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ABSTRACT

Photovoltaics is not only presented as a viable response to the global energy crisis, but also as a fundamental
tool to mitigate the negative impacts of climate change. However, the efficiency of photovoltaic systems
is often compromised by factors such as climate variability, shading, and the intrinsic complexity of solar
cells. In this context, the implementation of bio-inspired algorithms in the charge controller stands as
an innovative and promising approach to optimize the power generated by solar panels, thus maximizing
the overall performance of the system. The convergence between engineering and nature represents a
fascinating path towards efficiency in solar energy generation. By incorporating bio-inspired algorithms into
the charge controller of a photovoltaic system, we not only advance power optimization, but also open the
door to new perspectives for research in renewable energy. Therefore, this research not only contributes
to current knowledge in the field of photovoltaics, but also invites us to continue exploring the infinite
possibilities offered by the integration of biological principles in engineering for the benefit of a sustainable
future. The results obtained not only validated the effectiveness of these approaches in power optimization,
but also revealed a significant improvement in the stability and adaptability of the system under changing
conditions.

Keywords: Photovoltaic Energy; DC/DC Converter; Al; Genetic Algorithm.
RESUMEN

La energia fotovoltaica no solo se presenta como una respuesta viable a la crisis energética mundial, sino
también como una herramienta fundamental para mitigar los impactos negativos del cambio climatico. Sin
embargo, la eficiencia de los sistemas fotovoltaicos a menudo se ve comprometida por factores como la
variabilidad climatica, el sombreado y la complejidad intrinseca de las células solares. En este contexto, la
implementacion de algoritmos bioinspirados en el controlador de carga se erige como un enfoque innovador
y prometedor para optimizar la energia generada por los paneles solares, maximizando asi el rendimiento
general del sistema. La convergencia entre ingenieria y naturaleza representa un camino fascinante hacia la
eficiencia en la generacion de energia solar. Al incorporar algoritmos bioinspirados en el controlador de carga
de un sistema fotovoltaico, no solo avanzamos en la optimizacion de la energia, sino que también abrimos la
puerta a nuevas perspectivas para la investigacion en energias renovables. Por tanto, esta investigacion no
solo contribuye al conocimiento actual en el campo de la fotovoltaica, sino que también nos invita a seguir
explorando las infinitas posibilidades que ofrece la integracion de principios bioldgicos en la ingenieria en
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beneficio de un futuro sostenible. Los resultados obtenidos no solo validaron la efectividad de estos enfoques
en la optimizacion de la potencia, sino que también revelaron una mejora significativa en la estabilidad y
adaptabilidad del sistema en condiciones cambiantes.

Palabras clave: Energia Fotovoltaica; Convertidor DC/DC; IA; Algoritmo Genético.

INTRODUCTION

Photovoltaic systems play a crucial role in sustainable energy generation," but energy optimization remains
a major challenge to maximize their efficiency.® This literature review focuses on the advances of integrating
bio-inspired algorithms (figure 1) into the charge controller of photovoltaic systems to improve performance
and energy optimization. To perform the selection, a search was initially made in Scopus, then a first analysis
was performed using the VOSviwer software (figure 2). Then, the Obsidian software is used to customize certain
parameters of the literature (figure 3). By exploring the current challenges in energy optimization within
photovoltaic systems, the potential of bio-inspired algorithms to become more efficient every day is examined;
these algorithms, which mimic natural processes, offer a novel approach to improve power generation,
surpassing traditional methods.® Integrating these algorithms into charge controllers not only improves system
performance but also presents opportunities for increased efficiency in power generation.

