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WHAT IS ALREADY KNOWN ON THIS
TOPIC?

« Partial shading significantly reduces
photovoltaic system performance
by causing mismatch losses that
are conventionally mitigated  using
bypass diodes and appropriate array
configurations.

WHAT THIS STUDY ADDS ON THIS
TOPIC?

« While previous research has explored

the general impact of bypass diodes, the
specific effect of the number of bypass
diodes across different array topologies
remains an open question.
Comparisons of array configurations
would be more appropriate to conduct
site-specific evaluations that account for
both the number of bypass diodes and the
severity of partial shading condition.

Corresponding Author:
Hatice Gul Sezgin-Ugranli

E-mail:
haticegul.ugranli@bakircay.edu.tr

Received: April 11,2025

Revision requested: July 4, 2025
Last revision received: July 15, 2025
Accepted: July 28,2025

Publication Date: October 15, 2025

DOI: 10.5152/electrica.2025.25080

Content of this journal is licensed
under a Creative Commons
Attribution-NonCommercial 4.0
International License.

ABSTRACT

Partial shading is one of the most critical challenges affecting the performance and reliability of photovoltaic
(PV) systems in real-world scenarios. Although bypass diodes are widely used to reduce mismatch losses in PV
systems, their role is still under investigation. The effect of increasing their number on overall system performance
is especially unclear for different PV array configurations. This study presents a comprehensive simulation-based
analysis of how the number of bypass diodes influences the global maximum power point (GMPP) in four widely
used PV array configurations: series-parallel, bridge-link, honey-comb, and total cross-tied. A MATLAB Simscape
model is employed to simulate 30 shading scenarios. P-V curves are generated in order to determine the current,
power, and voltage at GMPP for various bypass diode configurations, with between 6 and 24 cells per bypass
diode. In this way, the individual performance of each case across different shading scenarios is compared, and
the average values are computed to facilitate a comprehensive comparison of the overall performance among
the so-called array configurations. The results not only reveal the relationship between array and bypass diode
configurations but also offer new perspectives on how to maximize energy yield in shade-prone PV systems.

Index Terms—Bypass diode, MATLAB Simscape, performance, photovoltaics, photovoltaic (PV) array configuration

I. INTRODUCTION

Solar energy holds a dominant position in the global energy transition as the fastest-growing
renewable energy source and provides a significant contribution to reducing dependence on
fossil fuels, enhancing the reliability of energy supply, and overcoming the climate crisis [1]. This
trend brings an even more critical role for research to achieve operational excellence in photovol-
taic (PV) systems in response to the complexities of real-world conditions.

