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Abstract

This project presents an advanced approach for enhancing defect classification in
solar panels using Electroluminescence (EL) imaging combined with modern machine
learning techniques. Solar panels are critical components of renewable energy
systems, and their efficiency is often affected by defects such as microcracks, broken
cells, and inactive regions. Early detection of these defects is essential to ensure
optimal performance and longevity.

The proposed system utilizes EL imaging as a non-destructive method to capture
detailed internal defects that are not visible through conventional inspection methods.
Deep learning models, particularly Convolutional Neural Networks (CNNs), are
employed to automatically extract features and classify defects with high accuracy.
Techniques such as transfer learning, data augmentation, and attention mechanisms
are incorporated to improve model performance and handle limited datasets.

The overall workflow includes image acquisition, preprocessing, feature extraction,
model training, and classification. The system aims to provide a reliable, scalable, and
cost-effective solution for real-time solar panel monitoring, reducing manual effort
and maintenance costs while improving energy efficiency.
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1. Introduction

Solar energy has become one of the most important and rapidly growing sources of
renewable energy in the world. With the increasing demand for clean and sustainable
power, photovoltaic (PV) systems are widely deployed in residential, commercial, and
industrial applications. Solar panels convert sunlight into electrical energy; however,
their performance and efficiency are highly dependent on their physical and electrical
condition. Over time, various defects such as microcracks, broken cells, hotspots, and
inactive regions can develop due to environmental stress, manufacturing issues, and
aging. These defects not only reduce the energy output but can also lead to long-term
damage and system failure if not detected early.
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Traditional inspection methods, including manual visual inspection and electrical
testing, are often inefficient, time-consuming, and prone to human error. Moreover,
these methods fail to detect internal defects that are not visible on the surface. To
overcome these limitations, advanced imaging techniques such as
Electroluminescence (EL) imaging have been widely adopted. EL imaging is a non-
destructive testing method that captures the internal structure of solar cells by emitting
infrared light when an electrical current passes through the panel. This technique
allows for the detection of hidden defects such as microcracks, broken
interconnections, and inactive regions with high precision.

In recent years, the integration of EL imaging with machine learning and deep
learning techniques has gained significant attention. Deep learning models,
particularly Convolutional Neural Networks (CNNs), have shown remarkable
performance in image analysis tasks due to their ability to automatically learn
hierarchical features from raw data. Unlike traditional approaches that rely on manual
feature extraction, deep learning models can identify complex patterns and variations
in EL images, leading to improved defect detection accuracy.

Several research works have contributed to advancements in this domain. Perarasi et
al. (2026) proposed a deep learning-based approach known as SOLCNN for crack
detection in solar panels using EL images. Their method integrates image
segmentation with CNN architectures to accurately identify microcracks and
structural defects. The use of segmentation helps in isolating defect regions, enabling
the model to focus on relevant features and improve detection performance. Their
results demonstrate a significant improvement in accuracy compared to traditional
image processing techniques.

II. Literature Survey

1. Perarasi et al. (2026) [1] — SOLCNN crack detection — EL images — CNN +
segmentation — high accuracy — improves crack detection.

2. Kassim & Zhang (2026) [2] — YOLOv12 + CNN faults — image dataset — YOLO +
CNN — fast & accurate — supports real-time detection.

3. Ati (2026) [3] — ResNet + ViT faults — image dataset — ResNet + ViT — improved
classification — handles multiple faults.

4. Ati (2026) [4] — ResNet + ViT faults — image dataset — ResNet + ViT — better
accuracy — advanced feature extraction.

5. Yang et al. (2026) [5] — lightweight detector — image dataset — attention + pooling —
efficient detection — supports lightweight models.

6. Demirci et al. (2026) [6] — auto segmentation — EL images — DL segmentation —
high precision — enables automation.

7. Khatir & Nait-Bahloul (2026) [7] — multi-model CNN — image dataset — CNN
ensemble — robust results — improves reliability.