Through detailed investigation of performance evaluation metrics and case studies,® this paper also aims
to demonstrate the effectiveness of bio-inspired algorithms in optimizing power generation.® Furthermore,
the paper discusses future prospects and challenges in this field, highlighting potential advancements and
contributions to renewable energy technologies,®”® paving the way to a more sustainable energy future. 8
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Figure 1. Bio-inspired algorithms

The way genetic algorithms work is based on evolutionary cycles that mimic nature. First, the best-
performing individuals are selected from the current population and their genetic material is made available to
the next generation. These individuals are combined by a crossover operator that exchanges genes between the
two parents to create a new individual. Mutation operators then introduce random mutations into the genes,
increasing genetic diversity and preventing the algorithm from falling into suboptimal solutions. This cycle
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of selection, crossover, and mutation continues until a convergence criterion is reached, such as a maximum

number of generations or a fitness threshold. From this point on, the best individual from the last generation is
considered the best solution to the problem. %™
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Figure 2. Tracking the maximum power point

Power Optimization in a Photovoltaic System

The optimization of power generation in photovoltaic systems presents a multifaceted challenge that
encompasses several technical aspects.™” Being a critical challenge, the need to improve efficiency and
maximize the power delivered to the connected load, thus limiting the optimization process.">' Within these
parameters, techniques such as maximum power point tracking (MPPT)" and the investigation of optimal
power points are essential to improve power generation in photovoltaic systems,® but their implementation
can be complex, adding to the existing challenges. "

The complexity of implementing the MPPT technique is a notable obstacle to achieving optimal power
generation,"”) further aggravated by the decrease in the system performance value, which can fall as low as
48,15 % under certain conditions."® Furthermore, challenges persist in optimizing power generation due to
the dependence of PV systems on environmental conditions such as temperature and solar insolation, which
introduce inconsistencies in maximum power point tracking and pose obstacles to efficient energy utilization.
(1819 Selecting appropriate module sizes is another critical challenge to ensure efficient power generation over
large area sizes, with modules ranging from several square inches ([[in)]"2) to 3500 [(in)]"2 = 2,25 m"2) requiring
careful consideration for optimal performance.?” Also, accurate forecasting is critical to effectively integrate
solar power into power grids,?" but the inherent variability and complexity of PV power generation data
present significant challenges in this regard, underscoring the need for advanced predictive models to address
these optimization challenges.®2

https://doi.org/10.56294/saludcyt20251615 ISSN: 2796-9711



Salud, Ciencia y Tecnologia. 2025; 5:1615 4

MPPT

Figure 3. MPPT taxonomy

This is why these types of algorithms have become promising tools to improve energy optimization in
photovoltaic systems, offering unique solutions based on natural processes. Researchers have explored several
bioinspired algorithms, such as the ant colony algorithm®@*2) and the artificial immune system algorithm,
to improve energy optimization in photovoltaic systems, showing innovative approaches to improve system
efficiency. @ In particular, these algorithms have been used to address challenges such as managing mismatches
between demand and production and determining the optimal capacity of energy sources such as photovoltaic
panels, batteries, wind turbines and diesel generators or in hybrid systems.?® Likewise, bioinspired algorithms
have shown potential to optimize the size of inverters and the tilt angles of solar panels, thus contributing to the
overall energy optimization of these systems. Leveraging algorithms such as the NSGA-II genetic algorithm, @
researchers have even demonstrated the ability of moderately sized PV systems that cover a substantial portion
of a home’s electricity demand, leading to an annual reduction in greenhouse gas emissions per home.

The integration of these algorithms with charge controllers offers countless benefits that can revolutionize
energy optimization strategies. For example, the hybrid control technique NFGA, which fuses ANFIS and GA,
has been shown to effectively track real reference curves within a PV system, demonstrating its efficiency and
accuracy in operation. Parameters within the Gaussian membership function of ANFIS can also be optimized,
leading to improved performance and error reduction compared to non-optimized techniques. Furthermore,
the introduction of a new control strategy based on neural network techniques is promising in the synthesis of
control laws for electronic power converters, indicating the innovative potential of bio-inspired algorithms in
this field. The bio-inspired hybrid algorithm not only offers enhanced optimization capabilities for the charge
controller but also optimizes the duty cycle, a critical outcome of a PV grid, further underlining the advantages
of integrating these algorithms into such systems.@®

Bio-inspired algorithms for energy optimization

Bio-inspired algorithms, such as the grasshopper optimization algorithm (AOS)®*% and the bacterial foraging
algorithm (BFO),®" mimic natural processes to optimize energy generation by mimicking behaviors observed
in natural phenomena, in the first case, mimicking a swarm of grasshoppers, while in the second case, BFO is
inspired by the social behavior of Escherichia coli (E. coli) when foraging.©?

