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ABSTRACT

Dust accumulation on photovoltaic (PV) panels significantly reduces their efficiency by
obstructing sunlight and hindering energy conversion. Addressing the critical need to
maintain optimal performance, this project aims to develop an automated cleaning system to
mitigate the issue of dust and dirt coverage on solar panels. The prototype involves designing
a self-cleaning mechanism that employs advanced technologies, including mechanical brush,
rain sensors, and timers, to initiate regular cleaning cycles. The rain sensor detects natural
precipitation, pausing the cleaning process during rain to conserve resources, while the timer
ensures periodic activation of the wipers to remove accumulated dust and debris. This system
IS engineered to operate autonomously, reducing the need for manual maintenance and
ensuring continuous, effective cleaning. Based on the analysis of solar panel performance
before and after cleaning, using flour as a simulated dust, power output dropped by 40% on
average under sunny conditions and 25% under cloudy conditions. Post-cleaning, efficiency
improved to near original levels, with power restored by 90-95%. Meanwhile for sand-based
cleanliness benchmarks, power output dropped by 50% at fully dirtiness level but was
restored to over 95% of baseline levels after the second cleaning cycle. These results confirm
the high effectiveness of the automated cleaning mechanism in mitigating soiling impacts.
The automated system operates autonomously, reducing manual maintenance and ensuring
continuous, effective cleaning. It significantly enhances panel efficiency by minimizing dust
accumulation, thereby improving the performance and longevity of solar PV systems. This
innovation makes solar energy more reliable and cost-effective, particularly in dust-prone

regions, promising to advance the viability of solar power as a sustainable energy source.



ABSTRAK

Pengumpulan habuk pada panel fotovoltaik (PV) mengurangkan kecekapannya dengan
ketara dengan menghalang cahaya matahari dan menghalang penukaran tenaga. Menangani
keperluan kritikal untuk mengekalkan prestasi optimum, projek ini bertujuan untuk
membangunkan sistem pembersihan automatik untuk mengurangkan isu liputan habuk dan
kotoran pada panel solar. Prototaip ini melibatkan mereka bentuk mekanisme pembersihan
diri yang menggunakan teknologi canggih, termasuk berus mekanikal, penderia hujan dan
pemasa, untuk memulakan Kkitaran pembersihan biasa. Penderia hujan mengesan
pemendakan semula jadi, menghentikan proses pembersihan semasa hujan untuk
menjimatkan sumber, manakala pemasa memastikan pengaktifan berkala pengelap untuk
membuang habuk dan serpihan terkumpul. Sistem ini direka bentuk untuk beroperasi secara
autonomi, mengurangkan keperluan untuk penyelenggaraan manual dan memastikan
pembersihan yang berterusan dan berkesan. Berdasarkan analisis prestasi panel solar
sebelum dan selepas pembersihan, menggunakan tepung sebagai habuk simulasi, output
kuasa menurun sebanyak 40% pada purata dalam keadaan cerah dan 25% dalam keadaan
mendung. Selepas pembersihan, kecekapan dipertingkatkan kepada hampir tahap asal,
dengan kuasa dipulihkan sebanyak 90-95%. Untuk penanda aras kebersihan berasaskan
pasir, output kuasa menurun sebanyak 50% pada tahap kekotoran sepenuhnya tetapi telah
dipulihkan kepada lebih 95% tahap garis dasar selepas kitaran pembersihan kedua.
Keputusan ini mengesahkan keberkesanan tinggi mekanisme pembersihan automatik dalam
mengurangkan kesan kekotoran. Sistem automatik beroperasi secara autonomi,
mengurangkan penyelenggaraan manual dan memastikan pembersihan yang berterusan dan
berkesan. la meningkatkan kecekapan panel dengan ketara dengan meminimumkan
pengumpulan habuk, dengan itu meningkatkan prestasi dan jangka hayat sistem PV solar.
Inovasi ini menjadikan tenaga solar lebih dipercayai dan menjimatkan kos, terutamanya di
kawasan yang terdedah kepada habuk, menjanjikan untuk memajukan daya maju tenaga

solar sebagai sumber tenaga lestari.
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CHAPTER 1