The performance of PV systems is primarily determined by the efficiency of solar cells, which
convert sunlight into electrical energy. Since a module is a collection of cells connected in series
and/or parallel, the condition of each cell has a major impact on the system’s energy flow. Any
performance loss in a single cell can reduce the power generation capacity of the other cells in
the module, ultimately affecting the entire string [2]. The PV systems often encounter some mis-
match challenges due to manufacturer tolerances, partial shading, and dynamic environmental
conditions [3]. The mismatch problem is particularly evident under partial shading conditions,
where shaded cells limit current flow and significantly reduce overall system performance [4].
Partial shading occurs due to factors such as persistent shading sources (e.g., nearby objects,
chimneys, and vegetation), nonuniform soiling (e.g., dust accumulation, bird droppings, and
pollution), structural obstructions (e.g., module frames and mounting structures), and seasonal
variations in shading patterns [5]. It is particularly unavoidable in building-integrated PV (BIPV)
systems due to their exposure to surrounding structures and environmental constraints [6, 7].
Shading not only reduces the power generation capacity of the system but can also trigger reli-
ability problems such as hotspots and ultimately degradation [8]. Even the slightest drop in per-
formance can have a serious impact on profit margins in the long term [9]. Consequently, there is
a pressing need for the development of advanced, sensitive, and adaptive methods to improve
system performance.
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Various techniques have been proposed to mitigate the effects of
partial shading on PV systems, including the use of bypass diodes,
advanced maximum power point tracking (MPPT) algorithms,
module-integrated power electronics, PV array configurations, and
reconfiguration methods [10]. Some researchers have focused on
developing metrics and parameters to better quantify the shad-
ing effects on PV module performance. In line with these efforts,
a numerical index based on the differentiation and integration of
power-voltage (P-V) curves is developed to detect partial shading,
quantify its intensity, and estimate hotspot occurrence time [11]. A
bypass diode scanning algorithm for PV arrays is also introduced. It
uses bypass diode voltage drop measurements to efficiently track
the global maximum power point (GMPP) under partial shading
conditions. This leads to higher power extraction, reduced oscilla-
tions, and fast response [12]. Additionally, a generalized analytical
approach is developed to model the current-voltage (I-V) and power-
voltage (P-V) characteristics of PV arrays under partial shading. This
method uses standard test conditions (STC) and a two-diode model
that incorporates the effects of bypass and blocking diodes in any
series-parallel (SP) configuration [13]. In terms of the irradiance pro-
file, mismatch losses caused by partial shading from moving clouds
are also analyzed under various irradiance transitions, considering
the impact of different electrical configurations on large-scale PV
plants [14]. As partial shading introduces multiple local maxima in
the P-V curve, locating the global maximum becomes more com-
plex, but essential for maximizing power output. An improved GMPP
tracking method for PV systems under partial shading prioritizes
power peaks closer to the open-circuit voltage (V). This reduces
the risk of overheating and hotspots, minimizes thermal stress, and
enhances tracking speed by using the relationship between shaded
cell temperature and the operating point [15]. Another study focuses
on optimizing voltage search algorithms to efficiently find the GMPP
by narrowing the search area and skipping unnecessary voltage
ranges [16]. Additionally, an MPP scanning method is proposed,
which utilizes a controlled voltage source to identify the GMPP
under partial shading conditions, requiring minimal hardware and
ensuring efficient operation [17]. A two-stage GMPP tracking algo-
rithm based on an artificial neural network decreases tracking time
and power losses by using fewer sampling points. This algorithm can
be implemented without expensive sensors under complex partial
shading conditions [18].

Considering the interconnection techniques of PV modules, some
studies focus on array configuration which optimizes the fixed lay-
out of PV modules, or array reconfiguration which dynamically
adjusts connections to enhance performance under varying condi-
tions [19, 20]. A modified fixed PV array configuration with reduced
cross-ties is compared to Series (S), SP, total cross-tied (TCT), bridge-
link (BL), and honey-comb (HC) configurations under various shad-
ing patterns. This configuration demonstrates lower mismatch
losses, robust power generation, and reduced cabling compared to
traditional TCT-based setups [21]. Several static PV array configura-
tions under different shading patterns are studied using MATLAB/
Simulink and real-time testing, and the performance of each is
categorized according to environmental conditions [5]. A general-
ized panel rearrangement strategy is developed for irradiance mis-
match conditions and system losses, optimizing module positions
in TCT and SP configurations without extra sensors or switching
circuits [6]. A modified PV arrangement and a progressive module
shift rearrangement approach are introduced to emphasize effi-
cient reconfiguration. This reduces wiring complexity and mismatch

losses while enhancing power output under irradiance mismatch
scenarios [22]. Additionally, a current injection-based dynamic array
reconfiguration technique is proposed to improve PV array power
output under partial shading. This method also eliminates multiple
power-voltage peaks, reduces converter dependency, and simplifies
MPPT requirements [23]. The performance of configurations may be
improved by considering MPPT algorithms. One study presents a
SP-cross-tied PV array configuration and evaluates its performance
under various partial shading conditions. The study evaluates three
different MPPT techniques and emphasizes the effectiveness of the
fuzzy logic-based method in terms of tracking efficiency and faster
settling times [24].

Module-level converters are another approach to mitigate the effects
of partial shading [25-27]. A hybrid module-level power electronics
system called the OptiVerter combines the features of microinvert-
ers and power optimizers. It utilizes a shade-tolerant MPPT algorithm
and an ultra-wide input voltage range to harvest more energy and
perform better under different shading conditions [25]. Another
study introduces an integrated approach that combines a modified
magic square-enhanced configuration, irradiance equalization, and
SP differential power processing converters. This approach optimizes
the power output of TCT-interconnected PV arrays, achieving signifi-
cant power gains and high efficiency [26]. In [ref. 27], a module-level
electronic circuit-based PV array reconfiguration approach enables
automatic identification and decoupling of bypass modules under
shading, reducing mismatch losses and improving energy efficiency
without complex sensors.

