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Abstract: The efficiency of solar photovoltaic (PV) systems is significantly affected by the deposition of dust, dirt,
and other environmental particles on the panel surface, leading to power losses of up to 40% in harsh conditions.
Traditional cleaning methods such as manual wiping or water spraying are labor-intensive, consume excessive
resources, and are unsuitable for real-time operations in large-scale solar farms. This paper presents an Al-based
solar panel cleaning robot that integrates automation, artificial intelligence, and IoT technologies to ensure
sustainable and efficient panel maintenance. The system employs an ATmega328 microcontroller as the central
control unit, supported by an ESP32-CAM module for real-time monitoring and image capture of dust accumulation.
A motor driver and dual-motor mechanism provide autonomous mobility across the PV surface, while a relay-
controlled water pump ensures efficient cleaning when required. The integration of Al algorithms enables predictive
decision-making, allowing the robot to initiate cleaning only when dust levels exceed a threshold, thereby reducing
unnecessary water and power consumption. Communication is facilitated through an HC-05 Bluetooth module,
enabling remote monitoring and control. Experimental validation demonstrates that the proposed system effectively
enhances panel efficiency, reduces maintenance costs, and supports sustainable solar energy harvesting. The results
highlight the potential of Al-driven robotics in addressing one of the most critical real-time challenges of the
renewable energy sector.

Keywords—Solar PV, Cleaning Robot, Artificial Intelligence, 10T, ATmega328, ESP32-CAM, Renewable
Energy.

l. INTRODUCTION

In the present era, solar energy has become a vital solution to meet the increasing global demand for clean and
renewable energy. Solar photovoltaic (PV) technology is widely deployed due to its low operating cost, modular
design, and ability to generate electricity without greenhouse gas emissions. However, one of the most persistent
real-time challenges in solar energy production is the accumulation of dust, dirt, and other environmental pollutants
on the surface of PV panels. This problem directly reduces the efficiency of power generation, often leading to
energy losses of up to 40% in dusty and arid environments. In large-scale solar farms and rooftop installations, the
problem of dust deposition becomes more critical because cleaning is required at regular intervals to maintain energy
yield. Conventional cleaning methods such as manual washing or water spraying are labor-intensive, costly, and not
suitable for continuous operation. Moreover, water scarcity in many solar-rich regions makes such methods
unsustainable in the long run. Hence, there is a pressing need for real-time, automated, and intelligent solutions to
address this issue.

Robotics and Artificial Intelligence (Al) have emerged as powerful technologies to solve this real-time challenge.
Automated robots can operate continuously with minimal human intervention, while Al algorithms can analyze
environmental data, dust levels, and panel performance to decide the optimal cleaning schedule. Unlike traditional
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systems, Al-based solar panel cleaning robots are capable of predictive decision-making, adaptive movement, and
energy-efficient operation. These features make them highly reliable for large solar farms where real-time
performance monitoring and automated cleaning are essential to maintain system efficiency. Furthermore, with
advancements in 10T and smart energy systems, Al-driven robots can be integrated with real-time monitoring
platforms. This allows them not only to clean panels but also to communicate with solar management systems,
providing predictive maintenance, fault detection, and operational insights. Thus, Al-based solar panel cleaning
robots represent a sustainable and intelligent alternative that addresses one of the most pressing real-time challenges
in solar energy harvesting: maintaining consistent power output under varying environmental conditions.

Objective

The primary objective of this project is to design and develop an Al-Based Solar Panel Cleaning Robot that can
autonomously clean solar panels using intelligent decision-making and minimal resources. The specific objectives
are:

. To develop a robotic system capable of navigating over solar panels without human assistance.

. To integrate Al algorithms that can detect dirt levels and schedule cleaning accordingly.

. To implement obstacle avoidance and optimal path planning using sensor data and computer vision.
. To minimize water usage by employing dry or semi-dry-cleaning techniques.

. To monitor real-time solar panel health and cleanliness through data acquisition and processing.

. To enhance the overall efficiency, safety, and cost-effectiveness of solar panel maintenance.

Il. RESEARCH BACKGROUND

Solar photovoltaic (PV) systems have emerged as one of the most promising renewable energy sources due to their
ability to convert solar radiation into clean and sustainable electricity. However, one of the critical challenges
affecting their efficiency is the accumulation of dust, dirt, bird droppings, and other environmental pollutants on the
panel surfaces. Studies have shown that dust deposition can reduce PV efficiency by 20-40%, depending on the
climatic conditions and panel type [3]. In regions with high temperatures, low rainfall, and frequent dust storms,
such as the Middle East and South Asia, performance degradation is even more pronounced.

Traditional manual cleaning methods are labor-intensive, water-consuming, and costly, especially for large-scale
solar farms. To address these limitations, research has shifted toward automated and intelligent cleaning systems
that ensure effective maintenance while minimizing resource consumption. Early works focused on simple
mechanical and automated cleaning mechanisms. For instance, Manju et al. [5] designed an automatic solar panel
cleaning system that incorporated basic motorized wiping techniques. Similarly, Jaiganesh et al. [9] proposed a
simple rooftop cleaning mechanism to enhance PV efficiency. While effective to some extent, these systems lacked
adaptability and real-time decision-making capabilities.

The introduction of robotics has significantly advanced this domain. Kumar et al. [1] developed a solar-powered PV
cleaning robot, demonstrating the feasibility of integrating robotic mobility with energy self-sufficiency. More
recent works have focused on improving the automation and reliability of these systems. Khanh et al. [6] presented
an automated and self-powered robot capable of operating independently, while Amin et al. [10] designed a dry-
cleaning robot optimized for large PV installations.