INTRODUCTION

1.1 Background

Photovoltaic (PV) systems are a rapidly growing renewable energy technology,
offering a clean and sustainable way to generate electricity. However, their efficiency
can be significantly reduced by the accumulation of dust, dirt, and debris on the panels,
especially inoutdoor environments. This soiling acts like a film, blocking sunlight from
reaching the solarcells and hindering their ability to convert light into electricity. Dust
buildup can significantly reduce solar panel efficiency. Studies have shown that
uncleaned panels can experience efficiency losses ranging from 5% to up to 50%
depending on the severity of dust accumulation and the type of dust particles [1] [2].

Traditional cleaning methods for solar panels are often manual and labor-
intensive, requiring personnel to physically access and clean the panels. This can be
expensive and time-consuming, particularly for large-scale solar farms. Additionally,
manual cleaning for high- mounted panels can pose safety hazards and may not be
feasible in remote locations. Water- based cleaning methods, while effective, can be a
concern in areas with limited water resources.

Therefore, there is a growing need for more efficient and automated cleaning
solutions for PV systems. Recent research has explored various self-cleaning
mechanisms that can address these challenges. These mechanisms aim to automatically
remove dust and debris from the panel surface, minimizing efficiency losses and reducing

reliance on manual cleaning methods. Some approaches involve passive technigues,

15



specially coated surfaces that repel dust or self-clean through natural phenomena like rain.
Others explore active cleaning mechanisms like automated brushes, wipers, or air jets
controlled by sensors that detect the level of soiling.

This project builds upon this existing research by proposing an Arduino-controlled
self- cleaning mechanism for PV panels. By utilizing Arduino technology, the system can
automate the cleaning process based on sensor data, offering a cost-effective and efficient
solution compared to traditional methods. The project aims to contribute to the development
of practical and reliable self-cleaning technologies that can improve the overall performance

and maintenance efficiency of PV system.

1.2 Problem Statement

PV systems are susceptible to the buildup of dust, dirt, and debris. This can include
fine particles like windblown soil and air pollution, as well as grime, bird droppings, and
even leaves or twigs. This accumulation acts like a film, blocking sunlight from reaching the
solar cells and hindering their ability to convert light into electricity. Furthermore, dust
particles can absorb sunlight and raise panel temperatures, which can further reduce
efficiency and even create hotspots that damage the cells permanently. Traditional cleaning
methods are often manual and water-intensive, creating challenges for large installations.
This situation calls for innovation in automated cleaning solutions, which align perfectly
with SDG 9. By developing efficient and automated cleaning technologies, we can ensure
optimal solar panel performance, promote sustainable practices within the solar industry,

and potentially create new jobs in this growing sector.
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1.3 Project Objective

The aim of this project is to propose a systematic and effective methodology to clean solar

PV Panel using Arduino.

Specifically, the objectives are as follows:

a)

b)

To design an Arduino-controlled, brush-based self-cleaning mechanism
for PV panels.

To develop an automated brush-based self-cleaning mechanism for PV
panels.

To analyse the performance enhancement and cleaning efficiency of PV

systems using a brush-based mechanism.

1.4 Scope of Project

The scope of this project are as follows:

Selecting and integrating appropriate sensors or timer for the self-cleaning
mechanism.

Designing and building a cleaning mechanism using actuators and timer
controlled by Arduino.

focus on a single panel or a small number of panels for initial development
and testing.

