

The energy sources can be broadly classified into following two categories:

i.  Non-renewable energy sources

ii. Renewable energy source



1.2.1 Non-Renewable Energy Sources

These resources are obtained from fossil fuel. They took billions of years to turn into a
source of energy, and will soon run out as they are used at a much faster rate, than their
replacement. As these sources cannot be formed again in a short period of time they are

known to be exhaustible in nature. Fig. 1.1 shows types of non-renewable energy sources.

Non-Renewable Sources

Fig. 1.1 Non-Renewable energy resources

Propane

1.2.2 Renewable Energy Sources

Renewable energy sources do not dissipate with time rather gets recycled will the small
passage of time. Thus these sources of energy can be used repeatedly without any fear of

extinction. Fig 1.2 shows types of renewable energy sources.

™ /
“— el

Renewable Sources

Fig. 1.2 Renewable energy sources

Current total power generating capacity of India is 330.26 GW of which RE (Renewable
energy) capacity is 57.26 GW (17.33% of generating capacity (as on March 2017) and has



a huge potential of renewable energy sources. The estimation of renewable energy in India

is shown in Fig. 1.3[2]

Renewable Energy in India
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Fig. 1.3 Renewable energy in India

The photovoltaic (PV) generation process is one of the foremost renewable energy mode
accessible to meet out the energy crisis. It is risk-free, clean, pollution-free, requires very
less maintenance and is present in abundance. The geographical position of India is fairly
suitable for application of solar energy plants. Solar power in India is a growing field. With
this panorama, India has framed future solar energy utilization roadmap through Jawaharlal
Nehru National Solar Mission (JNNSM) with a objective of generating 20000 MW of grid
interfaced solar power by 2022[3-4]. With its ecofriendly nature, virtually limitless supply
and global availability- solar energy is very important energy resource. The solar energy
source is a practical solution to mark the continuous power demand in the power industry
by employing photovoltaic (PV) system. Thus considering the geographical and social-
economic feature of this country, PV approach is the best solution to meet the demand. The

map of the solar irradiation across India is shown in Fig. 1.4.
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Fig. 1.4 Solar irradiation across India
Solar Photovoltaic systems are used to produce electricity. The solar energy gets converted
to electrical energy through photovoltaic process and therefore these systems are known as
solar photovoltaic (PV) system as shown in Fig.1.5.Power generating PV systems are
employed on a large-scale either in large farms connected to the utility grid or on the

rooftops of houses which provide cleaner source of electricity generation.

Battery Utility Power

— AC—

Photovoltaic Charge Inverter Loads
Module Controller

Fig. 1.5 Solar Photovoltaic system

The photovoltaic system can be employed as: (a) off-grid system where PV array deliver
power to local consumers (loads which are not coupled with grid) such systems are known

as standalone system (b) Grid connected system where PV array is coupled with grid and



can deliver power to the loads connected to grid, such systems are known as grid connected
PV system. PV systems can be installed on the facades and rooftops of houses, offices and
buildings. They are installed in large fields to produce power at bigger scale. PV system has
been applied in various fields in India. Some important photovoltaic power generating
units in India with their commissioned generating capacity as on 22 February 2017 are
Kamuthi solar power project Tamil Nadu with 648 MW capacity, Charanka solar park
Gujrat with 221 MW capacity, Welspun solar project in Madhya Pradesh with capacity 151
MW ,Badla Solar park Rajasthan having 115 MW capacity, Sakri solar plant Maharashtra
with 125MW capacity etc. As India is blessed with abundant solar energy thus solar PV

generation seems more attractive, than other renewable source of energy.

PV application in India includes off-grid systems and small capacity installation for public
streetlights, traffic lights and household power back up and lanterns in rural districts. Now
a day, they are also used to supply power to water pumps for harvesting and to small
industrial units. On the other hand in India there are large government firms like railways,
telecom and other organizations, which consume power generated from PV solar system.
The installed capacity of India is 308 GW (as of November 2016).Table I shows the current
status of Solar PV systems installed in different areas involving 308 MW of Solar Rooftop
Projects sanctioned by MNRE and 49.677 MW Commissioned.

Table I Present status of installed Rooftop PV system in India [2]

Area Installed by Installed by Total Installed
SECI (MW) States(MW) MW)
Private enterprise 11.36 12.71 24.07
Government 2.36 4.893 7.253
Institutions 3.215 4.131 8.346
Hospital 1.6 0.47 2.07
Religious 0.12 7.52 7.64
institution
Residential 0 0.298 0.298
Total 18.655 31.022 49.677




1.3 Motivation

Different technologies are being developed all over the world and especially in India to take
advantage of the solar energy. To visualise India as SOLAR INDIA as mentioned in
JNNSM,the prime focus should be towards developing an environment for solar energy
development in the country.

In the recent times there has been remarkable development in the PV based projects both in
grid-connected and Standalone form. So, it calls for investigation of the working of solar
PV system and the understanding of the performance of solar generating units which would

result in better investment decisions and beneficial government plans.
1.4 Objective

The primary objective of this thesis work is to design, simulate and study the performance
of a grid connected solar PV system under various loads and atmospheric conditions. Fig.

1.6 shows the schematic diagram of grid interfaced solar PV system.

Control algorithms
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Fig. 1.6 Grid interfaced PV system

Large-scale solar photovoltaic system integration to grid poses a set of challenges such as

voltage fluctuation, reactive power compensation, voltage dips/swells, voltage flicker,



voltage unbalance, harmonics etc. The DC-AC converter connected to the grid limits these
power quality issues to a great extent. Thus, the output power quality to the grid is
preserved. The PI controller regulates the DC-bus voltage (the DC link between the two

power converters) to have a balanced power flow in the system.

Installation of PV system comes up with various challenges, among which withdrawing
maximum power from sun with varying environmental conditions is the most important
challenge. PV cell has nonlinear characteristics. Further, solar irradiation and varying
temperature conditions also affect its power output. MPPT algorithm is used to track the
maximum power from the PV array according to the variation in the temperature and

irradiation [5].

The contents of the thesis are briefly outlined here.

i. Grid interfaced PV system has been modeled with a PV array generating an
active power of 8 kW and simulated in MATLAB Simulink version 15.

ii. Two MPPT techniques to extract maximum power from the PV array, namely
P&O and INC has been studied and the one with better results (P&QO) is
implemented to the grid interfaced system.

iii. Further three control algorithms for PV inverter control have been analysed.

iv. The inverter control with best THD results is further improved by replacing L
filter by LCL filter between the PV array and distribution grid.

1.5 Thesis Organization

This dissertation has been arranged in six chapters. With the first chapter introducing the

significance of solar energy, motivation and objective of this work.

Chapter 2, covers the literature review of the achievements in past years and current

research undertaking in the field of the grid-interfaced PV systems and its controlling.

Chapter 3, presents the basics of Photovoltaic system, DC-DC converter, MPPT techniques,

and PV inverter.



Chapter 4, presents the controlling of PV inverter through different control algorithms.
Chapter 5, gives simulation results of grid interfaced PV system with different load
conditions for power factor correction mode (PFC) in MATLAB environment using
SIMULINK.

Chapter 6, presents the summary of the dissertation and conclusion ,as well as the future

scope of this work.



CHAPTER 2

LITERATURE REVIEW
2.1 General

This chapter aspires to give a concise literature review of grid interfaced PV system. A lot
of research work has been surveyed in context with maximum power point
techniques(MPPT) and control techniques for dc- ac converter applied in grid connected
PV system. The prime emphasis of this literature review is on following points:

i.  Modeling of PV cell.

ii. MPPT algorithms to extract maximum power.

iii. Inverter control techniques.

2.2. Modeling of PV Cell

Ideal PV cell constitutes an ideal current source in parallel with a diode. The cell output
characteristics vary with the variation in the atmospheric condition and shows non-linear
behavior. Pritam et al. [6] gives the modeling of a non-conventional solar energy generation
system. A grid-interfaced PV system with the controlling of harmonics is presented in this
paper. Considering this system, a testing set up for assuring the viability of the strategy
proposed.

Jincy Philip et al. [7] give a control algorithm for a standalone solar photovoltaic diesel-
battery based hybrid system. The battery energy storage system (BESS) is integrated into
the diesel engine generator set for the cocrdinated load management and power flow within
the system.

S. Sumathi et al. [8] book provides a detailed study of solar and wind energy design and
simulation. For this cause, an illustrative framework has been presented using models
designed in MATLAB/SIMULINK. This book also puts light on the current trends of soft
computing techniques in solar and wind energy system through elaborate description of
practical cases and their Simulink models.

Dasgupta et al [9] and Augustin McEvoy et al. [10] gives a complete overview of grid-
interfaced SPV  systems, which includes characteristic curves, grid-interfaced

configurations, various inverter topologies (both for single and three phase system), control
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techniques, maximum power point tracking (MPPT) algorithm, and ways to detect anti-

islanding.

Himanshu Sekhar Sahu et al. [11] explains under partial shading condition, the modules of
the PV aaray receive different levels of solar radiation, so the power generation of the PV

system decreases.

M. G. Villalva et al. [12] presents a method of design and simulation of solar PV array to
obtain the of the nonlinear -V equation through regulation of the curve at three places i.e.

open circuit, maximum power point, and short circuit.

2.3. MPPT algorithms to extract maximum power

SPV array exhibits the non-linear behaviour when observed under varrying enviromental
conditions.Consequently its output characteristic changes and therefore it is very necessary
to track the maximum power ponit of the solar array.A significant amount of work has been
done for advancing the maximum power point techniques.

J. A. Gow et al. [13] proposed an entire SPV power electronic conversion system in
Simulink model in order to interface a proposed converter and the PV array. The converter
takes in the changing parameters (i.e. irradiance and temperature) as input variables and
gives outputs the I-V characteristic with the system operating at MPP.

Wei Jiang et al. [14] presents the principle of operation of controlling of Boost converter in
current mode. The mathematical equations are formulated by the application of KCL and
KVL theory for two different working conditions. The models working in CCM and DCM
are respectively developed using MATLAB/Simulink. The Boost converter nonlinear
behavior is then observed through simulation model.

Nikita Gupta et al [15] propose PV module controlling through a asymmetrical fuzzy logic
control in micro grid. In this work it has been explained that there is considerable change
in the dc bus voltage during the load change transients and the performance using
asymmetrical fuzzy logic control the voltage is maintained better than the conventional
controller.

Mukhtiar Singh et al. [16] proposes a new approach to assess the behavior of SPV Array

and grid interfaced inverter control technique. The design of this model includes the
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conversion of the basic network equation of the solar cell into simpler order along with the
impact of varying solar irradiation and temperature. This paper presents an effective MPPT
control technique and grid interfaced Photovoltaic array using DC/DC/AC Converter

S. Rustemli et al.[11], Kinal Kachhiya et al. [18] and H. Atlas et al. [19] develops the
comparison of the performance of boost and injected boost converter for Maximum Power
Point Tracking (MPPT) and different MPPT techniques.

M.Latha Devi et al. [20] presents the modeling and matlab simulation of incremental
conductance algorithm to trac maximum power point which is implemented through lift

cuk converter.

M. Abdulkadir et al. [21] proposes the design and modeling of dc- dc boost converter with
modified incremental and conductance algorithm on matlab simulink platform. The system

is tested with solar panel ICO-SPC 100W module under different operating conditions.

Muhammad Afroz Akhtar et al. [22] presents the maximum power extraction from the PV
panel by using Phase Modulated Converter and incremental conductance algorithm. The

simulation results are taken under different enviromental conditions.

