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Abstract: Global reliance on depleting energy resources is driving the urgent need for alterna-
tive solutions to address escalating energy demands. Solar energy, a prominent renewable
resource, leverages various configurations and techniques to maximize power output, even
under challenging environmental conditions. In photovoltaic (PV) arrays, partial shading con-
ditions (PSCs) significantly hinder efficiency by reducing power extraction across solar panels.
Traditionally, configurations such as series, parallel, series-to-parallel, and bridge-linked (BL)
are employed to optimize power output; however, each has limitations under PSCs. Here,
we introduce a modified bridge-linked (Modified BL) configuration designed to mitigate the
adverse effects of partial shading on PV arrays. This approach allows for interconnected
solar modules that reduce shading impact across an entire array, thus preserving efficiency by
isolating shaded sections and minimizing power loss. The Modified BL configuration not only
supports maximum power point tracking (MPPT) but also enhances resilience against shading,
ensuring stable power output. Our simulation results underscore the critical influence of irra-
diance levels on PV electricity generation, suggesting that incorporating irradiance variability
as a design parameter is essential in selecting optimal PV interconnection schemes under
PSCs. This study contributes to advancing solar array design by providing a robust method
to maintain power output in partial shading conditions, ultimately supporting broader efforts
in renewable energy optimization.

Keywords: solar energy; photovoltaic array interconnection configuration; partial shading
conditions; bridge-linked; renewable energy

1. Introduction

Fossil fuels dominate the global energy supply, accounting for 85.5% of consump-
tion, but their use leads to resource scarcity, climate change, pollution, and environmental
degradation. In 2024, energy demand grew by 2.5%, driven mainly by natural gas and
renewables, while coal use declined. Renewables, especially solar, achieved record growth,
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highlighting the shift toward sustainable energy. However, solar photovoltaic (PV) sys-
tems, a key renewable energy source, face efficiency challenges due to dependency on
atmospheric conditions and partial shading caused by factors like shadows and dust.

Partial shading is a critical impediment to the optimal performance of solar arrays. Even
a single shaded solar cell in a series, parallel, or other configuration can result in efficiency
losses for the entire array. As shading on one array can adversely affect all interconnected
arrays, this problem becomes even more pronounced when multiple arrays are linked to
meet specific voltage and current requirements. Solar panels can be shaded by a variety of
obstacles, including buildings, trees, and elevated structures, and atmospheric conditions, like
partially cloudy weather. In reality, it is impossible to completely eliminate shading on panels,
so mitigating these factors is a complex challenge. Therefore, strategies must be developed to
minimize the detrimental effects of partial shading on solar panel efficiency [1].

The power output of a PV array is decreased by partial shading because it causes
mismatch loss inside the string of traditional series—parallel configurations. To address these
problems and boost performance, previous studies have tended to focus primarily on either
interconnection schemes or MPPT techniques. Solutions include maximum power point
tracking (MPPT) [2], bypass diodes [3], and optimized array designs, like series—parallel,
cross-tied, bridge-link, or honeycomb configurations, to minimize mismatch losses [4-7].

