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Abstract: The reliability of electrical insulation systems is critical to the continuity of energy transmission and distribution systems. 

Structural defects that occur in polymer-based insulating materials can affect the distribution of electric fields, leading to partial 

discharges and subsequently serious failures such as breakdowns. In this study, the effects of wormhole structures with different 

diameters in cross-linked polyethylene (XLPE) insulators on electric field distribution under alternating current (AC), direct current 

(DC), and composite voltage (AC+DC) components were numerically investigated using COMSOL Multiphysics software. In the system 

modeled under a needle-plane electrode configuration, significant increases in both volumetric and surface electric field intensities were 

observed as the diameter of the wormhole increased. Among all cases, composite voltage conditions resulted in the highest field 

concentrations, indicating increased electrical stress on the insulation. Additionally, higher field intensities were observed under 

negative polarity than under positive polarity in all cases. The findings highlight the importance of considering wormhole-type defects 

in the design of insulating systems and analyzing the electrical stress caused by composite voltage conditions. 
 

Keywords: Wormhole, Composite voltages, Electric field, High voltage 

*Corresponding author: Bolu Abant Izzet Baysal University, Faculty of Engineering, Department of Electrical and Electronics Engineering, 14030, Bolu, Türkiye 

E mail: mfidan@ibu.edu.tr (M. FİDAN) 

Emre TUNÇ  https://orcid.org/0000-0002-1264-8571 Received: July 31, 2025 

Accepted: September 02, 2025 

Published: September 15, 2025 

Murat FİDAN  https://orcid.org/0000-0003-2181-070X 

Cite as: Tunç E, Fidan M. 2025. Effect of wormhole defects on electric field distribution under composite voltage: a COMSOL Multiphysics-based approach. 

BSJ Eng Sci, 8(5): 1561-1576. 

 

1. Introduction 
Today's advancing technology and increasing energy 

needs make it essential for electrical energy systems to 

operate more efficiently, reliably, and sustainably (Kadim 

et al., 2021). In this context, the quality of the insulation 

systems used is as important as the mechanical and 

electrical integrity of the production, transmission, and 

distribution systems. Electrical insulators play a crucial 

role in preventing failures in transmission and 

distribution equipment, directly affecting the continuity, 

safety, and economic operation of energy systems (Ispirli 

et al., 2022a; Freitas-Gutierres et al., 2024). Deterioration 

in the performance of insulators can result in serious 

consequences, such as short circuits, arc formation, or 

complete failure of equipment functionality (Kavanagh et 

al., 2020; Tunç and Fidan, 2023; Park et al., 2024). This 

may impair the integrity of the energy system and pose 

risks to both system components and connected devices. 

Insulation systems operate under increasingly complex 

electrical stresses in modern systems, where more 

compact designs are being adopted and higher voltage 

levels are preferred (Adhikari and Ghassemi, 2024). 

Insulators operating under high voltage must withstand 

not only normal operating conditions but also high-

frequency pulses (Borghei and Ghassemi, 2022), 

harmonic voltages (Fidan and Ismailoglu, 2017), 

composite voltages (Li et al., 2019), transient states 

(Annadi and Patsa, 2020), and environmental effects such 

as temperature and humidity (Roggendorf and Schnettler, 

2012; Negari and  Moghadam, 2024). Under these 

conditions, the electrical endurance limits of insulators 

can be significantly reduced, particularly due to defects in 

their internal structures or surfaces. Therefore, 

characterizing defects in insulation systems and 

quantitatively determining their effects on electric field 

distribution is crucial for enhancing system reliability and 

reducing the risk of failure. 

Air gaps are among the defects frequently observed in 

insulating materials (Qiu et al., 2015). Microcracks are 

also frequently reported in the literature (Dissado and 

Fothergill, 1992; Stone et al., 2014; Kavanagh et al., 2020). 

Bubbles and irregular geometric structures can also be 

considered among other important defects (Tian et al., 

2017; Zheng et al., 2021; Zhao et al., 2024). These defects 

can form during the material's production process or 

operation and can further intensify the electric field, 

especially in areas where the electric field is concentrated, 

such as sharp-tipped electrodes. These field 

intensifications can lead to the formation of electrical 

treeing and partial discharge over time (Ghassemi, 2018; 

Zhang et al., 2021; Adhikari and Ghassemi, 2024). This 

accelerates the degradation process of the insulating 

material (Borghei and Ghassemi, 2022; Kavanagh et al., 

2020). As a result, permanent damage to the insulation 
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structure may occur. This can reduce the reliability of 

power systems and cause serious operational issues. 

