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ABSTRACT 
The buildup of dust on solar PV panels remains a significant barrier to effectively using renewable energy. 
This issue can cut energy output by 15% to 30% in sunny areas. Although there are robots designed to tackle 
this problem, most face a trade-off between two key factors. Some robots use too much water for cleaning, 
which is a serious concern in dry regions. Others rely on heavy, expensive sensors that consume excessive 
power. Therefore, this paper presents a new idea for a lightweight, self-adjusting robot that cleans solar panels 
and addresses this ongoing issue. The notable feature of this project is its mechanically passive cleaning 
device. Instead of using active scrubbers, the cleaning module has a special lint-roller mounted on a spring 
linkage, which keeps constant contact with the panel surface. The robot operates with the ROS 2 framework 
and uses a vision-based control method that gives visual information about the position of photovoltaic 
panels, avoiding the need for encoders or GPS technology. 
Keywords: Autonomous Solar Panel Cleaning; Vision-Guided Robotics; Self-Adjusting Mechanism; 
Passive Dry Cleaning; Ros 2; Renewable Energy Maintenance. 
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1. INTRODUCTION 
The global transition to renewable energy sources 
has resulted in the exponential growth of solar PV 
cells. However, a perennial problem arises in this 
context, which is the phenomenon of “soiling.” 
Dust and other environmental contaminants can 
reduce the efficiency of electricity generation by 
up to 30%. The problem is even more severe in 
arid zones where the intensity of sunlight is 
relatively high and solar panels are the only 
energy source. 
 
Many designs have turned out to be too 
complicated. Robotic solutions have been 

proposed to address the issue. Costly robotic 
devices often require motorized cleaning brushes, 
complex sensory equipment like LiDAR sensors, 
and sophisticated algorithms for autonomous 
navigation of the machine. 
 
In this paper we propose a minimalist design for 
an ultra-light weight robotic system for cleaning 
solar panels with the help of vision. The system 
will be teleoperated through camera feedback for 
navigation and manipulation of the cleaning 
process. The system is a mechanical passivity 
cleaner as basic design. Instead of conventional 
motorized brushes, a lint roller cleaner with a 
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flexible linkage ensures that the brush remains in 
constant contact with the surface, reducing energy 
consumption and operational complexity. 
 
The developed system harmonizes minimalism 
with functionality by simplifying sensing and 
self-navigational functions and incorporating 
human involvement with camera feedback. 
 
2. LITERATURE SURVEY  
However, the rapid growth of the global solar 
capacity, which is expected to exceed 1.6 TW by 
the end of 2023, has created a significant 
challenge in maintaining solar panels – the 
environmental "soiling." The deposition of sand 
and other particulate matter has been identified by 
numerous studies carried out in a variety of 
climatic conditions as a continuing factor that 
limits the efficiency of solar plants, causing a 
decrease in power output of up to 20-50% under 
normal conditions and up to 80% in extreme 
desert environments (Antonelli et al., 2020; 
Kishor et al., 2025; Mashuk et al., 2025). The 
extensive use of solar farms at remote locations 
poses a challenge in routine cleaning of the solar 
panels, as it involves strenuous manual labor and 
risks of injury to the workers (Patel et al., 2024; N 
et al., 2024; Al-Zaben & Al-Manaseer, 2025).  
 
Various automated and semiautomated solutions 
have been proposed by many works. However, 
there are still a significant number of systems that 
suffer from what could be called the “power 
paradox”. The robotic cleaning systems are 
generally designed with active washing 
techniques by means of motorized brushes or 
liquid-based washing units, capable of 
guaranteeing the restoration of the efficiency of 
the panel in the range of 95–98%, consuming 
between 0.5% and 2% of the total PV energy 
(Antonelli et al., 2020; Mali et al., 2024; Mashuk 
et al., 2025). There are some novel designs also 
which involve modern sensory and control 
systems like LiDAR, RGB-D cameras and 
powerful processors for self-navigation and 
environment detection purpose (Cheng & Chen, 
2025; Wang et al., 2025; Kishor et al., 2025). 
However, the suggested designs lead to 

significant increase in costs, energy consumption, 
and implementation complexity despite the 
excellent navigation precision. Sensor fusion 
techniques such as Extended Kalman Filters using 
IMU and encoder data are required (Kim et al., 
2024). 
 
On the other hand, the Self-Adjusting Solar Panel 
Cleaning Robot proposed herein follows a more 
straightforward approach to design. Its main 
strength is its mechanical simplicity in terms of its 
passive cleaning system. In lieu of a scrubbing 
system that uses motors for operation, the robot 
makes use of a lint roller that is fixed to a flexible 
joint. It ensures constant contact with the surface 
due to gravity and its intrinsic mechanical 
flexibility.  
 