Himanshu Kumar et al. [23] proposes variable incremental conductance method for
maximum power point tracking of a solar PV panel. This method is differs from existing

MPPT methods as there is no proportional integral loop.

Trishan Esram et al. [24] presents the various algorithms for maximum power point

tracking of solar photovoltaic (SPV) arrays.

Tarek Selmi et al. [25] and M. A Elgendy et al. [26] shows the mathematical modeling of a
solar PV cell with a single diode and double diode arrangements. A patented algorithm is
used to implement the model of the double diode arrangement in the cell on
MATLAB/Simulink platforf. Perturb and observe (P&O) control technique is used to track
the MPP.

Macro Liserre et al. [27] presents detailed design procedure and simulation model of LCL-
filter based active rectifier.The resulting system is stable and the grid current harmonics

gets reduced remarkably in low as well as high frequency ranges.
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Leonardo Augusto Serpa et al. [28] proposes the addition of LCL-filter to the conventional
DPC to have reduced harmonics in the system. The system is analysed for both dynamic

and steady state.

A. Reznik et al. [29] gives the designing of LCL-filter for grid interfaced inverters with

adetailed study of how to reduce harminics.

2.4. Inverter Control Techniques

In a grid interfaced SPV system, it is very important that the inverter’s output magnitude
and frequency is well defined.To have reduced THD in the inverter output, different

inverter control schemes can be used.

Prakash Chittora et al. [30] proposed a notch filter based extraction of harmonic current and
compensation technique in a three-wire distribution system using avoltage source

converter. The technique uses shunt compensation to mitigate harmonic current.

Bhim Singh et al. [31] proposed the modeling of a 3 — ¢ DSTATCOM (Distribution Static
Compensator) and its controlling technique on the basis of interrelation and cross
interrelation operation approach to improve power quality under different loads in a
distribution system.

B. N. Singh et al. [32] presented current-controlled voltage source inverters (CC-VSI) as
active filter using three-pole/four-pole topologies. The filter system implements power
balance theory using TMS320C31 DSP.

El-Samahy et al. [33] studies the impact of the Distributed Generation (DG) on power
quality and delivered its advantages and disadvantages.

Bhattacharya et al. [34] proposes modeling of controller using synchronous reference for a
series hybrid active filter. This work explains the basic controller structure of synchronous
reference frame and marks it’s functioning in case the controller loop gain is not unity.
Bhim singh et al. [35] proposes the application of SPV power generating system to achieve
unity power factor or to have voltage regulation at PCC.

Rejil et al. [36] presents design and Simulink model of active filter with the application of

synchronous frame theory.
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Nikita Gupta et al. [37] developed a 10 kW photovoltaic array and studied it considering
different load. The inverter control technique used is synchronous reference frame theory

(SRFT) to produce gate signals for controlling the inverter.

Ravi Nath Tripathi et al. [38] gives the design to connect Photovoltaic (PV) system’s
operation in indirect current control condition with the application of Synchronous
Reference Frame theory(SRFT).

Da silva et al. [39] and [40] presents a control strategy called phase-locked loop (PLL) to

synthesize unit vector by applying the synchronous reference frame (SRF).

U. Koteswara Rao et al. [41] and Sunil Kumar et al. [42] described the instantaneous
symmetrical component theory(ISCT). The theory is applied to study different control
techniques for load compensation with varying input voltages. With balanced input
voltages, each of these technique results into identical compensation characteristics.
Arindam Ghosh et al. [43] proposes a different method for reference currents extraction of
an active filter and/or a static compensator. It is considered that the compensator is
interfaced to a load which can be in any configuration, either star or delta. There may be
unbalanced load, which might also fetch harmonic currents. The aim of the compensation
technique is to achieve balanced load and keep the power factor on supply end within
desired range. The instantaneous symmetrical component theory is implemented to deliver
three phase reference currents, which are further given to the system to obtain the results
required. Authors also suggest an appropriate compensator model to trace the reference
currents in a hysteresis band control technique.

Mahesh K. Mishra et al. [44], Naresh K. Kummari, Asheeshet al. [45] and Dinesh Kumar,
Rajesh et al. [46] have examined load compensation methods with unbalanced and
diformed voltages. Two different compensation techniques are discussed. The first section
discuss, synchronous detection and modified equal current techniques implemented under
the unbalanced sinusoidal source voltages. The second section discusses, instantaneous
symmetrical component theory implementation for load compensation where drawing
positive sequence is suggested and is examined under unbalanced source voltages and the

source voltages, which are not sinusoidal.
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Arun Kumar Verma et al. [47] presents a Photovoltaic (PV) power generating system
employing 4-leg voltage source converter (VSC), connected to a 4-wire distribution system.
The inverter control technique implemented is Modified Instantaneous Symmetrical
Component Theory (MIST). This technique is employed to evaluate reference currents for
controlling the converter. The control technique used also provides load balancing and
power factor correction.

Manoj Kumar et al [48] proposes a method called dual voltage source inverter (DVSI) to
have improved power quality and stability of a microgrid. The control technique used is
instantaneous symmetrical component theory (ISCT) so that DVSI can function in grid
sharing and grid injecting cases.

G. Bhuvaneswari et al. [49] explained Icos® technique, which is implemented to a three-
phase shunt active filter to obtain harmonic and reactive power compensation, required by
the non-linear loads. The model is demonstrated on Simulink platform and the signals are
introduced to hardware through basic analog circuits and comparison of results is given.
Bhim Singh et al. [50] propose the design of a DSTATCOM (Distributed Static
Compensator) employing of a 3-leg VSC (voltage source converter) and a zigzag
transformer to obtain load compensation and the neutral current compensation in 3-phase 4-
wire distribution system. A modified Icos® technique is implemented regulating the
DSTATCOM in power factor correction (PFC) and zero voltage regulation (ZVR) modes at
PCC (point of common coupling).

Kamatchi Kannan et al. [51] propose the design of a Photovoltaic (PV) array or DC-DC
boost converter operated through battery supplying a 3 — ¢ three-wire DSTATCOM to
provide reactive power compensation, reduced harmonic in source current and load
compensation in the distribution system. The two control techniques namely Synchronous
Reference Frame theory (SRFT) and Icos® technique are implemented to provide switching
gate pulses to the converter which would result after the comparison of the source current
with the reference current through Hysteresis based Pulse Width Modulation (PWM).

G. Bhuvaneswari et al. [52] propose Icos@ algorithm which is implemented on a 3 — ¢
shunt active filter imparting harmonic and reactive power compensation as required by the
non-linear system. The model is demonstrated on Simulink platform and the signals are

introduced to hardware through basic analog circuits and comparison of results is given.
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2.5 Conclusion

Significant amount of work has been done in the field of grid interfaced SPV system. This

chapter covers a brief literature review of the work done so far on the relevant topics i.e.

SPV design, MPPT algorithms, inverter control techniques and LCL filter design.
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CHAPTER 33
MATHEMATICAL DESIGN OF GRID INTERFACED SPV
SYSTEM

3.1 General

Solar PV plants have now become standard sources of electrical energy. Solar cells inside
the solar panel fetch the light from the sun and convert it to electricity. A PV system mainly
constitutes solar cells or PV cells, DC-DC Boost converter, DC-AC inverter etc. This
chapter includes the basics of PV cell and its modelling, and a brief description of the DC-
DC boost converter, MPPT algorithms, PV inverter and its modeling.

3.2 Solar Photovoltaic (SPV) System

Solar PV system can be classified into two broad categories viz. standalone system and grid
Interfaced PV system [6- 9]:
3.2.1 Standalone SPV system

Stand-alone PV systems are commonly known as direct-coupled PV systems. These
systems are designed to supply output power of a PV module or array directly to DC or AC
electrical loads. Stand-alone PV systems are not connected to the utility grid and are
therefore also known as off-Grid PV system. Some of the standalone PV systems are
directly coupled i.e there is no electrically energy storage. These systems use maximum
power point tracking (MPPT) between the array output and load. Fig. 3.1 shows the the
standalone PV system directly-coupled with load.

The direct coupled solar PV systems are used in various applications such as agriculture
where solar PV array can be directly connected to run the pump.Series/parallel

configurations of the module can be used to achieve particular pump capacity.
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LOAD

PV Module

Fig. 3.1 Block diagram of Direct-coupled standalone SPV system

Some standalone systems use batteries for energy storage[7]. Fig. 3.2 shows the schematic
diagram of a stand-alone solar system delivering power to both DC and AC loads with

battery storage system.

Xy

Charge
I
Controller DC Loads
A
A 4
Battery - Inverter
\ 4
PV Module AC Loads

Fig. 3.2 Block diagram of Standalone SPV system with battery storage

The systems comprising of batteries require charge controllers. These controllers prevent
discharging and overcharging of the batteries. The charge controller maintains the current
output and checks the voltage from surpassing the maximum value for charging the
batteries. The charge controller’s output is connected to the battery bank through a dual DC
cutoff disconnect. During the sunlight hours, the system supplies DC power to the load and
charges the battery simultaneously. The role of the controller is to ensure that the PV arrays
should provide ample output power to sustain the demands of loads connected while sizing

the batteries. Sizing of the battery bank is influenced by various factors, such as the
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duration of an uninterrupted power supply to the load or the duration when there is less or

no radiation from the sun.

3.2.2 Grid-interfaced SPV system

The PV systems which are coupled with the utility grid is called grid connected PV
systems. In grid connected PV system, energy flow is bi-directional. If the load demand is
less than the output of PV power generation, the excess power from PV is fed to the grid
and when the load demand exceeds than the PV power generation, the remaining load
power is supplied by the grid as shown in Fig. 3.3. The primary component in grid-
connected PV systems is the inverter. The inverter converts the DC power produced by the
PV array into AC power consistent with the voltage, frequency and power quality

requirements of the utility grid.

Xy

DC/ AC
Inverter

Boost
Converter|

AC Load
PV Module ®

Fig. 3.3 Block diagram of Grid interfaced SPV system

3.3 Elements of Grid connected PV system

The various components of grid connected PV system are:
1. Solar Photovoltaic array.

ii. DC-DC boost converter.

iii. MPPT Controller.

iv. PV Inverter and its modeling.
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3.3.1 Solar PV Array

The fundamental component of a PV system is a solar cell. A solar cell can roughly
generate about 1 or 2 W of power. To achieve higher power output, a number of cells can
be grouped together to form PV modules and further higher power can be obtained by

grouping a number of PV modules to form PV arrays as shown in the Fig. 3.4

Module

Array

Fig. 3.4 Solar Photovoltaic cell, Module and Array.
Several solar arrays combine to form a solar PV system.The solar PV system also consists
of some other components such as charging battery controller, MPPT controller and dc-ac
converter and switchgear components.The complete system performance depends on the

efficiency or the performance of its individual components[8§].

PV cell can be made up of various semiconductor materials but for commercial use mono-
crystalline silicon and polycrystalline silicon are preferred. An individual PV cell can
agenerate about 0.6V. The solar cells works on the principle based on the photovoltaic
effect, i.e. the development of a potential difference at the junction of two different
materials in reaction to electromagnetic radiation. Fig.3.5 shows the principle of generation
of photocurrent in a PV cell. In a photovoltaic cell when sunrays fall on its surface, some
amount of the solar energy gets absorbed in the semiconductor material. If the energy
absorbed by the semiconductor is greater than its band gap energy, the electrons jumps
from the valence band to the conduction band, forming electron hole pairs. The electrons in
the conduction band can move freely. The electric field present in the PV cell pushes free
electrons to take a particular path. The unidirectional flow of these electrons forms current

and can be extracted through a metal plate on top and bottom of PV cell for external use.
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When sun radiations strikes the cell surface, the photons are absorbed by the semiconductor
atoms and deliver free electrons from the negative layer[10]. These free electron finds its
way toward the positive layer through an external circuit connecting the two resulting in the

formation of electric current.

