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Abstract: Nowadays due to increase in the awareness of the green and clean energy, the solar cells production increases in
lightning speed. So, there is an increasing need for automating the solar cell panel defect detection instead of manual screening.
So solar cell surface detection is becoming one of the crucial research areas for providing the reliable and optimistic
manufacturing process. Recently the various deep learning frameworks are used for detecting the defects including YOLOVS5,
Faster R-CNN, and YOLOvV6. These techniques are used for addressing the various challenges including accessing the
background details, inconsistencies and variable defects. This review paper examines various techniques in the detection of solar
cell defect, features extraction techniques, training classifiers, and architectural modifications. It also highlights the various
challenges including data imbalance, real time data, use of explainable Al for detecting and interpreting the defects form the solar
cells.

Index Terms - Solar Cell Defect Detection, Computer Vision, Deep Learning, YOLOV5, Faster R-CNN, Cross Stage Partial
Network, YOLOv6, Deformable Convolution, Industrial Automation, Photovoltaic Inspection.

l. INTRODUCTION

With the growing demand of the renewable energy leads to the rapid development in the photovoltaic (PV) technology. It gives
the clean and sustainable energy solution through the solar energy. The solar cell is the key part with the solar energy system which
itself ensures the reliability and efficiency of the solar energy system. The solar cells surface often faces challenges of including
cracks, scratches and fractures on the surface which can lead to reduction in the efficiency of power generation. So, the defect
detection and classification are a core component of the solar cell manufacturing unit.

Earlier for detection of the defect, manual inspection method was used. Some traditional image processing techniques are also
used for processing the solar panel images. But these methods fail to detect the defects in the industrial environment having various
challenges including lighting variation, noise coming inside the solar cell image background, defect shape recognition, etc. which
hampers the large-scale production of the solar cell based on growing demand. In recent years due to advancement in the computer
vision and image processing technology with deep learning techniques integration, automates the defects detection and increases
accuracy. Models such as R-CNN, YOLOv5, and YOLOv6 shown the excellent results for defect detection using the real
environment. Researchers also use the various frameworks including deformable convolutional layers and cross stage partial for
enhancing the defect detection process.

Despite these advancements, still they face the various challenges including lack of the well annotated datasets of solar cell,
optimization requirement with lightweight models and real time implementation in industry environment. There is also a need of
enhancement in deep learning model interpretability which remains an active area of research. This paper provides a review of the
various techniques used for solar cell defect detection using deep learning techniques. It analyzes the limitations and challenges
identified in the solar cell defect detection area. Section Il outlines various techniques proposed by authors, along with their
advantages and drawbacks. Section Il discusses the challenges in front of the solar cell fault detection for developing a step
towards automating the fault detection process.

1. LITERATURE REVIEW

Various researchers are devoted their research for automated detection of the solar cell faults reflecting from traditional manual
method to the latest deep learning driven systems as follows —

Rifat Al Mamun Rudro, et al. [1] proposes the deep learning model by integrating InceptionVV3 base with U-Net. ImageNet
weights are used with Inception VV3-Net to enhance the layers. It has two layers; first includes batch normalization and LeakyRelLu
and second is the Soft-Max output layer. It uses the image segmentation inside the deep learning model for improving the
identification accuracy. Further it can be improved by applying the optimization with real-time fault detection. Su, Z. Zhou and H.
Chen [2] propose the dataset for detection of the anomaly from the photovoltaic and electroluminescence images. Author includes
the 36,543 images including the various types of the defects and backgrounds. It includes the images from the ten different
categories with bounding box for 8 faults. The various deep learning algorithms have been evaluated on the dataset. Further this
dataset can be evaluated for the many other task including shot detection and classification. Dhritiman Adhya, et al. [3] uses the
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three different machine learning algorithms including CatBoost, XGBoost and LGBM for PV fault analysis. This system has been
implemented in the Simulink environment with the own dataset. These algorithms reduce the computational time. It further
analyzes with the random forest algorithm. These algorithms can be replaced by deep learning techniques for further improvement.

