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The performance of solar photovoltaic (PV) systems, one of the most promising renewable
energy sources, deteriorates with time as a result of dust collection, temperature changes,
environmental stress, and material ageing. Conventional monitoring methods are frequently
reactive, which reduces productivity and raises maintenance expenses. In order to allow real-
time detection and prediction analysis of solar panel deterioration, this research proposes an
intelligent monitoring system that combines artificial intelligence (AI) with the Internet of
Things (IoT).
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I. INTRODUCTION

Globally, solar photovoltaic (PV) systems are becoming more and more popular as a
sustainable and clean energy source. However, degradation variables such dust deposition,
temperature stress, microcracks, and material ageing have a major impact on solar panels'
long-term performance. These problems raise operating expenses and lower energy
production. Conventional maintenance techniques, such as reactive procedures or regular
inspections, can lead to efficiency losses and ineffective issue diagnosis.

II Degrdation of solar panel

The effectiveness of the PV system and its different degradation patterns are the primary
factors that determine its reliability and longevity. Since the early 1970s, data on PV module
failures has been accessible. The most frequent degradation modes in modules over the past
ten years, according to data published by the National Renewable Energy Laboratory (NREL)
in 2017 and displayed in Figure 1, were hot spots (33%) followed by ribbon discolouration
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(20%), glass breakage (12%), encapsulant discolouration (10%), cell breakage (9%), and
potential-induced degradation (PID, 8%).
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# Ribbon discoloration

% Glass breakage
 Encapsulant discoloration
# Cell breakage

sPiD

L1378

Figure 1. Representative degradation modes of silicon PV modules for the last 10 years.

Table 1 lists a number of types and rates of deterioration that have been documented in
different nations. Environmental factors such excessive humidity, extremely high
temperatures, and exposure periods longer than ten years are mostly responsible for the
degradation.

Table 1. Degradation rates reported from various countries.

Country Modsle Type Degradation Rate Caase of Degndation
Spain[7] Mobi G SoiarCel  —08% t-11%/year Wind speed
taly 3] Mubi-GSolar (el —25% 0 -11%year PV ool shading
Cyprs 4] Mob-GSolar (el 8% -11%/year  Sclarimadionce and coll temp
Coeece[101] MG Selar (el 0950 -10%vexr | o ) ind sped
Polad 11 Maul-G Soler (el >-49% yer Elevated air temp
Indi {12} MomoS Solar (ells ~14% ver High cellterrp and bumadity
Swtheminda (i3]  Mubi-% Soiar (el -13%vear Airtemp and high eradiance
Thadand [ 4] Mubi-GSolar (el -15%m -49%year Humidity and messture
Northem Thailand |15]  Mul-S Soler (el -15%/ver Delamination of EVA * sheet
fapen[ 4} Mauli-% Solar (el ~L15% year Ambient envoonmental factoes
Sogapore|17] Muli-5 Sofer (el =200 yer Amibéent temp
Repebiic of Korea {19]  Muki-5 Soiar Cel ~13%/vear Corresion and discoleation
Sofeed UK[1Y]  MuMiSScirCel —L5%m-116%/year  Eatreme kve temp and homicity
Australia [19] Mub-S Sefar (el -135% to - 146%vear  Extoeme high emp and mosstre

Figure 2 shows the conceptual representation of the AT program on the modules.
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’ Pre-characterization of PV module
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Figure 2. Conceptual representation of the AT of PV modules.

In addition to being designed for comparison and lifespan test programs, the generated PV
modules need go through the standard qualification test programs set by the International
Electrotechnical Commission (IEC) standards (IEC 61215 for terrestrial photovoltaic
modules).
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Figure 3.Block digram of Arduino uno

A. (I0T AND Al TECHNOLOGY)

In recent years, there has been a significant surge in research and development efforts to
integrate IoT and Al technologies into solar panel monitoring systems. loT-enabled sensors
have the ability to collect real-time data on vital parameters like as temperature, voltage,
current, and sun irradiance, allowing for comprehensive environmental and system
performance monitoring. Meanwhile, Al technologies like machine learning and deep
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learning techniques enable automated fault detection, predictive maintenance, and anomaly
identification based on collected data. By leveraging the synergy between loT and Al, solar
panel monitoring systems may become more efficient, reliable, and autonomous. In the end,
this will lead to higher energy output, cheaper maintenance, and more resilient systems.