Environmental factors like wind, rain, and extreme temperatures might not
be explicitly addressed in the initial development stage. These factors could

be considered for future improvements based on the initial testing location.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This section provides an overview of existing literature on the development of an
Arduino- controlled self-cleaning mechanism for photovoltaic (PV) systems and investigates
what research has been conducted to avoid redundancy. Studies have explored how dust and
soil buildup affect the efficiency of solar PV systems. According to Mohamed and Hassan
(2012), dust accumulation can lead to a rapid decline in efficiency of 36% loss within one
month, 60% within two months, and complete loss of efficiency within a year. Their
research, conducted in the Sahara environment, focused on the impact of weekly cleaning
on PV modules from February to May. Results showed a steady decline in power output,
with weekly water washing able to mitigate performance losses of between 2 to 2.5%.
Similarly, Ali et al. (2019) investigated dust's influence on PV performance, concluding that
it significantly affects installations [3].

Regular cleaning of solar PV panels is essential to ensure maximum energy
production and efficiency. Dust, dirt, and debris accumulation on the panel surfaces create a
barrier that reduces sunlight absorption, leading to decreased electricity generation. By
keeping the panels clean, shading is minimized, preventing efficiency losses and maintaining
peak performance. Additionally, cleaning helps to extend the lifespan of the panels by
protecting them from damage and corrosion, ultimately maximizing the return on investment

in solar technology.
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2.2 PV Panel Efficiency Degradation Factors
2.2.1 Environmental factors

2.2.1.1 Effect of Solar irradiance

Irradiance refers to the energy that impacts a unit horizontal area per unit wavelength
interval per unit time. The performance of PV panels is heavily influenced by solar power
or irradiance, given the highly fluctuating nature of solar resources [4]. The level of
variability is linked to the time resolution, increasing with finer time scales [5]. Irradiance
typically fluctuates due to factors like weather conditions, seasonal shifts, geographical
location, time of day, and the position of the sun in the sky [6]. Changes in sun altitude cause
the sun's position to shift throughout the day. Cloudy conditions primarily contribute to

variations in irradiance values, as indicated in Figure 2.1.
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Figure 2.1 Irradiance value changes with different cloudy conditions [7]

PV modules capture both direct sunlight from the sun and scattered light from various
sources such as the sky, ground, and nearby objects. However, the primary contribution to
irradiance comes from direct solar radiation. Estimating incident irradiance becomes

complex when nearby objects cast shadows or reflect sunlight onto the PV modules [8]. To
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maximize irradiance reception, solar panels are typically tilted to face the sun. The optimal
tilt angle depends on the latitude angle (¢) of the location, deviating approximately -15° from
the latitude angle in summer and +15° in winter. Various solar tracking mechanisms are
employed to align PV panels with the direct component of solar irradiance [9]. Each degree
of deviation from due south in azimuth orientation results in a 0.08% loss in irradiance [10]

The output of PV modules increases with higher irradiance levels. PV modules can
gauge irradiance using the G-P (sun radiation-output maximum power) curve, as it follows
an approximately linear pattern [11]. Therefore, the impact of solar irradiance on PV panel
performance cannot be quantified by a specific percentage due to the linear correlation

between module current and irradiance value, as indicated in the literature [12].

2.2.1.2 Effect of Temperature

The efficient generation of electricity from a PV panel is closely linked to its module
temperature. As module temperature rises, electrical efficiency declines due to the fact that
PV modules only convert about 20% of solar energy into electricity, with the remaining 80%
being converted into heat [13]. There exists a significant correlation between module
temperature and the bandgap energy of the PV cell material, with bandgap energy typically
decreasing under high operating temperature conditions. This influences the cell to absorb
longer wavelength photons and generally extends the lifetime of minority carriers. However,
these factors result in a slight increase in the light-generated current (Isc), leading to a
decrease in the open-circuit voltage (Voc) and subsequently reducing the cell fill factor (FF).
The fill factor quantifies the amount of series and shunt resistance present in a solar cell and
its circuit. Electricity generation in the PV module relies on both the short-circuit current

(Isc) and the open-circuit voltage (VVoc), as the maximum power is determined by Equation

(1) [14]
20



P=VmXIm= (FF)XVocX Isc Eq1l

According to existing research, module temperature is influenced by various environmental
factors, including solar irradiance, wind speed, and ambient temperature, as well as certain PV
constructional factors such as materials and glass transmittance. Equation (2) can be used to calculate

module temperature [15].