MPPT algorithms are defined to track the GMPP by analysis of the PV curves. The
repetitive occurrence of false MPPT has been reported in many cases. It has been observed
in previous research that the fragment saturation in the PV curves confuses the MPPT
algorithms’ ability to track the GMPP efficiently. MPPT algorithms can only find the GMPP
precisely if there is consistency in the PV curve. Consistent irradiance and exposure to
sunlight of the whole array cannot be promised due to the dependency on the weather and
environment conditions. The fragments in the PV curve can be controlled by considering
the shading effects prior to the array design, so that minimal shade fluctuations occur on
the array. Various interconnection schemes have been employed to improve PV curves.
These interconnection schemes include HC [6], cross-tying [7], and bridge linking [8].
These reduce the shade effects to further minimize the power fluctuation, which causes
fragment saturation in PV curves. These interconnection patterns or schemes split the
panel’s arrays into small pieces of series and parallel configurations, and then form these
smaller arrays into different patterns, creating the HC, BL, and TCT schemes [9]. All of
these schemes propose a regularized pattern of the panel configuration without accounting
for the fact that the shading conditions will not be similar for all arrays, which are at
different locations of the globe. Assuming a site has solar tracker racking, where the whole
array will be at the same azimuth, it can follow a regular pattern of interconnection by
following the aforementioned schemes. An array with fixed-tilt racking on the east-, west-,
and south-facing roofs with some tress around a side cannot follow a regular pattern
for interconnection. There should be an interconnection scheme that takes the prior site
conditions into account and proposes site-specific interconnection to gain the maximum
output from the system and make the PV curve less fragmented or consistent up to an extent
so that MPPT can work properly. It was observed in an empirical literature review that a
regularized or fixed connection pattern in the PV array cannot make the PV curve stable
or less fragmented. The BL configuration, while it yields maximum output, among other
things, also introduces fixed bridge links among the PV panels, such as links among the
diodes in a full-wave rectifier. This connection scheme lacks the consideration of mismatch
losses, as the upstream and downstream panels on the link face different irradiance levels.
This pattern, again, produces large mismatch losses compared to those panels that are
linked with the same level of irradiance. Hence, modifying the BL configuration is necessary
to further minimize these losses, making the PV curve less fragmented and more stable.
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This study provides innovative solutions to address the challenges posed by shading,
proposing a Modified BL configuration to enhance the PV system performance under
real-world conditions. The Modified BL configuration will not follow the regular pattern
for panel interconnection but will be set up in such a manner to bridge the panels based
on the irradiance level. Furthermore, in this work, the key performance metrics, such as
the energy yield, module temperature, and overall system stability, are analyzed. The
Modified BL configuration minimizes the shading impact by ensuring that only a few cells
are affected, reducing losses and enhancing system reliability.

Additionally, this configuration addresses the issue of connecting multiple solar modules,
preventing the efficiency degradation of the entire string in case any panel is shaded. This
feature is particularly significant in real-world scenarios, ensuring optimal energy output,
even under partial shading conditions. Moreover, the Modified BL configuration is compatible
with maximum power point tracking (MPPT), enhancing the energy yield of connected solar
cells. It supports MPPT functionality, dynamically optimizing the operating point of each cell,
thus maximizing energy generation and minimizing the impact of partial shading.

2. Materials and Methods

During power dissipation, shaded modules exhibit reverse bias behavior due to a
mismatch between the PV modules. As a result, the shadowed modules’ temperature rises,
causing hotspots and damage. To lessen the hotspot impact, passive diodes are positioned
in between the PV modules. A PV array will exhibit several maximum power peaks as
a result of these bypass diodes, requiring the implementation of a sophisticated MPPT
algorithm [10].

Partial shading conditions are the reasons for mismatch losses across PV designs. As a
result, PV systems may draw less energy from the sun. PSCs on PV arrays can be reduced
by selecting the appropriate PV design, moving the PV modules physically, and utilizing
maximum power point tracking (MPPT) [11-14].

Figure 1 shows several PV configurations as series, parallel, series—parallel (SP), total
cross-tied (TCT), and bridge-linked (BL) configurations [15-19]. The fundamental con-
figurations are series and parallel, as seen in Figure 1a,d; detailed discussion on these
configurations can be found in [11,20-22].

Figure 1. Solar photovoltaic array configurations: (a) series; (b) series—parallel; (c) TCT; (d) parallel; (e) BL.
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Lower voltage and current are produced in both series and parallel arrangements.
To obtain the necessary voltage, the module is first connected in a series. After that, it is
connected in parallel with another series-connected module. In a TCT configuration, ties
are connected across rows of junctions to form an SP configuration. Across the ties in a
TCT configuration (Figure 1c), the voltages are equal. The current is evenly distributed
across the various ties. As a result of the SP configuration, power is obtained. Figure le
shows a BL configuration in which the modules are connected as bridge rectifiers. There is
a series connection between two modules and then a parallel connection between them in
the bridge. Ties are present between the bridges. By appropriately adding the voltages in
series and the currents in parallel, the voltages and currents are calculated.

