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ABSTRACT Solar photovoltaic (PV) systems are susceptible to power loss caused by environmental
factors such as partial shading and temperature changes. To address this issue, PV modules are connected in
array configurations. However, these configurations can lead to mismatch losses between the PV rows,
which reduce power output. While there are many solutions to mitigate these losses, the performance of
each solution can vary depending on the environmental conditions and the array configuration logic. This
research paper evaluates the performance of fifteen existing static PV array configuration techniques under
various shading patterns. We analyze the mathematical formulation and logic used behind each
configuration, as well as the shade dispersion rate, power generation, power losses, advantages, and
disadvantages. Our analysis includes a MATLAB/Simulink® model of a 5x5 array for each configuration
under different shading patterns. The performance of consistent and best configurations is also evaluated in
a real-time environment. The results categorize each configuration as consistent, best, average, or poor.
This paper provides a detailed analysis of the different PV array configurations and their performance,
which can help in selecting the optimal configuration for specific environmental conditions.

INDEX TERMS Mismatch losses, partial shading, PV array configuration, shade dispersion, shading
patterns, static configurations

I. INTRODUCTION dust and dirt formation are limitable by proper
maintenance, some of them like partial shading are

The most reliable energy source for future energy
demand is solar energy. [1-2]. Solar thermal collectors and
solar photovoltaic systems are two options for harvesting
solar energy. In solar thermal collectors, the heat energy
from the sun is utilized for energy generation, whereas, in
solar photovoltaic systems solar irradiation is directly
converted into electricity based on the photovoltaic effect
[3]. The solar photovoltaic system is the most suitable one
for residual installations as well as for rural electrification
[4]. The solar PV system has many advantages over other
renewable energy sources like wind, bio-mass, tidal, etc.,
Apart from its merits; it experiences some factors that
reduce the overall performance of the PV system. The main
factors behind the power losses are as follows, i) partial
shading[5-17], ii) hotspot, iii) temperature [18], iv)
delamination [19-20], v) dust formation [21-23], etc.,
Regards the power loss causing factors, some of them like
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resistible by proper arrangements, some of them are
avoidable by the proper installation and some of the
environmental factors cannot be controlled and avoided.
The effects of dust and dirt formation can be avoided by
proper cleaning at regular intervals. But the occurrence of
partial shading is not a predictable phenomenon, so it
causes severe power loss in the system. The various factors
cause the partial shading is given in Figure 1. The bypass
diodes are used for the PV system for reducing the hotspots
[24-32]. The current flow through the faulty cells increases
the operating temperature which results in the hotspot. The
PV cell with the hotspots is acting as a load and affecting
the nearby healthy cells. The bypass diodes are connected
across the PV cells so that the current flow through the
faulty cells is avoided. However, the usage of a bypass
diode causes many local maximum power points (LMPP) in
the Power-Voltage (P-V) and Current-Voltage (I-V) curves,
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whereas, P-V and |-V characteristic curves are used to
study the performance of the PV cell [33-36]. Maximum
Power Point Tracking (MPPT) is a technique used in PV
converters for operating the PV system at the maximum
power extraction point [37-49]. The usage of bypass diodes
in the PV system leads to power generation with more than
one LMPP. This leads to the misidentification of Global
Maximum Power Point (GMPP) among the various
LMPPs. The accuracy of the conventional MPPT
algorithms like Perturb & Observe (P&O) and Incremental
Conductance (InC) algorithms is very less in finding the
GMPP. So, the conventional MPPT algorithms are replaced
with the use of optimization problems like Neural
Networks, Artificial Neural Networks (ANN), Ant Colony
Optimization (ACO), and Particle Swarm Optimization
(PSO) for increasing the accuracy of the MPPT algorithms.
However, the tacking of MPP is failed in most of the
complex cases that result in power loss. The MPPT
technique is not efficient at all times of power generation.

However, the evolution of PV array topologies
creates the possibility of minimizing the effects of partial
shading and other minor faults. Since a single cell or single
module could not produce enough power to efficiently
power the entire load, the PV modules are connected in
specific structures like series or parallel to meet the load
demand. As a result, the idea of a PV array arrangement
emerged from grouping PV modules into a PV array to
meet the energy requirement. Initially, these techniques
were used for the bulk generation, but they gained more
significance due to their enhanced power-extracting
capability. [50-86]. Series (Se) and Series-Parallel (Se-P)
array configurations are the conventional methods used
earlier in the PV system. The basic concept behind this
array configuration method is to supply the bulk power
demand. However, the efficiency of these conventional
methods is highly influenced by partial shading and other
environmental factors. In basic, the current in the series
connection and voltage in the parallel connection is the
same as in the single source. At the same, the voltage in the
series connection and current in the parallel connection are
equal to the sum of the sources in the corresponding string
When the current sources are connected in the series
connection, the current output at the load terminal is limited
by the source with a minimum current rating. This same
phenomenon is reflected in the series connection of PV
modules. The PV modules with similar specifications are
used for the array formation (i.e., array configuration). But
the current generation of the PV array is affected by partial
shading and other faults. i.e., the shaded PV modules are
generating less current as compared with the other healthy
panels. So, the current generation of the entire PV string is
limited by faulty PV cells/modules. This also causes
mismatch losses in the TCT array configuration. The
mismatch loss can be stated as, the difference between the
minimum and maximum power-generating rows. The
mismatch loss in the PV array should be in the range of 1%
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to 2% and when it exceeds more than 2%, indicate
abnormalities in the PV system. PV array configuration is the
key that is used for reducing the mismatch loss between the
PV rows. The conventional array configurations like Se and
Se-P failed in some complex shading patterns. For enhancing
the effectiveness of the conventional methods, new logic and
mathematical formulations were incorporated. These array
configurations have a high resistive ability to the shading,
i.e., they can disperse the shading evenly over the PV array
and reduce the mismatch losses. Some of PV array
configurations are given in table 1.

The reconfiguration technique is another solution
that has been developed for reducing the mismatch losses in
the PV system. The sensors and switches are used to
rearrange the electrical interconnection of the PV modules.
In, [90], it proposes a two-step reconfiguration method to
reduce mismatch losses between the PV rows. For reducing
power losses, this reconfiguration technique works well in
complex shading patterns. Other types of reconfiguration
strategies were discussed in [91-94]. As compared to array
configuration, the implementation and operating costs of
reconfiguration methods are more expensive. The
reconfiguration techniques also need regular maintenance.
For identifying the PV cell defects, there are many
approaches were proposed as in [95-97]. These methods use
electrical parameters, computational algorithms, Soft
computing methods, image processing tools, and so on for
obtaining the fault details in the PV system. The various
array configuration techniques developed from the
conventional methods are presented in this work. Also,
these presented array configuration techniques are reviewed
and validated in terms of performance, efficiency, the scope
of practical implementation, and cost-effectiveness. Also, a
detailed analysis of these configurations is presented in
terms of efficiency, reliability, robustness, simplicity of
implementation, the scope of the techniques, advantages,

and disadvantages of each technique.
TABLE 1.
SPECIFICATION OF PV MODULES

Array Efficiency

References Configurations Type Size Improvement

[102] Socio-inspired Dynamic 10X10 21.47%
democratic political 15X15  21.55%
algorithm 20X20  20.98%

[103] zero switch and static 4X4 19.07%
sensorless
reconfiguration

[93] Two-step  module Dynamic 4X4 12.25%
placement approach

[104] Hybrid red deer Dynamic 9X9 19.230
with  moth flame
optimization

[105] Dragonfly-based Dynamic  3X3 22%
dynamic 9X9
reconfiguration

[106] Novel prime Dynamic  9X9 8.77%
numbers-based PV 23X23
array
reconfiguration

[107] Electrical Dynamic  3X3 22.96%

reconfiguration _in
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partial shading-
prone solar PV
arrays
[108] MMTES algorithm Dynamic  3X3
[109] Shade  dispersion Dynamic  3X3
interconnection X7
scheme
[110] Dynamic Mismatch
Loss mitigation
Algorithm

22.5%
20.46%

Dynamic  2X2 29%

Causes of partial shading in solar PV
system

Following this introduction in section 1, the
mathematical modeling of the PV cell and array is described
in section 2, followed by a brief discussion of the various
array configurations in section 3, a performance analysis of
the best configurations in a 5x5 PV array under various
shading patterns in section 4, and a conclusion and the scope
of the array configurations in section 5
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Figure 1. Causes of Partial shading in the PV system

II. MATHEMATICAL MODELING OF PV CELL AND PV
ARRAY

One of the factors determining the effectiveness of the PV
system is the mathematical model of the PV cell. The PV
system uses two different types of PV models, including the
single-diode model [87] and the double-diode model [88-89].
A current source, parallel-connected diode, and resistance
were constructing an equivalent circuit for a PV cell. Figure
2 depicts the equivalent circuit for both the single and
double-diode models. When compared to the single-diode
model, the double-diode model produces more power with
greater efficiency at low irradiation.

