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Abstract:

Background: The search for effective and intelligent alternatives in the management of renewable energy
systems has driven the development of strategies aimed at optimizing maintenance and increasing the reliability
of devices. Among these strategies, approaches based on emerging technologies stand out, as they possess the
capability to predict failures and enhance the performance of sustainable infrastructures.

Materials and Methods: This study adopted a qualitative methodology, whose interpretative and analytical
nature proved particularly effective for examining complex phenomena, such as the application of innovative
technologies in the predictive maintenance of renewable energy systems. Two primary methodological
procedures were employed: bibliographic research and documentary research.

Results: The general objective of this research is to examine the potential of emerging technologies—such as
drones, non-destructive multi-testing, and advanced techniques based on artificial intelligence—in the
implementation of predictive maintenance strategies aimed at improving energy efficiency, operational
reliability, and safety in renewable energy generation systems. The findings reveal that the relationship
established between the analyzed data and specific industrial contexts can foster the consolidation of predictive
maintenance models that are more accessible, reliable, and adaptable to the realities of sustainable energy
systems.

Conclusion: The study demonstrates that integrating emerging technologies into predictive maintenance
practices holds significant promise for advancing the performance and resilience of renewable energy
infrastructures, contributing to the development of more sustainable and intelligent energy solutions.
Keywords: Energy systems; Emerging technologies; Predictive maintenance; Artificial intelligence; Energy
efficiency.
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I. Introduction

In recent decades, the expansion of renewable energy sources has been accompanied by growing
demands regarding the performance, reliability, and sustainability of power generation systems. In this context,
predictive maintenance has emerged as a fundamental approach to anticipate failures, minimize operational
losses, and increase the durability of critical equipment such as wind turbines and solar panels. Technological
advancements have enabled the combined use of drones, non-destructive testing, and artificial intelligence as
tools to enhance the accuracy, automation, and safety of this process.

The increasing complexity of renewable energy systems requires the implementation of solutions that
integrate technological innovation and efficient operational management. The incorporation of advanced
technologies for inspection and monitoring—such as integrated sensors, machine learning algorithms, and real-
time data analysis platforms—has transformed the way in which defects are identified and addressed. Within
this context, analyzing the contribution of these tools to predictive maintenance not only meets the technical
requirements of the field but also aligns with a broader effort toward an energy transition grounded in
sustainability, security, and operational intelligence.

The present study adopts a qualitative methodology, whose interpretative and analytical nature has
proven particularly effective in the analysis of complex phenomena, such as the use of innovative technologies
in the predictive maintenance of renewable energy systems. Two main methodological procedures were
employed: bibliographic research and documentary research.

The general objective of this research is to examine the potential of emerging technologies—such as
drones, non-destructive multi-testing, and advanced techniques based on artificial intelligence—in the
implementation of predictive maintenance strategies aimed at improving energy efficiency, operational
reliability, and safety in renewable energy generation systems.

The specific objectives outlined are as follows: to analyze the use of drones in the automated inspection
of renewable energy systems, with a focus on early fault detection and the reduction of operational risks; to
explore the integration of non-destructive multi-testing (NDT) in the predictive maintenance of wind turbines,
solar panels, and other critical equipment; and to evaluate the impact of artificial intelligence techniques and
data analysis in failure prediction and proactive decision-making for the maintenance of sustainable systems.

This article is structured into four main sections, organized to ensure clarity of exposition and
coherence of argumentation throughout the text. The initial section presents the introduction, which
contextualizes the topic and outlines the research objectives and their relevance within the current energy
transition scenario. The subsequent section on materials and methods details the chosen qualitative approach,
along with the procedures of bibliographic and documentary research. The third section addresses the theoretical
framework, divided into three subtopics: inspection technologies using drones, applications of non-destructive
testing, and the use of artificial intelligence and big data in failure prediction. Finally, the concluding section
summarizes the research contributions and indicates directions for future investigations.