This paper aims to provide a comprehensive overview of recent advancements in solar panel
monitoring, with a focus on the integration of IoT and Al techniques. Through a thorough
analysis of the literature, the research will examine the newest methods, technologies, and
applications in solar panel monitoring, highlighting their benefits, limitations, and
opportunities for future development. By reviewing significant findings and highlighting
emerging trends, challenges, and opportunities, this article seeks to contribute to the ongoing
conversation on how IoT and Al could improve solar energy systems.

The integrity and authenticity of this review research will be upheld by taking strict
measures to prevent plagiarism. All sources will be properly referenced and cited in
compliance with academic standards, and original concepts and analyses will be presented
based on the synthesis of the corpus of recent literature. The item will also undergo a
thorough review and validation process by subject-matter experts to ensure accuracy, clarity,
and relevance.

Solar Energy Artificial Intelligence ~ Increase in Efficiency

+8= )

Figure 4. Solar Panel & Al

B. AI Technologies in Renewable Energy Maintenance

Wind turbines, solar panels, and hydroelectric power plants are examples of renewable
energy sources that are essential to the worldwide effort to battle climate change and
decrease carbon emissions. However, because of the complexity of their operations and their
exposure to severe climatic conditions, sustaining these systems presents substantial hurdles.
Renewable energy systems are increasingly being maintained with the use of artificial
intelligence (Al) technology, which provide solutions that increase longevity, efficiency, and
dependability while lowering operating costs.

Predictive maintenance is one of the most important uses of Al in renewable energy
maintenance. Conventional maintenance techniques, such reactive or scheduled
maintenance, frequently turn out to be expensive and ineffective, either resulting in
unplanned equipment breakdowns or needless downtime. By using machine learning
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algorithms to evaluate real-time data from sensors integrated into renewable energy
equipment, Al-driven predictive maintenance provides a solution. Al algorithms, for
example, can interpret data from sensors that track temperature, vibrations, and other turbine
component operating characteristics in wind energy systems.

These algorithms identify minute variations that might indicate possible problems like
gearbox defects, bearing wear, or blade fractures. Predicting these problems in advance
allows for proactive maintenance scheduling, which lowers the chance of unplanned
downtime and lowers repair expenses. Similar to this, Al tracks the performance of
photovoltaic (PV) panels in solar energy systems, spotting deterioration tendencies that can
result in failure or decreased efficiency and allowing for prompt solutions.

For instance, Al-driven optimisation in wind turbines may modify the nacelle's yaw and the
blades' pitch to optimise energy extraction and minimise mechanical stress, hence increasing
the turbines' lifespan. Al may be used in solar PV systems to adjust the panels' tilt and
orientation during the day to maximise solar absorption and boost total energy output. These
optimisation strategies help renewable energy systems become more reliable over the long
run and require less maintenance, in addition to increasing their immediate efficiency.

Sensors and microcontrollers, which enable real-time tracking and performance optimisation,
are essential parts of solar energy monitoring. Long-term monitoring and control systems are
essential for dynamically modifying panel operations in response to real-time data,
enhancing responsiveness and efficiency. Maintaining system performance and increasing
operational longevity are two more important functions of fault detection. Intelligent and
automated techniques for locating PV system issues have been developed by recent
developments. These technologies provide real-time problem identification through the use
of IoT-enabled monitoring devices, improving the overall dependability and efficiency of
solar energy systems. Al adds sophisticated data analytics to IoT capabilities to enhance
energy forecasts, optimise panel orientation, and save operating costs.

In order to predict weather trends, identify issues, and plan maintenance in advance, artificial
intelligence systems examine both historical and real-time data. These features increase the
lifespan of PV systems and help prevent system breakdowns. Furthermore, by precisely
forecasting energy demand, Al helps integrate smart grids and enhances the scalability and
reliability of solar power networks.

To optimise the performance of solar energy systems, Al and IoT—collectively, AloT—
represent a cohesive strategy that blends intelligent data processing with networked
equipment.

IoT-enabled technologies for real-time monitoring, energy optimisation through tracking and
cleaning systems, and Al-driven applications for defect detection, predictive maintenance,
and energy forecasting are the primary topics of this survey, which looks at the integration of
10T in solar energy systems.

