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Abstract: Solar panel efficiency is often reduced by dust and debris accumulation, making regular cleaning essential but
challenging. This research presents an automated solar panel cleaning robot controlled via Wi-Fi using a NodeMCU
microcontroller. Equipped with DC motors for movement and sweeping, and a water pump system, the robot ensures thorough
cleaning. Testing showed a 15-20% increase in solar panel energy output post-cleaning. The system demonstrated reliable
operation and responsive remote control via a web interface. This solution is suitable for various applications, including
residential rooftops, commercial solar farms, and remote off-grid systems, enhancing solar maintenance efficiency, and
reducing costs.
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L. INTRODUCTION

Solar energy has emerged as one of the most promising renewable energy sources in the quest for sustainable and environmentally
friendly power generation. Solar panels, which convert sunlight into electricity, are pivotal to harnessing this energy. However, their
efficiency can be significantly reduced by the accumulation of dust, dirt, bird droppings, and other pollutants on their surfaces. This
issue is particularly pronounced in arid and semi-arid regions with high dust levels or areas experiencing frequent adverse weather
conditions such as heavy rainfall or storms, which often leave residues. Maintaining the cleanliness of solar panels is, therefore,
crucial to ensuring their optimal performance and longevity, as even a thin layer of dust can reduce energy output by up to 25%.
Manual cleaning of solar panels, while effective, presents several challenges, including labor-intensive efforts, high water
consumption, and the risk to personnel working on elevated installations or in large solar farms. In addition to safety concerns,
manual methods can be time-consuming and impractical, particularly for remote locations or extensive solar farms that span
hundreds of acres. Furthermore, the frequent use of cleaning agents can have an environmental impact, making it imperative to
explore sustainable and automated alternatives to manual cleaning. To address these limitations, automated solar panel cleaning
systems have gained traction in recent years. Such systems not only reduce the dependency on manual labor but also offer consistent
and efficient cleaning without interrupting power generation. This research focuses on the development of a solar panel cleaning
robot controlled via Wi-Fi using a NodeMCU microcontroller. The proposed robot is equipped with multiple DC motors for precise
movement and cleaning actions, as well as a water pump system to facilitate thorough washing of solar panels. The integration of a
Wi-Fi-based control system enables remote operation, making it convenient for users to control and monitor the cleaning process
from a distance. The robot's design incorporates features to optimize resource consumption, such as reducing the use of water and
energy while maintaining high cleaning efficiency. Its modular design allows for scalability and customization, making it suitable
for a wide range of applications, from residential rooftops to large commercial solar farms. By automating the cleaning process, the
robot ensures that the panels remain free of dirt and debris, significantly enhancing energy output and system reliability.

The proposed work explores the architecture, components, and operation of the solar panel cleaning robot and highlights its
potential advantages over traditional cleaning methods. Furthermore, the design ensures cost-effectiveness, safety, and
environmental sustainability, making it an ideal solution for maintaining solar panel efficiency. By addressing a critical challenge
faced by solar energy systems, this project contributes to the broader goal of enhancing renewable energy technology and supporting
the global transition toward clean energy. Ultimately, the proposed solution promotes the longevity and reliability of solar panel
installations, encouraging their adoption across various sectors, including residential, commercial, and industrial applications. This
innovation aligns with global efforts to combat climate change and achieve energy security by leveraging renewable energy sources.

1. LITERATURE SUREVY
Solar panels are an essential component of renewable energy systems, providing clean and sustainable energy. However, their
efficiency was significantly impacted by dust and dirt accumulation on the surface. Sambhaji S. Shankar et al. introduced a solar
panel cleaning system, focusing on the effects of dust accumulation and the performance of solar PV panels. The study found that
dust accumulation could reduce the power output of solar panels by up to 50%.
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An automated cleaning system using a sensor and sliding brushes was proposed to improve the efficiency of solar power generation
[1] Author S. Santosh Kumar proposed a solar panel cleaning robot that periodically cleaned the PV panel autonomously. The robot
used air blowing and water spraying to clean the panel surface [2]. Author Abdulaziz Alshalian described the design and
development of a solar panel cleaning system. The main objective was to clean the solar panels using an automated system to
enhance their efficiency. The system included a robotic platform, cleaning mechanism, and control system [3]. A comprehensive
review of the literature on robotic solar panel cleaning was also conducted, highlighting the importance of cleaning solar panels to
maintain efficiency and the various types of cleaning robots available. Sani et al. discussed the importance of cleaning solar panels
to maintain efficiency and the various types of cleaning robots available, including autonomous, semi-autonomous, and manual
robots [4]. The authors also highlighted the challenges and future research directions in the field of robotic solar panel cleaning.

