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Abstract: Solar energy is a promising renewable source; however, its performance is affected by the
shading effect caused by buildings, dust, bird droppings, and clouds. This phenomenon reduces ener-
gy efficiency and causes durability issues in photovoltaic systems. Although strategies have been de-
veloped to mitigate the shading effect, the study of dynamic reconfiguration algorithms that adapt
to changing conditions in real time remains a necessity. This article reviews current mitigation stra-
tegies and evaluates the effectiveness of algorithms aimed at optimizing systems, particularly under
cloud-induced shading, by reconfiguring the topology of photovoltaic modules to maximize the global
maximum power output of the system. An experimental evaluation was conducted through simula-
tions involving photovoltaic modules matrices and shading patterns. To compare the reconfiguration
methods, shading patterns were applied to each algorithm, resulting in an increased power percen-
tage. The Modified Harris Hawks Optimization (MHHO) algorithm outperformed the other methods,
achieving a maximum power output increase of 33.27%. Although the results demonstrate that these
strategies may mitigate the shading effect, the necessary architecture for real-world application must
be considered, as switching elements and additional connection lines pose significant implementation
challenges.
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Revision sobre la optimizacion de instalaciones fotovoltaicas
frente al efecto de sombreado mediante algoritmos dindmicos

Resumen: La energia solar es una fuente renovable prometedora; sin embargo, su rendimiento se
ve afectado por el efecto de sombreado causado por edificios, polvo, excrementos de aves y nu-
bes. Este fendmeno reduce la eficiencia energética y provoca problemas de durabilidad en los sis-
temas fotovoltaicos. Aunque se han desarrollado estrategias para mitigar el efecto de sombreado,
el estudio de algoritmos de reconfiguracion dinamica que se adapten en tiempo real a condiciones
cambiantes sigue siendo una necesidad. Este articulo revisa las estrategias de mitigacion actualesy
evalla la eficacia de algoritmos orientados a optimizar los sistemas, particularmente bajo sombrea-
do inducido por nubes, mediante la reconfiguracion de la topologia de los médulos fotovoltaicos
para maximizar la potencia maxima global de salida del sistema. Se realizé una evaluacién experi-
mental mediante simulaciones que involucraron matrices de médulos fotovoltaicos y patrones de
sombreado. Para comparar los métodos de reconfiguracién, se aplicaron patrones de sombreado
a cada algoritmo, obteniéndose un aumento en el porcentaje de potencia. El algoritmo Modified
Harris Hawks Optimization (MHHO) super6 a los demas métodos, logrando un aumento maximo en
la potencia de salida del 33,27 %. Aunque los resultados demuestran que estas estrategias pueden
mitigar el efecto de sombreado, debe considerarse la arquitectura necesaria para su aplicacion en el
mundo real, ya que los elementos de conmutacién y las lineas de conexion adicionales representan
importantes desafios de implementacion.

Palabras clave: energia solar; efecto de sombreado; sistemas fotovoltaicos; reconfiguracion dinami-
ca; algoritmo bioinspirado.

Revisdo sobre a otimizagado de instalagdes fotovoltaicas contra o

efeito de sombreamento por meio de algoritmos dinamicos

Resumo: A energia solar é uma fonte renovavel promissora; no entanto, seu desempenho é afetado
pelo efeito de sombreamento causado por edificios, poeira, fezes de passaros e nuvens. Esse fend-
meno reduz a eficiéncia energética e causa problemas de durabilidade nos sistemas fotovoltaicos.
Embora tenham sido desenvolvidas estratégias para mitigar o efeito de sombreamento, o estudo
de algoritmos de reconfiguracdo dinamica que se adaptem em tempo real a condicdes variaveis
continua sendo uma necessidade. Este artigo revisa as estratégias de mitigacdo atuais e avalia a
eficacia de algoritmos voltados a otimizacdo dos sistemas, particularmente sob sombreamento indu-
zido por nuvens, por meio da reconfiguracao da topologia dos médulos fotovoltaicos para maximizar
a poténcia maxima global de saida do sistema. Uma avaliacdo experimental foi conduzida por meio
de simulagbes envolvendo matrizes de médulos fotovoltaicos e padroes de sombreamento. Para
comparar os métodos de reconfiguracdo, padrdes de sombreamento foram aplicados a cada algo-
ritmo, resultando em um aumento no percentual de poténcia. O algoritmo Modified Harris Hawks
Optimization (MHHO) superou os demais métodos, alcangando um aumento maximo na poténcia de
safda de 33,27 %. Embora os resultados demonstrem que essas estratégias podem mitigar o efeito
de sombreamento, deve-se considerar a arquitetura necessaria para a aplicagdo no mundo real,
uma vez que os elementos de comutagdo e as linhas de conexao adicionais representam desafios
significativos de implementacdo.

Palavras-chave: energia solar; efeito de sombreamento; sistemas fotovoltaicos; reconfiguragdo
dinamica; algoritmo bioinspirado.
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Introduction

Solar energy has become one of the world’s most
promising renewable energy sources, contributing
significantly reducing reliance on fossil fuels and
mitigating the impact of climate change [1]. How-
ever, the performance of photovoltaic (PV) systems
is compromised by several factors, with the shading
effect being one of the most significant. This phe-
nomenon occurs when objects partially or com-
pletely obstruct solar radiation from reaching PV
modules, reducing energy efficiency and potential
structural and durability issues, such as overheat-
ing in certain modules and the deterioration of
their components [2].

In recent years, multiple strategies have been
developed to mitigate the impact of shading, in-
cluding the reconfiguration of electrical connec-
tions and the implementation of solar tracking
devices [3]. However, the ability of PV systems to
adapt to real-time shading conditions remains a
challenge. The optimization of these installations
through dynamic algorithms presents an effective
alternative, allowing PV module configurations to
adjust automatically based on irradiance and shad-
ing pattern variations, particularly those caused by
meteorological phenomena such as passing clouds
(3].