IV SURVEY METHODLOGY
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1.1. Survey Methodology

We used a structured process to choose, examine, and contrast pertinent research on AloT in
solar energy in order to guarantee a thorough and methodical assessment. Search Methods:
To find pertinent publications, we used Google Scholar in a methodical manner. IEEE,
MDPI, and Elsevier journals provided the majority of the results. Peer-reviewed journal
articles, conference proceedings, and review studies about Al, IoT, and how they are
integrated into solar energy management were the main emphasis of the search.

"A 10T in solar energy," "loT-based solar monitoring," "Al in photovoltaic systems," and
"fault detection in PV systems" were among the keywords. Inclusion Criteria: We made sure
to include research that particularly addressed AloT applications in solar energy monitoring,
optimisation, defect detection, and predictive maintenance by using precise selection criteria.
To create a solid theoretical basis for our assessment, we also included publications that
offered basic definitions of Al and IoT.

We included several earlier publications that are still highly referenced and have influenced
the development of Al and IoT applications in solar energy, even though our primary focus
was on recent research. Understanding the historical development of AloT technologies and
their influence on recent developments required knowledge of these earlier research.
Exclusion: non-peer-reviewed publications, out-of-date studies with little bearing on
contemporary AloT applications, and generic Al or loT research without a distinct focus on
solar energy were not included.

Bibliometric Analysis: A comprehensive assessment of 199 academic publications, 127 of
which particularly address the use of Al and IoT in PV systems, served as the foundation for
our study. Figure 5 displays the distribution of these 127 publications throughout time.
Foundational definitions are one of the many topics covered in the remaining investigations.
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Figure 5. shows the distribution over time of the examined articles on Al and IoT
applications in PV systems. To make sure we included the most current developments and
new trends in the area, the main focus was on research that were published between 2015
and 2025.

1.2. Survey Organization
This work is structured as follows to guarantee a thorough and organised review: An

introduction of Al and IoT is given in Section 2, along with an explanation of their basic
ideas and functions in solar energy applications.

Figure 6. Survey roadmap: key topics and structure.

Additionally, it emphasises important AloT supporting technologies such as cloud
computing, [oT sensors, communication protocols, deep learning models, and machine
learning algorithms. In order to improve energy efficiency, Section 3 classifies and examines
IoT applications in solar energy, such as monitoring systems, PV system fault detection and
diagnosis, predictive maintenance, energy forecasting, and optimisation strategies like
MPPT, solar tracking, and automated cleaning systems.

V. CHALLENGES

CHALLENGES AND SOLUTIONS IN IOT-BASED

smart energy management system for photovoltaic power Generation Although IOT-based
SEMS have significantly increased PV power generation efficiency, a number of obstacles
prevent their widespread use. Risks to cyber security, high infrastructure expenses, complex
data management, interoperability problems, and reliance on reliable internet connectivity
are some of these difficulties. To guarantee a safe, scalable, and effective smart solar energy
ecosystem, these problems must be resolved.
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These research initiatives, technical developments, and encouraging regulations all work
together to make solar systems more successful and affordable, increasing their viability and
appeal as a renewable energy source.

Artificial Intelligence Applications
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Figure 7: Keys of Artificial Intelligence in Solar Panel Technologies

The performance of PV systems has been shown to be significantly impacted by artificial
intelligence (Al) algorithms.

Al algorithms may be used for modelling, sizing, control, problem diagnosis, and affair
estimation in solar systems. For every kind of operation, it contrasts conventional and
artificial intelligence algorithms. Figure 7 illustrates the main Al applications in solar panel
technology.

VI RELATED WORK

I. LITERATURE REVIEW:

The literature review provides an in-depth analysis of current research on IoT, Al, and solar
panel monitoring technologies, highlighting the drawbacks of traditional monitoring
techniques as well as the possible benefits of combining IoT and Al for better solar panel
system monitoring and control. To find gaps in the literature and support the need for the
suggested strategy, prior research in similar fields is examined.

