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ABSTRACT

The demand for energy worldwide is increasing rapidly year by year and scientist all over
the world is looking for the alternative source of energy. Among, various available
renewable energy sources, solar photovoltaic (SPV) energy is considered to be most
reliable, environment friendly, pollution free and unlimited in nature. The solar energy is
directly converted into electrical energy by solar cell/ module. The characteristics of PV
depend upon irradiation and temperature. The temperature and the irradiation of the solar
cell depend on the atmospheric conditions. Hence, it is essential to track the maximum
power point (MPP) in any conditions to assure that the maximum available power is
obtained from the PV panel. When PV is interfaced to the grid power quality problems may
arise due to use of power electronic devices in the form of voltage source converter (VSC)

for coupling. In this proposed work solar PV is modeled using single diode electrical
equivalent circuit of solar cell and the characteristics of PV module are generated. The
Perturbation and observation (P&O) technique is modeled and implemented. The maximum
power point (MPP) is obtained using MPPT and dc-dc boost converter. Complete
evacuation of generated power from PV source is done using maximum power tracking.
This improves the overall system efficiency. Moreover, the Grid side inverter is utilized to
compensate the load current harmonics and load reactive power demand. This enables the
grid to always act at unity power factor. Solar PV system is controlled and synchronized to
grid using synchronous reference frame theory (SRFT) algorithm. A variety of linear/non-

linear load conditions are considered.
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CHAPTER 1

INTRODUCTION
1.1 GENERAL:

Energy plays an important role in our daily life activities. The ability or the capacity
to do work is defined as Energy. All the energy in oil, gas, and coal originally came from
the sun, captured through photosynthesis. Most of the energy we use comes from fossil
fuels. Coal is one of the fossil fuels. Due to the use of fossil fuels, several problems such as
global warming and greenhouse effect are increasing day by day and will have serious
consequences on the whole world. Moreover, the cost of fossil fuel has been increasing
very rapidly. To handle the problem of increasing demand and diminishing conventional
energy sources, each country is focusing on alternate source of energy or renewable energy
sources. A renewable energy system convert the energy found in sunlight, water, wind,
geothermal heat, or biomass into a form, which we can use in the form of heat or electricity.
The majority of the renewable energy comes either directly or indirectly from sun and wind
and can never be fatigued, and therefore they are called renewable. Hence the demand for
renewable energy sources increases as it is environmental friendly and pollution free which
reduces the greenhouse effect. Approximately 16% of global energy consumption in the
world is met from renewable energy resources, with 10% of all energy from traditional
biomass, and 3.4% from hydro-electricity. New renewable energy sources like small hydro,
modern biomass, wind, solar, geothermal, and biofuels account for another 3% and are
growing very rapidly. Amongst the above mentioned sources of energy there has been a lot
of development in the technology for harnessing energy from the sunlight. In this chapter,
India’s power at a glance, Renewable energy status, Solar Energy potential in World and

India and the types of material used for solar cell are discussed.

1.2 INDIA’S POWER AT A GLANCE:

The installed power generation capacity of India as on June 30, 2014 was 249488
MW. The total Demand for electricity in India is expected to cross 950000 MW by 2030.
The total power installed capacity of India is shown in figure 1.1. The total installed

Renewable Power Capacity of India as on 31* March, 2014 is shown in figure 1.2.
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1.2.1 Solar Energy Production In Indian States (as on March 2013):

S. No. States Megawatt power Percentage of total

(MW) production in India
(%)
1 Gujarat 824.09 57.20
2 Rajasthan 442.25 30.69
3 Andhra Pradesh 23.15 1.61
4 Maharashtra 34.5 2.39
5 Tamil Nadu 17.055 1.18
6 Orissa 13 0.90
7 Uttar Pradesh 12.375 0.85
8 Karnataka 14 0.97
9 Punjab 9.325 0.65
10 Haryana 7.8 0.54
11 Uttarakhand 5.05 0.35
12 Chhattisgarh 4 0.28
13 Jharkhand 16 111
14 Delhi 2.525 0.17
15 Madhya Pradesh 11.75 0.81
16 West Bengal 2 0.14

1.3 RENEWABLE ENERGY & SOLAR ENERGY::
Energy is required for our life and economy. As the country develops it needs more

Table 1.1:State-wise solar power production for the year 2013

energy. Now a days energy is supplied by burning fossil fuels such as coal, diesel.

Increased energy demand results in two problems: energy crisis and climate Change (global

warming). The worldwide energy demand increases, the energy related green house gases

emission increases. It is global challenge to reduce the CO, emission and provide clean,

sustainable and affordable energy.




Energy saving is one cost effective solution but does not tackle the worldwide
increasing energy demand. Using Renewable energy is good option because it provides
clean and green energy, with little or no CO, emission. Renewable energy is generated
from renewable energy sources such as Solar emission, Wind, Tides, geothermal etc. The
major renewable energy technologies are Hydropower, wind power generation, biomass
and ocean energy. This energy is used in Power Generation, Rural electrification (off-grid)
and as transport fuels. Compared to fossil fuels, renewable energy has many advantages.
Firstly, the renewable energy obtained from natural sources so it is sustainable and it will
not emit CO, gas. So renewable energies tackle the green house effect and also provide
sustainable energy. To achieve the renewable energy target, more funds will be provided in

research and development of renewable energy.

1.3.1 SOLAR ENERGY:

Solar energy is one of the important source of renewable energy. The sun radiates
large amount of energy which is enough to satisfy the need of whole world. Solar energy is
used for providing heating, cooling, light and for electricity. One of the important
technologies is Photovoltaic (PV) by photoelectric effect the sunlight is directly converted
into electricity. In 1839 the Edmond Becquerel found the photoelectric effect accidently
while working on solid-state physics. In 1883, Fxitz fabricated the first thin film solar cell.
In 1941 oil fabricated silicon PV cell but that was very inefficient. In 1954 Bell labs
Chopin, Fuller, Pearson fabricated PV cell with efficiency of 6%. In 1958 PV cell was used
as a backup power source in satellite VVanguard-1. This extended the life of satellite for
about 6 years. PV generation has following main advantages:

a) Itis abundant and sustainable.

b) It is green and clean. The production of PV energy does not produce green house
gases hence it is safe. It is pollution free, since manufacturer of PV are committed to
minimize pollution during production.

c) PV energy is reliable, since power generation using PV has no moving parts hence
it has less maintenance. When PV is used as distributed energy source it reduces the
cost of transmission lines and improves grid reliability.

d) It has longer life than other renewable technologies.



However there are few problems when using PV energy: PV energy is dependent on
weather condition. It is not available at night. During cloudy weather its efficiency becomes
less. Hence PV energy generation is Intermittent and variable.

The cost of large scale PV system installation is high compared to conventional
energy systems for same energy production. The research is going on to reduce the
installation cost of large scale power generation and to increase the efficiency of PV

system.

1.3.2 CONVERSION OF SOLAR TO ELECTRICAL ENERGY::
Solar to electrical energy conversion can be done in two ways: solar thermal and
solar photovoltaic.

Solar Thermal: Solar thermal is similar to conventional AC electricity generation by steam

turbine excepting that instead of fossil fuel; heat extracted from concentrated solar ray is
used to produce steam and apart is stored in thermally insulated tanks for using during
intermittency of sunshine or night time.

Solar_Photovoltaic: Solar photovoltaic use cells made of silicon or certain types of

semiconductor materials which convert the light energy absorbed from incident sunshine
into DC electricity. To make up for intermittency and night time storage of the generated

electricity into battery is needed.