Analyzing the shading effect using dynamic al-
gorithms not only enhances the understanding of
this phenomenon’s impact but also enables the de-
velopment of more efficient solutions to maximize
solar energy capture. In this context, a comprehen-
sive analysis of the various machine learning tech-
niques and dynamic reconfiguration algorithms
proposed to improve PV system performance is
essential. These algorithms can optimize energy
generation in real time, ensuring a more efficient
use of PV infrastructure while minimizing the for-
mation of hot spots that can compromise the mod-
ules’ lifespan [4].

The widespread implementation of PV systems
in both urban and rural environments underscores
the need for solutions to mitigate energy losses
caused by shading. Identifying the effectiveness of
dynamic reconfiguration algorithms in optimiz-
ing energy production under changing conditions

will lay a solid foundation for large-scale appli-
cations. Thus, the study and implementation of
artificial intelligence-based and dynamic optimi-
zation strategies will significantly contribute to the
development of a more efficient, sustainable, and
resilient energy system in the face of environmen-
tal variations [5].

Materials and Methods

The main objective of this project is to review the
dynamic algorithms used in the optimization of
photovoltaic systems under the shading effect; their
impact on energy efficiency will be evaluated, and
the algorithmic solutions reported in the scientific
literature will be analyzed.

The methodology adopted in this study fol-
lows a descriptive, review-based, and comparative
approach, relying on a systematic review of spe-
cialized literature. As this study does not involve
the practical implementation of algorithms, it is
qualitative in nature, focusing on the compara-
tive analysis of various algorithmic models found
in the literature. These approaches include both
bio-inspired algorithms and those based on the
dynamic reconfiguration of systems.

Among the algorithms examined in this study,
the Coyote Optimization Algorithm (COA) is in-
spired by the social behavior of coyotes and bal-
ances exploration and exploitation to optimize
global power extraction in photovoltaic systems
under partial shading conditions. Similarly, the
Butterfly Optimization Algorithm (BOA), based
on the pollination behavior of butterflies, utilizes
global and local exploration to adjust photovoltaic
panel configurations, thereby improving energy
efficiency.

The Direct Power Evaluation Algorithm, on
the other hand, specializes in maximizing the
power output of photovoltaic modules under vari-
able irradiance, addressing the problem through
a discrete optimization model. Additionally, the
Marine Predators Algorithm (MPA)-Based Pho-
tovoltaic Reconfiguration Algorithm applies a
metaheuristic strategy inspired by the hunting
patterns of marine predators, optimizing panel
arrangement to minimize power losses. Finally,
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the Modified Harris Hawks Optimizer (MHHO)-
Based Photovoltaic Reconfiguration Algorithm
employs an adaptive approach based on surprise
attacks, like the behavior of Harris hawks, to en-
hance energy capture under non-uniform irradi-
ance conditions.

These algorithms provide advanced and adap-
tive approaches to maximize energy generation
in photovoltaic systems under the shading effect,
contributing to improved energy efliciency in
these installations. The comparative analysis of
these approaches will facilitate the identification of
the most effective algorithms and establish a solid
foundation for the development of future solutions
in the field of renewable energy [6].

Shading Effect and its Implications

The shading effect is a well-documented phenom-
enon that can cause significant energy production
losses in photovoltaic (PV) systems. It has been
shown that partial shading can reduce energy out-
put by up to 90%, severely impacting the efficiency
ofthe installation, especially in urban environments
where buildings and other obstacles are present [7].
Additionally, atmospheric factors such as variable
cloud cover can further reduce available irradiance,
negatively affecting system stability. This effect is
critical, not only because it reduces generated en-
ergy, but also because it can accelerate panel deg-
radation by creating hot spots in the affected cells,
thereby compromising the system’s lifespan.

An important aspect that is often overlooked
is that shading losses are not proportional to the
shaded surface; even a small obstruction can sig-
nificantly affect the performance of the entire
system. This occurs because photovoltaic panels
consist of cells connected in series, meaning the
performance of the entire chain depends on the
weakest cell. Thus, a single shaded point can cause
a voltage drop across the entire series, resulting in
substantial energy production losses.

The reviewed literature, such as the work of [8],
reinforces this point by analyzing the impact of
shading on solar PV panels, showing that shading
not only reduces energy production but can also
cause structural damage if corrective measures like
bypass diodes are not implemented. Their analysis
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highlights that under non-uniform irradiance
conditions, some PV cells may reverse their polar-
ity, acting as resistors, which generates hot spots
that, if not mitigated, can destroy the entire panel.
This phenomenon, known as the “hot spot effect,”
is particularly problematic because the resulting
thermal degradation can be difficult to detect vi-
sually until significant damage has occurred. This
argument underscores the importance of incorpo-
rating mitigation strategies from the design stage,
especially in urban installations where the risk of
shading is constant.

It is evident that any photovoltaic system in an
urban environment or with variable obstructions
must consider the use of technologies such as by-
pass diodes or advanced Maximum Power Point
Tracking (MPPT) configurations, which optimize
performance even under partial shading condi-
tions. These solutions not only mitigate energy
losses caused by shading but also ensure that the
system operates efficiently under different irradi-
ance levels. In fact, bypass diodes work by redi-
recting current around the affected cells, allowing
the other cells in the series to continue operating
without being impacted by localized shading. This
is one of the reasons why systems equipped with
these technologies are more robust and capable of
maintaining stable performance over time.