Irradiance
frradiance g4

Tmod = Tamb + Irradiance X exp(—a— b X WS) + AT X 1000

In the provided equation, the constants a, b, and AT are specified, with values of 3.56, 0.0750,
and 3, respectively, for glass/cell/polymer sheet. Here, WS denotes wind speed in meters per
second (m/s). According to literature findings, the efficiency of a solar cell experiences a slight
increase up to 12% when the cell temperature reaches 36°C. However, beyond this temperature,

efficiency begins to decline, as depicted in Figure 2.2 [16].
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Figure 2.2 Effect of module temperature on efficiency
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2.2.1.3 Effect of Dust accumulation

The efficiency of PV modules diminishes due to atmospheric pollutants like dust,
water vapor, air molecules, and other contaminants hindering sunlight from reaching the PV
panel. Dust particles in the air, larger than the wavelength of incoming solar beams, scatter
sunlight, leading to decreased solar irradiation. Additionally, dust accumulation on PV
module surfaces can alter optical properties, increasing light reflection and absorption while
reducing surface transmissibility, thereby lowering PV module output. The degree of dust
accumulation is influenced by environmental factors such as wind speed, humidity, rainfall,
dust particle source and type, PV module technology, and surface cover. Desert areas with
high dust density and low rainfall are particularly susceptible to severe dust accumulation.
Studies conducted in Saudi Arabia indicate an average monthly efficiency degradation rate

of 6-7% [17], which can increase to 13% within six weeks without cleaning [18][19].
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Figure 2.3 Module efficiency reduction vs dust density

Furthermore, the output power generation of PV systems could decline to half of its
maximum value (50%) in the absence of cleaning [19]. EIminir et al. found that output power
decreases by approximately 17.4% per month in Egypt [20]. This situation worsens in the
presence of air pollutants, toxic gases, suspended particles, and dust, resulting in over a 60%
reduction in PV energy output [20]. Dust particles settle on module covers due to gravity,

absorbing water vapor in humid air and forming adhesive mud on surfaces. Said et al.
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demonstrated that a 45-day dust accumulation period reduces overall glass cover
transmittance by 20% [19]. The impact of rainfall on dust deposition is notable, as PV power
output drops to 60-70% when annual rainfall in Egypt ranges from 18-50 mm [21].
Conversely, studies in the UAE and Qatar, with higher annual rainfall of 80-90 mm and 70-
75 mm respectively [22][23], exhibit a lower (10%) deterioration in PV power generation
compared to Egypt. Additionally, conversion efficiency decreases with increasing dust
density, as depicted in Figure 2.3. In certain regions, dust density may decrease due to factors
such as rainfall, wind, and other environmental conditions. Table 2 lists the reduction in PV
efficiency resulting from dust accumulation in various climatic regions. Implementing an

appropriate cleaning schedule can restore maximum PV module output year-round.

Table 2.1 Performance loss due to dust accumulation on PV module

Other conditions (average)
Wind

Tilt angle velocity Maximum reduction
Location Paneln (%) Duration Dust density (g/m‘) ©) Ambient temp (°C) Humidity (%) (m/s) in power (%) References
Tehran, Iran 155 70 days 6.0986 Facing south 34 28 4.6 21.47 68
Santa Clara, USA 7.2 108 days - 16.4 - - - 1.6 69
Thailand - 60 days 0425 - - - - 7.28 70
Malaga, Spain 134 10 months - 21 14.7-29.1 52-66 1.2-2.8 12.5 71
Dhahran, Saudi 113 8 months 6.184 26 - - - 49 51

Arabia

Limassol, Cyprus - 10 weeks - 31 - Rainy - 13 72
Isfahan, Iran - 70 days 10.3129 15 - Ignored 2-3 23.83 73
Kuwait - 30 days 42.5 30 - - Low 33 74
Brighton, UK 20.4 3 weeks 0.000815 0 4-4.7 75.6-81 - 5 75