Duranay, Zeynep Bala [4] introduces the fault detection using the deep leaning technique. The dataset of 20000 images are
utilized with the categorization into 12 classes for the infrared solar images. The classification has been performed using the SVM
along with Efficientnet feature extraction technique. The proposed techniques accurately classify the defects into the 12 different
categories. Further, optimization can be applied along with the use of data augmentation and generalization. Rohith G, R
Rajalakshmi [5] proposes the hybrid deep learning mechanism by combining CNN with the pretrainied ViT. It extracts the multi-
scale features by reducing time and complexity. It also generalizes the interclass feature extraction mechanism. The model is tested
on the balanced solar panel images. It increases the generalization and minimizes overfitting data. Further it can be extended with
adding diverse datasets integrating it with the edge computing. Isaac Segovia Ramirez, Fausto Pedro Garcia Marquez, et al. [6]
presents the new method of analyzing the image using two CNN to detect the core areas of the ault detection with reduction in the
false positive cases. This approach processes the data in autonomous mode whenever it is received using CNN. It uses size, shape
and temperature parameters for analysis. This method compared with SVM and ANN which shows the robustness of the technique.
It can be further improved by using the edge computing for optimizing the data transfer delay. Tarikua Mekashaw Zenebe, Ole-
Morten Midtgérd, et al. [7] proposes the ML based fault classification and detection mechanism using the pre-trained CNN. It
automatically extracts the features for increase in accuracy and reducing the processing time and memory. The PV array data is
used for training. The pretrained CNN includes the data from various deep learning mechanism including, ResNet, EfficientNet,
etc. The Pairing with SVM increases the results. Further it can give the focus on the fault localization for reducing cost.

Sampurna Lakshmi P, Sivagamasundari S, Manjula Sri Rayudu [8] uses the ML technique for analyses of the faults based on
the power data for the maintenance of solar plants. It processes the data coming from the solor plants and apply the DT-LGB for
prediction. The model has been trained to identify the possible faults and predict well in advance. In future it can be applied with
the real-time application data. Tareq Salameh, Rasmus Bjork, t al. [9] uses the CNN and the transfer learning mechanism for
building the new model. It detects the fault on solar PV with consideration of the shading and temperature. The dataset from the
Mendely has been tested for different epoch. Transfer learning model shows the promising results. In future the transfer learning
can be applied for increasing performance of classification mechanism. Fernando Martinez-Gil, Christopher Sansom, et al. [10]
reviews the in-depth analysis of the various techniques used for the maintenance of the solar system. There are many challenges
imposed based on the PV and CSP. Al and IoT technology can be used for ease of maintenance process. It also reduces the cost of
the maintenance. It gives the UAV for capturing the fault images and failure predication for reducing the downtime. In future
various hybrid deep learning mechanism can be used for enhancing the fault prediction.

Abdul-Kadir Hamid, Mena Maurice Farag, et al. [11] proposes the multi-fault classification technique using the combination of
the 1-V curve and power profile analysis. It combines the CNN and RF for analyzing the fault including cracks, cuts, etc. It gives
more result than the CNN. The real-time scalability can be achieved through low computation model integration with 10T and
cloud. Further it can be enhanced using the transfer learning, real data, and generalization. Ula Hijjawi, Subhash Lakshminarayana,
et al. [12] presents the review of the various approaches used for PV defect detection. Author considered IBT and ETT categories.
The IBT further categorizes into IRT, EL and LBIC. The ETT has further categorizes into ECM, PLA, TDR and VCM. Various
ML and digital processing approaches are considered. It critically analyzes the various defects and its locations. The author
discusses the various challenges including monitoring of real time data, availability of the data and efficiency. Further the scope has
been given to use ML based models for fault prediction along with fault localization. B. Su, H. Chen and Z. Zhou [13] propose the
multi-scale BAFPN architecture for semantic feature layers. With the help of cosine similarity, the importance of each feature has
been measured. Objects are detected using the BAF-Detector. It gives good performance for the PV cell image dataset. Further it
can be extended by integrating it with loT.