1.4 SOLAR CELL (PV):-
The phenomenon of conversion of sunlight into electricity is known as the Solar

Power Generation and it can be done by two ways-

1. Direct conversion using Solar Photovoltaic cell

2. Indirect method of using Concentrated Solar Power
Solar cells are devices in which sunlight releases electric charges so they can move freely
in a semiconductor and ultimately flow through an electric load such as a light bulb or a
motor. The phenomenon of producing voltages and currents in this way is known as the
Photovoltaic effect. Solar energy has a vast area of application such as electricity

generation for distribution, heating water, lighting building, crop drying etc.



1.4.1 Operating Principle:

The basic components of photovoltaic panels are the solar cells and photovoltaic
means the direct conversion of sunlight into electricity. The Electromagnetic radiation is
converted directly into electrical current by some semiconductors. Semiconductor materials
such as silicon (Si), gallium arsenide (GaAs), cadmium telluride (CdTe) or copper indium
diselenide (CIS) are used in these solar cells. Sunlight enters the semiconductor and
produces an electron and a hole - a negatively charged particle and a positively charged
particle, both free to move.

A P-N (positive-negative) junction is formed when a p doped and n doped
semiconductor materials are brought together and merges into the same lattice. In case of p-
type material atoms have one less valence electron, are known as acceptors and in case of
n-type material atoms have one more valence electron, are known as donors.

When we join the two layers of different materials together then n-layer side
electrons get diffused to p-side and p-layer side holes get diffused to n-side. Therefore, an
electric field is created at both sides which opposes the flow (movement) of carriers and is
responsible for potential barrier to further flow of charge carriers. This electric field pulls
the carriers i.e. electron and holes to cause the flow of current in one direction. The electric
currents caused by this charge collection flow through metal wires to the electric load.

The effect of electric field in the diagram of p-n junction is shown in figure 1.1

Photons
\ _______________________\ ]
n-layer U X )
P-layer

Figurel.3: Solar Cell



If the Solar Cell (p-n semiconductor) is exposed to light, photons are absorbed by
the electrons. Some photons reflect from the top surface of the cell and metal fingers. Some
photons penetrate in the substrate. Some photons can create an electron-hole pair. The
current from the cell may pass directly through the load, or it may be changed first by the
power-conditioning equipment to alternating current at voltage and current levels different
from those provided by the cell.

Other sub-systems that may also be used include energy storage devices such as
batteries, and concentrating lenses or mirrors that focus the sunlight onto a smaller and a
less costly semiconductor cell. If concentration is employed, a tracking subsystem may be
required to keep the array pointed at the sun throughout the day. The whole process of
generation of electric current through absorption of photons due to sunlight is known as
Photovoltaic effect and the light generated current depends upon the irradiance and also the

temperature of the solar cell.

1.4.2 Types of Solar Cell:

Most semiconductor devices, including solar cells, require thin wafers with a
thickness of approximately 0.2 to 0.5 mm. Silicon is only the material that is used for
manufacturing solar cells. About 80% of the production is done by the silicon. Also crystal
defects on the surface of the silicon slice are significantly lower, reducing the
manufacturing cost and increasing the efficiency of the solar cells. The main types of
silicon solar cells are the Monocrystalline and polycrystalline silicon solar cells.
Amorphous silicon is also a type of silicon but due to its worst efficiency, it is rarely used.
We can make new solar cells with the help of copper indium gallium diselenide (CIGS) or
cadmium telluride (CdTe).

1.4.2.1 Mono- crystalline silicon:

The most efficient is the Mono-crystalline silicon solar cell. They have been made
of wafers sawed from large single-crystal ingots that are obtained from pure molten silicon.
The structure of large single crystal wafers are highly ordered because of their uniform and

predictable properties. The manufacturing process should be really careful and expensive



that occurs at high temperature. The efficiency is around 15-18% of these solar cells and

the surface that is required to get 1 kKW in STC is about 7m?2.

1.4.2.2 Polycrystalline silicon:

Polycrystalline silicon cells have been also made of wafers sawed from large single
crystals that are obtained from pure molten silicon. However, the structure of the crystal is
random. It crystallizes and produces an irregular structure, crystals of random sizes, shapes
and orientation when the silicon cools. However, the manufacturing process is less
expensive, so the lower efficiency is compensated in some way. The surface that is required
to get 1 KW in STC is about 8m?2. Precise control of the cooling mechanism ensures that the
grain boundaries are aligned vertically to the surface. Thus this starting material for solar
cells is called polycrystalline silicon. This material is widely used and currently covers
about 30% of all silicon requirements for terrestrial energy Photovoltaic. It is clear that
parallel grain boundaries severely detract from the formation of a good p-n junction

(leakage current, high saturation current).

1.4.2.3 Amorphous Silicon Solar Cells:

Amorphous materials differ from crystalline structures primarily because the strict
periodicity of the lattice is not present. As a consequence, the normal selection rules for
crystal do not apply. In particular, the absorption of light occurs directly. Amorphous
silicon [a-Si] is a compound of silicon and hydrogen. The band gap of this semiconductor is
approximately 1.7eV, but varies between certain limits due to the hydrogen content.

The current production method for a-Si solar cells involves depositing the
individual layers in a high frequency glow discharge reactor. Silane (SiH,) in a mixture
with hydrogen is split into hydrogen and silicon. The a-Si can then be deposited onto glass
or metal. The required p and n doping for the manufacture of solar cells are achieved by the
addition of diborane (B,Hg) or phosphine (PH3). In the case of evaporation onto glass, the
electrical contact is made using a conductive oxide film (TCO), Indium-Tin-Oxide (ITO) is
often used for this purpose.

The diffusion length of the charge carriers was very strongly influenced by doping

and was so extremely small that only a small part of charge carriers could be collected. A



wide space charge region is created in which such high fields exist that almost all of the
charge carriers created here can reach the p-n junction. As the absorption in this cell
structure takes place almost exclusively in the intrinsic film, the efficiency could be raised
to more than 5% for the first time. reach the p-n junction. As the absorption in this cell
structure takes place almost exclusively in the intrinsic film, the efficiency could be raised
to more than 5% for the first time.

Currently, solar cells made of amorphous silicon make up some 20% of current
annual production (measured in peak watts). Their use in high performance applications is
still strictly limited due to the importance of efficiency unless they are used more for

architectonic reasons.

1.4.2.4 Other cells and materials:

Apart from silicon, some other thin film deposited materials, have the same
advantages as the silicon thin film solar cells but their efficiency is better, can be used for
manufacturing solar cells. The grid parity is achieved by the thin film technology. Gallium
Arsenide (GaAs) is also a very interesting material for Photovoltaic. The energy gap of this
semiconductor is 1.42 eV. It promises an almost optimal adaptation to solar radiation. The
advantages of GaAs are:

e GaAs is also a direct semiconductor and therefore up to 90% of the sunlight is
absorbed in a film thickness of 2 um.

e The temperature dependency of efficiency in a GaAs is only one-third that of silicon
due to the higher energy gap.

In addition, GaAs solar cells have a much lower sensitivity to cosmic radiation than
the Si solar cells. The use of a GaAs substrate is a large cost disadvantage. One option is
germanium, which has a thermal expansion mismatch of only 0.27% and therefore permits
a relatively fault free precipitation of GaAs. Silicon would be very desirable as a substrate
material for reasons of cost and better heat conductivity, but has an expansion mismatch of
approximately 4%. Cadmium-Telluride is also a material that is used for photovoltaic. The
energy gap of this semiconductor is 1.45 eV. CdTe is an almost optimal semiconductor like
GaA:s for the conversion of Sunlight. CdTe is a direct semiconductor and therefore sunlight

is totally absorbed in a layer of a few um thickness. Thus we studied different types of



solar cells or materials whose voltage and current characteristics are non-linear and they are
affected by irradiation and temperature.