The authors presented an improved design method for solar panel cleaning robots to solve issues like charging problems, wind
overturning, and transportation difficulties. They described the design ideas and structural principles of different schemes, including
the use of big data and artificial intelligence. The authors established a 3D model of the cleaning robot and analyzed the role of
advanced technologies in the development of intelligent cleaning robots for solar panels [5]. The paper by Halbhavi, Kulkarni
presented a microcontroller-based automatic cleaning system for solar panels. It addressed efficiency loss caused by dust
accumulation and proposed an automated cleaning mechanism utilizing a microcontroller for precise control. The system reduced
manual intervention, improved energy output, and ensured reliable, cost-effective solar panel maintenance. The authors proposed
improved design methods for solar panel cleaning robots to solve issues like charging problems, wind overturning, and
transportation difficulties. These designs aimed to enhance cleaning efficiency, reduce labor intensity, and better meet the
requirements of photovoltaic power stations [7]. The authors designed the system to remove dust from photovoltaic modules to
improve power generation efficiency. The cleaning mechanism consisted of a sensor and sliding brushes controlled by the
microcontroller [8].

Solar panel cleaning robots leverage ultrasonic sensors, gear motors, and rotary brushes to enhance cleaning efficiency and ensure
mobility on varied terrains, reducing risks in manual maintenance. These systems operate autonomously, integrating
microcontrollers for precise control in challenging environments [9]. The reviewed system for solar panel cleaning uses an Arduino-
controlled portable robotic device designed for efficient dirt removal, enhancing photovoltaic efficiency. It features a dual-motor
symmetrical design for stability, automated panel boundary detection using infrared sensors, and supports adaptability to varying
panel sizes [10].

Solar panel cleaning robots are an essential component of solar power generation systems, as they improve the efficiency of the
panels by removing dust and dirt. The literature review highlighted the various design and implementation approaches used in these
robots, as well as their performance and effectiveness in improving the power output of solar panels.

1. METHODOLOGY
The design and implementation of the solar panel cleaning robot involved several critical stages, each employing specific technical
components and methodologies. The primary control unit utilized for this project was the NodeMCU microcontroller, based on the
ESP8266/ESP32 platform, chosen for its robust Wi-Fi capabilities and ease of integration with various hardware components. The
NodeMCU facilitated remote control and monitoring via a web-based interface, allowing users to issue commands for movement,
sweeping, and water spraying. The software was developed using the Arduino IDE, leveraging libraries such as "ESP8266WiFi" and
"ESP8266WebServer™ to manage network connectivity and HTTP server functionalities.

