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Abstract
With the rapid expansion of modern power grids, automated defect detection in high-voltage transmission lines 
has become a critical engineering challenge for preventing catastrophic failures and ensuring reliable electricity 
supply. While automated inspection has revolutionized power infrastructure maintenance, current vision-based 
methods still face three practical limitations in field applications: (1) susceptibility to complex background 
interference; (2) insufficient recognition accuracy for small-sized components; and (3) delayed response in real-
time inspection scenarios. To address these industry pain points, this study develops a multi-scale fusion enhanced 
detection algorithm specifically optimized for power transmission line components. In response to these issues, 
this paper proposes an intelligent power transmission line defect detection algorithm based on multi-scale fusion, 
which introduce Coordinate Convolution, optimized decoupled detection head and improved loss function to solves 
the problems of low precision, poor robustness, and slow detection speeds faced by defect detection in power 
transmission network scenarios, laying a necessary theoretical foundation for subsequent practical applications.
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1. INTRODUCTION
With the development of large-scale construction of the transmission network, the transmission tower and 
the power transmission line are a key part of the power system. Affected by the environment, natural aging 
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and other factors, the power transmission lines have a lack of pins, shockproof hammer off, nut rust and 
other defects. These defects will reduce the strength and service life of the power transmission line, which 
will cause economic losses to the power system and even serious accidents. Therefore, timely and accurate 
detection of defects in power transmission lines is of great significance for ensuring the safety of the power 
system[1].

In recent years, scholars have put forward a variety of ideas and methods for power transmission line defect 
detection, including Ultrasonic Wave, X-ray detection based on manual detection[2], infrared detection 
method[3], laser scanning detection method, etc. These methods are non-automatic detection approaches, 
which require inspectors to observe through naked eyes, and long-term observation is prone to visual 
fatigue, false detection and missed detection. Traditional computer vision technology uses charged coupled 
device (CCD) cameras to collect image information of the object to be detected, and then analyzes it to 
obtain abnormal information, so as to obtain the corresponding defect information[4] to complete defect 
detection.

Nowadays, drones have been widely applied to the inspection of power transmission lines, and algorithms 
such as deep learning have been extensively used in the defect recognition of images captured during drone-
based power line inspections[5-9]. Compared to defect identification by human eyes, machine vision 
technology has shown the advantages of visual, intuitive, efficient and fast defect detection tasks in power 
transmission line defect inspection scenarios.

You Only Look Once (YOLO) is a very famous, end to end real-time object detection algorithm by framing 
object detection as a single regression problem. Because of the remarkable speed and high accuracy of 
YOLO, many defect inspection algorithms, especially including power transmission line defect inspection, 
have drawn on the architectural framework of YOLO[10-16].

The update from YOLOv1 to YOLOv3[17,18] is mainly an improvement on the underlying framework 
structure: YOLOv1 uses a relatively simple convolutional neural network as a feature extractor, called 
Darknet. In the subsequent versions, YOLOv2 and YOLOv3 respectively use more advanced feature 
extraction networks, such as Darknet-19 and Darknet-53, which have better performance and expression 
capabilities, and in order to improve the detection ability of targets of different sizes, YOLOv2 and YOLOv3 
introduce a multi-scale feature fusion mechanism. In addition, YOLOv2 and YOLOv3 introduce the 
concept of anchor boxes to provide candidate boxes of different scales. YOLOv12[19] is the latest real-time 
object detector that redefines what is possible with faster detection speed, higher accuracy, and efficiency, 
and shines in the fields of industrial, medical, and security object detection.

