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ABSTRACT

Nonrenewable sources of energy are inadequate to satisfy the electricity requirement with the rapid
development of industries and other areas. Also, high consumption of these sources is inversely
related to its life expectancy. Thus, non-conventional sources of energy play an essential part in
generating electricity. Among all non-conventional resources, solar power is significant as it is
clean energy source, easily and freely available, requires lesser maintenance, ecofriendly and
economical. The Photovoltaic (PV) cells are widely used all over the world to convert energy of
sun into electricity. The functioning of system is concerned by elements like irradiation,

temperature rise, array topologies and shading effects on panels.

The intent of my work is inspecting and amplify yield of operating solar systems. Two of the major
concerns in solar array due to partial shading are: Increase in Mismatch Losses (ML) and decrease
in efficiency. The complete PV array system is concerned negatively with regard to efficiency by
a little measure of shading on the PV module. The shading is the consequence of moving clouds,
high rise buildings, long trees, shadow of one panel onto another etc. Due to this partial shading,
many challenges occur in enhancing the performance of the PV solar array. The challenges include
deviation of Maximum Power Point (MPP), power losses resulting in hot spot formation,

degradation in power quality etc.

In this thesis, modeling of PV module is done using MATLAB/SIMULINK by combining
subsystems of PV panel. The panels are then joined with each other in Series (S), Parallel (P) and
Series Parallel (SP) connections to form an array. Different configurations have been implemented
on PV solar array to observe their performance at different shading scenarios. The performance of
these topologies has been highlighted with respect power obtained, losses because of shading, Fill
Factor (FF) and overall efficiency of solar system. Simulated way is utilized to explain the
functioning and estimation of all topologies. The electrical characteristics are also obtained by
MATLAB. As per data achieved, Magic Square (MS) method have obtained highest power among
all topologies.
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1.1 Introduction

The non-renewable energy reserves in generating power causes greenhouse gas emission and
environmental problems. This motivates the adoption of sustainable energy for bulk production
of electricity. Among all renewable resources, solar energy is used due to its abundancy, clean
production etc. Photovoltaic (PV) cells are major component for generation of power from
solar energy which includes two steps: first one is absorption of beam as well as diffuse solar
radiations and another step is to transform sun beams into electricity. The array supplies output

power by solar power system which is presented by figure 1.1.

The PV panels receive incident radiations from the sun and transform into electrical
energy. The output of panels is taken by charge controller which controls battery charging.
Batteries are used to store dc power from solar panels. Batteries provide dc power to
inverter which transits dc to ac which is suitable for load. The service box contains circuit

breakers used to protect the overall PV system. Generator is used as an alternative in case

CHAPTER 1
INTRODUCTION

Aolar Panels /

/
/

/
.

Charge

.| Service

Controller

l_¢

Inverter "I Box

Batteries

Figure 1.1 Solar Power System

/o
48 Generator

> To loads

of cloudy or rainy atmosphere or when batteries are not charged.
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Along with the alteration in sunbeams strength, load characteristic of solar PV
network under concerned varies to keep yielded power maximum. These characteristics

get complicated with the increase in shading scenarios. The |-V curve can be determined
by final equivalent of PV cell as presented in figure 1.2.

A —

® | R | v

Figure 1.2 Final Equivalent Circuit

Let us consider an array of 1 Soltech 1STH-215-P which includes 10 series panels

and 40 parallel cords. The electrical curves of the given model are shown by figure 1.3 at
different temperatures.

Array type: 1Soltech 1STH-215-P;

o 10 series modules; 40 parallel strings
2
& 200
|
O b )
0 : : A4
0 50 100 150 200 250 300 350 400
Voltage (V)
4
10 10
g 25
o 5f
2
o)
o
. . . . . B
0 50 100 150 200 250 300 350 400
Voltage (V)

Figure 1.3 Electrical Characteristics of an Array

1.2 Overview of Thesis

Chapter 2 provides a literature survey on different aspects of solar array topologies. The
thesis includes the study of aspects which affects the execution of solar PV system are

shading effects, temperature, Mismatch Losses (ML), Fill Factor (FF)etc. The review is
used to determine the objectives of thesis.
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Chapter 3 represents the equivalent circuit and simulated model of PV module. It contains
five different models of PV array subsystems - photocurrent, reverse saturation current,
saturation current, shunt current and final output current. The chapter also includes

electrical characteristics of PV array.

Chapter 4 represents detailed study different types of configurations which is mainly
categorized into three classifications — Conventional, Hybrid and Puzzle based
configurations. It is seen from study that puzzle based configurations are beneficial than

remaining classifications. The chapter also contains pros and cons of all configurations.

Chapter 5 explain the significance of analysis of topologies at various shading scenarios.
It consists of causes and effect of different shading conditions on various topologies. For
verification of results, models of configurations are created and simulated under
MATLAB/SIMULINK environment.

Chapter 6 introduces the conclusion and future scope of the thesis investigations.

1.3 Thesis Objective

The aim of my work is to inspect and increase the yield of already operating solar systems. In
addition, different classifications of configurations and shading conditions have been studied
to determine the most advantageous scenario. The analysis is done finally to obtain the results
based on performance and validated using MATLAB/SIMULINK software. Four of the major

concerns in solar array due to partial shading are:
*  Mismatch losses

*  Output power

»  Fill Factor

«  Efficiency

21




CHAPTER 2
LITERATURE REVIEW

The authors of paper [1] investigated an algorithm which is obtained by variant of Particle Swarm
Optimization (PSO) for tracking Maximum Power Point (MPP) accurately. This adaptive
perceptive PSO has been validated by hardware as well as software implementation on multiple
solar PV arrays. The paper [2] provides a model which is used to determine the shading estimate
of solar PV arrays. This mathematical model does not require complete current vs voltage
characteristics but it requires power for estimation. Y. J. Wang et al. [3] proposed an analytical
model which contains various orientation and shades of PV panels. The effects of these
orientations and shades on electrical characteristics are studied in this paper. It also includes the
study of effect of reverse voltage on solar PV panel. The authors of paper [4] analyzed different
configurations used to carry out the analysis. It is validated that with overlapped diodes, losses in
panels are one third of its maximum power while in case of without overlapped diodes, losses
occur only due to diode power consumption. The paper [5] presents a model using PSCAD under
unshaded panels as well as partially shaded panels. Experimental data is used for verifying the
simulation results. The farms based on solar PV array [6] has certain requirements such as less
amount of shading, reduced current and increased voltage. The novel farm configuration includes
all these modified parameters to provide better results. Different configurations are compared and
evaluated for calculating the performance of each topology. The results are validated by
simulation. A new simulator model in [7] is proposed along with two diodes for determining solar
PV cell. Four parameters are calculated to decrease computational time. Five different panels are
used to validate the accuracy of simulator. This simulator easily supports MPP chasing algorithms
in addition to converters. The authors of paper [8] considers series PV array which contains 18
panels joined in series. Electrical characteristics has been studied for the solar PV system at
shading scenarios. Experimental values are taken into account for verifying simulated model. The
paper [9] analyzes the behavior of series and parallel configurations using Brune’s conditions. Lab
view is used to verify the results. Also, a simulator is designed to estimate the parameters of PV
network. An array in [10] is developed using MATLAB/SIMULINK to determine the behavior of
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electrical characteristics. Also, another model is integrated with electronic circuit to determine the

performance of circuit. The theoretical results are verified by experimental results.

Anssi Maki et al. [11] proposed a simulation model of series and parallel connections in
order to calculate the mismatch losses. Under shading scenario, the individual short strings
performs better than long series strings. Also, lesser mismatch losses occur in separate short
strings. The authors of paper [12] presents distinct PV classifications under many shading
conditions. A code of MATLAB is developed to determine measure of an array, classification of
topology and total bypass diodes. The paper [13] gives an analytical comparison between SP and
Total Cross Tied (TCT) topologies. The piecewise linear parallel branches method is also included
for simulation purpose. The problem of shading produces very strong impact on solar PV panels.
To minimize this problem, the authors of [14] study available configurations under shading
conditions along with their effect on output power. The paper [15] investigated an easy PV model
which can determine its parameters. The algorithm is observed by both experimental as well as by
simulation to estimate the total power produced. Cell level analysis is done in [16] and it considers
full as well as half size PV cells. SPICE software has been used for implementing an equivalent
circuit of a cell. Three topologies have been considered for cell-based analysis in which SP
connection proves that power produced is better under shading condition. The paper [17] proposed
a multidimensional configuration that is very effective in cost of solar PV array. The control system
used will be benefitted by lesser sensors as well as transducers by using aforementioned
configuration. The current and power curves of solar PV systems are shown by final results. The
authors of paper [18] considers four panels array which undergoes three different circumstances.
The first condition which is applied on an array is same temperature and different solar irradiance.
Second condition is at same solar irradiance and different temperature and last condition is at
different solar irradiance as well as different temperature. Electrical characteristics are determined
for each case and verified the theoretical values by using experimental analysis. The series
mathematical model is presented in [19] to determine the output of solar PV system. Three factors
have been applied to the model to extract accurate output. The first condition is to alter the
avalanche effect for including a parameter which is a function of shaded and un shaded solar cells.
The second condition is to insert a resistance to show the effect of variable current and the last
condition is to add a voltage source to minimize the variation in current near open circuit voltage.

The results are compared with observed data which verifies that root mean square error comes less
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than 2.37%. The authors of [20] provides an elaborated analysis on TCT model of a solar PV array.
Array voltages and electrical characteristics have been calculated using the aforementioned model.

The verification of simulated results is done experimentally.

Bishop modelling based model is given by the authors of [21] to calculate the performance
of electrical characteristics of a solar PV array. The SP connection is taken into consideration along
with bypass diode. The model is used for total analysis of array voltage, array current and power
under various shading scenarios. The paper [22] proposed a heuristic mode for calculating
electrical characteristics of series PV system. The experimental values are in contrast with
theoretical values to measure the difference and to validate the results. The paper [23] investigated
a new model which is established in MATLAB to compute parameters of solar PV array. The
simulated model is compared with DeSoto model, INSEL and PV syst at distinct irradiance and
temperature. Also, some factors are included which have an impact on the functioning of a system
such as aging, soiling as well as derating. These factors are included for obtaining more realistic
results. Three PV panels of short strings are taken into consideration in [24] in which series and
parallel connection are compared under various degree of shading. The fill factor and power losses
are determined in the article for short series as well as parallel strings. It is proved that short parallel
string is better than short series string in case of applications which require less power. The paper
[25] analyzes power losses under different shade patterns. Also, power peaks are determined which
comes within 5% of true values under every case. F. Belhachat et al. [26] examined the efficiency
of an array configurations at different shading scenarios. The bishop model is used to describe the
performance of negative voltage is taken and implemented using Simulink. According to the
results obtained, TCT is superior in contrast to other configurations. The authors of [27] examined
the effect of size of PV array, various topologies and shading pattern over total energy yield at
shading conditions in detail. The paper [28] represents a method to extract electrical characteristics
of PV system, either regular or irregular. The proposed method describes lesser number of
equations used for drawing electrical curves. Bypass diode are taken in antiparallel with each panel
and results are obtained using MATLAB/Simulink software. The multicrystalline PV panel is
taken in [29] for describing the behavior of series, parallel and SP connections. Two conditions —
homogeneous and heterogeneous are applied on PV panel to extract their electrical characteristics.
The analysis has been done on array with different configurations along with bypass diodes. The

results show that final power enhances in case of parallel connection under shading scenario.
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Reconfiguration approach is taken in [30] for SP configuration under shading conditions. Further,
rough sets theory-based algorithm is used for fast controlling purpose. The aforementioned theory
defines the behavior of reconfiguration approach. Both simulated and experiment data are used to
provide the effective results.