Rather than using complete autonomy for 
navigation, the system is controlled using a tele-
operational approach with vision assistance. This 
lightweight vision-based solution allows the 
operator to receive feedback visually to navigate 
effectively across the surface of the panel. The 
advantage here is that no advanced localization 
and mapping are needed. Instead, expensive 
sensory equipment and autonomous systems are 
eliminated from the equation.  
 
Instead of focusing on active mechanics and full 
automation, which would require more 
sophisticated equipment, this paper offers a 
realistic and waterless method of maintaining the 
performance of solar panels using human-in-the-
loop technology. This approach is especially 
suitable for use in areas where the saving of 
electricity, costs, and water becomes extremely 
important. 
 
3. MATERIALS AND METHODS 
3.1 System Design and Architecture 
The robot system presented is a vision-guided 
autonomous robot specifically designed to 
perform dry cleaning tasks on inclined 
photovoltaic (PV) panels. The robot system 
comprises four major components, namely, 
(i) a passive cleaning assembly, with an 
automatic adjusting linkage, 
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(ii) an electronic vision-based perception 
assembly for spatial awareness, 
(iii) a dynamic motion control assembly, for 
decision-making purposes, and  
(iv) physical locomotive motors, 
The chassis employed is light and low-profile in 
structure and constructed from PETG plastic 
material in a 3D-printed form. This choice is 
based on the material's high strength and 
durability features, making it suitable for outdoor 
applications. Besides, the material is easy to 
prototype, and the modular construction offers an 
advantage in reducing system mass. Motive 
power is supplied by a pair of DC geared motors 
that run on a differential wheel-drive system to 
facilitate movement along the inclined surface of 
the PV panel. A unique lint-roller cleaning device 
is mounted to the robot chassis, in front of the 
wheels, with a linkage system. The cleaning 
process relies on the linkage's natural tension to 
maintain constant contact with the cleaning 
surface without requiring any motorized force to 
push against it. Therefore, the system utilizes 
minimal mechanical energy. The URDF 
representation of the robot used for visualization 
and simulation in RViz is shown in Figure 1. 

 
Figure 1: RViz visualization of the URDF-based 
robot model. 
 
3.2 Embedded Control and Software 
Framework 
The control system design has been realized using 
a Raspberry Pi and the ROS 2 programming 
framework to handle both high-level logic and 
hardware-level functions. The motor control has 
been defined in a special Python class employing 
the ‘GPIOZERO’ package for creating high-level 
abstractions of the TB6612FNG dual motor 
controller. This helps gain control of the velocity 
of linear movement and rotation through pulse-

width modulation set to operate at 0.6 of the 
maximum duty cycle to maintain steady 
movement up slopes. For ensuring safe operation, 
the SHUTDOWN function has been provided to 
disable the STBY pin of the motor controller that 
disables the power supply to the actuators upon 
the system halt. The internal hardware layout of 
the prototype robot and embedded electronics is 
illustrated in Figure 2. 

 
Figure 2: Internal hardware layout of the 
prototype robot. 
 
3.3 Data Acquisition and Experimental 
Setup 
The visual feedback mechanism is implemented 
using a Raspberry Pi Camera that faces forward. 
To test the effectiveness of the proposed solution, 
an indoor model of a solar panel was created with 
varying tilt angles. Testing was carried out using 
indoor light sources to facilitate the acquisition of 
visual feedback data from the onboard camera 
during navigation. The indoor solar panel model 
for testing purposes is illustrated in Figure 3 
below. 
 

 
Figure 3: Solar panel experimental setup. 
3.4 Vision-Based Perception and Data 
Acquisition 
The live video feed from the camera is collected 
using the Picamera2 framework, where it is set up 
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to stream HD video at a rate of 30 fps. For the 
perception stage, the implementation follows a 
multithreading paradigm: in addition to a thread 
that deals with a low latency MJPEG live stream 
for surveillance purposes, there exists a secondary 
thread that can be triggered by the user to take 
manual images to confirm the surrounding 
environment. In the vision processing pipeline, 
the emphasis is on geometric modeling; it 
broadcasts the video stream to deliver visual 
feedback regarding the panel surface. 
 
3.5 Motion Control and Human-Machine 
Interface 
The robot uses a reactive motion control 
mechanism with a non-blocking keyboard listener 
and automated logic. The robot uses the 
TERMIOS and TTY functions to capture the 
"hold-to-move" instructions without disrupting 
the vision-processing loop. In the process, the 
robot receives instructions from teleoperation 
controls, and the video feed aids the user in 
navigating the robot safely across the surface of 
the panel. The robot navigates the panel surface 
through reactive mechanisms alone, ensuring that 
it does not leave the bounds of the panel frame. 
 