Il. Material And Methods

The present investigation employs a qualitative methodology, whose interpretative and analytical
nature has proven particularly effective in examining complex phenomena, such as the use of innovative
technologies in the predictive maintenance of renewable energy systems. As Pereira, Silva, and Rocha (2018)
affirm, this approach enables the understanding of meanings, relationships, and processes that cannot be
captured solely through quantitative metrics. Within the field of applied engineering, qualitative research fosters
broader interpretations regarding the use of technological tools, by taking into account the technical, operational,
and epistemological aspects that underlie such practices. As emphasized by Guerra, Andrade, and Moura
(2024), this methodological framework contributes to expanding the understanding of the object of study
through diverse references, respecting the inherent complexity of the systems under analysis.

With respect to methodological procedures, two primary strategies were employed: bibliographic
research and documentary research. Bibliographic research enabled the collection and analysis of scientific
publications disseminated in national and international journals, with an emphasis on studies addressing
technologies applied to predictive maintenance in the renewable energy sector—such as drones, non-destructive
testing methods, and artificial intelligence-based algorithms. Documentary research, in turn, involved the
examination of technical standards, institutional reports, and operational manuals, which outline practical
applications and performance standards of the aforementioned technologies within the energy industry. As Gil
(2017) emphasizes, documentary research constitutes a significant source for the investigation of authentic
records, expanding the bibliographic scope and providing technical support for analytical procedures.

The study was conducted based on a corpus of 34 scientific articles, which comprise a relevant and
representative sample of publications related to the topic. The selected texts were chosen according to criteria of
recency, thematic relevance, and methodological rigor, thereby enabling the construction of a solid and
contemporary theoretical framework. The diversity of the examined sources allowed for a comprehensive
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analysis that connects recent innovations in the field with normative guidelines and operational practices
observed in different contexts. The breadth of this investigation lends robustness to the discussion presented,
highlighting the relevance of bibliographic and documentary research as legitimate and effective tools within the
scope of international scientific inquiry, as argued by Pereira et al. (2018) and Guerra et al. (2024).

I11. Literature Review

The theoretical framework of this study was structured around three interrelated topics, which
collectively address complementary aspects of predictive maintenance in renewable energy systems.

The first topic explores inspection technologies using drones, emphasizing their application in
operational diagnostics and their relevance in mitigating risks and preventing failures in devices such as
photovoltaic modules and wind turbines.

Subsequently, the second topic discusses the use of non-destructive testing (NDT) methods, focusing
on techniques such as thermography, ultrasound, and vibration analysis. This section highlights the significance
of these methodologies in ensuring the structural integrity of systems and in optimizing maintenance practices.

Finally, the third topic examines the application of artificial intelligence and big data in failure
prediction, investigating how algorithms and analytical techniques have been employed to anticipate anomalies,
automate diagnostics, and support decision-making processes in the context of sustainable energy systems.

Inspection Technologies Using Drones in Renewable Energy Systems

The increasing integration of renewable energy sources, such as solar and wind, has encouraged the
development of technological solutions aimed at improving the operation and maintenance of such
infrastructures. In this context, unmanned aerial vehicles (UAVs)—commonly known as drones—have become
essential tools for the automated and safe inspection of photovoltaic systems and wind turbines. The
incorporation of onboard sensors, such as thermal and spectral cameras, enables abundant and accurate real-time
data collection, facilitating the early detection of failures, reducing operational risks, and accelerating response
times to anomalies.

As noted by Santos Neto and Riffel (2024), the use of drones for image acquisition in solar power
plants has demonstrated high effectiveness in detecting defective modules, presenting itself as a viable and cost-
efficient alternative to manual inspections. Moreover, Henry, Gooding, and O’Neill (2020) emphasize that aerial
thermographic supervision, combined with automatic pattern recognition algorithms, enables not only technical
diagnostics but also the anticipation of failures before significant losses in energy generation occur.

The role of drones goes beyond mere image capture: these devices are part of an interconnected
ecosystem of data-driven predictive maintenance. The application of computer vision techniques, as discussed
by Menéndez, Ramos, and Valera (2018), contributes to the reduction of artifacts and false positives in
diagnostics. Similarly, the use of low-cost infrared sensors, as investigated by Ochoa, Delgado, and Martinez
(2023), expands access to large-scale monitoring technologies.