The paper [31] investigated an optimized algorithm for examining the best configuration.
This procedure is valid for real time PV applications and requires easy mathematical steps for
calculations. It is verified by the results that there is less computational burden while using the
aforementioned algorithm. The authors of [32] devoted to the optimized method for better
configuration of an array under different patterns. The simulated and real values are compared to
determine the performance of PV array. SPICE software is used for simulation purpose. Results
shows that there is 4-6% enhancement in output power. A novel pattern that is Futoshiki pattern is
presented in [33] which is based on puzzle. This method enhances power and reduces power losses
with respect to TCT under various operating conditions. The simulated as well as experimental
data are compared for verifying the results. The paper [34] analyzed 2x2 TCT topology under
different operating conditions. By simulations in MATLAB, TCT overcomes the performance of
remaining configurations. The authors of paper [35] proposed a comprehensive study between
conventional and puzzle-based configurations. In this paper, Non-Symmetrical (NS) configuration
is described and analyzed under different operating conditions. Simulation results are carried out
for analyzing the behavior of all configurations. The results reported that proposed topology is
higher with respect to output power in some cases. The shading effect is studied in [36-37] in terms
of electrical graphs. Results are obtained by simulation which proves that TCT along with
incremental conductance method is superior to SP with incremental conductance. A. S. Yadav et
al. [38] represents performance enhancement in reconfigurations with reference to existing
topologies. The 4x4 matrix is taken for all configurations under various shading scenarios. The
reconfigure topology is superior in some cases of shading than conventional configurations. The
paper [39] presents electrical characteristics of series, parallel and SP configuration. The obtained
results verifies that parallel connection performs well under uniform as well as non-uniform
conditions. The submodule model is detected in [40] for extracting electrical curves of SP
configuration. Bisection procedure is used for solving PV equations. The power losses are

determined experimentally after many years of environmental exposure.
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The authors of paper [41] determined uniform as well as non-uniform shading impact on
solar PV array. Random shade is applied practically on an array to observe the enactment of PV
array. The results are significant in achieving the design and working of an array at different
shading scenarios. The paper [42] presents three novel configurations to minimize effect of
shading. The aforementioned configurations are compared with conventional configurations. The
final power of novel configurations enhances by 19%-40% of SP and 13%-68% of TCT. A cross
diagonal view configuration is investigated in [43] to spread the shade over an entire array. The
procedure is superior to other configurations and provides power enhancement of 23.9%. Smita
Pareek et al. [44] presents the effect of conventional configurations on MPP under different
shading situations. The proposed interconnection has benefits such as less mismatch losses, simple,
cost of installation and wiring is minimized. The paper [45] examine sensitivity of solar PV array
which includes an algorithm for obtaining highest power for all shading patterns. The optimized
connection method is implemented on small and large PV array of 3x3 and 7x7 matrix respectively.
The results highlight power generated in contrast to previous schemes. Sub-module integrated
converter-based configuration is investigated in [46] for extracting solar energy. This procedure is
beneficial in respect of cost, execution and productiveness. The results declare their merits as
compared to other configurations. The authors of [47] proposed the module based on Fibonacci
includes lot of factors like more stages, light reflection from one panel to other, less amount of
shading and effect of cell shade on another cell. Authors acquaint the new arrangement of
Fibonacci mode which depends upon HC design for attaining electrical characteristics. The paper
[48] uses Fibonacci based panels via Simulink as well as experimental. The power generation
increases by installing aforementioned modules. The work in [49] discusses the effect of short
circuit on SP array. This paper focusses on current vs voltage characteristics and degree of
homogeneity. This is beneficial in obtaining effect of modules failure without extracting
information about system. The optimized configuration is detected in [50] via particle swarm
optimization procedure. The switch set configuration is determined for reconfiguration purpose.
The outcome of using aforementioned procedure results in better operation under abnormal

operating conditions with lesser number of switches.

The authors of [51] analyzes all conventional topologies. By PSIM, TCT obtain greatest
power among all scenarios. The paper [52] investigated an energy storage model topology to
enable stability in power fluctuation in solar PV system. The simulated model is checked and
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verified before and after installation of storing devices. The storage model is economic as well as
requires less investment. The behavior of electrical curves is identified in [53] by a trust region
dogleg procedure at abnormal conditions. This method doesn’t require many models to examine
various topologies. The paper [54] focusses on a novel Latin Square (LS) pattern for spreading the
shading on an entire array so that power losses can be minimized, and output power can be
enhanced. By this method, multiple peaks can be reduced and an algorithm is used for achieving
maximum power point. The analytical procedure based on model is described in [55] for chasing
MPP at shading scenarios. The experimental data is compared with theoretical values for
verification of results. The estimation error is also determined and thus, array performance can be
observed more accurately. A novel magic square topology is presented in [56] to obtain greater
power as output in a solar PV array. The comparison is made among TCT, SuDoKu and MS at
various shading patterns. As per proposed procedure, all the strings contribute in generating power
and global peak is shifted towards the operating point. The overall performance enhances using
MS method. The authors of paper [57] investigated competence square method which is a puzzle-
based pattern for relocation of modules. Four shading scenarios are considered and implemented
on configurations to obtain results. The proposed technique shows eminence in achieving good
electrical characteristics, enhanced fill factor, enhanced power and high energy savings. The global
maximum power point behavior has been studied and analyzed in [58]. The analyzation procedure
is carried out under different transitions due to movement of clouds. C. W. Hansen et al. [59]
investigated a method for calculating the value of series resistance along with other factors for a
PV model. The error is also found in order to make results more reliable and accurate. The authors
of [60] presents expansion of a mathematical block for showing PV generator in ATP Draw. The
manufacturer’s datasheet is used for obtaining data regarding PV panel. The PV generator results
are achieved by varying temperature, irradiance, series resistance, parallel resistance and SP

panels.

The paper [61] deeply analyze auto reconfiguration method on 3x3 solar PV array. It is
considered that the shading is progressively enhancing, thus three increasing order shading patterns
are taken. Further, simulation is done for comparing results with practical data and making output
more accurate. The authors of [62] presents advanced SuDoKu pattern to increase an array
performance at various shading scenarios. The global MPP, FF, power losses and efficiency are
calculated theoretically and results obtained shows improvement in performance. The panels are
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reconfigured in [63] by using a structuring method at shading conditions. The array is structured
using Odd/Even pattern in this paper. This method minimized the repeated local peaks so does not
require an additional algorithm for tracking MPP. The authors of paper [64] gives extensive
comparison among conventional topologies at artificial as well as real shading condition. Thermal
voltage, FF, power losses and output power are the factors taken for analysis. The paper considers
single diode PV panel for analyzation. Results provides better topology for a particular shade
scenario. A novel skyscraper pattern was developed in [65] for dispersing shade on overall solar
PV array. Both experimental as well as simulated values are observed and compared for calculating
accuracy of results. According to results obtained, skyscraper method gives less mismatch losses
and enhanced power output. The authors of [66] used conventional configurations at ideal switch
case and non-ideal switch case. The total switch gets minimized for enhancing output power and
reducing power losses. Manjunath et al. [67] presents increase in solar PV array performance at
shading conditions. Odd/Even and SuDoKu methods are taken for comparative analysis with
proposed technique. The reconfiguration techniques are investigated in [68] under different
shading scenarios. These techniques are discussed under both static and dynamic cases on
hardware. The observed data shows that costly dynamic mode overcomes static mode with respect
to performance. The author of [69-70] focused on optimal SuDoKu method based on
reconfiguration for 9x9 solar PV array. The aforementioned pattern is compared with SuDoKu

pattern and the outcome is that proposed method is superior to SuDoKu pattern.

The work in [71] presents topologies with different categories of bypass diodes. Six
categories are discussed and evaluated in order to obtain electrical curves for describing the detail
behavior of an array. The SP connection is taken and all categories of bypass diode are
implemented on it. According to the observed results multi-level octal bypass diode on SP
configuration gives better performance among all topologies. The paper [72] focused on
conventional topologies. This paper also describes hybrid configurations. The power gain is
maximum in TCT topology as compared to rest of the topologies. The fault analysis is carried out
in [73] via reconfiguration technique along with three conventional configurations. The
comparison is made between polycrystalline technique and copper indium gallium selenide
technique under different fault scenarios. The optimal method along with copper indium gallium
selenide gives output with more power and a smaller number of peaks. The authors of [74]
implemented reconfiguration technique on larger array of 9x9, 6x20, 16x16 and 25x25 at various
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shading patterns. The proposed method boosts up the performance of all arrays. The hybrid
SuDoKu configuration is investigated in [75] and comparative analysis is made with conventional
topologies. The shading is considered due to moving clouds and their direction as well as speed is
also taken into account for obtaining more practical output. The distributed maximum power point
tracking is described in [76] for obtaining more power. The module integrated converter is applied
on TCT topology. Also, cross coupling effect is reduced using aforementioned technique. The
paper [77] gives review comprehensively of all topologies for solar PV array. This paper also
includes merits and demerits of each technique described in the paper. The authors of [78] provides
reconfiguration method in which power is directly evaluated for increasing power output.
Theoretical as well as software values are observed, matched and validated for extracting the result
of reconfiguration scheme. The paper [79] focusses on physical relocation and fixed column
position of module with fixed electrical connections to minimize power losses under different
shading conditions. The work in [80] discussed an algorithm to obtain only one peak by dispersing
equal shaded panels in every row. Simulation has been carried out to prove the performance after

algorithm is applied.

To minimize the impact of partial shading, comprehensive review is done in [81-82] which
includes conventional, hybrid, puzzle based and metaheuristic approaches. The existing topologies
merits and challenges are also emphasized and discussed in this paper. Rupendra Kumar Pachauri
et al [83] presents Latin square reconfiguration method against conventional configurations using
MATLAB/SIMULINK software under shadows. Also, the presented technique is compared
experimentally with TCT and SuDoKu topologies. The authors of [84] investigated a technique
for reducing impact of shadow on an array. It has been proved that presented mode gives 14%
increase in power as compared to existing techniques. The paper [85] uses 5x5 array at various
shadows and studied impact of shading on conventional topologies in MATLAB/SIMULINK.
Mohammed Alkahtani et al [86] focusses on gene evolution algorithm on reconfiguring 2x4 array
to build up the overall power of PV system. As per authors, power enhances by 11.42% in
comparison to non-uniformly aged PV array. Hegazy Rezk et al [87] presents an algorithm to
provide solution of reconfiguration technique at four shading conditions. The paper [88]
investigates five configurations- TCT, SuDoKu, Futoshiki, L shape and After Reconfiguration
under eight shading patterns on 4x4 PV array. The L shape topology provides better results when
combined with after reconfiguration in MATLAB/SIMULINK and all configurations are
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experimentally validated. The authors of [89] presents ken-ken puzzle arrangement which can
track MPP easily and improves the output power by 10.85%. The authors consider five different
configurations under four shading patterns on 4x4 PV array. The performance is observed by
parameters FF, ML and power loss. The paper [90] present an electronic circuit for reconfiguring
bypass PV panels. The modules are firstly joined in SP connection and then reconfigured using
electronic devices. The authors of [91] considers three patterns of shading on four different
configurations. The topologies used in this paper are — TCT, novel TCT, Shape Do Ku and
symmetric matrix TCT. Using software results, it is proved that symmetric matrix puzzle is more
effective than rest of the configurations. The alternative tri tie method is investigated in [92] which
is matched with conventional configurations in regard with MPP and FF. It is observed that new
method outperforms than other topologies. The exploration of [93-95] is to illuminate the features
of various PV classifications with respect to output power, FF, ML and efficiency. The aim is to
examine and extract the functioning of various configurations at different shading scenarios. The
main issue that occurs in the way of PV network working is shadowing. The key to this difficulty
is to reconfigure the modules for obtaining good results at shading scenarios. To make this succeed
different configurations has been reviewed, evaluated and matched via MATLAB/SIMULINK.
Software based path is taken to explain the functioning and examination of all topologies. As per

data obtained, MS technique is highly efficient.

30




CHAPTER 3
PV MODULE MODELING

3.1 PV Cell

This chapter provides the outline of PV module modeling. Different factors which are
having impact on PV module have been postulated in the thesis. The variation of electrical
characteristics with respect to different operating scenarios are simulated and analyzed.
The design of solar PV system can be done using modeling and simulation. However, its
design has certain limitations and challenges such as area required for installation, variation

in solar irradiance, rise in temperature and PV products availability.

Basically, a PV cell is used for converting solar radiations directly into electrical
energy. The PV cells has inherent property of photovoltaic effect which is responsible for
absorbing photons and releasing electrons. These free electrons result in the flow of electric
current. As PV cells are not heat engines so does not require high temperature rather room
temperature is sufficient for their operation. The real efficiency of solar cell falls rapidly
with the rise in temperature. Many cells are concatenated in series and are frame mounted
to make a PV panel which was first created by Bell Laboratories in 1954. Large number of
panels are stringed in S, P or SP combinations to make an array. The connection of array
depends on the requirement of current and voltage. The figure 3.1 shows solar cell, module,

and array.

Figure 3.1 (a) Solar Cell (b) PV Module (c) PV Array
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The solar cells are consisted of different materials in a distinct way. The most
widely used material is silicon which is a semiconductor material. Mainly there are three
types of technologies responsible for the formation of PV cell. The technologies

classifications are shown in figure 3.2.

PV Technologies

i Y
Si based Thin film based Emerging
technologies
—> Amorphous Silicon —> Organic

—> Monocrystalline

—» Cadmium Telluride —> Perovskite

Copper Indium -
“—> Polycrystalline — Gallium Arsenide —> Dye sensitized

Figure 3.2. PV Technologies Classifications

3.1.1 Silicon based Technologies

3.1.1.1 Monocrystalline PV cells: The monocrystalline cells are manufactured from single crystal
pure silicon. They have clipped corners, greater thickness, rigid, fragile and of black color.
A single crystal is dipped into liquid silicon forming a cylindrical shape and pulled out.
This crystal is then cut into thin wafers of silicon and an anti-reflecting coating is applied
on the silicon wafer to form a monocrystalline cell. These cells have greater efficiency,
long life, works at high temperature but it is costly and has slow process.

3.1.1.2 Polycrystalline PV cells: These cells do not require single crystal rather it requires many
crystal grains of silicon in one solar PV cell. The number of silicon crystal fragments are
melted and cut to form wafers. Their shining blue color makes them attractive. This
technology makes PV cell more environment friendly than monocrystalline. They operate
within temperature range of -40 °C to 85 °C and are simple and cheap. They have certain
demerits such as their efficiency is low, and they are not long lasting as compared to
monocrystalline cells.
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3.1.2 Thin Film based Technologies
This technique contains many thin films of PV material on substrate. Different materials
are used in this for absorbing maximum amount of light. Most widely used materials are
as follows:

3.1.2.1 Amorphous silicon: It has p-i-n structure in which i indicates intrinsic layer of amorphous
silicon. This is silicon allotropic form in which less amount of silicon is required in
comparison to silicon-based technologies which leads to low cost. This material is
nontoxic, abundantly available, and good in absorbing a wide range of light including even
weak light spectrum. Due to lower fraction of silicon in this technology, its efficiency
decreases.