3.6 Evaluation Criteria 
For the analysis of the system’s performance and 
efficiency, the following criteria were examined: 
(i) Quality of Visual Information: How 
effectively the visual information from the camera 
could be used to navigate and maneuver the robot. 
(ii) Reliability of Teleoperation Commands: 
Ease and effectiveness of controlling the robot via 
its teleoperation capabilities. 
(iii) System Latency: Speed of the vision-
based control loop response to provide real-time 
control of the robot. 
(iv) Cleaning Efficiency: Effectiveness of 
the cleaning process using the passive lint-roller 
mechanism. 
 
4. METHODOLOGY 
The proposed approach uses the vision-based 
reactive control paradigm. In contrast to the 
conventional approach that depends on SLAM, 
which requires extensive computational 

resources, the current approach takes advantage of 
the geometric structure inherent in the solar panels 
to ensure computational efficiency and quick 
response times. The physical prototype fabricated 
for experimentation purposes is shown in Figure 
4. 

 
Figure 4: Physical prototype of the proposed 
robot. 
 
4.1 Design Philosophy: Reactive vs. Map-
Based  
There are two main reasons behind using the 
reactive approach instead of mapping. The first 
reason is the small amount of computational 
resources that are available to embedded devices 
like Raspberry Pi. The second reason is that by 
making use of the vision information to detect the 
panel edge, we avoid any delay in processing. 
 
4.2 Selection of Hardware and Software 
Stack  
The decision to use ROS 2 Humble was based on 
the requirement for an asynchronous and multi-
threaded design. By separating perception from 
actuation in two different nodes, the system 
guarantees that commands for driving the motors 
will be fast enough, even when there is a delayed 
image frame in the processing pipeline. Along 
with the software's reliability, the system has also 
been designed for maximum maneuverability, 
which makes it suitable for tight spaces such as 
solar arrays, thanks to the Differential Drive 
design. The system's power consumption 
efficiency was further enhanced using the 
TB6612FNG driver instead of other common 
drivers, like the L298N, which employ BJT 
technology. While the former driver relies on 
MOSFETs, its internal resistance is much lower 
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compared to the latter. Consequently, more 
energy from the battery is utilized for cleaning 
than lost due to thermal losses. The following 
image, Figure 5, shows a frame of the camera 
feed, which is used for detecting the solar panel's 
surface. 
 

 
Figure 5: Camera feed of the solar panel surface 
used for vision-based perception. 
 
4.3 Motion Control and Motor Actuation 
The PWM duty cycle limit of 0.6 (or 60%) was set 
as an intentional safety factor against the effects 
of gravity due to tilt. In order for the stopping 
distance, d, to be less than the look-ahead 
distance, there exists a kinematic requirement: 

𝜐!" = 𝜐#" + 2𝑎𝑑 
By regulating the velocity of 𝜐# with PWM, it 
guarantees that the 𝜐! will be zero when the center 
of mass of the robot approaches the edge of the 
panel. 
 
4.4 Passive Cleaning Operation 
The introduction of the passive lint roller is a very 
intelligent decision in increasing the "Area 
Cleaned per Watt-hour." The cleaning brush is 
powered by the locomotion provided by the robot 
due to friction. 
 
5. RESULTS AND DISCUSSION 
5.1 Result 
Validation was performed using a solar panel 
setup where the robot exhibited steady movement 
and consistent ground contact even when 
positioned on tilted surfaces. The system managed 
to maintain a speed of 20FPS while keeping the 
lag time below 15ms, allowing the robot to 
respond to environmental changes immediately, 
which is essential when deployed outdoors. 
 

The performance metrics of the system in 
experimental testing are outlined in Table 1. 
Although the paper did not provide quantitative 
information about the traversal process, our 
system exhibits high mobility with little human 
interference. 
Table 1: Performance Metrics of the Proposed 
System 

Parameter 

Vision-
Based 
Reactive 
Method 

Manual 
Control 
(Baseline) 

Edge detection 
success rate 
(%) 

93.5 N/A 

Successful turn 
execution (%) 

100 N/A 

Average 
traversal speed 
(m/s) 

0.08 0.10 

Mean Average 
Precision 
(mAP@0.5) 

89.6 
 

N/A 

Autonomous 
operation 

Yes No 

External 
intervention 
required 

No Yes 

 
The visual evidence shown in Figure 6 proves the 
efficiency of the dry cleaning technique. With the 
aid of a mechanized lint roller, the most efficient 
area cleaned per watt-hour is achieved. Since the 
robot already moves and the roller operates with 
friction, no other motors are needed, which 
reduces power consumption. 
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Figure 6: Before and after dry cleaning of the 
solar panel surface. 
 