2.1. Modeling of a PV Module

Usually, the modeling approach is implemented using lumped circuit models for PV
systems. There are several lumped circuit models for PV available, including the PV double
diode model [20], the “Rs” model (which consists of an ideal model with a series resistance),
the PV model (which consists of an ideal model with series and shunt resistances), and
the ideal PV model (which consists of a current source and a diode). These lumped circuit
models are used to model PV modules. Each lumped model demonstrates a varying degree
of accuracy and complexity when used to model PV modules. The number of diodes and
the use of shunt and series resistances distinguish the various lumped circuit models from
one another. There is considerable variation in the methods used to find the parameters
of these lumped models. A lumped model’s complexity is directly correlated with the
quantity of parameters that require identification. The lumped model’s complexity grows
together with the complexity of the methods used to calculate its parameters and execution
time. The solar cell is the only energy source shown in Figure 2.

Ip la Ish i
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T :: Output

The positive current is defined as the source current or the current flowing through

Figure 2. PV module equivalent circuit.

the active devices. Since energy is used by the passive components, the current for these
devices is deemed negative as per Kirchhoff’s current law.

2.2. Analysis of Partial Shading Conditions

Components of the PV array, module, or cell will not receive the necessary amount of
irradiance when there is partial shading. Conditions of partial shading may arise because
of nearby buildings, dust, trees, or utility and lighting poles. The discretization approach
affects the modeling result correctness to some extent. Ensuring that the PV panels were
appropriately represented in the modeling process was crucial because one of the primary
goals of this study was to ascertain how well PV systems work even when partially shaded.
The square crystalline silicon cells in the reference PV panel were arranged ina 5 x 5
arrangement and evenly spaced along the module’s length and width.

Figure 3 illustrates the shading effects on a PV array by a nearby building and electric
pole. The PV modules were seen to obtain different irradiance values as a result of passing
clouds, which resulted in random shading conditions. Different shading patterns, such as
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short-narrow, short-wide, long—narrow, long-wide, and diagonal, are regarded as shading
conditions on PV arrays.
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Figure 3. Irradiance on a PV array under different shading patterns.

To thoroughly investigate the impact of partial shading on PV array configurations,
a comprehensive analysis was conducted on a 5 x 5 PV array under various shading
conditions. These conditions included diagonal, short-narrow (SN), long—narrow (LN),
short-wide (SW), and long-wide (LW) shading patterns, which were carefully simulated to
mimic real-world scenarios [12]. This study examined the effects of shading on PV configu-
rations at a temperature of 25 °C, with diverse irradiance values. In the uniform shading
condition, all 25 modules of the PV array received an equal irradiance value of 1000 W/ m?
under standard test conditions (STCs). However, in the considered shading conditions,
the shaded modules received unequal amounts of irradiance, specifically 700 W/m? and
500 W/m? under STCs. This allowed for a detailed evaluation of how different shading
patterns and intensities affected the performance of various PV array configurations. The
analysis aims to provide valuable insights into the impact of partial shading on PV array
performance, ultimately supporting the development of more efficient and resilient solar
energy systems.

2.3. Array Selection

A 5 x 5PV array, comprising a total of 25 modules, was utilized to evaluate the
performance of various PV configuration schemes. The array was arranged in a matrix with
5 rows and 5 columns, as illustrated in Figure 3. Each module was assigned a unique
number in the matrix to facilitate the analysis. The maximum irradiance level consid-
ered for the modules was 1000 W/m?, which is the standard test conditions (STCs) for
photovoltaic modules, as highlighted in white color in Figure 3. However, to simulate
partial shading conditions, some modules were intentionally set to receive lower irradiance
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levels, ranging from 700 W/m? (grey color) to 500 W/m? (black color). The values of
1000 W/m?2, 700 W/m?2, and 500 W/m?2 are represented with white, grey, and black colors,
respectively, as shown in Figure 3. This controlled environment allowed for a comprehen-
sive investigation of how different PV configuration schemes responded to various shading
scenarios, enabling the identification of optimal configurations for maximizing energy
output under partial shading conditions. By analyzing the performance of each module
and the overall array, valuable insights were gained into the effects of partial shading on
PV array performance and the efficacy of different configuration schemes in mitigating
these effects. The PV array configuration is shown in Figure 4.