The maximum current generated by the single-
diode model of the PV cell can be expressed as (1)
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where, I is the maximum output current generated
by the solar cell, and, I is the photo-generated current.

Equation (1) can be replaced with respect to
voltage, number of cells in series, and resistance as
equation (2)

V+IR
L=t 1 fexpl R TS
m L sat nNthh Rsh (2)
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Figure 2. (a) Single diode model (b) Double diode model of PV cell

The output current generated by the PV cell is
directly proportional to the available solar irradiation and
the temperature coefficient, whereas the current equation
can be written in terms of solar irradiation and temperature
as

1o (5.T) = (5, 1 Sgr )| Iscsrey +tse (Ta—Tere) | 5

where Isc is the rated short circuit current, S, is the
actual available solar irradiation, Sstc is the rated solar
irradiance  (1000W/m?), Ta is the actual available
temperature(°C), Tsrc is the rated STC temperature (25°C),
and pls is the temperature coefficient of PV cell to the
current.

The PV cell’s voltage output highly depends on
the PV cell temperature and positive temperature
coefficient concerning the voltage. On other hand, the
dependence of irradiation for voltage generation is the
logarithmic function, and it does not make a high impact on
the generation of voltage. The expression for the open
circuit voltage can be derived as

Voc = Voc(stey T Hovocy (Ta_T(STC)) @

where Hvoc is the positive temperature coefficient
of the PV cell concerning voltage. The voltage generation
of the PV cell concerning the photocurrent, diode current,
and resistances can be expressed as equation (5),

AKT, [ 1, +15+]
vV = a{ ph™'D m]_R I
m e ID s'm

()
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The voltage equation for the two-diode model PV
cell is expressed as in equation (6)

AKT, (15 +1p—1
m- e ID -

Rs Rsh
Rs+Rg,

(6)

Where Vy, is the maximum output voltage of the
PV cell, Ip is the current flow through the diode, I is the
maximum output current generated by the solar cell, Rs is
the series resistance, and Rsn is the shunt resistance.

The power output of the solar cell can be
represented as,

P =1 xV_
()

The relation between the maximum voltage, the
maximum current, and open-circuit voltage, short circuit
current can derive as the fill factor as expressed in equation
(8) as,

. Vx|,
FillFactor, (FF) = Volos
oC™'sC (8)

Equation (6) can be modified by equation (7) as,

Pm = Noc X |SC ) x FillFactor )

These are the basic mathematical equations used
for modeling the PV array. The PV array integration is
formed by connecting the PV cells in series and parallel as
per the voltage and current requirement. The series and
parallel connection of the PV array is shown in Figure 3.
The schematic diagram of the PV array for the ‘n” number
of cells in series and the ‘n” number of cells in parallel is
shown in Figure 4. The number of cells connected in series
is represented as Ns and the number of strings connected in
parallel is represented as Np,

RS Im RS Im
W—>——O = W——>—0)
+ +T
IL() D EERsh IL() D EERsh Vm
Ip Yl Io Yl _J.
] v AN
L@® D 2R« L@® D 2R
Ib Yl _ Io Yhn
o..

Figure 3. The electrical connection of PV cells (a) series (b) parallel
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received by the panel surface. At the standard test
condition, (1000W/m?), the panel generates the rated
T current, and when the irradiation is reduced to 100W/m? the

(Ns/Np)Rs

panel generates 10% of the rated current. The power output
concerning to the various amount of irradiation is simulated
£ in the MATLAB/Simulink® model and the corresponding
1 diagrammatic representation is shown in Figure 5. The P-V

(NS /Np)Rsh

| ) R
sh and I-V curves under the various irradiation levels were

o 0 00
describes the characteristics of the PV system concerning
_ o . the irradiation. The efficiency of the PV cell can be stated
Figure 4. Schematic diagram of Series-Parallel PV array as, the ratio between the actual power output to the rated
power generating capability of the PV cell, and the

The occurrence of partial shading is most  ¢orresponding expression is given in equation (10)
dangerous to the PV system, which causes the hotspots in

the PV cell surface and it can permanently damage the cell. =
As given the equation (3), the current generation and power Efficiency,n = —"x100% (10)
output are directly proportional to the amount of irradiation sTC
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Figure 5. P-V and I-V Characteristics vs solar irradiation
Il Simulation of the Various Array Configuration configuration, bridge linked array configuration,
Schemes honeycomb array configuration, total cross tied array

) ) o configuration, SuDoKu puzzle pattern array configuration,
A 5X5 PV array is modeled in MATLAB/Simulink®  Futoshikii puzzle pattern array configuration, Magic Square

to validate the various kinds of array configurations as array configuration, Competence square configuration, SD-
shown in figure 6. The PV cell is developed and integrated PAR array configuration, Odd-Even  Structure

as a 5X5 PV array based on the mathematical equation.  configuration, Chaotic Map Array  configuration
Table 2 contains the PV module specifications Dominance Square Configuration, Sky Crapper array
TABLE 2. configuration, L-Shape array configuration, and Screw

SPECIFICATION OF PV MODULES

pattern array configuration were analyzed in terms of power

: - ' eneration and efficiency. imulink® is the too
S1N0 Maxmumplgcr)?/vrzstgars) 5033“”9 9 t d eff y. MATLAB/S link® the tool
2. Maximum Power Voltage (Vi) zovp used for modeling the above array configurations in the
3. Maximum Power Current (I,)  2.51A simulation and validation. For each PV array configuration,
4. Short Circuit Current (Isc) 2.65A a 5X5 PV array is modeled using the single diode PV cell
2' g?g"lrcrgg;';c\;‘zgage)(v()d i(z)bso\\//wmz model's mathematical equation as shown in figure 7. The
7. STC Temperature (Terc) 250C 5X5 PV array of each configuration is represented in the

simulation model as blue blocks. The subsystem has three
output terminals: maximum power output (Pm), open-

The wvarious array configurations like series S e
circuit voltage (VOC), and short circuit current (1SC).

configuration, parallel configuration, series-parallel array
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Figure 6. Simulation diagram of the various array configurations
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Figure 7. (a) Modeling of 5x5 PV array (b)Modeling of single PV module (c) Irradiation block in the simulation
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These terminals’ discrete samples are presented to the
workspace for comparison. Additionally, these data are
plotted using the plotter block as the Power-Voltage (P-V)
and Current-Voltage (I-V) characteristic curves. Various
kinds of shading patterns are used to analyze the
effectiveness of each array configuration. For all panels, the
irradiation block has 25 irradiation values. Goto blocks are
used to incorporate these irradiation values into each
subsystem of the array configurations. The simulation
results are obtained by applying the different shading
pattern, PV solar panels do not receive constant
illumination throughout the day. It changes throughout
time, which is a normal occurrence. However, uneven
irradiation/partial shading is occurred in PV systems due to
the various elements like nearby objects, such as trees,
towers, buildings, and clouds, among others. The pattern of
these shades is not constant, and it is also unpredictable.
Some of the shading patterns, like newly constructed
buildings, towers, etc., can be predicted and can be avoided
by the proper arrangements. However, the shadings caused
by clouds, dust buildup, bird droppings, etc., are
unpredictable. These factors are causing the partial
shadowing in the PV array. This operates the PV rows to
function with the unequal current generation that leads to
mismatch losses in the PV array. The mismatch loss is the
difference between the maximum and least power-
generating rows. The power production from PV modules
that are in good condition and receive proper sunlight is
limited by faulty or partially shaded PV modules. The
faulty and partially shaded modules reduce the power
output of the healthier modules. This leads to a mismatch
loss. The most possible shading patterns occurring on the
PV array can be divided into ten types of shading patterns
based on the shading level. All kinds of shading levels
(minimum to maximum) are coming under these ten kinds
of shading patterns. These ten kinds of shading patterns are
corner shading, center shading L-Shape shading Frame
shading, diagonal shading, random shading, short and
narrow (SN) shading, short and wide (SW) shading, Long
and narrow (LW) shading, and long and wide (LW)
shading. Under these ten shading patterns the performance
of all PV array configurations is validated.