8. Ji et al. (2026) [8] — few-shot detection — image dataset — data augmentation —
better generalization — handles small data.

9. Bamisile et al. (2026) [9] — attention ResNet — image dataset — multi-scale CNN —
high performance — efficient classification.

10. Rudro et al. (2026) [10] — SPFNet2 — image dataset — U-Net + MobileNet — low
cost + accuracy — supports deployment.
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11. Hijjawi et al. (2026) [11] — segmentation benchmark — EL images — segmentation
models — best method found — aids model selection.

12. Himavarshini et al. (2026) [12] — TinyTripleNet — image dataset — lightweight
CNN - edge optimized — supports edge devices.

13. Perez-Dawn et al. (2026) [13] — EL enhancement — EL images — video
magnification — improved visibility — better detection.

14. Drir et al. (2026) [14] — cascade CNN — EL images — CNN + attention — high
accuracy — enhances detection.

15. Al-Otum (2023) [15] — CNN classification — EL images — CNN — accurate results
— baseline model.

16. Masita et al. (2025) [16] — review study — multiple datasets — review methods —
summarized results — background support.

17. Tsai et al. (2012) [17] — Fourier method — EL images — Fourier analysis —
effective detection — traditional approach.

18. Hassan & Dhimish (2023) [18] — CNN QA system — EL images — CNN —
improved quality — automation support.

19. Pathak et al. (2022) [19] — hotspot detection — thermal images — deep learning —
accurate localization — fault detection.

20. Sezen & Cerasi (2023) [20] — busbar defects — image dataset — CNN — good
accuracy — specific defect analysis.

21. Tella et al. (2025) [21] — ensemble DL — image dataset — ensemble models — better
accuracy — improves robustness.

22. Gong et al. (2025) [22] — lightweight model — image dataset — efficient CNN —
fast detection — real-time use.

23. Liu et al. (2024) [23] — CNN detector — EL images — CNN — efficient results —
optimized performance.

24. Ning et al. (2025) [24] — data enhancement — image dataset — augmentation —
improved accuracy — better training.

25. Apak & Farsadi (2025) [25] — graph CNN — image dataset — GCN — accurate
detection — advanced modeling.

II1. System Analysis

The system is designed to improve the detection and classification of defects in solar
panels using electroluminescence (EL) imaging and advanced machine learning
techniques. EL imaging captures detailed internal structures of photovoltaic cells,
revealing defects that are not visible to the naked eye. The system processes high-
resolution EL images to identify cracks, micro-cracks, and inactive regions. Image
preprocessing techniques are applied to enhance quality and remove noise. Feature
extraction methods identify important patterns related to defects. Machine learning
and deep learning models are used to classify defects accurately. The system supports
automated inspection, reducing manual effort. It ensures high accuracy and
consistency in defect detection. The solution is scalable for large solar farms and
industrial applications. Real-time analysis enables faster quality control. The system
also improves maintenance planning and energy efficiency.

Existing System

Existing systems for solar panel defect detection rely on manual inspection or basic
imaging techniques. Visual inspection is commonly used but cannot detect internal
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defects effectively. Some systems use infrared or thermal imaging, which may miss
fine cracks. Manual inspection is time-consuming and prone to human error.
Traditional image processing techniques are limited in identifying complex defect
patterns. Existing methods often lack automation and scalability. They require skilled
technicians for analysis. Data processing is slow and inefficient for large datasets.
These systems do not utilize advanced machine learning models. They also struggle
with varying lighting conditions and image quality. As a result, defect detection
accuracy is limited. Overall, existing systems are inefficient and less reliable.