4 Sun

radiation

N-type <
| silicon
' +

load

Fig.3.5. Photocurrent generation principle

The basic circuit of an ideal solar cell and a practical solar cell is as shown in Fig.3.6. The
practical modelling of a solar cell includes an ideal solar cell along with a series resistance

(Rs) and a parallel resistance (R;).

Ideal PV cell
Rs Irs

> nd y

Fig. 3.6 Equivalent circuit diagram of a practical SPV cell.

The theory of semiconductors gives basic eqn., that mathematically describes the I-V
characteristics of an ideal PV cell given by eqn. (3.1) to eqn. (3.3):
I=1Ly—1I4 (3.1

Where, I = I [exp (%) - 1] 3.2)
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Therefore, I = Ipp — s [exp (%) - 1] (3.3)
where, I, is the current drawn by the absorption of photon energy and is directly
proportional to the incident solar radiation. Therefore, I, represents the photocurrent, I, is
the diode current, I, is the reverse saturation or leakage current of the diode, g is the
electron charge (1.60217646 x 1071°C), e’ is the diode ideality constant, K is the
Boltzmann constant(1.3806503 x 10723 J/K) and T(in Kelvin) is the temperature. Fig.3.7

shows the I-V curve obtained from eqn. (3.1).
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Fig. 3.7 Equivalent I-V curve of a SPV cell

The eqn. (3.3) gives the equation of an ideal PV cell I-V characteristics and not that of a
practical one. Practically the PV arrays consist of several interconnected PV cells and the
characteristics observed at the terminals of the PV array need to include additional resistive
parameters to the basic eqn. (3.3). Hence, the modified eqn. for practical PV array is shown

in eqn. (3.4):

(V+R51)} B 1] _ V4Rl (3.4)

I =Ipp — I [exp{ — e
Now, if the array is formed by a number of parallel cell connections (Np), the saturation

current is expressed as Ip, = IppNp, I,s = I.sNp. Thus, the overall eqn. can be given as

eqn. (3.5) :

I'=lypNp = Nyl [exp {q(VHRS)} - 1] AL

NgakT Rp

(3.5)

The photocurrent is highly influenced by the solar irradiance and cell temperature as shown

in eqn. (3.6)
I = Ise * 7= [14 (T = Ty) * (3.6)
Where V; = NS is the thermal voltage of the array with cells Ns connected in series, Rgis

the series resistance of the array and Rp is the parallel resistance, T, is reference
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temperature which is 25° C, T is the operating temperature (K) which may lie in the range
20 to 65°C, a is the short-circuit current temperature coefficient at short circuit condition

and I is the PV cell’s Short-circuit current at 25°C.

3.3.1.1 Characteristics of PV Array

The photocurrent is highly influenced by the amount of solar radiation striking its surface
and the ambient temperature[11]. The I-V characteristic curve for current versus voltage
and P-V characteristic curve for power versus voltage of the solar PV system are shown in
Fig. 3.8, (a) and (b) respectively with 1000 W/m® radiation and 25° C temperature. Both the
characteristic curves show nonlinear behaviour. Maximum power point (MPP) is the point
at which the output power of PV array is maximum corresponding to a particular value of
voltage (Vmpp).The respective voltage (Vmpp) and current (Iypp) at Maximum Power Point

(MPP) are also highlighted in the Fig. 3.8.
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(b)
Fig. 3.8. a) I-V curve b) P-V curve of a practical SPV module

Each point on the curve gives the corresponding power and voltage expressed in watts and
volts respectively. The knee of the P-V curve represents the maximum output power point.

This power gives the rating of the PV panel[12]. This output power of PV module is based
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on two factors i.e. PVs output voltage Vi,pand PVs output current I, and given as
Prp = Vinp * Imp-
This thesis work includes a solar PV array of 8kW at 1000W/m2 of solar radiation, and at

25°C of temperature. The complete details of the rating and specifications of devices and

components of the system are mentioned in appendix-I.

3.3.1.2 Effect of change in temperature and irradiation on P-V and I-V characteristics

The solar panels show nonlinear characteristic curve and are highly influenced by the
intensity of solar irradiation striking its surface and ambient temperature[13-14].

A) Effect of Change in Irradiance

The output power of PV array depends on the PV output voltage and current. The I-V and
P-V characteristic curves at 25°C constant temperature and changing irradiance, are shown
in the Fig. 3.9. The change in the power output of PV array is observed by varrying the
irradiance from 200W/m” to 1000W/m?*. With the increase in the solar irradiance the output

power of the PV array also increases.

I-V Curve
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Fig 3.9. I-V and P-V Characteristic curves of the SPV array at constant temperature and
changing radiation
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B) Effect of Change in temperature

The I-V characteristics and P-V characteristics of PV array at a constant irradiance of
1000W/m* and varying temperature are shown in the Fig. 3.10. The Figure clearly states
that increasing temperature from 25°C to 65°C causes reduction in voltage and a slight

increase in current. Thus the resultant output power gets reduced.
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Fig. 3.10 I-V and P-V Characteristic curves of the SPV array with changing temperature and
constant radiation

Finlay, observing the system by keeping one parameter constant and varrying the other it
can be concluded that solar irradiance has direct relation and temperature has inverse
relation with output power of PV module. This simply depicts with increase in the intensity
of sun radiation, the output power rises, increase in the temperature, the power comes

down.

3.3.2 DC-DC Converter

As stated earlier voltage generated by the photovoltaic module varys with the variation in
the intensity of sun irradiance and temperature, but the system output need a constant
voltage to process and handle the electric energy parameters in the system (i.e. the voltages,
currents, frequency). This calls for a power electronic interface.Thus the power electronics
converters used include DC-DC converter and DC-AC converter (Inverter). These
converters are required due to the mismatch between the power supply available and the

power supply required by the loads.
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The DC-DC Converter is used to convert uncontrolled DC input from the PV array to
controlled DC output at a desired voltage level. The converter use MPP Tracking algorithm
(elaborated later) to adjust its operating point to the optimal operating voltage of the PV
array.

The DC-DC converter types used in the grid connected PV system are as follows:

i. Boost converter,

ii. Buck converter,

iii. Buck —boost converter etc.

In this work DC-DC boost converter have been used.

3.3.2.1 DC-DC Boost Converters

The PV array output voltage is boosted to a higher voltage, using a DC-DC boost converter
and is also known as step-up converter. The designing of boost converter include two
semiconductor switches and a storage component [15]. Fig.3.11 shows the equivalent
circuit diagram of a boost converter. When the switch is closed the inductor gets charged
by the available source either through PV module or battery and stores energy. In this
duration diode blocks the flow of current, maintaining a constant load current which is
being supplied by the discharging capacitor. When the switch is open the diode conducts
and the energy stored in the inductor discharges and charges the capacitor. Hence, the load

current stays constant throughout the cycle.

D
N
—— Y Y YN =

+
VdcinC_> Sa \ T ¢ Vdcout

Fig 3.11 Circuit diagram of Boost converter
The Boost converter design used in the PV system include maximum power point tracking

(MPPT) controller inorder to ensure the power generated by solar module is maximum and
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the system is operating at or near to the MPP. A converter lacking such controllers can only
regulate the output voltage of PV module, but it does not ensure that the PV system is
operating at MPP, resulting into inefficient operation. Thus, it proves to be a very
significant component of the system which keeps a track of the MPP in different

conditions to ensure that the available maximum power is extracted from the PV array.

3.3.2.2 Design of DC-DC Boost Converter

DC-DC boost converter mainly designed to perform two main operations. One is to boost
the dc voltage level to suitable level such that it can be converted into the desired ac voltage
and the other is to ensure the PV panel operates at maximum power point. A boost
converter provides the control of the PV panel output voltage so that the PV Panel operate
at maximum output operating point and maintain the Voltage input to the Inverter. This
thesis work implements DC-DC boost converter to raise the PV array voltage to 800 V

maintaining the point of operation at or near MPP simultaneously.

The filtering elements of the converter include Inductor (L) and Capacitor(C) and their

designing [15] is given by eqn. (3.7) and (3.8):

VinD
= (3.7)
where, L is the value of an inductor for boost converter.
— locD
C="r (3.8)
Eqn. (3.9) gives the duty cycle (D) of the converter.
pD=1-Yn (3.9)

VDC

where V;,, and V. are the input and output voltages of boost converter, Ai; is the input
current ripple and can be up to 6% of input current, Av is output voltage ripple and it can be

up to 3% of the output voltage V, and the switching frequency fis taken as 10kHz.
3.3.3 Maximum Power Point tracking (MPPT) Techniques / Controller
The output of PV module is hugely influenced by atmospheric conditions. Under different

atmospheric condition, the output voltage of photovoltaic module will be different. Thus

the maximum output power of solar array changes with the variations in environment. The
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maximum output power of photovoltaic array is achieved only at a particular voltage value,
i.e the maximum power point voltage. Thus, forcing the PV system to work at or near the
maximum power point is called the maximum power point tracking (MPPT). The
Maximum Power Point Tracking (MPPT) algorithms are usually implemented through
power electronic circuits such as boost converter to obtain maximum power from the solar
system. In recent years a number of MPPT techniques have been developed. These
techniques use voltage and current output of the PV system, which are regulated by
changing the duty cycle of DC-DC Boost converter in order to obtain MPP.

There are different algorithms [16] used to track the maximum power point (MPP). Some
of the most popular algorithms are :

1) Perturb and Observe

2) Incremental Conductance method

3) Fractional short circuit current

4) Fractional open circuit voltage

5) Fuzzy logic

6) Neural networks etc.

The selection of the algorithm to be implemented in a system depends on various factors
such as the time taken to track the MPP, application cost and the simplicity of execution.
The Incremental and conductance is a bit complex technique while Perturb and Observe
technique is very simple from application point of view. This thesis work implements both
incremental and conductance algorithm and Perturb and Observe (P&O) algorithm in boost

converter for tracking maximum power point(MPP) and their MPP tracking is compared.

3.3.3.1 Perturb and Observe Algorithm

P&O maximum power tracking technique require two sensors one to sense the voltage and
the other to sense current of PV module. The sensed values are fed to the MPPT controller
to track the maximum power point and accordingly generates control signal for DC-DC
boost converter. The output signal generated on comparision of this control signal with a
high frequency (10 kHz) saw-tooth waveform, regulates the duty cycle of a DC-DC boost

converter to track the MPP of the specific system.
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The P&O algorithm works on the principle of introducing perturbation to the operating
point of the system to achieve maximum power output[17-19]. The algorithm keeps a track
of instentaneous values of PV current and voltage and its power calculation and pushes the
working point to reach the MPP. The PV module output power is perturbed by small steps
until the maximum power point is reached. If a system is considered to have P; (power
output) calculated by measuring the initial values of voltage and current V,and I,
respectively and the perturbation added be C. Then P; is calculated by measuring the new
instentaneous values Vjand I,. If the P, reads positive i.e increment in power, the system
will keep on perturbing in the same direction. The moment P, reads negative i.e decreament
in power, the controller will bring the operating point back to MPP by adding a negative
increment. When the maximum power point is achieved, the system operating point will
oscillate constantly around that point. Thus controller continuously tracks this operating

point and regulates the voltage of the solar module to perform at MPP.