IV Type of Shading Patterns

1)HEALTHY PATTERN
All PV modules in a 5x5 PV array are subjected to
1000W/m? under this shading pattern, which is shown in
Figure 1.
2) CORNER SHADING PATTERN
The corner-positioned modules in a 5x5 PV array are
subjected to various irradiance under this shading pattern,
which is shown in Figure 8.
e  PV15 module received an irradiation of 900W/m?,
e PV11 and PV55 modules were received irradiation
of 800W/m?.
e PV51 module is received an
400W/m?,
e  The remaining PV modules received 1000W/m?.

irradiation of
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3)CENTRE SHADING PATTERN
The center shading pattern shown in Figure 8 subjects
the centrally located modules in a 5x5 PV array to varying
levels of irradiance.
e PV43 module received an irradiation of 900W/m?2.
e PV32 and PV44 modules received irradiation of
800W/m?.
e PV24 and PV42 modules received irradiation of
600W/m2,
e PV23 and PV34 modules received irradiation of
400W/m?.
e PV22 and PV33 modules received irradiation of
200W/m2,
e The remaining PV modules received 1000W/m?2,

4)L-SHAPE SHADING PATTERN
The L-shape shading pattern shown in Figure 8
subjects the L-shaped located modules in a 5x5 PV array to
varying levels of irradiance.
e PV31l module is received an
900W/m2.
e PVI11 and PV55 modules received irradiation of
800W/m?.
e PV41 and PV52 modules received irradiation of
600W/m?.
e PV21 and PV53 modules received irradiation of
400W/m?.
e PV51 and PV54 modules received irradiation of
200W/m2.
e The remaining PV modules received 1000W/m?.

5)FRAME SHADING PATTERN
The frame shading pattern shown in Figure 8 subjects
the PV modules on all edges to varying levels of irradiance.
e PV31 module received an irradiation of 900W/m?2.
e PV11 and PV55 modules received irradiation of
800W/m?.
e PV41 and PV52 modules received irradiation of
600W/m?.
e PV21 and PV53 modules received irradiation of
400W/m?.
e PV51 and PV54 modules received irradiation of
200W/m2,
e The remaining PV modules received 1000W/m?.

6) DIAGONAL SHADING PATTERN

The diagonal shading pattern shown in Figure 8
subjects the diagonally located modules in a 5x5 PV array
to varying levels of irradiance.

e PV55 module received irradiation of 900W/m?2,
PV44 module received irradiation of 800W/m?,
PV22 module received irradiation of 600W/m?,
PV33 module received irradiation of 400W/m?,
PV11 module received irradiation of 200W/m2.
The remaining PV modules received 1000W/m?,

7)RANDOM SHADING PATTERN

irradiation of
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The random shading pattern shown in Figure 8
subjects the randomly located modules in a 5x5 PV array to
varying levels of irradiance.

e PV11, PV45 and PV52 modules were received the
irradiation of 900W/m?,

e PV14, PV21, PV33 and PV54 modules were
received the irradiation of 800W/m?.

e PV23, PV34 and PV41 modules were received the

irradiation of 600W/m?.

e PV24 and PV32 modules received an irradiation of

400W/m?.

e PV12, PV25, PV31, PV43, and PV55 modules

were received the irradiation of 200W/m?,

e  The remaining PV modules received 1000W/m?.

8) SHORT AND NARROW SHADING PATTERN

The shading pattern depicted in Figure 8 exposes the
SN-positioned modules of a 5x5 PV array to varying levels
of irradiance.

e PV21 module received an irradiation of 900W/m?.

e  PV31 module received irradiation of 800W/m?2.

e The PV12 module received irradiation of
600W/m?.

e PV22 module received irradiation of 400W/m?2.

e PVI11 and PV31 modules received irradiation of
200W/m2.

e The remaining PV modules received 1000W/m?.

9)SHORT AND WIDE SHADING PATTERN
The shading pattern depicted in Figure 8 exposes the
SW-positioned modules of a 5x5 PV array to varying levels
of irradiance.
e PV21 and PV42 modules received irradiation of
900W/m?.
e PVI11, PV31, and PV52 modules received the
irradiation of 800W/m?,
e PVI12 and PV41 modules were received the
irradiation of 600W/m?2.
e  PV22 module received an irradiation of 400W/m?.
e PV32 and PV51 modules received irradiation of
200W/m2,
e The remaining PV modules received 1000W/m?.
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Figure 8. Various kinds of shading patterns used for the analysis

10) LONG AND NARROW SHADING PATTERN
The shading pattern depicted in Figure 8 exposes the
LN-positioned modules of a 5x5 PV array to varying levels
of irradiance.
e PV14, PV21, and PV33 modules
irradiation of 900W/m?,
e PVI12 and PV31 modules received irradiation of
800W/m?2.

received
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e PV13 and PV23 modules received irradiation of
600W/m2.

e PVI11, PV32, and PV34 modules
irradiation of 400W/m?2.

e PV22 and PV24 modules received irradiation of
200W/m2,

e The remaining PV modules received 1000W/m?.

11) LONG AND WIDE SHADING PATTERN

received
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The shading pattern depicted in Figure 8 exposes the
LW-positioned modules of a 5x5 PV array to varying levels
of irradiance.

e PV24, PV31l, and PV43 modules received
irradiation of 900W/m?2.
e PV12, PV32, and PV41 modules received

irradiation of 800W/m?2.
e PV11, PV13, PV34, and PV42 modules received
the irradiation of 600W/m?2.

e PV22, PV33, and PV44 modules received
irradiation of 400W/m?2.
e PV14, PV21, and PV23 modules received

irradiation of 200W/m?2.

e  The remaining PV modules received 1000W/m?

V Types of PV Array Configurations

Many topologies for PV arrays have been
developed to lessen power losses caused by partial shading.
Depending on the array topology, partial shading in a PV
system has different effects. Traditional PV array
topologies like series, parallel, and series-parallel
configurations are ineffective in partial shade. In this study,
a brief comparison is given between the array
configurations used from the initial stages to the present
advanced techniques.
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Figure 9. 5x5 PV array (a) Series (b) Parallel (c) Series-Parallel (d) Bridge-Linked (e) Honey Comb (f) Total Cross Tied array configurations
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Figure 10. 5 x 5 SuDoKu array configuration establishment diagram
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SERIES ARRAY CONFIGURATION ARRAY
CONFIGURATION

1)

Figure 9(a) depicts a series array setup. Because all
the PV panels are connected in series, partial shade has a
substantial impact on the PV array's output power [50-54].
Under Partial shading condition, the output current of the
PV array is limited by the minimum current generating row,
which leads to the mismatch loss. The shaded panels in the
PV array have functioned with a reverse bias. As a result,
the shaded panels begin to heat up and the power loss has
taken place in the form of heat energy. This damages the
PV panels. As a result, each PV panel has a bypass diode
across it to prevent such hot areas. The accompanying
bypass diode is forward biased when a particular panel
experiences partial shading. Because of the bypass diode,
the 1-V and P-V characteristics of the PV array has many
numbers of peaks.
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Figure 11. 5 x 5 PV Array Matrix Diagram of the various array
configurations

2) PARALLEL ARRAY CONFIGURATION ARRAY
CONFIGURATION

As seen in Figure 9(b), all the PV panels are
connected in parallel in this parallel array configuration
[50-54]. There are no multiple peaks in the P-V and I-V
characteristics curves due to the parallel connections. Also,
this array configuration performs better under partial
shading conditions. But it experiences more power losses in
the PV array due to the output current, where the output
current in a parallel connection is the sum of each panel
current. Furthermore, the parallel connection of all panels
limits PV array voltage to a lower value. As a result, this
topology is incompatible with many PV system
applications.

3) 5.3 SERIES — PARALLEL (SE-P) ARRAY
CONFIGURATION

As shown in Figure 9(c), some of the PV panels (with
respect to number of rows) are connected in series to frame
a PV string, and further these strings (with respect to
number of columns) are connected in parallel to construct a
Se-P array configuration [50-54]. A detailed simulation
analysis for a 5x5 Series - Parallel array topology under
various partial shading situations has been carried out and
the corresponding observations were discussed in result and
discussions section. This Se-P array configuration is the
most extensively used configuration because of its
dependability,  viability, and minimal redundant
connections. However, the amount of series connections
makes partial shading more noticeable and increases
mismatch loss. This topology's PV curve has more peaks
when partially shaded. The Se-P array configuration
generates more power than the conventional series and
parallel topologies, but the MPPT controller used in the
converter side failed to obtain the actual GMPP among the
many numbers of LMPPs’ in the occurrence of partial
shading conditions.

4) BRIDGE LINKED (BL) ARRAY CONFIGURATION
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A link has been include between the adjacent PV
strings of Se-P array configuration can improve the power
output and this type of linked configuration is called as the
bridge linked array configuration. The array configuration
of the BL configuration is shown in Figure 9 (d). The BL
array configuration has been analyzed in the 5x5 PV array,
and the corresponding observations were discussed in result
and discussions section. Mismatch losses are larger in the
BL topology than in the conventional TCT topology
because it has fewer inter-link connections between
neighboring strings. This BL array configuration has the
better performance as compared to the series and Se-P array
configurations [54].

5) HONEY COMB (HC) ARRAY CONFIGURATION

The modules of this topology are connected in the
hexagon form of a honey comb arrangement, as seen in
Figure 9 (e). This array configuration has the more numbers
of interlinks between the PV strings, so that, the mismatch
losses between the PV panels and the corresponding strings
can be reduces. The HC array configuration has been
modelled and analyzed in the 5x5 PV array, and the
corresponding results were discussed in result and
discussions section.