With the rise of Artificial Intelligence (Al), cleaning robots are being enhanced with predictive and adaptive
capabilities. Al algorithms allow robots to analyze environmental data, dust accumulation patterns, and energy yield
losses to optimize cleaning schedules. Khalis et al. [2] explored Al-enhanced solar panel cleaning robots with data
augmentation and predictive algorithms to maximize efficiency, highlighting the potential of machine learning in
autonomous cleaning operations. Similarly, Ashtaputre and Bhoi [4] investigated Al-based designs that improve
decision-making and system adaptability.

Alternative non-mechanical solutions have also been studied. Syafiq et al. [8] reviewed transparent self-cleaning
coatings that prevent dust adhesion on PV panels, while Balamurugan et al. [7] integrated loT-based systems for
dust monitoring and automatic cleaning activation. Although coatings reduce manual effort, their long-term
durability and cost-effectiveness remain under investigation. Overall, existing research highlights the critical role of
robotics, automation, and Al in ensuring sustainable PV performance. While earlier approaches emphasized
mechanical design, recent advancements focus on integrating Al-driven predictive control, 10T connectivity, and
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energy-efficient robotic systems. This transition reflects the increasing demand for intelligent, cost-effective, and
scalable cleaning solutions that can maintain PV efficiency under varying environmental conditions.

I11.  PROPOSED METHOD

The proposed Al-based solar panel cleaning robot system comprises various interconnected hardware modules
designed for autonomous cleaning and control. The system is powered by a battery, which supplies DC power to the
circuit. This power is stabilized using a bridge rectifier, capacitor, and voltage regulator to provide a consistent
voltage supply for the controller and other components. At the core of the system is the ATmega328 microcontroller,
which serves as the main control unit. It interfaces with several modules to coordinate operations. The ESP32-CAM
module is connected to the microcontroller to provide visual feedback or image capturing for monitoring soiling
levels. To enable wireless communication, an HC-05 Bluetooth module is integrated, allowing for manual or app-
based control and monitoring. The system is also equipped with an oscillator unit for clock generation and a reset
circuit to initialize the controller during startup or faults. Based on cleaning decisions, the controller activates a relay
module, which controls the water pump for cleaning operations. Simultaneously, the motor driver module receives
signals to operate Motor-1 and Motor-2, enabling robotic movement over the solar panels for cleaning. This
coordinated hardware setup ensures that the robot can autonomously clean the solar panel surface, receive remote
instructions, and operate efficiently with minimal human intervention.
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Fig.1: Block diagram

The working of the Al-based solar panel cleaning robot begins with powering the system using a battery supply
regulated through a rectifier and capacitor for stable DC output. Once powered on, the ATmega328 microcontroller
and ESP32-CAM module are initialized to control operations and enable real-time monitoring. The system then
checks for a Bluetooth (HC-05) connection, which is essential for communication between the robot and the user’s
mobile device. If the connection is not established, the robot waits until a stable link is achieved. Once connected,
the microcontroller receives commands from the user to control different functions. Based on the input, the relay

JETIR2510028 | Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org | a234


http://www.jetir.org/

© 2025 JETIR October, Volume 12, Issue 10 www.jetir.org (ISSN-2349-5162)

module switches the water pump on or off, while the motor driver regulates Motor-1 and Motor-2, which provide
movement to the robot across the solar panel surface. Simultaneously, the ESP32-CAM module captures images
and monitors the cleaning process to ensure efficiency. The system continues executing these operations in real time
until the power is turned off, after which the process ends.
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Fig.2: Flowchart
IV.  RESULT & DISCUSSION

The proposed Al-based solar panel cleaning robot system comprises various interconnected hardware modules
designed for autonomous cleaning and control. The system is powered by a battery, which supplies DC power to the
circuit. This power is stabilized using a bridge rectifier, capacitor, and voltage regulator to provide a consistent
voltage supply for the controller and other components. At the core of the system is the ATmega328 microcontroller,
which serves as the main control unit. It interfaces with several modules to coordinate operations. The ESP32-CAM
module is connected to the microcontroller to provide visual feedback or image capturing for monitoring soiling
levels. To enable wireless communication, an HC-05 Bluetooth module is integrated, allowing for manual or app-
based control and monitoring. The system is also equipped with an oscillator unit for clock generation and a reset
circuit to initialize the controller during startup or faults. Based on cleaning decisions, the controller activates a relay
module, which controls the water pump for cleaning operations. Simultaneously, the motor driver module receives
signals to operate Motor-1 and Motor-2, enabling robotic movement over the solar panels for cleaning. This
coordinated hardware setup ensures that the robot can autonomously clean the solar panel surface, receive remote
instructions, and operate efficiently with minimal human intervention.
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V. CONCLUSION

The demand for clean, cost-effective, and intelligent solar maintenance solutions is higher than ever. As solar energy
adoption accelerates globally, so do the challenges of maintaining system efficiency over time. An Al-Based Solar
Panel Cleaning Robot provides a powerful and future-ready solution to overcome real-time challenges like labor
shortages, high water usage, inefficient maintenance schedules, and safety concerns. By enabling smarter cleaning
decisions, real-time adaptability, and autonomous operation, such robots play a crucial role in enhancing the
sustainability and economic viability of solar power systems. This project aims to address these pain points by
designing and developing a robotic cleaning system that integrates Al technologies for improved efficiency, reduced
resource consumption, and scalable deployment across diverse solar environments.
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