The automation of inspection activities is further enhanced through the use of autonomous navigation
algorithms, as presented by Kong et al. (2019), allowing drones to follow optimized trajectories across solar
farms without the need for human intervention. The combination of autonomous navigation, advanced sensing,
and predictive analysis algorithms not only enhances the energy efficiency of the systems but also significantly
reduces risks to the physical integrity of personnel. In this regard, Figueiredo (2019) highlights the beneficial
role of drones in mitigating workplace accidents in hazardous environments.

Table 1 below presents notable examples of drone applications in predictive inspections of renewable energy

systems.
TECHNICAL
APPLICATION EMBEDDED TECHNOLOGY OPERATIONAL BENEFITS
PhOtO.VOIta'C. module Thermal and RGB cameras Early detection of hotspots and electrical failures
inspection

Wind turbine monitoring Spectral vision, LIDAR sensors Real-time assessmtierr]\ttegl;ilta)llades and structural

Autonomous navigation in RTK GPS, onboard Al, and proximity Reduced inspection time and increased coverage
farms Sensors area
Integrated predictive analysis Computer wsmng;grﬁirrl]tgms and machine Fault prediction and maintenance optimization

Source: Based on Santos Neto and Riffel (2024), Henry et al. (2020), Kong et al. (2019), Menéndez et al.
(2018), Ochoa et al. (2023), Figueiredo (2019).
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In addition to their technical advantages, drones carry regulatory implications that directly impact their
use on an industrial scale. The current framework established by Brazil’s National Civil Aviation Agency
(ANAC)—yparticularly through RBAC-E No. 94—defines safety criteria for the civil operation of unmanned
aircraft, with a strong emphasis on the protection of people and infrastructure. As Rezende (2018) notes, the
responsible use of drones requires not only adherence to legal regulations but also the ongoing technical training
of operational teams. In this context, the professional qualification of operators and the integration of safety
guidelines into predictive maintenance protocols are strategic factors for ensuring operational efficiency without
compromising the physical or legal integrity of the procedures.

Although Brazilian regulations are still adapting to the pace of technological innovation, they serve as a
significant point of reference in the promotion of safe and standardized practices for the use of UAVSs in critical
environments.

Ultimately, it is important to underscore that the implementation of drones in the renewable energy
sector aligns with global changes in the energy matrix, as well as with the growing demand for sustainable and
intelligent solutions. As Hassan, Oliveira, and Kimura (2024) argue, the energy transition requires not only the
use of renewable sources but also the continuous updating of operational and maintenance processes. Within
this scenario, drones emerge as essential tools in the pursuit of operational efficiency, providing strategic data to
support decision-making and increasing the reliability of energy systems. The future suggests a growing
convergence between artificial intelligence, aerial robotics, and renewable energy, making predictive
maintenance not merely a trend but a requirement for the technical, economic, and environmental sustainability
of the sector.

Applications of Non-Destructive Testing (NDT) in Predictive Maintenance

The use of non-destructive testing (NDT) has become a fundamental element in the predictive
maintenance of renewable energy generation systems. Procedures such as ultrasonography, infrared
thermography, vibration analysis, and eddy current testing enable the detection of structural, electrical, and
mechanical faults before they impair system performance or trigger critical failures.

As noted by Costa, Hirashima, and Ferreira (2021), the application of thermography to photovoltaic
modules allows for the accurate identification of overheated cells, faulty connections, and thermal leakage
points, thereby facilitating targeted corrective interventions. Similarly, vibration analysis has been extensively
employed in wind turbines, as emphasized by Mangueira et al. (2020), enabling the continuous monitoring of
components such as gearboxes and bearings, which are among the most critical elements in these systems.

Beyond early fault detection, NDT techniques are essential for reducing operational costs and
increasing asset reliability. Studies by Gonzalez et al. (2020) and Santos (2022) indicate that the systematic
application of NDT-based practices plays a crucial role in extending equipment lifespan and reducing the
likelihood of catastrophic failures.

In several cases, the integration of these technologies is associated with SCADA (Supervisory Control
and Data Acquisition) systems, as highlighted by Ribeiro et al. (2021), allowing the consolidation of data from
different locations into analytical platforms supported by artificial intelligence.

The Brazilian standard NBR 16818 (ABNT, 2020) provides detailed guidelines for the application of
infrared thermography as a monitoring technique, including calibration criteria and safety protocols that ensure
the reproducibility of results and the reliability of technical diagnostics.