6) TOTAL CROSS TIED ARRAY CONFIGURATION
(TCT)

Each PV panels are connected in series and parallel
with the neighboring PV modules for constructing a Total
Cross Tied (TCT) array configuration as shown in Figure
9(f). The TCT array configuration has the better
performance as compared with the all the array
configurations discussed above. This array configuration
has many numbers of the interconnections which distributes
the partial shading in the PV array. So accumulation of
partial shading in a particular row or column can be
avoided. The TCT array configuration has been constructed
on a 5x5 PV array and analyzed under the various kinds of
shading patterns. The corresponding results, P-V and |-V
characteristic curves are shown in Figure 12. At the healthy
shading pattern, the PV array constructed using the TCT
array configuration generates rated power output. On the
other complex shading pattern, the power output has
decreased with respect to the shading pattern and shade
dispersion rate.
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Figure 12. Characteristic curves of TCT under various shading patterns
7) SUDOKU PUZZLE PATTERN (SPP) BASED ARRAY
CONFIGURATION
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The SuDoKu is a logical number combination
problem. The electrical connections between the PV panels
are rearranged as per the number pattern created by the
SuDoKu. These interconnections will not disturb the
physical location of the PV modules. The change of
interconnection has the high shade dispersion values as
compared to the TCT configuration. Each PV row has been
constructed using the different and unique PV modules
from each row and column of the traditional array structure.
This topology eliminates the two major problems of prior
configurations: line losses and sub-array shading. The
wiring between the PV modules should be minimum as
much as possible for reducing the line losses. In SuDoKu
configuration, it requires more length of wire for the
execution of SuDoKu pattern. [54-57].

Under the various shading patterns, the characteristics
curves of 5x5 array configuration is plotted as shown in
Figure 13. At the healthy shading pattern, the PV array
constructed using the SuDoKu puzzle pattern produces a
STC power, however at the other shading pattern, the
power output has decreased with respect to the shading
patters and shade dispersion rate.

|— Healthy — Corner == Centre LShape = Frame  Diagonal == Random = SN — SW == LN == LW

1200 o0
L

oo __|
1000

800 /
800 5)

% 100 101 102

as0)
400
00
750
200 700
os0)
] 3

0 20 40 60 80 100 120 0 2 40 60 80 100 120

VOLTAGE (V) VOLTAGE (V)

POWER (W)
CURRENT (A)

Figure 13. Characteristic curves of SuDoKu under various shading
patterns

8) FUTOSHIKI PUZZLE PATTERN (FPP) BASED ARRAY
CONFIGURATION

In [58], a Futoshiki puzzle design arrangement is
proposed. A logic-based puzzle with a n x n square grid is
called futoshiki. In this puzzle, the digits 1 to n are arranged
so that they appear once in each row and column of a
square grid, without repeating. The puzzle has a singular
solution since each digit must adhere to the inequality
restriction between two adjacent integers that was first
established before being placed in the square grid. The
appropriate logic Futoshiki puzzle is generated using the
linear programming technique (LPA), and it always has a
unigue solution in this reference paper. Figure 11 shows the
matrix diagram of the 5 x 5 Futoshiki puzzle pattern-based
PV array.

Under the various shading patterns, the performance
of 5x5 array configuration is plotted as the P-V and I-V
characteristics as shown in Figure 14, At the healthy
shading pattern, this array configuration produces the rated
STC power output. At the other shading pattern, the power
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output has decreased with respect to the shading patterns
and shade dispersion rate.
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Figure 14. Characteristic curves of Futoshiki under various shading
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9) MAGIC SQUARE (MCSQ) BASED ARRAY
CONFIGURATION

For extracting maximum power from the PV array,
[59] applies Magic Square (MS), (a logic-based number
placement problem) pattern. A magic square is the
obtainment of the numbers 1 to n in a "nxn" matrix, where
each number only appears once and also, the sum of the
number in any row, column, or diagonal must be the same.
The matrix dispersion diagram of the magic square-based
array configuration is shown in Figure 11. This magic
square arrangement may also be used with other large-sized
PV arrays, such the 10x10, 14x14, and 18x18 arrays. This
kind of array configuration reduces the mismatch losses as
compared to other conventional array configurations. When
compared to the traditional TCT arrangement, the magic
square pattern performs better, avoids the need for
complicated MPPT algorithms, and produces smoother PV
array characteristics with fewer LMPP, which lessens the
mismatch impact.
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Under the various shading patterns, the behavior of
5x5 array configuration is plotted as the P-V and |-V
characteristics as shown in Figure 15. This MS array
configuration generates the rated power output at the STC
values. When the system experiences the shading patterns,
the power output has been reduced. However, this MS array
configuration has the better performance as compared to
other configurations.

10) COMPETENCE SQUARE (CPSQ) BASED ARRAY
CONFIGURATION
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In [60] a new kind of array configuration based on the
The Competence Square (CpSq) method is introduced. This
method rearranges the PV modules by physically moving
PV panels around in a TCT interconnection. This approach
is a one-time relocation procedure that moves the PV panels
according to a certain numerical pattern. The configuration
is very simple to compute and it can be used to PV arrays of
any size. The results showsthat the CpSq approach
outperforms the TCT and Dominance Square (DmSq)
procedures in terms of performance. Figure 11 shows the
matrix dispersion diagram of a 5x5 Competence square
based PV array.

The competence square based array configuration has
been constructed in the 5x5 PV array. This PV array has
been validated under the different shading patterns and the
corresponding P-V and I-V characteristic curves were
presented in Figure 16. The array configuration has
performed better than the TCT, Se-P but failed to perform
better than the MS and SuDoKu based array configurations.
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Figure 16. Characteristic curves of Competence Square under various
shading patterns

11) SHADE DISPERSION PHYSICAL ARRAY
RELOCATION (SD-PAR) BASED ARRAY
CONFIGURATION
The static shade dispersion physical array relocation

(SD-PAR) method has been introduced for constructing the

PV array in order to enhance the power output [61-62]. This

array configuration minimizes the mismatch losses and

power losses by dispersing the influence of partial shading
over the PV array. This method minimizes the power loss
during partial shading by reducing the number of shaded
modules in a row. The interconnections between the PV
modules are changed without changing the physical
location of the PV modules. A simulation is carried out to
analyze the SD-PAR technique's performance for 5 x 5 PV
array under various partial shading patterns. Additionally,
the performance of this array configuration is compared
with the other conventional array configurations, including
Series-Parallel (SP), Bridge-Linked (BL), and Total Cross
Tied (TCT).

The P-V and I-V characteristic curves of this array
configuration under the various shading patterns were
plotted as shown in Figure 17. Under the partial shading
condition, the performance of this configuration has been
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reduced with respect to the shade dispersion level. This
array configuration has the better shade dispersion
capability.
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Figure 17. Characteristic curves of SD-PAR under various shading
patterns

12) ODD - EVEN (OE) PROPAGATION BASED ARRAY
CONFIGURATION

In [63], an Odd-Even PV array configuration is
presented for enhancing the performance of the PV
systems. This configuration selects the odd-odd, odd-even,
even-even, and even-odd propagation for obtaining the
position of the PV modules in each row and column. This
configuration rearranges the interconnections of the PV
array based on the pattern framed by the odd-even
propagation. This type of configuration selects the PV
modules with the even and optimal distance which reduces
the required quantity of wires. So that the line losses
associated in the PV array can be reduced. The PV array
can be built with any number of rows and columns
(symmetrical or asymmetrical) by using this method. This
method eliminates the complicated logics behind the PV
array formations as logics used in other configurations. This
type of array configuration is constructed in a 5x5 PV array
and it was validated under the various shading conditions.
The author’s stats that this array structure is simpler, more
effective, and affordable. However, the performance of this
PV array can be enhanced more by the other configurations
like L-shape, screw pattern, MS. Figure 11 shows the
matric dispersion diagram of the Odd-Even structure-based
array configuration. The P-V and 1-V characteristic of this
array configuration under the various kinds of shading
pattern is shown in Figure 18.
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Figure 18. Characteristic curves of Odd-Even under various shading
patterns
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13) CHAOTIC MAP (CHMP) BASED ARRAY
CONFIGURAITON

In order to lessen mismatch power losses driven on by
partial shade, [64] proposed the Chaotic Baker Map (CBM)
approach. By spreading the partial shade effect throughout
the full array without altering its electrical connections, this
method decreases power loss. The array methodology is
implemented in for 5X5 PV Array, and the performance has
been evaluated and compared with the of conventional and
recently developed array configurations such as Series
Parallel, Total Cross Tied, Bridge Link, and Honey Comb
arrangements.