The inefficiencies of conventional approaches, which are frequently typified by time-
consuming inspections and irregular data collecting, have drawn more attention from
research in solar panel monitoring. Current research highlights how IoT technologies can
monitor factors including temperature, irradiance, and output efficiency while enabling real-
time data collection from vast sensor networks (Smith, 2021). Predictive maintenance and
problem detection skills are greatly improved by using these systems as the basis for data
processing using Al approaches (Johnson et al., 2019).
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For instance, by examining patterns and irregularities in data gathered by loT devices, the
incorporation of machine learning algorithms has proven to be capable of anticipating
system breakdowns and optimising energy output (Lee et al., 2020). In order to optimise
energy capture, decision-making systems may also automate reactions to shifting
environmental circumstances by dynamically modifying panel angles (Al-Ali et al., 2018).

However, there are still issues with these technologies' smooth integration into completely
automated and dependable monitoring systems. Current implementations frequently ignore a
comprehensive approach to system management in favour of concentrating on discrete
elements of the monitoring process (Kumar & Patel, 2021). Furthermore, there is a
significant need for more research and development since the scalability and cost-
effectiveness of implementing such integrated systems in various situations have not been
thoroughly examined.

This analysis highlights how IoT and Al may revolutionise solar panel system monitoring
and operating efficiency, opening the door to more intelligent renewable energy solutions.

I1. SYSTEM ARCHITECTURE:

The suggested system architecture is painstakingly created to smoothly combine Al and IoT
technologies, improving solar panel systems' monitoring and management capabilities. The
architecture, which consists of a number of essential parts, each plays a crucial part in
guaranteeing the system's overall efficacy and usefulness.

1. Arduino-based Sensor Nodes:

The main data gathering devices at the centre of the system are sensor nodes based on
Arduino. Numerous sensors, such as those for temperature, humidity, voltage, current, tilt
angle, and light intensity, are included with these nodes. Their main job is to collect
environmental data from the solar panel installation in real time. The sensor data is processed
effectively by the Arduino microcontroller, guaranteeing that it is prepared for transfer to the
Internet of Things platform.

2. Wi-Fi Modules:

Wireless connectivity between the Arduino-based sensor nodes and the Internet of Things
platform is made possible in large part by the Wi-Fi modules. They facilitate smooth
connectivity and remote solar panel system monitoring by acting as the backbone for sensor
data transmission over Wi-Fi networks.

The Wi-Fi modules' strong performance is one of its primary features; it guarantees
dependable data transfer, which is necessary for real-time monitoring and management. A
constant flow of information on the performance and condition of the solar panel system
depends on their capacity to send data reliably and uninterruptedly.

Additionally, these modules are made to blend in well with current Wi-Fi networks,
guaranteeing interoperability in a variety of settings and infrastructures. This interoperability
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makes it easier to integrate and deploy the monitoring system in a variety of contexts,
ranging from large-scale solar farms to residential installations.

The Wi-Fi modules' low power consumption is another outstanding characteristic. These
modules' low energy consumption, in spite of their potent capabilities, prolongs the battery-
powered sensor nodes' operational lifetime and lowers the system's overall energy expenses.

Additionally, the modules' integrated security measures offer strong defence against data
breaches and illegal access. The confidentiality and integrity of sensor data transferred across
a network are guaranteed by secure data transmission protocols, encryption techniques, and
authentication procedures.

The monitoring system's scalability and adaptability are further improved by the Wi-Fi
modules' modular architecture. As needed, it enables smooth growth to add more sensor
nodes or sophisticated features, guaranteeing that the system can expand and adjust to
changing needs.

Administrators may also monitor and configure sensor nodes from any location with internet
connection thanks to the modules' remote management features. In the end, this remote
accessibility lowers downtime and improves overall system dependability by making system
management, troubleshooting, and maintenance simpler.

In conclusion, the solar panel monitoring system's Wi-Fi modules are essential parts that
enhance its scalability, dependability, and effectiveness. They are crucial for guaranteeing
the smooth functioning and efficient administration of solar panel installations because of
their strong performance, interoperability, low power consumption, security features, and
remote management capabilities.

3. Thing Speak IoT Platform:

The ThingSpeak IoT platform is essential to the operation of the system as it acts as the
primary location for data storage, visualisation, and analysis. Without the need for complex
procedures or interfaces, its user-friendly interface simplifies data administration
responsibilities and provides insightful information about the operation of the solar panel
system.

