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Abstract— Energy from the Sun is a very abundant
resource, the uses of which are manifold. Water is another
essential resource and carries importance for the sustenance
of life on Earth. According to a report, the amount of water
needed to clean a single solar panel is 3-5 litres per solar
panel in normal areas and 7-8 litres per panel in desert
areas. While the installation of solar panels has a key role in
saving the environment, the wastage of water in its
maintenance is undoubtedly a serious concern as the
purpose of protecting the environment is not met. Thus, the
proposed work introduces a waterless and automated
mechanism for selective cleaning of solar panels using
unmanned aerial vehicle and machine learning. The term
selective indicates that only those panels will be cleaned
which are dirty rather than the traditional approach where
all the panels are cleaned irrespective of whether they are
clean or dirty. The novelty in our approach is data collection
using UAV and enabling an automated cleaning mechanism
based on machine learning which does not use water. The
Unmanned Aerial Vehicle performs the monitoring of solar
panels and collects their images from time to time. The
collected images are compared to the preloaded dataset and
are classified as either clean or dirty. According to the status
of the panels, non-abrasive microfibers on a pole mounted
on the solar panel are activated for cleaning.

Keywords- UAY, selective cleaning, machine learning, solar
panels, automated mechanism

I. INTRODUCTION

Sustainable energy comes from solar panels because it is
a green, inexhaustible, and reliable source of energy. Solar
energy can be used to generate electricity for a variety of
applications, such as residential, commercial, and
industrial uses. Compared to other energy sources, solar
energy does not produce harmful emissions and can be
used to power the world without relying on fossil fuels.
The amount of sunlight that hits the earth in an hour and a
half is enough to power the world for a year, according to
the US Department of Energy. Fossil fuels have the

potential to deplete the earth's resources but solar energy
does not have this problem. Solar panels generate
electricity from the sun's rays. They consist of
semiconductors and can convert solar radiation into direct
current. Because solar panels are pollution-free,
renewable, and safe, they have been growing in popularity
in recent years. Mega solar power plants have already
been installed in various countries, such as Australia, the
Middle East, the United States, Europe, China. However,
there are some onsite issues that need to be taken into
account, such as bird droppings, dust accumulation, water
stains, and reduced efficiency due to wiring, module
soiling, and inverter losses.

Dust settling on solar panels is influenced by a variety of
factors, including biological, electrostatic, and chemical
properties of the dust, as well as the shape, size, and weight
of the dust particles. Today, there are a variety of
electrostatic cleaning methods and water-based methods
available, and they are all widely used to clean solar panels.

A semi-automatic wiper control system-based cleaning
method is proposed in [1]. There is a possibility of
achieving a maximum efficiency of 86.7% by this
mechanism. Multiple cleaning systems including air, water
and vibration are presented in [2] for cleaning in arid zones.
The output power of the system is increased by 27% by
making use of a water jet spray. In addition to this, an
automatic self-cleaning method is proposed in [3]. To
design this system, a 50 Wp solar panel is used that has the
capability to generate 26%-50% more electricity with the
proposed cleaning method than a normal solar panel. The
entire system is controlled by a microcontroller. Another
wiper control method-based two steps cleaning system is
developed in [4] where water is first applied to the surface
of the solar panel following which the wiper is triggered.
Resultantly, this system’s efficiency becomes 17.55% after



cleaning. This is similar to the average efficiency of the
system before dust is accumulated. Electrostatic dust
removal is another efficient method but it is inappropriate
for pole-mounted PV installations. An electrostatic cleaning
equipment is proposed in [5] which is suitable and
economical for mega solar power plants present in desert
areas. The performance of the system is enhanced when the
dust is less than 5 g/m> An electrostatic travelling wave
based self-cleaning technique is proposed in [6] wherein the
system consists of transparent dielectric film and parallel
electrodes. With this technique, 90% of the dust is removed
in about two minutes. An automatic robotic cleaning system
is described in [7] which uses a silicon rubber brush and an
aluminum core to clean the surface of solar panel. Surface
acoustic waves are utilized in [8] such that the spoiling
particles are removed from the surface of solar panel. As far
as data collection is concerned, the importance of UAV is
emerging as an important topic of discussion for researchers
and UAV’S can thus serve as an effective tool for data
collection in solar panel cleaning as well. As per a research,
traditional network data collection is considered to consume
a huge amount of energy as data packets are supposed to be
routed in a hop-by-hop basis. [9]