Differential evolution,®3* invasive weed optimization, Cuckoo search algorithm,®3" Firefly algorithm
(FA),83% and Krill herd algorithm.“4) These algorithms are designed to achieve optimal demand allocation
in a power system while respecting constraints that the system may have. Significant advances using these
types of algorithms; specifically, small population-based particle swarm optimization (SPPSO) and bacterial
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foraging algorithm have been instrumental in identifying multiple optimal configurations of photovoltaic
power systems (PSS), demonstrating their effectiveness in improving system performance and efficiency.“?
Also, algorithms such as Cuckoo search algorithm (CSA), Firefly algorithm (FA), and Krill herd algorithm (KHA)
have been instrumental in addressing key optimization challenges in power system operations, particularly
in optimal energy allocation to improve system efficiency and performance.“) Likewise, incorporating bio-
inspired algorithms such as Bayesian Optimization (BO)“ for univariate forecasting of wind power time series
has proven beneficial in optimizing hyperparameters and improving wind power forecasts by leveraging lagged
data and input variables.®) These bio-inspired optimization techniques offer a promising avenue to address the
challenges associated with optimizing power generation in PV systems, paving the way for increased efficiency
and better power delivery to connected loads.

Integration of Bio-inspired Algorithms into Charge Controllers

In another related area, bio-inspired computational intelligence techniques have proven to be crucial for
improving the charging efficiency of plug-in electric vehicles (PEV). Significant research has already been
conducted on the use of bio-inspired techniques for PEV charging optimization, demonstrating the potential
of these methods.®® The future of PEV charging optimization lies in innovative techniques such as Cuckoo
Search (CSA), Artificial Fish Swarm Algorithm (AFSA),5" Artificial Bee Colony (ABC),%? Chaotic Slime Mold
Algorithm (CSMA), % which are discussed as potential optimization strategies in the field. Photovoltaic systems
can not only improve the efficiency of power generation, but can also lead to a reduction of CO2 emissions
and contribute to promoting sustainable transport. This integration of advanced nature-derived optimization
techniques into charge controllers represents a progressive step towards achieving optimal power generation
and utilization in photovoltaic systems.

Recent advances in bio-inspired computing have opened avenues for controller optimization in the realm of
power systems, offering a wide range of approaches to improve power generation efficiency through intelligent
algorithms and system integration.®% Researchers have successfully demonstrated the efficacy of integrating
bio-inspired controllers into simulated systems, showcasing the simplicity and robustness of such approaches
in optimizing the performance of these systems.® This integration not only presents an opportunity to refine
power optimization in photovoltaic systems, but also offers a path to address challenges related to system
reliability in renewable energy frameworks. %

Evaluating the performance of photovoltaic systems with bio-inspired algorithms

One of these methods, the P&O (Perturb and Observe) metaheuristic MPPT has the advantage of working
close to the MPP despite a slight oscillation, but also performs under static conditions (STC) better than under
variable conditions, demonstrating its robustness in evaluating system efficiency; the Incremental Conductance
(IC) algorithm is accurate and fast in tracking the MPP compared to P&O and successfully reduces oscillation
under various changing conditions, so it can be concluded that the IC algorithm performs better than the
P&O algorithm and traditional techniques;®”5® likewise, the Firefly algorithm, known for its efficiency and
speed, demonstrated faster tracking of the maximum power point compared to traditional methods such as the
(P&O) algorithm. The efficient MPPT-FA method®® showed superior traceability, improving the measurement
of the performance of a photovoltaic system.® An essential aspect when evaluating the performance of this
type of installations is to maximize energy extraction and identify the parameters of the photovoltaic cells
accurately and reliably.®” With the GBAS algorithm,©? the optimization efficiency is increased to determine
unknown parameters of different photovoltaic models, outperforming other metaheuristic algorithms in terms
of accuracy and stability. These algorithms aim to guide the photovoltaic system to operate closer to the point
of maximum global power, reducing the steady-state error and improving the overall performance. ¢3¢465