The efficiency of different types of solar cells is shown in Table 1.2

Types of Solar cells Efficiency
Mono-crystalline silicon solar cells 15-18%
Polycrystalline silicon solar cells 11-15%
Amorphous and thin-film silicon cells 6-8%

Table 1.2 Efficiencies of solar cells

1.5 PHOTOVOLTAIC ARRAY (PVA) POWER SYSTEM:

PV system is designed to give the electric supply to load and load can be ac type or
dc type. Supply can be needed in day time or evening time or both time. PV system can
give supply only in day time for night hours we needed supply for that we have batteries,
where power can store and utilize. Solar PV system can be classified into stand-alone

systems (off-grid) and grid connected (grid-tied) systems.
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1.5.1 Stand-Alone System:

This mode of energy generation from solar energy consists of systems which are not
connected to the grid, i.e. off-grid applications. It is done especially in the places where
there is acute scarcity of electricity derived from conventional sources. These stand-alone
systems have a solar array coupled with a power conditioning device such as an inverter
that converts the power from DC to AC to suit the load requirements, such as home power,
and a battery to store the solar energy harnessed during the day which is to be consumed in
the absence of solar energy. These decentralized systems of PV arrays operate at
parameters below 33KV and 50Hz through the inverter. The heating systems concentrate
the solar rays on heating water which can be used for cooking, washing, power generation,
etc.

Depending on the type of load, cost, resources availability and requirements of the
load stand-alone system divided into several categories, which are describe below:

e Unregulated standalone system with DC load
e Regulated standalone system with DC load
e Regulated standalone system with battery and DC load

e Regulated standalone system with battery, AC and DC loads

1.5.1.1 Unregulated Standalone System With DC Load:
Usually this type of system is for low power applications. A PV system is directly
connected to the load without any MPPT controller, night hours it will not provide any

supply because of the absence of the battery.

PV PANEL > DC LOAD

Figure 1.5: Unregulated standalone system with DC load



1.5.1.2 Regulated Standalone System With DC Load:
It is similar to unregulated standalone system with DC load but basic difference
between this and previous one that this system requires a MPPT technique. Usually system

with MPPT should have one battery otherwise extra power will be waste.

DC
LOAD

\ 4

MPPT+CONTROLLER

\ 4

PV PANEL

Figure 1.6: Regulated standalone system with DC load

1.5.1.3 Regulated Standalone System With Battery And DC Load:

Most common configuration PV array, battery, MPPT and DC load. Battery use to
store the extra power of PV system, this will increase the cost of PV system. A charge
controller is must for this type of system because battery life is less compare to PV module,

extra charging deep discharging can reduce the life of battery.

DC
MPPT+CONTROLLER > LOAD

\4

PV PANEL

BATTERY

Figure 1.7: Regulated standalone system with battery and DC load



1.5.1.4 Regulated Standalone System With Battery, AC And DC Loads:
This system is similar to previous one but here AC load can also draw the power

from PV system and inverter (DC to AC converter) is require, it will increase the cost.

» ACLOAD
MPPT+
DC-DC CONVERTETR+
DC-AC CONVERTER
PV PANEL > » DC LOAD

BATTERY

Figure 1.8: Regulated standalone system with battery, AC and DC loads

1.5.2 Grid-Connected System:

Grid connected PV system is a system when grid is connected to PV system. In this
mode of solar power generation, the solar arrays are used in large capacities of the order of
MW for the generation of bulk power at the solar farms, which are coupled through an
inverter to the grid and feed in power that synchronizes with the conventional power in the
grid. The grid connected solar power operates at 33KV and at 50 Hz frequency through
inverter systems, whereas the solar farms generate the average power output of about SMW
each. Grid connected system deals with very high power applications. Owing to quite high
power generations, the batteries are not used to store power as in the case of isolated power

generation for economic concerns.
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Figure 1.9: Grid interactive PV system

1.5.3 Hybrid system:
When PV system is used in conjunction with diesel generator, wind generator,

micro turbines, fuel cells etc. then the system is called Hybrid system.
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Figure 1.10: Hybrid system



1.6 ORGANIZATION OF THESIS:
The chapter wise description of this dissertation is given as under:

Chapter -1

Chapter-2

Chapter-3

Chapter 4

Chapter 5

Chapter 6

gives a brief introduction of different type of solar cell materials and ways to
improve the efficiency of the solar PV system. The PV array system can be
used in different modes like stand-alone mode and grid connected mode.
presents a brief literature review of Solar cell, MPPT and Grid connected
Solar PV system.

presents different electrical equivalent models of solar cell and the design of
modules, string and array is studied.

presents different MPPT algorithms in which Perturbation and observation
algorithm of MPPT has been modelled and simulated successfully in
MATLAB/Simulink environment. The maximum power point (MPP) for PV array
voltage and current is achieved and so that maximum power is obtained. Boost
converter is designed successfully along with MPPT algorithm.

presents the grid connected SPV power generating system whose
performance is investigated and analyzed successfully. The models are
simulated for linear and non-linear load. Results for grid power quality
improvement have been obtained successfully.

gives the main conclusion and future scope of the work.



CHAPTER 2
LITERATURE REVIEW

2.1 Literature Review:

Subarto Kumar Ghosh et. al presented a simulation model to study and analyze the
performance of a PV array with changing atmospherically parameters like temperature and
irradiance etc. The 1-V characteristics of proposed PV model are simulated in MATLAB/
Simulink. This proposed electrical model of PV array is presented based on the Shockley

diode equation. A 550W solar array was used for Standalone system analyzed [1].

R.Chedid et. al presented a teaching approach for modeling and simulating the PV cells in
order to consider the effects of temperature, irradiance, series and parallel connections of
modules and shading. Using basic electric circuit laws the Equations are derived and
MATLAB code is provided to aid students and engineers better understand PV operational

characteristics through simulation [2].

Tom Markvart et.al describes a Photovoltaic energy conversion consisting of two necessary
steps. An electron hole pair is generated by absorption of light. The device separates
electron-hole pair that electrons to the negative terminal and holes to the positive terminal,
generate electrical power. The proposed system shows the principal features of the typical
solar cells. Device’s physical structure and the dominant electron transport processes are

presented to contribute to the energy-conversion process [3].

Huiying Zheng et.al developed a system in MATLAB/Sim Power Systems and real-time
simulation system for fast and accurate performance evaluations of PV arrays under high
frequency switching operations of power electronics converters. Different MPPT control
techniques are investigated for solar PV system. The proposed system shows the effect of
sampling rate and time delay on PV system performance with different MPPT control
techniques. The proposed system also deals with the behavior of MPPT techniques under

fast changing weather conditions [4].



Trishan Esram et. al presented the techniques for maximum power point tracking of solar
PV arrays. The techniques are taken from the literature dating back to the earliest methods.
Several methods have been introduced and implemented with many variations. The
proposed system also served as a convenient reference for future work in Photovoltaic

power generation [5].

Moein Jazayeri et. al focussed performance evaluation of “Perturb & Observe” and
“Incremental Conductance” algorithms to track the Maximum Power Point for photovoltaic
systems. The Proposed model simulated in MATLAB/SIMULINK platform. The
simulation model of a PV module is constructed based on the one-diode mathematical
model of a solar cell. A boost type DC/DC converter topology is modeled and simulated for
“P&0O” and “Inc & Cond” algorithms. The proposed system provides the performance and
characteristics of the MPPT techniques to improve the overall efficiency and reduce the

cost of PV system applications [6].