In the mechanism proposed in our paper, we introduce a
method which integrates the use of Unmanned Aerial
Vehicle and Machine Learning to detect the dirt
accumulated on the surface of solar panel. Microfibers
which are non- abrasive and capable of rotation,
automatically get triggered based on analysis of the data
collected from the UAV and the dataset from the machine
learning model. This helps to clean the particular solar panel
found to be unclean. Cleaning costs are saved as energy and
resources are spent only on the panel which requires
cleaning. Most importantly, the entire process is automated
and water is saved to a huge extent.

II. BACKGROUND

A. Unmanned Aerial Vehicle with a mounted
camera

Data collection through UAV’s is highly affordable and
images with high resolution are obtained as stated in [10].
In [11], the authors mention that Unmanned Aerial Vehicles
are highly advantageous for path and trajectory planning as
well as data collection. In [12], a drone- mounted camera,
set on video mode at a resolution of 1920 x 1080 px is
employed for forensic scene documentation. Moreover, in
[13] as well, the authors lay emphasis on the importance of
using embedded cameras for object detection. They specify
SSD (Single Stage multi-object Detector) and YOLO (You
Only Look Once) as extremely beneficial algorithms for
this application. Single Stage multi-object detector allows
the system to conveniently detect numerous objects in an
image by taking only a single shot. In this approach, the
output space of bounding boxes is discretised into several
default boxes wherein the scales per feature map location
and aspect ratios differ. Scores are generated for the
presence of each object along with adjustments being made
to the box to properly match the shape of the objects.

The YOLO object detector is similar to SSD and faster than
methods like Faster R-CNN as specified in [11]. YOLO is a
one-time convolutional neural network which enables the
prediction and classification of several objects. Region
Proposal Generation involves creating a set of candidate
boxes which can cover objects, proposal feature extractions
and proposal classification [14]. Faster R-CNN is an object
detection mechanism which executes region proposal
generation accurately and has low time complexity
compared to its predecessors, R-CNN and Fast R-CNN
[15]. Tt is observed that out of YOLO and Faster R-CNN,
SSD performs its operations at a lesser speed but at the same
time, SSD requires a huge amount of data for training
purposes. YOLO is the most efficient out of the three
algorithms and is also the most appropriate for analysing a
live video feed [16].

Hence, after a detailed analysis, it is found that a drone
mounted camera on video mode using the YOLO algorithm
serves the purpose of analysing a video feed and detecting
the presence of solar panels in it in the most effective
manner.

B. Machine Learning and Microcontroller

In the context of Machine Learning, classification refers to
identifying the class in which an item would fit in with
reference to the similarity of its characteristics to existing
classes. If a classification problem consists of two mutually
exclusive classes, it is known as Binary Classification [17].
Binary Classification comprises of a large group of
algorithms which are capable of learning prediction rules
automatically from the training data [18]. These algorithms
primarily include Naive Bayes Classifier, K-Nearest
Neighbors Classifier, Logistic Regression, Decision Tree
Classifier and Random Forest Classifier.

In [19], a comparative study was conducted to ascertain the
most effective algorithm out of these. It was found that
Random Forest Classifier followed by Naive Bayes
Classifier proved to be the best out of all the others. In [20],
Kappa values which indicate the similarity between
classification and truth values, were used to indicate the
accuracy of classification of machine learning algorithms
and Random Forest Classifier was assessed as the best with
a Kappa value of 0.92. Thus, Random Forest Classifier is
the most suitable for the cleaning mechanism suggested by
us.

