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With the increasing use of photovoltaic systems, monitoring the health of solar
panels has become an important issue for sustainable operation, reducing
maintenance costs, and improving energy generation efficiency. Defects such as
breakage, dust, shadow, and surface variations can reduce panel performance
and shorten its service life. Traditional inspection methods are generally time-
consuming, dependent on human labor, and inefficient on a large scale. In this

study, a computer vision and deep learning-based framework is proposed for
detecting and localizing surface regions in solar panel images. The proposed
model consists of a ResNet101 feature extractor, a Sobel operator-based edge
extraction module, a spatial-channel attention module, an FPN/PAN multi-scale
feature fusion structure, and a multi-scale detection head. The model output
includes bounding boxes, region classes, and confidence scores; therefore, it can
simultaneously identify multiple different regions in a single image. The dataset
used in this study was constructed by combining images collected from public
sources with manually collected data and includes four classes: breakage, clean
region, dust, and shadow. The experimental results showed that the proposed
model, achieving a Precision of 0.954, Recall of 0.939, Fl-score of 0.946,
mAP@0.5 of 0.966, and mMAP@0.5:0.95 of 0.766, outperformed baseline models
and recent photovoltaic defect detection methods. Furthermore, the ablation
study results showed that combining edge information, spatial-channel attention,
and multi-scale feature fusion plays an important role in improving detection
and localization accuracy. Based on the results, the proposed method can be
used as a practical solution for automatic monitoring, targeted cleaning, and
predictive maintenance of solar panels.
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Background and Objective
The rapid growth of photovoltaic systems has increased the need for reliable and automatic inspection
of solar panels. Since solar panels are usually installed in outdoor environments, they are continuously
exposed to dust, shadowing, illumination changes, surface contamination, breakage, and other physical
or environmental effects. These conditions can reduce power generation, shorten module lifetime, and
increase maintenance costs. Traditional inspection methods, such as manual visual inspection,
electrical measurements, thermal imaging, and electroluminescence imaging, can be effective in
specific situations; however, they often require expert operators, specialized equipment, controlled
imaging conditions, or time-consuming analysis. These limitations make them less practical for large-
scale and continuous monitoring of photovoltaic systems.

The objective of this study is to develop a computer vision and deep learning-based framework for
detecting and localizing surface regions in solar panel images. Unlike image-level classification
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methods that only determine the overall condition of an image, the proposed approach performs multi-
class and multi-instance detection. Therefore, it can identify several regions in a single image and
assign each region a bounding box, class label, and confidence score. This capability is important in
real inspection scenarios, where a solar panel image may simultaneously contain breakage, dust,
shadow, and clean regions.

Proposed Method

The proposed architecture is designed as a multi-scale object detection framework. The model receives
an RGB image as input and produces a set of bounding boxes as output. Each detected box represents
a surface region and includes its spatial coordinates, predicted class, and confidence score. The
considered classes are breakage, clean region, dust, and shadow.

The model consists of several complementary components. First, input images are resized and
normalized, and data augmentation operations such as rotation, brightness adjustment, contrast
variation, scaling, shifting, and horizontal flipping are applied to improve generalization. Second, a
Sobel-based edge extraction module is used to enhance structural information. Since defects such as
cracks and breakage may appear as narrow and low-contrast patterns, edge information provides
useful cues for detecting these regions. Third, ResNet101 is employed as the main feature extractor to
learn deep hierarchical representations from the input image. Its residual connections help preserve
gradient flow and support effective learning of complex visual patterns.

In addition, a spatial-channel attention module is integrated to emphasize informative feature
channels and important spatial regions while reducing the influence of irrelevant background patterns,
repeated solar cell grid lines, and reflections. To handle defects at different scales, an FPN/PAN-based
multi-scale feature fusion structure is used. This component combines semantic deep features with
spatially detailed shallow features, enabling the model to detect both small regions such as cracks and
larger regions such as dust or shadow. Finally, a multi-scale detection head predicts bounding box
coordinates, class labels, and confidence scores. During post-processing, low-confidence predictions
are removed, and non-maximum suppression is applied to eliminate duplicate detections.