D. S. Karanjkar et. al presented the maximum power point tracking (MPPT) system that
controls the voltage and the current output of the PV system to deliver maximum power to
the load. The proposed system deals with real time simulation and comparative analysis of
perturb and observe, incremental conductance. Performance of MPPT methods have been
compared based on tracking efficiency, steady state and dynamic behaviour. Experimental
results of various MPPT techniques have been presented for tracking maximum power
point under rapidly varying solar radiations [7].

Dr. Tilak Thakur et. al presented a control algorithm to control the active and reactive
power flow. There are two methods namely two stage or single stage method that PV
system can be connected to the grid. This system uses a single stage method to reduce the
cost and losses of the system. Control scheme is implemented to provide maximum active
power and reactive power according to the load or grid requirement. Photovoltaic module

simulation is done by using the data based MPPT technique. [8].



Ahmed S. Khalifa et. al presented a control method to integrate medium and large PV
generation system to the distribution grid. The proposed system consists of a PV system
with a power electronic interface to the grid integration. The power electronic interface
system consists of a DC-DC boost converter and a current controlled Voltage Source
Inverter (VVSI).The main objective of the controller is to inject a pure sinusoidal current into
the grid. Modeling PV cell and maximum power point tracking (MPPT) algorithms has
been also described in detail. The results of the proposed system are simulated using
MATLAB/SIMULINK. A case study is carried out to observe the effect of the interfacing

transformer topology on the system during faulty conditions [9].

Atigah Hamizah et. al proposed a mathematical modeling and circuit-based approach for
designing PV arrays with MPPT controller. To draw the PV and IV characteristics of the
PV array, the input parameters are temperature and irradiance. The P&O approach is
implemented for tracking the maximum power point (MPP) along the PV curve [10].

M.Makhlouf et. al described about traditional energy resources in which PV system use
solar energy to produce electricity. The disadvantage of PV generation is that it depends on
weather conditions. The system developed some control techniques for three phase grid
connected PV systems and DC link voltage control can be stabilized the voltage at the
inverter input. The proposed system presented a modeling of the grid-connected PV system
components that is simulated in MATLAB/Simulink [11].

Bhim Singh et. al proposed a grid connected solar photovoltaic (SPV) power generating
system consisting of a SPV, DC/DC boost converter, voltage source converter (VSC),
interfacing inductors, ripple filter and a three phase grid feeding variety of linear and
nonlinear loads. The reference grid currents are estimated by using power balance theory
(PBT) to control the three-leg voltage source converter (VSC). This proposed SPV power
generating system for unity power factor, reactive power compensation for voltage
regulation in a three phase distribution system. The DC link voltage of VSC is regulated
through a DC voltage Pl controller and the MPPT is achieved using a DC/DC boost



converter. The grid interfaced SPV power generating system is modeled and simulated in
the MATLAB/Simulink [12].

Sidharth Rajamohan et. al focussed the design of a grid connected PV system. The I-V and
the P-V characteristics of a PV array are observed to determine the MPP. The design of a
dc-dc boost converter used as a voltage controller in the PV system. An effective control
scheme for injecting the current into the grid is implemented. A conventional technique
based on dual Hysteresis-band current control for variable load conditions is simulated and
the results studied. This conventional control technique is suggested to be replaced with a
current control scheme in the stationary (a;f) reference frame. This method is based on
space vector modulation and hysteresis-band current control where the three hysteresis

band form a hysteresis hexagon [13].

Rajan Kumar et. al proposed a study of power quality (PQ) improvement in a 3-® grid
connected photovoltaic (PV) system. The variable step perturb & observe maximum power
point tracking (MPPT) scheme has been implemented to force the PV generation to reach
the maximum power operation. A battery energy storage system (BESS) via a bi-directional
DC/DC converter is introduced in the DC bus to maintain the DC bus voltage level at a
constant value. A 3-® hybrid filter is connected into the utility grid for reactive power
compensation and the load current harmonics, generated by the non linear load. The

performance study is simulated under variations of sola insolation and loads [14].

Fei Liu et.al theoretically described mathematical modeling of a three phase, single stage
PV converter with LCL filter. Authors proposed a pole assignment control method that is
based on feedback and repetitive controller of current regulation. A MPPT technique is
implemented using improved P&O method with adaptive step technique, a constant voltage
tracking method can also be implemented in the MPPT controller. The rate of change of the
DC bus voltage decides the control measures taken by the adaptive step algorithm. Finally

the authors presented the simulated results with the experimental validations [15].



Lakshmanan.S.A et.al presented different Pulse Width Modulation (PWM) techniques that
have been implemented for grid connected 3-phase Voltage Source Inverter (VSI) system.
Authors proposed few types of PWM techniques and mathematical model of LC filter
circuit using state space analysis. Sine-PWM technique is proposed for 3-phase VSI and
implemented using the state space model of the LC filter circuit. The simulation is
performed in MATLAB/Simulink platform. Simulation results are presented for the
inverter and load side to demonstrate the satisfactory performance of the sine-PWM
technique [16].

K K Prajapat et.al presented solar PV Panels, one inverter, one charge controller and a
battery bank. The load requirement is fulfilled by the PV system. One varies up to 3% over
a year and the second one shows a much greater variability. The output power of
photovoltaic (PV) module varies with module temperature, solar isolation, 1oad changes
etc. The output power of single-phase grid-connected PV system is controlled according to
the output power of PV arrays. The proposed system is simulated in MATLAB/SIMULINK

and results show that the proposed method has a good performance [17].

Nidhi Agarwal theoretically described the conversion of solar energy to electrical one. Two
different methods are used to maximize the generated power. A comparison between the
‘perturb and observe’ and the ‘incremental conductance’ control method are analyzed and
discussed for solar panel. The solar panel is modelled and analyzed in
MATLAB/SIMULINK. The implemented model of the photovoltaic (PV) array is started
together with the buck converter and MPPT control have been simulated the PV systems
with both MPPT algorithms at different solar radiation and temperature. The general
topologies, sizing criteria, and control are presented as well as on efficiency and also the

simulations result show the effectiveness to produce a more stable power [18].

Ahmed M. Atallah et. al described MPPT technique used to extract maximum energy from
the Photovoltaic (PV) Systems. Low energy conversion efficiency and high initial cost are
the two major barriers used in PV system. Authors presented implementation of Perturb
and Observe MPPT using buck and buck-boost Converters. The current, voltage and output



power for each various combination have been recorded. The simulation has been
implemented in software of MATLAB/SIMULINK [19].

Kun Ding et. al proposed the performance of a photovoltaic (PV) module is mostly affected
by array configuration, irradiance, and module temperature. The proposed PV module
model is simulated in MATLAB/SIMULINK that includes a controlled current source.
Under non-uniform irradiance, the model is practically validated by using different array
configurations in testing platform. The proposed model can also simulate electric circuit
and its maximum power point tracking (MPPT) in MATLAB-Simulink [20].



CHAPTER 3

SOLAR PHOTOVOLTAIC ARRAY (SPVA)
3.1 GENERAL:

Photovoltaic (PV) are solid-state, semi-conductor type devices that produce
electricity when exposed to light. The word ‘Photovoltaic’ actually mean "electricity from
light". Solar PV is modeled using electrical equivalent circuit of solar cell and the related
mathematical equation for equivalent models is presented. In this chapter different types of
equivalent models have been discussed and the characteristics of PV array are shown. The
effect of parameter variation on PV characteristics is obtained and discussed along with the

design of module and array is shown.

3.2 EQUIVALENT CIRCUIT OF SOLAR CELL AND EQUATIONS:

There are many types of electrical equivalent models for solar cell modelling and
each model will yield different types of mathematical equation due to different number of
components in the circuit of solar cell. Four types of the different PV cell models are
shown:

3.2.1 Double diode model (Double exponential model):

This model is called as double diode model and also termed as generalized model
because it is most ideal model to give approximately ideal characteristics. It consists of two
diodes D1 and D2 and two resistances i.e. series resistance (Rse) and parallel resistance

(Rsh) and equation (2.1) shows the output current of solar cell.