This approach does not follow any Kkinds of
complicated algorithms and it has an enhanced power
output with the lower mismatch losses. This design is
appropriate for large-scale solar installations and Building
Integrated PV (BIPV) systems. Under the various shading
patterns, the behavior of 5x5 array configuration is plotted
as the P-V and I-V characteristics as shown in Figure 19.
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Figure 19. Characteristic Curves of Chaotic Map under various shading
patterns

14) DOMINANCE SQUARE (DMSQ) BASED ARRAY
CONFIGURAITON

Dominance Square based array configuration [65] is
presented for enhancing the performance of the solar PV
array. The ordinary Total Cross Tied (TCT) configurations
has been configured using this dominance square approach.
The PV modules positions in each row and column has
been rearranged for obtaining this array configuration. The
logic used in this approach is mostly similar to the
competence square based array configuration. This
approach has almost similar performance to the CS based
array configuration.
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Figure 20. Characteristic curves of Dominance Square under various
shading patterns
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As compared with the conventional methods, this
approach has the better efficiency. The matrix dispersion
diagram of this array configuration is shown in Figure 11.
The P-V and I-V characteristic curves of this approach has
been obtained under the various shading patterns as shown
in Figure 20.

15) SKYSCRAPER(SYC) BASED ARRAY

CONFIGURATION

Skyscraper puzzle-based one-time reconfiguration
solution [66] is developed for all kinds of PV array. This
array configuration efficiently tackles problems like high
computational burden, flexibility to expand high or low
array size, and time-consuming connector links and etc.,
The height of several buildings that can be viewed from a
single point of view. Like that, in the row formation of the
PV array can be viewed on each dimensional for obtaining
the PV module positions. This array configuration method
has been modelled in a 5x5 PV array and the performance
has been validated in the different kinds of shading
patterns. The matrix dispersion diagram of this array
configuration has shown in Figure 11. The validation under
the different shading patterns has been plotted as the P-V
and I-V characteristic curves and it shown in Figure 21.
This method outperforms the other PV array configurations
like Total Cross Tie connection, the Dominance Square,
and SuDoKu methods, in terms of shade distribution and
power generation.
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Figure 21. Characteristic curves of Sky Scrapper under various shading

patterns

16) L-SHAPE PROPAGATED ARRAY CONFIGURAITON

The logic puzzles like SuDoku and futoshiki are
suitable only for the squared PV array. But these logics
were failed and doesn’t work for the non-square PV array.
The L-shaped array configurations [67] presented a new
kind of array configuration based on the moment of the
knight coin of the chess game. For the non-squared PV
array, this L-shape propagated array configuration
constructs the PV array with the repeated PV modules with
the optimal distance from the same row or same column. So
that, this L-shape propagated array configuration can be
implemented for both square and non-squared PV array.

This kind of PV array configuration has created the
PV rows by the L propagation from the starting node and
continuing until it reaches the final column or the column
before it. The L propagation should stop when it reaches the
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last or prior column of the PV array and then restart from
the second column of the PV row until it reaches the end.
As a result, the PV rows has been constructed with
individual PV panels from each row or repeating PV panels
spaced at the optimum distance. The propagation factors is
the key for considering the starting node and its related
column. In comparison to SuDoKu, this array construction
significantly lowers the mismatch losses in the PV
system. The matrix dispersion diagram of the 5x5 L-shape
propagated array configuration is shown in Figure 11. The
performance of this array configuration has been validated
under the various shading patterns and the corresponding P-
V and |-V characteristic curves were obtained as shown in
Figure 22. As compared to conventional array
configurations like Se-P, TCT, SuDoKu, MS, DC, CS, this
L-shape array configuration generates maximum power
with lesser mismatch losses. As compared to other
configurations, this configuration disperses the shading
uniformly over the PV array.
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Figure 22. Characteristic Curves of L-Shape under various shading
patterns

17) SCREW PATTERN PROPAGATED ARRAY
CONFIGURATION

W— LN_Lwl

POWER (W)

CURRENT (A)

0 20 40 60 80 100 120
VOLTAGE (V) VOLTAGE (V)
Figure 23. Characteristic Curves of SCP configuration under various
shading patterns

Based on the screw structure, the screw pattern array
configuration is implemented in [68]. This propagation
enables the PV array to provide the PV modules with the
optimal spacing between each one. For instance, each row
of the typical PV array is built using unique PV modules
from the various rows. The screw pattern-based array
configuration can be divided into two types like horizontal
and vertical screw pattern array configuration. The type of
propagation can also divide into odd propagation and even
propagation. When deciding on the type of array
propagation, the size of the PV array must be considered.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4

VI Results and Discussions

There are ten kinds of different shading patterns are
considered for the validation of these array configurations.
These shading patterns can be classified into two categories
such as mild shading pattern and severe shading pattern.
The severe shading is causing more power losses in the PV
system as compared to the mild shading patterns. The
diagonal shading pattern, random shading pattern, short and
narrow shading, short and wide shading pattern, long and
narrow shading pattern, long and wide shading pattern are
coming under the severe shading type and the other shading
patterns are coming under the mild shading patterns. The
performance of the various array configurations [Series,
Parallel, Series-Parallel, TCT, SuDoKu, Futoshiki, Magic
square, Competence Square, SD-Par, Odd-Even, Chaotic
map, Dominant square, Sky Crapper, L-Shape propagated
and screw propagated configuration were analyzed under
the severe shading patterns. All the PV array configurations
are generating the rated power output on the healthy
operating condition. Under the corner shading pattern, the
SPP, FPP.McSq, SyC, LSP array configurations are
generating similar power output of 1054W, with the 84.3%
of efficiency. This configuration performs better than the
other PV configurations. The SCP and DmSq array
configurations generate the second highest power
generation of 1029W. The series array configuration has the
least power generation of 251W power in the all cases of
shading patterns. In the series connection all PV modules
are connected in series connection where, the least power
generating PV module will limits the power generation of
other PV modules. This is the major drawback in the series
array configurations.

On other hand, the parallel array configuration
produces a more power than the all-recent array topologies.
But the parallel array configuration is not feasible for the
large PV system. When the PV cells are connected in
parallel, the current output will be increased which
increases the complexity in the power processing units. For
handling the highest current, the proper safety precautions
are mandatory. Also, high rated elements are required for
the power conversion units. Due these constraints, the
parallel array configuration is not preferable for the large
power systems. Under the centre shading condition, the
McSq and SyC array configurations were produces the
maximum power output of 1004W with 80.3% of
efficiency, where these array configurations are effectively
distributing the shading in the PV array. The LSP array
configuration has the second highest power generation of
904W power with 72.3% of efficiency. The series parallel
array configuration has generated the least power
generation of 703W power with the efficiency of 56.2%.
The SyC array configuration produces the maximum power
of 1004W with the efficiency of 80.3% in the L-Shape
shading patterns. Series parallel and TCT array
configuration has the least power generation of 552W
power. In this shading condition, the performance of CpSq
and ChMp array configurations were decreased due to the
poor shade dispersion rate
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TABLE Il
PERFORMANCE OF VARIOUS ARRAY CONFIGURATIONS UNDER HEALTHY SHADING PATTERN

