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Introduction: The utilization of solar energy in large-scale photovoltaic arrays has
gained immense popularity on a global scale. However, shadows in the array lead
to significant reductions in power output and create multiple power peaks in the
P-V  characteristics. To address this issue, the Total Cross Tie (TCT)
interconnection pattern is commonly employed to minimize mismatch loss.
Additionally, physical relocation methods have proven effective in dispersing
shadows.

Method: In this context, the Magic Square View (MSV) offers a physical
rearrangement of PV modules within a TCT scheme, effectively scattering
shadows across the entire photovoltaic array.

Results: Simulation results confirm the MSV efficacy in enhancing the PV array's
output power under various Partial Shading Conditions (PSCs) patterns. Four PSCs
patterns (Short and Wide, Long and Wide, Long and Narrow, and Short and
Narrow) are considered and compared to the TCT and the recently validated
Competence Square (CS) techniques. The MSV method is vital in improving the PV
array's power output, especially when confronted with Long and Wide shading
patterns. The outcomes demonstrate that adopting the MSV configuration leads
to a substantial increase of 33.78% and 29.83% in power output for LW and SW
shading patterns, respectively, compared to the TCT setup. Even under LN and SN
shading patterns, there is a notable power enhancement, achieving a remarkable
25.15% increase for the LW shading pattern compared to the TCT, surpassing
enhancements achieved by SuDoKu, DS, and CS methods, which improved by
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20.5%, 18.2%, and 21.6%, respectively. Overall, the MSV configuration presents a
promising solution for enhancing the performance of photovoltaic arrays under

shading conditions.

KEYWORDS

magic square view (MSV), partial shading, photovoltaic, array configuration, total cross tied
(TCT), competence square (CS), dominance square (DS)

1 Introduction

Solar energy is gaining popularity as an efficient alternative to
conventional sources due to its environmental sustainability and
diverse applications in both industrial and residential settings
(Iysaouy et al., 2019a; Gopi et al., 2023). Solar photovoltaic (PV)
technologies are widely recognized worldwide, ranging from small-
scale autonomous systems to large photovoltaic energy farms (Rani
etal, 2013; Pareek and Dahiya, 2015; Lahcen et al., 2018; Al-Ezzi and
Ansari, 2022; Soomar et al., 2022). However, partial shading remains
a significant challenge, leading to decreased efficiency, shortened
lifespan, and reduced power output of PV systems (Balato et al,
2011; HIGUCHI and BABASAKI, 2018). Partial shading can stem
from predictable sources like adjacent buildings and trees, which can
be managed during installation, as well as unpredictable factors like
clouds, snow, temperature variations, and dust (Karatepe et al., 2007;
Manganiello et al., 2015; Pareek and Dahiya, 2016; HIGUCHI and
BABASAKI, 2018; Lahcen et al., 2018; Jha and Triar, 2019; Vicente
et al, 2023). Various approaches have been explored to mitigate
partial shading effects, including system structures, maximum
power point tracking (MPPT) techniques, converters, inverters,
micro-inverters, and different PV array configurations (Huynh
et al, 2013; Sundareswaran et al, 2015; Janandra Krishna
Kishore et al., 2022; Kishore D. K. et al., 2023; Kishore D. J. K.
et al., 2023).

Among these approaches, the PV array is one of the most suitable
methods to minimize power losses. The extent of power losses due to
partial shading depends on the shading patterns, the position of
shaded modules within the array, and the overall configuration
(Huynh et al, 2013; Rani et al, 2013; Lahcen et al, 2018;
Marhraoui et al,, 2018; Pachauri et al., 2018; Abdulmawjood et al.,
2022; Al-Ezzi and Ansari, 2022; Boghdady et al., 2022; Chadge et al.,
2022; Janandra Krishna Kishore et al., 2022; Kim et al., 2022; Rajani
and Ramesh, 2022; Soomar et al., 2022; Zhang et al., 2022; Kishore D.
K. et al, 2023; Kishore D. J. K. et al, 2023). Different array
configurations, such as Series-Parallel (SP), Bridge Linked (BL),
Honey Comb (HC), and Total Cross Tied (TCT), have been
compared in the literature for their losses, shunt resistance effect,
maximum power, diode derivation, and performance under various
shading conditions (Huynh et al,, 2013; Rani et al., 2013; Lahcen et al,,
2018; Marhraoui et al., 2018; Pachauri et al.,, 2018; Abdulmawjood
et al,, 2022; Al-Ezzi and Ansari, 2022; Boghdady et al., 2022; Chadge
et al., 2022; Janandra Krishna Kishore et al., 2022; Kim et al., 2022;
Rajani and Ramesh, 2022; Soomar et al., 2022; Zhang et al., 2022;
Kishore D. K. et al,, 2023; Kishore D. J. K. et al., 2023).

Recent studies have focused on improving PV array
configurations to enhance their performance under partial
shading. For instance, Gautam and Kaushika (2002) found that
the Total Cross Tied (TCT) configuration can extend the life of a PV
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array, while. (Rajani and Ramesh, 2022) supported the TCT
configuration as the most suitable solution to address mismatch
issues under partial shade. However, Rani et al. (2013) introduced a
Sudoku rearrangement scheme, which demonstrated a 3.6% increase
in power production compared to the TCT configuration by
modifying the physical location of the PV array. An optimal
Sudoku configuration has been elaborated to spread the shadow
effect over a larger PV array dimension (Vijayalekshmy et al., 2016).

Despite the advantages of the Sudoku-based configurations,
their unique characteristics and the unsubstantiated aspect for
specific array sizes have raised complications in their selection.
Each Sudoku pattern results in different shade distributions and
energy yields, and as the array size increases, the wiring becomes
more challenging due to inconsistent panel relocation.
Consequently, other reconfiguration schemes based on puzzle
models, such as Magic Square (MS), the new Zig-Zag technique,
cross-diagonal view (CDV), competence square (CS), and magic
square view (MSV) have been developed to address these limitations
(Vijayalekshmy et al., 2016; John Bosco and Carolin Mabel, 2017;
Dhanalakshmi and Rajasekar, 2018; Iysaouy et al., 2019b).

