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During the construction of cable joints, three common defects may occur on the XLPE surface: scratches, moisture exposure, and adhered contaminated particles. To evaluate the impact of these defects on joint performance, this paper establishes a sheet model of XLPE insulation in cable joints to analyze the changes in the electric field under different defects and explore the influence of different defects on the electric field and breakdown voltage. Results of the study reveal that the electric field at the scratch site on XLPE produces severe distortion, being 1.6 times that of non-scratch areas. When exposed to moisture, the more conductive impurities present in the adhered contaminated water on the XLPE surface, the higher the conductivity of the contaminated water, thereby increasing its conductive performance and the electric field strength, which is 1.22–1.4 times that of the non-moist interface. When particles adhere to the XLPE surface, severe distortion occurs at the particle-interface electric field, approximately 1.5 times that of the defect-free interface. Scratches have the most significant impact on the electric field of XLPE insulation. Experimental results also demonstrate that the breakdown voltage without defects is 129.6 kV, while the breakdown voltage with scratch defects is 59.1 kV, moisture defects is 69.7 kV, and particle contamination defects is 59.2 kV, with scratches having the most significant impact on the breakdown voltage of XLPE insulation. These findings provide important insights into the influence of different defects on the insulation performance of cable joints.
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1 INTRODUCTION
The continuous development and technological advancements of XLPE cables both domestically and internationally have led to various optimized designs in cable structures (Rui et al., 2018). Due to the lower dielectric loss of cross-linked polyethylene insulation compared to paper and PVC insulation, and its relatively low capacitance, XLPE exhibits superior electrical performance, making it widely used in cable insulation materials (Liu et al., 2003; Yuxin et al., 2018; Fang et al., 2016; Liu et al., 2006).
However, in recent years, the fault rate of XLPE cables has been gradually increasing. During the overall manufacturing, laying, and long-term use of cables, various defects may occur in the XLPE insulation of cable joints (Orton, 2015). Statistics show that most XLPE cable faults are caused by improper on-site installation techniques (Zheng, 2004). Typical construction defects in cable joints include main insulation scratches, main insulation impurities, and contaminated water (Yifeng et al., 2020; Wu et al., 2010; Wang et al., 2007; Zhang Jing et al., 2014; Wang et al., 2014). Literature (Wu et al., 2010) analyzed a breakdown accident in a 220 kV cable joint, revealing that cracks in the insulation caused the joint failure. Literature (Wang et al., 2007) calculated the electric field distribution and strength at 110 kV under constant voltage, focusing on electric field distortion issues. Literature (Wang et al., 2014) primarily studied the insulation aging of 10 kV cross-linked cables within 10 years, comparing the average breakdown voltage of new and old cables. Literature (Yan et al., 2009) investigated the power frequency breakdown characteristics of water tree-resistant XLPE power cables, conducting stepwise breakdown tests on original and aged cable samples to study the power frequency breakdown characteristics of XLPE cables.
In this paper, a typical defect simulation model is established to quantitatively analyze the impact of different types of defects on cable insulation. Simulated construction defects are also used to conduct withstand voltage tests. Using COMSOL simulations, the electric field distribution characteristics of scratches, moisture, and contaminated particles on the XLPE insulation surface of cable joints are compared with normal conditions to explore the extent of electric field distortion caused by various defects. Experimental settings quantitatively establish three types of defects in the XLPE insulation of cable joints, and the average breakdown voltage for each defect is obtained based on experimental results, exploring which defect causes the most significant change in breakdown voltage. This helps understand the hazards brought by typical defects in insulation materials and evaluates the impact of typical construction defects on the operational safety of cable joints, ultimately determining the degree of insulation loss in power cables. Electric Field Distribution Characteristics Of Insulation Defects.
2 XLPE SLICES AND DEFECT MODELS
Given the cylindrical structure of the cable, which includes components such as the conductor and copper shielding layer, a sheet model of XLPE insulation was established to focus solely on the electric field changes in the XLPE, consisting of a semi-conductive layer and XLPE layer. Firstly, a prismatic air gap is utilized to simulate the main insulation scratch defect, with a length and width of 300 mm and a depth of 1 mm. Next, the moisture part is simulated by a water film without gaps adhered to the insulation material, measuring 300 mm in length and width and 3.4 mm in height. Conductive metal particles with a radius of 0.1–0.3 mm are set inside the water film as contaminateds, randomly distributed on the insulation surface. Finally, metal particles are added to the XLPE insulation model, considering the impact of metal particle impurity size on breakdown voltage, with semi-spherical copper impurities of different radii (0.3, 0.4, 0.5, 0.6, 0.7 mm) randomly distributed on the insulation surface. The simulation parameters for the XLPE insulation slice model of cable joints are shown in Table 1.