3.1.2.2 Cadmium telluride: This contains p doped cadmium telluride along with n type cadmium
sulphide heterojunction form. This material is toxic so needs prevention methods while
manufacturing. It is beneficial in terms of less price for manufacturing.

3.1.2.3 Copper Indium Gallium Arsenide: This contains layers of copper, indium, gallium and
selenide fabricated on substrate. In this, very thin layer is needed due to higher absorption

capacity with respect to other materials.

3.1.3 Emerging Technologies

Some thin film technologies are considered as emerging technologies by National
Renewable Energy Laboratory (NREL) due to non-implementation in practical

applications and ongoing research in this field.

3.1.3.1 Organic: This technigue is subjected to organic electronics which consists of organic
polymers. These types of PV cells are light in weigh, enhancing efficiency, lifelong
performance and flexible. They confront problems regarding stability and degradation.

3.1.3.2 Perovskite: This technique deals with perovskite compound based on halide elements.
They require lead which is cheaper and easily available as well as ultra-thin layers for
absorbing solar radiations. The only problems in this are lack of stability and fast

degradation of material.
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3.1.3.3 Dye sensitized: This technique uses photoelectrochemical system which includes an anode
and an electrolyte. This material is semi flexible, less costly, and easy formation. They are

having drawbacks such as lack of chemical stability and not easily available.

3.2 Equivalent Circuit of Solar Cell

A PV cell is generally using a p and n type semiconductors for making its physical
configuration. Current and voltage relationship is given by

Ji = Jolexp (=) — 1] (1)

KbTo

When junction receives sunbeams, electron hole pairs are formed leading to flow of
current. The final current is obtained by subtracting light generated current from normal diode
current. Figure 3.3 shows solar cell equivalent circuit. JL acts as a current source and net
current J is given by

J =JL—Ji=]L-Jo[exp (&) — 1] @)

KbTo

L ® l J [PRL v

Figure 3.3 Equivalent Circuit of a Solar Cell

Reduction can be done in the cell voltage drop and internal resistance for an ideal
cell is assumed to be zero i.e., Rs = 0. Figure 3.4 provides current density vs voltage plot.

The open circuit voltage VVoc for the ideal cell is then given by

Voc = (%) In [j—i + 1] 3)
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Figure 3.4. A Typical J-V Plot of Ideal Solar Cell

As JL>>Jo, Voc will be

Voc = X272 1 2L 4

Qe " Jo

The maximum power is given by

Pmax = Vmp.Jmp (5)
The maximum efficiency is given by

_ Vmpjmp
- Psun (6)

3.3 Simulated Model of PV Module

The PV network contains five panels concatenated in series which leads to the formation of a
cord and five of these strings makes a parallel connection. Thus, 5x5 PV system includes 25
panels and 4.5 kW power capacity. Table 3.1 gives description of PV panel. To the explain the
properties and control of electrical curves, equation 7 to 11 are used here. These equations have

an important part in the formation of a panel and giving electrical curves.
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Table 3.1 PV Module Specifications

PV Model TP 180

Module Dimension 1587mmx790mmx50mm

Module Weight 16kg

Pmax 180W

VMPP 35.8V

IMPP 5.03A

Voc 43.6V

Is 5.48A

Number of Cells 72

__ [Is+Ks(To-298)]IRD
Ip = 1000 (7)
Ego.(—-1
Io = Ir(To/Tn)3exp (M) 8)
D.Kb
Is
Ir = exp[(Q.Voc)/(D.N.Kb.To)] 1 ©)
Ish = V+I1.Rse (10)
Rsh

_ [Q.V+Q.I.Rse]

I = |p— lo [m] — Ish (12)

1000 Lc} A

OT _‘E

=l 1]

PV Module Power

Figure 3.5 Simulated Circuit of PV Module
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Figure 3.6 Subsystem of PV Module

The panel is illustrated and processed as indicated in figure 3.5. The subsystem is
represented in figure 3.6. The electrical curves are presented by figure 3.7 and 3.8.

14U Curve

ment (A)

2
Vottage (V)

Figure 3.7 Simulated 1-V Graph

P-U Curve

Voltage (V)

Figure 3.8 Simulated P-V Graph
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CHAPTER 4
TYPES OF PV CONFIGURATIONS

Various types of PV topologies have been studied and examined under different shading scenarios.
Figure 4.1 gives the brief introduction about various configurations based on different parameters

— conventional configurations, hybrid configurations and puzzle-based configurations.

PV array Configurations

v

i ) le based
Conventional Hybrid Puzz_e ase
Configurations Configurations Configurations

J/
» Series (S) » SP-TCT —»| Ladder
Parallel (P) » BL-TCT » PRMFEC
»| Series Parallel (SP) HC-TCT »| Futoshiki
Dominance
> i BL-HC >
»| Total Cross Tied (TCT) > Square (DS)

A 4

Bridge Link (BL)

\4

Latin Square (LS)

Honey Comb (HC)

4

Odd/Even

v

Fibonacci Skyscraper

Competence
Square (CS)

A4

\ 4

SuDoKu

Magic Square (MS)

Figure 4.1 Categories of PV Array Topologies
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4.1 Conventional Configurations

4.1.1 Series (S): The authors focused on the shadowing effect on electrical curves of a
panel in series connection. It is noticed that shaded area of a module makes strong impact
on behavior of electrical curves. Real time work is done in the paper [1] for series panels
at different irradiation levels and temperature levels. The loss in power accounts for 22%
for varying irradiance. The authors of [2] applied a model for showing the wellness of
adopted model. In paper [4], 30 panels are taken into account which are in series connection
at various shading conditions. The real time results depicts that the losses due to shading
are dependent upon connection of bypass diode. Also, Global Maximum Power Point
(GMPP) obtained highest peak at 70mW. The authors of [5] have taken 8 shading cases at
irradiance from 130 to 992 W/m?.

The performance analysis under distinct shadowing conditions is discussed in [8]
which contains eighteen panels in series. The paper [9] provides a practical study based on
3 panels at distinct irradiance. By following this, the maximum value of GMPP is 180W.
Both hardware and software-based study is performed in [10] by considering 3 panels in
series connection at irradiation 220-890 W/m?. Moreover, boost configuration is
implemented for reducing error upto 0.56% in GMPP. The authors of [16] uses SP topology
including 72 solar cells at non-uniform irradiation level. The simulated results depict that
SP topology develops maximum power of 300W and minimum losses. 25 panels are
considered in [17] for practical analysis under different shading cases. The authors of [23]
proposed a practical set up under which 4 panels in series connection are compared with
software results. Only 0.8 % error occurs between the two results. Similarly, in paper [28],
60 cells are considered under 25%, 50%, and 75% shading and their results are compared
with experimental values for all shading scenarios. The series connection is presented in

figure 4.2.
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Figure 4.2 Series Configuration

4.1.2 Parallel (P): MATLAB/Simulink model has been applied in [1] for studying and
analyzing the functioning of parallel connection. The authors of paper [9] uses a model
containing 3, 4 and 8 panels for forming a configuration — SP, P and multi-string for
evaluating the impact of shades on working of an array. The GMPP is maximum in SP
topology. The simulated model is studied in [10-11] for examining 3x2 array which is
connected in S and P topologies under all shading cases. The P configuration achieve
GMPP of 2350 W at irradiance 132-729 W/m?. A practical set up is implemented in [18]
on 4 panels in three different configurations: S, P, SP. This is done to determine the
functioning of PV system at various shading cases. The maximum GMPP is 954.88 W for
P topology at irradiance 750 W/m?-1160 W/m?. The authors of [21] implemented 6x9 array
for estimating impact of shading on S and P configuration at irradiance 100 W/m?to 1000
W/mZ. It is visible by results that P connection has highest GMPP. The parallel connection
is presented in figure 4.3.

1 E2 B B4 6 ]

Figure 4.3 Parallel Configuration

4.1.3 Series Parallel (SP): By considering only S or P topology, it is almost impossible to
enhance voltage and current range simultaneously. Thus, S and P together form SP which
contains advantages of low price and losses. Five panels are joined in series creating cord
and five of these cords are joined in parallel to extract SP topology as shown in figure 4.4.

Many peaks occurred in case of series connection while single peak occurs in parallel
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connection at shading conditions. SP is widely used topology as it is simple to implement.

The whole power is improved but its performance is lacking under shadowing conditions.

] [

557
21| [22] [23] [24] [25
34| [35
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E 54| [55

[ I I

]

Figure 4.4 Series Parallel Configuration

The authors of [2] provides current experimental data based on hardware and
software model. It contains a 3x3 and 4x4 array for analysis and the highest GMPP is
125W. The PV panel undergoes mathematical modeling in [19], which consider 4x3, 6x5,
6x6 PV array connected in SP configuration. The MPP is tracked at uniform irradiation for
all the arrays. In addition to it, hardware-based calculation is also done to verify the
software results. In paper [30], 2x2 and 2x3 arrays are taken in SP configuration via
hardware. According to obtained results, the highest value of GMPP is 40W at insolation
100-1000 W/m?,

4.1.4 Total Cross Tied (TCT): TCT connections are difficult to apply with respect to SP.
It includes rows and columns which are crossly connected as depicted in figure 4.5. Various
insolation’s are also shown in the figure. TCT technique overcomes problems of SP
configuration under shading scenarios but it goes through a disadvantage in case of total
ties leading greater cable losses. TCT is divided into two categories: Bridge Link and

Honey Comb.
i b2 63 64 3
31 2 69 bl bs
4 [ b9 b b
51] [52]

Figure 4.5 TCT Configuration
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4.1.4.1. Bridge Linked (BL): BL is named so as it is based on bridge rectifier
structure. It is one of the classifications of TCT which has overcome the drawback
of a greater number of ties. It also has a merit of reduction in time of wire
furnishing. Its drawback is that it severely affects total power at shade cases. The

following connection is shown in figure 4.6.

Figure 4.6 Bridge Link Connection

4.1.4.2. Honey Comb (HC): The HC is based on honeycomb structure. It is similar
to BL except the connection of ties as shown in figure 4.7. It has a merit of lower
output power losses and a disadvantage of unable to reduce power losses under all

shading conditions.

Figure 4.7 Honey Comb Configuration

The authors of [6] considered TCT which achieves highest GMPP of 1528W at
solar irradiance 250- 1000 W/m?2. The array of 20x3 is taken in [7] for SP and TCT
connections using MATLAB/Simulink and their performance are evaluated under varying
irradiations. The 3x3 array is used for 4 conventional topologies in paper [14]. The authors
of [20] uses simulated model of SP and TCT to check their performance under various
shadows. The obtained results provide the GMPP data as 140W at at irradiation level as
332.63-560.60 W/m?. The practical set up of BL and TCT is applied in [25] under 10
different shadowing effects. The hardware result clearly indicates that TCT has maximum
GMPP of 678.40W at insolation of 289-992 W/m?2. The authors of [26] make a

comprehensive study on various conventional configurations with respect to different
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shading. The 6x4 array is considered for performance evaluation by taking into account the
following features: output power, FF and voltage. The GMPP is 1446W for TCT at
irradiation 300-1000 W/m?. The reconfiguration-based configuration is considered along
with conventional topologies to determine the GMPP. Five shading cases are taken to be
implemented on all topologies and the highest GMPP of 180W is obtained for TCT
connection. In [34], a 4x4 simulated model are considered under 2 different shades
including five and four cases respectively. At 200-1000 W/m? irradiance, TCT is superior

with respect to remaining configurations.

The authors of paper [53] uses experimental and simulated data for evaluating
conventional configurations. The GMPP of 400W is verified for TCT configuration under
all shading cases. The 3x3 array is taken in [61] for obtaining output power at irradiance
of 380-710 W/m?. The use of electromechanical relay and embedded system deals with the
switching of SP to TCT. In [73], comprehensive study is done due to deficiency of non-
uniform solar insolation of 400-1000 W/m?2. The multiple peak array case is evaluated
based on different configurations.

4.1.5 Fibonacci: The panels based on Fibonacci number are plotted by the arrangement of
leaves on plant. They have been presented as a way of fast collecting sun’s energy all over
the day. In a Fibonacci number of modules, it is necessary to connect the solar cells of each
PV panel in series in order to obtain high output voltage. However, series connection of
this type can also decrease the measure of electric power yielded by the Fibonacci number
modules if the shadows produced by panels fall on those receiving sunlight. Basically,
Fibonacci number PV modules is a structure in which PV panels are arranged like leaves
of plants based on Fibonacci sequence. The angle between successive leaves is determined
by phyllotaxis, which is expressed by the Fn term of Fibonacci sequence and term Fn+2
thereafter. The phyllotaxis of a Fibonacci number of PV modules is 1/3, 2/5, 3/8 and so on.
The numerator of phyllotaxis represents number of leafs turns, and the denominator
represents the number of leaves. The degree of opening in 1/3 leaf order is 1/3 * 360° =
120°. Figure 4.8 shows a schematic diagram of a Fibonacci number of PV modules in which
six solar panels are attached to the center pole following the above mentioned phyllotaxis.
Each solar cell panel has a sector shape with a center angle of 120°. Previous reports have

43




shown that the amount of power generation of a Fibonacci number of PV modules per unit
of installation area increases when compared to a conventional planar installation. More
specifically, the quantity of power yielded for two exactly same levels with 1/3 phyllotaxis
is 1.5 times that obtainable with a PV panel installation on a flat surface. A Fibonacci

number of PV modules that mimics this leaf arrangement has the following features:

e The number of stages in the Fibonacci number PV modules system can be
enhanced.

e Light reflected by the PV cell surface can also use via other PV cells.

e It is necessary to take into consideration the influence of the shadows the
PV cells cast on each other.

e A Fibonacci number of PV modules is vegetation friendly because its
reduced area means that it will cast less shadow on the area around it over
course of the day and is thus suitable for solar sharing.