Display
Mapping Process Arduino Control Cleaning Process
Unit Unit Unit

|

Solar Panel

Fig.2.Block Diagram
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The block diagram represents the functional structure of a solar panel cleaning robot system. At its core is the Arduino Control Unit,
which manages all operations, receiving inputs from the Mapping Process Unit that uses sensors (like LIDAR or ultrasonic) to map
the solar panel layout and guide navigation. The Cleaning Process Unit executes the cleaning actions, such as brushing and spraying
water, as directed by the Arduino. A Display provides real-time feedback on system status, cleaning progress, and errors, ensuring
user monitoring and control. Together, these units ensure efficient cleaning of the Solar Panel, maximizing energy output.
Algorithm:
1. Initialize the NodeMCU with the following pins:
- MAl1, MA2, MB1, MB2 for motor control
- RL1, RL2, RIN for roller control
Connect to the Wi-Fi network using the SSID "OnePlus" and password "aryadoshi1l0"
Start the web server on port 80
Set all the motor and roller pins to LOW (stop state)
Wait for a client connection
When a client connects:
- Read the HTTP request from the client
- Trim the request string
- Perform actions based on the request:
- If request is "GET /B HTTP/1.1":
- Set MA1 and MA2 to LOW and HIGH respectively
- Set MB1 and MB2 to LOW and HIGH respectively
- Print "Back™ and wait for 5 seconds
- Set all motor pins to LOW (stop state)
- If request is "GET /F HTTP/1.1™:
- Set MA2 and MB1 to LOW
- Set MA1 and MB2 to HIGH
- Print "Front" and wait for 5 seconds
- Set all motor pins to LOW (stop state)
- If request is "GET /L HTTP/1.1™:
- Set MAL1 to HIGH, MA2 to LOW
- Set MB1 and MB2 to LOW
- Print "Left" and wait for 1 second
- Set all motor pins to LOW (stop state)
- If request is "GET /R HTTP/1.1™:
- Set MB1 to HIGH, MB2 to LOW
- Set MA1 and MA2 to LOW
- Print "Right" and wait for 0.9 seconds
- Set all motor pins to LOW (stop state)
- If request is "GET /S HTTP/1.1™:
- Set all motor pins to LOW (stop state)
- Set RL1 and RL2 to LOW
- Print "Stop™ and wait for 1 second
- If request is "GET /RO HTTP/1.1":
- Set RL1 to HIGH, RL2 to LOW
- Set RIN to HIGH
- Print "ROLLER STARTED"
- If request is "GET /RF HTTP/1.1™:
- Set RL1, RL2, and RIN to LOW
- Print "ROLLER STOPPED"
7. Repeat step 6 for the next client connection

ok wd
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The mechanical design incorporated a chassis constructed from lightweight yet durable materials, supporting four wheels driven by
two DC motors for navigation. The motors were controlled through an L298N motor driver module, which provided the necessary
current and voltage regulation for precise movement control. An additional DC motor was employed to operate the sweeper
mechanism, designed to effectively remove dust and debris from the solar panel surface. The water pump system, comprising a
small DC water pump and an appropriately sized water tank, was integrated to deliver a targeted water spray, enhancing the
cleaning process. A MOSFET was used to control the pump, managed via a GPIO pin on the NodeMCU.

Fig.3. CAD model of Solar panel cleaning robot

System integration involved extensive testing and calibration to ensure seamless operation of all components. The motor control
algorithms were fine-tuned to provide accurate directional movement, incorporating feedback mechanisms to maintain stability and
responsiveness. The web interface was designed to be intuitive, offering control buttons for forward, backward, left, and right
movements, as well as for activating the sweeper and water pump. Performance evaluation was conducted under various
environmental conditions to assess the robot’s cleaning efficiency and operational reliability. Data collected from these tests
informed iterative improvements, optimizing both the hardware and software aspects of the robot to ensure robust and effective
solar panel maintenance.

V. RESULTS AND DISCUSSIONS
The performance of the solar panel cleaning robot was evaluated through a series of controlled tests, focusing on cleaning
effectiveness, operational stability, and remote-control responsiveness. The results demonstrated a significant improvement in solar
panel efficiency post-cleaning, with an average increase of 15-20% in energy output. The sweeper mechanism, driven by a
dedicated DC motor, effectively removed dust and debris, while the water pump system provided an adequate water spray to wash
away finer particles. These outcomes highlight the robot's capability to maintain optimal solar panel performance, ensuring
maximum energy production.

Fig.4 (A)
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Fig.4 (B) Working Prototype of Solar Pannel cleaning robot