NN——0
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Figure 3.1: Double diode model of Solar cell
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3.2.2 Single diode model (General Model):

It is called as single diode model and also known as general model because it is the
commonly used model for the purpose of research. It consists of single diode but consists
of both resistances i.e. series resistance (Rse) and parallel resistance (Rsh) and equation

(2.2) shows the output current of solar cell.

NVN——0

Rse
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O
Figure 3.2: Single diode model of Solar Cell
V+IRse V+I1R
[ =Ly — I (e /Nvt) - R—Shse (3.2)

3.2.3 Appropriate model:
This one is the appropriate model of photovoltaic model consisting of only one
diode D and one series resistance (R,,) and equation (2.3) shows the output current of solar

cell.

ton <D N

Figure 3.3: Appropriate model of Solar cell
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3.2.4 Simplified model:

The most simplified model of solar cell is shown with a current source and a diode
in parallel and equation (2.4) shows the output current of solar cell where | and V are the
solar cell output current and voltage respectively, (I,,) is the light generated current, Iy,
and I, are the dark saturation current, q is the charge of an electron, N is the diode quality
(ideality) factor, V1 is thermal voltage and given by Vt=kT/q; k is the Boltzmann constant,
T is the absolute temperature and (R.) and (Rgy,) are the series and shunt resistances of the

solar cell.

(1) W

Figure 3.4: SPV from Cell to Module

[= Iy — I (eV/NVt) (3.4)



3.3SOLAR CELL, MODULE AND ARRAY::

A single individual solar cell can produce only about 0.5-0.7V and this is a rare
application for a single cell is of any use. Photovoltaic cells combine to form photovoltaic
systems. A module is a basic building block for PV applications which consists of a
number of pre-wired cells in series encased in tough weather resistant packages. Different
types of PV systems starting from a cell up to array.

3.3.1 From cells to module:

When we wired the photovoltaic cells in series then each cell carry the same current
and at any given current their voltages add. To increase the voltage, we wired several
modules in series and to increase the current, wired several modules in parallel. Thus the
product of both voltage and current is power. To find that how many modules should be
connected in series and how many connected in parallel to deliver whatever energy is

needed, an important element in PV system is designed.
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Figure: 3.5 SPV from cell to array



3.3.2 From Module to Array:

To increase the Voltage and current, we wired module in series and in parallel
respectively. Power can be increased by the combination of series and parallel modules.
This combination of some series and parallel modules are known as Arrays. When modules
are in series then the 1-V curves are simply added along the voltage axis. When modules are
in parallel then each module has the same voltage and the total current is the sum of the
currents. When high power is required, then we combine the series and parallel modules for

which the total I-V curve is the sum of the individual module I-V curves.

For a certain PV panel, the voltage-power characteristics are fixed for different
irradiance without intersection. Hence, if the value of voltage and power is given then the
value of required irradiance can be estimated. PV output current varies with irradiance and
the operating point changes with the solar irradiance, temperature and load conditions.
With the increase in operating temperature the output current increases but the value of
voltage decreases drastically. This results in the reduction of the output power. To increase

the output voltage PV modules can be connected in series to form an array.



CHAPTER 4
MAXIMUM POWER POINT TRACKING (MPPT) TECHNIQUES

AND DESIGN OF BOOST CONVERTER
4.1 GENERAL.:

The role of Maximum Power Point in photovoltaic system is very important
because the power output from a PV system is maximized by the MPP. Only 30 to 40
percent of the incident solar irradiation is converted into electrical energy by solar panel.
The efficiency of the solar panel is improved by the MPPT technique. The voltage at which
maximum power is produced by PV module is called ‘maximum power point’ (or peak
power voltage).

To track maximum power point, technique use called maximum power point
tracking technique. To obtain the maximum amount of energy, the PV system track the
solar panel at the maximum power point that varies with the irradiance and temperature.
The primary challenges for maximum power point tracking of a solar PV array include:

e how to get to a MPP quickly

e how to stabilize at a MPP and

e how to smoothly transition from one MPP to another for sharply changing weather
conditions.

In general, we can say that temperature is inversely proportional and irradiation is
directly proportional to output power. A fast and reliable MPPT is critical for power
generation from a solar PV system. In this Chapter different MPPT methods are discussed

and design of boost converter is also shown.

4.2 DIFFERENT MPPT TECHNIQUES:

The efficiency of the solar panel is increased by the Maximum Power Point
Tracking algorithm because as the irradiation and temperature varies, the MPP of a solar
panel also varies, so maximum power is obtained from a solar array with the use of MPPT
algorithms. Different MPPT techniques are used to track the maximum power that is
generated by the PV array in different environmental condition. MPPT techniques vary



according to their different working algorithm, parameters and equations which are used.
Several MPPT methods have been studied and researched. The following are the few
MPPT techniques which have been introduced here. Among all these techniques the most

commonly used technique is Hill Climbing/Perturbation and Observation (P & O).

4.2.1 Perturb & Observe/ Hill Climbing Method:

Perturb & Observe method is the most frequently used algorithm to track the
maximum power due to its simple structure and fewer required parameters. P&O is similar
to the hill climbing method only one difference is that hill climbing method deals with
perturbation in duty cycle and P&O method deals with perturbation in voltage. This method
finds the maximum power point of PV modules by means of iteratively perturbing,
observing and comparing the power generated by the PV modules. It is widely applied to
the maximum power point tracker of the photovoltaic system for its features of simplicity
and convenience.

The required parameters of the power-feedback type MPPT algorithms are only the
voltage and current of PV modules that is the relationship between the terminal voltage and
output power generated by a PV module. It can be observed that regardless of the
magnitude of sun irradiance and terminal voltage of PV modules, the maximum power
point is obtained while the condition dP/dV = 0 is accomplished.

The flow chart of this algorithm is given below in figure 4.1:
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Figure 4.1: Flow chart for Perturb and observe algorithm




The basic operating procedure of P&O method is shown in Fig. 4.1 In a fixed period
of time, the load of the PV system is adjusted in order to change the terminal voltage and
output power of the PV modules. The variations of the output voltage and power before and
after changes are then observed and compared to be the reference for increasing or
decreasing the load in the next step. If the perturbation in this time results in greater output
power of PV modules than that before the variation, the output voltage of PV modules will
be varied toward the same direction. Otherwise, if the output power of PV modules is less
than that before variation, it indicates that the varying direction in the next step should be
changed. The maximum output power point of a PV system can be obtained by using these
iterative perturbation, observation and comparison steps.

The advantages of the P&O method are simple structure, easy implementation and
less required parameters. The shortcomings of the P&O method can be summarized: (a)
The power tracked by the P&O method will oscillate and perturb up and down near the
maximum power point. The magnitude of oscillations is determined by the magnitude of
variations of the output voltage. (b) There is a misjudgment phenomenon for the P&O

method when weather conditions change rapidly.

Benefits:
1) This algorithm is very simple.
2) Its implementation is easy.
3) Low cost.

4) Itis a comparatively an accurate method.

Drawbacks:
1) It is very difficult to determine when it has actually reached the MPP. Under

steady state operation the output power oscillates around the MPP.

For our project we choose Perturb and observe algorithm as it has more advantages
over drawbacks. The oscillation problem can easily be minimized using minimization

techniques by controller.