Array Row Current, lrow (A) Short Circuit Current, Isc  Maximum Power Output, Py Efficiency,
S.No . . n
Configuration (A) (W)
(%)
|R1 |R1 IRl IRl IRl
1. Series 2.65 - - - - 2.65 1250 100
2. Parallel 66.25 - - - - 66.25 1250 100
3. Series-Parallel 265 265 265 265 265 13.25 1250 100
4, TCT 1325 1325 1325 1325 1325 13.25 1250 100
5. SuDoKu 1325 1325 1325 1325 1325 13.25 1250 100
6. Futoshiki 1325 1325 1325 1325 1325 13.25 1250 100
7. Magic Square ~ 13.25 1325 1325 13.25 13.25 13.25 1250 100
8. Com. Square 1325 1325 1325 1325 1325 13.25 1250 100
9. SD-PAR 1325 1325 1325 1325 1325 13.25 1250 100
10.  Odd-Even 1325 1325 1325 1325 1325 13.25 1250 100
11. Chaotic Map 1325 1325 1325 1325 1325 13.25 1250 100
12. Dom. Square 1325 1325 1325 1325 1325 13.25 1250 100
13.  Sky Crapper 1325 1325 1325 1325 1325 13.25 1250 100
14, L-Shape 13.25 1325 1325 1325 13.25 13.25 1250 100
15. Screw Pattern 1325 1325 1325 1325 1325 13.25 1250 100
TABLE IV
PERFORMANCE OF VARIOUS ARRAY CONFIGURATIONS UNDER CORNER SHADING PATTERN
S.No Array Row Current, Irow (A) Short Circuit Current, Isc  Maximum Power Output, Py, Efflcrllency,
' Configuration (A) (W)
(%)
IRl IRl IRl IRl IRl
1. Series 0.53 - - - - 0.53 251 20.1
2. Parallel 61.75 - - - - 61.75 1170 93.6
3. Series-Parallel 0.53 2.65 2.65 2.65 212 10.6 1004 80.3
4, TCT 11.4 1325 1325 1325 106 10.6 1004 80.3
5. SuDoKu 11.13 129 13.25 1325 11.13 11.13 1054 84.3
6. Futoshiki 11.13 1325 129 13.25 11.13 11.13 1054 84.3
7. Magic Square 1166 12.72 12.9 13.25 11.13 11.13 1054 84.3
8.  Com.Square 1325 1245 954 1325 13.25 9.54 904 72.3
9. SD-PAR 12.9 13.25 1325 1113 11.13 11.13 1054 84.3
10. Odd-Even 11.4 10.6 1325 1325 13.25 10.6 1004 80.3
11. Chaotic Map 12.9 12,72 1166 1113 13.25 9.54 904 72.3
12. Dom. Square 1325 12.72 10.9 11.66 13.25 10.9 1029 82.3
13. Sky Crapper 13.25 1166 1272 12.9 11.13 11.13 1054 84.3
14, L-Shape 11.66 13.25 1272 12.9 11.13 11.13 1054 84.3
15. Screw Pattern 1166 1325 1325 1272 10.9 10.9 1029 82.3
TABLE V
PERFORMANCE OF VARIOUS ARRAY CONFIGURATIONS UNDER CENTRE SHADING PATTERN
Array Row Current, lrow (A) Short Circuit Current, Isc  Maximum Power Output, Py,  Efficiency,
S.NO  configuration (A) (W) 1 (%)
Ir1 Ir1 Ir1 Ir1 Ir1
1. Series 0.53 - - - - 0.53 251 20.1
2. Parallel 55.4 - - - - 55.4 1049 83.9
3. Series-Parallel 2.65 0.53 0.53 1.06 2.65 7.42 703 56.2
4, TCT 1325 848 901 114 1325 8.48 803 64.3
5. SuDoKu 8.48 12.5 12.2 12.2 10.1 8.48 803 64.3
6. Futoshiki 10.6 12.2 10.1 11.13 117 10.1 954 76.3
7. Magic Square 12.2 106 11.13 1113 109 10.6 1004 80.3
8. Com. Square 10.1 13.25 13.25 9.5 9.3 9.3 879 70.3
9. SD-PAR 12.5 12.2 12.2 10.1 8.48 8.48 803 64.3
10.  Odd-Even 1113 1113 106 1113 114 10.6 1004 80.3
11.  Chaotic Map 122 1113 106 127 9.3 9.3 879 70.3
12.  Dom. Square 1113 1113 9.01 114 12.7 9.01 853 68.3
13.  Sky Crapper 117 1113 106 1113 109 106 1004 80.3
14, L-Shape 10.6 11.13 119 9.54 12.2 9.54 904 72.3
15. Screw Pattern 12.2 12.2 11.7 10.1 9.3 9.3 879 70.3
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TABLE VI
PERFORMANCE OF VARIOUS ARRAY CONFIGURATIONS UNDER L-SHAPE SHADING PATTERN

Array Row Current, lrow (A) Short Circuit Current, Isc ~ Maximum Power Output, Py, Efficiency,
S.No . . n
Configuration (A) (W)
(%)
IRl IRl IRl IRl IRl
1. Series 0.53 - - - - 0.53 251 20.1
2. Parallel 54.9 - - - - 54.9 1039 83.1
3. Series-Parallel 0.53 1.59 1.06 0.53 2.12 5.83 552 44.2
4. TCT 12,7 1113 129 12.2 5.83 5.83 552 44.2
5. SuDoKu 12.2 9.01 114 11.13 11.13 9.01 853 68.3
6. Futoshiki 12.19 1113 9.01 114 9.5 9.01 853 68.3
7. Magic Square 11.13 106 11.9 101 11.13 10.1 954 76.3
8. Com. Square 1113 127 7.2 12.3 11.7 7.2 678 54.2
9. SD-PAR 9.01 11.4 11.13 11.13 12.2 9.01 853 68.3
10.  Odd-Even 125 9.01 13.3 7.95 12.2 7.95 753 60.2
11. Chaotic Map 13.25 10.6 10.3 6.9 11.7 6.9 653 52.2
12.  Dom. Square 10.9 11.7 1113 117 9.5 9.5 904 72.3
13.  SkyCrapper 1113 106 106 114 1113 10.6 1004 80.3
14. L-Shape 10.6 10.1 125 10.6 11.13 10.1 954 76.3
15.  Screw Pattern 1113 9.01 11.9 11.7 1113 9.01 853 68.3
TABLE VII
PERFORMANCE OF VARIOUS ARRAY CONFIGURATIONS UNDER FRAME SHADING PATTERN
Array Row Current, lrow (A) Short Circuit Current, Isc  Maximum Power Output, Py Efficiency,
S.No . . n
Configuration A W) (%)
IRl IRl IRl IRl IRl
1. Series 0.53 - - - - 0.53 251 20.1
2. Parallel 46.4 - - - - 46.4 879 70.3
3. Series-Parallel 053 1.06 159 1.06 0.53 4.8 452 36.1
4, TCT 1.7 101 1166 11.13 583 5.83 552 44.2
5. SuDoKu 9.01 981 954 9.01 9.01 9.01 853 68.3
6. Futoshiki 9.01 9.01 981 10.6 6.89 6.89 653 52.2
7. Magic Square 795 848 1193 6.89 9.54 6.89 563 52.2
8. Com. Square 11.13  7.69 5.3 11.13  11.13 5.3 502 40.2
9. SD-PAR 981 954 9.01 9.01 9.01 9.01 853 68.3
10.  Odd-Even 928 6.89 1113 954 9.54 6.89 653 52.2
11. Chaotic Map 9.81 9.01 9.01 7.42 11.13 7.42 703 56.2
12. Dom. Square 9.54 9.01 10.87 9.01 7.95 7.95 753 60.2
13.  Sky Crapper 848 9.01 795 1139 954 7.95 753 60.2
14, L-Shape 848 101 901 1034 848 8.48 803 64.3
15. Screw Pattern 8.48 7.95 11.13 7.95 10.87 7.95 753 60.2
TABLE VIII
PERFORMANCE OF VARIOUS ARRAY CONFIGURATIONS UNDER DIAGONAL SHADING PATTERN
Array Row Current, lrow (A) Short Circuit Current, Isc ~ Maximum Power Output, Py Efficiency,
S.No ) . n
Configuration (A (W) (%)
Ir1 Ir1 IRy IRy Ir1
1. Series 0.53 - - - - 0.53 251 20.1
2. Parallel 60.7 - - - - 60.7 1150 92
3. Series-Parallel 0.53 1.59 1.06 212 2.39 7.69 728 58.2
4. TCT 11.13 1219 1166 1272 1298 11.13 1054 84.3
5. SuDoKu 769 1325 1325 1325 1325 7.69 728 58.2
6. Futoshiki 10.34 1325 1166 1219 13.25 10.34 979 78.3
7. Magic Square 11.13 1298 1272 1166 1219 11.13 1054. 84.3
8. Com. Square 12,72 1298 11.13 1219 11.66 11.13 1054 84.3
9. SD-PAR 1325 1325 1325 13.25 7.68 7.68 728 58.2
10.  Odd-Even 954 1193 1272 1325 1325 9.54 903 76.3
11. Chaotic Map 1325 12.46 10.1 12.72 11.66 10.1 954 72.3
12. Dom. Square 1219 1298 1166 11.13 12.72 11.13 1054 84.3
13. Sky Crapper 1325 11.13 10.87 1325 1219 10.87 1029 82.3
14. L-Shape 11.13 1166 1298 1219 12.72 11.13 1054 84.3
15.  Screw Pattern 106 1325 1325 114 1219 10.6 1004 80.3
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TABLE IX
PERFORMANCE OF VARIOUS ARRAY CONFIGURATIONS UNDER RANDOM SHADING PATTERN