To ensure the effective implementation of these
technologies, detailed simulation studies must
be conducted, such as those proposed in MAT-
LAB or PVsyst, which accurately quantify losses
and design specific solutions for each installation.
This approach is particularly useful in urban in-
stallations, where shading conditions may change
throughout the day due to variations in the sun’s
position and the height of obstacles. Simulation
tools such as MATLAB and PVsyst enable the
analysis of different scenarios and adjustments to
system configuration to minimize losses, provid-
ing designers with more precise control over the
installation.

In fact, the study reported in [9] found that
simulation results between PVsyst and MATLAB/
Simulink can differ significantly, with monthly
variations of up to 49.32%. These discrepancies are
attributed to thermal sensitivity and differences in
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MPPT algorithms, and data input methods. These
findings highlight the importance of carefully
selecting software and design parameters to op-
timize the energy production of PV systems, par-
ticularly in urban environments where irradiance
conditions can change rapidly due to shading from
buildings and other obstacles.

Moreover, although shading mitigation tech-
nologies may increase the initial costs of PV in-
stallation, in the long term, these investments are
necessary to maximize energy production and
reduce payback periods. This approach not only
improves the technical feasibility of systems in
shading-challenged environments but also rein-
forces the economic justification by ensuring a
higher return on investment in urban or complex
areas. In the long run, adopting measures such as
bypass diodes, pre-installation simulations, and
optimized system configurations can maximize
energy production while ensuring the economic
sustainability of PV projects.

Shading Effect Mitigation Strategies

Several strategies have been proposed to mitigate
the shading effect, such as: Reconfiguration of con-
nections, solar tracking and smart inverters.

Reconfiguration of Connections

The operating principle of photovoltaic (PV) re-
configuration algorithms is based on the ability to
dynamically change the electrical configuration
of photovoltaic (PV) modules to maximize energy
production under partial shading conditions. This
is achieved through the continuous optimization
of interconnections between solar panels, adapt-
ing their electrical topology to variable solar ir-
radiation conditions. Several studies have shown
that this flexibility in the arrangement of electrical
connections is essential to mitigate the negative ef-
fects of shading and improve the overall energy ef-
ficiency of the system.

For instance, in [10], it was reported that recon-
figurable systems can achieve a 15-25% increase in
energy production compared to static configura-
tions under partial shading conditions. This ef-
ficiency increase occurs because reconfiguration

algorithms are able to redistribute energy gener-
ated by better-illuminated modules, minimizing
losses caused by reduced irradiance in certain
parts of the array. Other studies have corroborated
this approach, emphasizing that system adaptabil-
ity to shading conditions is an effective strategy for
improving PV system energy performance.

A complementary approach in the context of
photovoltaic system connection re-configuration
is the implementation of real-time partial shad-
ing detection techniques, such as the one proposed
by [11]. This technique, by accurately and timely
detecting the presence of shading without discon-
necting the load, enables continuous optimization
of interconnections between PV modules. This
way, the dynamic reconfiguration of connections
adapts to irradiance variations, minimizing mis-
match losses and maximizing system efficiency.

Early shading detection is crucial in con-
nection reconfiguration, as it allows for a rapid
modification of the connection topology between
modules, redistributing energy more efficiently.
The proposed technique enables reconfiguration
algorithms, such as those based on COA, BOA, or
MPA optimization, to adjust system connections
so that the better-illuminated modules compen-
sate for the negative effects of shading in other
parts of the array. This combination of advanced
detection and dynamic re-configuration high-
lights the importance of actively managing inter-
connections, ensuring a significant improvement
in energy production under partial shading condi-
tions. Lower-level headings remain unnumbered;
they are formatted as run-in headings.

Solar Tracking

Solar tracking systems provide an efficient solu-
tion for maximizing solar energy capture by con-
tinuously adjusting the orientation of photovoltaic
panels toward the sun. This approach is particu-
larly relevant due to variations in the sun’s position
throughout the day and seasons. By maintaining
panels at the optimal angle, tracking systems can
significantly increase energy production. Accord-
ing to the study conducted by [12], energy genera-
tion increases of 20% to 35% have been reported
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compared to fixed systems. Although this technol-
ogy involves higher initial costs and maintenance,
its ability to enhance performance in locations
with high solar irradiance makes it an attractive
option for maximizing PV system efficiency.

Smart Inverters

Modern inverters can optimize the performance
of PV modules under shading conditions [13],
achieved through advancements in maximum
power point tracking (MPPT) algorithms, al-
lowing inverters to quickly adapt to irradiance
changes caused by partial shading. This dynamic
adjustment prevents the overall system perfor-
mance from being compromised by efficiency loss-
es in individual modules, allowing the PV system
to maintain efficient and stable operation even un-
der variable light conditions.

An example of power increase achieved
through optimization systems is described by [13],
where a photovoltaic system powering submers-
ible pumps was improved, obtaining significant
efficiency gains thanks to the use of frequency
inverters and intelligent techniques. These types
of optimizations have enabled PV system effi-
ciency improvements of up to 20% under certain
operating conditions. Thus, modern inverters not
only compensate for shading effects but also en-
hance systems against environmental and contex-
tual variations, increasing the overall efficiency
of the photovoltaic installation, even in complex
scenarios.

Dynamic Reconfiguration
Algorithms

Dynamic reconfiguration algorithms have become
a significant research area in photovoltaic system
optimization; these algorithms can adapt in real
time to changing environmental conditions, par-
ticularly shading, which affects the efliciency of
solar panels. Through advanced modeling and
control techniques, they allow the system to main-
tain and improve performance in complex and dy-
namic scenarios.

Adaptive reconfiguration is a key research
field for improving renewable energy systems’
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efficiency. Algorithms based on collaborative opti-
mization techniques and regenerative flow control
have proven effective in managing systems requir-
ing dynamic adjustments in response to environ-
mental variations. According to the study by [14],
integrating adaptive control technologies, such as
LMS algorithms applied to hardware in reconfigu-
ration systems, allows for optimizing operating
conditions and minimizing environmental impact
by adapting the system to new configurations.