In order to solve the problem of insufficient performance on edge computing devices, some researchers 
have proposed network structures with fewer parameters and lighter structures, such as Tiny YOLO and 
MobileNet YOLO. These networks achieve the goal of running in real time on low-power devices by 
reducing the number of network layers, employing lightweight convolution operations, or introducing low-
resolution feature maps. They reduce the complexity of the model to some extent, but may sacrifice 
detection accuracy. In 2023, Liu et al. designed an edge-real-time object detector that can run in real time 
on edge devices to improve the inference speed without losing accuracy, and at the same time, designed an 
enhanced data augmentation method and a hybrid random loss function to improve the detection accuracy 
of small targets[20]. Compared with the current mainstream YOLO series tiny models[21], it shows good 
performance.
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We find that the current transmission line defect detection methods do not effectively utilize edge 
information well, resulting in ignoring details. The contributions of our paper can be summarized as 
follows: (1) We introduced a residual structure and redesigned and optimized the decoupling head to make 
it more suitable for substation inspection scenarios; (2) By introducing coordinated coordinate convolution 
(CoordConv) to modify the feature extraction module, it provides more refined coordinate information for 
the subsequent convolutional layer, helps the network better understand the spatial relationship between the 
input data, and improves the accuracy and robustness of the model; (3) In terms of positioning loss, by 
introducing Shape Intersection over Union (Shape-IoU) and improving it to replace the original 
Generalized Intersection over Union (GIoU), the model considers the influence of the shape of the 
bounding box, the size of the bounding box and the distance between the prediction box and the real frame 
on the regression of the bounding box, so as to further improve the accuracy of loss calculation.

2. METHODS
Therefore, this paper uses the edge-real-time object detector as the basic model and improves and adjusts 
the shortcomings of the basic model, so as to further improve the detection accuracy while maintaining the 
original advantages.

2.1. Multi-scale fusion power transmission line defect detection method
The network structure of edge-real-time object detector mainly includes five parts: input, backbone 
network, feature fusion network, detection head, and output, as shown in Figure 1.

The edge-real-time object detector proposes an improved method for image enhancement. First, multiple 
groups of images are processed using the Mosaic method, where the number of groups can be set according 
to the average number of labels in a single image in the dataset. The Mosaic method stitches multiple images 
together to produce a new composite image. Then, the last simple image enhancement data is mixed with 
the previous sets of Mosaic image enhancement data using the Mixup method. Finally, in the final output of 
the enhanced image, the bounding boxes of all original targets are still within the boundaries of the 
transformed enhanced image. By adopting the improved method in Figure 2, we can avoid generating 
images without valid targets, improve the quality of the data by increasing the number of valid boxes, 
alleviate the negative impact of too few labels on training, and improve the performance of the detection 
model.

Figure 3 shows the backbone network structure.

Firstly, four RepConv modules are passed through; the RepConv module comes from the Repvgg[22] 
network, adopts the convolutional heavy parameterization method, and uses multiple branches and a single 
branch structure in the training and inference stages respectively to enrich the feature information and 
improve the computational efficiency. After four RepConv modules, the size of the feature map becomes 
160 × 160 × 60. This is followed by a feature extraction Module_1 module, as shown in Figure 4. The 
Module_1 module consists of multiple RepConv and CBS modules. It effectively solves the problem of low 
detection accuracy of small targets in transmission line scenarios.

The CBS module is composed of convolution, batch normalization and SiLU activation functions, and the 
number of channels in the Edge_Module1 will become half of the original number of channels in the first 
two CBS modules, as shown in Figure 5, in the subsequent modules, the number of input channels and 
output channels remains the same, and the output is the required number of channels after the last CBS 
module. Next, feature extraction will be carried out through three sets of MP_rep modules and 
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Figure 1. Overall structure of edge-real-time object detector.

Figure 2. Improved data augmentation strategy.

Figure 3. Backbone network.

Figure 4. Edge_Module1 module structure.

Edge_Module2. The structure of the MP_rep module is shown in Figure 5, which mainly comprises 
Maxpool, CBS module and RepConv module, and the network structure of Edge_Module2 module and 
Edge_Module1 module is the same, as shown in Figure 6, except that the two RepConv modules are 
replaced by DepthwiseConv.
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Figure 5. Mp_rep module structure.