Figure 4. PV array configuration.

2.4. Performance Parameter

The PV array configurations were rigorously evaluated and analyzed based on three
key performance indicators: maximum power (Pgup), fill factor (FF), and mismatch
loss (ML). Under various shading conditions, these matrices provided a comprehensive
understanding of the array’s efficiency. In partial shading conditions (PSCs), the fill factor
(FF) is defined as the product of the open-circuit voltage and the short-circuit current under
the same conditions [13]. In other words, FF represents the ability of the PV array to convert
available power into usable power. A higher FF indicates better performance, as shown in
Equation (1). The optimal PV array configuration can be identified and selected for various
shading scenarios, ensuring maximum energy output and efficiency.

_ Pg mp
th= Isc x Voc @
where the short-circuit current, Isc, open-circuit voltage, Voc, and Pgyp are used to calculate
the maximum global power available in partial shading conditions.

The power loss resulting from the mismatch between the individual PV modules and
the global maximum power available from the PV array designs under partial shading con-
ditions (PSCs) was measured by a crucial performance statistic called mismatch loss (ML).
It is defined as the discrepancy between the global maximum power output from the PV
array configuration and the total of the maximum powers available from each PV module.
Stated differently, ML is the power loss resulting from a system in which individual mod-
ules are connected and function in non-uniform shading conditions. The main cause of
this loss is the variance in the current and voltage outputs between the modules, which
lowers the total power output. By minimizing the mismatch loss (ML), the overall efficiency
and performance of the PV array can be significantly improved, ensuring optimal energy
harvesting under various shading conditions. This is calculated by Equation (2).

ML = Pind.mpp - Pgmpp.shude (2)
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Ping.mpp s the total global maximum power available from the PV array configurations
under PSCs, and Py, p shade is the amount of individual accessible maximum power from
the PV modules.

2.5. Proposed Modified BL Configuration

This study aims to improve the performance of the bridge-linked (BL) design while
addressing the efficiency issues caused by shade on photovoltaic (PV) arrays. Incidents
involving shading cause solar panels to produce less energy, which lowers the overall
efficiency of interconnected arrays. Conventional BL arrangements use different links for
every two diodes, such as complete rectifier circuits. By optimizing the BL arrangement,
this study reduces the effects of shading and increases the overall efficiency of the proposed
strategy. The proposed Modified BL PV array configuration is shown in Figure 5.

Figure 5. Proposed modified bridge-linked configuration.

This study investigated several panel configurations and models to determine the
efficacy of the bridge-linked PV setup. To increase the efficiency of the BL configuration, this
study tested different solar panel locations and connections. Our methodology was centered
on maximizing the energy yield even in the presence of partial shading by optimizing the
topological arrangement of panels inside the BL configuration.

To reduce the negative effects on the entire array, a bridge link is introduced near
the shaded panels in the proposed change. By setting up a row of two modules that
are connected in series, this bridge link creates a parallel connection. This layout makes
sub-arrays within the overall configuration, which allows for the interconnection of many
arrays running at the same power level. Our goal is to isolate and reduce the effect of
shading on the connected sub-arrays by carefully positioning the bridge connection in close
proximity to the shaded panels, thus increasing the overall efficiency of the PV system.

Additionally, by permitting the configuration of arrays with fewer or more than four
panels, this study accounted for partial shade scenarios. This adaptability makes it possible
to maximize the efficiency of the array in accordance with the unique shading circumstances
that arise. The proposed approach aims to maximize the overall efficiency of PV systems
by flexibly adjusting the array layout to different degrees of shading.
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3. Results

The performance of several PV setups under varying irradiance levels and partial
shading conditions was assessed in MATLAB Simulink simulations. For this investigation,
a 72-cell, 310 W solar module was chosen, with the specifications shown in Table 1. A
Simulink model of the PV array was used as the solar module in a range of scenarios.
The parameters were utilized in the Simulink model, showing the exact layout of the PV
array. The purpose of these simulations was to examine how varied irradiance levels
and partial shading situations affected the maximum power production, fill factor, and
mismatch loss of different PV setups. By using MATLAB Simulink (v2018), the simulations
provided a comprehensive and detailed performance analysis of the PV configurations,
enabling the identification of optimal configurations for maximizing energy output under
various conditions.