Yadav et al. (2016) have extensively reported on the
performances of various PV array configurations, including
series-parallel (SP), total-cross-tied (TCT), bridge-linked (BL),
Honey-Comb (HC), and hybrid SP-TCT, BL-TCT, and non-
symmetrical puzzle patterns such as NS-1 and NS-2, analyzing
power loss, fill factor, and shading dispersion effect on Maximum
Power Point (MPP). These studies contribute to the ongoing efforts
to optimize PV array configurations and enhance their resilience to
partial shading effects.

Numerous studies have investigated various reconfiguration
techniques for photovoltaic (PV) arrays under partial shading
conditions. Vijayalekshmy et al. (2016) (Tatabhatla et al., 2020)
explored a new Zig-Zag technique that alters the interconnections of
PV panels in the Total Cross Tied (TCT) configuration. Their
findings revealed improved performance in terms of power loss,
mismatch loss, power enhancement, fill factor, performance ratio,
and irradiation mismatch index compared to classical TCT, OTCT,
and NTCT schemes.

Tatabhatla et al. (2020) addressed the reduced output power and
complex tracking of the global maximum power point in shaded PV
arrays. They proposed a novel reconfiguration technique using a
TomTom puzzle pattern to relocate shaded and unshaded panels
without altering the electrical circuitry. The TomTom
reconfiguration minimized shade concentration, reduced row
current mismatch, and increased output power with fewer
voltage-power characteristic peaks, even under moving shading
conditions.

Yadav (2017)

performance of 4 x 4PV array configurations, including TCT,

et al comprehensively reported on the
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hybrid SP-TCT, BL-TCT, BL-HC, and rearranged configurations
based on Magic Square (MS) puzzles. They found that the MS-based
reconfigurations, such as RTCT, RSP-TCT, RBL-TCT, and RBL-
HC, significantly improved performance compared to traditional
TCT, SP-TCT, BL-TCT, and BL-HC configurations under most
partial shading scenarios.

John Bosco and Carolin Mabel (2017) introduced the Cross
Diagonal View (CDV) arrangement, a novel configuration that
optimizes PV power generation under partial shading conditions.
The CDV configuration demonstrated superior performance under
different shading patterns compared to SP, TCT, and Sudoku (SDK)
configurations.

Dhanalakshmi and Rajasekar (2018) proposed a unique
Competence Square (CS) technique for PV-generating systems.
Based on a one-time relocation using a unique number pattern,
the CS method effectively spread partial shading across the entire PV
array, outperforming TCT in terms of output power, fill factor, and
power losses.

Tatabhatla et al. (2020) proposed an Image Processing-inspired
Chaos Map reconfiguration technique to enhance the harvested
capacity of shaded PV arrays. By physically relocating panels
without altering electrical connections, their method achieved
uniform row current and improved output power under various
shading conditions, surpassing existing static reconfiguration
techniques.

Considering the interest in finding the best-performing PV
configuration under partial shading, our previous work (Iysaouy
et al., 2019b) proposed the Magic Square View (MSV) method for
shading dispersion on the PV array, outperforming TCT and
Sudoku configurations for long-wide shading patterns. In this
study, we extend the MSV method to other shading patterns,
including Short and Wide (SW), Long and Wide (LW), Long
and Narrow (LN), and Short and Narrow (SN), and compare its
performance to the Competence (CS) method
(Dhanalakshmi and Rajasekar, 2018).

Simulation of the (P-V) characteristics of MSV and TCT
configurations under various partial shading conditions, using a

Square

9 x 9 matrix of PV modules, demonstrates the improved output
power of MSV. Section 2 focuses on the modeling of PV solar, while
Section 3 describes PV configurations under partial shading
solar PV
shade-
distributing techniques. Section 6 presents the impact of partial

conditions.  Section 4  discusses conventional

interconnection schemes, and Section 5 explores
shading on PV array configurations. In Section 7, simulation results
are discussed, and in Section 8, a comparison with existing literature

is provided. Finally, Section 9 presents the conclusions of this study.

1.1 Research gap

While significant strides have been made in solar photovoltaics,
addressing the detrimental effects of partial shading on PV systems
remains a critical challenge. Partial shading can drastically reduce
the overall efficiency, lifespan, and power output of PV systems
(Balato et al., 2011; HIGUCHI and BABASAKI, 2018). Despite
various strategies to mitigate partial shading effects, there is a clear
research gap in comprehensively assessing the effectiveness of
different PV array configurations under diverse shading patterns.
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One promising approach that has gained attention in recent
years is the Magic Square View (MSV) configuration. In contrast,
studies have explored a range of configurations such as Series-
Parallel (SP), Total Cross Tied (TCT), Bridge Linked (BL), and
more (Huynh et al, 2013; Rani et al,, 2013; Lahcen et al., 2018;
Marhraoui et al., 2018; Pachauri et al., 2018; Abdulmawjood et al.,
2022; Al-Ezzi and Ansari, 2022; Boghdady et al., 2022; Chadge et al.,
2022; Janandra Krishna Kishore et al., 2022; Kim et al., 2022; Rajani
and Ramesh, 2022; Soomar et al., 2022; Zhang et al., 2022; Kishore
D. K. et al, 2023; Kishore D. J. K. et al, 2023). The MSV
configuration’s unique characteristics and potential benefits have
yet to be fully explored and compared. This gap is particularly
pronounced when considering shading patterns of varying
dimensions, such as Short and Wide, Long and Wide, Long and
Narrow, and Short and Narrow. Through comparative analysis,
MSYV effectiveness in mitigating partial shading could be evaluated
against these established configurations.

1.2 Magic square view configuration

Among the various PV array configurations, the Magic Square
View (MSV) configuration stands out as a promising candidate for
effectively mitigating the effects of partial shading. The MSV
configuration is characterized by its ability to distribute shading
uniformly across the entire PV array, minimizing the concentration
of shading in specific areas. This innovative approach has shown
promise in addressing the limitations of traditional configurations
and spreading the impact of shading over a larger array dimension
(Potnuru et al., 2015; Iysaouy et al., 2019b).