TABLE 1 | Simulation parameters for cable joint insulation.
[image: Table 1]Based on the parameters in Table 1, a 3D sheet model of XLPE containing a semi-conductive layer and cross-linked polyethylene with dimensions 300 mm × 300 mm × 5.8 mm is established for electrostatic field analysis (Zhang Wei et al., 2014; Ren and Yan, 2007), as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Sheet model of cross-linked polyethylene.
3 SIMULATION ANALYSIS OF XLPE SLICES
3.1 Normal sample
After setting up, the voltage is applied. Figure 2 shows the electric field distribution and the 3D model, indicating that the electric field distribution within the slice is uniform, with an electric field value of 22.7 MV/m.
[image: Figure 2]FIGURE 2 | Normal slice.
3.2 Surface scratches
As shown in Figure 3, the maximum field strength at the scratch location on the XLPE slice model is 23.2 MV/m, while the electric field strength in the non-scratch areas of the same slice is only 14.7 MV/m. Figure 4 presents the 3D electric field distribution of the XLPE scratch model, showing significant electric field distortion at the scratch compared to the defect-free condition. Scratches not only damage the surface of the insulation, reducing the insulation thickness at the scratch, but also cause changes in the relative dielectric constant at the air gap and XLPE main insulation interface, leading to electric field distortion.
[image: Figure 3]FIGURE 3 | Slice with scratches.
[image: Figure 4]FIGURE 4 | Electric field distribution inside XLPE scratch model.
To study the changes in field strength around the scratch, the slice was sectioned perpendicularly to the scratch direction, as shown in Figure 5. Hx represents the distance from the bottom of the slice to the top, and electric fields along paths I, II, III, and IV were analyzed for variation patterns. Figure 6 shows the electric field intensity changes corresponding to the cross-sectional paths of the slice. When Hx = 0 mm, it represents the bottom end of the slice. Along path I, the field strength gradually increases between HⅠ = 3.0–5.8 mm, reaching a maximum of 15.6 MV/m at HⅠ = 5.8 mm. Along path II, the field strength uniformly rises between HⅡ = 3.0–4.5 mm, with significant changes from 4.5 to 5.8 mm. Figure 4 shows that path II bends at the scratch, causing severe field distortion, with the field strength peaking at 23.2 MV/m at HⅡ = 5.8 mm, about 1.6 times that of the non-defective area. Path III shows a similar trend to path I, with the field strength peaking at 18.39 MV/m at HⅢ = 5.0 mm. Path IV resembles path II, with significant field distortion between 3.0 and 4.5 mm, and the field strength peaking at 23.0 MV/m at HⅣ = 4.5 mm, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Four longitudinal lines on the scratch cross-section.
[image: Figure 6]FIGURE 6 | Electric field changes along four longitudinal lines of the scratch cross-section.
3.3 Surface moisture
The XLPE surface moisture model shows that under pure water conditions, the electric field strength at the interface between the water film and the slice is 22.4 MV/m, which is consistent with normal conditions. As shown in Figure 7, in the presence of contaminated water, the field strength is 10 MV/m, and the non-moist areas have an electric field strength of 13 MV/m. The maximum potential difference between the contaminated in the contaminated water and the slice interface reaches about 2 kV, with the highest field strength at the contaminated-slice interface being 18.5 MV/m. Figure 8 shows the 3D electric field distribution of the XLPE moisture model, where contaminated water adheres to the upper surface of the moisture model without gaps. When the same voltage is applied, the thickness of the XLPE layer remains consistent, leading to uniform field distribution, but the field strength changes at the contaminated particle-XLPE interface.
[image: Figure 7]FIGURE 7 | Moist slice.
[image: Figure 8]FIGURE 8 | Electric field distribution inside the XLPE moisture model.
Figure 9 shows the relationship between the electric field strength and the distance from the center of the model surface to the side (Xx) within 10 mm, focusing on the interface between contaminateds in the contaminated water and the XLPE model. Figure 10 presents a line graph of electric field strength variations within 10 mm of Xx, showing significant fluctuations along the Xx direction due to the severe impact of contaminated particles in the contaminated water on field strength. When Xx ≤ 0.5 mm, the field strength varies between 3.2 and 5.5 MV/m, peaking at 18.5 MV/m, which is 1.22–1.4 times the normal value. This is because the larger the contaminated water area on the XLPE moisture model surface, the more conductive impurities in the water, increasing its conductivity and enhancing the nearby electric field. The water film is prone to electroosmosis under the electric field, inducing water tree growth (Xiufeng and Xianri, 2017; Shaw and Shaw, 2010; Yang et al., 2021a), significantly affecting the insulation performance of the material.