Table 1. Solar module characteristics.

Parameters Values

Voc 449V

Isc 9.08 A

Vinp 364V

Imp 8.52 A
Temp. Coefficient of V. —0.39%/°C
Temp. Coefficient of Is —0.052%/°C

Four topologies of photovoltaic arrays—total cross-tied (TCT), BL, series—parallel, and
series—are thoroughly analyzed in this section under both normal and partial shading con-
ditions (PSCs). Finding the optimal solar array structure with overall higher performance
was the main goal, considering important parameters like the maximum power output
and mismatching losses. The performance of each design was thoroughly examined, with
an emphasis on reduced power losses and offsetting the impacts of partial shading. The
format of the analysis allows for a comparative evaluation of the four configurations, with
the ultimate goal of identifying the configuration that offers the best performance and is
most appropriate for real-world uses. This study aims to provide important insight into
the ideal photovoltaic array structure for different operating situations by analyzing the
maximum power production and mismatching losses. This will aid in the creation of more
durable and efficient solar energy systems.

3.1. Series PV Array Configuration

For the series photovoltaic array configuration, a thorough simulation analysis was
carried out across a range of irradiance situations, such as partial shading and uniform
irradiance. The short-wide, diagonal, long-wide, short-narrow, and long—narrow patterns
were among the partial shading conditions that were meticulously modeled to resemble
actual situations. The results of the P-V curves in Figure 6 give an overview of the efficacy
of the series photovoltaic array arrangement in various shading scenarios. According to the
modeling results, with uniform irradiance, the series arrangement may produce a maximum
power output of 6250.48 Watts. Yet, depending on the shading pattern, the peak power
production fluctuates dramatically under partial shading situations. As illustrated in Figure 6,
the series configuration specifically produced a peak power of 5120.8 Watts under diagonal
shading, 4742.8 Watts under short-narrow shading, 3708.55 Watts under long—narrow shading,
3295.81 Watts under short-wide shading, and 2627.16 Watts under long-wide shading. These
findings show the impact of partial shading on the performance of photovoltaic arrays and
emphasize the necessity of optimum layouts to lessen these impacts.
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Figure 6. Series PV array configuration P-V curves under uniform and PSCs.

3.2. Series—Parallel PV Array Configuration

A thorough simulation analysis was carried out for the series—parallel photovoltaic array
architecture under a range of irradiance scenarios, such as partial shading conditions (PSCs)
and uniform irradiance. Carefully modeled to resemble real-world situations, the PSCs fea-
tured short-wide, diagonal, long-wide, short-narrow, and long-narrow patterns. In Figure 7,
the results of the P-V curves for each circumstance are plotted, giving an overview of the
efficiency of the series—parallel setup under various shading scenarios. According to the
simulation results, the series—parallel design may produce up to 6249.4 watts of electricity
when exposed to uniform irradiance. However, depending on the shading pattern, the
peak power production fluctuates dramatically under partial shading situations. With
regard to the series—parallel configuration, as illustrated in Figure 7, the maximum power
generated under diagonal shading was 4996.95 Watts; under short-narrow shading, it was
4683.7 Watts; under long—narrow shading, it was 3973.12 Watts; under short-wide shading,
it was 3325.56 Watts; and under long—wide shading, it was 3092.7 Watts. These findings
show the effects of partial shading on photovoltaic array performance and emphasize
the necessity of optimum layouts to lessen these impacts. The series—parallel design is a
good option for real-world applications since it performs more consistently under various
shading situations.