2.2.1.4 Effects of Soiling

Dust accumulation on PV modules can lead to soiling. In humid conditions, dust
particles settle on PV surfaces and absorb moisture from the air, forming mud. The adhesive
force between dust particles and PV surfaces increases with higher absolute humidity,
promoting dust accumulation. Additionally, vapor condensation on the PV module creates
capillary bridges between particles and the surface, enhancing dust buildup. Soiling causes

both soft and hard shading on PV panels, reducing power output. Soft shading is caused by
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atmospheric smog, while hard shading results from soil or mud on the panel. Despite hard

shading decreasing voltage in some cells of a PV module, the current remains constant as

unshaded cells still receive solar irradiance. Similar to dust accumulation, PV power loss

due to soiling varies geographically due to different dust types affecting light transmission.

The relationship between soiling mass and PV power loss has been extensively studied in

the literature.

Table 2.2 Some cooling techniques to enhance the power extraction

Cooling technigues
Natural ventilation

Active ventilation

Active cooling by water

Active cooling by water

Active cooling by water

Natural vaporization cooling

Liguid immersion cooling

Diffuston of water by cotton wicks
on PV panel backside

Thermeelectric cooling

Thermeelectric cacling

Thermeelectric coaling

Water cooling

Radiation and free convection
Extended areas

PVT system

Heat pipe technology

Latent heat sink by PCM

Latent heat sink by PCM

Latent heatsink by PCM

Conditions

Forced convection with an alrspeed of about
2ms

Water sprinkle on both sides of PV panel
simultaneously

Water film cooling on the front surface of the
panel

Direct water spraying

tion of panels on the river canals and
laces where vaporization exists
A 250X dis ntrator with 940 W/m? divect

normal irra

Standalone flat PV modules

A thermoelectric cooling medule is considered to
be attached to the backside of a single PV cell

Selar insolation range of 0.8-1 kW/m?

Using Peltier effect

2 L/min water through twelve nozzles

An open channel is fitted beneath the PV medule
Using lapping fing
Using CuO nanofluid

Pulsating heat pipe cooling system

Using CaCl,6H,0

Two types of PCM are used

PCM container is attached to the backside of
three 65 W panel

Achieved PV panel temperature
range
Reduced to 55.5°C from 76.7°C

Reduction
tempera 5 8K

ating

30°C module temperature reduction

26°C module temperature reduction

23°C module temperature reduction

39.3-48.3°C

Can be ceoled 10 45°C

20°C decrease in module temperature
and cool down to 45°C

344.41 K (when the ambient
lemperature is 350,45 K)

Cell temperature 25-45

Reduces the operating temperature

eduction In module
temperature

Lower the module temperature by
24.6°C

nperature drops up to

5°C cell temperature reduction
25-30°C

42°C

12°C reduction in meodule termperature

Energy increases
Annual electrical energy increased by 2.5%

Electrical output increased by 8%

tric power eutput

7.3% increase in power output

Electrical performance degrades after a fairly
long time immersion in the de-lonized water

15.5% increase in electrical efficlency
0.0704 W extra power output

Increases efficiency in the range of 1-18%

[ncreases the panel efficiency up to 1.33%

Net electricity gain increased by S-9%

1-2% galn in efficiency

Panel efficiency Is 10.68%

Maximum power reaches up 1o 51.1% than no
cooling system

Increasing in electrical efficiency of 0.77%

Power saving of 13%

0.4V gain in voltage

References
30
31

32

33

38

39
40

41

43

44

45
46
47
48

In certain instances, the decrease in PV power output correlates directly with the

amount of soiling present. As the surface becomes heavily soiled, additional dust settling on

existing particles does not further block light. Research indicates that transmittance can

decrease by 30% for coated glass and 37% for uncoated glass after 40 days of exposure in

Saudi Arabia. Reduction in transmission varies depending on the type of glass material, such

as multilayer (ML), self-cleaning (SC), anti-reflection (AR), and regular glass, as tested in

Belgium with a 35° tilt angle and average rainfall periods.
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2.2.1.5 Effects of shading