In addition to conventional bypass diodes, new approaches have
been developed to improve the performance of bypass diodes under
partial shading conditions [28-32]. Overlapping bypass diodes in PV
modules impact electrical performance, power losses, hotspot for-
mation, and micro-inverter efficiency under partial shading, with a
mathematical model revealing higher power dissipation and failure
risks compared to non-overlapping configurations [28]. A MOSFET-
based circuit is also proposed to optimize the performance of bypass
diodes, reducing hotspot temperatures through a hotspot mitiga-
tion circuit [29]. Similarly, a self-activating bypass circuit is intro-
duced, demonstrating its ability to eliminate power dissipation and
temperature rise by interrupting the current flow in malfunctioning
cells [30]. Another approach is to install a hotspot mitigation circuit,
which prevents hotspots under mismatch conditions. This signifi-
cantly reduces localized heating and power loss, while enhancing
overall power output in both low and high shading scenarios [31].
An experimental study on the hotspot phenomenon is conducted
to evaluate the effects of bypass diodes and TCT-configurations
on thermal stress mitigation. The study revealed that, although
TCT reduces mismatch losses, it fails to prevent hotspot formation,
emphasizing the need for improved bypass mechanisms to enhance
PV reliability. In addition, increasing the number of bypass diodes
connected to each module is one of the important solutions devel-
oped at this point [33, 34]. However, the optimal bypass diode con-
figuration and its impact on different PV array configurations remain
an open research question.

This study aims to analyze how the number of bypass diodes affects
PV array performance across different array configurations by using
MATLAB/Simulink-Simscape. A detailed examination of GMPP
behavior is conducted under 30 partial shading scenarios, consid-
ering variations in the number of cells per bypass diode (6, 12, 18,
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Fig. 1. Conceptual overview of the simulation framework utilized to evaluate the performance of PV arrays under partial shading conditions.

and 24). It provides an in-depth evaluation of bypass diode place-
ment that influences PV system performance. The paper is organized
as follows: section 2 presents the modeling of PV array configura-
tions along with the bypass diode configurations. Shading scenarios
employed in the analysis are given in section 3.In section 4, the GMPP
values are presented for different scenarios, and the overall perfor-
mance comparison is evaluated considering the number of bypass
diodes and array configurations under partial shading. Finally, the
conclusions of the study are presented in section 5.

II. MODELING AND SYSTEM CONFIGURATION

The subsequent sections outline the modeling approach to investi-
gate how the quantity of bypass diodes influences various PV array
configurations. Fig. 1 provides a concise overview of the simulation
framework to enhance reader comprehension before detailing the
modeling steps. This framework relies on a detailed cell-level analy-
sis. The process begins with defining the PV module and its bypass
diode configurations. By systematically altering the number of cells
per bypass diode, the study aims to examine the changes in current,
voltage, and power characteristics under randomly varying irradi-
ance conditions. The performance of various PV array configurations,
such as TCT, BL, HC, and SP, is evaluated for different numbers of cells
per bypass diode under thirty distinct shading patterns. These set-
ups are simulated in MATLAB/Simulink. To conduct a proper cell-
level analysis, it is first essential to define the electrical characteristics
of the PV module employed in the simulation. These parameters are
critical for accurately capturing the array’s operational behavior
under varying bypass diode configurations.

A. Electrical Characteristics of Photovoltaic Module

The Simscape-Simulink model incorporates the single diode model
shown in Fig. 2 which is known for its computational simplicity and
accuracy. The equivalent circuit parameters are |, as photocurrent,
R, as series resistance, and R, as parallel resistance. Model param-
eters are applicable for a cell or a module.