The algorithm for P &0 MPPT is shown in Fig. 3.12. The algorithm indicates that the
sensed values of voltage and current are taken as input to the controller and change in the
duty cycle is the output. A small perturbation (0.01) is induced in the system. This
perturbation reflects a change in power of the PV array. If the change followed by the
perturbation is positive i.e power increases, then the perturbation is continued (Duty cycle +
c) in the same direction.Just after the MPP, the power starts decreasing and so the

perturbation reverses (Duty cycle — c¢) at that instant.

The main drawback of the P&O algorithm is, it doesn’t produce a stable response with

rapid changes in irradiance.
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START

Calculate Power
PI)=VI)*I(K)

V(K)>V(k-1) Yes

No

Duty=Duty-d Duty=Duty+d Duty=Duty-d Duty=Duty+d

RETURN

Fig 3.12 P &O Algorithm for MPPT

3.3.3.2 Incremental Conductance algorithm

Maximum Power Point Tracking algorithms are used to operate PV arrays such that they
can produce all the power they are capable of producing. The incremental conductance
algorithm is based on the fact that the slope of the power versus voltage curve is zero at
maximum power point. This algorithm involves two sensors to sense the output voltage and
current of the PV module. In this method the terminal voltage of the array is varied
according to the MPP voltage with the variation in incremental and instantaneous
conductance of the PV module [20-21]. The slope of the P-V curve of the array is zero at
the MPP, positive on the left of the MPP and negative on the right of the MPP as shown in
Fig. 3.13.

This algorithm follows some basic relational equations given as follows,

a_ L A{MPP
av Vv

I

Ao L Left of MPP
av Vv

d
a

I .
> - Right of MPP (3.10)
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where I and V represents output current and voltage of the PV array respectively.The left
side of each equation mentioned above presents incremental conductance of the PV array
while the right side presents the instentaneous conductance.Maximum power point is
achieved when the variation in the output conductance is equal the negative of the

instentaneous conductance[22-23].

| T
L mMPP dP _ o i
L dv |

|
= Left of MPP I Right of MPP
> i / | 1
= - | |
o
[~ L I |
dP
[ - S0 | dP o \ -
- <
L dv I a i
i | \ ]
o | BN
Voltage (V)

Fig 3.13 Basic idea of Incremental and Conductance method

The incremental conductance algorithm for MPPT is shown in Fig. 3.14. The algorithm
indicates that the sensed values of voltage and current are taken as input to the controller

and change in the duty cycle is the output.
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Fig 3.14 Incremental and Conductance Algorithm for MPPT

3.3.4 Photovoltaic Inverter

The DC to AC inverter is one of the important elements in grid-connected PV power
generating systems. Three-phase inverter used in the system converts PV array’s DC
voltage output to three-phase AC voltage In order to integrate PV system to the 3-Phase
grid a DC-DC Boost converter and a PV inverter are required. The PV inverter used is
basically a voltage source converter (VSI) to convert the dc voltage output of the boost
converter to 3-phase ac voltage of desired magnitude and frequency. VSI finds high
application in distribution generation (DG) systems due its compactness, good efficiency
and control of power flow. VSI [24]are mainly classified into two categories: Voltage
controlled Voltage Source Inverter (VCVSI) and Current controlled Voltage source Inverter
(CCVSI).

In VCVSI the filter parameter i.e Decoupling Inductor plays very important role in the
power flow of system therefore its size must be cosidered very carefully. For example in

weak grid where the voltage drops considerably, there the inverter has to supply both the
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active and the reactive power by increasing the size of the inductor. Moreover, correction of
power factor is not possible in VCVSI [25] .However the unity power factor can be
maintained using CCVSIL. So, the CCVSI has been opted for the present work. The PV

inverter is shown in Fig 3.13.
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Fig 3.13 LCL connecting Voltage Source Inverter and Grid

The switches used in inverter are IGBTs with anti parallel diodes to provide load balancing
and compensates for the reactive power and harmonics of the loads. IGBT give very low
switching loss and on-state voltage drop, improving the efficiency of the system. Its
controlling is simple even in systems with high voltage and high current. These switches
are turned on and off through a gate driver circuit.

The VSI consists of capacitors to filter the DC link voltage. The PV inverter or VSI
behaves like an active shunt compensator and imparts both reactive power and harmonics

compensation with load balancing.

3.3.4.1 Design of VSI

PV inverter used in the system a 3-phase VSI, having six IGBTs with anti-parallel diodes
forming a bridge structure [26]. The voltage and current ratings of IGBTs used are 2500kV
and 1500A respectively. The computation of DC link voltage to be preserved across the
VSI and interfacing inductor calculations are as follows:

i. DC link Voltage

The magnitude of DC bus voltage depends on the instantaneous power received by the PV
inverter and it must be greater than voltage magnitude at point of common coupling. For a

three phase VSC with a DC link capacitor, the DC bus voltage is given by eqn. (3.9).
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Upe = (2V2v;)/v3m (3.9)
Where, m is the modulation index and taken as 0.9, and v;is AC terminal voltage of VSI
and is equal to 415 V (RMS line to line). The selected magnitude of dc bus voltage is 800V
in this thesis work.

ii. Coupling Inductor (Ly)
The VSI interfacing inductance Ly depends upon the current ripple Ai,, DC bus voltage
vpcand switching frequency f; = 10kHz, therefore its calculation is given by eqn. (3.10),

_ V3mupc

L 12hfsAi

(3.10)
Where, Ai,=5% of phase current, h =1.2 is overload factor and m = 0.9 is modulation
index. The calculated value of Ls is 6.34mH and is taken to be 7mH in this work.

The inductor (L) is a filtering element which will bound the amount of circulating current
in the circuit.

3.3.4.2 Design of LCL Filter

To increase the power density of PV inverter, LCL-type filters are preferred over L- or LC-
type filters at the inverter output. With the increase in the converter power rating, the size
and cost of the power converters reduces by employing LCL-filters compared to the other
filters [27-28]. However the main limitation of the LCL-type filters is their implicit
resonance frequency, which produces problems in stability and therefore specific control

techniques are required.

sLi sLg
 —  —
Ii Ig
Vi T — Ve
INVERTER Cr GRID

Fig 3.14 LCL Filter inserted between inverter end and grid.

The filter design involves following parameters:

|7

»n- inverter phase output voltage, P,-rated power, V;.-dc bus voltage, k is the attenuation

factor and f;-switching frequency.
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The base values of impedance and capacitance are given by equations (3.11) and (3.12)

respectively [29]. Thus, the filter values are obtained with reference to the base values:

2
Zb:% (3.11)
C, = — 3.12
b _(A)ga ( M )

The filtering elements include two inductors one on the inverter side (L;,,) and other
towards the grid (Lg) and a Capacitor (Cr) and their designing is given by equations (3.13),
(3.15) and (3.16) respectively.

Vac (313)

MY = 16 Mmaxfs
The maximum current ripple at the inverter output is given by (3.14)

PpV2

Mlimar = 0.1% 722 (3.14)
1
Ly= 2o (3.15)

For designing filter capacitance, the maximum power factor variation seen by the grid is

considered to be 5%; consequently the capacitance of the system is as follows

C; = 0.05C, (3.16)
where C}, is the base capacitance value.

Conclusion

The modeling of photovoltaic array and its basic I-V and P-V characteristics have been
introduced. The study of these characteristics show that output of a PV system changes
with change in the environmental conditions. The mathematical model of DC-DC boost
converter and PV inverter are also presented followed by description of two MPPT

algorithms namely Perturb and Observe and Incremental and Conductance.
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CHAPTER 4

PV INVERTER CONTROL TECHNIQUES

4.1 General

The increased use of power electronic based components and non-linear loads in the power
system results in the generation of harmonic currents followed by poor power-quality in the
system[30]. The system presented, is a grid interfaced PV system employing a three-phase
VSI to connect PV system to three-phase distribution grid. The inverter used also
compensates for power quality issues. Based on different processing techniques and the
sensed parameters there are several inverter control algorithms. This chapter presents three
different control algorithms for the grid connected inverter to compensate power quality

1SSues.

4.2 PV inverter Control Techniques

The main objective of these control schemes is to withdraw fundamental component of the
current from the sensed parameters according to the system requirement. Some
conventional control algorithms studied here are as follows:

(1) Synchronous Reference Frame (SRF) Theory

(i1) Instantaneous Symmetrical Component Theory(ISCT)

(iii)  Icosine control algorithm
The mathematical description of each control algorithm is given in the following section.
4.2.1 Synchronous Reference Frame theory (SRFT)

The synchronous reference frame theory (SRFT) is also reffered as d-q theory. This
technique is build on time-domain evaluation of reference signal. It can operate either for
steady-state or transient state ,as well as for general voltage and current waveforms. It
allows controlling the active power filters. Another significant characteristic of this theory

is the ease of calculation, which includes simple algebraic calculation. The SRF controller
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structure basically consists of direct (d-q-0) and inverse (d-q-0)"' park transformations[31].
The block diagram of control technique based on SRF theory is shown in Fig.4.1.

The SRFT is an indirect control approach used for the evaluation of reference AC currents,
which are further used to generate gate pulses for controlling PV inverter. In this method,
Load current, PCC voltage and dc bus voltage values are sensed and are taken as the
feedback signal. The SRF theory involves the extraction of synchronously rotating d-q
components. The sensed load currents are converted from the 3-¢ currents (i) to (d-q-0)
frame using Park’s transformation[32-34]. The voltages on grid side are given in eqn. (4.1)

to eqn. (4.3)

Vsa= Vjpsin (wt) (4.1)
Vgp = Vppsin (wt — 2”/3) (4.2)
Vse = Vppsin (ot + 2”/3) (4.3)

The fundamental component of load current are given in eqn. (4.4) to eqn. (4.6):

ipa= Ipsin (wt — 6,) (4.4)
irp= Imsin(wt — 27/3 — 6,) (4.5)
irc=Imsin (wt— 27/3—6,) (4.6)

SRF procures the fundamental component of load currents by transforming load current

signals from abc frame to d-q reference frame using park’s transformation given by eqn.

(4.7)

(4.7)

iLd] coswt cos(wt — 2”/3) cos(wt + 2”/3) [iLa
iLb]

: 2
'La| = 3 [sinwt sin(wt — 2”/3) sin(wt + 2”/3) *
1/2 1/2 1/2 Le

Lo

The d-axis and g- axis currents consist of both fundamental and harmonic components
given by eqn. (4.8) and eqn. (4.9):
iqg = lapc *+laac (4.8)

iq = igpc + igac 4.9)
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The harmonics term includes the entire harmonics component having ac characteristics.
While the dc component gives the fundamental term. These currents are passed through
low pass filter (LPF) to acquire only the dc components and separate out the harmonics

from reference signal. Thereafter, the reference signals contain only the dc quantities.

VL}?—V Pl Controller

Vdc* Isa Isb Isc
* l l l Source Current
lLa 2 pc ld 490 I*sa mr——
o _>|q LPF st» current
Ic—pp| /dq0 Terminated bc 3] controller
A here ****H
Vo> ot 1 AMMA
\\ib —> PLL Gating pulses
[4

Fig. 4.1 SRF theory to extract reference current

When the grid interfaced system is operating in power factor(PFC) correction mode to
obtain unity power factor, the control algorithm considers the grid should provide direct
axis component of load current and active power component of current which are essential
components for the regulation of the DC bus voltage to a desired constant value and to feed
inverter losses (i;,ss). The PI controller is used to regulate the dc bus voltage to desired
reference value and gives the active power transfer to compensate inverter losses.