Hoanh Nguyen, Tuan Anh Nguyen, Nguyen Duc Toan [14] introduce the novel model for fault detection of solar cells. The
SMT has been used for enhancement for feature extraction and fusion mechanisms. With the use of self-attention mechanism, it
reduces the inference time. The special displacement mechanism improves the recall and precision values. It also combines the
various features from various layers for improving accuracy. Further this model can be enhanced with the help of generative
models and data augmentation. B. Su, H. Chen, P. Chen, et al. [15] designs the complementary attention network (CAN)
mechanism reducing the background noise and highlighting the defects from the images. The output features are extracted from
average and max pooling layer. R-CNN used for refinement in the defective regions to improve the accuracy. Proposed mechanism
shows better result than the other using solar cell images. Further it can be extended for the generalization. Mustafa Yusuf Demirci,
Nurettin Besli, et al. [16] propose the deep feature v=based model for defect detection and classification. With the help of SVM,
RF, KNN and DT the various features are extracted. The mRMR algorithm has been used for coming ML and DL mechanisms. L-
CNN has been used for the comparison of the models. Proposed mechanism shows higher accuracy than other models. Further
hybrid model can be used for enhancement.

B. Su, H. Chen, K. Liu and W. Liu [17] use the RCAG-Net for achieving defect highlighting, background noise reduction and
multi-scale fusion of features. GAP and MLP has been used for reduction of dimensionality and refinement in the features. The
channel-wise features are extracted using the filtering mechanism. The system has been tested on the real dataset of the defects,
confirms the effectiveness in small defect spot reorganization. Lang, D., Lv, Z. [18] propose the YOLO based mechanism which
integrates the Transformer model with attention mechanism for solar PV defect identification. With the help of self-attention
features are extracted including spatial and semantic. CCT module sued for extracting the contextual information. It achieves good
performance on the real dataset. Further this system can be extended for IoT and hybrid models. X. Xie, H. Liu, Z. Na [19]
proposes transformer-based approach used for fault detection. The convolutions are used for extracting context more accurately.
CW-MSA used for enlargement of window capacity. The low-level features are merged with the attention based strong features.
The proposed DPit detects the fault accurately based on the testing done on elpv dataset. It can be extended using the various deep
learning techniques. Sujata P. Pathak, Dr.Sonali Patil, Shailee Patel [20] proposed the novel method for detection of fault using the
thermal image processing. The CNN has been used for fault type classification and identify the region of interest of fault. The
proposed approach has been tested with other models where ResNet-50 achieves higher performance. It also facilitates the early
identification and localization of fault. This can be extended with the use of drones.
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I1l. CHALLENGES

With analysis of the various research literature carried out in the above section, following are the key challenges are identified

in front of the solar cell fault detection systems as —

1. Limited availability of the large scale, high quality annotated dataset of the solar cell surface faults which leads to failure

in the system in the actual industry environment, imbalanced data and generalization of the model.

2. Increase complexity in the background pattern finding and cracks detection along with pinholes due to their varied nature
of shape, size and intensity. The lightening conditions also makes a challenge in front of background extraction.
The overlapping defects are still gone unaddressed.
Deep learning mechanisms are trained on the specific datasets where it lacks to give performance on the other images.
The camera resolution, angle of picture, and illumination can degrade the systems performance.
Integration with Explainable Al shall able to enhance the highlighting of the critical defected regions on solar cells. The
Explainable Al can be helpful in reducing the misclassification.
7. It needs to apply the transfer learning, data augmentation and cross domain adaptability for improvement
8. Speed of working and accuracy remains the challenge in the real time environment.
9.
1

o kAW

Need to develop the lightweight, energy efficient models with optimizing the various processed.
0. Need to test the various hybrid and ensemble approaches for the fault detection.

1V. CONCLUSION

The solar cell surface fault detection has got attention of the world due to increasing need and clean energy along with adaption of
sustainable solution. The deep learning-based systems proves the evolutionary steps in the photovoltaic quality inspection. Various
literature techniques have been reviewed including the YOULOvV5, YOLOv6 R-CNN. However, despite of the advantages, these
fault detection systems face several challenges including limited annotated dataset availability, generalized model f=development
and matching the trade-off between the accuracy of the model and speed of operation. It also lacks in the interpretability and
explainability within the current model. In the future these can be integrated t=with the 10T for developing the systems for smart
inspections, hybrid architecture along with support of the transfer learning. This review is the first step towards the designing the
fully automated, reliable and efficient solar cell surface fault detection system. It supports the global vision of clean and sustainable
energy production.
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