6 = niform Irradiance
====Short and Narrow -

Short and Wide
- ond and Narrow =
====_ong and Wide
4 ====Diagonal

1 1 1 1 1 1 1 1

20

40 60 80 100 120 140 160 180 200
Voltages
v

Figure 7. Series—parallel PV array configuration P-V curves under uniform and PSCs.
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3.3. BL PV Array Configuration

A thorough simulation analysis under a range of irradiance conditions, such as uniform
irradiance and partial shading conditions (PSCs), was carried out for the bridge-linked (BL)
solar array structure. The PSCs included short-wide, diagonal, long—wide, short-narrow,
and long—narrow patterns, which were carefully simulated to mimic real-world scenarios.
Figure 8 plots the results of all the P-V curves for each circumstance, giving an overview of
the productivity of the BL setup under various shading scenarios. According to the modeling
results, the BL design may produce up to 6248.9 watts of electricity when exposed to uniform
irradiance. However, depending on the shading pattern, the peak power production fluctu-
ates dramatically under partial shading situations. To be more precise, Figure 8 illustrates
that the BL configuration produces a maximum power of 4855.9 Watts under diagonal shad-
ing, 4825.22 Watts under short-narrow shading, 4637.28 Watts under long—narrow shading,
3462.38 Watts under long-wide shading, and 3336.91 Watts under short-wide shading. These
findings show the impact of partial shading on the photovoltaic array performance and
emphasize the necessity of optimum layouts to lessen these impacts. Because of its distinct
performance under various shading conditions, the BL arrangement is appropriate for some
applications, whereas partial shading is common.

T T T T T

6 |===Short & Wide

m—Short & Narrow -1
Long & Narrow

5 |===Diagonal

===Long & Wide
Uniform Irradiance

0 20 40 60 80 100 120 140 160 180 200

Voltages
\%

Figure 8. BL PV array configuration P-V curves under uniform and PSCs.

3.4. Modified BL PV Array Configuration

For the improved bridge-linked (BL) solar array configuration, a thorough simulation
analysis was carried out across a range of irradiance situations, including partial shad-
ing conditions (PSCs) and uniform irradiance. The PSCs included short-wide, diagonal,
long-wide, short-narrow, and long—narrow patterns, which were carefully simulated to
mimic real-world scenarios. The results of these P-V curves for each condition are plot-
ted in Figure 9, providing a visual representation of the performance of the Modified BL
configuration under different shading conditions. Figure 9 plots the resulting P-V curves
for each circumstance, giving an overview of the capability of the improved BL setup in
various shading scenarios. According to the modeling results, the improved BL design may
produce up to 6248.9 Watts of electricity when exposed to uniform irradiance. However,
depending on the shading pattern, the peak power production fluctuates dramatically
under partial shading situations. In particular, Figures 4-8 illustrate that the Modified
BL configuration produces a maximum power of 5596.82 Watts under diagonal shading,
which is followed by 4914.31 Watts under short-narrow shading, 4790.31 Watts under
long—narrow shading, 3538.12 Watts under short-wide shading, and 3408.35 Watts under
long-wide shading. These findings show the impact of partial shading on photovoltaic
array performance and emphasize the necessity of optimum layouts to lessen these impacts.
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Power
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Figure 9 provides a full overview of the performance of the Modified BL configuration
under various shading conditions by noting and comparing the maximum power output in
each shading condition. According to the results, the updated BL configuration performs
better in specific shading scenarios, which makes it a viable option for real-world uses.
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— Short & Wide
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Long & Narrow
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Voltages
".'

Figure 9. P-V curves of Modified BL PV array configuration under uniform and PSCs.

3.5. Comparison of PV Array Configurations

It can be observed from the P-V characteristics illustrated in Figure 6 to 9 under
uniform and PSCs that the maximum powers were achieved under the modified bridge-
linked (BL) configuration. Referring to the tabulated data in Table 2, it is evident that the
modified bridge-linked (BL) configuration exhibited superior performance, yielding the
lowest losses under various shading conditions, including short-wide, diagonal, long-wide,
short-narrow, and long—narrow. Thus, the Modified BL arrangement is the best option due
to its adaptability and versatility to different shading circumstances. A complete evaluation
highlights the importance of exactly examining different array configurations under diverse
shading conditions to determine the optimal setup.

