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Abstract

The rapid adoption of rooftop solar PV systems has boosted decentralized power generation but also introduced challenges
such as voltage instability, power quality deterioration, reverse power flow, and grid imbalance. These issues lead to voltage
fluctuations, harmonic distortions, and inefficiencies in energy management. This is an integrated solution combining
MPPT-based dynamic solar tracking with an automated cleaning and washing mechanism, along with a foldable panel
system for nighttime protection, to enhance efficiency.

The MPPT system optimally orients panels for maximum solar absorption, improving power output and reducing
fluctuations. The automated cleaning and washing system prevent efficiency losses due to dust accumulation, ensuring
continuous high performance. Additionally, the foldable mechanism safeguards panels during nighttime or adverse weather
conditions, reducing wear and tear and extending their lifespan. A hardware prototype has been developed and tested,
demonstrating improved power stability, higher energy vyield, and reduced intermittency. This integrated approach
maximizes rooftop solar utilization while mitigating grid impacts, offering a practical solution for reliable and sustainable
distributed solar energy systems.
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1. Introduction

The increasing adoption of rooftop solar PV systems enhances energy security, reduces reliance on fossil fuels, and
lowers carbon emissions. However, large-scale solar integration presents technical challenges such as voltage instability,
reverse power flow, and power quality issues due to fluctuations in solar generation. Additionally, dust accumulation and
environmental exposure significantly reduce efficiency and power output. Manual cleaning is costly and impractical, while

prolonged exposure can degrade panels over time.

This study proposes an integrated approach to optimize rooftop solar performance by addressing these challenges
through two key solutions. Maximum Power Point Tracking (MPPT) through dynamic solar panel positioning — Adjusting
the tilt and orientation of solar panels enhances energy capture by optimizing their alignment with sunlight. This increases
efficiency and maximizes power output throughout the day. Automated cleaning mechanism — Dust and debris
accumulation reduce solar efficiency, necessitating regular cleaning. An automated system ensures consistent maintenance,

eliminating the need for costly manual cleaning while preventing long-term degradation.
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By integrating these solutions, rooftop solar PV systems can operate at peak efficiency, mitigating technical
challenges while improving reliability and power generation. This approach supports sustainable energy adoption and

enhances the economic feasibility of solar power systems.

2. Related Work

This section reviews prior research on rooftop solar penetration challenges, including power quality, voltage stability,
MPPT, solar tracking, and automated cleaning. High solar PV penetration can cause voltage fluctuations, power imbalances,
and reverse power flow, affecting grid reliability. While mitigation techniques like reactive power compensation and energy
storage exist, they often require costly infrastructure, limiting feasibility for small-scale systems.

Integrating MPPT with dynamic solar tracking can further enhance energy yield, though practical rooftop implementations
remain limited. Additionally, dust accumulation reduces panel efficiency, and while cleaning solutions like robotic or

electrostatic systems exist, they often require maintenance or external power.

3. Objectives
This research examines the impact of rooftop solar PV on the distribution grid and proposes an integrated solution to
enhance efficiency and stability. The study aims to:
» Address voltage instability, power quality issues, and reverse power flow through dynamic MPPT-based solar
tracking.
*  Prevent dust accumulation and efficiency loss by implementing an automated washing and cleaning mechanism.

*  Protect solar panels from nighttime exposure and adverse weather conditions through an automated folding
mechanism.

» Evaluate improvements in power output, voltage stability, and grid reliability through a hardware prototype.

4. Problem Statement

The widespread adoption of rooftop solar PV systems enhances renewable energy use but introduces challenges like voltage
instability, dust accumulation, and environmental risks. Fluctuations in solar generation impact grid stability, while soiling
reduces efficiency. This study proposes MPPT-based tracking, automated cleaning, and a foldable system to optimize
performance and durability.

a. Impact of Dust Accumulation on Solar Panel Efficiency: Dust accumulation on solar panels reduces efficiency by
blocking sunlight, leading to lower power output. Manual cleaning is impractical for large installations, making automated
solutions essential. This study integrates an automated cleaning and washing mechanism to prevent soiling losses, ensuring

consistent efficiency and improved energy yield for rooftop solar PV systems.

b. Need for an Integrated Optimization Approach: An integrated optimization approach is essential to address
efficiency losses and grid instability in rooftop solar PV systems. By combining MPPT-based tracking, automated cleaning,
and a foldable protection system, this study enhances energy yield, ensures system longevity, and stabilizes power output,
offering a reliable and sustainable solar energy solution.