These algorithms not only dynamically adjust
PV installation topology but also focus on sustain-
ability and infrastructure component reuse, align-
ing with circular design principles. This improves
energy efficiency, extends the lifespan of installa-
tions and reduces the ecological impact associated
with the wear of traditional systems. For instance,
[14] associates these algorithms with those depen-
dent on mobile components subject to frequent
replacement, such as wind turbines that require
constant maintenance due to friction and wear of
mechanical elements like gears and transmission
shafts. Such systems tend to have a limited lifespan
and generate a higher environmental impact due
to the need to replace worn parts, in addition to
mechanical friction increasing energy losses and
reducing overall system efficiency.

Additionally, according to [15], the use of col-
laborative geometric control techniques ensures
precise real-time alignment, further increasing
the adaptive capacity and optimization of energy
systems. These techniques dynamically coordinate
different installation components through algo-
rithms that adjust the geometry and orientation
of energy-capturing devices, such as photovoltaic
panels and wind turbines, based on environmental
conditions. By reducing alignment errors and op-
timizing the use of incident energy, overall system
efficiency is maximized, minimizing component
wear and, consequently, reducing necessary main-
tenance interventions.

The following are three key approaches in this
field:

» Adaptive Algorithms: Adaptive algorithms
have been developed to automatically adjust
PV module configurations based on chang-
ing shading conditions. These algorithms
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continuously analyze the irradiance distribu-
tion over the modules and adjust their inter-
connections to minimize losses. This approach
improves system efficiency by up to 20%, a sig-
nificant improvement compared to traditional
static configurations, as mentioned by [16].

» Machine Learning Techniques: Machine learn-
ing techniques, particularly neural networks,
are introduced to anticipate solar irradiance
variations due to factors such as weather and
time of day. These techniques enable more ac-
curate prediction of shading occurrences and
allow module configuration adjustments be-
fore shading affects performance. According
to [17], applying these techniques has increased
installation efficiency by 30%, demonstrating
machine learning’s potential to optimize PV
system operations.

= Genetic and Bio-Inspired Algorithms: Genetic
and bio-inspired algorithms have gained im-
portance in PV system optimization due to
their adaptability and efficiency in handling
complex contextual conditions. Inspired by
natural processes such as evolution and the
behavior of specific species, these algorithms
offer innovative solutions to overcome chal-
lenges like shading. In this regard, the research
by [18] explores the use of genetic algorithms
and other bio-inspired techniques for dynamic
PV mod-ule reconfiguration. These algorithms
mimic natural processes like evolution to find
the optimal configuration that minimizes
shading losses. Genetic algorithms allow for
exploring a vast solution space and converg-
ing toward the most efficient configuration in
complex shading conditions. This approach not
only improves energy efliciency but also offers
flexibility to adapt to different scenarios and
operational requirements.

Furthermore, according to [19], genetic algo-
rithms applied to dynamic environments offer
significant advantages due to their ability to han-
dle a broad solution space and adapt to real-time
changes. In detection, genetic algorithms iden-
tify interconnected node groups within a network,

and their efficiency lies in their ability to adapt to
structural network changes, which is crucial in dy-
namic networks.

The evolutionary nature of these algorithms
facilitates the generation of high-quality solutions
within limited execution times, a crucial aspect
when facing large-scale problems where tradi-
tional methods are unfeasible and adaptability is
essential. Additionally, techniques for repairing
and adapting individuals and populations used in
these algorithms enable systems to regenerate and
continue providing valid solutions amid environ-
mental changes, increasing the robustness and ap-
plicability of bio-inspired algorithms in real-world
scenarios.

Another important aspect is highlighted again
by [19], who presents an approach to optimization
in dynamic environments, emphasizing the im-
portance of adapting populations to changes over
time. Their research introduces techniques such as
immigrant strategies, which help maintain popu-
lation diversity by introducing new individuals
during the evolutionary process.

Combination of Technologies

The integration of various technologies in the opti-
mization of photovoltaic installations is an emerg-
ing approach that promises to maximize energy
efficiency, particularly in environments with high
shading variability. This integrates solar tracking
systems, dynamic reconfiguration algorithms, en-
ergy storage techniques, and advanced simulation
tools, among others, to mitigate shading losses and
maximize real-time energy production. Below are
the main components and benefits of this techno-
logical combination:

Solar Tracking Systems

Solar tracking systems are mechanical devices de-
signed to orient solar panels to follow the sun’s tra-
jectory throughout the day. These systems can be
single-axis or dual-axis, allowing adjustments in
the inclination and rotation of the panels to maxi-
mize solar radiation capture.

The fundamental goal is to keep the panels op-
timally positioned perpendicular to the sun’s rays,
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increasing energy generation efficiency. These sys-
tems are particularly useful in regions where light-
ing conditions vary significantly, as they adapt in
real time to the sun’s position and other environ-
mental variables, such as shading or cloud cover.

According to the literature, solar tracking sys-
tems optimize energy capture by orienting solar
panels to follow the sun’s path throughout the
day. As stated in the study by [20], a dual-axis
solar tracking system controlled by a fuzzy logic
algorithm demonstrated a 10.66% improvement
in energy capture compared to fixed-orientation
panels. However, data from the same study sug-
gest that combining this technology with dynamic
reconfiguration algorithms can yield even greater
improvements, increasing energy generation by up
to 30% in scenarios with significant shading.

Integration with Dynamic Reconfiguration
Algorithms

The interaction between solar tracking systems
and dynamic reconfiguration algorithms is essen-
tial to maximizing photovoltaic panel efficiency.
Solar tracking systems continuously adjust the
panel orientation to maximize sun exposure, en-
suring maximum solar radiation capture. Simul-
taneously, dynamic reconfiguration algorithms
optimize the electrical topology of the modules by
adjusting panel interconnections to minimize en-
ergy losses caused by partial shading. This dual ap-
proach ensures that panels operate at their optimal
point under diverse environmental conditions,
even when partial shading could reduce system
efficiency.