The biggest challenge facing Fibonacci number PV modules use is the reduction in
power generation that occurs when the shadows of the upper-level solar panels fall on the

lower panels.

First
Stage

Second
Stage

Figure 4.8 Fibonacci Number PV Modules

4.2 Hybrid Configurations

4.2.1 SP-TCT: In paper [35], software model is created and investigated for conventional

and novel configurations. The 5x4 and 9x4 arrays are considered and as per results GMPP
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is 2733W at 350-1000 W/m? irradiation for non-symmetric 1 (NS1) topology. Figure 4.9

shows the connection pattern of SP-TCT.

1,11,3@
24] [22] [23] [24] [25

Figure 4.9 SP TCT Connection Pattern
4.2.2 BL-TCT: This configuration is novel in its kind and is formed by alternately
connecting two columns of array in TCT configuration and next two columns in BL
configuration. This is shown in figure 4.10. In 5x5 TCT PV configuration, the total number
of cross ties are 16 which are more and hence requires more wires for connection. In this
PV configuration an attempt is made to reduce the requirement of wires thereby reducing
its complexity but still maintaining its performance better than BL and HC PV
Configuration with respect to extracting largest power under shading cases and at par with

TCT PV configuration.

Tl 1,2

i

3.1
41| |a
1

2,1 2,2

1

52
|

Figure 4.10 BL TCT Connection Pattern

4.2.3 HC-TCT: The modification of BL topology leads to HC topology HC-TCT which
contains merits of TCT and HC. The TCT contains double number of ties as compared to
HC. However, all modules in an array occupies same behavior and each topology provides
same power in case of absence of mismatching. When mismatch occurs, one topology can
perform well with respect to remaining topologies. The functioning of the HC method is
matchable to TCT and hybrid configurations. HC sometimes act better than the other
conventional configurations. For obtaining the wider view of HC array under shading

cases, the mathematical evaluation is necessary at general operating conditions. Thus, the
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focused 4 x 5 HC pattern is taken as shown in figure 4.11 for analysis. This concept can be

widespread among all shading scenarios.

2] [22] [23] [24] [29]
3] [34] [s9]

|

Figure 4.11 HC TCT Connection Pattern

4.2.4 BL-HC: The BLHC topology can minimize the demerits of other conventional
configuration like lesser number of series panels. In this configuration, the panels are
joined in a similar way as TCT except first-row panels. The panels are connected together
for obtaining the required output voltage. The number of series panels got reduced than
other conventional configurations. Thus, the mismatch losses are lower than others and
somewhat greater than TCT connection. The simulated results provide electrical
characteristics at different shadowing cases. Figure 4.12 shows the connection of BL-HC.

Figure 4.12 BL HC Connection Pattern

4.3 Puzzle based Configurations

4.3.1 Ladder (LD): In[72, 73, 75], in addition with conventional topologies, the paper has
included ladder method as in figure 4.13 for functioning evaluation for irradiance from
300W/m? -1000W/m?. The adequate performance index is noticed and seemed that hybrid
and ladder topologies perform better at all environmental cases.
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Figure 4.13 Ladder Configuration

The ladder pattern can defeat the demerits of bridge link and series parallel
connections. The final structure seems as a ladder, thus named ladder configuration. The
total current of PV system is addition of all module currents. This arrangement does not
have any modules joined in series while rows are concatenated in series. Thus, the
mismatch loss is lower than the bridge link, and series parallel and greater than TCT, honey

comb and other hybrid topologies.

4.3.2 Physical Relocation of Module with Fixed Electrical Connections (PRM-FEC)
Shade Dispersion Method: An advantage of shade spreading is taken care in this method.
The spreading restricts large amount of shade in a single row or column. As far as
connections are concerned, they are matched with the connections of TCT but panels are
relocated to a new position. The shading panels along with shading scenarios that are
different from TCT and SP are shown in figure 4.14. A problem that occurs in this method
is complexity in implementation because of panels relocation which finally enhances the
price of wires. This method uses algorithm based on odd row. To obtain the desired results,
repetition of row elements or column elements are not considered in this method. The

following steps are taken for creating PRM-FEC configuration which includes equations

(1)-(25).

1,114,2|12,3|5,4|1,5
2,15,2(3,3(1,4(2,5
3,1(1,2(4,3(2,4(3,5
4112,2(153(3,4(4,5
51(3,2(1,3(4,4|5,5

Figure 4.14 PRM-FEC Pattern
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1. The data of 1% column is determined by equations (12)-(16).

Rowl =11 (12)
Row2 = 2,1 (13)
Row3 = 3,1 (14)
Rowd4 = 4,1 (15)
Row5 = 5,1 (16)

2. The data of 2" column is determined by equations (17)-(21). Here h = r/2, r represents
total rows and, i=1, 2, 3, 4, 5.

Rowl =h+i,2=4,2 @an
Row2 =h+i,2=5,2 (18)
Row3 =h+i-r,2=1,2 (19)
Row4 = h+i-r,2=2,2 (20)
Row5 = h+i-r, 2 = 3,2 (21)

3. The data of 3" column is determined by equations (22)-(26).

Rowl =2,3 (22)
Row2 = 3,3 (23)
Row3 = 4,3 (24)
Row4 = 5,3 (25)
Row5 = 1,3 (26)

4. The data of 4™ column is determined by equations (27)-(31).

Rowl = 5,4 @27)
Row2 = 1,4 (28)
Row3 = 2,4 (29)
Row4 = 3,4 (30)
Rows5 = 4,4 (31)
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5. The data of 5™ column is determined by equations (32)-(36).

Rowl = 1,5 (32)
Row2 =25 (33)
Row3 = 3,5 (34)
Row4 = 4,5 (35)
Rows5 = 5,5 (36)

4.3.3 Futoshiki: This is a logical puzzle which can be solved till 9x9 matrix. The
comparing signs are used to calculate the elements of futoshiki. For obtaining the elements
at primary stage, extract the digits using symbols in futoshiki puzzle. A 5x5 matrix is taken
so a single sign of greater following next cell, then the highest cell should be 2,3,4,5 and
lowest cell should be 1,2,3,4. The condition a>b>c is essential for obtaining the elements
of puzzle. For example, if a is at 3 then ¢ must not be > 3. The general rules of SuDoKu

are also helpful in futoshiki pattern.

The evaluation of 5x5 and 4x4 arrays is done for TCT and futoshiki pattern at
distinct shading transitions [33]. The results of configurations are calculated, compared

and verified practically. The following method is described by figure 4.15.

1,1(4,2|3,3(54|2,5
21|52|43(3,4|1,5
3,1(2,2|5,3(1,4|4,5
51(1,2|2,3(4,4|3,5
4,1(3,2(1,3(2,4|55

Figure 4.15 Futoshiki Pattern

4.3.4 Dominance Square (DS): This method goes through dominant square pattern for
placing the digits in the matrix. Dominance square is a logical puzzle that arranges letters
and digits in sequence. In a 5x5 matrix, the sequence is given in figure 4.16. The placement
of digits/alphabet in this method shown in figure 4.17. Four rules are necessary for
determining the elements of DS. They are:
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1: As per this step, the alphabets are placed in diagonal position with respect to its previous
place. The starting place all can be randomly selected in any row in third column. In this

thesis, the starting position is implemented at fourth row for all shading scenarios.

2: Now after applying first step if there is a limit extension of column then the locations
sequence will get resume from the consecutive column. The sequence of row during this

procedure remains same.

3: In case there is a limit extension of row, then location sequence starts from successive

row. The sequence of column during this procedure remains same.

4: Now if location of alphabet is already filled then the next positioning of alphabet should
be immediate left of present place. Thus, shade dispersion is done via DS arrangement. The
logical riddle of DS is used as reconfiguration technique in this thesis. The flowchart is
shown in figure 4.18.

aq1(a12|a13|a14|a15

b1 |b22|b23|bag |bos

€31(€32|C33|C34(C35

dyq|dgp|dgz|das|das

€51|€52 (€53 €54 | €55

Figure 4.16 Alphabetical 5x5 Matrix

c31 (€54 |b22|daq|a13

aq4|C32|es55|bo3|dg2

d43|aq5|c33|es51|b2s

bos|d4q|a11|C34 |52

es53|b21|dsa5|a12|c35

Figure 4.17 DS Puzzle Reconfigured Matrix

Using DS puzzle, solar PV system can be reconfigured for obtaining MPP under
any type of shading. The first integer and second integer of every panel presents row and
column location respectively. To determine the impact of this technique, a5 x 5 TCT
matrix is reconfigured by chasing dominance square pattern and it is shown in figure 4.19.

By implementing this puzzle, shade dispersed is achieved and it is in figure 4.20.
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Figure 4.19 Reconfiguring Process
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3,1(5,4(2,2(4,5(1,3
1,4(3,2(55(2,3|41
4,2|11,5|3,3(51(2,4
2,5|4,3|1,1(3,4(5,2
53(2,1({4,4(1,2(3,5

Figure 4.20 Dominance Square Pattern

4.3.5 Latin Square (LS): Figure 4.21 contains the novel method of LS riddle-based
topology, where the locations of panels are rearranged as per revised TCT, without altering
the electrical connections. The first integer and second integer of every panel presents row
and column location respectively. It is an old riddle in which integers are placed in a
specific row and column. Also, every symbol occurs once in every row or column. This
has a property containing greater dispersion of shade via reconfiguration at distinct shading

scenarios.

1,1(5,2(4,3(3,4|2,5
2,1|1,2(5,3|4,4(3,5
31(2,2(1,3|5,4(4,5
41(3,2|2,3(1,4|55
51(4,2(3,3|2,4[1,5

Figure 4.21 Latin Square Pattern
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| Define PV array size (5x5) based on LS puzzle l

l

’ Divide 5x5 matrix into sub matrices [A],[B].[C],[D].[E] ‘

]

I Partially filled rows and columns of sub matrices l

]

| Assign the integer numbers in empty cells in sub matrices ‘

If
repeated one diagonal
elements are found in 5x5,
matrix

| Backtracking in identified sub matrices

I LS puzzle is created |

Figure 4.22 Latin Square Flowchart

4.3.6 Odd/Even (OE) structure: The parameters that are used for determining effective
performance of an array are maximum power, power losses and fill factor. These features
are determined for updated SuDoKu based on TCT configuration. An extensive
comparison is followed under shadowing conditions and noticed that the revised SuDoKu
method increases the GMPP by 26.9%, 30.3%, 30.8%, 16.8%, 4.2%, and 6.3% as
compared to conventional configurations and SuDoKu method of an array [62]. The
dispersion of shading scenario decreases the effect on the performance of PV system. For

obtaining good amount of shade dispersion, Odd/Even methodology is considered.

The presented technique is separated in two stages. The first part includes the way
in which panels are connected. The connections are identical as in case of TCT

configuration. The second part contains the steps used for locating the panels.
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Let’s consider matrix as p by q, i.e., there are p rows and ¢ columns. Every module
has a unique identity defined as M ij, wherei=1,2,3...p and j= 1,2,3...q indicates elements

of row and column respectively.

A 5x5 matrix is chosen for evaluation of Odd/Even method. The panels in presented
method are relocated such that odd panels rows and odd panels column are located first
followed by odd panels rows and even panels column. Figure 4.23 shows the Odd/Even

pattern.

1,1]3,1]5,1]1,4(3,4
2,1(4,3|2,5(2,2(4,2
1,3|3,3(5,3(1,25,2
2,3(4,1]4,5(2,4]4,4
1,5/3,5(5,5(3,2|5,4

0dd-Odd/Odd-Even

Even-Odd/Even-Even

0dd-Odd/Odd-Even
Even-Odd/Even-Even
0dd-Odd/Odd-Even

(R

Figure 4.23 Odd/Even Pattern

4.3.7 Skyscraper puzzle: To evaluate the procedure of skyscraper puzzle, a 5x5 matrix
considers height of rearranged blocks. It is important that height based visible blocks
should be highlighted on every side of an array. For placing blocks in the 5x5 matrix, rows
are represented by subscript m and columns are represented by subscript n. Where, m

provides total rows and n provides total columns.

This riddle is used to calculate the heights of a blocks of buildings. The visible
blocks are identified by numbers at the edges of the block. Taller grids restrict the view of
shorter grids behind them. Every row and column must attain exactly 1 building of each
height.

Step 1: Evaluate the dimensions of the skyscraper riddle and the total grid heights
accessible. In few cases, these are identical and the whole grid is loaded with skyscrapers.
While for others, voids may occur. The difference between rows length and total heights
is used to determine number of voids in every row. For instance, in figure 4.24, five

building heights are there and in 5x5 matrix there is one void in every row and column.
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N oW oW =N
N s s oW W

Figure 4.24 Step 1 for Creating Skyscraper Puzzle

Step2: Notice the boundaries. The highest building will restrict all in that particular row or
particular column and thus unable to be located next to any number except one. If digit one
occurs repeatedly in a particular row, then one among them should be void. As in this
instance, there are four building heights and every row and column. The place where void
has to be located provides one step forward towards the solution. Figure 4.25 shows the
implementation of step 2.

2 4 1 3 3

Now oW SN

N s s o

4

2 1 3 2 2

Figure 4.25. Step 2 for Creating Skyscraper Puzzle

Step3: Now other places have to be found which includes building and then mark the grids
as given in figure 4.26. If a building is of greatest height, then there should be equal number

of buildings between it and each boundary as total buildings seen from that boundary.