Disadvantages of Existing System

o High dependency on manual inspection

o Inability to detect micro-defects accurately
e Time-consuming process

e Prone to human errors

e Limited use of advanced ML techniques

e Poor scalability for large solar farms

e Low detection accuracy

o Inefficient data processing

e (Cannot handle complex defect patterns

e Requires skilled labor

Proposed System

The proposed system integrates electroluminescence imaging with advanced machine
learning for accurate defect classification. EL images are captured to reveal internal
defects in solar cells. Preprocessing techniques enhance image quality and remove
noise. Deep learning models such as CNNs are used to extract spatial features
automatically. The system classifies defects into categories like cracks, micro-cracks,
and inactive regions. It supports automated and real-time inspection of solar panels.
The model is trained on large datasets to improve accuracy and generalization. The
system adapts to different panel types and environmental conditions. It reduces the
need for manual inspection and human intervention. The solution is scalable and
efficient for industrial use. It improves maintenance planning and reduces energy loss.
Overall, it enhances performance and reliability of solar panels.

Advantages of Proposed System

o High accuracy in defect detection

e Automated inspection process

e Detects micro and complex defects

e Reduces human effort and errors

e Scalable for large-scale applications

o Faster processing and real-time analysis
e Uses advanced deep learning models

e Improves maintenance efficiency

o Enhances solar panel performance

e Cost-effective in the long run
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IV. Methodology

The methodology begins with collecting EL images of solar panels. Image
preprocessing techniques such as noise reduction and normalization are applied. Data
augmentation is used to improve model robustness. Feature extraction is performed
using deep learning models like CNNs. The dataset is labeled based on defect types.
The data is split into training and testing sets. The model is trained to classify
different types of defects. Hyperparameter tuning is applied to optimize performance.
The model is evaluated using metrics such as accuracy, precision, recall, and F1-score.
The trained model is deployed for real-time defect detection. Continuous learning
improves model performance over time. The system supports automated inspection
workflows.

System Architecture

The system architecture consists of multiple layers for efficient defect detection and
classification. The input layer captures EL images of solar panels. The preprocessing
layer enhances image quality and removes noise. The feature extraction layer uses
CNN models to identify patterns. The classification layer categorizes defects based on
extracted features. The evaluation module measures model performance using
standard metrics. The output layer displays detected defects and their types. A
database stores images and classification results. The system includes an interface for
monitoring and analysis. It supports real-time processing and automation. The
architecture ensures scalability and efficiency. Overall, it enables accurate and
intelligent defect classification.
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V. Result and Output

healthy healthy defective defective

Actual: defective Actual: defective Actual: defective Actual: healthy
Pred: healthy Pred: defective Pred: defective Pred: defective

| ey o "I'“ﬂ
& {l- ‘?’ )
e

K I\’:\ ."‘
Y
= .

Actual: healthy Actual: defective Actual: healthy Actual: healthy
Pred: defective Pred: healthy Pred: defective Pred: defective

' i

Confusion Matrix

ISSN No0:2250-3676 www.ijesat.com

Page 766 of 768



International Journal of Engineering Science and Advanced Technology (IJESAT) Vol 26 Issue 06, June 2026

VI. Conclusion

This project presents an effective approach for improving defect detection and
classification in solar panels by integrating Electroluminescence (EL) imaging with
advanced machine learning techniques. EL imaging provides a powerful non-
destructive method to capture detailed internal defects that are not visible through
conventional inspection methods. By leveraging deep learning models such as
Convolutional Neural Networks (CNNs), the system is able to automatically extract
meaningful features and accurately classify various types of defects.

The implementation of techniques like transfer learning, data augmentation, and
feature enhancement significantly improves the model’s performance, even with
limited datasets. The proposed system demonstrates high accuracy, reduced
inspection time, and minimized human intervention, making it a reliable solution for
solar panel monitoring.

Although certain challenges such as dataset dependency, computational requirements,
and real-time deployment exist, the overall results highlight the potential of
combining EL imaging with intelligent algorithms for efficient and scalable defect
analysis.

In conclusion, this work contributes to the advancement of automated solar panel
inspection systems, leading to improved energy efficiency, reduced maintenance costs,
and enhanced reliability of photovoltaic systems. It supports the broader goal of
sustainable and efficient renewable energy utilization.
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