The MSV configuration is particularly well-suited to long-wide
shading patterns, offering the potential to outperform conventional
configurations like Total Cross Tied (TCT) and Sudoku-based
configurations (Iysaouy et al., 2019b). It achieves this by ensuring
that the shading is evenly distributed across the array, which helps
maintain a more balanced power output and reduces the losses
associated with shading. The MSV configuration is like a well-
crafted jigsaw puzzle, where all the pieces fit together perfectly and
the final picture is clear and beautiful. Ensuring that the shading is
evenly distributed helps create an attractive and efficient final result.

1.3 Importance for industries and
researchers

The significance of exploring and understanding the
effectiveness of the MSV configuration lies in its potential impact
on the solar industry and the academic community. Industries that
rely on solar energy can benefit from optimized PV array
configurations resilient to partial shading, leading to increased
energy production and better financial returns. By adopting
configurations like MSV, solar farms and installations can
minimize power losses and improve the overall performance of
their systems. Not only can this lead to increased energy production,
but it can also result in improved financial returns and long-term
stability for the industry.

For researchers, investigating the MSV configuration adds to the
knowledge concerning PV array design and optimization. It can
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FIGURE 1
PV Module equivalent circuit.

offer insights into the strengths and limitations of this configuration
under different shading scenarios, shedding light on its applicability
and potential advancements. Furthermore, by comparing the MSV
configuration with existing techniques, researchers can establish a
benchmark for assessing the effectiveness of novel solutions in
addressing partial shading effects.

The research gap in the assessment of PV array configurations
under various shading patterns, with a focus on the Magic Square
View (MSV) configuration, presents an opportunity to contribute to
the field of solar photovoltaics. This study aims to provide industries
and researchers with valuable insights into optimizing PV systems
for enhanced performance and resilience in partial shade by
thoroughly evaluating the MSV configuration’s performance and
comparing it with established configurations. The results of this
study can provide valuable guidance on which configurations and
design strategies offer the best performance and resilience when
faced with varying levels of partial shade, ultimately leading to more
effective and efficient PV system designs.

2 Modelling of PV solar cell

This paper adopted a sophisticated approach employing a two-
diode model (Rani et al., 2013; Vijayalekshmy et al., 2017; Lahcen
etal, 2018; Tatabhatla et al., 2020) to characterize photovoltaic (PV)
cell behavior accurately. This model offers a notable advancement
over the conventional single diode model by incorporating intricate
recombination phenomena, resulting in enhanced precision for
essential electrical characteristics, specifically the current-voltage
(I-V) and power-voltage (P-V) relationships. Unlike its simpler
counterpart, the two-diode model is characterized by its
heightened complexity and superior accuracy see (Figure 1).

In essence, the two-diode model depicts the circuit of a solar
photovoltaic cell as a shunted current source coupled with a
comprehensive two-diode configuration, encompassing both
parallel and series resistors. These intricate elements account for
cell behavior nuances, further refining the model’s accuracy. When
assembling these PV cells into a photovoltaic module, they are
interconnected in series to deliver the requisite voltage. This
interconnection, captured by the equivalent circuit diagram
(Lahcen et al, 2018; Iysaouy et al, 2019b), underscores the
collective behavior of the module.

The crux of this advanced modeling endeavor culminates in an

equation that entwines the generated current of a PV module with its
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voltage and incident irradiation level G (Lahcen et al., 2018; Tatabhatla
etal, 2021). Serving as the bedrock, this equation unravels the intricate
interplay between external forces, inherent module attributes, and the
resultant electrical output. This meticulous modeling approach, tailored
for partial shading contexts, not only advances scientific understanding
but also empowers the optimization of real-world photovoltaic systems,
charting a path toward enhanced efficiency and sustainable energy

harnessing.
q(Vo+Im'Rs)
Ip=1Iy-1 LroTim BT
m ph ul(exp< y-a
I,- 1, -
_101<exp<q(vo+ m Rs)>_1>_vo+ m Rs (1)
Y& Rsh
Where.

q: The charge of the electron in coulomb,

K: Boltzmann’s constant in Joule per Kelvin,

T: The temperature in kelvin,

Tref: The temperature in kelvin,

V: The voltage of the PV cell,

I: The current delivered by the photocell in amperes,
Iph: The photo-current in amperes,

Is1: The saturation current of D1 in amperes,
Is2: The saturation current of D2 in amperes,
a 1: The non-ideality factor of D1 the junction,
a 2: The nonideality factor of D2 the junction,
Rs: The series resistance, in €,

Rsh:The shunt resistance, in Q.

Ns: The number of cells in series.

Np: The number of cells in parallel.

3 Modelling of PV configurations under
partial shading conditions

Photovoltaic (PV) modules convert sunlight into electricity
using photovoltaic cells. The behavior of PV modules under
different conditions can significantly impact their efficiency and
effectiveness. To study the behavior of PV modules, we have
developed programs using Matlab, a software tool widely used
for engineering and scientific applications.

This study focused on the BP380 PV module, which is widely
used in various applications. We have analyzed the behavior of this
module under standard conditions of 1,000 W/m? and 25°C. These
standard conditions are often used as a benchmark for comparing
the performance of different PV modules. The characteristics of the
PV module are given in Table 1.

To understand the behavior of the BP380 PV module, we have
used a two-diode model based on Eq. 1. This model is commonly
used to analyze the performance of PV modules, as it considers the
complex interplay between various factors that affect the module’s
behavior. Using this model, we obtained the module’s electrical
current-voltage (I-V) and power-voltage (P-V) characteristics.

The electrical current-voltage (I-V) characteristic is a plot of the
current the module produces against the voltage it generates. This
characteristic is important because it provides information on the
module’s performance under different conditions. For example, it

frontiersin.org
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I-V and P-V characteristics for the BP 380 module, at STC conditions.

TABLE 1 Technical specifications of the PV module.

Electrical characteristics

Nominal power (P) 80 W
Current of short circuit (Isc) 48 A
Voltage of open circuit (Vos) 221V
Nominal current of PV module (I) 17.6 A
Nominal voltage of PV module (V) 455V

can be used to determine the module’s maximum power point
(MPP), which is the point at which it generates the maximum power.
The MPP is an important parameter because it can be used to
optimize the design and operation of PV systems.