System operators can easily explore and obtain vital information because to ThingSpeak's
user-friendly interface, which makes data administration more efficient. This interface
design's simplicity improves operational efficiency by facilitating quick decisions based on
data that is updated in real time.

Additionally, ThingSpeak offers a comprehensive array of data analytics tools that enable
customers to extract useful information from sensor data. By enabling thorough analysis,
these technologies reveal trends, patterns, and anomalies that are essential for enhancing
system performance and putting proactive maintenance plans into place. Operators may
minimise downtime and maximise energy generation by utilising sophisticated analytics
skills to detect possible problems early on. Sensor data is securely stored in a centralised
repository thanks to ThingSpeak's powerful data storage features. In addition to ensuring
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data integrity, this centralised storage makes it simple to retrieve and analyse previous data
for the purpose of identifying long-term trends.

Interoperability and scalability are further improved by the platform's support for smooth
interaction with various IoT platforms and devices. The system's capabilities and features
may be expanded as needed thanks to this interoperability, which makes it possible to
integrate extra sensors or third-party applications.

All things considered, the Thing Speak IoT platform is essential to our system design as it
offers a centralised platform for effective data administration, analysis, and visualisation. Its
comprehensive data storage capabilities, interoperability, sophisticated analytics tools, and
user-friendly interface make it an essential tool for maximising the dependability and
performance of solar panel systems.

4. AI-Based Analysis:

An Al-based module thoroughly analyses the gathered sensor data, allowing for processing
and decision-making in real time. In order to analyse the data and find trends, abnormalities,
and possible problems affecting the functioning of the solar panel system, machine learning
algorithms are carefully trained. By maximising energy generation and improving system
dependability, this clever analysis enables the system to implement proactive maintenance
and optimisation measures.

5. System Expansion and Scalability:

Furthermore, the suggested system design may easily be expanded to include more sensor
nodes or sophisticated Al modules due to its inherent scalability. This scalability makes it
easier to integrate the system into a variety of situations and guarantees that it can adapt to
changing requirements. Furthermore, the architecture's modular form encourages
adaptability, making it possible to add new features and technologies to further expand its
possibilities.

VII. WORKING METHOD

In order to satisfy the established system needs and objectives, our integrated IoT and Al-
based solar panel monitoring system is being implemented using a methodical manner. The
following stages cover the essential procedures for setting up and deploying the monitoring
system:

1. Requirement Analysis:

To determine the goals and needs of the system, a comprehensive analysis must be carried
out as the first stage. This entails establishing the parameters to be monitored, identifying the
intended results, defining the scope of the monitoring system, and comprehending the
operating environment of the solar panel installation. Alignment with the goals of enhancing
energy generation and system dependability is ensured via stakeholder discussions and
subject knowledge. Setting up the hardware components for data collecting comes next, after
the system requirements have been determined. Temperature, humidity, light intensity, tilt,
current, and voltage sensors are among the sensors that are constructed and fitted into
Arduino-based sensor nodes. To guarantee precise data collection, great consideration is
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given to sensor location, calibration, and selection. The hardware configuration is made to
resist environmental factors and easily connect to the Internet of Things platform in order to
transmit data.

3. Software Development:

To make data collecting, preprocessing, and transmission from Arduino-based sensor nodes
to the Thing Speak IoT platform easier, custom software is created. The software is
customised to meet the needs of the monitoring system and uses the Arduino programming
language (C/C++) for data manipulation and sensor interface. For stable and dependable
functioning in real-world settings, a focus is focused on maximising code efficiency,
reducing resource usage, and putting error handling systems in place.

4. Data Transmission:
Sensor nodes start gathering environmental data from the solar panel installation as soon as
hardware configuration and software development are finished.
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Fig 7: Data Transmission

Wi-Fi modules are used to wirelessly transfer collected sensor data to the ThingSpeak IoT
platform. ThingSpeak ensures interaction with the monitoring system by providing an
intuitive user interface and APIs for smooth data feeding. To guarantee data confidentiality,
integrity, and adherence to IoT standards, data transfer protocols are put into place.