The equations relevant to the project on optimizing rooftop solar PV systems with MPPT tracking, automated cleaning,

and folding mechanisms are:
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1. Maximum Power Output of a Solar Panel

The maximum power output (Pmax) Of a solar panel is determined using: Pmax=VmpXImp
whereVm,= Voltage at the maximum power point and Imp= Current at the maximum power point

2. Efficiency of a Solar Panel

The efficiency (1) of a solar panel is given by:

N=Pout/Pinx100

where: Poyt = Output power of the solar panel and Pi,= Incident solar power on the panel

3. Impact of Dust Accumulation on Efficiency Loss

The power loss due to dust accumulation (Piess ) can be estimated as: Pioss=Pciean*(1—nd)
where:
® Pean_{clean} = Power output of a clean panel

e nd = Efficiency reduction factor due to dust accumulation
4. Net Power Improvement with Tracking and Cleaning

The net improved power output (Pimproved) after implementing MPPT tracking and automated cleaning is:
Pimproved=Pbase XMtracking X Mcleaning_
where:

e Puase = Base power output without optimization

® Tacking= Efficiency improvement due to solar tracking
® Tceaning= Efficiency improvement due to automated cleaning

5. Solar Panel Tilt Angle Optimization

To maximize solar absorption, the optimal tilt angle (6) can be approximated by:
0=¢—100 (for summer)
B=p+100 (for winter)

where ;¢ = Latitude of the installation location

5. Methodology

The methodology involves problem analysis, system design, and hardware implementation. MPPT -based tracking,
automated cleaning, and folding mechanisms are developed using microcontrollers. Performance is evaluated by measuring
power output, efficiency retention, and grid stability. Results are analyzed, optimized, and validated through simulations

and real-world testing.

5.1 Problem Analysis and Data Collection
Problem analysis and data collection involve identifying challenges like voltage instability, efficiency loss due to
dust, and environmental risks. Data on power fluctuations, voltage variations, and solar panel performance are gathered

through simulations and real-time monitoring of existing rooftop solar installations to understand their impact on grid
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stability.

5.2 Design of the System

This system integrates three key components:

1. MPPT-Based Solar Tracking: Adjusts panel orientation dynamically to maximize sunlight absorption and optimize
power output.
2. Automated Cleaning and Washing System: Uses motorized water spraying and wiping mechanisms to prevent dust
accumulation and maintain efficiency.
3. Automated Folding Mechanism: Protects solar panels by folding them during nighttime or adverse weather
conditions, reducing wear and tear and extending lifespan.
This integrated design enhances energy efficiency, improves grid stability, and ensures long-term solar panel durability.
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Figure 1: Block diagram of automatic washing system for solar panels
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5.3 Simulation Diagram
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Figure 4: Simulation diagram of automatic folding system

5.4 Performance Evaluation

The performance of the solar panel system was tested in real-world conditions. The following key improvements were
observed:

1. Power Output Improvement:

»  Solar tracking increased energy generation by 20-25% compared to fixed panels.

*  MPPT-based tracking ensured the panel received maximum sunlight throughout the day.

2. Efficiency Retention Due to Cleaning:

*  Dust accumulation reduced panel efficiency, leading to a 15% energy loss in uncleaned panels.

*  The automated cleaning system successfully restored panel efficiency by removing dust regularly.

3. Protection from Environmental Damage:

»  The folding mechanism protected the panels from extreme weather conditions like heavy rain or storms.

* Nighttime folding reduced thermal stress, increasing panel lifespan.

4. Grid Stability & Voltage Quality:

» Improved energy flow reduced power fluctuations, leading to more stable voltage supply.

*  Harmonic distortions in the distribution network were minimized, improving power quality.
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5.5 Power Output Comparison

Below is a sample values showing power output improvements with and without the proposed system:

Time of day Fixed Panel Output | MPPT Tracking | MPPT + Cleaning Output (W)
(W) Output (W)
8 AM 50 65 70
10 AM 100 125 140
12 PM 150 180 200
2PM 130 160 175
4 PM 80 110 120

Table 1: Power Output with and without Optimization

6. Conclusions

The study successfully addresses key challenges in rooftop solar PV systems, including efficiency loss due to dust
accumulation, voltage instability, and environmental risks. By integrating MPPT-based dynamic solar tracking, an
automated cleaning and washing mechanism, and a foldable protection system, the proposed solution enhances energy

output, reduces performance degradation, and improves overall system reliability.

Experimental results demonstrate that dynamic tracking significantly optimizes solar absorption, leading to higher
energy yield. The automated cleaning mechanism ensures consistent efficiency by preventing dust buildup, eliminating the
need for manual maintenance. Additionally, the folding mechanism protects solar panels from adverse weather conditions,

reducing wear and tear and extending their operational lifespan.

The combined approach not only maximizes solar power utilization but also mitigates grid-related challenges
such as power fluctuations and voltage instability. By improving energy efficiency, reducing maintenance costs, and
ensuring long-term durability, this system provides a practical and scalable solution for sustainable rooftop solar
deployment. Future research can further refine control algorithms and explore cost-effective implementation strategies for

large-scale adoption.
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