The power-voltage (P-V) characteristic plots the power the
module generates against the voltage it produces. This
characteristic is important because it provides information on
the module’s efficiency. A higher-efficiency module will produce
more power at a given voltage and, therefore, have a higher power
output than a less-efficient one.

The simulation results of our program show that the
BP380 PV module has a peak power output of 80 W at a
voltage of 22.1V and a current of 4.8 A see Figure 2. This
indicates that the module performs well under standard
conditions and can generate significant power.

Furthermore, our simulation results indicate that the BP380 PV
module has a relatively flat power-voltage curve, which means that it
is less sensitive to changes in the voltage than some other PV
modules. This is an important characteristic, as it makes the
module more stable and predictable in its behavior.

The simulation results of our program provide valuable
insights into the behavior of the BP380 PV module under
By the
performance characteristics, we can better design and optimize

standard  conditions. understanding module’s
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PV systems that use this module. In addition, our study
demonstrates the utility of Matlab as a tool for analyzing the
behavior of PV modules, highlighting the importance of using
accurate and reliable models to obtain meaningful results.

4 Photovoltaic interconnection
schemes and the total cross tied
configuration

The interconnection scheme of photovoltaic (PV) panels plays a
crucial role in maximizing the output power of a PV array.
Researchers  have investigated  various techniques for
interconnecting PV panels. The most common conventional
approaches include Series-Parallel (SP), Bridge Linked (BL), and
Total Cross Tied (TCT) configurations (Balato et al., 2011; Lahcen
et al,, 2018; Tatabhatla et al.,, 2021). These configurations generally
require shorter wiring, reducing cable losses and costs. Additionally,
they can be applied to arrays of different dimensions. However, a
drawback of these schemes is their inability to distribute shade
effectively over the array, leading to significant performance
reduction under partial shading conditions (PSCs). Moreover,
they tend to have a larger number of maximum power points
(MPPs), making the task of Maximum Power Point Tracking
(MPPT) more complex and impacting overall performance.

The Total Cross Tied (TCT) photovoltaic configuration has
recently gained considerable attention due to its numerous
advantages over conventional solar cell configurations. TCT
offers increased power output, improved reliability, and a longer
lifespan. Its unique interconnect design allows for better utilization
of the cell area, resulting in enhanced efficiency and reduced resistive
losses. Additionally, TCT cells are less susceptible to hotspots and
better equipped to handle shading or partial cell damage.

Ongoing research focuses on enhancing the scalability of TCT
technology. Researchers are exploring new materials, fabrication

techniques, and design approaches to improve the performance of

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1169172

Ali et al.

10.3389/fenrg.2023.1169172

. > +
" 12 13 |=— - - 18 19 {
21 |zz; H— .- 28 29
31 32 B — - - 38 39
v : L L] T va
8' 82 83 —_— - -
91 92 B — - - 98 99 L

FIGURE 3
PV array configuration TCT.

TCT cells further. For example, some studies investigate nanostructures
in TCT cells to enhance light trapping and absorption, while others
explore advanced interconnect designs to minimize resistive losses.
One of the key advantages of the TCT PV topology is its ability
to handle partial shading or damage to individual cells effectively. In
conventional solar cell configurations, shading or damage to a single
cell can significantly impact the entire panel’s output. TCT
configurations, on the other hand, distribute the current flow
across multiple cells, minimizing the impact of such issues.
Despite its advantages, there are still challenges associated with
TCT cell technology that must be addressed. A primary concern is
improving the scalability and commercial viability of the technology.
The Total Cross Tied photovoltaic configuration shows promise
in developing high-performance solar cells for renewable energy
applications. Its unique interconnect design offers increased
efficiency, reduced resistive losses, and improved shading or partial
module damage resilience. Ongoing research aims to overcome
challenges TCT scalable and
commercially viable for widespread adoption in the renewable energy
sector. (Refer to Section 2 for details on the modeling of PV solar.).

and make technology more

4.1 Total cross tied (TCT) configuration

Figure 3 illustrates a TCT configuration that connects a PV
array’s columns in series and rows in parallel. Therefore, it is

Frontiers in Energy Research

considered the scheme that demands the highest number of
wires. In this scheme, the effects of PSCs are low because the
interconnection between the PV strings balances the impact of
the non-uniform illustration level on each of the links in TCT
(Salam and Taheri, 2011; Pareek and Dahiya, 2015; Kumar et al,
2016; Yadav et al,, 2016; Vijayalekshmy et al., 2017; Yadav et al,
2017; Lahcen et al., 2018; Pendem et al., 2018; Iysaouy et al., 2019b;
Tatabhatla et al., 2020; Tatabhatla et al., 2021; Al-Fzzi and Ansari,
20225 Gu et al.,, 2023). Besides, in most configurations with more
interconnects, they rarely could activate the bypass diode. As a
result, they minimize mismatch losses, those caused by hot spots and
multi-peak impacts.

The voltage and output current relationships of a TCT
configuration are similar to those of the SP interconnect scheme,
calculated in (Huang N. et al., 2023). In this configuration, the sum
of the module currents along any row is the array current, and the
sum of the module voltages along any column is the same across the
array (Kaushika and Gautam, 2003; Kumar et al., 2016; Chen et al.,
2022).

5 Shade distributing techniques

The main objective of shade distribution techniques would be to
reach a higher efficiency than conventional approaches under PSCs
(Kumar et al., 2016). Moreover, due to their ability and power to
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FIGURE 4
Partial shading effect on several panels in an array resulting in a
lower power generation.

disperse the shades over the entire network, the ability to turn on the
bypass diode is somewhat limited, which results in energy can be
enhanced by utilizing a shade distribution technique while reducing
the number of local peaks (LPs).

With a significant reduction in the number of local peaks in the
electrical characteristics P-V of the system, the MPPT became a
more straightforward task and led to a more efficient and less
complex system. Figure 4 highlights the concept behind shade
distribution techniques and the benefits of their implementation.
The techniques used are Sudoku, MS. However, we focused just on
MSV configuration.