Array Row Current, lrow (A) Short Circuit Current, Isc ~ Maximum Power Output, Py, Efficiency,
S.No . . n
Configuration (A) (W)
(%)
IRl IRl IRl IRl IRl
1. Series 0.53 - - - - 0.53 251 20.1
2. Parallel 45.8 - - - - 45.8 869 69.5
3. Series-Parallel 0.53 0.53 0.53 1.06 0.53 3.18 301 24.1
4, TCT 10.34  7.95 7.42 9.81 10.34 7.42 703 56.2
5. SuDoKu 10.34 848 8.48 10.34 8.22 8.22 778 62.2
6. Futoshiki 8.22 10.34 1166 10.34 7.42 7.42 703 56.2
7. Magic Square 1034 9.01 9.81 6.89 10.6 6.89 653 52.2
8. Com. Square 9.01 8.75 9.23 9.23 9.54 8.75 828 66.3
9. SD-PAR 8.48 8.48 10.34 8.22 10.34 8.22 778 62.2
10.  Odd-Even 10.34 1113 9.01 8.75 6.63 6.63 628 50.2
11. Chaotic Map 10.6 8.75 8.75 11.39 9.54 8.75 828 66.3
12. Dom. Square 1034 6.89 11.13 6.89 10.6 6.89 653 52.2
13.  Sky Crapper 8.22 9.54 7.95 9.54 10.6 7.95 753 60.2
14. L-Shape 11.39 11.13 3.18 10.6 9.54 3.18 301 24.1
15.  Screw Pattern 9.28 12.2 9.01 5.83 9.54 5.83 552 44.2
TABLE X
PERFORMANCE OF VARIOUS ARRAY CONFIGURATIONS UNDER SN SHADING PATTERN
Array Row Current, lrow (A) Short Circuit Current, Isc ~ Maximum Power Output, Py, Efficiency,
S.No . . n
Configuration (A) (W) (%)
lre lre Ir1 Ir1 Ir1
1. Series 0.53 - - - - 0.53 251 20.1
2. Parallel 58.57 - - - - 58.57 1110 88.8
3. Series-Parallel 0.53 0.53 2.65 2.65 2.65 9.01 853 68.3
4, TCT 10.07 1139 106 1325 13.25 10.07 954 76.3
5. SuDoKu 954 1087 1272 1325 12.19 9.54 904 723
6. Futoshiki 901 1325 1299 1113 1219 9.01 853 68.3
7. Magic Square 1113 1299 1272 1219 11.66 11.13 1054 84.3
8. Com.Square 1325 1325 1034 848 1325 8.48 803 64.3
9. SD-PAR 10.87 1272 1325 1219 9.54 9.54 903.6 72.3
10.  Odd-Even 106 1167 12.19 10.87 13.25 10.6 1004 80.3
11. Chaotic Map 1325 1325 6.63 1299 13.25 6.63 628 50.2
12. Dom. Square 11.13 11.13 1325 11.13 11.93 11.13 1054 84.3
13. Sky Crapper 1325 9.01 1193 1272 11.66 9.01 853 68.3
14. L-Shape 11.13 1299 1166 11.66 11.13 11.13 1054 84.3
15.  Screw Pattern 9.01 1299 1272 1219 11.66 9.01 853 68.3
TABLE XI
PERFORMANCE OF VARIOUS ARRAY CONFIGURATIONS UNDER SW SHADING PATTERN
SINo Array Row Current, Irow (A) Short Circuit Current, e Maximum Power Output, Py, = 10eNCY:
’ Configuration (A) (W) (%)
IRy IRy Ir1 Ir1 Ir1
1. Series 0.53 - - - - 0.53 251 20.1
2. Parallel 56.18 - - - - 56.18 1064 85.1
3. Series-Parallel 0.53 0.53 2.65 2.65 2.65 9.01 853 68.3
4, TCT 1166 1139 106 1193 10.6 10.6 1004 80.3
5. SuDoKu 1113 1087 1246 11.66 10.07 10.07 954 76.3
6. Futoshiki 10.6 1166 1272 11.13 10.07 10.07 954 76.3
7. Magic Square 12.46 1272 1219 11.13 9.54 9.54 904 72.3
8. Com. Square 13.25 1325 8.75 7.69 13.25 7.69 728 58.2
9.  SD-PAR 10.87 1246 1166 1007 1113 10.01 954 76.3
10.  Odd-Even 1219 954 1193 1034 1219 9.54 904 723
11.  Chaotic Map 1299 1325 8.22 9.28 13.25 8.22 778 62.2
12.  Dom. Square 1113 10.07 10.87 1219 1293 10.07 954 76.3
13. SkyCrapper ~ 11.66 106 1193 1246 954 9.54 904 72.3
14, L-Shape 1246 1246 1166 10.6 9.01 9.01 853 68.3
15.  Screw Pattern 106 1272 1219 1113 954 9.54 904 72.3
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TABLE XII
PERFORMANCE OF VARIOUS ARRAY CONFIGURATIONS UNDER LN SHADING PATTERN
Array Row Current, lrow (A) Short Circuit Current, Isc ~ Maximum Power Output, Py, Efficiency,
S.No . . n
Configuration (A) (W) (%)
IR1 IR1 IR1 IR1 IR1
1. Series 0.53 - - - - 0.53 251 20.1
2. Parallel 53 - - - - 53 1004 80.3
3. Series-Parallel 1.06 0.53 1.59 0.53 2.65 6.36 602 48.2
4. TCT 9.8 769 901 1325 1325 7.69 728 58.2
5. SuDoKu 9.01 114 1246 10.07 10.07 9.01 853 68.3
6. Futoshiki 9.01 10.07 1246 1234 11.13 9.01 853 68.3
7. Magic Square 114 1034 1166 1219 10.87 10.34 979 78.3
8. Com. Square 928 1325 1087 9.01 10.6 9.01 853 68.3
9. SD-PAR 11.4 1246 10.07 10.07 9.01 9.01 853 68.3
10.  Odd-Even 954 1113 1034 981 1219 9.54 904 723
11. Chaotic Map 1299 1166 7.16 1299 10.6 7.16 678 54.2
12. Dom. Square 954 1034 106 10.07 12.46 9.54 904 72.3
13.  Sky Crapper 106 9.01 1193 106 10.87 9.01 853 68.3
14, L-Shape 106 1219 10.07 9.54 10.6 9.54 904 72.3
15.  Screw Pattern 10.07 1193 114 10.07 954 9.54 904 72.3
TABLE XIII
PERFORMANCE OF VARIOUS ARRAY CONFIGURATIONS UNDER LW SHADING PATTERN
Array Row Current, Irow (A) Short Circuit Current, Isc  Maximum Power Output, Py Efficiency,
S. No . . n
Configuration (A) (W)
(%)
Ir1 Ir1 Ir1 Ir1 Ir1
1. Series 0.53 - - - - 0.53 251 20.1
2. Parallel 48.2 - - - - 48.2 914 73.1
3. Series-Parallel 0.53 1.06 0.53 0.53 2.65 5.3 502 40.2
4, TCT 8.48 7.16 9.81 954 1325 7.16 678 54.2
5. SuDoKu 7.42 10.1 9.81 11.4 9.54 7.42 703 56.2
6. Futoshiki 7.95 11.4 8.48 9.28 11.67 7.95 753 60.2
7. Magic Square 9.01 7.95 9.28 10.6 9.01 7.95 753 60.2
8. Com. Square 822 1325 9.28 9.54 7.95 7.95 753 60.2
9. SD-PAR 10.07 981 11.4 9.54 7.42 7.42 703 56.2
10. Odd-Even 928 1166 7.69 9.54  10.07 7.69 728 58.2
11. Chaotic Map 10.1 10.6 7.69 9.01 7.95 7.69 728 58.2
12.  Dom.Square 1034 7.95 10.34 106 9.01 7.95 753 60.2
13. Sky Crapper 10.6 9.54 742 1166 9.01 7.42 703 56.2
14, L-Shape 7.01 742 1166 10.07 10.07 7.42 703 56.2
15. Screw Pattern 10.07 901 875 10.34 10.07 8.75 828 66.3