4.2.2 Incremental Conductance Method:

When the operating behavior of PV modules is within the constant current area, the
output power is proportional to the terminal voltage. That means the output power increases
linearly with the increasing terminal voltage of PV modules (slope of the power curve is
positive, dP/dV > 0). When the operating point of PV modules passes through the
maximum power point, its operating behavior is similar to constant voltage. Therefore, the
output power decreases linearly with the increasing terminal voltage of PV modules (slope
of the power curve is negative, dP/dV < 0). When the operating point of PV modules is
exactly on the maximum power point, the slope of the power curve is zero (dP/dV = 0) and

can be further expressed as,

e dP/dV =0at MPP

e dP/dV > 0 left of MPP

e dP/dV <0 right of MPP

But

B v A 4.1
dv — dv ~ AV (41

Here dI and dV represent the current error and voltage error before and after the increment
respectively. Therefore we will get the new condition by differentiating power with respect
to voltage given as

AI/AV = —1/V at MPP

AI/AV > —1/V left of MPP (4.2)

AI/AV < —1/V right of MPP



The flow chart of this algorithm is given below:
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Figure 4.2: Flow chart for incremental conductance algorithm




Hence MPP can be tracked by comparison of incremental conductance and
Instantaneous conductance. The main difference between incremental conductance and
P&O algorithms is the judgment on determining the direction of voltage perturbation. The
advantage of the incremental conductance method, which is superior to those of the other
two MPPT algorithms, is that it can calculate and find the exact perturbation direction for
the operating voltage of PV modules. In both P & O and incremental conductance methods,
the speed of response of MPP depends upon the size of the increment of the reference
voltage. The drawback of both the methods is that it is unable to track maximum power
point (MPP) if there are rapid changes in parameters i.e. irradiance and temperature. The
other drawback of both the methods is that the oscillation occurs at the point of MPP which

results in oscillations in voltage and current at MPP level.

4.2.3 Fractional Open circuit Voltage:

This is also called as fractional open-circuit voltage method. MPP voltages is
fractional of open-circuit voltage of PV system, that can be described as following
equation,

Vmpp = K1 Vo (4.3)
Where k, is between 0.71t0 0.78

Under different irradiance condition, this coefficient k; will not change much. The
MPP voltage decreases slightly when sunlight is reducing. Similarly the open-circuit
voltage also decreases accordingly, the ratio between MPP voltage and open-circuit voltage
on each curve is kept at k1. Vyypp and V. for a specific PV array is computed beforehand
empirically at different temperatures and insolation levels. When the k; is known for
specific PV array it needs to open circuit the PV array periodically to measure V. hence
there is power loss occurs. The PV array operates at MPP (approximately).This method has
low power generation efficiency. Advantage of this method it is easy to implement and it is

cheap.

Benefits:
1. Relatively lower cost

2. Very simple and easy to implement



Drawbacks:
1. Not accurate and may not operate exactly at MPP

2. Slower response as Vypp is proportional to V..

4.2 .4 Fractional Short circuit Current:

This method is similar to fractional open circuit voltage method. Current Iypp is

proportional to Ig.

Iypp = kK Isc (4.4)

Where k, = 78% to 92 % measuring Isc during operation is though need one extra
switch. It will increase the cost and calculated value is also not so accurate.
Benefits:

1) Itis simple and low cost to implement.

2) This method does not require an input.

3) Inlow insulation conditions, it is better than others.
Drawbacks:

1) Irradiation is never exactly at the MPP due to variations on the array that are not

considered (it is not always accurate).
2) Data varies under different weather conditions and locations.

3) It has low efficiency.

4.3 DESIGN OF DC-DC BOOST CONVERTER:

The Perturb and Observe method is used to track the maximum power point for
current and voltage. By using MPPT and DC-DC boost converter, the voltage at the load
terminal of PV array system is boosted according to the change in load. The voltage and
current is modulated at the load side but the power remains constant at a particular level
even with the change in load. According to the desired output levels, the value of inductor

and capacitor is designed and calculated. The design of Boost converter is shown below:

V..,D
L=—2" _
2Ai, f, (3:5)



(3.6)

Where

Vpv = PV side Output voltage

D = Converter’s duty cycle

Ai; = Input current (PV side) ripple

Iq = Load side Output current

AV = Qutput voltage (load side) ripple

fs, = Switching frequency

where, Ai, is the as input current ripple on the PV side and it is taken as 10% of the input
current and AV is known as the output voltage ripple and is taken as the 5% of the output
voltage on the load side and

The DC-DC boost converter’s is given by equation

Vin
D=1—-—— 3.7
W 3.7)
Where Vi, is the input voltage for converter from PV side and it is same as V,, and V, is the

output voltage of the converter and is same as load voltage.



CHAPTER 5
GRID CONNECTED SOLAR PHOTOVOLTAIC (SPV) SYSTEM
INCORPORATING LOAD HARMONIC COMPENSATION

5.1 GENERAL:

The energy demand is increasing and to meet this demand, distributed energy
resources (DERs) can be integrated to the grid. In this chapter, SPV power generating
system is integrated to the grid as a DER. Different techniques are used to control and
synchronize the SPV system to the grid and this chapter focuses on synchronous reference
frame theory (SRFT) based algorithm. Results for different conditions such as linear/non-

linear load changes are obtained.

5.2 GRID CONNECTED SOLAR PHOTOVOLTAIC (SPV) SYSTEM:

A MPPT controller is required in order to enhance the performance of the PV
system as the capital cost is very much high for installation. PV generation plants can be
tied with the grid to get a lowest failure rate and utilize its availability at its maximum.
There can be various design modes or applications for the plants based on the PV
generation. Two main design schemes are most widely used, first as standalone system with
storage support and second as grid tied application with infinite storage support.

The main components of grid connected PV generation plants are PV arrays, PV
inverter, the control using algorithms such as the MPPT and inverter current controller etc.

The block diagram representation of grid connected solar PV system is shown in Figure 5.1
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Figure 5.1: Block diagram of grid connected PV system

The integration of solar PV system to the grid creates various effects on quality of
power that is supplying to the grid. These issues include voltage fluctuations, harmonics,
reactive power, low power factor (PF), load management etc. Therefore an integration of
solar PV system to the utility grid should meet the standards of power quality requirements.
Solar PV generation is mainly developed in standalone mode or isolated mode and the main
drawback of the isolated mode is that it is limited to very low rating of power generation.
Also, it requires very large storage capacity; but in recent years the focus is also shifting to
grid connected solar PV generation to augment the grid capacity.

The use of voltage source inverter as interfacing units for grid integration
applications of PV systems has been investigated extensively in the last few years. There
are two main types of VSI which are most widely used namely two level and multilevel
VSI. Regardless of the demerits such as high switching losses with low quality output
voltage waveforms, the two level VSIs are most widely used.

Generally a photovoltaic grid connected system can be divided in two stages. The
first stage is a DC/DC converter which acts as a controller so that the photovoltaic system
operates optimally to achieve its maximum power point (MPP). The second stage is a
DC/AC converter that is controlled in a way that allows PV to be grid connected. For grid

tied PV systems it is very essential to control power flow between the PV and the grid. It is



necessary for high power tracking that this mode should conduct with the current controller
scheme.

The current control strategy of the PWM VSI system is one of the most important
aspects of the today’s power electronics converters. We can categorize current controllers
in two main categories: nonlinear controllers with on closed loop PWM current and linear
controllers with open loop PWM voltage. Both categories of controllers utilize the inner
current feedback loop. In the nonlinear controller, hysteresis current control (HCC) is most
widely used for three-phase grid-connected VSI systems.