Dataset and Experimental Setup

The dataset used in this study was constructed by combining images collected from public sources and
manually gathered samples. This strategy increased the diversity of the data in terms of illumination,
viewpoint, panel appearance, shadow patterns, dust distribution, and surface conditions. Some images
already contained annotations, while the remaining samples were manually annotated or corrected
using bounding boxes. The dataset includes four classes: breakage, clean region, dust, and shadow.
Although the clean region class is also annotated using bounding boxes, the main focus of the study is
the detection and localization of surface regions relevant to inspection and maintenance.

The dataset was divided into training, validation, and test subsets using an 80:10:10 ratio. The
proposed model was implemented in Python using the PyTorch framework and trained on a system
equipped with an NVIDIA RTX 4060 GPU. The Adam optimizer was used with an initial learning
rate of 1x10*, a batch size of 8, and 200 training epochs. The total loss function consisted of bounding
box localization loss, classification loss, and objectness loss. For localization, CloU loss was used
because it considers overlap, center distance, and aspect-ratio consistency between predicted and
ground-truth boxes.

Evaluation Metrics

The model was evaluated using standard object detection metrics, including Precision, Recall, F1-
score, mMAP@0.5, and mAP@0.5:0.95. Precision measures the proportion of correct detections among
all predicted detections, while Recall measures the proportion of actual regions successfully detected
by the model. F1-score provides a balanced measure between Precision and Recall. The mAP@0.5
metric evaluates detection performance at an loU threshold of 0.5, while mMAP@0.5:0.95 provides a
stricter evaluation by averaging mAP values across loU thresholds from 0.5 to 0.95.

Results and Discussion
The proposed model achieved strong performance on the test set, with a Precision of 0.954, Recall of
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0.939, F1-score of 0.946, mAP@0.5 of 0.966, and mAP@0.5:0.95 of 0.766. These results show that
the model provides a suitable balance between detection accuracy and recall. The high mAP@0.5
value indicates strong overall detection capability, while the mAP@0.5:0.95 value confirms
acceptable localization accuracy under stricter loU thresholds.

Class-wise evaluation showed stable performance across all classes. The clean region class
achieved the highest performance due to its more uniform visual appearance. Breakage was more
challenging because broken or cracked regions are often narrow, low-contrast, and visually similar to
the grid lines of solar cells. Dust and shadow were also challenging because their appearance depends
on illumination, viewpoint, and surface conditions. Nevertheless, the proposed model successfully
distinguished these classes with high overall accuracy.

The proposed method was compared with several baseline and recent detection models, including
Faster R-CNN, SSD, RetinaNet, DETR, YOLOv11n, YOLO-PV, PV-YOLOv12n, MRA-YOLOVS,
YOLOV8-FSD, BiFDRep-YOLOv8n, DCD-YOLOvV8s, and an improved YOLO11l model. The
comparison results showed that the proposed model achieved the best performance across all
evaluation metrics. This improvement demonstrates the effectiveness of combining deep feature
extraction, edge information, spatial-channel attention, and multi-scale feature fusion for detecting
surface regions in solar panel images.

An ablation study was also conducted to evaluate the contribution of each component. Removing
the FPN/PAN feature fusion structure caused the largest performance degradation, confirming the
importance of multi-scale representation. Removing the Sobel-based edge module reduced the ability
to detect narrow and boundary-based regions, especially breakage. Removing the spatial-channel
attention module also decreased performance by weakening the model’s focus on informative regions.
These results confirm that each component contributes to the final detection accuracy.

Conclusion

This study presented a deep learning-based computer vision framework for intelligent detection and
localization of surface regions in solar panel images. The proposed model combines ResNet101
feature extraction, Sobel-based edge enhancement, spatial-channel attention, FPN/PAN multi-scale
feature fusion, and a multi-scale detection head. The model can detect multiple regions in a single
image and assign each region a bounding box, class label, and confidence score.

The experimental results demonstrate that the proposed method outperforms baseline detectors and
recent photovoltaic defect detection models. The proposed framework can be used as a practical tool
for automatic monitoring, targeted cleaning, inspection prioritization, and predictive maintenance of
solar panel systems. Future work can focus on expanding the dataset, incorporating drone-based or
thermal images, developing lighter versions for edge devices, and evaluating the method in real-time
field inspection scenarios.
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