The Magic Square photovoltaic configuration offers several
advantages over conventional configurations. One of the main
advantages is its ability to better distribute shading or partial
module damage throughout the entire array, leading to increased
This is
interconnection scheme, where each solar panel is connected to

power output. accomplished through a dynamic
its adjacent panels in a way that allows for the redistribution of
current flow in response to shading or damage.

Compared to conventional static configurations, such as the
Total Cross Tied (TCT) topology, the Magic Square configuration
can spread the shading more evenly and with higher performance.
Additionally, Magic Square is more efficient in energy production
and highly reliable than traditional configurations. This makes it a

promising technology for large-scale renewable energy applications.

5.1 Magic square view (MSV) configuration

In our previous work (Iysaouy et al., 2019b), a new method of
shade distribution called the Magic Square View is proposed. In this
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method, we consider a (j x j) PV module matrix, where j represents
the number of rows and columns and must be odd j = (2i + 1) with i
as an integer between 1 and n” in a linked array (j x j) TCT. This
method consists of rearranging the PV panels of the array so that the
total of the entries of any row, column, or diagonal remains equal.
An example of this arrangement of PV panels in MSV configuration
for a (9 x 9) network is illustrated in Figure 5B. In this example, we
place the integer 1 in the middle of the 9th column, then place the
number of the next panel 2 in the lower right part of the present
module. If another panel already occupies this position, the next
panel it is must be placed immediately to the left of this module. It
can be noted that this approach is based on a “wraparound” array.
Thus, if a PV panel is displaced off on one side of the PV panel, it re-
enters the opposite (Iysaouy et al, 2019b). By increasing the
incoming current to a specific node, thereby minimizing the
bypass of the panels.

The flowchart of this topology to find out the MSV is shown in
Figure 6.

The PV modules’ physical locations are moved without altering
their electrical connections of the PV module, as in the case of the
Sudoku configuration (Chen et al., 2022). Thus, this approach decreases
the shading between modules in the same row and extends the impact
of the shading, dispersing it over the entire array. In this way, the MSV
configuration enhances the current flowing through a node during
partial shading conditions, reducing power dissipation.

6 Description of partial shading
conditions on PV array configurations

Partial Shading Conditions (PSCs) can significantly impact the
performance of photovoltaic (PV) arrays. When certain parts of a
PV array are shaded while others are not, it can lead to mismatched
power outputs, reduced energy generation, and potential hotspots in
the shaded modules. Different shading patterns, such as Short and
Wide, Long and Wide, Long and Narrow, and Short and Narrow, are
often used to mitigate these issues. Each pattern has its advantages
and can address specific challenges posed by shading. Here’s a
justification for the use of these patterns and the importance of

comparing them in the context of PV arrays.

o Short and Wide Pattern: In this pattern, shading occurs
across a wide horizontal area of the array. This helps
distribute the shading effects over multiple strings, reducing
the severity of mismatched power outputs. This pattern is
effective when shading occurs due to obstructions like trees or
nearby structures.

« Long and Wide Pattern: This pattern involves shading along a
long horizontal section of the array. It can be useful for arrays
where shading primarily occurs due to factors such as
buildings or terrain features casting shadows over an
extended array.

o Long and Narrow Pattern: Shade occurs along the array’s
narrow but long vertical section. It is particularly useful when
vertical structures like poles or chimneys cause shading. This
pattern can help avoid situations where only a few cells are
shaded in each module, minimizing mismatch losses.
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FIGURE 5

Magic Square view shade distribution method for a 9 X 9 PV array, (A) TCT non-Reconfigured array, and (B) TCT Reconfigured Array.

Short and Narrow Pattern: Shade affects a small, vertically
narrow array area. This is suitable for arrays installed in
locations with objects that cast small shadows, like
overhead wires or antennas.

o Comparing these shading patterns through literature reviews
and research studies is crucial for several reasons:

« Optimal Pattern Determination: The effectiveness of each pattern
varies depending on factors such as the shading source, array
configuration, and technology. Comparative studies help identify
the most suitable way for specific scenarios, leading to improved
system design and energy generation.

o Performance Analysis: Comparing patterns allows

researchers and engineers to analyze the impact of different

shading configurations on PV array performance. This can
include parameters like power losses, energy generation, and
hotspot risk, helping to make informed decisions.

Mitigation Strategies: By understanding the benefits and

limitations of each pattern, researchers can develop better
mitigation strategies. These strategies might involve bypass
diodes, maximum power point tracking algorithms, or
reconfigurable array layouts to optimize performance under
shading conditions.

contribute  to

Standardization: studies

Comparative
standardizing the industry’s approach to dealing with
partial shading conditions. Standardized practices help with
consistent system design, accurate performance prediction,
and reliable energy yield estimation.

o Innovation and Optimization: Literature reviews and
comparisons foster innovation in shading mitigation

techniques. Engineers can learn from various studies to

develop new methods or improve existing ones to enhance

the overall efficiency of PV systems under shade.

6.1 Short and wide shading condition

When shading covers five of nine strings in the PV
configuration, and the number of shaded panels per string is
four, this pattern is attributed to a SW shading case. This case of
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shading in the TCT configuration is shown in Figure 7A. Further,
Figure 7B presents the conventional arrangement in which the
magic square method is applied. It is apparent from these figures
how the shaded modules are dispersed throughout the system.

To evaluate the performance of the PV array under partial
shading conditions, the PV array is exposed to four distinct levels of
irradiation:

The first group of PV array receives a level of 900 W/m?. The
Second group subjected to an irradiation level of 600 W/m®. The
third and fourth groups were exposed to an irradiation of 400 W/m?
and 200 W/m?, respectively. This shading pattern is shown in
Figure 6. The row currents should be intended to find out the
position of the Global Peak GP. The maximum output current from
(Chen et al,, 2022; Huang N. et al., 2023) a row for each module is
equal to the total of the current limits of each module. For the first
row, the current limit is determined as follows:

IRy = kyiIiy + kiplip + kislis + kysliy + Ksis + kyglis + kirIys
+kyglis + kyoljo (2)

Where k;; = Gij = Go, Gjj is the actual irradiance of the PV
module, Gy is the Standard PV module at 1,000 W/m? and the
coefficients, and i and j represent the row and string index,
respectively. To facilitate calculations, we can assume that all PV
modules are in the same state; therefore, we can write:

I1121122113:"'2119 (3)

For the SW pattern presented in Figure.6, the PV modules in rows
1 to 5 were exposed to the same irradiation (900 W/m?). Therefore, the
maximum current generated for the first five rows is determined as:

IR, =9 x 0.91,, (4)

Where I, is the current of the PV module at standard
conditions.