Thus active power requirement of load and the power required to maintain DC voltage at
inverter DC terminals to a constant value has to be accomplished by the grid and hence
these powers are added. To maintain DC bus voltage constant, the sensed DC voltage is
compared with the reference signal and the error generated is fed into a PI controller, thus
producing an output current (i;,ss) proportional to the loss in DC voltage. Therefore iy, is
the current required to compensate the losses and is given by eqn.(4.10)

f10s5 (1) = ligss(n = 1) + Kp(Vace (1) = Vigce (n = 1)) + K; * Vace () (4.10)
where, K, and K; represents the proportional and integral gain of PI controller and
Vace(n) is error between the measured DC terminal voltage and the reference DC voltage

signal of 800V given by eqn. (4.11),
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Vdce (n) = Vt;c(n) - Vdc(n) (411)
The active ac reference grid current i, .., can be given by eqn. (4.12),
i:lctive = idc + iloss (412)

The active power component of reference AC currents must be in phase with the PCC voltage.
Therefore a 3-¢ PLL is applied to synchronize these reference signals with the PCC
voltage. The park’s transformation angle wt gives the synchronous angular position
obtained by the PLL action. Then reverse Park’s transformation is applied on the resultant

*

the d-g-0 reference frame currents (ig = igcripes g = 0,1p) and reference source current

(igaigp,isc) in a-b-c frame are obtained given by eqn. (4.13)

i cos wt sin wt 1 i
ie, | = cos(wt — 2T/3)  sin(wt — 27/5) 1‘ . [i; (4.13)
isc cos(wt + 2”/3) sin(wt + 2”/3) 1| lio

These reference source currents generated on applying reverse Park’s transformation
calculated from eqn. (4.13) are further fed to hysteresis current controller (HCC) along with
sensed source currents, to obtain switching signal for PV inverter. The hysteresis band
current controller is used to maintain the source currents (ig,, isp, isc) close to three phase

reference currents (ig, ig, isc )
4.2.1.1 Phase Locked Loop

A phase locked loop (PLL) is a system which synchronizes its output signal with a given
input signal or reference signal both in frequency and in phase. It is a non-linear closed
loop control system which can change the frequency of a controlled oscillator automatically
according to the frequency and phase of the input signal to have an output having similar
frequency and phase as that of the input or reference signal.

The synchronous Reference Frame PLL (SRF PLL) is used for synronizing the phase angle
of 3-phase signals .Their performance is quite similar to a linear PLL .The only difference
between the two is SRF PLL includes a Phase Detector (PD) block in its circuit. It involves
Park’s Transformation of a 3-phase signal in phase detection. The block diagram of the
Three-phase Phase locked loop is shown in Fig 4.2. This PLL is used in controlling the PV
inverter. PLL produces phase angle wt, which ranges from 0 to 2zn, and synchronized to

zero crossing of the phase ‘a’ fundamental component [35-37].
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Fig 4.2 Block Diagram of 3-¢ PLL

An internal oscillator provides the angular speed required for converting the three-phase
input signal of PLL to the d-q-0 rotating frame. Then g-axis signal obtained after the
transformation, which is proportional to the phase difference between the input a-b-c signal
and the internal oscillator-rotating frame, is filtered through a mean variable frequency
block. The filtered output is fed to a PID controller having an optional automatic gain
control (AGC) to maintain the phase difference to 0 by controlling the controlled oscillator.
The PID output, corresponding to the angular velocity, is filtered and converted to
frequency in Hz and the controlled oscillator output is the angle (wt) varying between 0 &

27 rad.

4.2.1.2 Hysteresis Current Controller (HCC)

The switching signals for the inverter are produced using synchronized pulse width
modulation (PWM) method or hysteresis current control method[38]. Hysteresis current
controller is used because of its Due to its fast response with peak current limiting
capability and ease of execution hysteresis current controller is preferred. Besides
hysteresis current control scheme offers the drawback of having wide switching frequency
variation, which may be excessively high, and can result in rise of converter switching
losses caused due to increased number of switching per cycle. This method is simplest from
implementation point of view, requiring just the value of error traced, which is basically the

difference between of the grid side current (igg, i, Is.) and the current references

. %

(i;a' lsbr i;c)-
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This method involves the switching of actual source currents in an asynchronous procedure
of ramping the actual current up and down such that it follows the reference current. When
the source current is exceeds the upper limit of the hysteresis, it turns on a negative voltage
switching function and causes the source current to decrease. And if the current reaches the
lower limit of the hysteresis, then it turns on a positive voltage switching function to
increase the source current. The hysteresis band limit considered in this analysis is 0.2. The

actual current waveform tracking using a hysteresis current controller is shown in Fig. 4.3
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Fig. 4.3 Hysteresis current control technique.

The internal structure of hysteresis current controller is shown in Fig 4.4. At the output of
HCC six gating pulses are generated which are fed to the six IGBT switches of VSC. In
VSC each phase is having two switches, therefore the output of HCC also contains two

pulses for each phase.



41

a
b Bom
lobe o — W ’lﬂ
-
‘ Gating pulses
— R »ro VSC
Tabe*
NOT

Fig 4.4 Schematic Diagram of Hysteresis Current Controller

4.2.2 Instantaneous Symmetrical Component Theory (ISCT)

The instantaneous symmetrical components theory is mainly used reduce harmonic
components and improve power factor [39-43] etc. The inverter control algorithm based on
instantaneous symmetrical component theory can compensate almost any kind of unbalance
and harmonics in the load. For a set of three-phase currents or voltages, the instantaneous
symmetrical components are given by eqn. (4.14) and eqn. (4.15),

'an b1 1)

-3f 3 2

-laz L

Similarly three-phase instantaneous voltages are given by

[Va, 1 1 1 1 1[Vsa

val = \/—5 1 a az Ush (4.15)
| Va, 1 a? allvs
where, a is a complex operator and is mathematically stated asa = e 3 ,a? = e 3 . The

instantaneous components of currents, i, and iy, are complex time varying quantities and
are complex conjugate of each other. This same is follows for the quantities v, and v,,.The
terms i, and vgoare real quantities.These instantaneous symmetrical components are used

to develop mathematical model for load compensation etc.
Thus the PV inverter use instantaneous symmetrical component theory control algorithm
provides the reference current evaluation, balancing of load, harmonics suppression and

power factor correction. The schematic diagram for the ISCT inverter control algorithm is
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shown in the Fig.4.5.The reference source current are extracted using PCC
voltage (Vg,, Vsp, Vsc ), source currents (i, ip,ic), load currents (iy,, i, i) and DC link
voltage (vq4c) of the grid interfaced PV system. Initially the control algorithm of inverter
involves the computation of instantaneous positive sequence values of load side currents
and utility grid side voltages on application of instantaneous symmetrical component

theory.

Vdc*
vdc . PI . ploss Ia®
- controller . 1 »
l REFERENCE | . ™
e CURRENT | ' | HYSTERISIS |,
CALCULATION ~| CURRENT _Ewitching
. (ia*,ib*,ic*) | ., |CONTROLLER] " Pulses
ﬁb. “ | (HCO) >
ila >
4, .
ilc Load active power > |

PL=vsa*ila+ Vsb*ilb+ Vsc*ilc pavg T T T T T T

ia ib ic
vsa vsb vsc
Source current

vsa vsb  vsc

Fig. 4.5. Block Diagram of ISCT for Reference Source Current Extraction.
The main motive of the control algorithm is to produce balanced supply current. So, the
current on the source side is given by eqn. (4.16):

+ip+i. =0 (4.16)

Positive sequence values of voltage and current are required to achieve the balanced source
current. On application of symmetrical component theory, positive sequence component
can be derived using the eqn. (4.17) and also from the point of view of source power factor,

we have
LVal = Lial + q:) (417)

2{vgy + avgy + a? vee} = £{i, + aip + i} + b (4.18)
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Where v, and i, are positive sequence values and @ is the phase shift between supply
voltage and current. Under the condition of balanced supply voltage, the eqn. mentioned

above can be rewritten using the eqn. (4.19):
— k1 —_ k3
tan~?! (k_z) = tan~! (k_) +¢ (4.19)
where,

3
ky; = Y 3/2 (Vsp = Vsc) » Kz = E(Vsb)

ks =+/3/2 (ip — ic), ks = (ia — b —ig) (4.20)

2 2

y =tand/V/3 (4.21)
On solving the eqn. (4.17)- (4.20) gives resultant in eqn. (4.22):
(Vsb=Vse — YVsa)ia + (Vs¢ — Vsa — YVsb)ip + (Vsa — Vsp — YVsc)ic = 0 (4.22)

If y = 0, source current (i, iy, ic) are in phase with voltages(vs,, Vgp, Vsc) Which indicates
the inverter will supply the reactive power demand of the load. If y # 0 i.e. in the cases

other than zero, the source may supplies or absorbs the reactive power.

The active power demand of the load is supplied by the source in power factor correction

mode. Thus average power demand is given by eqn. (4.23)
Pavg. = Vsala + Vsplp + Vscic (4.23)

where F,,4 is average active power which is acquired after removing the harmonics on

passing through LPF filter. The active power of the load can be computed using eqn.
(4.24):

P} = Vglla + Vgpilp + Vsclie (4.24)

The PI (proportional integral) controller is used to maintain the DC link voltage, given by

eqn. (4.25):

Pioss = pdVdcei *+Kiq f Vgce dt (4.25)
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where Vyee = Vj. — Vqc= error. vy, is the sensed voltage of DC bus and vy is the
reference voltage of DC bus. K4 and K;4 are the proportional and integral gain of the PI

controller of the inverter control algorithm over the DC link voltage.

The PI controller limits the losses occurring due to switching. Hence it provides
Py,ss, Which compensates the switching losses in the converter. Therefore, the net power

given by eqn. (4.26):
1:)avg. + Ploss = Vsala + Vspip + Vscic (4.26)

On solving eqn. (4.16), (4.21) and (4.25), the reference currents are achieved using eqn.

(4.27):

i3 = [Vea + (Vo — Vsc) Y] (Pavg. + Pioss) /A

i, = [Vsb + (Vsc = Vsa) /Y] (Pavg. + Ploss) /A

ic = [Vsc + (Vsa = Vsb) /Y] (Pavg. + Pioss) /A (4.27)
where A = Y (vZ,+v3,+ vZ.) and y = 0 for the grid interfaced PV system in PFC mode.

Hence the obtained reference currents are compared with actual source currents(i, , ip, ic)
using hysteresis current controller (HCC) which further provides six pulse output required

for the switching of PV Inverter.

4.2.3 Icos¢ Control Algorithm:

The ‘Icosd’ algorithm is applied to obtain the fundamental component of the active part of
the load current. In each phase a LPF and sample & hold circuit is used to tune to
fundamental frequency.Thus the desired amplitude of the mains current in each phase is
obtained. These three-phase voltages are act as templates to obatain unit amplitude sine
waves which in same phase as the mains voltages. Then the product of the two quantities
is obtained i.e. of the amplitude Icos¢ and the unit sine wave for each phase to get the
desired currents[45-47].