The research conducted by [21] reinforces the
importance of this technological integration,
highlighting how the incorporation of advanced
technologies, such as solar concentrators and bio-
inspired control algorithms, can further enhance
dynamic re-configuration systems. Solar con-
centrators redirect radiation toward the panels,
increasing sun exposure hours and maximizing
energy conversion. Meanwhile, control algorithms
based on neural networks dynamically adjust he-
liostat orientation and panel interconnections,
tracking the sun’s movement and adapting to ir-
radiance changes.

Revista Facultad de Ciencias Basicas m Vol. 20(1)

Additionally, technologies such as airborne
adapters for reconfigurable systems (A2SR), men-
tioned in the Cometa Solar Project proposed by
[21], offer an innovative approach to improving
system efficiency under variable conditions. These
adapters adjust the height and angle of solar con-
centrators, directing radiation toward the panels
and optimizing sunlight utilization, even in areas
where shading is a constant issue.

Energy Storage Techniques

Integrating energy storage technologies, such as
high-capacity batteries, with tracking systems and
reconfiguration algorithms can stabilize energy
production and ensure a constant supply. This is
particularly useful in environments with high
shading variability, where generation may be in-
termittent. According to [22], it is crucial to store
excess energy generated during periods of high
irradiance so the system can release this energy
when shading reduces production, maintaining a
steady energy flow.

According to [22], energy storage, particularly
through battery systems, represents a key technol-
ogy for increasing the flexibility and reliability of
energy systems, which is especially beneficial in
grids integrating distributed resources and non-
conventional renewable energy sources like solar
photovoltaics. In Colombia, recent regulations
have incentivized the adoption of these technolo-
gies to improve supply stability, reduce energy
costs, and facilitate the integration of renewable
energy. These technologies also help mitigate in-
termittency and grid congestion issues, which is
crucial in areas affected by shading in photovoltaic
systems.

Advanced Simulation and Modeling

Using advanced simulation and modeling tools,
such as computational fluid dynamics (CFD) and
meteorological prediction models, enables more
accurate forecasting of shading conditions and
available irradiance in different scenarios. This
facilitates installation planning and optimization
from the design phase, ensuring the most efficient
technology combination. By simulating various
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configurations and conditions, engineers can
identify the optimal technology mix to maximize
energy production in specific situations.

In line with [23], advanced simulation enables
the design of more efficient portable solar sys-
tems, optimizing orientation and the use of solar
trackers through structural analysis tools such
as SolidWorks and other finite element methods.
These simulations not only enhance the perfor-
mance of photovoltaic systems but also allow for
the evaluation of various operating scenarios
and adjustments to key variables such as panel
orientation and solar incidence under dynamic
conditions.

Thanks to these tools, solar tracking systems
and dynamic reconfiguration algorithms can be
evaluated under different irradiance and shading
conditions, optimizing their configuration before
physical implementation. This approach ensures
that photovoltaic systems are not only more en-
ergy-efficient but also better adapted to the spe-
cific environmental conditions where they will be
installed.

Future Research

Although advances in dynamic reconfiguration and
the combination of technologies have significantly
improved photovoltaic installation efficiency, there
are still unexplored areas that present opportuni-
ties for future research. According to [24], using
models based on self-similar biomimetic structures
and fractal neural networks has opened new possi-
bilities in energy system optimization, enhancing
both efficiency and sustainability in reconfigurable
systems. These emerging approaches not only op-
timize energy resource utilization but also allow
energy capture configurations to adapt to changing
environmental conditions.

Biomimetics involves imitating natural pro-
cesses, such as structures found in nature, and ap-
plying them to energy system design. Meanwhile,
self-similar structures refer to patterns that repeat
at different scales, a common characteristic in
many living organisms. According to [24], apply-
ing these principles to energy systems can lead to
more efficient and sustainable structures that bet-
ter adapt to their environment.

Addressing energy efficiency must involve inte-
grating emerging technologies and developing new
methodologies that further optimize photovoltaic
system responses to changing environmental con-
ditions. Below are some promising directions for
future research in this field.

Integration of IoT Sensors

The inclusion of Internet of Things (IoT) sensors
in photovoltaic systems is a key research direction.
IoT sensors can provide real-time data on environ-
mental conditions such as irradiance, temperature,
humidity, and shading presence. These data can be
used to feed dynamic reconfiguration algorithms
and adjust photovoltaic panel configurations im-
mediately and precisely. This enables real-time en-
ergy efficiency improvements, as suggested by [25],
who demonstrated how integrating IoT platforms,
complemented by Edge and Fog Computing para-
digms, can reduce latency and optimize system
response.

Recent studies by [25] emphasize the impor-
tance of using IoT platforms such as Things Board,
which facilitates real-time data processing and
analysis while enabling control and monitoring
mechanisms through distributed sensor nodes.
Integrating these technologies could significantly
enhance photovoltaic system capabilities to react
efficiently to variable environmental conditions,
allowing decisions to be made within milliseconds
and minimizing energy loss due to shading.

Blockchain Implementation
in Photovoltaic Systems

Blockchain technology offers an optimal model for
safe and transparent management of energy trans-
actions, ensuring data immutability through dis-
tributed nodes that verify each transaction using
asymmetric cryptography [26].