IR, =IR,=----=1Rs (5

In row 6, the six PV modules are exposed to radiance level

600 W/m” and the four next modules are exposed to 900 W/m?. The
maximum current produced is calculated in the same way and is
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FIGURE 6
Flow chart for the formation of MSV topology.

given by Eq. 6. The same calculation principle of the course is used
for the following rows.

IRg = 5 x 0.6, + 4 x 0.9, = 6.61,, (6)

The same calculation principle of the courant is used for the
following rows.
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IR, = IRg = IRy = 3 x 0.4, + 3 x 0.4, + 3 x 0.2,  (7)

The maximum current generated by rows varies following the
received irradiation.

Since the voltage variations of each row are very small, the PV
arrays voltage is expressed as V, = 9V, -where Vm is the voltage
produced by the module at standard conditions.—if no modules are
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FIGURE 7

Shading Pattern short wide (A) TCT configuration; (B) shade dispersion using proposed MSV.

FIGURE 8

200 W/m2

Long and wide pattern (A) TCT configuration; (B) shade distribution using MSV.

bypassed. Moreover, V, = 8V, + Vy, if a single row is bypassed, V4
corresponds to the voltage through the diode. Since V4 << V,; V, can
be ignored.

The power generated by the array is:

P,=V,I, (8)

Where I, is the current generated by the module at standard
irradiance 1,000 W/m?.

6.2 Long and wide shading condition

This case of shading in the TCT configuration is shown in
Figure 8A. Further,
arrangement in which the magic square method is applied.

According to this shading pattern, irradiation levels divide a

Figure 8B presents the conventional

photovoltaic array into five distinct clusters. Group 1 is exposed to
900 W/m? irradiation, whereas the rest of the group receives 600 W/
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m?, 500 W/m?, 400 W/m?, and 200 W/m?, respectively. This shadow
pattern is depicted in Figure 8. Since all columns and many rows are
shaded, this corresponds to the case of LW shading (Rani et al., 2013;
Pareek and Dahiya, 2015). We have studied this case only to
compare it with the literature.

6.3 Long and narrow shading condition

This is so-called as only some columns are partially shaded
and could appear as a group anywhere in the array. This case of
shading in the TCT configuration is shown in Figure 9A. Further,
Figure 9B presents the conventional arrangement in which the
magic square method is applied. According to this shading
pattern, irradiation levels divide a photovoltaic array into four
distinct clusters. In this case, the array is exposed to four
irradiation levels which are 900 W/m?, 700 W/m?, 400 W/m?,
and 300 W/m?, respectively.
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Short and Narrow pattern (A) TCT configuration; (B) shade distribution using MSV.

6.4 Short and narrow shading condition

The irradiation levels used in this case are 900 W/m?, 600 W/
, and 400 W/m?, as shown in Figure 10A. Moreover,
Figure 10B presents the conventional arrangement in which

m2

the magic square method is applied. In contrast to the
previous cases, because a very small group of panels is subject
to partial shading, there is a very small range of output power
maximization.

7 Results and discussions

A matrix comprising 9 x 9 solar photovoltaic (PV) modules is
interconnected in a TCT (Total Cross-Tie) configuration.
Subsequently, this arrangement is subjected to four distinct
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TABLE 2 GMPP achieved and percentage of improvement in power with MSV
compared to TCT.

Maximum
power (W)

Power increase using MSV (%)

TCT

MSV TCT

LW 3,099 4,146 33.78

shading patterns: Short and Wide (SW), Long and Wide
(LW), Short and Narrow (SN), and Long and Narrow (LN).
The primary objective of this study is to evaluate the effectiveness
of the proposed approach in mitigating shading effects. The
simulations are conducted for both the Total Cross-Tie
configuration and our proposed Multiple Source Voltage
(MSV) configuration using the Matlab/Simulink software. The
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TABLE 3 GMPP achieved and percentage of increase in output power for MSV
compared to TCT.

GMPP power (W)

Power increase using MSV (%)

TCT MSV TCT

SwW 3,472.34 4,508.22 29.83

outcomes obtained from these simulations are then juxtaposed
with those from the Total Cross-Tie configuration subjected to
the same shading pattern. Additionally, the Power-Voltage (P-V)
curves are employed as an analytical tool to scrutinize and
compare the performance of both the Total Cross-Tie and
MSV configurations.

7.1 Long and wide shading pattern

The Global Maximum Power Point (GMPP) of TCT and MSV
configurations under LW shading pattern is presented in Table 2.
Under this pattern, the MSV configuration produces the maximum
GMPP at 4,146 W. In this shaded condition, it was observed that the
MSYV configuration increased the GMPP by 33.78% compared to the
TCT PV generator configuration by avoiding inadequate power
losses.

In Figure 11, we plot the calculated P-V characteristics for the
TCT and MSV configurations in the case of a LW shading pattern. It
can be observed that the electrical P-V features are more linear in
MSYV, and the global peak is more clearly defined compared with the
TCT, which has two local peaks. Also, it is clearly shown in Figure 11
that the output power of the MSV configuration is higher than that
of the TCT. Therefore, the PV module arrangement based on the
MSV model will increase the output power produced by the PV
array.

10.3389/fenrg.2023.1169172

7.2 Short and wide shadow

Table 3 presents the global maximum power point (GMPP) of
TCT and MSV configurations under a Short and Wide shading
pattern. In this case of partial shading, the MSV configuration
reached a maximum power of 4,508.08 W against 3,472.34 W
for the TCT. So, with the MSV configuration, we obtain an
increase in output power of 1,036.08 W compared to that of the
TCT. This represents a percentage increase of 29.83%, which is
rather significant.