The 3-¢ inverter involves a self-sustaining DC bus capacitor which can itself produce the

required reactive power and harmonic compensation. The voltage fluctuations in this
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capacitor are used to estimate the extra power loss due to switching in the inverter. The
current amplitude corresponding to this loss is calculated and added to the active
component (Icos¢) of the fundamental load current in each phase.

This inverter control algorithm generates reference currents for the 3-¢ PV inverter
depending on the real part of the load current. Thus the current obtained from the supply
mains have no reactive component and is purely sinusoidal i.e. unity power factor is
achieved with no reactive component. Thus this control algorithm gives good harmonic

compensation, simulateously maintaining unity power factor at the source side.
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Fig 4.6 Block diagram of Icos® for extracting reference source currents.

The ‘Icos@’ based inverter control algorithm is shown in Fig.4.6. The implementation of
the algorithm involves measurement of the sensed values of the PCC voltage
(v, vp, V), the source currents(iy, iy, i.),the load currents(iy,, i;p,i1c), and the DC link
voltage (V4.)of the inverter. The reference source currents are finally obtained by the
product of Icos¢ and Ising component of load currents with unit templates[48-50] .

Let, the load current can be given by eqn.(4.28)
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&

=00

iLa = ILakSin (kwt - ¢ak)
=1

X

=00

iLb = Z ILkain (k(l)t - ¢bk - 1200)

k=1

iLe = 2F=T Icrsin (kwt — ¢y — 240°) (4.28)
where @ apcy1 andPapeyi are phase angles of fundamental and k™ harmonic current in a,b
and ¢ phases, I} (qpcy1 andlygpeyi are amplitude of fundamental and k™ harmonic current in
a,b, and ¢ phases.

The magnitude of fundamental load currents’ active component is given by eqn. (4.29):
|Re(I q1)| = I qlcosd,

|Re(ILp)| = I plcosdy,

|Re(Ic1)| = I clcose, (4.29)
The amplitude of fundamental load current’s active component (Icos@) is obtained at the
zero crossing of the unit template which is in phase with PCC voltage. A set of low pass
filters is used for shifting the load currents by +90°. The filters with cut-off frequency of
50Hz are used to extract the fundamental component of load current. A zero crossing
detector and a sample and hold network are implemented to extract reference currents in
the (Icos@) algorithm.

When source currents are in balanced condition, the magnitude of reference source
currents’ active component is given by eqn. (4.30):

15y = (ILglcos@, + |Iip|cos@y, + |Iic|lcos@. +14)/3 (4.30)
where,|I;,|cos@,,|I;p|cos@pand|I;.|cosD, are the magnitude of the load active currents
and I; is the output of the DC link voltage PI controller for the self supporting bus of the
inverter which can be expressed as:

Pioss = Kpac Vacei TKiac | Vacei dt (4.31)
where Vycei = Ve * — Vge 18 the error in DC link voltage, v4. * = reference DC link
voltage of inverter and vg. = actual DC link voltage of inverter
respectively. K4 and Ky, are the proportional and integral gains of the PI controller over

the DC link voltage of inverter given by eqn. (4.31).
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Likewise the amplitude of fundamental load currents’ reactive component(Isin®) can be
also obtained at the zero crossing of the unit template in quadrature of PCC voltage from
the filtered fundamental load currents. Thus the magnitude of reactive component of the

reference source currents can be given as.

. I +1 +1 +1
Isp — (IIiglcos@q+| lblcogwb l1clcos@Bc +1q) (432)

Similarly, the magnitude of reactive component of reference source current is given by eqn.

(4.33)

. g |sin® g+ 11p|sin®p+11c|sin@, +1
Isq _ (1glsin@ g+ lblsn;@b [Iiclsin®c +1g) (4.33)

In power factor correction mode I, is kept zero.

Now, Unit amplitude templates are in-phase and quadrature component of source voltage,
which are of unit magnitude. They are used to provide phase difference to different
components of current. For calculation of unit amplitude template, first terminal
voltage,v,,, is calculated by the formula given in eqn.(4.34), where v,, vyandv, are phase
voltages of the supply line.

U = Sqre({(2/3) (e, + vy + v} (4.34)
Thereafter each phase voltages is divided by terminal voltage, to provide unit amplitude
with the phase angle of actual phase voltage supply. The in-phase components are portrayed
by Upas Upp andupc, for phase a, b and c respectively and the quadrature components are
portrayed by ugq, Ugpandug,, for phase a, b and ¢ respectively[51-52]. The computation of

unit templates are given in eqn.(4.35) to (4.38).

Upa = 3= Upp = 3%, Upe = o< (4.35)
Upa = — % + ’% (4.36)
Ugp = V324 + L) (4.37)
Uge = —V3 228 4 L2000 (4.38)

Thus, three phase source currents’ active component are extracted using in-phase unit

templates as follows:
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i;ap = Is*pUpa
i;bp = I;pUpb
lsep = LspUpe (4.39)

The required three phase reference source currents can be achieved from eqn. (4.40) .

RS £
lsg = Isap

lsp = ;bp

isc = Isep (4.40)
The reference currents are then compared with actual source currents (igy, igp, isc) using
hysteresis current controller (HCC) that results in the required six pulses for providing

control signals to PV Inverter.
4.3 Conclusion

In this chapter, an elaborate description of different control algorithms for PV inverter
control is presented. On studying the control algorithms, one can conclude that SRF is axis
transformation based technique. ISCT is also transform-based theory. And Icospis an
inverter control algorithm, which involves the tuning of the fundamental frequency and
sample, and hold circuits through the load current in every phase by the implementation of

a low pass filter.
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CHAPTER 5

SIMULATION RESULTS AND DISCUSSION

5.1 General

In this chapter the two algorithm for maximum power point tracking is analyzed and further
the performance of a grid interfaced PV system using three-phase inverter employing three
different inverter is studied using MATLAB-Simulink version-15. The control algorithms

are compared on the basis of different loads and environmental conditions [53].

5.2 Proposed System

An 8kW solar PV array is designed at 1000W/m? of solar irradiation, and at 25°C is
connected to a three phase 415V, 50 Hz AC utility grids through a three-phase inverter.
Fig. 5.1 shows the block diagram of proposed grid interfaced solar PV system.

Boost Voltage source inverter
Converter
Solar PV
array DC bus
capacitor

E} i - _|

Yic YibYia
1
Charge
MPPT controller [ Le §Lb§ §La
Controller
Battery
152 Ira_g,.| Linear,Non-
Distrib'ution o Isb ILg | Linear a'nd
Grid Isc Lic Dynamic
= > Loads
Point of common
coupling(PCC)

Fig 5.1 Grid interfaced Solar PV system

The system is studied under different loads namely star connected balanced linear loads,
non-linear loads, unbalanced non-linear loads and dynamic loads. Interfacing inductor (L)

is used at the point of common coupling (PCC) of PV inverter and distribution grid.
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The grid interfaced solar PV system is modeled using MATLAB-Simulink toolbox. The
MATLAB model of the same is shown in Fig. 5.2.
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Fig. 5.2 Simulink model of the grid interfaced SPV system

All the parameters ratings are mentioned in the appendix-I. The simulation results of grid
side voltage and current, dc bus voltage, PCC voltage and current, load voltage and current,
PV voltage and current, PV power under different loads are displayed for different inverter

control techniques.

5.3 Simulation results of the system presented:

The solar photovoltaic array is first subjected to different MPPT algorithms namely P&O
and INC, and one with better MPP tracking (P&O) is implemented to the proposed system.
The simulation results of the proposed system for various loads under varying atmospheric
conditions are presented. Three different control algorithms viz. SRFT, ISCT and ICOS®
are used for controlling the inverter.

5.3.1 MPPT Algorithms

The simulation results of the solar photovoltaic system with perturb and observe algorithm
is compared with Incremental and conductance algorithm. The Voltage versus time curve

and power versus time curve on application of incremental and conductance method is
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shown in Fig. 5.3 and 5.4 respectively. It is observed from the curves that output voltage
and power had perturbations before obtaining a constant value. Also the output voltage and
power so obtained was not of desired value. In contrast the output voltage versus time
curve and power versus time curve on implementing P&O algorithm showed better results
as shown in Fig. 5.5 and 5.6 respectively. The output voltage and power obtained by this
technique are of desired value, hence P&O is implemented in the grid interfaced PV

system.

800 T T T T T T T T T

600 I I I I I I I I I 4

400 |-

200 I I I I I I I I I 4

0 | | | | | | | | |
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Fig. 5.3 Voltage versus time curve using INC MPPT algorithm with 1kW/m? irradiance and 25° C

temperature.

10000 w w w w w w w w w
8000
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4000

2000
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0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Fig. 5.4 Power versus time curve using INC MPPT algorithm with 1kW/m? irradiance and 25° C

temperature.
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Fig. 5.5 Voltage versus time curve using P& O MPPT algorithm with 1kW/m? irradiance and 25° C

temperature.
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Fig. 5.6 Power versus time curve using P&O MPPT algorithm with 1kW/m? irradiance and 25° C

temperature.
5.3.2 Solar PV inverter control techniques.
Three different inverter control algorithm are implemented on grid interfaced PV system on

the MATLAB/Simulink platform.

5.3.2.1 Synchronous Reference Frame (SRF) Theory based control

technique
An elaborate description of the theory and its control technique has already been covered in

section (4.2.1). The Simulink model for SRF theory is shown in Fig. 5.7.
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Fig.5.7. Simulink model of SRFT for reference current extraction

A. Performance of grid interfaced Solar PV system with balanced linear load :

The simulation results of grid interfaced Solar PV system with balanced linear load are
shown in Fig. 5.8 and Fig. 5.9. The load is instantaneously decreased from 0.3sec to 0.6sec.
Thus the respective variation in various parameters can be observed due to the load change.
The simulation results show that V4. remains constant and grid current decreases to meet
the load demand, maintaining balanced, sinusoidal waveform with unity power factor.
Keeping temperature constant the irradiation of the solar PV system is decreased from 1000
W/m® to 500 W/m* from 0.7 sec. to 0.85 sec, as shown in Fig. 5.8. Keeping irradiation
constant the temperature is increased from 25°C to 50°C as shown in Fig. 5.9 respectively.
With the variation in these input parameters i.e reduction in solar irradiation or increased
temperature, the solar PV power generation gets reduced and vice versa. So, the grid
supplies the remaining load demand. Under all the parameter variations mentioned above,
DC bus and PCC voltages are maintained and grid current remains balanced. The THD
level of grid current is 2.23% and PCC current is 1.25% as shown in Fig.5.10, which is
maintained within the IEEE limits. The active power delivered to the load is the total of the
grid power and SPV power. For the above changes, the system both active and reactive
power balance of the system is shown in Fig. 5.11 and Fig. 5.12. The grid supply is

maintained at unity power factor as shown in Fig. 5.13.
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Fig. 5.8. Performance of grid interfaced PV system for balanced linear load under varying load with

changing radiation (SRFT).
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Fig.5.11 Power flow at different points in the system for linear load with varying load and changing

radiation(SRFT).
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Fig.5.12 Power flow at different points in the system for linear load with varying load and changing

temperature(SRFT).
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Fig.5.13 In phase grid side voltage and current under linear load(SRFT).
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B. Performance of grid connected Solar PV system with balanced non-linear load:

The simulation results of grid interfaced Solar PV system with balanced non-linear load are
shown in Fig. 5.14 and Fig. 5.15. From 0.3sec to 0.6sec,the load is instantaneously
decreased. Thus the respective variation in various parameters can be observed due to the
load change. The simulation results show that Vg remains constant and grid current
decreases to meet the load demand, maintaining balanced, sinusoidal waveform with unity
power factor. Keeping temperature constant the irradiation of the solar PV system is
decreased from 1000 W/m?® to 500 W/m® from 0.7 sec. to 0.85 sec, as shown in Fig. 5.14.
Keeping irradiation constant the temperature is increased from 25°C to 50°C as shown in
Fig. 5.15 respectively. With the variation in these input parameters i.e reduction in solar
irradiation or increased temperature, solar PV power generation gets reduced. So, the grid
supplies the remaining load demand. Under all the parameter variations mentioned above,
DC bus and PCC voltages are maintained and grid current remains balanced. The THD
level of grid current is 1.05% and THD level of load current is 17.19% as shown in
Fig.5.16, which is maintained within the IEEE limits. The grid side supply is maintained at

unity power factor as shown in Fig. 5.17.
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Fig. 5.14. Performance of grid interfaced PV system for non-linear load under varying load and

changing radiation(SRFT).