5. AI-Based Analysis:

Real-time Al-based analysis is performed on sensor data to uncover possible problems
influencing solar panel performance and to provide actionable insights. Both current and
historical data are analysed using machine learning techniques including regression analysis,
anomaly identification, and predictive modelling. By identifying patterns, trends, and
departures from typical operating circumstances, these algorithms make it easier to
proactively identify maintenance requirements, optimisation possibilities, and performance
improvements.
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ALGORITHEM
L. Setup:
» Import necessary libraries (NumPy, pandas, Matplotlib, scikit-learn, etc.).

» Define helper functions (if any).
II. Data Collection:
» Fetch sensor data from the Thingspeak channel.

» Extract voltage, current, tilt, vibration, temperature, and humidity readings.

1.Data Preprocessing:
» Prepare the data for prediction (e.g., convert strings to numeric values, scale the data
if necessary).
2.Model Training:
» Load the labeled dataset (salar.csv).

> Split the dataset into training and testing sets.

» Train a KNN classifier on the training data.
3.Model Evaluation:

» Evaluate the classifier's accuracy using the test set.
4.Real-time Prediction:

» Continuously collect sensor data.

» Convert the data into the required format.

» Use the trained classifier to predict the system state ("Normal" or "Action
Required").

» [Based on the prediction, trigger alerts or take appropriate actions.
5.Visualization (Optional):
» Plot sensor data over time.

» Visualize model performance (e.g., accuracy, confusion matrix).

6.Continuous Monitoring:

» Run the monitoring script continuously to keep track of system state in real-time.
7.Improvement and Optimization (Optional):

» Fine-tune the model parameters.

» Explore other machine learning algorithms for classification.

» Optimize the code for efficiency and scalability.

VIII Output Generation:

Nanotechnology Perceptions 20 No. 8 (2024) 440-456



Intelligent Monitoring Of Solar Panel ... Mukul Kumar Singh, et al. 453

The monitoring system provides system operators and stakeholders with actionable insights,
warnings, and suggestions based on the findings of Al analysis. These outputs are presented
in an intuitive manner through dashboards, visualisations, and notifications, which aid in
proactive maintenance plans and well-informed decision-making. Furthermore, to resolve
detected problems or instantly optimise system settings, automatic reactions or control
actions could be initiated.

1.AI-Driven Anomaly Detection:

The Al technology skilfully detects irregularities and departures from defined operating rules
by analysing data in real-time. The system identifies anomalies like temperature spikes,
humidity changes, or voltage swings by comparing incoming sensor data to preset criteria.
These notifications reduce the possibility of operating disruptions and enable prompt
corrective action to address problems.

2. Fault Detection:

By utilising Al-powered insights, the system generates defect detection alerts and offers
practical maintenance recommendations to maintain the solar panel installation's peak
performance. Significant deviations, such abrupt voltage reductions, trigger alarms and call
for specialised actions, like panel cleaning or recalibration, to maximise system performance.

Operators may optimise the performance of the solar panel system with the use of insights
obtained from Al analysis and recommendations given by the system. Operators seek to
maximise energy generation efficiency and strengthen system dependability by modifying
parameters like panel orientation, tilt angles, or maintenance schedules based on data
patterns. This reduces operational downtime.

The conclusions drawn from the solar panel monitoring system encourage a culture of
flexibility and iterative development. Operators are able to identify areas for improvement
and proactively adopt remedial actions through long-term system performance monitoring
and historical data analysis. Furthermore, continuous improvement of Al algorithms in
response to stakeholder input and updated data guarantees that the system will continue to be
flexible and adaptable to changing environmental factors and operational requirements.

IX CONCLUSION & SUMMERY

Combining IoT and Al technology offers a compelling way to increase solar panel systems'
efficiency and reliability. Our integrated approach enables stakeholders to take proactive
actions, maximising energy generation and strengthening maintenance procedures, by
facilitating real-time monitoring and insightful analysis. In order to advance the field of
renewable energy management, future efforts will concentrate on improving Al algorithms
and making sure the monitoring infrastructure is scalable to handle large deployments.

The performance and robustness of solar panel systems might be revolutionised by the
combination of IoT and Al. Our technique enables stakeholders to traverse complex energy
environments with accuracy and foresight by seamlessly combining intelligent analysis and
real-time monitoring. As we move forward, further research will refine Al algorithms for
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even higher efficiency and strengthen our monitoring framework's scalability to meet the
demands of the future's renewable energy frontiers.
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