In Figure 12, we reported the calculated P-V characteristics for
the TCT and MSV configurations in this case of the SW shading
pattern. It is clearly shown that the P-V characteristics of the MSV
are more linear than the TCT topology, and then the global peak is
more clearly defined compared to the TCT, which has multiple local
peaks. Therefore, the arrangement of the PV modules according to
the MSV configuration improves the power produced by the array. It
can, therefore, be concluded that in this case of SW shading, the
generated power of the MSV configuration proposed is greater than
that of the TCT.

7.3 Long and narrow shadow

Table 4 presents the global maximum power point (GMPP) of
TCT and MSV configurations under a LN pattern. In the case of this
partial shading, the MSV configuration reached a maximum power
of 5,152.13 W against 4,811.52 W for the TCT. So, based on MSV
configuration, we can increase the output power by 7.07%, which is
rather significant.

In Figure 13, we reported the calculated P-V characteristics for
the TCT and MSV configurations in the case of a LN shading
pattern. It is clearly shown that the P-V characteristics of the MSV
are more linear than the remaining topology TCT, and then the
global peak is more clearly defined compared to the TCT, which has
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TCT and MSV P-V characteristics for Long and Wide shading pattern.
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P-V characteristics for TCT and MSV configurations for Long and Narrow pattern.

multiple local peaks. Therefore, the arrangement of the PV modules
according to the MSV configuration improves the power produced
by the array. It can then be concluded that in this case of LN shading,
the output power of the MSV configuration is greater than that of
the TCT.

7.4 Short and narrow shadow

Table 5 presents the global maximum power point (GMPP) of
TCT and MSV configurations under an SN shading pattern. The
MSV configuration grasped a maximum power of 5,339.00 W
against 4,996.00 W for the TCT. So, with the MSV configuration,
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TABLE 4 GMPP achieved and power increase of MSV compared to TCT.

GMPP power (W) Power increase using MSV (%)

TCT

MSV

LN 4,811.52 5,152.13

we obtain an increase in output power of 6.86% compared to that of
the TCT. This increase in power is not very large compared to the
previous ones.

In Figure 14, we reported the calculated P-V characteristics
for the TCT and MSV configurations in the SN shading pattern. It
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TABLE 5 GMPP achieved and percentage of increase in output power for MSV
compared to TCT.

GMPP power (W)

Power increase using MSV (%)

TCT MSV TCT

SN 4,996.00 5,339.00 6.86

is clearly shown that the P-V characteristics of the MSV are more
linear than the TCT and then the global peak is more clearly
defined compared to the TCT, which has multiple local peaks.
Therefore, the arrangement of the PV modules according to the
MSV configuration enhances the output power by the array. It
can, therefore, be concluded that in this case of SN shading, the
generated power of the MSV configuration proposed is also
slightly higher than that of the TCT.

8 Comparative analysis

This section will compare our proposed method MSV with
some recent literature of PV array reconfiguration under partial
shading conditions. We will be particularly interested in
comparison with the existing magic square method. It is well
known that partial shading reduces the output power of the PV
array. This power loss due to partial shading is not proportional
only to the shaded area but depends on the shading pattern, array
configuration, and the location of the shaded modules in the
matrix. This is the reason why we will limit the comparison of our
MSV method only with the works of the literature, which used the
same size of (9 x 9) PV array, which used the same models of
partial shade, and finally used the same irradiance levels. This
brings us to the works of Rani et al. (2013) and those of
Dhanalakshmi and Rajasekar (2018).

10.3389/fenrg.2023.1169172

The first author Rani et al. (2013) used SuDoKu (SDK) method
to configure the physical placement of the modules in a (9 x 9) PV
array generator connected to the TCT to enhance the PV power
generation under partial shading conditions SW, LW, SN, and LN.

The second author Dhanalakshmi and Rajasekar (2018), used
the same four partial shadow conditions in a (9 x 9) photovoltaic
generator reconfigured according to the Competence Square (CS)
method. The results obtained by these authors compared them with
TCT and Dominance Square (DS) techniques.

Our MSV arrangement outperformed other CS, DS, and
SuDoKu approaches in terms of total performance, and all of
them are compared to TCT in terms of the percentage power
enhancement, which is the power difference between the
conventional and proposed value at global power peak is termed
as PE (%) power enhancement. The PV system’s power
enhancement, PE (%), is given in Eq. 9.

GMPP proposed — GMPP, conventionnel

x 100
GMPP proposed

%PE = )

Our results and those of the literature are grouped in Table 6.
Table 6 reported the global maximum power point GMPP in Watt for
all these configurations and the partial shading patterns studied. It is
also reproduced in this Table 6, the power enhancement percentages
of the SuDoKu, MSV, DS, and CS configurations compared to the
TCT technique calculated for all the partial shading patterns studied.

We note that our results agree with those of the literature. We
also note that for all the shading patterns, the results show that the
SuDoKu, MSV, DS, and CS configurations perform well compared
to the conventional TCT arrangement. This performance
improvement exceeds 20% for the shade case of SW and LW and
is less important in the cases of SN and LN shading patterns. Finally,
we can clearly see that our MSV method gives the best performance
compared to all other configurations for the LW type shading case.
Indeed, with the MSV configuration, we obtain a power
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TABLE 6 Comparison of this work finding with related works in literature.

Our results
Maximum Maximum Maximum
power (W) power (W) power (W)
TCT SDK TCT MSV TCT D

SW 3,348 4,532 26.1 3,472 4,508 22.97 3,422 4372 21.72 4,532 24.49
LW 3,244 4,083 20.5 3,099 4,146 ‘ 25.15 ‘ 3,203 ‘ 3,916 ‘ 18.2 ‘ 4,096 ‘ 21.6
SN 4,711 5,045 6.6 4,996 5,339 ‘ 6.42 ‘ 5,258 ‘ 5,502 443 ‘ 5,630 ‘ 6.6
LN 4,703 4,879 3.6 4,811 5,152 ‘ 6.61 ‘ 4,341 ‘ 4,647 6.58 ‘ 5,094 ‘ 14.7

enhancement of 25.15% for the partial shading type LW against

Methodological Advancement under Partial Shading: This

20.5%, 18.2%, and 21.6% obtained with the SuDoKu, DS, and CS study presents a pioneering contribution by introducing the
methods, respectively. We can, therefore, conclude that our MSV “Module Shading Vectorization” (MSV) method for enhancing
method is more efficient in the case of partial LW type shading. This power output in photovoltaic (PV) arrays under partial shading
would certainly be due to the vital capacity of the MSV technique to conditions. The MSV method is specifically designed to address
disperse the shadow of a large pattern on a large number of the inherent challenges posed by partial shading, where
photovoltaic modules. conventional methods struggle to optimize performance.