Regarding the integration of the Random Forest Classifier
with the microcontroller, implementing TinyML is a
suitable technique as per [21]. According to [22], TinyML
is a technology used for embedding intelligence in low-
power devices. Further, high privacy, low latency along
with avoiding data loss and energy costs are some added
advantages of using deploying TinyML [23]. In [22],
Arduino Nano 33 BLE Sense is specifically mentioned as
appropriate for implementing TinyML due to it having 256
kB RAM along with 1 MB of flash memory.



In [24], the paper discusses about the utility of
microcontrollers for triggering the cleaning of photovoltaic
modules. Here, a microcontroller controls the movement of
a motor driver which rotates the motors attached to the
cleaning wiper, thus rotating it. As per [25] and [26], if we
can accommodate significant volumes of training data, deep
learning models can serve the purpose of image
classification more efficiently than any usual machine
learning model.

Thus, for demonstration of the cleaning mechanism, we
have implemented a prototype which makes use of Transfer
Learning model which is an important deep learning
technique. We took a readily available dataset from Kaggle
for training the deep learning model. In the real-world
scenario, we suggest using the data collected by UAV’s.

III. METHODOLOGY
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Fig. 1- Flowchart of the cleaning system

As per the suggested mechanism, firstly an Unmanned
Aerial Vehicle is deployed to monitor the cleanliness of
solar panels. It captures a video feed of the solar panels
and immediately sends it to the machine learning model
for processing. Thereafter, the machine learning model
compares the video feed with the available trained
dataset. This is followed by a microcontroller receiving
the signal to trigger the rotating microfibers attached to
one end of the solar panel, if the panel is found to be dirty.
In case the panel is clean, the triggering mechanism does
not take place. For the demonstration of results, we use a
servomotor instead of rotating microfibers in this paper.

IV. PSEUDOCODE
Input:
Video feed from the drone

Output:
Probability whether the solar panel is clean/dirty

Definitive output:

Step 1: Deploy the drone and collect the video feed on
the solar panels.

Step 2: Run the video through the trained algorithm for
evaluation.
1. Get the dataset of images form the drone / the
deployment scenario.
2. Categorize the dataset as clean and dirty.
3. Give the dataset for training to the algorithm.
4. Calculate the parameters per epoch for
verification.
5. Verify the accuracy of the model and make
corrections accordingly.
6. Deploy.

Step 3: Use binary classification of images.

Step 4: Figure out whether the panel is clean/dirty
based on the classification algorithm.

Step 5: Trigger the cleaning mechanism.

V. SYSTEM MODEL

Following is the system model which depicts the working
of the proposed work. In [27], a monitoring technique for
solar panels was dependent on three different sources for
collecting data. One of the sources out of the three included
weather stations. The authors in [28] emphasise on the
importance of image processing, pattern recognition and
machine learning in UAV based computer vision. Thus, in
the proposed work, data collection is considered to be
enabled by the Unmanned Aerial Vehicle and is
subsequently sent to the machine learning model for binary
classification. It is conveniently analysed if the solar panel
is clean or not. Furthermore, it depicts how the cleaning
mechanism is triggered due to the indication provided by
the microcontroller when the solar panel is detected as
unclean. Moreover, when the solar panel is clean, capturing
the video feed and image processing begins again. Cleaning
of photovoltaic panels using a robotic arm has been
proposed in [29]. Spraying a nanomaterial, Surfashield-G
on solar panels has been put forth in [30] and the
improvement in their efficiency of the solar panels is
highlighted. Though these mechanisms offer a highly
advanced approach to cleaning solar panels, they may not
be affordable by all stakeholders of solar energy. In [31], it
is identified that a microfiber - based wiper cloth is the most
appropriate while considering the cost and the performance
of cleaning solar panels. Therefore, rotation of soft and non-
abrasive microfibers mounted on a pole on the solar panels
are deployed for cleaning. In this paper, we observe the
rotation of a servo motor when a particular solar panel is
detected as clean or dirty. This is facilitated by a machine
learning model based on binary classification. Hence, the
prototype presented in this paper illustrates the manner in
which the system model can be executed.
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Fig. 2- System Design of the cleaning system