Figure 6. Edge_Module2 modular structure.

The feature fusion network utilizes the SPPCSPC module from YOLOv7 and the path aggregation network 
(PANet) to complete feature fusion at different scales, as shown in Figure 7. The SPPCSPC module uses 
four maximum pooling layers (1 × 1, 5 × 5, 9 × 9, and 13 × 13) at different scales to pool the feature map, 
then combines these layers to provide the model with different receptive fields. This enables better 
differentiation between small and large targets, with the network structure illustrated in Figure 8. PANet’s 
core idea is to improve image comprehension by fusing features from different levels step by step. It consists 
of a top-down upsampling path to extract fine-grained features from the high-level feature map, and a 
bottom-up downsampling path to capture more global, semantically rich features from the lower-level 
feature map. The fusion of these two paths enables PANet to obtain rich multi-scale feature information 
and improve the accuracy of network prediction.

The P3, P4, and P5 outputs by the feature fusion network are transferred to the prediction network for 
prediction after the number of channels is adjusted by the RepConv module. Edge-real-time object detector 
takes a decoupling head as a prediction network and modifies it to make its inference faster. The decoupling 
head was first proposed in fully convolutional one-stage object detection (FCOS)[23], and its main idea is to 
decompose the object detection task into two subtasks: classification and localization. Specifically, the 
decoupling head contains two separate branches: one for predicting the target’s category, and the other for 
predicting the target’s location. By decoupling the head, each subtask can learn and optimize independently, 
so as to better adapt to the characteristics of different classes and different scale targets, and improve the 
accuracy and robustness of detection. Edge-real-time object detector streamlines and optimizes the 
decoupling head, reducing the complexity of the model and improving the computational efficiency, as 
shown in Figure 9. The introduction of an implicit representation layer behind the convolutional layer can 
better capture the features of the target, and at the same time, reduce the cost and improve the regression 
performance in the inference process.
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Figure 7. Feature convergence network.

Figure 8. SPPCSPC network structure.

Figure 9. Structure diagram of the decoupling head.

2.2. Defect detection algorithm based on improved network
High-voltage environments, such as power transmission networks, often have complex light conditions and 
noise interference, which can affect the accuracy of machine vision inspections. At the same time, the defect 
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itself is a small target, which is difficult to detect, and there are problems with the detection accuracy. In 
order to solve these problems, based on edge-real-time object detector, this paper further improves the 
accuracy and stability of detecting power transmission line defects without increasing the number of 
additional parameters and memory overhead by modifying the feature extraction module in the backbone 
network, customizing the optimization decoupling detection head, and modifying the loss function.

2.3. Improved feature extraction module based on CoordConv
In order to solve the problem that the detection accuracy of small targets such as pins and nuts is not high 
in the complex scene of the transmission network, in the backbone network, the Edge_Module1 of the 
feature extraction module is modified by introducing CoordConv, which provides more refined coordinate 
information for the subsequent convolutional layer, helps the network better understand the spatial 
relationship between the input data, and improves the accuracy and robustness of the model.

In view of the problem of low detection accuracy for some small targets in power transmission line 
scenarios, this paper improves the Edge_Module1 of the backbone feature extraction module, and 
introduces the CoordConv[24] in the Edge_Module1 module to replace the original ordinary convolution, 
and names it Module_CD, as shown in Figure 10.

CoordConv is a convolutional layer that introduces coordinate information, which can fuse position 
information into the convolution process without adding additional parameters and computational effort, 
which is an extension of ordinary convolution, as shown in Figure 11. It provides finer coordinate 
information for the subsequent convolutional layer (that is, two additional I and J channels are connected to 
the input channel to provide the filter), and establishes the mapping relationship between pixel space and 
Cartesian space to help the network better understand the spatial relationship between the input data, 
enhance the convolutional neural network’s perception of position information, and improve the detection 
and recognition effect of small targets.