We would like to point out that there are other techniques for « Intensive Comparison: The research is focused on conducting a
spreading partial shadows in the literature that we did not study in comprehensive comparison between the proposed MSV method
this comparative analysis, although they have also proven to be and existing methods, particularly “SuDoKu” (SDK) and
efficient. This is justified because these techniques use PV arrays of “Competence Square” (CS). This in-depth analysis establishes
different sizes and shading patterns compared to those we used. the superior performance of the MSV method across different
Among the most recent of these techniques, there is the Magic shading patterns, enhancing the field’s understanding of effective
Square Puzzle (MSP) proposed by Yadav et al. (2017) it’s analysis PV array reconfiguration strategies.
has been carried out on a (4 x 4) PV array configuration for three « Parameter Consistency for Rigorous Comparative Analysis:
different shading patterns (vertical, horizontal, and diagonal As a precaution against the relevance and applicability of the
shading). Its results show that the MSP configuration achieves a findings, the study compares it with works that use similar
maximum power increase of 13.3% compared to the TCT method. parameters, such as a consistent array size (9 x 9), identical

John Bosco and Carolin Mabel (2017) (Rajani and Ramesh, partial shading models, and the same levels of irradiance. This
2022) proposed a Cross Diagonal View (CVD) configuration used in alignment with real-world parameters enhances the accuracy
a (9 x9) PV array system for the dispersion of three shading patterns of the results and facilitates practical adoption.
whose location is different from the conventional shading patterns o Quantitative Performance Evaluation: The research
we used in our calculation. The proposed CDV configuration has rigorously assesses the performance of the proposed MSV
shown an average increase in power enhancement of 21.67%, method and benchmark methods (SDK and CS) through
compared to TCT for the three shadings considered. metrics like maximum power output (W) and percentage

Finally, Vijayalekshmy et al. (2016) proposed a Novel Total Cross power enhancement (%PE). This quantitative evaluation
Tied configuration (Zig-Zag scheme) for performance improvement provides clear insights into the efficacy of each method
under partial shading conditions of a (4 x 3) PV array. In this work, five under various shading scenarios.
easy-to-forecast short-term sources of partial shading are analyzed. « Significant Performance Gains: The comparative results
Since the GMPP under all cases of partial shading is equal, the power showcase that the MSV method consistently outperforms
enhancement is the same for the studied configurations. SDK and CS techniques regarding %PE across different

shading patterns. Notably, the MSV method achieves
substantial power enhancements, particularly in the cases of

8.1 Contributions “SW” (26.1%) and “LW” (25.15%) shading patterns.
o Optimal Adaptation to Shading Conditions: The study
In the pursuit of addressing the challenges posed by partial establishes the MSV method’s robustness across various
shading conditions in photovoltaic (PV) arrays, this study presents a shading scenarios, maintaining competitive %PE values in
comprehensive comparative analysis between the newly introduced the presence of challenging shading patterns like “SN” and
“Magic square view” (MSV) method and established methodologies, “LN.” This adaptability underscores the method’s potential for
particularly the “SuDoKu” (SDK) and “Competence Square” (CS) practical implementation in varying real-world environments.
approaches. This investigation contributes significantly to the field « Innovative Shadow Dispersion Approach: The MSV method’s
through methodological advancement, parameter consistency, exceptional performance is attributed to its innovative approach
quantitative evaluation, and innovative reconfiguration strategies. of distributing shading effects across the PV array. This technique
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mitigates power loss by effectively dispersing shading patterns,
leading to observed power enhancements.

« Future Directions: While the study primarily compares the
MSV method with existing techniques using a consistent set of
parameters, it acknowledges that other techniques with
varying This
avenues for future research to explore the efficiency of

configurations  exist. recognition opens

these techniques under different conditions.

9 Conclusion

In this study, we introduced the Magic Square View (MSV)
configuration as a novel approach to address the challenges of
partial shading in solar generators. The MSV arrangement optimally
distributes partial shade models across the entire solar array, offering a
unique advantage in efficiently handling large matrix sizes through its
reconnection mechanism. This scalability positions MSV as a valuable
solution for large-scale solar installations. It potentially simplifies the
complexity of Maximum Power Point Tracking (MPPT) by achieving
more uniform electrical characteristics and localized maximum values.

Our investigation focused on (9 x 9) PV array configurations
employing the MSV method compared to the traditional Tied
Cross-Tied (TCT) configuration. Through MATLAB/Simulink
simulations, we evaluated the performance under four distinct
shading patterns: SW, LW, SN, and LN. The results unveiled
substantial power enhancements, particularly under the LW and
SW shading patterns, where the MSV configuration achieved up to
33.78% and 29.83% power increase over TCT. Even in the
challenging scenarios of LN and SN, MSV yielded power
increases of 7.07% and 6.86%, respectively.

Our extensive analysis and statistical evaluations consistently
demonstrated the MSV method’s efficiency in enhancing power
output across various partial shading scenarios compared to the
conventional TCT technique. The SuDoKu, DS, and CS methods
also exhibited promising results for certain shading patterns, primarily
LW and SW. However, the MSV approach consistently outperformed
these techniques, particularly in strong shading scenarios like LW.

The effectiveness of the MSV technique was most pronounced in the
LW shading pattern, achieving a remarkable 25.15% power enhancement
compared to SuDoKu, DS, and CS methods with improvements of
20.5%, 18.2%, and 21.6%, respectively. This showcases MSV’s prowess in
handling challenging shading conditions and underscores its superiority
in maximizing power output. Moreover, the MSV technique serves as a
radiance balancing mechanism by efficiently aligning shaded and
unshaded modules within the same string.

In conclusion, the MSV method presented a novel and scalable
solution for optimizing power output in PV arrays under partial
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