In this study, the PS-M72-405 PV module, consisting of 72 cells, is
utilized. The electrical parameters of the module are provided in
Table I for STCs (1000 W/m? irradiance and 25°C temperature), includ-
ing open-circuit voltage (V,), short circuit current (I.), MPP voltage
(Vyep) @nd current (I,,5), maximum power (P,,,,), and nominal oper-
ating cell temperature (NOCT). The single module data is obtained
directly from the MATLAB Simulink device catalog and the module’s
datasheet [35].

After defining the electrical parameters of the PV module, the next
step is to specify the bypass diode configurations, which determine
how cells are connected and protected under partial shading. These
configurations form the foundation for evaluating the system’s
response to different shading patterns.

B. Bypass Diode Cases

Bypass diode configurations are shown in Fig. 3. Each case assigns
how many cells (e.g., 6, 12, 18, or 24) are connected per bypass diode.
This means that in a 72-cell module, 12 bypass diodes are used for
the 6-cell-per-diode case, 6 bypass diodes for the 12-cell case, 4
bypass diodes for the 18-cell case, and 3 bypass diodes for the 24-cell
case. For each of the four bypass diode cases, 30 different irradiance

Ry
? ANAA—

Ln (1 SZ R,
| .

Fig. 2. Single diode equivalent circuit model of a PV cell.

TABLE I. ELECTRICAL PARAMETERS OF SINGLE PV MODULE UNDER STC
(1000 W/M?, 25°C).

Datasheet Parameters

Vo 5032V
I 1035 A
Vi 417V
by 9.72 A
Punx 405 W
NOCT 45+ 2°C
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Fig. 3. Schematic representation of a single 72-cell PV module illustrating four different bypass diode configurations. Case 1: 6 cells per bypass
diode (12 diodes), Case 2: 12 cells per diode (6 diodes), Case 3: 18 cells per diode (4 diodes), and Case 4: 24 cells per diode (3 diodes).

scenarios are simulated to evaluate their performance under varying
shading conditions.

With the bypass diode cases established, the analysis proceeds to
examine how various PV array configurations interact with these set-
ups. The structural layout of the arrays is crucial in determining how

C. Photovoltaic Array Characteristics and Configurations

The PV arrays can be interconnected using various configurations to
minimize mismatch losses and enhance energy efficiency. The most
employed configurations in the literature are SP, TCT, BL, and HC.
Each configuration offers distinct electrical characteristics and shad-
ing resilience, influencing the overall performance of the PV system
under partial shading conditions [19, 20].
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effectively mismatch losses can be mitigated.
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In this study, these four PV array configurations are analyzed for dif-
ferent numbers of cells per bypass diode. The design of the 4 x 4
PV array is performed using MATLAB (Simulink-Simscape), with the
schematic of the SP configuration shown in Fig. 4, BL in Fig. 5, HC
in Fig. 6, and TCT in Fig. 7. In this context, the MATLAB solar plant
model [36] is configured to represent a single module and to sup-
port varying irradiance levels for specific groups of cells. To ensure a
consistent shading pattern, irradiance levels are assigned such that
each of the six cells within a module receives the same irradiance.
This procedure is implemented by considering the minimum num-
ber of cells per bypass diode. In addition, the model is also set up
to accommodate different numbers of bypass diodes by adjusting
the number of cells assigned to each diode, so that it can simulate
module behavior under different bypass diode configurations. This
approach allows for a detailed examination of the module and array
performance, providing a cell-based analysis.

Simulations are assumed to be performed at a cell temperature of
45°C, which is equal to the nominal operating conditions. The GMPP
voltages and currents of a 4 x 4 PV array are obtained for both 25°C
and 45°C under uniform irradiance conditions (1000W/m?) along
with open-circuit voltage and short circuit current as shown in
Table II. Those results will be considered as a reference because all
array configurations yield exactly same results under uniform irra-
diance. As expected, increasing the temperature from 25°C to 45°C
results in a slight increase in MPP current but a noticeable drop in
MPP voltage. As a result, the maximum power (P,,,,) also decreases.

To summarize the modeling methodology discussed in this section,
the key elements of the simulation setup are listed below:

« A single diode equivalent circuit is used to model the electrical
behavior of the 72-cell PV module.

« Four bypass diode cases are defined by assigning 6, 12, 18, or 24
cells per diode.