The SPP and SD-PAR array configurations are failed
to disperse the shading equally in the PV system, which
leads to the least power generation. The FPP, OE and
ChMp array configuration were quite capable to perform
averagely in this kind of shading pattern. Under the random
shading pattern, the LSP array configuration failed to
disperse the shading as it causes the minimum power
generation of 301W. The other configuration like, S, P, Se-
P, TCT, SPP, FPP. McSq, CpSq, SD-PAR. OE, ChMp,
DmSq, SyC and SCP array configuration were generating
the power output of 251W, 869W, 301W, 703W, 778W,
703W, 653W, 828W, 778W, 628W, 828W, 653W, 753W
and 552W respectively. Among these configurations the
CpSq and ChMp array configuration produces the
maximum power output and other configuration produces
the average power output under this random shading
pattern. Under the short and narrow shading pattern, the
LSP, DmSqg and McSq array configuration were performs
well and has the higher power generation as compared to
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the other PV configurations. The ChMp array configuration
falls short under this shading pattern, where all the shadings
are accumulated in a single row that increases the mismatch
losses between the rows. This affects the power generation
of the PV array, where it produces the least power
generation as compared to the other PV array
configurations. Other configurations like SyC, CmSq,
McSqg, and Se-P array configurations were moderately
performing under this shading pattern. The TCT array
configuration produces a the 1004W of power output under
the short and wide shading pattern, which is higher than the
other configuration under this shading pattern. All array
configurations except series array configuration are
decently dispersing the shading in this shading pattern.
Under the long and narrow shading pattern, McSq array
configuration produces a maximum power output of 979W.
The SCP, LSP, DmSq, OE, configurations were generating
the second highest power output of 903W. On comparing
the performance, the Se-P and ChMp array configurations
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had the poor performance in this kind of shading pattern.
The SCP array configuration produces the highest power
output of 66.3W with the efficiency of 66.3%, whereas the
TCT array configuration minimum power generation of
678W power. The FPP, McSq, CpSq, and DmSq array
configurations were produces the equal and moderate
power generation of 753W. The performance of each array
configuration can be easily studied using the P-V and I-V
characteristic curves as given in figures. The smoothness of
curves shows the uniform shade distribution. These
characteristic curves are varied with respect to the array
configurations. In many cases the recent developed array
configurations have the smoother PV curve than the others.
Under the mild shading patterns, the basic array
configuration to recent array configurations were
generating nearby power output. But on the case of severe
shading patterns, some of the array configurations were
failed to disperse the shading. By comparing the overall
performance of each PV array configurations with respect
to the all-shading patterns, the magic square array one of
the best among other. Dominant Square, Sky Crapper array
configuration are the second efficient configurations among
the others in terms of shade dispersion and power
generation. The L-Shape propagated array configuration
and screw propagated array configuration are the
performing good next to the DmSq and SyC array
configurations. Series-Parallel array configuration has the
least performance among the other PV array configurations
on the shade dispersion rate. This configuration is highly
limited by the shaded panel that leads to the high mismatch
loss. This causes the power loss in the PV system. The TCT
array configuration performs well in mild and medium
shading patterns, but experiences more mismatch losses in
complex shading patterns. The TCT configuration is the
base for recently created array configurations such as
SuDoKu, Futoshiki, CS, MS, DS, SD-PAR, L-shape, and
screw. Because these configurations used separate logics
but shared a same architecture of TCT. This is one of the
reasons for the PV array's efficient shade dispersion in the
recently developed array configurations. The traditional
TCT experiences more mismatch losses in complex shading
patterns, however the logics employed in recent
configurations minimize these issues. The performance of
various array configurations under different types of
shading patterns is given in the tables from Table 3 to Table
13 and the same depicted in Figures 24 to Figure 29.

CURRENT (A)

80 100 120

0 20

100 120 0 20 40 60
VOLTAGE V)

Figure 24. Characteristic curves of PV array configurations under
Diagonal Shading Pattern
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Figure 25. Characteristic curves of PV array configurations under
Random Shading Pattern
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Figure 26. Characteristic curves of PV array configurations under SN
Shading Pattern
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Figure 27. Characteristic curves of PV array configurations under SW
Shading Pattern
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Figure 28. Characteristic curves of PV array configurations under LN
Shading Pattern
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Figure 29. Characteristic curves of PV array configurations under LW
Shading Pattern

The PV array configurations are classified into various
categories like poor, average, consistent, best based on the
power generation and the shade dispersion capability. This
classification gives the overall view about the performance
of each array configurations.

Table 14 shows the different configurations of arrays
that were tested, along with their performance in different
shading conditions.. The configurations tested were Series,
Parallel, Series-Parallel, TCT, SuDoKu, Futoshiki, Magic

9
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Square, Com. Square, SD-PAR, Odd-Even, Chaotic Map,
Dom. Square, Sky Crapper, L-Shape, and Screw Pattern.
The "Rank" column indicates the overall ranking of each
configuration based on its performance in the experiment.
The configurations with the best performance were Parallel,
SD-PAR, Odd-Even, Chaotic Map, Dom. Square, L-Shape,
and Screw Pattern, all of which received a ranking of
"Best." The Series configuration performed the worst,
receiving a ranking of "Poor."

S.No Parameters Ratings  Units Type
1. Power (Pmax) 270 W
2. Open Circuit Voltage (Voc) 38.20 \Y
3. Short Circuit Current (lsc) 9.19 A Mono-
4. Voltage at Maximum Power -
31.10 \Y crystalline
(Vom) _
5. Current at Maximum Power 867 A
(fom)
6. Power (Pmax) 270 W
7. Open Circuit Voltage (Voc) 38.04 \%
8. Short Circuit Current (lsc) 8.56 A Poly-
9. Voltage at Maximum Power v
30.43 \% crystalline
(Vom) )
10. Current at Maximum Power 822 A
(lom)

TABLE XIV
CLASSIFICATION OF EACH ARRAY CONFIGURAITONS
Arra First Second Third
S:No Configur)z;tion Five Five Five Rank

1. Series - - 10 Poor
2. Parallel 10 - - Best
3. Series-Parallel - 3 7 Average
4. TCT 2 2 6 Average
5. SuDoKu 6 4 - Average
6. Futoshiki 5 5 - Average
7. Magic Square 9 1 - Consistent
8. Com. Square 5 5 - Average
9. SD-PAR 8 2 - Best
10. | Odd-Even 8 2 - Best
11. | Chaotic Map 8 2 - Best
12. | Dom. Square 8 2 - Best
13. | Sky Crapper 7 3 Average
14. | L-Shape 9 1 - Best
15. | Screw Pattern 8 2 - Best

VII Experimental Validation of selected Array
Configurations

From the simulation results, the Magic square
array configuration is performing consistent in all kinds of
shading patterns. The DmSq, SyC, L-Shape and Screw are
also performing well, but in some kind of shading patterns,
they failed to disperse the shading. But in most of the cases
they are performing well. So that, these five configurations
are analyzed in the real-time environment. The validations
has been carried out in 5x5 PV array with different types of
PV modules such as mono-crystalline PV and poly-
crystalline PV. In this experiment, the performance of a 5x5
photovoltaic (PV) array is validated. It is important to note
that the physical structure of the PV panels belonged to a
10x3 array. However, due to the panels being permanently
mounted on the clamps, it restricts to physically change the
arrangement to represent a 5x5 PV array in the experiment.
The specifications of the PV modules used for the hardware
setup is given in table 14. In twenty five PV modules,
eighteen poly crystalline PV modules and seven mono-
crystalline PV modules are used. Along with the partial
shading some other factors like aging of PV modules,
replaced PV modules with different specifications, uneven
current ratings are influencing on the mismatch losses.
Figure 30 shows the PV array structure for the experimental
validation. In some of the PV modules

TABLE XIV
ELECTRICAL CHARACTERISTICS OF PV PANEL
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Different types of PV materials with different
specification are connected as a PV array. The individual
terminals of the PV array is been connected in junction box,
at where the configuration can be interchanged. The
shadings and faults are been created in the PV array as
shown in figure 31. Dust particles are accumulated on the
PV surface, also sheets covered on the PV surface to create
the partial shading. The experimental validation is carried
out on 07" February, 2023. The irradiation data on this day
is plotted as a graph as shown in figure 32. Two different
kind of shading patterns are created on the panel surface. In
the first shading pattern, 50% of the PV surface was
covered. In this shading conditions, L-shape configuration
generates maximum current all the day. The magic square
configuration method has the second highest power
generation and TCT, SuDoku, Screw pattern configuration
generating nearly same power. In this shading condition,
the L-shape has the best shade dispersion level as compared
to other configurations.

Figure 30. Photograph of the experimental setup

In second case, 25% of the PV surface has been
covered with the sheets. In this condition, TCT
configuration has the best power generation among all other
array configurations. The L-Shape configurations which has
highest power generation in the previous case, has the least

9
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power generation in this case. Whereas magic square
configuration has generates second highest power in this
case. The other configuration has generates power next to
MS configuration. The irradiation data and current
generation from PV has been measured for every five
minutes interval. PV data logger constructed using Arduino
controller is used for measuring the voltage and current and
a Lux meter is used for measuring the solar irradiation
level. The measured data of irradiation, current for the
entire day of 07" February, 2023 is plotted as graphs as
shown in figure 31, figure 32 and figure 33.

TEUsT n—— —
Dust Accumulation 4

e

T TR T T Y '
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Figure 32. Fault creation on PV panels
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Figure 31. Solar Irradiation on 07 February 2023
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Figure 32. Current output from each configurations 50% of shading
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Figure 33. Current output from each configurations 30% of shading

VIIl Conclusions

This work analyzed and validated various PV array
configurations using MATLAB/Simulink® and experimental
validation. The work found that the magic square puzzle
pattern array configuration consistently performed well under
different shading patterns, with an average efficiency of
74.3%. also, it ranked the efficiency of other array
configurations based on short circuit current and power
generation. The results show that by dispersing shading
uniformly over the PV array, mismatch losses can be
minimized, resulting in increased power output. The TCT
and magic square array configurations were found to be
effective solutions to partial shading, with the magic square
configuration showing a significant improvement in power
generation efficiency compared to the series configuration.
The experimental validation confirmed the simulation results
and provided additional insights into the performance of the
array  configurations under different environmental
conditions. In conclusion, this work provides valuable
insights into the performance of various PV array
configurations and identifies effective solutions to partial
shading. The study's results can guide the selection of an
appropriate PV array configuration for a specific
environmental condition and inform future research on
enhancing PV array efficiency.
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