2 4 1 3 3

4

4

N w2 N

N s s o W

Figure 4.26 Step 3 for Creating Skyscraper Puzzle

Step 4: Determine rows and columns from which building order can be calculated. If the
condition occurs such that total seen buildings equals number of building heights, then they
should be in enhancing height. If the places of all voids in that particular row or column
are also specified, then that particular row can be completely solved. Figure 4.27 shows

creation of step 4.
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Figure 4.27 Step 4 for Creating Skyscraper Puzzle

Step 5: Now some of the rows and columns are already filled and remaining voids have to
be filled by missing numbers. For instance, the 2nd row may be either 4123 or 4132, but
4132 has three buildings seen from the right. Thus, the right boundary should be at height

2, as it can not be empty. Step 5 creation is given in figure 4.28.

Now W =N

N s oA o W

- Sl N -

2 8 2 Z

Figure 4.28 Step 5 for Creating Skyscraper Puzzle

Step 6: The other higher buildings should be placed around the boundaries. For instance,
as maximum height is 4, a 3 may be placed on a boundary where the total seen buildings

is 2. Figure 4.29 shows the implementation of step 6.

4 1 3 3

4

Slw | N

2

N W W =N

N s o o W

3

N N L

2 3 2 2

Figure 4.29 Step 6 for Creating Skyscraper Puzzle

Step 7: By locating 3 & 4, the upper most row should be 3421 in which 3 buildings are
seen from the right and 1% column should be 3412 in which 2 buildings are seen from
below. Mark the rows and columns in which constraints are matched. Figure 4.30 presents

implementation of step 7.
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Figure 4.30 Step 7 for Creating Skyscraper Puzzle

Step 8: Notice the mostly filled and use LS constraint to locate rest of the buildings of same
height. Figure 4.31 shows creation of step 8.

Z 4 X 3 %

Zz 3 4 [E2E ¥

x 4 |1 2 3

3 2 1

3 3|2 1

Zz 2 | 4 3 z
Z x 3 2% 2

Figure 4.31 Step 8 for Creating Skyscraper Puzzle

Step 9: Find the elements to be filled in voids. For instance, the 4th row has 2 buildings
seen from the left. Thus, the voids of 3rd and 4th rows can be calculated. The step 9 is

shown by figure 4.32.

Z A4 1 3 ¥
Z | 4 [NZRINEN 3
x| 4|1 2| 3
3 2 4 1
3 |43 (2|4 1
z |2 4 N Z
Z ¥ 3 2 &%

Figure 4.32 Step 9 for Creating Skyscraper Puzzle

Step 10: The total seen buildings from bottom can be used for finding rest of the elements.
Figure 4.33 shows the processing of step 10.

Z 4 x 3 %
Zz 3 4 [[ou|n ¥
x 4 (1|3 2 3
3 2 [NaNinsa 4 1
3 11324 1
Zz 23 4 113 Zz
Z % 3 2 7

Figure 4.33 Step 10 for Creating Skyscraper Puzzle
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The final skyscraper puzzle is created by following 10 steps and shown by figure 4.34.

31514 |2]1
4 1|3 ([5]|2
5|12|1|3]| 4
113 (2|45
2|1 4(5|1]|3

Figure 4.34 Skyscraper Puzzle

4.3.8 Competence Square (CS): The CS opts a logical digit placement which places
letters/digits for m x n matrix. In this, placing numbers indicates locating alphabets and
numbers in a specified sequence. The 5x5 matrix can be revised via CS puzzle by using

following rules.

1: Firstly, the module located at all is transferred to a22. This can be selected randomly
all over an array according to shading scenario.

2: While going through placing the alphabets, if limit of a row m>5 then start filling the

elements from next row with first column.

3: Similarly, if limit of a column n>5, then start filling the elements from next row with

first column.

4: If in case, a place is already occupied then locate the alphabet in the same row at the

position which is near to it.

The alphabetical matrix which is created by following the rules is shown in figure

4.35 and the complete competence matrix is given by figure 4.36.

ai1|aqz2(a13|a4|a15

b21|bga|ba3|bog|bos

€31|C32(C€33|C34|C35

dyq|dgp|d43|dag|das

€51 |€52|€53|€54 €55

Figure 4.35 Alphabetical Matrix
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2,5|3,5|4,5(55(1,5
51|1,112,1(3,1(41
3,2|14,2|5,2(1,2(2,2
1,312,3(3,3(4,3|5,3
44(5411,4(|2,4(3,4

Figure 4.36 Competence Square Pattern

4.3.9 SuDoKu: This provides method based on logic but it is difficult to implement. A 5x
5 matrix is taken for SuDoKu TCT topology in which 1% number indicates row and 2nd
number indicates column as shown in figure 4.37. As far as performance is considered,
SuDoKu is better even at shading transitions. The rearrangement of panels is limited by

enhancement of wires cost.

51(4,2(3,3|1,4(2,5
21(1,2|53(3,4(4,5
1,1(3,2|12,3|4,4|55
4112,2(1,3|5,4|3,5
3,1(5,2(4,3|2,4(1,5

Figure 4.37 SuDoKu Pattern

4.3.10 Magic Square (MS): The MS is a special pattern such that summing of elements
of every row, every column and diagonals provides identical number known as magic
number. The 1% integer indicates row and 2nd integer indicates column. In this topology,
connections are unaltered and modules get reconfigured as given in figure 4.38. MS
performs well with respect to other topologies at different shading scenarios but because
of reconfiguration, its implementation is a tough and thus its cost enhances. The equations

(37)-(61) explains elements of this topology. The steps are as follows:

1. The data of 1% column is determined by equations (37)-(41).

Rowl=1,1 (37)
Row2 =2,1 (38)
Row3=3,1 (39)
Row4 = 4,1 (40)
Row5 = 5,1 (41)

2. The data of 2" column is determined by equations (42)-(46)
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Rowl =42
Row2 = 5,2
Row3=1,2
Row4 =2,2
Rowb = 3,2
3. The data of 3" column is determined by equations (47)-(51)

Rowl =2,3
Row2 = 3,3
Row3 =43
Row4 =5,3
Row5=1,3
4. The data of 4™ column is determined by equations (52)-(56)

Rowl =54
Row2 =1,4
Row3 =2,4
Row4 = 3,4
Rowb =44
5. The data of 51 column is determined by equations (57)-(61)

Rowl = 3,5
Row2 =45
Row3 =55
Row4 =15
Row5 = 2,5

1,114,212,3|5,4(3,5
2,1(5,2(3,3(1,4(4,5
3,1(1,2|14,3|12,4|5,5
4,1(2,2(53(3,4(1,5
51(3,2|11,3|14,4|2,5

Figure 4.38 MS Puzzle
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CHAPTER 5

ANALYSIS OF CONFIGURATIONS AT VARIOUS SHADING
CONDITIONS

5.1 Shading Patterns

The solar systems are implemented in many applications such as solar farms, standalone
solar system, building integrated PV systems and so on. The improper illumination leads
in shading. The shading may be caused due to high rise buildings, big trees, moving clouds,
moving planes etc. Even a small portion of shade can negatively affect the efficiency of
PV system. These shading losses occurs due to obstacle between panel and sun beam. As
a module gets shaded, it starting acts as a load instead of contributing as a source. The
whole power produced by unshaded panels is dissipated in the shaded panel which leads
to high losses. This is named as shading loss. The distinct configurations have gone through
five shading scenarios for evaluation. These scenarios are based on total shaded columns
and total shaded modules per column. The types of shades are: Long Narrow (LN), Short
Narrow (SN), Long Wide (LW), Short Wide (SW) as shown in figure 5.1 (a). Diagonal
pattern is also considered for 5x5 array.

5.1.1 Short Narrow Analysis: A few variations in irradiance are implemented in SN
shading case. Also, irradiance selected in this case is narrow, therefore its effect is less and
its GMPP is in narrow bandwidth. The short narrow case is represented in figure 5.1 (b).

5.1.2 Short Wide Analysis: A wide shade case is implemented which shaded last 2 rows
of PV system. The short wide scenario in an array is shown in figure 5.1 (c). The 1% three
rows constantly receive 1000 W/m? and the rest 2 rows receives 300 W/m? in first two

columns, 600 W/m?2 in third and fourth column and 800 W/m? in fifth column.

5.1.3 Long Narrow Analysis: The shading of last two columns matches the case of long

narrow of PV system as in figure 5.1 (d). In this case, the panels of 1% three columns and
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1% two rows receive 1000 W/m? and the remaining panels receive 300 W/m?, 600 W/m?
and 800 W/m?,

[]

1000 W/m?2

OO0 EH .

300W/m?2 600 W/m? 800 W/m?

A
i Short Long
Width Wide Wide
Short Long
Columns| Narrow | Narrow
Length ~ Rows ”
(@) (b)
(c) (d)
B) ®

Figure 5.1 (a) Shading Patterns (b) SN (c) SW (d) LN (e) LW (f) Diagonal

5.1.4 Long Wide Analysis: A wide variations in irradiance are implemented in long wide
case as in figure 5.1 (€). The 1% two rows and 1% two columns receive 1000 W/m? and
remaining modules receive 300 W/m?2, 600 W/m? and 800 W/m?.

5.1.5 Diagonal Analysis: A diagonal shade shown in figure 5.1 (f) is formed with distinct
irradiations. In this, only diagonal elements receive shading of 300 W/m?, 600 W/m? and
800 W/m?.

5.2 Analysis of Different Configurations

5.2.1 Series Parallel (SP): Many peaks occurred in case of series connection while single

peak occurs in parallel connection at shading conditions. SP is widely used topology as it
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is simple to implement. The whole power is improved but its performance is lacking under

shadowing conditions. The SP pattern defining various shades is shown by figure 5.2.

[]

1000 W/m?

0 BEH .

300W/m2 600 Wim? 800 W/m?

Figure 5.2 (a) SP Connection (b) SN (c) SW (d) LN (e) LW (f) Diagonal

5.2.2 Total Cross Tied (TCT): TCT connections are difficult to apply with respect to SP.
It includes rows and columns which are crossly connected. TCT technique overcomes
problems of SP configuration under shading scenarios but it goes through a disadvantage

in case of total leading greatest cable losses. TCT is divided into two categories: Bridge
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Link and Honey Comb. The TCT configurations defining various shades is shown by figure

5.3.

1000 W/m?2
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Figure 5.3 (a) TCT Configuration (b) SN (c) SW (d) LN (e) LW (f) Diagonal

5.2.2.1 Bridge Linked (BL): BL is named so as it is based on bridge rectifier structure as

in figure 5.4. It is one of the classifications of TCT which has overcome the drawback of

a greater number of ties. It also has a merit of reduction in time of wire furnishing. Its

drawback is that it severely affects total voltage and current under shadowing conditions.
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Figure 5.4 (a) BL Configuration (b) SN (c) SW (d) LN (e) LW (f) Diagonal

5.2.2.2 Honey Comb (HC): The HC is based on honeycomb structure as in figure
5.5. It has an advantage of reduction in output power losses and a disadvantage of

unable to reduce power losses under all shades.
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1000 W/m?

0 E .
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(e) ®

Figure 5.5 (a) HC Configuration (b) SN (c) SW (d) LN (e) LW (f) Diagonal

5.2.3 Ladder: The ladder pattern can defeat the demerits of bridge link and series parallel
connections. In this, the panels of first and second column are joined in parallel, and after
those rows are connected in series as in figure 5.6. The final structure seems as a ladder,
thus named ladder configuration. The total current of PV system is addition of all module
currents. This arrangement does not have any modules joined in series while rows are
concatenated in series. Thus, the mismatch loss is lower than the bridge link, and series

parallel and greater than TCT, honey comb and other hybrid topologies.
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Figure 5.6 (a) Ladder Configuration (b) SN (c) SW (d) LN (e) LW (f) Diagonal

5.2.4 PRM-FEC: An advantage of shade spreading is taken care in this method. The
spreading restricts large amount of shade in a single row or column. As far as connections
are concerned, they are matched with the connections of TCT but panels are relocated to a
new position. The shading panels along with shading scenarios that are different from TCT
and SP are shown in figure 5.7. A problem that occurs in this method is complexity in

implementation because of panels relocation which finally enhances the price of wires.
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This method uses algorithm based on odd row. To obtain the desired results, repetition of

row elements or column elements are not considered in this method.

[]

1000 W/m?

O B .

300W/m? 600 W/mZ 800 W/m?