« Simulink-Simscape environment is employed to simulate four
array configurations: SP, TCT, BL, and HC.

« To represent more realistic field conditions, a cell temperature of
45°C under full irradiance (1000 W/m?) is preferred over the stan-
dard 25°C reference.

« The modeling setup supports variable irradiance levels and flex-
ible diode assignments for accurate analysis.

Once the array configurations and simulation parameters are
defined, the next step is to apply realistic shading conditions to eval-
uate the performance of these configurations under nonuniform
irradiance. The following section outlines the shading scenarios that
are designed to facilitate this evaluation.

11l. SHADING SCENARIOS

It is well known that environmental factors may lead to nonuniform
irradiance distribution even across the module surface [37]. In addi-
tion, BIPV systems are frequently affected by fixed shading elements,
which often result in intensive nonuniform irradiance characteristics
[7]. Thus, the intensity of shading should be considered to evaluate
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Fig. 5. MATLAB/Simulink-Simscape schematic of a PV array in a BL configuration. Each PV module is modeled with the Solar Plant block. Each
“Irra(ij)"input provides 12 irradiance values for the corresponding module, with values and ranges varying across modules based on the shading
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the performance of array configurations under different bypass
diode connection cases.

Several irradiance ranges are presented in Table I, each corre-
sponding to a specific module, wherein groups of cells are sub-
jected to randomly selected irradiance values within the defined
range (in W/m?). These ranges are categorized into variation levels
(e.g., extreme, high, low), indicating the severity of nonuniformity
across the module surface in each scenario. The ranges are consid-
ered in 30 different shading scenarios as shown in Fig. 8 to analyze
the impact of nonuniform irradiance on PV array performance. Each
of the 30 scenarios represents a 4 x 4 PV array configuration, where
each individual box corresponds to a single PV module within the
array. The numbers inside the modules denote different shading
conditions based on the irradiance ranges specified in Table I,
whereas white boxes represent unshaded areas with an irradiance
of 1000 W/m?2 The irradiance values are randomly assigned within
the specified range to simulate nonuniform shading conditions as
mentioned before.

The shading scenarios applied include various patterns in which the
shading intensity is distributed across the edges, corners, center,
diagonally, or randomly across the array. Here, “Scenario 1”indicates
the unshaded condition with an irradiance of 1000 W/m? and a cell
temperature of 45°C. This scenario is designated as the reference
case, serving as a baseline for comparison against partially shaded
scenarios. The results corresponding to scenario 1 are given in
Table ll, showing identical values across all array configurations due
to the absence of shading.

The modules are exposed to specific irradiance intervals across the
30 patterns. Each module is divided into six-cell segments, and each
segment receives a distinct irradiance value within its assigned
range. Patterns with broad intervals (e.g., 200-1000 W/m?) simu-
late severe partial shading conditions, while patterns with narrower
intervals (e.g., 700-1000 W/m?) lead to low levels of irradiance non-
uniformity. This systematic variation allows for a detailed assessment
of array performance under different shading conditions.

Following the specification of irradiance distributions in the shad-
ing scenarios, simulations are consistently carried out for all cases
of bypass diodes and array configurations. This ensures a fair and
systematic performance evaluation. The next section presents and
discusses the results, with particular emphasis on how the bypass
diode quantity influences power, current, and voltage performance
of PV arrays under partial shading conditions.

IV. ARRAY PERFORMANCE UNDER VARYING BYPASS DIODE
CONFIGURATIONS

Performance of SP, BL, HC, and TCT-configurations under 30 partial
shading scenarios is evaluated to observe the effect of shading and
the number of bypass diodes on the overall power performance
by analyzing the voltage, current, and power at GMPP. The power,
current, and voltage values at GMPP are shown in Figs. 9-11, respec-
tively. Scenario 1 in the figures represents the unshaded condition
used as a reference.