500

60

-500

T O L O oL

RARRRARDRNRDRRARARRNA DR DRRARORRNADRRRRRARARARORNRIRDRSH

1000

0.6

Vdc

0.7 0.8 0.9

500 —

20

Ipv

10

T

Vpv

500

10000 —

Ppv

5008 t

0.2

0.3 0.4 0.5

0.6

0.7 0.8 0.9

Fig 5.15.Performance of grid interfaced PV system for non-linear load under varying load and
changing temperature(SRFT).

Signal

FFT window: 3 of 50 cycles of selected signal

Signal mag.
N
o o

n
o

0.2

FFT analysis

0.21

0.22 0.23 0.24 0.25

Time (s)

Fundamental (50Hz) = 27.45 , THD= 1.05%

e 0 9
> 0 o

o
w

Mag (% of Fundamental)
o a4 N

o o

1]

5

10 15
Harmonic order

20

Signal

Signal mag.

0.

N N &
o o oo

-40 |

FFT window: 3 of 50 cycles of selected signal
" ]

.

2

0.21 0.22 0.23 0.24 0.25
Time (s)

FFT analysis

Mag (% of Fundamental)

Fundamental (50Hz) = 48.59 , THD= 17.19%

o 5 10 15 20
Harmonic order

Fig.5.16 .Waveform and harmonic analysis for Grid Current (Iyq) and Load current (Iy,,q) for non-
linear load(SRFT).



61

L
ST

Fig. 5.17. In phase grid side voltage and current for non-linear load conditions(SRFT).

C. Performance of grid connected Solar PV system with unbalanced non-linear load

The simulation results for non-linear unbalanced load is shown in Fig.5.18.The ‘B’ phase
of the load is disconnected from 0.3 sec to 0.6 sec and at t=0.5 sec this ‘B’ phase of the load
is again applied and the system regains its balanced state. Thus the respective variation in
various parameters can be observed due to the load unbalancing. The simulation results
show that V4. remains constant and source current decreases to meet the load demand,
maintaining balanced, sinusoidal waveform with unity power factor. Irradiation of the Solar
PV system is decreased from 1000 W/mm® to 500 W/mm” from 0.7 sec. to 0.85 sec, as
shown by fig 5.18. In this situation, solar PV power generation gets reduced. So, the grid
supplies the remaining load demand. Under all the parameter variations mentioned above,
DC bus and PCC voltages are maintained and grid current remains balanced. The THD

level of grid current is 3.85% which is well within the IEEE limits as shown in Fig.5.19.
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D. Performance of grid connected Solar PV system with dynamic load.

The simulation results for dynamic load are shown in Fig. 5.20. The motor torque is
increased to full load torque value i.e 20 N-m at 0.3 sec, and is decreased to half of the load
torque i.e 10N-m after 6sec, and hence its effect on the various parameters can be observed.
The simulation results show that V4. remains constant and source current decreases to meet
the load demand, maintaining balanced, sinusoidal waveform with unity power factor. The
THD level of grid current is 1.92% and PCC current is 1.86%, which is well within IEEE
limits as given by Fig. 5.21.
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Fig. 5.20.Performance of grid interfaced PV system for dynamic load under torque variation with
changing radiation(SRFT).
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5.3.2.2 Instantaneous Symmetrical Component Theory based control

algorithm

An elaborate description of the theory and its control technique has already been covered in

section 4.2.2. The Simulink model for the ISCT control technique is shown in Fig. 5.22.
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A) Performance of grid connected Solar PV system with balanced linear load

The simulation results of grid interfaced Solar PV system with balanced linear load are
shown in Fig. 5.23 and Fig. 5.24. The load is instantaneously decreased from 0.3sec to
0.6sec. Thus the respective variation in various parameters can be observed due to the load
change. The simulation results show that V4. remains constant and grid current decreases to
meet the load demand, maintaining balanced, sinusoidal waveform with unity power factor.
Keeping temperature constant the irradiation of the solar PV system is decreased from 1000
W/m® to 500 W/m® from 0.7 sec. to 0.85 sec, as shown in Fig. 5.23. Keeping irradiation
constant the temperature is increased from 25°C to 50°C as shown in Fig. 5.24 respectively.
With the variation in these input parameters i.e reduction in solar irradiation or increased
temperature, the solar PV power generation gets reduced and vice versa. So, the grid
supplies the remaining load demand. Under all the parameter variations mentioned above,
DC bus and PCC voltages are maintained and grid current remains balanced. The THD
level of grid current is 3.02% and PCC current is 1.71% as shown in Fig. 5.25, which is
well within the IEEE limits. The grid side supply is maintained at unity power factor as

shown in Fig. 5.26.
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Fig 5.24.Performance of grid interfaced PV system for linear load under varying load and changing
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Fig.5.26. In phase grid side voltage and current for linear load conditions (ISCT).

B. Performance of grid connected Solar PV system with balanced non-linear load

The simulation results of grid interfaced Solar PV system with balanced non-linear load are
shown in Fig. 5.27 and Fig. 5.28. From 0.3sec to 0.6sec,the load is instantaneously
decreased. Thus the respective variation in various parameters can be observed due to the
load change. The simulation results show that V4. remains constant and source current
decreases to meet the load demand, maintaining balanced, sinusoidal waveform with unity
power factor. Keeping temperature constant the irradiation of the solar PV system is
decreased from 1000 W/m?® to 500 W/m® from 0.7 sec. to 0.85 sec, as shown in Fig. 5.27.
Keeping irradiation constant the temperature is increased from 25°C to 50°C as shown in
Fig. 5.28 respectively.With the variation in these input parameters i.e reduction in solar
irradiation or increased temperature, solar PV power generation gets reduced. So, the grid
supplies the remaining load demand. Under all the parameter variations mentioned above,
DC bus and PCC voltages are maintained and grid current remains balanced. The THD
level of grid current is 1.42% and THD level of load current is 17.19% as shown in Fig.
5.29, which is well within the IEEE limits. The grid side supply is maintained at unity

power factor as shown in Fig. 5.30.
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Fig. 5.27. Performance of grid interfaced PV system for non-linear load under varying load and
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C. Performance of grid connected Solar PV system with unbalanced non-linear load

The simulation results for non-linear unbalanced load is shown in Fig.5.31.The ‘B’ phase
of the load is disconnected from 0.3 sec to 0.6 sec and at t=0.6 sec this ‘B’ phase of the load
is again applied and the system regains its balanced state. Thus the respective variation in
various parameters can be observed due to the load unbalancing. The simulation results
show that V4. remains constant and source current decreases to meet the load demand,
maintaining balanced, sinusoidal waveform with unity power factor. Irradiation of the Solar
PV system is decreased from 1000 W/mm® to 500 W/mm® from 0.7 sec. to 0.85 sec, as
shown by Fig 5.31. In this situation, solar PV power generation gets reduced. So, the grid
supplies the remaining load demand. Under all the parameter variations mentioned above,
DC bus and PCC voltages are maintained and grid current remains balanced. The THD

level of grid current is 4.61%, which is well within the IEEE, limits as shown in Fig.5.32



72

Vgrid
500
R EEEEETE RV RO ER R EE VL EEET TR TR TR AT R L AT
500 AR A AU A A O AR A A R AR OUUROUUUUOUU R
50 Igrid
0 K ooscereomeamessssss c00000000000000c0ac0000aXRNNNNNNON] 10000000000000000
XO000U00C0000A0000I00NK EOAOA0C0CA0CNA X 0 O0000000KEC0CN
-50
Ipcc
-50 11\"'””' LAAAARLAARLAAL) VWMWWW LAAAAAAARAAL)

Vdc

Ipv

500

Vpv

10000

Ppv

5000

0.2

0.3

0.4

0.5 0.6 0.7 0.8 0.9

Fig. 5.31. Performance of grid interfaced PV system for non-linear load under unbalancing

with changing radiation (ISCT).
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D. Performance of grid connected Solar PV system with dynamic load.

The simulation results for dynamic load are shown in Fig. 5.33. The motor torque is
increased to full load torque value i.e 20 N-m at 0.3 sec, and is decreased to half of the load
torque i.e 10N-m after 6sec, and hence its effect on the various parameters can be observed.
The simulation results show that V4. remains constant and source current decreases to meet
the load demand, maintaining balanced, sinusoidal waveform with unity power factor. The
THD level of grid current is 2.44% and PCC current is 2.33%, which is well within IEEE
limits as given by Fig. 5.34.
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Fig. 5.33. Performance of grid interfaced PV system for dynamic load under torque

variation and changing radiation (ISCT).
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Fig.5.34. Waveform and harmonic analysis for Grid Current (Iyiq) and PCC current (Ipcc) for

dynamic load (ISCT).

5.3.2.3 Icos® Theory based control algorithm
The theory and its control technique is already explained in section 4.2.3. The Simulink

model for the control technique is shown in Fig 5.35.
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Fig.5.35. Icos® controller for reference current extraction

A. Performance of grid connected Solar PV system with balanced linear load

The simulation results of grid interfaced Solar PV system with balanced linear load are
shown in Fig. 5.36 and Fig. 5.37. The load is instantaneously decreased from 0.3sec to
0.6sec. Thus the respective variation in various parameters can be observed due to the load
change. The simulation results show that V4 remains constant and grid current decreases to

meet the load demand, maintaining balanced, sinusoidal waveform with unity power factor.
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Keeping temperature constant the irradiation of the solar PV system is decreased from 1000
W/m® to 500 W/m® from 0.7 sec. to 0.85 sec, as shown in Fig. 5.36. Keeping irradiation
constant the temperature is increased from 25°C to 50°C as shown in Fig. 5.37 respectively.
With the variation in these input parameters i.e reduction in solar irradiation or increased
temperature, the solar PV power generation gets reduced and vice versa. So, the grid
supplies the remaining load demand. Under all the parameter variations mentioned above,
DC bus and PCC voltages are maintained and grid current remains balanced. The THD
level of grid current is 1.32% and PCC current is .74% as shown in Fig. 5.38, which is well
within the IEEE limits. The grid side supply is maintained at unity power factor as shown

in Fig. 5.39.
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Fig. 5.36. Performance of grid interfaced PV system for linear load under varying load with changing

radiation (Icos®).
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Fig. 5.39. In phase grid side voltage and current for linear load conditions (Icos®).