11[42[23]|54[15
2,1152|83[14]25
3,1]12]43[24|35
41[22(53|34|45
51]32|13[44|55

(@) (b)

(d)
422354 (15
2,1 33[14]25
3112 E%N24 (35
4,1(22|53 XN 4,5
513,213 |44

(f)

Figure 5.7 (a) PRM-FEC Configuration (b) SN (c) SW (d) LN (e) LW (f) Diagonal

5.2.5 Futoshiki: This is a logical puzzle which can be solved till 9x9 matrix. The
comparing signs are used to calculate the elements of futoshiki. For obtaining the elements
at primary stage, extract the digits using symbols in futoshiki puzzle. A 5x5 matrix is taken
as in figure 5.8 so a single sign of greater following next cell, then the highest cell should
be 2,3,4,5 and lowest cell should be 1,2,3,4. The condition a>b>c is essential for obtaining
the elements of puzzle. For example, if a is at 3 then ¢ must not be > 3. The general rules

of SuDoKu are also helpful in futoshiki pattern.
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1000 W/m?
[] [ |
300W/m2 600 Wim? 800 W/m?
1,1(4,213,3(5,4|2,5 3,3|5,4|12,5
21(52(4,3|34(15 43(3,4|1,5
3,112,2(5,3|1,4(4,5 53(1,4|4,5
5111,2(2,3|4,4(3,5 2,3(4,4|3,5
41(3,2|1,3|12,4(5,5 1,3(2,4|5,5
(a) (b)
1,114,2(3,3|5,4(2,5 1114,2(3,3|5,4(2,5
2,1(52|4,3(3,4|1,5 21(52|4,3(3,4|11,5
3,112,2|5,3
51(1,2(2,3 |}
4113,2|11,3
(d)
1,1(4,2 4,2(13,3|5,4(2,5
2,115,2 21 4,313,4|1,5
3,1 2,2 511,4(4,5
5111,2(2,3 £X323,5
4,1(3,2(1,3(2,4

(e)

Figure 5.8 (a) Futoshiki Configuration (b) SN (c) SW (d) LN (e) LW (f) Diagonal

5.2.6 Dominance Square: This method goes through dominant square pattern for placing
the digits in the matrix. Dominance square is a logical puzzle that arranges letters and digits

in sequence. The placement of digits/alphabet in this method shown in figure 5.9.
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1,1
53|2,1|4,4(1,2

(e) (f)

Figure 5.9 (a) DS Configuration (b) SN (c) SW (d) LN (e) LW (f) Diagonal

5.2.7 Latin Square: Figure 5.10 contains the novel method of LS riddle-based topology,
where the locations of panels are rearranged as per revised TCT, without altering the
electrical connections. The first integer and second integer of every panel presents row and
column location respectively. It is an old riddle in which integers are placed in a specific
row and column. Also, every symbol occurs once in every row or column. This has a
property containing greater dispersion of shade via reconfiguration at distinct shading

scenarios.
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1000 W/m?

] B .

300W/m? 600 WmZ 800 W/m?

1,1(5,2(4,3(3,4(2,5
2,1(1,2|5,3|4,4(3,5
3,1(2,2(1,3|54|4,5
4,1(3,2|2,3(1,4|55
51(4,2(3,3(2,4[1,5

1,1(5,2|4,3|3,4|2,5 1,152|14,3(3,4|2,5

21|1,2{5,3(4,4(3,5 21|1,2|53(4,4(3,5
3,112,2(1,3
41(3,212,3| ..
5114,2|3,3

(d)

4,1|3,2|2,3 35,5
42 33 24 15 51(4,2(3,3(2,4

(e) (f)
Figure 5.10 (a) LS Configuration (b) SN (c) SW (d) LN (e) LW (f) Diagonal

5.2.8 Odd/Even (OE) structure: The presented technique is separated in two stages as in
figure 5.11. The first part includes the way in which panels are connected. The connections
are identical as in case of TCT configuration. The second part contains the steps used for
locating the panels.

Let’s consider matrix as p by q, i.e., there are p rows and ¢ columns. Every module
has a unique identity defined as M ij, wherei=1,2,3...p and j = 1,2,3...q indicates elements

of row and column respectively.
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1000 W/m?

0 B .

300W/m2 600 W/m? 800 W/m?

1,1/3,1|51|1,4|3,4
2114,3|2,5|2,2|4,2
1,3(3,3(5,3({1,2(5,2
2,3|41(45(2,4(4/4
1,5/3,5|5,5|3,2|54

(d)

2,34,1(4,5 XY 4,4
55 3,2 54 1,5(3,5/5,5(3,2
(e) (f)

Figure 5.11 (a) Odd Even Configuration (b) SN (c¢) SW (d) LN (e) LW (f) Diagonal

5.2.9 Skyscraper: To evaluate the procedure of skyscraper puzzle, a 5x5 matrix considers
height of rearranged blocks as in figure 5.12. It is important that height based visible blocks
should be highlighted on every side of an array. For placing blocks in the 5x5 matrix, rows
are represented by subscript m and columns are represented by subscript n. Where, m

provides total rows and n provides total columns.
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Figure 5.12 (a) Skyscraper Configuration (b) SN (c) SW (d) LN (e) LW (f) Diagonal

5.2.10 Competence Square: The CS opts a logical digit placement which places

letters/digits for m x n matrix. In this, placing numbers indicates locating alphabets and

(e)

numbers in a specified sequence as in figure 5.13.
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1000 W/m?
] [ |
300W/m? 600 W/m? 800 W/m?
3,1/5,2|14,3|12,4(1,5 43|2,4(1,5
41(1,2(3,3|5,4|2,5 3,3|5,412,5
51(2,211,313,4|4,5 1,3(3,4(4,5
11(3,2(2,3(4,4(5,5 2,3|144|55
21|14,2|53(1,4(3,5 5,3|1,413,5
(@ (b)
3,1(5,2|14,3|12,4(1,5 3,1(5,2(14,3|12,4|1,5
41(11,2|13,3|54(2,5
5112,2|1,3
1,1(3,2|2,3|
2,114,2(5,3
(c) (d)
3,1(5,2 52|4,3|2,4(1,5
4,1 3,3(5,4|2,5
51(2,2| /13,445
1,1(3,2|12,3 X855
53 14 3,5 2114,2(5,3|11,4
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0 B .

300W/m% 600 W/m? 800 W/m?

2,5/3,5|4,55,5[1,5
51(1,1]2,1(3,1(4,1
3,2(4,2|5,2(1,2(2,2
1,3(2,3(3,3(4,3|5,3
4,4|54(1,4(2,4(3,4
(a) (b)

25(3,5(4,5|55|1,5

5111,1(2,1(3,1|4,1
3,2|14,2|5,2(1,2|2,2

(d)

3,5/45|55|1,5
51 21(3,1)|41
3,2|4,2-17401,2]12,2
1,3(2,3(3,3 X353
44154|1,4(2,4

Figure 5.13 (a) CS Configuration (b) SN (c) SW (d) LN (e) LW (f) Diagonal

5.11 SuDoKu: This provides method based on logic but it is complicated to implement. A
5 x 5 matrix is taken for SuDoKu TCT topology in which 1% number indicates row and
2nd number indicates column as shown in figure 5.14. As far as performance is considered,
SuDoKu is better even at shading transitions. The rearrangement of panels is limited by

enhancement of wires cost.
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51142133[|14|25 33|14(25
21112(53|34(4,5 5313445
1,1(32]12344 |55 23144(55
41(22)13(54(3,5 1,3(54]3,5
3,1152(43(24 |15 31152(43]124|15

@) (b)

51(42[33[14[25
21]12]|53(34[45
1.1[32[2,3
41(22[13
3,115,243
(d)
4233|1425
2,1 53|34|45
1,1 (3.2 [#EH 44|55
41(22(1,3 [CXM 35
31 52 43 3,1152]43[24
(€) (f)

Figure 5.14 (a) SuDoKu Configuration (b) SN (c) SW (d) LN (e) LW (f) Diagonal

5.2.12 MS: The MS is a special pattern such that summing of elements of every row, every
column and diagonals provides identical number known as magic number. The 1% integer
indicates row and 2nd integer indicates column. In this topology, connections are unaltered
and modules get reconfigured as given in figure 5.15. MS performs well with respect to
other topologies at different shading scenarios but because of reconfiguration, its

implementation is a tough and thus its cost enhances.
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0 B .

300W/m2 600 W/m? 800 W/m?

23[54[35
Pl 331445
432455
53(34[15
13]4425
(b)

23(54(35
331445
43
53
1,3 X
(d)

2,3|54[35
33(14]45
24|55
1228 53 XN 1,5
51 32 13 1,3 4.4
(e) (f)

Figure 5.15 (a) MS Configuration (b) SN (c) SW (d) LN (e) LW (f) Diagonal
5.3 Simulation results

Distinct shading scenarios are applied on various topologies for extracting their
performance. In this thesis, unshaded modules receive 1000W/m? irradiation while shaded
modules receives 600 W/m? irradiation. The module current and power varies with the

variation in irradiance which is described in table 5.1 — 5.5.
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Table 5.1 Evaluation of Various Topologies Based on Short Narrow Pattern

Configurations I(Amp.) V(Volt) P(Watt)
SP, TCT, BL, HC, LD lrow1 = 3.6 Im Vm 3.6 Vi Im
lrowz = 4.2 Im 2Vm 8.4 Vm Im
lrows = 5.0 Im 3Vm 15.0 Vi Im
lrows = 5.0 Im AV 20.0 Vi Im
lrows = 5.0 Im 5Vm 25.0 Vi Im
PRM-FEC lrowr = 4.3 Im Vm 4.3 Vm Im
lrowz = 4.6 Im 2Vm 9.2 Vm Im
lrows = 5.0 Im 3Vm 15.0 Vi Im
lrows = 4.3 Im 4V m 17.2 Vi Im
lrows = 4.6 Im 5Vm 23.0 Vi Im
Futoshiki lrows = 4.3 Im Vm 4.3 Vm Im
lrowz = 4.6 Im 2Vm 9.2 Vm Im
lrows = 5.0 Im 3Vm 15.0 Vi Im
lrows = 4.3 Im 4\V/m 17.2 Vi Im
lrows = 4.6 Im 5Vm 23.0 Vi Im
DS lrowr = 4.6 Im Vm 4.6 Vi Im
lrowz = 5.0 Im 2Vm 10.0 Vi Im
lrows = 3.9 Im 3Vm 11.7 Vi Im
lrows = 5.0 Im AV 20.0 Vi Im
lrows = 4.3 Im 5Vm 21.5Vm Im
LS lrows = 3.9 Im Vm 3.9VmIm
lrowz = 4.6 Im 2Vm 9.2 Vm Im
lrows = 5.0 Im 3Vm 15.0 Vi Im
lrows = 5.0 Im AV 20.0 Vi Im
lrows = 4.3 Im 5Vm 21.5Vm Inm
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OE

Skyscraper

CS

SuDoKu

MS

lrow1 =4.3 Im
lrowz = 4.6 Im
lrows = 4.3 Im
lrows = 4.6 Im
lrows = 5.0 Im

lrow1 = 4.6 Im
lrowz = 5.0 Im
lrows = 4.3 Im
lrows = 4.6 Im
lrows = 4.3 Im

lrow1 = 4.6 Im
lrowz = 4.3 Im
lrows = 4.3 Im
lrows = 5.0 Im
lrows = 4.6 Im

lrows = 4.6 Im
lrowz = 4.6 Im
lrows = 5.0 Im
lrows = 4.3 Im
lrows = 4.3 Im

lrow1 =4.3 Im
lrowz = 4.6 Im
lrows = 5.0 Im
lrows = 4.3 Im
lrows = 4.6 Im

Vi
2Vm
3Vm
4Vm
S5Vm

Vm
2Vm
3Vm
4V
SVm

Vm
2Vm
3Vm
4Vm
S5Vm

Vm
2Vm
3Vm
4V
SVm

Vm
2Vm
3Vm
4V
SVm

4.3 Vm Im
9.2 Vm Im
129 Vm Im
18.4 Vi Im
25.0 Vi Im

4.6 Vi Im
10.0 Vi Im
129 Vm Im
18.4 Vi Im
21.5Vm Im

4.6 Vm Im
8.6 Vi Im
129 Vm Im
20.0 Vi Im
23.0 Vm Im

4.6 Vi Im
9.2 Vm Im
15.0 Vi Im
17.2Vm Im
21.5Vm Im

4.3 VmIm
9.2 Vnm Im
15.0 Vi Im
17.2Vm Im
23.0 Vm Im
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Table 5.2 Evaluation of Various Topologies Based on Short Wide Pattern

Configurations I(Amp.) V(Volt) P(Watt)
SP, TCT, BL, HC, LD lrows = 5.0 Im Vm 5.0Vm Im
lrowz = 5.0 Im 2Vm 10.0 Vi Im
lrows = 5.0 Im 3Vm 15.0 Vi Im
lrows = 2.6 Im AV 10.4 Vi Im
lrows = 2.6 Im 5Vm 13.0 Vi Im
PRM-FEC lrows = 4.6 Im Vm 4.6 Vi Im
lrowz = 4.3 Im 2Vm 8.6 Vi Im
lrows = 3.9 Im 3Vm 11.7 Vi Im
lrows = 3.7 Im 4V m 14.8 Vi Im
lrows = 3.7 Im 5Vm 18.5 Vi Im
Futoshiki lrow1 =3.9 Im Vm 3.9 Vn Im
lrowz = 4.2 Im 2Vm 8.4 Vm Im
lrows = 4.1 Im 3Vm 12.3 Vi Im
lrowsa = 3.9 Im AV 15.6 Vi Im
lrows = 4.1 Im 5Vm 20.5 Vm Im
DS lrows = 4.2 Im Vm 4.2 Vm Im
lrowz = 3.6 Im 2Vm 7.2 Vm Im
lrows = 4.4 Im 3Vm 13.2 Vi Im
lrows = 3.9 Im 4\V/m 15.6 Vi Im
lrows = 4.1 Im 5Vm 20.5Vm Im
LS lrows = 4.4 Im Vm 4.4\ Im
lrowz = 4.2 Im 2Vm 8.4Vm Im
lrows = 3.9 Im 3Vm 11.7 Vi Im
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OE