2.4. Custom decoupling head based on residual structure
It is necessary to address the deployment issues of large-scale networks on embedded devices. To meet the 
demand for real-time detection, it is necessary to perform lightweight processing on the basic detection 
model. In response to this issue, this paper introduces a residual structure and redesigns the decoupling 
head to make it more suitable for detection scenarios as shown in Figure 12. Through such optimization, we 
can not only improve detection speed but also maintain high detection accuracy.

To enhance the network’s representational power, we first use the CoordConv module to uniformly adjust 
the number of channels in the three feature maps output by the feature fusion network to 256. Then, we add 
two residual structure branches to optimize gradient propagation and accelerate model convergence. By 
using skip connections to sum the inputs and outputs, the network can learn the residual parts, which can 
help the model better adapt to changes in input data, reduce dependence on precise predictions, and better 
cope with difficulties in detection caused by factors such as occlusion and image blur, where edges or details 
cannot be clearly displayed. This improves the model’s robustness. With these improvements, we can 
achieve fast and accurate real-time detection of large-scale network models on embedded devices.

2.5. Improved loss function based on Shape-IoU
In the complex scenario of power transmission lines, due to the small size of the defects, even minor errors 
can lead to significant changes in Intersection over Union (IoU) values. Therefore, it is necessary to further 
optimize the localization loss to improve the accuracy of loss calculation and reduce the false positive and 
false negative rates at various scales. Research has found that the shape of small object ground truth (GT) 
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Figure 10. Module_CD structure diagram.

Figure 11. Coordinated coordinate convolution.

Figure 12. Custom decoupling headers.
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boxes has a significant impact on the IoU value of bounding boxes, because even if there is some overlap 
between the bounding box and the GT box, the IoU value may still be low if the shapes do not match. 
Therefore, Shape-IoU[25] is introduced and improved to make the model consider the shape of the bounding 
box itself, the size of the bounding box itself, and the impact of the distance between the predicted box and 
the GT box on bounding box regression simultaneously.

Where wgt and hgt denote the width and height of GT box, and w and h denote the width and height of 
anchor box. c is the diagonal distance of the minimum enclosing bounding box between b and bgt. xc, yc are 
the coordinates of the center in anchor box. xc

gt, yc
gt are the coordinates of the center in GT box.

Due to the small size of bounding boxes for small objects, errors are likely to occur. To better reflect the 
overlap between the predicted box and the GT box, this paper adds the minimum enclosing shape C 
between the GT box and the predicted box to the Shape-IoU as the final localization loss function, as given 
in

Where C represents the smallest enclosing box between the true box and the predicted box, while B and Bgt 
denote the predicted box and the true box, respectively. This allows for a more accurate measurement of the 
matching degree between bounding boxes, improving the accuracy and robustness of the model.

3. RESULTS
3.1. Experimental environment and dataset
The training of an object detection model typically requires a certain amount of data to learn and generalize 
various patterns and features. Considering the particularity of the power transmission line scenario and the 
lack of publicly available professional datasets, this paper adopts a combination of online collection and self-
production to construct the defect dataset. The whole dataset sample mainly includes three categories: nut 
rust, missing pins, and missing shockproof hammers. In this paper, these samples are manually annotated, 
and accurate object detection bounding boxes and category labels are provided for each sample. Then, the 
dataset images were enhanced with data enhancement processing, such as image cropping, rotation, noise 
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addition, and contrast processing, to enrich the diversity of the dataset. Through a well-designed data 
enrichment approach, the dataset can cover different situations and scenarios for model training, validation, 
and testing. The expanded dataset are first divided into training data and test sets according to the ratio of 
9:1, and then subdivided into training sets and validation sets according to the ratio of 9:1 in the training 
data, which can ensure that we have enough data to train and verify the performance of the model, and can 
also set aside a part of the data as a test set to evaluate the performance of the model on unseen data.