[image: Figure 9]FIGURE 9 | Center point to side distance Xx.
[image: Figure 10]FIGURE 10 | Electric field strength variation within Xx ≤ 10 mm for moisture model.
3.4 Surface contaminated particles
As shown in Figure 11, the maximum field strength at the contaminated particle-XLPE insulation interface is 20.5 MV/m, nearly 1.5 times the normal condition of 13.6 MV/m. Figure 12 shows the 3D electric field distribution of the XLPE contaminated model, with the metal conductive contaminateds affecting field strength changes.
[image: Figure 11]FIGURE 11 | Contaminated slice (A) single contaminated (B) single contaminated.
[image: Figure 12]FIGURE 12 | Electric field distribution inside XLPE contaminated model.
Figure 13 shows a line graph of electric field strength variations within 1 mm of the center of different radius particles to the side (Lx) on the XLPE slice. The graph shows that the electric field strength at the XLPE interface gradually increases with the radius of the contaminated particles. When Lx = R, the field strength at the contaminated-model interface peaks. When R = 0.3 mm, the maximum field strength is 14.68 MV/m, and it increases regularly with larger contaminated radii, peaking at 18.1 MV/m when R = 0.6 mm. When R = 0.7 mm, the field strength distortion at the contaminated-model interface is the highest, with a field strength of 20.5 MV/m, 1.5 times that of the normal XLPE surface. Thus, a slight increase in contaminated radius leads to an increase in field strength, with larger particles causing greater field distortion at the interface.
[image: Figure 13]FIGURE 13 | Field strength variation within Lx ≤ 1 mm of contaminated center point.
4 EXPERIMENTAL METHODS AND RESULT ANALYSIS
4.1 Experimental setup
Power frequency voltage pressurization experiments were conducted according to the national standard GB/T 1048.1-2006, “Test Methods for Electrical Strength of Insulating Materials.” The breakdown voltage of samples with different defects under different voltage levels, as well as normal defect-free samples, was compared and analyzed to investigate the breakdown voltage under various defects. The schematic diagram and experimental platform are shown in Figure 14. The entire pressurization experimental platform consists of a voltage regulator, protective resistor, experimental electrode, transformer, divider, oscilloscope, and outputterminal.
[image: Figure 14]FIGURE 14 | Experimental schematic diagram.
4.2 Experimental methods
Several cross-linked polyethylene (XLPE) insulation slices were customized from a cable manufacturer, as shown in Figure 15. The XLPE slices were rinsed with anhydrous ethanol to remove surface dust and dirt, then air-dried under natural conditions. Subsequently, they were sequentially placed using sterile tweezers according to their group and order to avoid any interference from other conditions affecting the experimental results.
[image: Figure 15]FIGURE 15 | Cross-linked polyethylene samples.
After drying, four types of sample groups were prepared: normal defect-free, scratched, moisture-exposed, and metal particle-contaminated slices, as shown in Figure 16.
[image: Figure 16]FIGURE 16 | Cross-linked polyethylene defect samples.
Bostrom et al. (2003); Bartnikas and Eichhorn (1983); Hagen and Ildstad (1993); Marzinotto et al. (2006); Urbanczyk (2011); Yang et al. (2021b); Yang et al. (2024) indicate that the greater the dielectric constant of impurities and the sharper the shape of defects, the more severe the distortion of the electric field inside the insulation. Therefore, when preparing defect slices, the following points should be noted:
(1) When creating scratched defect samples, it is essential to strictly control the length, width, and height of the scratches, using a hydraulic cutter to ensure the reliability of variables in each group.
(2) Humid samples should be prepared in weather with low humidity, or reasonable dehumidification treatment should be conducted on the slices before sealing. Placing the slices in a high-humidity environment or in an environment with chemical corrosives may lead to unintended soaking and moisture absorption during the experiment.
(3) Contaminated slices need to be cleaned and placed in a vacuum chamber to ensure their surfaces are free of impurities. During the experiment, impurities should be added in a controlled manner to ensure that each addition is manually controllable.