Blockchain implementation in photovoltaic
systems offers an innovative solution to enhance
the security and integrity of data generated by
these systems. Large or complex photovoltaic sys-
tems often rely on multiple IoT sensors and distrib-
ute monitoring systems to optimize performance,
control operations, and make predictions based on
environmental conditions.
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Blockchain registers data in blocks in a decen-
tralized and sequential manner, making modifica-
tions practically impossible without detection [26].
Integrating blockchain into photovoltaic systems
ensures that sensor and monitoring device infor-
mation is verified and cannot be altered by third
parties, protecting against cyberattacks or manip-
ulation attempts.

Multi-Objective Optimization
Multi-objective optimization is an advanced tech-
nique that seeks to balance multiple objectives si-
multaneously, such as energy efficiency, system du-
rability, implementation cost, and environmental
impact in photovoltaic installations [27]. This ap-
proach ensures not only maximum energy genera-
tion but also the long-term economic viability and
sustainability of the system by considering compo-
nent lifespan and ecological footprint.

Achieving this requires using algorithms like
multi-objective genetic algorithms and Pareto-
based optimization, which identify a set of solu-
tions representing trade-offs between objectives.
These techniques allow photovoltaic systems to
adapt to changing conditions, such as solar radia-
tion variations or energy demand fluctuations, im-
proving their overall real-time performance.

Although maximizing efficiency may conflict
with minimizing costs or environ-mental im-
pact [27], multi-objective optimization creates
more sustainable and adaptive systems, resulting
in more efficient, durable, and environmentally
friendly photovoltaic installations.

Results and Discussion

The following section details the different algo-
rithms examined in this study. Each model is eval-
uated experimentally through simulations based
on a matrix of photovoltaic modules exposed to
shading patterns. These patterns generate irregular
irradiance, reducing energy production. The pri-
mary evaluation criterion is the total power deliv-
ered after reconfiguring the system topology.
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Coyote Optimization Algorithm

The Coyote Optimization Algorithm (COA) is
a metaheuristic algorithm inspired by the social
organization of coyotes, designed to solve opti-
mization problems. In the field of photovoltaic
systems, this algorithm has proven to be an effec-
tive solution for mitigating energy losses caused
by partial shading, optimizing the arrangement
and electrical configuration of solar panels. Un-
like traditional approaches such as Total Cross-
Tied (TCT) and Su Do Ku, which rely on static
reconfigurations to mitigate the impact of shad-
ing, COA dynamically adjusts the electrical ar-
rangement of the photovoltaic system in response
to irradiance variations, eliminating the need for
physical interventions and improving overall sys-
tem efliciency [28].

Evaluation Characteristics

To evaluate the algorithm, a simulation was con-
ducted on a 9x9 distribution of photovoltaic mod-
ules. Three different shading patterns were applied
and compared with other configuration methods,
such as TCT, Su Do Ku, the Flower Pollination Al-
gorithm (FPA), the Marine Predators Algorithm
(MPA), and the Butterfly Optimization Algorithm
(BOA).

In the proposed optimization approach, the
positions of solar radiation in the irradiance
matrix are selected as coyotes, while the Global
Maximum Power Point (GMP) extracted from the
matrix is chosen as the fitness function to be maxi-
mized [28]. Figure 1 presents the flowchart of the
COA algorithm.

After the algorithm generates a configuration
that increases the overall power of the system, the
modules must be reconnected. This reconnection
process is carried out through a switching matrix,
as shown in Figure 2.

= Results: The results obtained from the simu-
lations confirm the effectiveness of COA in
improving the performance of photovoltaic
systems under partial shading conditions.
Compared to static configurations such as TCT,
COA achieved anincrease of up to 26.58% in the
maximum global power extracted. This level of
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Figure 1. The main steps of the proposed COA optimizer [28]
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improvement also surpasses other metaheuris-
tic algorithms, such as FPA, MPA, and BOA.
The COA’s ability to more evenly redistribute
irradiance among solar panels enhances its

efficiency. Through Figure 3, the performance
of each algorithm can be evidenced in its Pow-
er-Voltage characteristic curve.
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Figure 3. Performance of TCT, Su Do Ku, FPA, MPA, BOA, and COA arrangements [28]
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Butterfly Optimization Algorithm
(BOA)

Adaptive reconfiguration in photovoltaic systems
is a fundamental technique for mitigating the neg-
ative effects of partial shading, which can signifi-
cantly reduce the global maximum power (GMP)
extracted from the system. This technique relies
on rearranging the panels in a matrix to maximize
power output and minimize losses due to electrical
mismatches. Conventional methods, such as Total
Cross-Tied (TCT) and Sudoku, have been widely
used; however, they present limitations in ensuring
uniform shadow distribution. The metaheuristic
Butterfly Optimization Algorithm (BOA), pro-
posed by Arora et al. [29], was inspired by the for-
aging and mating mechanisms of butterflies.

» The algorithm consists of three main stages:
Initialization, iteration, and termination. Con-
trol parameters and the objective function are
defined in the first stage. During the iteration
process, the positions of the butterflies are up-
dated, and the corresponding fitness function
is calculated until an approximate convergence
value is reached.

= Evaluation Characteristics: Considering a ma-
trix of photovoltaic modules in an initial 6x4
configuration, shading patterns are applied to
different arrangements, including those based
on the novel structure (NS) pattern, shadow
dispersion with NS, the Grey Wolf Optimizer
(GWO), and the mixed configuration that com-
bines Series-Parallel and Total Cross-Tied (SP-
TCT) arrangements. These algorithms are then
compared with BOA.

To apply the BOA in this context, the initializa-
tion parameters include the electrical characteris-
tics of the modules, and a solar irradiance vector
is generated. The fitness function, in this case, is
the total power extracted from the system. Dur-
ing the execution of BOA, the irradiance matrix is
iteratively updated in each panel column, evaluat-
ing the power generated at each step. The objective
is to maximize the extracted power, reaching the
optimal configuration when the system stops im-
proving in subsequent iterations [29].