Skyscraper

CS

SuDoKu

MS

lrows = 3.6 Im
Irow5 =41 Im

lrow1 =4.3 Im
lrowz = 3.9 Im
lrows = 3.9 Im
lrows = 3.7 Im
lrows = 4.4 Im

lrows = 3.9 Im
lrowz = 3.9 Im
lrows =4.1 Im
lrows = 3.9 Im
lrows = 4.4 Im

lrows = 3.9 Im
lrowz = 3.9 Im
lrows = 4.4 Im
lrows = 3.9 Im
lrows = 4.1 Im

lrow1 = 4.4 Im
lrowz = 3.9 Im
lrows = 4.1 Im
lrows = 3.9 Im
lrows = 3.9 Im

Irowj_ =44 Im
Irow2 =41 Im
lrows = 3.9 Im

4V
SVm

Vi
2Vm
3Vm
4Vm
SVm

Vm
2Vm
3Vm
4V
SVm

Vm
2Vm
3Vm
4V
SVm

Vm
2Vm
3Vm
4Vm
SVm

Vm
2Vm
3Vm

144 Vm Im
20.5Vm Im

4.3 Vm Im
7.8 Vm Im
11.7 Vi Im
14.8 Vi Im
22.0Vm Im

3.9VnmIn
7.8 Vm Im
12.3 Vm Im
15.6 Vi Im
22.0Vm Im

3.9VnmIn
7.8 Vi Im
13.2Vm Im
15.6 Vi Im
20.5Vm Im

4.4Vm Im
7.8 Vm Im
12.3 Vm Im
15.6 Vi Im
19.5Vnm Im

4.4Vm Im
8.2 Vm Im
11.7 Vm Im
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lrows = 3.9 Im
lrows = 3.9 Im

4V
SVm

15.6 Vm Im
19.5 Vi Im

Table 5.3 Evaluation of Various Topologies Based on Long Narrow Pattern

Configurations I(Amp.) V(Volt) P(Watt)
SP, TCT, BL, HC, LD lrows = 5.0 Im Vm 5.0Vm Im
lrowz = 5.0 Im 2Vm 10.0 Vi Im
lrows = 3.6 Im 3Vm 10.8 Vi Im
lrows = 4.2 Im AV 16.8 Vi Im
lrows = 4.6 Im 5Vm 23.0 Vi Im
PRM-FEC lrows = 5.0 Im Vm 5.0 Vm Im
lrowz = 4.3 Im 2Vm 8.6 Vi Im
lrows = 3.9 Im 3Vm 11.7 Vi Im
lrows = 4.4 Im 4V m 17.6 Vi Im
lrows = 4.8 Im 5Vm 24.0 Vi Im
Futoshiki lrow1 =4.3 Im Vm 4.3 Vm Im
lrowz = 4.8 Im 2Vm 9.6 Vi Im
lrows = 4.6 Im 3Vm 13.8 Vi Im
lrowsa = 3.9 Im AV 15.6 Vi Im
lrows = 4.8 Im 5Vm 24.0 Vi Im
DS lrows = 4.8 Im Vm 4.8 Vi Im
lrowz = 4.3 Im 2Vm 8.6 Vi Im
lrows = 4.4 Im 3Vm 13.2 Vi Im
lrows = 5.0 Im AV 20.0 Vi Im
lrows = 3.9 Im 5Vm 19.5 Vi Im
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OE

Skyscraper

CS

SuDoKu

MS

lrow1 = 4.4 Im
lrowz = 4.8 Im
lrows = 5.0 Im
lrows = 4.3 Im
lrows = 3.9 Im

lrow1 = 4.3 Im
lrowz = 4.6 Im
lrows = 4.8 Im
lrows = 4.6 Im
lrows = 4.1 Im

lrow1 =4.8 Im
lrowz = 5.0 Im
lrows = 4.1 Im
lrows = 3.9 Im
lrows = 4.6 Im

lrows = 4.3 Im
lrow2z = 4.1 Im
lrows = 4.8 Im
lrows = 4.6 Im
lrows = 4.6 Im

lrow1 = 4.8 Im
lrowz = 4.8 Im
lrows = 4.6 Im
lrows = 4.6 Im
lrows = 4.6 Im
lrow1 = 4.6 Im
lrowz = 4.1 Im

Vi
2Vm
3Vm
4Vm
S5Vm

Vm
2Vm
3Vm
4V
SVm

Vm
2Vm
3Vm
4Vm
S5Vm

Vm
2Vm
3Vm
4V
SVm

Vm
2Vm
3Vm
4V
SVm

Vm
2Vm

4.4Vm Im
9.6 Vi Im
15.0 Vi Im
17.2Vm Im
19.5Vm Im

4.3 Vm Im
9.2 Vn Im
144V Im
18.4 Vi Im
20.5Vm Im

4.8 Vm Im
10.0 Vi Im
12.3 Vm Im
15.6 Vi Im
23.0 Vm Im

4.3 Vm Im
8.2 Vi Im
144V Im
18.4 Vm Im
23.0 Vi Im

4.8 Vm Im
9.6 Vi Im
13.8 Vi Im
18.4 Vi Im
23.0 Vm Im
4.6 Vm Im
8.2 Vm Im
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Irow3 =46 Im 3Vm 13.8 Vm Im
Irow4 = 48 Im 4Vm 192 Vm Im
Irow5 = 43 Im 5Vm 215 Vm Im

Table 5.4 Evaluation of Various Topologies Based on Long Wide Pattern

Configurations I(Amp.) V(Volt) P(Watt)
SP, TCT, BL, HC, LD lrow1 = 2.9 Im Vm 2.9 Vm In
lrowz = 2.9 Im 2Vm 5.8 Vm Im
lrows = 3.4 Im 3Vm 10.2 Vin Im
lrows = 3.4 Im 4V m 13.6 Vi Im
lrows = 4.0 Im 5Vm 20.0 Vi Im
PRM-FEC lrows = 3.0 Im Vm 3.0VmIm
lrowz = 3.0 Im 2Vm 6.0 Vi Im
lrows = 3.3 Im 3Vm 9.9 Vm Im
lrows = 3.8 Im AV 15.2 Vi Im
lrows = 3.5 Im 5Vm 17.5Vm Im
Futoshiki lrows = 3.5 Im Vm 3.5Vm Im
lrowz = 3.3 Im 2Vm 6.6 Vi Im
lrows = 2.8 Im 3Vm 8.4Vm Im
lrowsa = 3.7 Im 4\V/m 14.8 Vi Im
lrows = 3.3 Im 5Vm 16.5 Vi Im
DS lrows = 3.3 Im Vm 3.3VmIm
lrowz = 2.8 Im 2Vm 5.6 Vi Im
lrows = 4.2 Im 3Vm 12.6 Vi Im
lrows = 2.6 Im AV 10.4 Vi Im
lrows = 3.7 Im 5Vm 18.5 Vi Im
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LS

OE

Skyscraper

CS

SuDoKu

lrow1 =4.2 Im
lrowz = 3.3 Im
lrows = 2.6 Im
lrows = 2.8 Im
lrows = 3.7 Im
lrow1 = 3.5 Im
lrowz = 3.0 Im
lrows = 3.5 Im
lrows = 3.3 Im
lrows = 3.3 Im
lrow1 = 3.3 Im
lrowz = 2.6 Im
lrows = 3.5 Im
lrows = 3.7 Im
lrows = 3.5 Im
lrows = 3.5 Im
lrowz = 3.5 Im
lrows = 3.3 Im
lrowsa = 3.0 Im
lrows = 3.5 Im
lrow1 = 3.3 Im
lrowz = 3.3 Im
lrows = 2.8 Im
lrows = 3.5 Im
lrows = 3.7 Im

Vi
2Vm
3Vm
4Vm
S5Vm

Vm
2Vm
3Vm
4V
SVm

Vm
2Vm
3Vm
4Vm
S5Vm

Vm
2Vm
3Vm
4V
SVm

Vm
2Vm
3Vm
4V
SVm

4.2Vm Im
6.6 Vi Im
7.8 Vm Im
11.2 Vi Im
18.5Vm Im

3.5VmIn
6.0 Vi Im
10.5Vm Im
13.2Vm Im
16.5 Vm Im

3.3 Vnm Im
5.2Vm Im
10.5Vm Im
14.8 Vi Im
17.5Vm Im

3.5VmIn
7.0Vm Im
9.9 Vi Im
12.0 Vi Im
17.5Vm Im

3.3Vm Im
6.6 Vi Im
8.4 Vm Im
14.0 Vi Im
18.5Vm Im
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MS

lrow1 = 3.5 Im
lrowz = 3.5 Im
lrows = 2.8 Im
lrows = 3.3 Im
lrows = 3.5 Im

Vi
2Vm
3Vm
4Vm
S5Vm

3.5Vnm Inm
7.0Vm In
8.4 Vm Im
13.2Vm Im
17.5Vm Im

Table 5.5 Evaluation of Various Topologies Based on Diagonal Pattern

Configurations I(Amp.) V(Volt) P(Watt)
SP, TCT, BL, HC, LD lrows = 4.3 Im Vm 4.3 Vm Im
lrowz = 4.3 Im 2Vm 8.6 Vm Im
lrows = 4.6 Im 3Vm 13.8 Vi Im
lrows = 4.8 Im AVAN 19.2 Vi Im
lrows = 4.8 Im 5Vm 24.0 Vi Im
PRM-FEC lrows = 4.3 Im Vm 4.3 Vm Im
lrowz = 5.0 Im 2Vm 10.0 Vi Im
lrows = 4.8 Im 3Vm 14.4 Vi Im
lrows = 4.6 Im 4V 18.4 Vi Im
lrows = 4.1 Im 5Vm 20.5 Vi Im
Futoshiki lrow1 =4.3 Im Vm 4.3 Vm Im
lrowz = 5.0 Im 2Vm 10.0 Vi Im
lrows = 5.0 Im 3Vm 15.0 Vi Im
lrows = 4.8 Im AVAN 19.2 Vi Im
lrows = 3.7 Im 5Vm 18.5 Vi Im
DS lrows = 5.0 Im Vm 5.0 Vi Im
lrowz = 5.0 Im 2Vm 10.0 Vi Im
lrows = 2.8 Im 3Vm 8.4 Vm Im
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LS

OE

Skyscraper

CS

SuDoKu

lrows = 5.0 Im
lrows = 5.0 Im

lrow1 = 2.8 Im
lrowz = 5.0 Im
lrows = 5.0 Im
lrows = 5.0 Im
lrows = 5.0 Im

lrows = 4.3 Im
lrowz = 4.8 Im
lrows = 5.0 Im
lrows = 4.3 Im
lrows = 4.4 Im

lrows = 3.9 Im
lrowz = 5.0 Im
lrows =4.1 Im
lrows = 4.8 Im
Irows = 5.0 Im

lrow1 =4.3 Im
lrowz = 4.3 Im
lrows = 4.8 Im
lrows = 4.8 Im
lrows = 4.6 Im

Irowj_ =41 Im
Irow2 =46 Im
lrows = 5.0 Im

4V
SVm

Vi
2Vm
3Vm
4Vm
SVm

Vm
2Vm
3Vm
4V
SVm

Vm
2Vm
3Vm
4V
SVm

Vm
2Vm
3Vm
4Vm
SVm

Vm
2Vm
3Vm

20.0 Vi Im
25.0 Vi Im

2.8 Vi Im
10.0 Vi Im
15.0 Vi Im
20.0 Vi Im
25.0 Vi Im

4.3 Vm Im
9.6 Vm Im
15.0 Vi Im
17.2Vm Im
22.0Vm Im

3.9VnmIn
10.0 Vi Im
12.3 Vm Im
19.2 Vi Im
25.0 Vi Im

4.3 VmIm
8.6 Vm Im
144V Im
19.2 Vi Im
23.0 Vm Im

4.1Vm Im
9.2 Vnm Im
15.0 Vi Im
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Irow4 =50 Im 4Vm 20.0 Vm Im

lrows =4.1 Im SVm 20.5Vm Im
MS lrow1 =4.3 Im Vm 4.3 Vm Im
lrowz = 4.8 Im 2Vm 9.6 Vi Im
lrows = 4.8 Im 3Vm 144 Vi Im
lrows = 4.6 Im 4V 18.4 Vm Im
lrows = 4.3 Im SVm 21.5Vm Im

Table 5.6 provides data regarding simulated values of I, V and P of distinct
configurations at SN condition. The performance of SuDoKu and magic square is superior

than other topologies. The highest value of power achieved is 2760 W.

For SN case, the GMPP comes out to be narrow. Notably, rest of the method flames
out with respect to MS with a little difference in power. This is because MS acquires

different arrangement of modules as compared to other topologies.

Table 5.6 Configurations Data Under SN Pattern

Configurations I(Amp.)  V(Volt) P(Watt)

SP 20.69 112.37 2324
TCT 22.98 114.90 2641
BL 22.11 114.10 2523
HC 21.86 113.45 2480
LD 21.20 112.74 2390
PRM-FEC 23.32 116.60 2719
Futoshiki 23.10 116.90 2700
DS 22.64 116.76 2643
LS 22.72 117.48 2669
OE 22.85 116.42 2660
Skyscraper 22.42 117.91 2644
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CS 23.33 117.10 2732
SuDoKu 23.49 117.50 2760
MS 23.49 117.50 2760

The table 5.7 shows that in SW case, MS achieved highest power of 2550 W with
reference to other configurations.

The same process is repeated as in SN scenario and their powers are evaluated and
compared. The shadowing pattern and variations in irradiances are dispersed well via

SuDoKu and MS methods with respect to rest of the configurations.