For scratched slices, 5 groups of experiments are set up, with each group consisting of the same 10 slices. As shown in Figure 17. When conducting breakdown experiments with scratched slices for different experimental groups, the following points should be noted:
(1) Divide the five groups into a, b, c, d, e, each with ten slices of the same specification.
(2) Use a hydraulic cutter to control scratch variables in different groups. The scratch length and width are the same within each group: Group a with a scratch length of 4 mm and depth of 0.5 mm, Group b with a length of 3 mm and depth of 0.5 mm, Group c with a length of 4 mm and depth of 0.2 mm, Group d with a length of 4 mm and depth of 0.6 mm, and Group e with a length of 3 mm and depth of 0.6 mm.
(3) Seal the slices after creating the scratches.
(4) Maintain the same temperature and humidity during the experiment, sealing the groups after preparation to ensure no impurities.
[image: Figure 17]FIGURE 17 | Scratch experimental group.
For moisture slices, five experimental groups were also set up, with each group consisting of ten slices, as shown in Figure 18. The following points should be noted:
(1) Divide the 5 groups into a, b, c, d, e, each with 10 slices of the same specification.
(2) Use laboratory test tubes to drop equal amounts of tap water on the slices within each group, as shown in groups a, b, c, d, e. Drop approximately 2 mL of water on each slice and let it sit for about 20 min before experimentation.
[image: Figure 18]FIGURE 18 | Moisture experimental group.
For contaminated slices, also, five experimental groups were also set up, with each group consisting of ten slices, as shown in Figure 19. The following points should be noted:
(1) Divide the 5 groups into a, b, c, d, e, each with 10 slices of the same specification.
(2) Carefully select metal particles for each group under a microscope, with spherical particles of radii 1, 2, 3, 4, and 5 mm, respectively. Ensure a radius deviation of ±0.5 mm and maintain the same number of particles per slice.
[image: Figure 19]FIGURE 19 | Contaminated experimental group.
4.3 Experimental results and analysis
For each defect sample, five groups of as-similar-as-possible samples should be created, and the average breakdown voltage was recorded. The experimental data are shown in Table 2.
TABLE 2 | Experimental data.
[image: Table 2]The average breakdown voltage results are shown in Figure 20. The average breakdown voltage of normal XLPE slices is 129.6 kV. For the scratched group slices, the average breakdown voltage varies significantly depending on the experimental setup. Groups 1 and 2, with the same scratch depth, showed higher breakdown voltage with shorter scratch lengths. Groups 1, 3, and 4, with the same scratch length and depths of 0.5, 0.2, and 0.6 mm, had average breakdown voltages of 58.1, 72.1, and 49.9 kV, respectively. The deeper the scratch, the lower the breakdown voltage, with the most significant intergroup variation and impact on breakdown voltage. For slices with contaminated water droplets, the average breakdown voltage is 69.7 kV, 0.53 times that of the normal slices, with stable breakdown voltage across the groups. For contaminated particle slices, the average breakdown voltage is 59.2 kV, 0.46 times that of normal slices. The average breakdown voltage difference among the five groups was 0.7, 1.7, 1.8, and 3.8 kV. The larger the contaminated particle radius, the more significant the impact on the breakdown voltage of the XLPE slices.
[image: Figure 20]FIGURE 20 | Data line graph.
5 CONCLUSIONS
This paper establishes an XLPE insulation slice model for cable joints to study the changes in the electric field under three types of defects. The results suggest that scratches on the XLPE model surface cause the most significant changes in the electric field, with the field strength increasing noticeably closer to the scratch bends, peaking at 23.2 MV/m, about 1.6 times the normal value. For moisture defect models, the highest electric field strength appears at the contaminated-slice interface in the water at 18.5 MV/m. Regarding contaminated particles defects, as the particle radius increases, the electric field strength increases, reaching a maximum of 20.5 MV/m at R = 0.7 mm, approximately 1.5 times the normal value.
Experimental results demonstrate that deeper scratches make XLPE slices more prone to breakdown, with an average breakdown voltage of 59.1 kV. When the XLPE surface is moist, the average breakdown voltage is 69.7 kV. When contaminated particles are present, the larger the radius of the particles, the lower the breakdown voltage, making the XLPE more prone to breakdown, with an average breakdown voltage of 59.2 kV.
Combining simulation and experimental data, it is evident that scratches on the surface of XLPE insulation in cable joints have the most severe impact on insulation. Therefore, during the actual construction of cable joints, special attention should be given to avoiding scratches on the main insulation surface, as they can significantly alter the insulation performance and severely affect the operational safety of power cables.
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