The hysteresis current controller compensates the current error and produces PWM
signals with acceptable dynamic limits. The linear current controller based space vector
PWM (SVPWM) is an adequate controller, which compensates the current error either by
the proportional-integral (P1) regulator or predictive algorithm in which the compensation
and PWM generation can be done separately. The main advantages of this controller are an
excellent steady-state response, low current ripple and a pure sinusoidal waveform.
Moreover, this SVPWM can help to enhance the behavior of this controller due to its
favorable features such as constant switching frequency, optimum switching pattern and
excellent DC-link voltage utilization. However, only HCC based controller is used for

model simulation.

5.3 SYSTEM CONFIGURATION:

Figure 4.2 shows the schematic diagram of SPV power generating system
interconnected to grid. It consists of solar PV panel, maximum power point tracking
(MPPT) controller with dc-dc boost converter, a three leg VSC, varying consumer loads
and utility grid. The dc-dc boost converter is used to boost the voltage level of SPV to feed
the power to the dc link. Acceptable power quality standards are to be maintained while

integrating renewable energy sources to the electric grid.
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The grid interconnected SPV power generating system considered as a two stage
grid connected converter. As shown in Fig. 4.2, two stages are shown. The first stage
consists of DC-DC converter with maximum power point tracking (MPPT) so that SPV
extracts maximum power using MPPT algorithm. The second stage is DC-AC converter i.e.
insulated gate bipolar transistor (IGBT) based voltage source converter (VSC). The basic
control for VSC is to utilize entire power generated from SPV power source, provide
necessary compensation and achieve load balancing. Both the DC-DC & DC-AC
converters should operate independently.

In this system, the dc link voltage of SPV and VSC is 700V and to regulate the dc
link voltage, a dedicated dc voltage PI controller is used. Ripple filter for the proposed
system consists of capacitor connected in delta. The system is controlled in a way to
compensate reactive power for load balancing and harmonics elimination. The control

algorithm is developed to evacuate all the generated power from SPV generating system.

5.4 DESIGN AND SELECTION OF COMPONENTS:

5.4.1 Selection of DC link Capacitor voltage:
The DC link capacitor voltage of VSC is given by equation 4.1

(2v2 V)
Vie =———= (5.1)
V3m
Where Vy 4, is the line to line voltage and m is modulation index. It can be inferred
that the dc link voltage should be greater than twice of the peak of the phase voltage of the
system. For the system considered under investigation, DC link voltage is selected as 700V

for modulation index of 0.9 and V, is 415 volt.

5.4.2 Design & Selection of DC link Capacitor:
Three different criteria used to select and design DC link capacitor only. DC link
capacitor design value could be based on dc-dc boost converter. This is already discussed in

boost converter design in previous chapter. The value of dc link capacitor based on this



method is calculated to be 3500uF. The other two criteria are based on ripple current and
energy conservation principle, discussed below.

5.4.2.1 DC link Capacitor based on Ripple Current:
The value of DC link capacitor is given by equation 4.2 for load balancing of the
consumer loads by VSC
I

Cd ==
2% * Vdcripple

(5.2)

Where 14 is the dc link current, o is angular frequency and Vgcrippie 1S 5% of the dc link
voltage of VSC. The value of dc link current is calculated under when one phase load
removal i.e. 2/3 14 or 33% of load current is reduced by removing one phase of load. The

value of dc link capacitor based on ripple current method is calculated as 1200pF.

5.4.2.2 DC link Capacitor based on Energy Conservation Principle:
The design of DC link capacitor (Cd) of VSC depends upon the instantaneous
energy available to the VSC at the time of transient. Based on the principle of energy

conservation principle, the value of DC capacitor is given below
1
Ecd[vgc — V§.1] = 3Valt (5.3)

Where V is the phase voltage, | is the phase current, t is the time by which dc link
voltage is to be recovered, Vg, is the reference DC link voltage and Vy., is the minimum
DC link voltage level of DC bus. Taking, V4. = 700 V, V4., = 690 volt, a= 1.2, t=350

microsecond, the calculated value of Cd is obtained to be 1500 pF.

5.4.3 Design of AC Inductors:

The selection of ac inductance (L) of VSC depends upon the different parameters

like the ripple current Ai, switching frequency fs, modulation index (m), dc link voltage
(Vqc) and Ly is given by

\/§de€

Le = 12hf,Ai 4)



Taking, m =0.9, h =1.2, o= 1.2, t=350 microsecond.

5.5 CONTROL ALGORITHM:

Different control algorithms are mentioned in literature like synchronous reference
frame theory (SRFT), instantaneous reactive power theory (IRPT) etc. Synchronous
reference frame theory (SRFT) is implemented in this chapter and it is used to control the
SPV power generating system. Insulated gate bipolar transistor (IGBT) based VSC is used
and the dc bus of SPV and VSC is controlled and maintained to a reference voltage in order

to provide compensation for the load currents through SPV power.

5.5.1 Synchronous Reference Frame Based Grid Synchronization Technique:

SRF theory is related to extraction of synchronously rotating d-q components of
current from 3-phase load current. Basic diagram for this theory is shown above. Controller
is the basic building block of this algorithm. Controller takes source voltage and load
current as input. Phase locked loop (PLL) tracks the phase of input voltage signal and
generate unit voltage templates (sine and cosine components). These d-q components of
currents passed by a filter which filter out high frequency harmonic components. Then
again d-q frame is transformed back to 3-phase components. This current is then compared
with source current and error between them is fed to Hysteresis-based PWM signal
generator to produce final switching signals which are the pulses for voltage source
converter.

System terminal voltages are given as,

Vg, = V,, sin(wt) (5.5)

Vi, = V,,, sin ((ot — 2”/3> (5.6)

V.. = V., sin (u)t + 2”/3> (5.7)



And load current are given as:

i, = I, sin(wt—6,) (5.8)
ipp, = I, sin (oot — 21T/3 —6n> (5.9)

Using equation (1), Current components in (@ — B) coordinates are calculated. Then using
0,

PO
1-4 5 el

(5.11)

Calculated from PLL as transformation angle converted (o« — ) to (d — q) frame. After
this, filter is used to remove dc component from the currents, then (d — q) component of

current is converted to (« — ), equation (2),

la] _[cosO® sinB[ia
[iq]_ —sin@ cosH] [iﬁ] (512)

And from (a — pB) to a-b-c, equation

1
/7 1 0
iar
[gbrl=§ 1/\/5 -1/, \/§/2 (5.13)
l’CT
_1/\/5 -1/, _\/§/2_
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Fig: 5.3 Reference current extraction using SRF theory

These are reference current generated. These reference currents are compared with
actual current and error between both will be the required amount of reactive current
supplied by VSC. Error of current is used to generate pulses for inverter. Inverter is

equipped with a capacitor, which supplies necessary reactive power to the system.



5.6 RESULTS AND DISCUSSION:
5.6.1 For Linear Load:
Case 1: For Resistive (R) load
Performance of developed three phase grid connected PV system has been analyzed
for a linear load of 30 KW. Solar Photovoltaic Array modelled in this work is of 20 KW. A

MPPT technique is employed in order to observe the performance of the system for varying
irradiance inputs. PV array characteristics are shown in figure 5.4.
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Fig 5.4: Characteristics of PV array

At the starting of the system it is assumed that the ambient conditions are same as
STC (standard test condition). At 0.3 sec the irradiance is increased at 1200 W/m?, it can
be observed that the output of PV array increased beyond its MPP. Again at 0.7 sec, the
irradiance level is reduced to 1000W/m?. At 1.2 sec, the irradiance is further reduced to a
value of 800W/m? which reduced the output of PV array. At 2 sec, the irradiance is again

kept at 1000W/m? which increased the output of PV array.
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Figure 5.5 shows the waveforms of the Grid voltages, Grid currents, load currents, inverter
currents, dc-link voltage and variation in radiation. In this simulation the load change and
variation in radiation are done for different time of interval. The load is varied by
disconnecting the load at 1 sec whereas another load is connected at 1.5 sec. The zoomed
view around 1 sec is shown for various waveforms, in order to validate that the power
generated from PV panel is being injected at unity power factor w.r.t grid voltage. It can
also be seen from the waveforms that the magnitudes of the load current as well as the
source current are reduced, but the inverter current magnitude is remains same because it
depends upon the solar radiation. The dc link voltage is slightly overshoots due to reduced
load current but it maintains the dc link voltage again to its reference value i.e. 700V in
2cycles. During this the radiation is kept constant as 1000W/m>.
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Fig: 5.6 Active and Reactive Powers of Grid, Load and Inverters

with the radiation in R Load Condition

Figure 5.6 shows the waveforms of the active power and reactive powers of Grid, Load and
Inverter with the variation of solar radiation. In this case the active power requirement is
shared between the both Grid and the Solar PV system. Here only resistive load is

connected so the reactive power flow is zero.