3.1.1. Training parameters
We set 300 epochs in total with 5 warmup_epochs and 15 close_mosaic_epochs. The batch size is 8. 
Learning rate per image is 0.00015625. We use stochastic gradient descent (SGD) as an optimizer.

3.2. Evaluation indicators
For the defect detection task of transmission network, the average accuracy (AP), parameter quantity 
(Params) and frames per second (FPS) are used as the evaluation indicators of algorithm performance.

Average precision AP is a commonly used evaluation index in the field of object detection, which is used to 
measure the accuracy of the model in different types of object detection tasks. The higher the AP value, the 
better the performance of the model in the corresponding category of object detection tasks. When 
calculating the AP, the confidence score of each prediction box and the corresponding true label are 
determined based on the prediction results and the true label. Then, all prediction boxes are sorted 
according to the confidence score, and the prediction boxes are divided into positive or negative samples 
according to the set IoU threshold. This involves the calculation of precision and recall. Precision refers to 
the proportion of boxes that are correctly predicted to be positive out of all the boxes predicted to be 
positive, and Recall is the proportion of boxes that are correctly predicted to be positive among all true 
positive samples, as defined in

The AP is calculated by computing the area under the Precision-Recall curve.

The number of parameters (Params) of a model refers to the total number of parameters in the training 
process, including weights, bias values, etc. The number of parameters is an important metric that can help 
us evaluate the complexity and scale of the object detection model and make sound decisions when 
designing and selecting the model.

FPS indicates the number of image frames processed within a unit of time. A higher FPS indicates that the 
algorithm can process images more quickly, thereby providing more real-time object detection results.

3.3. Ablation experiment
In order to verify the effect of the proposed algorithm on the improvement of detection performance, an 
ablation experiment was carried out. With the addition of Module_CD, a custom decoupling head, and an 
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improved loss function, four different models were obtained, denoted as A, B, C, and D. In this paper, these 
four models are tested on the above-mentioned self-made dataset to evaluate their detection accuracy and 
speed, and the experimental results are shown in Table 1.

From Table 1, it can be seen that as the base model A incorporates new modules, its detection accuracy 
gradually improves. Model B shows that after adding Module_CD, the model’s accuracy increased by 0.3%, 
with only a 0.01M increase in parameters; however, the FPS decreased by 20 frames. This indicates that the 
introduction of the coordinated convolution feature extraction module indeed enhances the convolutional 
neural network’s ability to perceive positional information, but the detection speed has decreased. After 
adding the custom decoupling head, model C achieved a 1.5% increase in AP compared to model B, with no 
change in the number of parameters, while the FPS significantly improved. This demonstrates that the 
custom decoupling head not only enhances detection accuracy but also improves detection speed. After 
adding the modified Shape-IoU on top of model C, the model’s accuracy increased by another 0.7%. 
Although the FPS decreased by two frames, it maintained a balance between detection accuracy and 
processing speed.

To verify the superiority of the algorithm presented in this paper for power line defect detection, it was 
compared with current mainstream object detection algorithms on the self-made dataset mentioned above. 
The experimental results are shown in Table 2.