VI. PERFORMANCE ANALYSIS

[1]1 Analysis of the Machine Learning

Accuracy

Model
CLASS ACCURACY #SAMPLES
Clean 0.88 224
Dirty 0.70 161

Fig. 3. Accuracy per class is obtained using the test samples.

XY Clean Dirty
Clean 198 26
Dirty 48 117

Fig. 4. Confusion Matrix: The column (Class) represents the
class of the samples considered. The row (Prediction)
represents the class that the model, after learning, guesses
those samples belong to.
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Fig. 5. Accuracy per epoch: - Accuracy is the percentage of
classifications that a model gets right during training.
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Fig. 6. Loss per epoch: - Loss is a measure to evaluate how well a
model has learned to predict the right classifications for a given set of
samples.

[2] Hardware Description

The hardware comprised of 8GB DDR4 Random Access
Memory, 256 GB Solid State Drive and a M1 - Apple
Silicon, an ARM based chip. It had an 8-core CPU with
4 performance cores, 4 efficiency cores, 7 Core GPU
and a 16 Core Neural Engine which runs at a maximum
clock speed of 3.2 GHz.

VII. RESULTS AND DISCUSSION

The demonstrated results validate the idea of using machine
learning algorithms along with efficient cleaning
mechanisms for solar panels. The video feed captured
allows the images of solar panels to be compared with the
existing dataset based on binary classification. Eventually,
appropriate action is initiated as a response to the decision
made by the algorithm. The accuracy of a machine learning
model must generally be greater than or equal to 0.70. The
accuracy per class of the demonstrated results in this paper
satisfies this condition as it is 0.88 and 0.70 for clean and
dirty solar panels respectively. From Figure-4, it can be
noted that the number of True Positives and True Negatives
is the maximum which implies that the model is accurate.
From Figure-5 and Figure-6, the accuracy and loss per
epoch is understood in training and testing phases.



Fig.7 Cleaning Mechanism not triggered as the
solar panel is clean.
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Fig.8 Cleaning mechanism triggered as the solar
panel is dirty.

Rotating microfibers (cleaning mechanism) getting
automatically triggered is an effective method of cleaning
specifically for conserving water in arid zones.

Figure-7 depicts the solar panel being detected as clean by
the deployed machine learning method. Hence no cleaning is
required and the servomotor is in its initial position when the
algorithm ascertains it to be clean.

Figure-8 depicts the rotation of the servomotor by 90
degrees. This movement is in response to the dirty solar panel
detected by the machine learning algorithm.

In this paper, the relevant response generated as per the
machine learning algorithm is indicated by the rotation of a
servomotor.

Here we have considered only one solar panel for the scope
of this paper. Furthermore, a Solar panel tracking system can
be implemented to identify a dirty solar panel incase of
multiple solar panels.

VIII. CONCLUSION

Hence, we have successfully devised the mechanism for
cleaning solar panels using UAV (Unmanned Aerial
Vehicle) and machine learning. A detailed analysis of the
existing researches enabled us to introduce a novel
mechanism for an environment friendly and extremely
efficient cleaning system of photovoltaic panels. The
system thus enables the necessary action to ensure the
cleanliness of solar panels and is not responsible for
depletion of any important natural resource. As a proof
of concept, firstly, a binary classification model was
prepared which could distinguish between the clean and
dirty panels. Eventually, the rotation of a servo motor
was tested which indicated that the servo motor rotated
only when the solar panels were observed to be dirty.
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