Table 2 below presents selected NDT techniques applied to predictive maintenance in renewable energy

systems.
[NDT Technique || Typical Applications | Operational Benefits |
| Thermography || PV modules, cables, inverters ||Detecti0n of hotspots, faulty connections, and thermal Iosses|
| Ultrasound || Wind towers, blades, metallic structures || Identification of internal cracks and delaminations |
|Vibration analysis|| Generators, gearboxes, shafts || Diagnosis of misalignments and mechanical imbalances |
| Eddy currents ||Conductive surfaces in panels and inverters|| Detection of corrosion and wear |

Source: Based on Costa et al. (2021), Mangueira et al. (2020), ABNT (2020), Gonzalez et al. (2020), Ribeiro et
al. (2021), Santos (2022).

The versatility of non-destructive testing (NDT) enables its application in both outdoor environments
and laboratory analyses, employing tools that range from manual inspections to automated systems integrated
into drones or mobile robots. Instruments such as the industrial borescope, as described by Mattede (2021),
enhance visual reach and accuracy for internal inspections in hard-to-access locations, such as wind turbine
nacelles or junction boxes in photovoltaic systems.
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Moreover, the integration of these methods with machine learning platforms has proven essential for
improving anomaly detection accuracy. According to Benedetti et al. (2018), predictive algorithms trained on
historical failure datasets increase diagnostic reliability and optimize maintenance cycles, allowing for the
anticipation of interventions and reducing technicians’ exposure to operational risks. These approaches represent
a significant advancement in operations and maintenance (O&M) practices, particularly within decentralized
energy generation scenarios.

Finally, international guidelines such as those published by SolarPower Europe (2019) emphasize that
the implementation of best practices based on unconventional renewable energy (URE) must be accompanied by
ongoing technical training, integration of standards, and investment in digital infrastructure. As Herraiz et al.
(2020) highlight, the use of high-resolution thermal imaging for system monitoring allows for more accurate
assessments of photovoltaic system conditions—especially in regions with high solar irradiance and thermal
fluctuations. The intersection of non-disruptive energy (NDE), digitalization, and artificial intelligence is
therefore critical for updating maintenance models in renewable energy sources, reinforcing strategies that
combine technical efficiency, economic viability, and workplace safety.

Avrtificial Intelligence and Big Data in Failure Prediction for Renewable Energy Systems

Recent applications of artificial intelligence (Al) in the predictive maintenance of renewable energy
systems have significantly transformed monitoring and diagnostic practices in photovoltaic and wind power
plants. Machine learning algorithms and convolutional neural networks (CNNs) have been employed to identify
intricate patterns in operational data, offering increased accuracy in anticipating failures in critical components.

Studies conducted by Jiang et al. (2018) and Hongshan et al. (2018) demonstrate that multiscale neural
networks are capable of interpreting variations in gear vibration and temperature, detecting anomalies that might
go unnoticed using traditional analytical methods. In photovoltaic systems, the application of wavelet transforms
combined with support vector machines (SVMs)—as proposed by Wang and Balog (2022)—has proven
effective in detecting electrical arc faults, one of the major operational risks in such systems.

The intersection of predictive analytics and loT-based monitoring platforms, such as SCADA systems,
has been increasingly investigated to enhance real-time fault detection. According to Xi et al. (2021), by
employing discriminative dictionaries in sparse representations, it is possible to segment degradation patterns in
photovoltaic panels automatically, even under varied environmental conditions.

In wind turbines, deep learning-based techniques, such as those implemented by Guo et al. (2018) and
Jiménez et al. (2019), have enabled the detection of bearing wear and ice formation on blades, demonstrating
high reliability levels. The integration of algorithmic models and embedded sensors allows the development of
adaptive systems capable of continuously updating their decision parameters based on operational history,
thereby enabling proactive maintenance decision-making.