The solar panel cleaning robot in the above figures shows a compact and efficient device designed for automated maintenance of
solar panels. It is equipped with a motorized chassis that allows precise movement in all directions—forward, backward, left, and
right ensuring complete coverage of the panel surface. The robot features a spray system mounted on the front axis, which dispenses
water as needed for cleaning, controlled through a programmable interface. The rotating front axis enables continuous and uniform
cleaning across the panel's surface by distributing water evenly and scrubbing effectively. This design ensures thorough cleaning
while minimizing manual intervention, enhancing solar panel efficiency and reliability.
Operational stability was another key area of assessment the solar robot . The robot navigated various panel surfaces, including flat
and slightly inclined setups, without any stability issues. The L2930N motor driver module, coupled with the NodeMCU
microcontroller, ensured precise control of the DC motors, resulting in smooth and accurate movements. The chassis design, which
balanced weight distribution and provided sufficient traction, contributed to the robot's reliable operation. Over extended periods,
the robot maintained consistent performance, demonstrating the robustness of the mechanical and electronic components used in its
construction.
Remote control responsiveness was validated through extensive user testing. The NodeMCU's integrated Wi-Fi module enabled
efficient remote operation via a web-based interface. Commands for movement and the activation of the sweeper and water pump
were executed with minimal latency, ensuring real-time control. Users found the interface intuitive and reliable under various
network conditions. While the overall performance was satisfactory, some areas for improvement were identified, such as
optimizing water consumption and enhancing the sweeper mechanism to handle more stubborn contaminants. Future enhancements
could include automated scheduling, solar-powered recharging, and integration of 10T technologies for real-time performance
monitoring. These improvements would further solidify the robot's practicality and effectiveness in both residential and commercial
solar installations.

V. APPLICATIONS
A. Residential Solar Installations
Homeowners with rooftop solar panels can utilize the robot to maintain their solar systems, ensuring optimal performance without
the inconvenience and safety risks associated with manual cleaning. Regular cleaning can significantly improve energy output,
making solar investments more efficient and cost-effective.

B. Commercial and Industrial Solar Farms

Large-scale solar farms can deploy multiple cleaning robots to maintain extensive arrays of solar panels. Automated cleaning
reduces the need for labor-intensive maintenance and ensures that the panels consistently operate at peak efficiency. This is
particularly beneficial for utility companies and large-scale solar power producers who need to maximize energy production and
minimize operational costs.

C. Remote and Off-Grid Solar Systems

In remote locations where access for manual cleaning is impractical or costly, the robot provides a reliable solution. This is crucial
for off-grid solar systems used in remote homes, telecommunications equipment, and other critical infrastructure where consistent
power generation is essential.
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D. Agricultural Solar Installations

Solar panels used in agricultural settings, such as those powering irrigation systems or greenhouses, can benefit from the robot. Dust
and debris are common in agricultural environments, and regular cleaning helps maintain the efficiency and reliability of solar-
powered systems essential for modern farming operations.

E. Solar-Powered Street Lights and Traffic Signals
Ensuring that solar panels on street lights and traffic signals remain clean can enhance their reliability and performance, especially
in urban areas with high levels of dust and pollution. This helps municipalities maintain public safety and reduce energy costs
through efficient solar-powered lighting systems. By integrating this cleaning robot into various applications, solar panel
installations can achieve higher efficiency, reduced maintenance costs, and prolonged operational life, contributing to the broader
adoption and effectiveness of solar energy solutions.

VI. CONCLUSION
The development and implementation of a solar panel cleaning robot, controlled via Wi-Fi using a NodeMCU microcontroller,
represent a significant advancement in the maintenance and efficiency optimization of solar energy systems. This project
successfully demonstrated the feasibility of automating the cleaning process, thereby addressing the challenges associated with
manual maintenance, such as labor intensity, safety risks, and inconsistent cleaning schedules. The robot's design, incorporating
multiple DC motors for movement and sweeping, and a water pump system for effective cleaning, has proven to be both effective
and reliable.
Through extensive testing, the robot showed a marked improvement in solar panel efficiency, with a notable increase in energy
output post-cleaning. The stable operation across various surfaces and responsive remote control via a web-based interface further
validated the robustness and practicality of the design. These results highlight the potential for widespread application, from
residential rooftops to large commercial solar farms, and even remote off-grid installations. The ability to maintain solar panel
cleanliness autonomously ensures sustained performance and maximizes the return on investment for solar energy systems.
Looking ahead, there are opportunities to enhance the robot’s capabilities, such as optimizing water usage, improving the sweeper
mechanism for tougher contaminants, and incorporating features like automated scheduling and solar-powered recharging.
Additionally, integrating loT technologies for real-time monitoring and performance analytics could further elevate the robot's
functionality and efficiency. Overall, this project contributes significantly to the renewable energy sector by providing a practical,
scalable, and efficient solution for maintaining solar panel performance, thereby supporting the global shift towards sustainable
energy sources.
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