Considering the power variations for all array configurations, sce-
narios with higher irradiance differences such as scenarios 8 and 30,
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Fig. 6. MATLAB/Simulink-Simscape schematic of a PV array in a HC configuration. Each PV module is modeled with the Solar Plant block. Each “Irra(i,)"
input provides 12 irradiance values for the corresponding module, with values and ranges varying across modules based on the shading pattern.
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pattern.

which range from 200 to 1000 W/m? and involve shading over a large
portion of the array, exhibit pronounced mismatch losses. These
losses are particularly notable when a bypass diode is connected to
more cells (e.g., 24 cells per bypass diode). Conversely, more bypass
diode placement (e.g., 6 cells per bypass diode) mitigates the effects
of partial shading, resulting in higher power in certain scenarios. It
can be observed that there is a gradual decrease in GMPP power
among the cases of 6, 12, 18, and 24 cells per bypass diode. While
heavy shading results in greater power losses, increasing the num-
ber of bypass diodes improves performance in all configurations.

The array configurations with a higher number of cells per bypass
diode reduce shading-induced mismatch losses at various levels. SP

in Fig. 9(a) suffers the most from partial shading, experiencing sharp
power losses, especially with fewer bypass diodes. BL in Fig. 9(b)
provides an intermediate solution, mitigating shading effects bet-
ter than SP. HC in Fig. 9(c) shows moderate shade resilience, but its
hexagonal structure does not always outperform BL. TCT in Fig. 9(d)
is the most robust configuration, showing minimal power loss under
partial shading.

In terms of current, the currents of GMPP values have notable
changes in all configurations as given in Fig. 10. Fig. 10(a) is for the
SP configuration, Fig. 10(b) is for BL, Fig. 10(c) is for HC, and Fig. 10(d)

TABLE I1l. IRRADIANCE RANGES OF SHADING SCENARIOS

TABLE II. ELECTRICAL PARAMETERS OF PV ARRAY Variation Level Irradiation Ranges Numbers
Irradiation and Temperature Conditions Extreme 200-1000W/m? 8,11
Parameters 1000 W/m?, 25°C 1000 W/m?, 45°C Very high 300-1000W/m? 1,4,13
Ve 201.28V 18931V High 400-1000W/m? 5,10
loc 414 A 419A Moderate 500-1000W/m? 2
Ve 166.8V 154.54V Mild 600-1000W/m? 3,7
lyse 3888 A 3892 A Low 700-1000W/m? 9
Puax 6480 W 6014.8 W Very low 800-1000W/m? 6,12
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is for TCT. Similar to the maximum power, current values show a clear
decline with more pronounced reductions in cases where a higher
number of modules are shaded (e.g., scenario 30). For scenarios with
the same number of shaded modules, similar results are obtained
depending on the configuration. This is particularly evident for sce-
narios 20-24 in the TCT-configuration, where the interconnection
design ensures that rows with an equal number of shaded modules
exhibit similar current values [38]. While increasing the number of
cells per bypass diode generally results in a decreasing current trend,
in some scenarios, fluctuations occur depending on the location and
intensity of shading. This behavior is most pronounced in the SP, BL,
and HC configurations, leading to larger deviations in global I, The
TCT configuration demonstrates a more stable current profile, with
minimal changes.

The voltage at GMPP values has larger voltage deviations under
more severe shading conditions in comparison to the unshaded
reference case. For the same shading scenario, different PV configu-
rations do not exhibit similar voltage responses, indicating that the
interaction between shading patterns, array configuration type, and
bypass diode placement leads to distinct outcomes. For instance, in
scenario 2, the SP configuration (Fig. 11(a)) shows a decrease as the
number of cells per bypass diode increases, while the BL (Fig. 11(b))
and HC (Fig. 11(c)) configurations show an initial increase in voltage

and then a decrease. In contrast, TCT in Fig. 11(d) provides relatively
stable but slightly fluctuating voltage values. Similarly, in Scenario
30, SP shows an initial increase followed by a decrease in voltage
with fewer bypass diodes, while TCT shows the opposite trend. These
variations indicate the need to evaluate current and voltage behav-
ior together to accurately interpret the performance of each array
configuration. In some shading scenarios, voltage values exceed the
unshaded case, indicating that the operating voltage shifts closer to
the open-circuit voltage region due to a significant drop in current
at GMPP. It is a direct consequence of the shift of GMPP toward a
different voltage-current pair, indicating that the GMPP has moved.
The presence of bypass diodes introduces multiple maxima in the
P-V curve depending on the shading level [38, 39]. This causes the
GMPP to shift as a function of irradiance levels. Under shading con-
ditions, certain groups of cells are bypassed, altering the effective
current paths and leading to MPP relocation along the voltage axis.
While BL, HC, and SP exhibit moderate voltage variations across
shading scenarios, TCT consistently demonstrates the highest stabil-
ity in voltage values.