Table 5.7 Configurations Data Under SW Pattern

Configurations I(Amp.)  V(Volt) P(Watt)

SP 18.67 98.13 1832
TCT 20.12 100.60 2025
BL 19.83 99.21 1967
HC 19.94 99.10 1976
LD 19.74 98.89 1952
PRM-FEC 21.22 106.10 2251
Futoshiki 21.69 106.80 2316
DS 20.58 105.42 2170
LS 21.51 110.20 2370
OE 21.80 110.61 2411
Skyscraper 21.19 111.82 2369
CS 21.25 108.36 2303
SuDoKu 21.51 110.20 2370
MS 22.58 112.90 2550

The table 5.8 provides comparison among simulated values of all topologies in LN

case. It is found that MS method attains highest power among all.
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As only 2 columns get distinct irradiance, there is a little difference between MS

and rest of the topologies. Consequently, MS method has the capability to disperse shade

more effectively even at LN shading scenario.

Table 5.8 Configurations Data Under LN pattern

Configurations I1(Amp.)  V(Volt) P(Watt)
SP 20.76 112.84 2343
TCT 22.96 114.80 2636
BL 21.10 112.43 2372
HC 20.81 113.64 2365
LD 21.10 112.43 2372
PRM-FEC 23.42 117.10 2743
Futoshiki 23.10 118.50 2737
DS 22.64 117.30 2656
LS 22.90 118.10 2704
OE 23.50 117.30 2757
Skyscraper 23.15 117.85 2728
CS 22.70 117.60 2666
SuDoKu 23.44 117.20 2747
MS 23.99 119.90 2877

The data obtained by implementing LW shading scenario is represented by table

5.9. It is seen MS provides greatest power of 1719 W among rest of the configurations.

Table 5.9 Configurations Data Under LW pattern

Configurations I(Amp.)  V(Volt) P(Watt)
SP 16.49 91.38 1507
TCT 17.93 89.63 1607
BL 17.70 89.68 1587
HC 17.81 89.37 1592
LD 17.54 90.32 1584
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PRM-FEC 17.95 89.72 1612

Futoshiki 18.20 90.73 1651
DS 17.90 91.10 1630
LS 18.38 91.62 1684
OE 18.27 91.54 1672
Skyscraper 18.15 90.69 1646
CS 18.38 91.62 1684
SuDoKu 18.24 91.21 1644
MS 18.54 92.72 1719

Table 5.10 Configurations Data Under Diagonal pattern

Configurations I1(Amp.)  V(Volt) P(Watt)

SP 20.29 100.64 2042
TCT 23.50 117.50 2761
BL 22.71 116.50 2646
HC 22.14 116.20 2573
LD 22.20 112.90 2507
PRM-FEC 21.82 111.50 2433
Futoshiki 21.52 113.30 2438
DS 21.18 115.61 2449
LS 21.97 114.38 2513
OE 22.81 112.34 2562
Skyscraper 21.53 115.91 2496
CS 22.16 114.80 2544
SuDoKu 22.46 112.30 2522
MS 23.50 117.50 2761

The simulated data is evaluated and presented in table 5.10 for diagonal shading
case. Inthis, TCT and MS occupies same position having power of 2761W which is highest

among all topologies.
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The parameters such as P, V and I of various topologies given in figures 5.16-5.18.
MS method gives maximum power at all shading cases. In MS, mostly modules work
actively as shadow gets dispersed in uneven pattern. Thus, MS attain greatest output power
and highest efficiency with respect to other configurations. Table 5.11 shows total power

of MS which enhances with reference to other configurations.

Table 5.11 Percentage increase in MS power

Shading
Patterns

SP TCT BL HC LD PRM Futo DS LS OE Skys CS Su
(%) (%) (%) (%) (%) -FEC shiki (%) (%) (%) crap (%) Do
(%) (%) er Ku

(%) (%)

SN
SW
LN
LW

Diagonal

187 45 94 113 155 15 22 44 34 38 43 10 O

391 259 296 290 306 133 101 175 76 58 7.6 107 7.6
228 91 213 216 213 49 51 83 64 44 55 79 47
140 70 83 80 85 66 41 55 20 28 44 20 33
352 0 43 73 101 135 132 127 99 78 106 85 95

Current Data of Various Topologies Under Shading

Patterns
30
< 20
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SN SW LN LW Diagonal
Shading Patterns
mSP ETCT BL HC mLD B PRM-FEC M Futoshiki
H DS mLS mOE W Skyscraper H CS M SuDoKu MS

Figure 5.16 Current Data of VVarious Topologies Under Shading Patterns
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Voltage Data of Various Topologies Under Shading

Patterns
__ 150
Z 100
()
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2 o0
SN SW LN LW Diagonal
Shading Patterns
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mDS mLS mOE M Skyscraper B CS H SuDoKu MS

Figure 5.17 Voltage Data of VVarious Topologies Under Shading Patterns

Power Data of Various Topologies Under Shading

Patterns
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Shading Patterns
mSP ETCT mBL HC mLD B PRM-FEC ® Futoshiki
HDS mLS HOE B Skyscraper B CS H SuDoKu MS

Figure 5.18 Power Data of Various Topologies Under Shading Patterns

The mismatch losses can be defined as the impact of PV modules interconnections
which have different conditions. The expression of ML is described in equation 62.

Mismatch power loss = GMPPSTC — GMPPPPS (62)

The fill factor provides quality index of an array. The mathematical expression of
it is given in equation 63.

FF = (Max. Power at PS)/(Rated power of PV array) (63)
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The efficiency can be defined as the ratio of highest power to the product of

irradiance and array area. Mathematically it is given in equation 64.
Efficiency = (Max.Power)/(Irradiation = Area of array) (64)

Table 5.12 provides the data regarding ML, FF and efficiency of distinct topologies
at SN shading scenario. The largest efficiency is 9.66% which is acheived for SuDoKu and
MS.

Table 5.12 Comparing Performance Data Under SN pattern

Configurations ML (W) FF Efficiency(%0)
SP 1325 0.389 8.13
TCT 1008 0.442 9.24
BL 1126 0.422 8.80
HC 1169 0.415 8.59
LD 1259 0.400 8.36
PRM-FEC 930 0.455 9.51
Futoshiki 949 0.452 9.45
DS 1006 0.442 9.25
LS 980 0.447 9.34
OE 989 0.445 9.31
Skyscraper 1005 0.443 9.25
CS 917 0.457 9.56
SuDoKu 889 0.462 9.66
MS 889 0.462 9.66

The various topologies at SW shade is shown by table 5.13 in which the maximum
efficiency of 9.55%. is achieved by MS method.
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Table 5.13 Comparing Performance Data Under SW pattern

Configurations ML (W) FF Efficiency(%o)
SP 1817 0.307 7.23
TCT 1624 0.339 8.00
BL 1682 0.329 7.77
HC 1673 0.331 7.80
LD 1697 0.327 7.71
PRM-FEC 1398 0.376 8.89
Futoshiki 1333 0.388 9.00
DS 1479 0.363 8.57
LS 1279 0.397 9.36
OE 1238 0.404 9.48
Skyscraper 1280 0.397 9.35
CS 1346 0.386 9.09
SuDoKu 1279 0.396 9.36
MS 1099 0.426 9.55

As per various parameters, it has been evaluated that MS method at LN shade obtain

maximum efficiency of 10.24% as given table 5.14.

Table 5.14 Comparing Performance Data Under LN pattern

Configurations ML (W) FF Efficiency(%0)
SP 1306 0.392 8.34
TCT 1013 0.441 9.39
BL 1227 0.397 8.45
HC 1284 0.396 8.42
LD 1277 0.397 8.45
PRM-FEC 906 0.459 9.77
Futoshiki 912 0.458 9.75
DS 993 0.445 9.46
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LS 945 0.453 9.63

OE 892 0.462 9.82
Skyscraper 921 0.457 9.71
CS 983 0.446 9.49
SuDoKu 902 0.460 9.78
MS 772 0.481 10.24

The MS topology at LW shade provides greatest efficiency of 8.26% while rest of

the topologies provides efficiencies as shown by table 5.15.

Table 5.15 Comparing Performance Data Under LW pattern

Configurations ML (W) FF Efficiency(%0)
SP 2142 0.252 7.24
TCT 2042 0.269 7.72
BL 2062 0.266 7.63
HC 2057 0.267 7.65
LD 2065 0.265 7.61
PRM-FEC 2037 0.270 7.75
Futoshiki 1998 0.276 7.93
DS 2019 0.273 7.83
LS 1965 0.282 8.09
OE 1977 0.280 8.03
Skyscraper 2003 0.276 7.91
CS 1965 0.282 8.09
SuDoKu 1985 0.278 8.00
MS 1930 0.287 8.26

Table 5.16 gives data regarding various topologies at diagonal shading scenario.

The maximum efficiency is 9.41% which is achieved for TCT and MS topologies.
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Table 5.16 Comparing Performance Data Under Diagonal pattern

Configurations ML (W) FF Efficiency(%o)
SP 1607 0.342 6.96
TCT 888 0.462 9.41
BL 1003 0.443 9.02
HC 1076 0.431 8.77
LD 1142 0.420 8.54
PRM-FEC 1216 0.407 8.30
Futoshiki 1211 0.408 8.31
DS 1200 0.410 8.35
LS 1136 0.421 8.56
OE 1087 0.429 8.73
Skyscraper 1153 0.418 8.51
CS 1105 0.426 8.67
SuDoKu 1127 0.422 8.60
MS 888 0.462 9.41

Mismatch Losses Data Under Shading Patterns

2500

= 2000

§ 1500

§ 1000

< = |1 (HfI |

= 0

£ SN SW LN LW Diagonal

= Shading Patterns
HSP BTCT BL HC mLD B PRM-FEC M Futoshiki
m DS mLS m OE W Skyscraper B CS B SuDoKu MS

Figure 5.19 Mismatch Losses Data Under Shading Patterns

The figures 5.19-5.21 represents various topologies comparison based on
parameters - ML, FF and efficiency. MS method extracts highest efficiency under all

shading cases.
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Figure 5.21 Efficiency Data Under Shading Patterns
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CHAPTER 6
CONCLUSION AND FUTURE SCOPE

6.1 Conclusion

Though gaining wide scale popularity from small scale stand-alone to larger grid-tied
applications, the PV industry faces a big challenge of maximizing the efficiency and
minimizing the cost of energy generation. This thesis studies the effects of shading patterns

on random cells within a module of solar cells. The main contributions of this work are:

a) Simple and accurate models of solar cells at distinct shading patterns that are modeled
in MATLAB and the data have been compared.

b) Reconfigured methods are implemented to improve the functioning of system at the
specified patterns.

c) The use of bypass diodes as a preventive measure to counter the reverse bias operation

of solar cells due to effects of shading has been modeled.

The functioning of 5 x 5 PV array depends on fourteen topologies are studied and
evaluated comprehensively via MATLAB/SIMULINK. The features that are included for
measuring the working are I, V, P, ML, FF and efficiency. Table 5.1 presents SuDoKu and
MS are superior with power of 2760 W than other topologies under SN pattern. The magic
square technique obtained maximum output power of 2550 W, 2877 W and 1719 W under
SW, LN and LW pattern respectively as shown in Table 5.2 to Table 5.4. TCT data matches
with MS along with highest power of 2761 W for diagonal shade as indicated in Table 5.5.
It is visible in table 5.6 that magic square power increases maximum of 25.9 % with
reference to TCT under SW scenario. The power losses are greatest in TCT connection i.e.,
1008 W under SN scenario as given in Table 5.7. Table 5.10 shows that losses of TCT is
2042 W which is greatest in all the configurations at LW shade. Table 5.9 shows that magic
square has obtained the maximum efficiency of 10.24 % with respect to other
configurations at LN shading condition. TCT has minimum efficiency of 7.72 % with

reference to rest of the topologies at LW scenario as seen in table 5.10. The FF also changes
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with various shading scenarios. FF is minimum at LW shade i.e., 0.269 and maximum in
LN shade i.e., 0.481. The efficiencies may be distinct for every topology at various shading
scenarios but by evaluating this work, magic square technique is superior and have largest
efficiency at all shading conditions.

The concept of Magic Square technique has contributed a lot towards the society
by performing good under shading scenarios. As the demand for electricity is increasing
day by day, so world is moving towards renewable energy and reducing its dependence on
coal, gas and fuels. Solar energy is widely adapted in providing electricity but shading due
to dust, high rise buildings, trees, moving clouds etc. limits its efficiency. So, Magic Square
method is adopted in this work which provides best efficiency among all topologies and

contribute in fulfillment of electricity demands.
6.2 Future Scope

The major objective of this thesis is to investigate into the impact of shade on output of the
PV system and the overall efficiency of the PV system. In this context some important
design and control aspects along with the configurations that help in enhancing power of
PV system are presented. However, still there are some areas which can be explored in
continuation of this work. Some suggestions for further investigations in this field are as

follows.

The work has mainly concentrated on the PV system, where crystalline-silicon PV
panels are considered for the study. The study could be extended to thin film technology
based solar cells. The thin film technology is promising due to its lower cost but is less
efficient. Hence, thin film a-Si based system requires more space and modules as compared
to c-Si modules based PV system for the same output power. It may be interesting to
explore the various options of improving the output power at reasonable cost for such

systems.

The work has not considered any type of optimization objective function in the
evaluation of the various alternatives suggested. It may be interesting to devise the multi-
objective function that simultaneously includes the cost minimization, power

maximization, maximization of the inverter utilization factors etc.
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