Case 2: For R-L load:
In this section the simulation study has been carried out for proposed Grid

connected PV system with 3-phase R-L load. Here the main purpose of this simulation
study is to control the grid interfacing inverter in such a way that it not only injects the
Generated power into grid but also compensates the load reactive power requirement so
that the grid always keep on working at unity power factor.
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Fig 5.7 Voltage and current Waveforms of Grid, Load and Inverter
with the radiation in R-L load Condition



Figure 5.7 shows the waveforms of the Grid voltages, Grid currents, load currents,
inverter currents, dc-link voltage and variation in radiation. Referring to Figure 5.7, here in
between the simulation time of 1 sec to 1.05 sec, the load has been changed. At the instant
of simulation time of 1sec, a load of 8 kW has been removed, the load current has been
reduced and subsequently there is a slight variation in DC link voltage with constant solar
irradiance.

From the waveforms shown above, it has been observed that the load current having
inductive component lagging the voltage and grid current is at unity power factor. Reactive
power compensation can be performed upto the thermal rating of inverter. During the
transient time, it is shown that grid current always remains in phase with voltage without
any harmonic distortion. Under solar insolation variation, the grid current and grid voltage
at the different loads viz. R and R-L load, is purely sinusoidal and are in phase under

reactive compensation condition.
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with the radiation in R-L Load Condition
Figure 5.8 shows the waveforms of the active power and reactive powers of Grid, Load and
Inverter with the variation of solar radiation. In this simulation, the active power
requirement of the load is fulfilled by both the Grid and the Solar PV system. Inverter

supplies its maximum amount of active power to the load and only deficit amount of active



power is supplied by the Grid. The grid supplying no reactive power and the whole reactive

power requirement of the load is fulfilled by Solar PV system so in the proposed work, the

Reactive Power Compensation has been done at the Grid working at unity power factor.

5.6.2 For Non-Linear Load:

500

ol

Vaoltage (PCC)

-500

Grid Current

100
0

-100

100

1
-100

| Total loaq current

Wim2 Ve (V) InI(A) Tinw (&) lload(A) Is(&) V()

/ \J . | .

500
0

-500
100

0
-100
100

0

-100

i
5

50
0
-50
800

700
G00
g

i

WIm? VdeV) niga) linv(A) lloadiA) Is(A) Vs(v)

0.

'(0.5 1 15
Time(s)

Voltage (PCC)

Grid Current

: |

Total Load Current I

NI SSRGS

Inverter Current

] 1
Mon-linear load current

e e e i ke A s e e s W w5

DC Link Voltage

“ariation in Radiation

95 1

Time(s) 1.05 1.1

Fig 5.9: Voltage and current Waveforms of Grid, Load and Inverter

with the radiation in Non-linear load Condition



Figure 5.9 shows the waveforms of the Grid voltages, Grid currents, total load
currents, inverter currents, non-linear load currents, dc-link voltage and variation in
radiation. In this section the simulation study has been carried out for Grid connected PV
system with both linear and non-linear load. In this, the load change and variation in
radiation are done for different time of interval. Referring to Figure 5.9, here in between the
simulation time of 1 sec to 1.05 sec, the load has been changed. At the instant of simulation
time of 1sec, a load of 8 kW has been removed, the load current has been reduced and
subsequently there is a slight variation in DC link voltage with constant solar irradiance.
The zoomed view around 1 sec is shown for various waveforms, in order to validate that
the power generated from PV panel is being injected at unity power factor w.r.t grid
voltage. It can also be seen from the waveforms that the magnitudes of the load current as
well as the source current are reduced, but the inverter current magnitude is remains same
because it depends upon the solar radiation. During this the radiation is kept constant as
1000W/m?. The simulation study shows control of grid interfacing inverter in such a way
that it injects the Generated power into grid and compensates both the load harmonic power
and the load reactive power requirement so that the grid always keeps on working at unity

power factor.
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with the radiation in Non-linear Load Condition

Figure 5.10 shows the waveforms of the active power and reactive powers of Grid,
Load and Inverter with the variation of solar radiation. In this case the active power
requirement is shared between both Grid and the Solar PV system. The whole reactive
power requirement of the load is fulfilled by Solar PV system. So the Reactive Power
compensation and the load Harmonic Compensation are done in this proposed work and the

Grid always keeps on working at unity power factor.

From the FFT analysis of non-linear load current it is found that this current has THD of
28.19% while The Grid current FFT analysis shows that it has only 1.84% THD which is
very low. The FFT analysis of Grid current and Non-linear load current are shown in figure

5.11 and 5.12 respectively.
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Grid Current FFT Analysis:
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CHAPTER 6

CONCLUSION AND FUTURE SCOPE OF WORK

6.1 CONCLUSION:

The characteristics of PV have been successfully obtained for different conditions
of irradiation levels. P&O MPPT algorithm has been modeled and simulated in order to
maximize the output of PV array near its maximum power point. A DC/DC boost converter
Is designed to implement the MPPT algorithm. Constant power is maintained at the input
and output side of the converter with slight difference due to switching losses, irrespective
of the load change. The grid integrated SPV system performance is investigated and
analyzed successfully for different conditions like linear and non-linear load. Complete
reactive power compensation with reduced load harmonics are achieved by using
synchronous reference frame theory (SRFT) algorithm. The DC bus voltage and terminal
voltage of PCC voltage are maintained at desired level for steady state and dynamic load
variation. This work mainly deals with the integration of PV plant to grid and development
of control algorithm for improving the power quality of the grid. Results are presented for
both types of loads namely linear and nonlinear. This thesis provides the detail design of
PV array, boost converter, MPPT algorithm and control of grid integration with three phase

utility grid.

6.2 FUTURE SCOPE OF THE WORK:
The work done in thesis can be extended in future:
» Different control schemes can also be implemented in future for synchronization of
PV system with the three phase utility grid.
» A hardware implementation can be done for the proposed system for performing the

various experiments and power quality analysis can also be done.
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APPENDIX

A. Parameters for 20 KW Solar Photovoltaic System:
Number of Cells in Series (Ny) = 1072

Number of Cells in Parallel (N,) = 18

Parallel Series Resistance = 400 ohm

Voltage at P,,,,,.= 600V

Current at B, ,,,= 55.4A

B. Parameters for DC-DC Boost converter
Inductance (L) =500 pH,

Capacitance (C) = 2000 pF

Switching frequency = 20 KW

C. Parameters for VSC

DC bus voltage: 700V

DC bus Capacitance: 5000 uF

AC line voltage: 415V, 50Hz

Modulation index: 0.9

Linear load: 30kVA

Non-linear load: Three phase bridge rectifier with R = 20 Q and L = 10mH