B. Performance of grid connected Solar PV system with balanced non- linear load

The simulation results of grid interfaced Solar PV system with balanced non-linear load
are shown in Fig. 5.40 and Fig. 5.41. From 0.3sec to 0.6sec,the load is instantaneously
decreased. Thus the respective variation in various parameters can be observed due to the
load change. The simulation results show that Vg4, remains constant and source current
decreases to meet the load demand, maintaining balanced, sinusoidal waveform with unity
power factor. Keeping temperature constant the irradiation of the solar PV system is
decreased from 1000 W/m® to 500 W/m? from 0.7 sec. to 0.85 sec, as shown in Fig. 5.40.
Keeping irradiation constant the temperature is increased from 25°C to 50°C as shown in
Fig. 5.41 respectively.With the variation in these input parameters i.e reduction in solar
irradiation or increased temperature, solar PV power generation gets reduced. So, the grid
supplies the remaining load demand. Under all the parameter variations mentioned above,
DC bus and PCC voltages are maintained and grid current remains balanced. The THD
level of grid current is .70% and THD level of load current is 17.20% as shown in Fig.
5.42, which is well within the IEEE limits. The grid side supply is maintained at unity

power factor as shown in Fig. 5.43
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Fig. 5.40. Performance of grid interfaced PV system for non-linear load under varying load and

changing radiation (Icos®).
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Fig.3.41. Performance of grid interfaced PV system for non-linear load under varying load and

changing temperature (Icos®).
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Fig.3.42. Waveform and harmonic analysis for Grid Current (Iyq) and Load current (Iy,,q) for non-
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Fig. 5.43. In phase grid side voltage and current for non-linear load conditions (Icos®).

C. Performance of grid connected Solar PV system with unbalanced non-linear load

The simulation results for non-linear unbalanced load is shown in Fig.5.44.The ‘B’ phase
of the load is disconnected from 0.3 sec to 0.6 sec and at t=0.6 sec this ‘B’ phase of the load
is again applied and the system regains its balanced state. Thus the respective variation in
various parameters can be observed due to the load unbalancing. The simulation results
show that V4. remains constant and source current decreases to meet the load demand,

maintaining balanced, sinusoidal waveform with unity power factor. Irradiation of the Solar
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PV system is decreased from 1000 W/mm® to 500 W/mm® from 0.7 sec. to 0.85 sec, as
shown by fig 5.44. In this situation, solar PV power generation gets reduced. So, the grid
supplies the remaining load demand. Under all the parameter variations mentioned above,
DC bus and PCC voltages are maintained and grid current remains balanced. The THD
level of grid current is 3.38%, which is well within the IEEE, limits as shown in Fig.5.45.
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Fig.5.44. Performance of grid interfaced PV system for non-linear load under unbalancing

with changing radiation (Icos®).
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Fig.5.45. Waveform and harmonic analysis for Grid Current (Iyq) for non- linear load during

unbalancing time (Icos®).

D. Performance of grid connected Solar PV system with dynamic load.

The simulation results for dynamic load are shown in Fig. 5.46. The motor torque is
increased to full load torque value i.e 20 N-m at 0.3 sec, and is decreased to half of the load
torque i.e 10N-m after 6sec, and hence its effect on the various parameters can be observed.
The simulation results show that V4 remains constant and source current decreases to meet
the load demand, maintaining balanced, sinusoidal waveform with unity power factor. The
THD level of grid current is 1.03% and PCC current is .98%, which is well within IEEE
limits as given by Fig. 5.47.
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Fig. 5.46. Performance of grid interfaced PV system for dynamic load under torque variation with
changing radiation (Icos®).
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Fig.5.47. Waveform and harmonic analysis for Grid Current (Iyq) and PCC current (Ipcc) for

dynamic load (Icos®).

5.4 Comparison of THD using SRF, ISC and ICOS® Theory

Performance of all three algorithms in terms of harmonic filtering when 5% THD is

introduced in source current.

Table II. Comparision of THD of grid current, PCC current and load current under different
loads and inverter controllers.

Linear load Non-linear load Dynamic load Unbalanced
Inverter | DC- Non-linear load
Control | link
Algorithms | voltage | Grid | Pointof | Grid Load Grid | Point of Grid current
(Vo) current | common | current | current | current | common THD during
THD | coupling | THD THD THD | coupling unbalancing
(in %) | current | (in %) | (in %) | (in %) | current time (in %)
THD THD (in
(in %) %)
SRFT 800 2.23 1.25 1.05 17.19 1.92 1.86 3.85
ISCT 802 3.02 1.71 1.42 17.19 2.44 2.33 4.61
ICOS9 818 1.32 74 0.70 17.20 1.03 .98 3.38

5.5 Replacement of L filter by LCL filter with Icos¢ algorithm

On comparison of THD levels in different inverter control implemented so far, it is

observed that minimum THD is obtained with Icos¢ algorithm. In order to improve the

THD level further, LCL filter is implemented between the distribution grid and the inverter.
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The simulation results obtained by both L filter and LCL filter are then compared. The
bode plot of LCL filter under damped (blue) and undamped (red) conditions is shown in
Fig.5.48
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Fig.5.48. Bode plot for LCL filter under damped and undamped condition.

A. Performance of grid connected Solar PV system with balanced linear load

The simulation results of grid interfaced solar PV system with LCL filter under balanced
linear load are shown in fig. 5.49. The simulation is carried out on constant load, irradiance
and temperature i.e. 15000W active power and 9000Var reactive power, 1000W/m? and
25° C respectively. The THD level of grid current reduced from 1.16% to 0.73%and PCC
current reduced from 0.65% to 0.45%, which is well within IEEE limits as given by fig.
5.50 and 5.51 respectively.
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Fig.5.49. Performance of grid interfaced PV system for linear load with LCL filter (ICOS¢).
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Fig.5.50. Waveform and harmonic analysis for Grid Current (L,q) with LCL filter and L filter for

linear load.
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Fig.5.51. Waveform and harmonic analysis for PCC Current (Ipcc) with LCL filter and L filter for

linear load.
B. Performance of grid connected Solar PV system with balanced non- linear load

The simulation results of grid interfaced solar PV system with LCL filter under non-linear
load are shown in fig. 5.52.The simulation is carried out on constant load, irradiance and
temperature i.e. nonlinear load-universal bridge with 200 ohms, 400mH RL Iload,
1000W/m? and 25° C respectively. It is observed that the THD on grid side got reduced
from 1.36 % to 0.81 % and load THD remained constant i.e. 27.21% which is well within
the IEEE standards as shown in fig 5.53 and 5.54 respectively.
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Fig.5.52. Performance of grid interfaced PV system for non-linear load with LCL filter (Icos¢).
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Fig.5.53. Waveform and harmonic analysis for Grid Current (L,q) with LCL filter and L filter for

non-linear load.
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C. Performance of grid connected Solar PV system with dynamic load.

The simulation results of grid interfaced solar PV system with LCL filter under dynamic
load are shown in fig. 5.55.The simulation is carried out on constant load, irradiance and
temperature i.e. Induction motor of SHP, 1750 rpm; 1000W/m? and 25° C respectively. It
is observed that the THD on grid side got reduced from 1.03 % to 0.66 % and PCC current
THD reduced from 0.98% to 0.72% which is well within the IEEE standards as shown in

Fig 5.56 and 5.57 respectively.
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Fig.5.55. Performance of grid interfaced PV system for dynamic load with LCL
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TABLE III Comparision of THD of grid current, PCC current and load current using L
and LCL Filter under different loads and ICOS¢ inverter control .
FILTER Linear Load Non-Linear Load Dynamic Load
Grid Point of Grid Load Grid Point of
current common current current ¢ mmon
THD coupling THD THD curren commo
(in %) current (in %) (in %) THD (in coupling
THD %) rrent
(il’l % ) 0 curre
THD (in
%0)
L- Filter 1.16 .65 1.36 27.21 1.03 .98
LCL- Filter 73 45 .81 27.21 .66 72

5.6. Conclusion
The two MPPT algorithms P&O and INC and three inverter control techniques SRFT,

ISCT and ICOS® and two filter L and LCL are simulated in MATLAB/ SIMULINK and

the simulation result for harmonic reduction in grid current and power balancing with

different loads and varying atmospheric conditions are shown. The three control techniques

are compared and it is noticed that the THD in each control algorithm for different loads is




91

well within IEEE Standard 519, 1992 and unity power factor on grid side is maintained.
The THD level is further improved by implementing LCL filter between distribution grid

and inverter end.



92

CHAPTER 6
CONCLUSIONS AND FURTHER SCOPE OF WORK

6.1 Conclusion

This thesis work includes the modeling and simulation of grid interfaced solar PV system.
The Power versus Voltage characteristic curve and Current versus Voltage characteristic
curve of given solar PV array is plotted and it is observed that the PV power output varies
with the variation in the solar irradiation and temperature. The PV current decreases with
the reduction in irradiance. As PV current is proportional to irradiance; this results in
reduced output power. Similarly temperature holds inverse relation to voltage. Thus when
the temperature increases, the open circuit voltage decreases. Therefore, the power of the
solar PV array is reduced. The PV array exhibits non-linear characteristics. Therefore
MPPT algorithm is used to track the maximum power point from the PV array according to
the variation in the temperature and irradiation. MPPT technique is realized through a boost
converter. Two different MPPT algorithms namely P&O and INC are implemented in the
simulation studies and the one with better tracking of MPP (P&O) is implemented in the
grid interfaced SPV system.

The SPV inverter is designed and simulated using three different control algorithms namely
SRFT, ISCT, and ICOS@. Simulation studies are carried out on the SPV system integrated
with distribution grid. These studies are analyzed with various inverter control techniques
under different load and environmental conditions. The DC bus voltage and power balance
is maintained under all the conditions. The source side current is maintained at unity power
factor with THD within IEEE standard limits. The inverter control technique(i.e. ICOS®)

giving minimum harmonic distortion is further improved by using LCL filter.

6.2 Future scope

Further research works that can be followed using the designed model of grid interfaced
solar PV system can be the implementation of intelligent and adaptive control algorithms
for maximum power point tracking and inverter control. Effect of partial shading condition

on the performance of MPPT is to be studied both in stand-alone system and grid-
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connected system. The hardware implementation of the grid interfaced SPV system can be

done to confirm the simulation results.

The inverter may be examined to have immunity to grid operating in critical conditions,

e.g. voltage swelling and sagging, and phase jumps etc.
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Appendix 1
Data for SPV system:
TABLE IV PV MODULE DATA
Parameters Values (unit)

Peak power (Pmax) 315.07W
Open circuit voltage (Voc) 64.6V
Short circuit current (Isc) 6.14A
Voltage at max power (Vmp) 54.7V
Current at max power (Imp) 5.76A
No. of cells (ng) 96
Shunt Resistance (Rgp,) 430 Q
Series Resistance (Rj) 0.43 Q

_TABLE V SPECIFICATIONS FOR THE GRID-CONNECTED PV SYSTEM.

Parameters Values (unit)

PV array 8kW

Grid Voltage 3D, 415V

Grid frequency 50Hz

Switching frequency 10kHz

DC link voltage (V;.) 800V

DC link capacitor (Cy) 3000uF

L¢ 7 mF

Output filter (LCL) L; = 12mH
L, =.012mH
Cr = 7.39uF




TABLE VI DATA FOR DIFFERENT LOADS
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Load Specification Time( upto .3 sec) (.3 to .6 sec)
Balanced Linear Load (RL) P = 15kW P =4kW
Q=9kVar Q =3kVar
p.f=.85 pf=.8
Nonlinear load-universal bridge with 11Q 200Q
RL load
0.9mH 400mH

Dynamic load(induction motor) 5 HP, 1750 rpm.