Shading refers to any obstruction that blocks light from reaching the PV panel,
thereby reducing its power output. Shading can take various forms, such as hard shading,
soft shading, and self-shading. Hard shading results from the accumulation of debris like
dust, snow, bird droppings, and leaves, as well as obstructions like poles, trees, and buildings
that cast clear, defined shadows. Conversely, atmospheric factors like dust, fog, and smoke
diminish irradiance intensity, leading to soft shading on the PV module. Self-shading,
illustrated in Figure 2.4, occurs when the preceding row of PV modules casts shadows on
subsequent rows. Several techniques have been devised to mitigate the effects of self-
shading. Brecl, for instance, formulated an empirical equation with a 300° inclination angle
to calculate relative annual energy losses (RAEL) due to self-shading, using parameters A

and F, where F represents the spacing factor (d/b) with values between (1.5 < F <5).

RAEL = A xe-2.3F —0.001 x F+0.01

8\

Figure 2.4 Self-shading caused by the proceeding row of PV modules [24]



Partial or complete shading of PV modules depends on factors like module position,
array configuration, and shading scenario, resulting in a significant decrease in module
output. Partial shading, which obstructs some cells of a PV module, can severely impact
module output because shaded

Cells are unable to produce current. Consequently, current from non-shaded cells
flows through shaded ones, leading to operation in a negative voltage region and power
dissipation instead of generation. Furthermore, shading can cause the maximum power point
tracker (MPPT) to shift away from the global maximum power point (MPP), resulting in
reduced energy production. Researchers have explored these losses and devised technical
solutions to mitigate them. The effects of shading on PV power output are evaluated using

various numerical and experimental configurations.
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Table 2.3 Performance of PV module in partial shading conditions

Conditions

Numerical simulation

An arrangement of 33 cells of PV panel

Non-transparent materials are used for
shading

An arrangement of 36 solar cells
in different configurations are
investigated

Shading effect of wall tree and seasonal
variations are considered in both
summer and winter

Area shaded
2%
Minimum loss: 24 half-shaded cells

Maximum loss: 21 completely
shaded cells

25% solar radiation

Partially shading which varies the
solar radiation from 0.85 to
1.01 kW/m*

Results

70% loss of energy

Power losses vary from 19% to 79%

Energy and exergy efficiencies are
7.28% and 5.74%, respectively,
compared to 8.19% and 8.05%,
respectively, for no shading
conditions

Highest value of the peak power is
obtained for TCT (total-cross-tied)
configuration than SS (simple
series), SP (series-parallel), BL
(bridge-linked) and HC (honey-
comb) configurations

Energy degrades about 15% in winter
and 1% in summer

2.2.2.1 Panel degradation

2.2.2 Operation and Maintenance Factors

27

The gradual decline in the performance characteristics of a PV system, known as
panel degradation, can impact its power generation capabilities. According to manufacturer
recommendations, a panel is considered degraded when its power output falls below 80% of
its initial power [25]. Various factors such as temperature, humidity, irradiation, and
mechanical shock contribute to the degradation of PV panels. Table 4 outlines different
causes of panel degradation. Hot spot formation is a significant concern; as elevated
temperatures can damage cells. Hot spots are generated by partially shaded, damaged, or
mismatched series-connected cells [26] [27]. Studies have proposed algorithms to mitigate
hot spots, with Jerada et al. suggesting an accurate and rapid hot spot detection method.