A more quantitative assessment is provided by Table IV, which shows
the average values of the voltage, power, and current at GMPP across
all the configurations. The table includes the average values of P,,,,,
Vier @nd |, over the 30 partial shading scenarios considered. It



Electrica 2025; 25: 1-14
Sezgin Ugranli. Number of Bypass Diodes Effect on PV Array Performance

E Al
wa 30
i 35
= 20
€=
g — 10
£ S
°3 : 30
O = »
(&) q,{b
25
20
15
10
5
> 0
(b) ° 18 12 6 0
Number of Cells per B
<
% a 30
- 35
= 20
€=
g = 10
£ S
8 30
og Ny
25
20
15
10
5
A
N > o4 18 12 6 Bg
Number of Cells per

Fig. 10. GMPP current variation in (a) SP, (b) BL, (c) HC, and (d) TCT-configurations under different shading scenarios and number of cells per

<
5 g 3
-e 2
c =
o= 1
£ ©
s Q
oL
(O]
(a)
<
= 30
35
S & 20
€310
53 30
38 ~,
o 25
20
15
10
5
AN
© K 18 12 6 0
Nur?\ter of Cells per BD
bypass diode (BD, bypass diode). Color scale from red to blue indicates high-to-low current levels.

allows a comparative analysis of the impact of configuration type
and bypass diode placement on overall PV performance. Compared
to the unshaded reference case in Table Il (6014.8 W at 45°C), the
average power obtained across all partial shading scenarios is sig-
nificantly lower, often falling around 4000 W. This substantial decline
is primarily due to the high shading intensity and nonuniform irradi-
ance distribution. The above explanation is supported by the aver-
age GMPP results which a larger number of bypass diodes (i.e., 6 cells
per bypass diode) consistently results in higher power output across
all configurations. As the number of cells per bypass diode increases,
a progressive decrease in P,,,, is observed. The SP exhibits the steep-
est decline, from 3904.1 W to 3368.6 W, followed by HC (4028.9 W
to 3599.9 W) and BL (4133.9 W to 3790.6 W). The BL configuration
exhibits a smaller percentage decrease in power output compared
to the SP configuration, while the HC configuration follows a simi-
lar performance trend to that of BL. Among all configurations, TCT
demonstrates the least power reduction, decreasing from 4326.9
W to 4146.2 W, thereby highlighting its superior adaptability under
shading conditions. On the other hand, the current values of all
configurations are notably lower than the reference case under uni-
form irradiance which is 38.92 A. When comparing the extremes—6
cells and 24 cells per bypass diodes—SP exhibits the largest current

10

reduction with a difference of 3.231 A, followed by BL with 3.426 A,
HC with 3.661 A, and TCT with the smallest decrease of 1.825 A. In
conclusion, the results underscore the critical role of both array con-
figuration and the number of bypass diodes in determining PV array
performance under partial shading conditions. Among the evaluated
configurations, TCT consistently achieves the highest performance
in mitigating mismatch losses, primarily due to its inherent intercon-
nection flexibility and its compatibility with increased bypass diode
utilization. Increasing the number of bypass diodes effectively allevi-
ates the adverse effects of shading by minimizing significant drops
in the GMPP. In contrast, the series-connected nature of the SP con-
figuration leads to current bottlenecks, where a single shaded mod-
ule restricts the current flow of the entire string, thereby triggering
frequent bypass diode activation. These findings highlight that the
combination of an optimized bypass diode placement strategy and
a robust array configuration, particularly the TCT topology, plays a
vital role in enhancing PV system efficiency and energy yield under
realistic operating conditions.