= Results: The simulation results using BOA in
different partial shading scenarios have shown
that this algorithm outperforms traditional
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Figure 4. Power-voltage curves of the photovoltaic array under a shading pattern [29]
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methods such as SP-TCT and GWO. Un-
der simple shading patterns, BOA achieved
a maximum power extraction of 3766.527 W,
while under more complex shading condi-
tions, it reached an extraction of 2908.021 W
[30]. In comparison, other methods, such as
the shadow dispersion configuration with NS
and GWO, produced lower power values. BOA
demonstrated superiority by increasing power
extraction by up to 27.43% compared to the
previous methods. Figure 4 illustrates the com-
parison of the Power-Voltage curve.

Reconfiguration Strategy Based
on Direct Power Evaluation

The proposed dynamic reconfiguration algorithm
for photovoltaic systems under partial shading
conditions focuses on maximizing output power.
Unlike traditional approaches that rely on irradi-
ance equalization, this method employs a direct
evaluation of the generated power. The reconfig-
uration problem is approached as a 0-1 multiple
knapsack problem, optimizing the arrangement of
photovoltaic modules to ensure maximum module

150 200 250 300

Voltage (V)
----- Shade dispersion with NS~ -~ GWO

—— Proposed BOA

participation in power generation, even under vari-

able irradiance conditions.

The algorithm is based on the development of

a mathematical model that evaluates the system’s

maximum output power. The objective is to maxi-

mize the minimum current in each row of the
photovoltaic array, ensuring greater efficiency and
module participation, which increases the total
generated power. The dynamic adjustment of pho-
tovoltaic modules allows for optimization without
solely relying on uniform irradiance distribution

[31].

» Evaluation Characteristics: According to [28],
the algorithm’s performance was evaluated and
compared with traditional irradiance equal-
ization (IE) and Total Cross-Tied (TCT) tech-
niques. The study considers a 6x3 photovoltaic
array exposed to shading patterns, creating un-
even irradiance distribution. Each method
attempts to rearrange the matrix to achieve a
more uniform irradiance pattern [31].

= Results: The simulation results obtained us-
ing MATLAB/Simulink show that the output
power with the proposed strategy reached 2498
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Figure 5. Photovoltaic characteristics for TCT, IE, and the proposed arrangement [31]
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W, representing a 23.2% increase compared
to the initial 2027 W obtained with the TCT
configuration and 11.2% higher than the 2246
W achieved using the irradiance equalization-

based scheme, as highlighted by [31].

These results underscore the effectiveness of the
proposed algorithm in maximizing system output
power and significantly improving energy efhi-
ciency by reducing losses caused by partial shad-
ing conditions [31]. Figure 5 presents the resulting
Power-Voltage characteristics of each method.

Photovoltaic Reconfiguration
Algorithm Based on the Marine
Predators Algorithm

The proposed algorithm is based on the Marine
Predators Algorithm (MPA), a metaheuristic tech-
nique inspired by the hunting strategy of marine
predators in nature. The primary objective of this
algorithm is to optimize the dynamic reconfigu-
ration of large photovoltaic arrays under partial
shading conditions, improving system efficiency
by maximizing the generated power.

150 200 250 300

Voltage (V)

Unlike other strategies, MPA employs a pop-
ulation-based optimization approach to explore
various possible configurations, distributing shad-
ing more uniformly over the photovoltaic mod-
ules. This minimizes power loss and reduces the
multiple peak effect in the system’s output charac-
teristics, as mentioned in the research [30].

= Evaluation Characteristics: The algorithm was
evaluated on photovoltaic arrays of differ-
ent sizes to validate its effectiveness at various
scales. The configurations included 9x9, 16x16,
and 25x25 module arrays [MPA]. In each case,
the system was exposed to shading patterns
that generated an irregular irradiance distribu-
tion. The algorithms used as comparison points
were the Total Cross-Tied (TCT) configuration,
reconfiguration techniques based on Manta
Ray Foraging Optimization (MRFO), the Har-
ris Hawk Optimizer (HHO), and the Particle
Swarm Optimizer (PSO) [30].

= Results: The results reveal that MPA improved
the photovoltaic system’s power output by
28.6%, 2.7%, and 5.7% for the 9x9, 16x16, and
25x25 system configurations, respectively.
Therefore, the authors recommend MPA as an
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Figure 6. PV characteristics of the algorithms in the case of the 9x9 array [30]
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efficient and applicable algorithm for photovol-
taic reconfiguration systems. In Figure 6, the
PV characteristics for the 9x9 array case can be
observed.

Modified Harris Hawks Optimizer
(HHOM)

Heidari recently introduced the Harris Hawks Op-
timizer (HHO) in [32] to emulate the real perfor-
mance of Harris hawks as avian predators when
capturing their prey. Harris hawks follow a sud-
den attack strategy, pursuing their target with
multiple attack mechanisms to encircle the prey
before launching attacks from different directions.
The authors provided mathematical formulations
to model the hawks’ prey capture strategy, result-
ing in the development of the HHO algorithm. As
a metaheuristic optimization algorithm, HHO
consists of two operational stages: the exploration
phase and the exploitation phase [32].

In the first stage, the algorithm performs space
monitoring to observe potential prey, where the
hawks randomly launch searches, mimicking their
behavior when perching on a tree and scanning for
a direct position relative to the prey. In the next

—T1CT

stage, once a target is identified, the pursuit be-
gins, which can be summarized into four possible
strategies: soft besiege, hard besiege, soft besiege
with rapid dives, and hard besiege with progressive
rapid dives [32]. Figure 7 illustrates the different
stages of the Harris Hawks Optimization (HHO)
algorithm proposed by Heidari et al. [32].