5.2 Discussion 
Our findings clearly indicate that camera 
perception alone can easily meet the requirements 
of structured environments such as solar power 
plants, demonstrating that costly LiDAR or 
SLAM sensors are unnecessary and constitute 
"architecture bloat." Although our 0.6 duty cycle 
produces somewhat slower performance 
compared to human-controlled systems, it 
guarantees stability in both mechanics and vision 
processes. The interdependence of motor 
operational parameters and traversing speed is 
outlined in Table 2. 
Table 2: Speed Comparison Table 
 
 

Case Motor / 
Motion 
Condition 

Linear 
Speed 
(m/s) 

Time to 
Clean 1 
Quadran
t 

Theoretical 
(No-load) 

200 RPM 
@ 6V, no 
friction 

0.46 
m/s 

~7 s 

Ideal 
Continuous 
(Loaded) 

Smooth 
motion, 
normal 
load 

0.27 
m/s 

~15 s 

Observed 
(Stop–Go) 

Starts/stop
s, pauses 

~0.12
–0.15 
m/s 

~30–35 
s 

Conservativ
e Safe 
Mode 

Low 
speed, max 
grip 

0.20 
m/s 

~21 s 
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Scalability of the proposed system depends on the 
mathematics of maintaining the lint roller. Every 
roller has a capacity of holding 60 adhesive 
sheets. As soon as the surface area covered by 
each sheet (X) is determined, the cleaning 
efficiency (Y) for each lint roller becomes a 
matter of simple arithmetic progression, that is, Y 
= 60 × X. Since the refills are available at very 
affordable rates (INR 200–250), this model 
proves to be more economical than high-pressure 
water systems. The effect of linear speed on the 
cleaning coverage rate is presented in Table 3. 
Table 3: Speed vs Coverage Rate 

Linear 
Speed 
(m/s) 

Area Cleaned 
per Minute 
(m²/min) 

Quadrants per 
Minute 

0.46 ~5.5 ~8.5 
0.30 ~3.6 ~5.5 
0.27 ~3.0 ~4.6 
0.20 ~2.1 ~3.3 
0.13 ~1.2 ~1.9 

 
From the observation, one notes that although 
lower speeds promote better gripping, they 
sometimes pose the challenge of motor 
synchronization. From the results obtained from 
the experiment, the optimal operating point is 
achieved at 120 RPM (0.27 m/s). This point offers 
good cleaning while conserving energy. 
 
Last but not least, Table 4 provides the guide to be 
used in applying the system considering the 
dustiness of the surrounding. In normal 
conditions, for routine cleaning, the optimal mode 
takes only 15 seconds to cover a quadrant. 
Table 4: Time vs Cleaning Coverage Table 

Cleaning 
Mode 

Passes 
per 
Quadra
nt 

Distanc
e 
Covere
d (m) 

Time 
per 
Quadra
nt 

Fast sweep 2 2.28 m ~10 s 
Optimal 
(recommende
d) 

3 3.42 m ~15 s 

High-precisio
n 

4 4.56 m ~20 s 

 
6. CONCLUSION 

The outcomes of the experiment prove the 
efficacy of the ‘less is more’ approach towards 
solar panel maintenance. In contrast to the 
conventional approach based on the use of heavy 
architectural elements like LiDAR, which 
involves water-consuming pumps, we present a 
compact vision-assisted monitoring system along 
with a simple lint roller design. Our system 
combines cost-effectiveness with energy 
efficiency; in practice, this translates into the 
ability to provide 60 guaranteed cleaning cycles 
using a single refill worth INR 200- 250. 
 
The robot can move at its optimal speed of 0.27 
m/s, covering an area of 3.0 m²/min. Hence, it 
would be possible to conduct regular maintenance 
of the panels outside peak hours without spending 
much power. Moreover, it is important to note that 
the cost-effective and high-frequency cleaning 
schedule could be considered an effective solution 
to mitigate the 25-30% efficiency losses caused 
by dirt and dust in dry areas. Thus, this project 
provides a viable and highly scalable solution that 
will contribute to resource conservation and 
energy production optimization. 
 
6.1 Future Scope 
The future research direction will involve 
expanding the system in order to implement it in 
practice by tackling environmental and 
operational corner cases. In order to increase the 
robustness of the system at a greater inclination 
angle, IMU sensor fusion can be implemented in 
order to ensure real-time tilt correction. For the 
improvement of visual accuracy in scenarios 
where there is likely to be a glare from the 
reflective surface, which is common in deserts, 
the system can incorporate adaptive vision 
algorithms or polarizing lenses. For further 
efficiency, a coverage-based route planner will be 
used to prevent any unnecessary motion of the 
robot, and a dust density detection algorithm will 
be incorporated to adaptively control the velocity 
of the robot. 
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