Table 3 below provides a summary of practical applications of artificial intelligence in the maintenance of
renewable energy systems, based on the studies cited.

| Applied Technology  |[Monitored Component||  Analytical Technique Used || Expected Outcomes |

Identification of arcs and overheating

Support Vector Machines Photovoltaic strings Electrical signal analysis faults

Convolutional Neural Temperature and vibration

Wind turbine bearings Diagnosis of progressive wear

Networks processing
. . Wind turbine gear . . R
Unsupervised Learning systems Operational pattern clustering Anomaly classification
Sparse Representations Photovoltaic modules Fisher Dlscrlmmgnt Dictionary Automated isolation of structural
Learning defects

Source: Based on Wang and Balog (2022), Xi et al. (2021), Guo et al. (2018), Ben Ali et al. (2018), Jiménez et
al. (2019), Jiang et al. (2018).

In the solar energy sector, investigations conducted by Brito, Lim, and Batista (2023) highlight the
application of predictive models to mitigate fire risks in photovoltaic systems, emphasizing the interrelationship
between direct current data, insulation failures, and climatic factors. In wind farms, methods based on copulas
and autoregressive neural networks have been employed (Huang et al., 2018) to predict failures under unstable
operating conditions, thereby assisting in the prevention of unexpected interruptions. The integration of such
technologies into daily operations still faces challenges, such as the need for robust databases and algorithms
tailored to local contexts, as pointed out by Kusiak and Verma (2012a; 2012b). Nevertheless, recent
advancements indicate continuous progress toward the intelligent digitalization of maintenance practices.

The intersection of artificial intelligence, big data, and real-time remote sensing enables the
development of hybrid models aimed at condition-based maintenance. With the support of Internet of Things
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(1oT) devices and parallel processing, as demonstrated by Chen, Fu, and Yang (2018), it becomes possible to
monitor thousands of variables simultaneously, correlating minimal deviations with previously documented
failure patterns. Conrado (2021) emphasizes that, although the implementation of these tools still requires
investments in analytical infrastructure and technical training, there is evidence of significant gains in energy
efficiency and safety in renewable energy systems that adopt such approaches. The future outlook, therefore,
tends to establish computational intelligence as a central element in operation and maintenance policies within
the global energy transition.

V. Conclusion

The investigations conducted throughout the research enabled an evaluation of the application of
emerging technologies in the predictive maintenance of renewable energy generation systems, considering
energy efficiency, operational reliability, and safety as the fundamental pillars of the analysis. The general
objective was fully addressed by articulating how drones, non-destructive testing techniques, and artificial
intelligence algorithms can revolutionize inspection and diagnostic processes in photovoltaic and wind
infrastructures. The specific objectives were similarly achieved: the sections demonstrated, with technical and
bibliographic support, advances in the early detection of failures through automated aerial inspection, the
feasibility of multi-testing in the structural analysis of critical components, and the increasingly significant role
of computational intelligence in predicting operational failures.

The synthesis of the findings allows for the conclusion that the adoption of these technologies brings
about substantial changes in how renewable energy systems are assessed and maintained. The use of drones
equipped with thermal cameras, LIDAR sensors, and integrated intelligence systems has facilitated the
identification of critical areas, reducing inspection times and expanding technical coverage. Non-destructive
multi-testing methods, such as ultrasound, eddy currents, and thermography, demonstrate high precision in
detecting cracks, misalignments, and wear in structural elements, offering direct benefits to operational safety.
Artificial intelligence systems—focused on both supervised and unsupervised learning—have enhanced the
capacity for automated diagnostics and the prediction of progressive failures, as evidenced by the application of
convolutional neural networks and support vector machines.

The study found robustness in the theoretical framework explored. However, it is acknowledged that the
rapid evolution of artificial intelligence systems and the frequent emergence of new tools demand continuous
updates to both the literature and the methodologies employed. The limitations identified suggest that the results
presented in this document must be understood as part of a field in constant transformation, subject to revisions
and adjustments driven by technological advancement and the evolving needs of industry professionals.

As a recommendation for future research, it is suggested that case studies be conducted to examine the
implementation of these technologies in real-world solar and wind farms, with an emphasis on analyzing
performance, operational costs, and their effects on maintenance routines. Interdisciplinary research involving
engineers, data analysts, and field technicians may contribute to a broader understanding of the limitations and
potentials in the interaction among aircraft, physical sensors, and intelligent algorithms. Ultimately, the
relationship established between the data analyzed and specific industrial contexts may support the
consolidation of predictive maintenance models that are more accessible, reliable, and adaptable to the reality of
sustainable energy systems.
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