From Table 2, it can be seen that compared with RetinaNet and Faster-RCNN, the detection accuracy and 
model parameter count of the algorithm presented in this paper have been significantly improved. 
Compared to EfficientDet, the detection accuracy has increased by 2.6%, and the model parameter count 
has been reduced by 15.24 M. Compared with Single Shot MultiBox Detector (SSD), the improved model 
has increased detection accuracy by 0.4% while also reducing the model parameter count by 3.08M. When 
compared with YOLOv8-S, the improved algorithm maintains considerable detection accuracy while 
optimizing the model parameter count by 47.8%, greatly enhancing detection efficiency and better adapting 
to real-time detection tasks in power transmission lines. When compared with YOLOv11-n and YOLOv11-
s, the detection accuracy has increased by 1.6% and 0.9%. When compared with YOLOv12-n and 
YOLOv12-s, the detection accuracy has increased by 1.4% and 0.7%. The number of parameters is only 
5.82M, significantly less than YOLOv11-s (9.4M) and YOLOv12-s (9.3M), and even close to the scale of the 
ultra lightweight model YOLOv11-n (2.6M). Although the FPS metric is not as good as the YOLOv11 and 
YOLOv12 at similar parameter levels, our model has achieved a slightly lower frame rate in exchange for a 
higher AP50. Compared with EdgeYOLO, the detection accuracy has increased by 4.0%. In summary, the 
improved algorithm in this chapter can better balance model lightweight and detection performance, with a 
comprehensive performance superior to other models, meeting the requirements for lightweight design and 
high precision. Even on low-cost devices with limited computing resources, the algorithm presented in this 
paper can achieve efficient defect detection.

3.4. Visualized comparative display
In order to verify the effectiveness of the improved algorithm, the above experiments are quantitatively 
analyzed, in order to show the detection effect of the improved algorithm more intuitively, this paper selects 
some difficult practical application scenario images for visual display, uses different color detection frames 
to select different types of targets to be detected from the image frames, and gives the corresponding labels 
and their confidence levels, as shown in Figure 13.
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Table 1. Ablation test results

Model APval APS APM APL Parameter numbers FPS

A 56% 25.3% 51.4% 59.6% 5.81M 57

B 56.2% 26.6% 49.6% 63.5% 5.82M 37

C 58.6% 30.1% 57.8% 65.8% 5.82M 57

D 60.0% 33.3% 58.0% 67.3% 5.82M 54

Table 2. Contrast test results

Model Size APval AP50 Parameter numbers FPS

Retinanet 640 × 640 46% 71.9% 37.97M 38

Faster-RCNN 640 × 640 40.3% 73.2% 136.73M 19

EfficientDet 640 × 640 57.4% 90.8% 21.06M 48

SSD 640 × 640 59.6% 91.9% 8.9M 31

YOLOV8-S 640 × 640 68.4% 93.3% 11.14M 50

YOLOV11-n 640 × 640 61.2 92.2% 2.6M 127

YOLOV11-s 640 × 640 65.5 92.9% 9.4M 101

YOLOV12-n 640 × 640 62.1 92.4% 2.6M 115

YOLOV12-s 640 × 640 64.9 93.1% 9.3M 96

EdgeYOLO 640 × 640 56% 92.8% 5.81M 57

This paper 640 × 640 60% 93.8% 5.82M 54

AP: Average accuracy; FPS: frames per second; SSD:

Figure 13. Comparison of detection results. (A) Our model; (B) YOLOv12-n.

4. DISCUSSION
In response to the complex background of power transmission lines and the serious issues of false positives 
and omissions for small targets, a new algorithm for power line defect detection has been proposed. The 
algorithm introduces coordinate convolution to reconstruct the feature extraction module, enhancing the 
backbone network’s ability to capture key features. By optimizing the decoupled head, the model achieves 
faster detection while improving robustness against occlusion and image blur. Additionally, an improved 
Shape-IoU loss function enhances detection accuracy and stability without increasing model parameters or 
memory consumption, accelerating convergence. Experimental results show that the proposed algorithm 
achieves a superior balance between lightweight efficiency and detection performance, outperforming 
mainstream models and meeting the high-precision, low-computation requirements of power transmission 
line scenarios.

Moving forward, future research can combine attention mechanism and convolution operation to enhance 
algorithm capability, focusing on optimizing multimodal data fusion and computational efficiency while 
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improving system adaptability to complex environments such as low visibility and multipath interference. 
The integration of emerging sensor technologies and learning-based optimization strategies can further 
enhance system performance and generalization. This research bridges the gap between academic studies 
and industrial deployment, fostering intelligent inspection systems that align with the evolving demands of 
smart grid infrastructure and sustainable energy management.
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