» Evaluation Characteristics: In the following ex-
periment, an algorithm based on the HHO is
proposed, referred to by the author [31] as the
Modified Harris Hawks Optimizer (HHOM).
This algorithm is evaluated for optimizing the
topology of a photovoltaic system. The evalu-
ation was conducted through a simulation of
a 9x9 module matrix exposed to shadow pat-
terns that alter the irradiation profiles of each
module, consequently reducing the total power
output. To improve system performance under
this phenomenon, the goal is to balance the
currents by connecting modules with similar
irradiation profiles in series.

» The algorithm is initialized with the size of
the photovoltaic array, MxN, where M repre-
sents the number of rows and N the number of
columns. A search agent matrix of dimension
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Figure 7. Different phases of the HHO [32]
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Figure 8. Percentage increase in power between the MHHO configuration and other approaches [32]
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NxD is then generated, and an initial solution
is assigned, containing the irradiation profiles
of each module. To determine whether the so-
lution optimizes the system, the electrical char-
acteristics of the modules are evaluated using

Pattern 3 Pattern 4

an objective function that sums the power of
each reorganized row. The algorithm stops
modifying the matrix once it reaches the maxi-
mum number of allowed iterations with the
highest possible power output [32].

16 Adolfo Duarte Rueda m Rafael Guillermo Arzuaga Mejia m Elder Rivero Gutiérrez



Revista Facultad de Ciencias Basicas m Vol. 20(1)

= To validate the results of HHOM, it is com-
pared with solutions obtained through to-
tal cross-tied (TCT) techniques, competition
square (CS), particle swarm optimizer (PSO),
and genetic reconfiguration based on multiple
metrics (GA).

= Results: The analysis reveals that the approach
proposed in [31] increases power generation by
up to 33.27% under shadow patterns compared
to TCT, CS, GA, and HHO, demonstrating its
effectiveness in providing the optimal configu-
ration for the photovoltaic array. Figure 8 pres-
ents the results of each comparison.

In Figure 9, compares each algorithm and its
results, allowing the identification of the method
that achieved the highest increase in extracted
power under partial shading conditions.

Figure 9. Percentage increase in power for each
algorithm
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Figure 9 summarizes the performance im-
provements reported for the reviewed algorithms
under partial shading conditions. The MHHO al-
gorithm exhibited the highest increase in extract-
ed power (33.27%), followed by MPA (28.60%),
BOA (27.43%), COA (26.58%), and the Direct Pow-
er Evaluation strategy (23.20%). These findings
highlight the potential of bio-inspired optimiza-
tion techniques for enhancing photovoltaic system
efficiency. Nevertheless, the reported improve-
ments were obtained from studies using different
photovoltaic array dimensions, shading patterns,
simulation platforms, and operating conditions.

Therefore, the percentages should be interpreted as
indicative references rather than strictly compa-
rable performance metrics. Future research should
evaluate these algorithms under standardized ex-
perimental scenarios to provide more robust and
reliable comparative analyses.

Conclusions

A comprehensive analysis was conducted on ad-
vanced optimization techniques for photovoltaic
installations, focusing on mitigating the shadow ef-
fect using dynamic algorithms. This phenomenon,
caused by factors such as buildings, trees, or clouds,
poses a challenge to the efficiency of photovoltaic
systems by reducing their energy generation ca-
pacity and affecting the durability of components.
Addressing this issue is crucial, particularly in the
context of the increasing adoption of renewable
energy sources and the need to enhance the tech-
nical and economic viability of these solutions.
Throughout the review, the effectiveness of various
algorithms has been evaluated, including the Coy-
ote Optimization Algorithm (COA), the Butterfly
Optimization Algorithm (BOA), and others such
as the Marine Predators Algorithm (MPA). Ex-
perimental results from simulations under partial
shading conditions confirm that these algorithms
offer significant improvements in photovoltaic in-
stallation efficiency. The COA achieved an increase
in collected power of up to 26.58%, while the BOA
reached a 27.43% improvement. Similarly, the Ma-
rine Predators Algorithm showed a 28.6% increase
in power under certain shading patterns, and the
Modified Harris Hawks Optimizer (MHHO)
demonstrated an increase of 33.27%. These figures
demonstrate that bio-inspired approaches are not
only effective but can significantly outperform tra-
ditional static reconfiguration methods, such as To-
tal Cross-Tied (TCT) or Sudoku.

However, while the results are promising, the
study also highlights key barriers to the practi-
cal implementation of these solutions. One of the
main challenges identified is the technical com-
plexity associated with the dynamic reconfigura-
tion of systems, which requires the integration of
switching matrices and other components that
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increase both cost and infrastructure complexity.
Additionally, the variability in shading patterns
and unpredictable environmental conditions, par-
ticularly in urban environments, necessitate more
robust and flexible technologies that allow for con-
tinuous adaptation of photovoltaic modules. In
this regard, the study emphasizes the importance
of integrating complementary technologies such as
solar tracking systems, energy storage, and Mult
objective optimization, which can further maxi-
mize real-time energy capture and improve system
adaptability under changing conditions.

The implementation of dynamic reconfigu-
ration algorithms in real-world scenarios also
presents other technical challenges, such as the
need to reduce execution times and ensure that
systems can efficiently adapt in real time. This is
especially relevant in industrial and commercial
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applications, where variations in solar irradiance
can lead to significant economic losses, making
rapid and efficient reconfiguration essential.

In conclusion, dynamic algorithms for photo-
voltaic system reconfiguration have proven to be
an effective solution for mitigating the shadow
effect and significantly improving the energy ef-
ficiency of installations. However, their practical
implementation still faces important technical and
economic challenges. Overcoming these barriers
will require continued research and the develop-
ment of new strategies that enable the integration
of these solutions in an efficient and cost-effec-
tive manner. The future of renewable energy will
largely depend on the industry’s ability to adopt
innovative technologies that optimize system per-
formance in complex and variable environments.
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