Table 2. Losses in PV array configuration under various PSCs (Watts).

Diagonal Short-Narrow Short-Narrow Short-Narrow Short-Narrow

Modified BL 652.08 1419.31 2710.78 1458.59 2830.55

1392.97 1423.68 2911.99 1611.62 2786.52

Series—Parallel 1252.45 1565.7 2923.84 2276.28 3156.7
Series 1129.68 1507.68 2954.67 2541.93 3623.32

3.6. Implementation of P&O Algorithm for Modified BL

The Modified BL layout has been found to be the most efficient among other PV array
arrangements. By applying the P&O algorithm to the Modified BL configuration, it can
be observed that from 6 to 8 s, the irradiance was uniform at 1000 Watts per square meter.
Consequently, the power output remained steady at approximately 6250 Watts.

However, between 8 and 10 s, there was a gradual decrease and subsequent increase in
the irradiance. This variation caused the power output to decline and then rise accordingly,
demonstrating the ability of algorithm to adapt to changing conditions. At the 12th second,
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a sudden drop in irradiance from 1000 Watts per square meter to 500 Watts per square
meter resulted in a sharp decrease in power output from 6250 Watts to 3125 Watts. The
P&O algorithm effectively tracked this abrupt change, ensuring that the system operated
at its maximum potential under varying irradiance conditions. This dynamic response is
illustrated in Figure 10.
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Figure 10. PV voltage, current, power waveforms of Modified BL array configuration under constant
irradiance, sudden, and slow changing irradiance conditions.

Numerous simulations were conducted to ensure the robustness and reliability of
these results. These simulations comprehensively tested various scenarios to validate the
performance under different conditions. A detailed comparison, presented in tabular form,
provides a clear and concise overview of the efficiency metrics for each configuration. This
tabular format allows for easy visualization and comparison, highlighting key performance
indicators, such as power output, efficiency, and response times across different irradiance
levels and partial shading scenarios.

3.7. Aurora Solar Simulations

An experiment was also carried out using Aurora Solar simulations to validate the
results for real-world applications. This study provides a comparison between an MPPT
tracker, micro-inverters, and an MPPT tracker with panels connected using the Modified
BL configuration. Figures 11-13 depict the simulation setups, keeping the same number
and model of the panels. A comparison of an MPPT controller, micro-inverter, and MPPT
controller with the Modified BL configuration has been tabulated in Table 3. From the
comparison, it can be observed that the MPPT controller with the Modified BL configuration
has better production and efficiency in comparison to the other techniques.

Table 3. Comparison of MPPT controller, micro-inverter, and MPPT controller with Modified
BL configuration.

Proposed Technique Production (kWh) Efficiency (%)
MPPT controller 6393 94.16
Micro-inverter 6520 96.03

MPPT controller with Modified BL

. . 6545 96.40
configuration
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Figure 13. MPPT controller with Modified BL configuration.
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3.8. Microprocessor Control

A microprocessor was employed to compare the irradiance levels across five photo-
voltaic (PV) arrays (1-5), as illustrated in Figure 14. The sensors were mounted on each PV
array and named S1, S2, S3, 54, and S5 to measure the irradiance level on each PV array.
The irradiance levels of each array were measured using PV-mounted sensors (51-S5), as
shown in Figure 15. The code output revealed the interconnection pattern that minimized
the irradiance differences among the arrays. However, the current study had limitations
due to the control capabilities of the microprocessor. It could only compare irradiance
levels and lacked the functionality to physically switch outputs and establish interconnec-
tions. This research is ongoing, aiming to address this limitation by training a machine
learning tool. The intelligent network will compare the irradiance levels at the module
level and dynamically configure the array with optimized and consistent irradiance across
its components.

Figure 14. Array configuration of microprocessor.