These findings collectively emphasize the critical role of bypass
diode count in shaping array performance under nonuniform
irradiance. Configurations employing a higher number of diodes
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consistently demonstrate improved power output and voltage sta-
bility due to reduced mismatch losses and more efficient current
routing. By protecting smaller cell groups, more diodes reduce the
reverse bias stress and allows for improved power extraction during
irregular irradiance, contributing to higher long-term energy yields
and operational stability [40]. This design choice also introduces
specific manufacturing and operational trade-offs. Integrating more
diodes requires additional interconnection points and soldering
steps, which increases assembly complexity. This can lead to higher
manufacturing costs due to the additional interconnections, precise
soldering, and extended quality control required. In the long term,
the higher number of contact points can increase the risk of thermal
and mechanical degradation, which can lead to higher maintenance
costs and shorter lifecycles [41, 42]. Furthermore, complex bypass-
ing schemes can introduce multiple local maxima in the P-V curve,
which can complicate MPPT operation [43].

Although including additional bypass diodes introduces manu-
facturing and operational challenges, the long-term performance
advantages effectively offset these drawbacks. A greater number of
diodes improves thermal protection by limiting reverse bias stress
on shaded cells, thereby substantially reducing the risk of hotspot

development [40]. This is a critical factor in long-term module deg-
radation. Additionally, increased segmentation improves the resolu-
tion of voltage steps in the P-V curve, enabling more accurate GMPP
tracking under variable shading conditions [33, 39]. These benefits
support higher energy yield and operational stability, particularly in
shade-prone environments [44]. Consequently, although the initial
cost and design complexity may be higher, the long-term efficiency
and durability gains have the potential to justify the investment,
making these configurations especially advantageous for shade-
prone PV applications.

V. CONCLUSION

Partial shading remains a major obstacle to maximizing the energy
yield of PV systems, particularly in real-world environments where
dynamic and nonuniform irradiance conditions are unavoidable.
This study systematically investigated the impact of bypass diode
configuration—specifically the number of cells per bypass diode—
on the performance of four commonly used PV array configurations:
SP, BL, HC, and TCT. Using a MATLAB Simscape model, 30 several par-
tial shading scenarios are simulated to evaluate power, current, and
voltage behavior at the GMPP.
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TABLE IV. AVERAGE VALUES OF GMPP PARAMETERS FOR 30 PARTIAL
SHADING SCENARIOS

Cells per
Bypass Averageof Averageof Average of
Configuration Diode Ppax (W) Ve (V) Lypp (A)
Series-parallel 6 3904.1 137.95 28.321
12 35758 137.275 26.297
18 3457.7 138.305 25427
24 3368.6 135.85 25.09
Bridge-link 6 41339 148.573 27.865
12 39156 15022 26.194
18 38386 153.38 25.159
24 3790.6 156.61 24439
Honey-comb 6 40289 141.85 28432
12 37448 145.296 25977
18 36589 148.182 24973
24 3599.9 147.32 24.771
Total cross-tied 6 43269 154.663 27.999
12 4200.6 155714 27.022
18 4156.8 156.67 26.61
24 4146.2 158.853 26174

The results reveal that both array and bypass diode configurations
significantly influence the system’s ability to mitigate mismatch
losses. Increasing the number of bypass diodes consistently led to
improved performance, particularly under severe shading condi-
tions. Among the configurations, TCT demonstrates the highest
robustness, maintaining relatively stable power output, current, and
voltage levels across all scenarios. In contrast, the SP configuration
suffers from the greatest performance degradation due to its sensi-
tivity to series-connected current bottlenecks. While BL and HC offer
intermediate resilience, their performance is still notably affected by
the choice of bypass diode configuration.

Average performance metrics across all scenarios further confirm
that more bypass diodes yield significant gains in GMPP power and
current, regardless of array type. However, the degree of improve-
ment is closely tied to the underlying interconnection strategy of
each topology. These findings highlight the critical role of bypass
diode design in optimizing PV system reliability and energy output.
Future PV array designs, especially those for shaded or urban environ-
ments, may strategically integrate more bypass diodes in association
with robust array configurations such as TCT to ensure superior mis-
match handling and energy harvesting performance. Consequently,
rather than making generalized comparisons between array con-
figurations, it would be more appropriate to conduct site-specific
evaluations that account for both the number of bypass diodes and
the severity of partial shading condition.
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