Proper maintenance addressing these issues can prevent unwanted power generation losses




Table 2.4 Degradation of PV Panel

Type % of loss Details

Corrosion 19% Moisture enters into the metallic connections of the panel housing and increases the electrical
conductivity, leakage current

Delamination 42% Adhesion loss between the cells and front glass increases the light reflection and moisture
penetration

Discoloration 12% Glass cover or adhesive material changes their colour and turns into yellow or brown over the years
of operation, resulting in a low transmittance of light

Breaking 19% Glass breakage occurs during installation, screw tightening and maintenance that creates the risk of
electrical shock and moisture infiltration

Ribbon erack % Same as glass breaking and produce a low power output

2.3  Classification and Current state of Cleaning Method for Solar PV

2.3.1 Natural removal of dust

The natural removal of dust from solar PV panels relies on environmental forces such
as wind, gravity, and rainwater. While these elements can aid in dust removal to some extent,
their effectiveness is often limited, especially in areas with low wind or rainfall. Some
systems utilize the tilt of the solar panel array during specific times of the day or weather
conditions to facilitate easier dust removal, but this approach may not be sufficient for larger

arrays due to practical challenges in rotation. The effect of this method is not very well.

2.3.2 Mechanical removal of dust

Among the array of solar panel cleaning methods, mechanical systems are widely
employed, with brushes or compressed air commonly utilized to clean the panel surface.
However, there is a risk of damaging the glass surface of the panels with brushes, potentially
causing scratches or other forms of harm. Following a study on micro-controller-based dust
cleaning for photovoltaic systems conducted by Al-Qubaisi et al., power loss was assessed,

leading to enhancing panel output energy efficiency [29].
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Figure 2.5 Mechanical cleaning system [30]

2.3.3 Electrostatic removal of dust

These systems incorporate a sand-repelling sheet containing parallel electrodes
situated beneath the glass of the solar panel. As sand particles descend from the panel, the
device induces a back-and- forth motion, effectively dislodging dust particles from the panel
surface. Research conducted in Japan achieved impressive cleaning effectiveness through
the use of low-frequency, high-voltage application, along with steep panel inclination and
minimal initial dust accumulation. Subsequent cleanings resulted in minimal residual dust
accumulation, and the system exhibited low power consumption. This advanced technology
is anticipated to greatly enhance the efficiency of large-scale solar power plants situated in

dusty environments [31].

upper
screen
electrodes

HV power
supply

e N RS S
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upper screen slsa"gg

lower screen electrodes

PV panel

Figure 2.6 System structure of the electrostatic cleaning system [31].
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Figure 2.6 illustrates the system architecture of the suggest electrostatic cleaning
mechanism. By applying a high AC voltage across the parallel screen electrodes, Coulomb
and dielectrophoretic

Forces are generated, affecting the dust particles in proximity to the electrodes. These
particles are influenced by the alternating electrostatic field near the electrodes, causing

some to pass through the aperture in the upper screen electrode due to their inertial forces

2.3.4 Manual Cleaning method

Manual cleaning is a commonly employed technique for maintaining solar panels. In
this method, the assessment of panel cleanliness is determined by personnel. Cleaning
typically occurs on a monthly basis, utilizing pure water. Figure 2.7 illustrates a PV cleaning
apparatus entirely operated by staff. The primary drawback of manual cleaning systems lies
in the reliance on staff to determine the appropriate cleaning schedule. Failure to accurately

gauge the timing of cleaning can result in decreased electricity generation from PV panels.

Figure 2.7 Manual Cleaning method
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24 Concluding remarks on PV Panel Efficiency degradation

This section has comprehensively reviewed various factors that can lead to
degradation in PV panel efficiency. Environmental factors like fluctuating solar irradiance,
temperature variations, dust accumulation, soiling, and shading were identified as key
contributors. In conclusion, understanding and mitigating these degradation factors is crucial
for ensuring optimal performance and maximizing the long-term energy production of a
solar PV system. By implementing effective maintenance strategies and addressing
environmental challenges, solar energy can continue to be a reliable and sustainable source

of power.
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2.5  Previous Work on development of Self-Cleaning Dust Removal System
Reference | Title Authors Application Main finding
[32] Smart  Dust | Muhammad ESP32 Dev | reduced

Detection and | Aiman  Mohamad | Module energy losses
Automation Rafie Dust Sensor | minimizing
Cleaning (GP2Y1010AUOF) | manual
of intervention
Photovoltaics and
Panel maintenance
COsts.
[33] Automatic Manju B Arduino 