Clear
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irradiance = 750
irradiance = 1000
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Connect the following pairs of arrays with the least differences:
Array 3 and Array 5
Array 1 and Array 2

=== (Code Execution Successful ===

Figure 15. Code output of the microprocessor.
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4. Discussion

The proposed Modified BL configuration serves as an alternative to traditional module
interconnection schemes and is fully compatible with MPPT trackers. MPPT algorithms, such
as perturb and observe, incremental conductance, and particle swarm optimization, operate by
locating the true global maximum power point (GMPP) on the PV curve to achieve maximum
power output. In conventional setups, bypass diodes create multiple peaks or fragments
in the PV curve, complicating the identification of the GMPP. However, the Modified BL
configuration minimizes the influence of bypass diodes, resulting in a smoother and less
fragmented PV curve. This improved curve simplifies the MPPT process, allowing the
algorithm to identify the GMPP more effectively. Additionally, the Modified BL configuration
reduces overall system voltage mismatches and minimizes the risk of false tracking, enhancing
the efficiency and reliability of MPPT performance. Figures 16 and 17 represent the efficiency
gain in terms of power production and the minimal losses in the system.
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Figure 16. Power produced with different interconnection schemes.
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Figure 17. Losses with different interconnection schemes.

The modified bridge-linked (BL) configuration introduces significant challenges when
implemented in large photovoltaic (PV) arrays, primarily due to its sensitivity to site-
specific factors like shading. Unlike standard configurations, this setup requires tailored
string designs to account for unique shading profiles at each installation site, complicating
installation and disrupting the uniformity, typically preferred in PV systems. Installation
crews face increased complexity and a higher likelihood of errors when managing non-
standardized layouts, often leading to extended project timelines. Effective implementation
demands robust communication between design and installation teams, supported by
detailed documentation to ensure seamless execution.

The comprehensive shading analysis using advanced simulation tools is essential be-
fore finalizing string configurations, as accurate irradiance modeling throughout the year is
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critical to optimize performance and minimize mismatch losses. This level of customization
necessitates specialized expertise in PV system design, making it less accessible for teams.
Post-installation monitoring becomes more complex due to the lack of uniform string pat-
terns, with traditional systems often struggling to provide accurate diagnostics or pinpoint
performance issues. The absence of bypass diodes further exacerbates troubleshooting
difficulties, as localized shading or faults can propagate across the string, requiring more
advanced diagnostic tools to identify and address issues effectively.

The use of micro-inverters is only facilitated by the bypass diodes, and it is more
efficient in shady areas compared to MPPT trackers. But the proposed configuration is
supported by MPPT, bypass diodes, and the interconnection scheme itself. Some of the
results of the simulations using Aurora Solar, which is known for accurate production
numbers aligning with real-world scenarios, clearly show that the system will perform best
with MPPT and the Modified BL configuration.

5. Conclusions

In this study, a modified bridge-linked (Modified BL) configuration has been proposed
to mitigate the adverse effects of partial shading conditions (PSCs) on photovoltaic (PV)
arrays. In this configuration, the multiple solar modules are connected in such a way that
minimizes the impact of shading across the array. Furthermore, it enhances the efficiency
and stability of PV systems up to 3.5% compared to the other interconnection schemes
under challenging environmental conditions. The Modified BL configuration not only
supports the maximum power point tracking (MPPT) but also significantly reduces power
losses due to shading by isolating shaded sections within the array. The simulation results
demonstrate the importance of considering irradiance variability in PV design. This factor
leads to more robust and efficient PV systems under PSCs.

This approach improves solar array technology by optimizing power output and
enhance system resilience. Future work may focus on real-world implementation and
testing of the Modified BL configuration under various partial shading scenarios to validate
its effectiveness. Additionally, integrating this configuration into large solar farms or
hybrid energy systems will provide further insights into its scalability and practical impact.
Overall, the Modified BL configuration offers a promising solution to improve the reliability
of PV arrays in environments with inconsistent sunlight exposure, supporting broader
efforts in sustainable energy production.
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Abbreviations

BL Bridge-linked

FF Fill factor

GMPP Global maximum power point
HC Honeycomb

MPPT Maximum power point tracker
ML Mismatch losses

Modified BL Modified bridge-linked

PSCs Partial shading conditions

PV Array Photovoltaic array

SP Series—parallel

STC Standard temp. conditions
TCT Total cross-tied
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