In the quest to optimize power generation in photovoltaic systems, they have emerged as promising tools.
These algorithms are evaluated based on several metrics to determine their effectiveness in improving power
generation. One such metric is the maximum relative error, where the Differential Evolution (DE) algorithm using
the 1D5P model®® exhibited a minimum error of 0,4 % under conditions close to the reference, demonstrating
its accuracy in optimization tasks. In contrast, the Genetic Algorithm (GA) with the 2D7P model®” demonstrated
a maximum relative error of 9,59 % under conditions far from the reference, highlighting its limitations in
power generation optimization. When comparing the performance of different algorithms, the Particle Swarm
Optimization (PSO) algorithm outperformed the GAalgorithm, especially in scenarios with significant temperature
and irradiance variations. Furthermore, the efficiency of these algorithms was evaluated by comparing the
results with data from a Canadian module manufacturer under various irradiation and temperature conditions,
ensuring their applicability in real-world environments. By using metrics such as relative errors and parameters
extracted from models under various conditions, researchers have been able to evaluate the performance of
bio-inspired algorithms and refine their optimization strategies to improve power generation in photovoltaic
systems. (6869
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Considering the above, bio-inspired algorithms have shown great promise and potential for improved
performance. In particular, the PSO 1D5P and DE 1D5P schemes have emerged as pioneers, showing favorable
results in parameter extraction and module simulation with exceptional accuracy. These algorithms have not only
proven to be robust and accurate, but have also demonstrated efficiency by requiring minimal processing time
and without additional external data besides the technical information provided in the PV module datasheet.
This distinguished ability to leverage bio-inspired algorithms without the need for supplementary external
inputs distinguishes this approach, underlining its autonomy and self-sufficiency in optimizing photovoltaic
systems. By leveraging the inherent strengths of natural processes, these bio-inspired algorithms have the
potential to revolutionize energy optimization in photovoltaic systems, offering innovative solutions to address
challenges related to system reliability and size optimization in renewable energy applications.©*70.7"

Future prospects and challenges

These investigations hold great promise for future advancements in renewable energy technology. Inspired
by biological processes, such as the behavior of one or some of the algorithms named above; as well as
the possibility of making hybrid systems, these algorithms can optimize the efficiency and performance of
photovoltaic systems. One of the key areas where bio-inspired algorithms can have a significant impact is
in optimizing the orientation and tracking of solar panels to maximize sunlight absorption. These algorithms
can enable PV systems to adapt and respond to changing environmental conditions, ensuring optimal power
generation around the clock. Furthermore, bio-inspired algorithms have the potential to improve the fault
detection and self-repair capabilities of PV systems, enhancing their overall reliability and longevity. By
mimicking the resilience and adaptability found in nature, these algorithms can help overcome technical
challenges and pave the way for more efficient and sustainable solar energy solutions. As research in this field
progresses, the future integration of bio-inspired algorithms into PV systems is poised to revolutionize the
renewable energy sector and accelerate the transition to a greener and more sustainable energy landscape.

CONCLUSIONS

These algorithms can optimize charging efficiency in real time thanks to their ability to dynamically adapt
to environmental fluctuations such as changes in solar radiation and temperature.

Unlike traditional methods, which rely on predefined environments, bio-inspired algorithms can search for
global solutions, resulting in better management and conversion of solar energy and higher usage efficiency.

Another important advantage is the robustness and flexibility of bio-inspired algorithms.

The distributed nature and ability to explore multiple solutions make the charge controller more resilient
by making it more resistant to failures and unforeseen situations, thus increasing the reliability of the charge
controller.

These algorithms are highly scalable and can adapt to different sizes of PV systems, from small to large-scale
PV systems, and maintain high efficiency in each case.

Their ability to continuously learn based on historical data and current conditions provides better performance
than traditional methods that rely on static parameters and manual adjustments.

The future integration of adaptive photovoltaic materials, inspired by biological mechanisms, could improve
energy conversion by changing their properties in response to environmental stimuli.

These advances, combined with artificial intelligence, will lead to photovoltaic systems that not only adapt
automatically, but also learn and improve their performance over time. The creation of smart microgrids and
autonomous sensor networks equipped with bio-inspired algorithms will enable more efficient control and
management, ensuring the stability and efficiency of photovoltaic installations in complex and dynamic energy
environments.
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