The wormhole effect (Zhao, 2022), which has been 

increasingly discussed in the literature in recent years, has 

been found to be closely related to the formation of partial 

discharges in insulating materials (Li et al., 2017; Li et al., 

2019; Wu et al., 2024). A wormhole is a structural defect 

in an insulator characterized by the formation of thin, 

long, channel-like gaps or cracks (Rosenberg et al., 2010; 

Zhao et al., 2013; Gong et al., 2020). Such structures can 

cause excessive concentration of the electric field in 

certain areas, leading to insulation failures such as 

breakdown, partial discharge, or thermal degradation 

(Zhao et al., 2013; Li et al., 2017). In this context, the 

numerical and experimental investigation of the effects of 

wormhole defects on electric field distribution is of 

significant importance for enhancing the reliability of 

insulation systems. 

Li et al. (2017) investigated the effect of temperature on 

partial discharges under DC using an oil-paper insulation 

model in a configuration with a needle plane electrode. 

The study also investigated the breakdown characteristics 

of the insulation material under the wormhole effect. In 

the study conducted to experimentally verify the 

wormhole effect (Zhao et al., 2013), bulk breakdown and 

surface discharge properties were investigated on organic 

glass and polystyrene samples by applying different pulse 

durations (10 ns and 7 µs) at different voltage levels (100 

kV, 130 kV, and 170 kV). Theoretical evaluations of the 

fundamental physical mechanisms underlying the 

wormhole effect were presented by analyzing the surface 

discharge threshold and delay time. In addition to the 

wormhole effect, which has been discussed only limitedly 

in the literature, there are also different studies conducted 

under non-homogeneous electric fields. 

In a study conducted by Lin et al. (2024) the effects of 

mixed voltage components on the channel discharge 

formation mechanism were investigated using a 3-

electrode configuration consisting of a needle electrode 

and a pair of parallel plates. Hamidieh and Ghassemi 

(2024) computationally investigated the effect of different 

needle electrodes with conical cross-sections on negative 

corona discharge. The study particularly focuses on 

Trichel current pulses, which are regular and repetitive 

small current pulses observed during negative corona 

discharge. Dordizadeh et al. (2017) presented an 

experimental study investigating Trichel pulses in a 

needle-plane electrode geometry. In this study, the effects 

of parameters such as corona voltage, gap distance, and tip 

radius on the characteristics of Trichel pulses were 

investigated. 

Saini and Prasad (2024) investigated the surface charging 

characteristics of polymeric insulators under AC corona 

discharge at low pressure conditions. Discharge 

generation was performed under different electrode 

configurations, including single-needle, double-needle, 

and triple-needle configurations. Zhao et al. (2017) 

investigated the discharge characteristics of CF3I/N2 gas 

mixtures under standard lightning impulse voltage in 

needle-plane and sphere-plane electrode configurations, 

which are important for CF3I and its mixtures used in 

electrical equipment. Chen et al. investigated the 

breakdown characteristics of the SF₆/N₂ gas mixture 

under an extremely non-uniform electric field using an 

experimental setup isolated from external influences 

(Chen et al., 2022). In another study, Chen et al. (2019) 

conducted an experimental study on negative corona 

discharges under a needle-plane electrode configuration 

in a container where gas humidity and pressure could be 

precisely controlled. In this study, the transition 

characteristics of discharge modes were examined in 

detail under the influence of electrode curvature radius, 

humidity, and pressure. 

The behavior of wormhole-type structural internal defects 

in insulating materials under complex stresses remains an 

area that has yet to be explored in the literature. This 

study aims to numerically investigate the effects of 

wormhole structures with different diameters on the 

electric field distribution under composite voltage 

conditions consisting of AC and DC components. 

Simulation analyses performed in the COMSOL 

Multiphysics environment were used to evaluate how 

volumetric and surface electric field intensities vary 

depending on the presence and size of structural defects 

in the material. The obtained results are expected to 

contribute to the existing knowledge on the behavior of 

insulation systems and provide a foundation for future 

experimental or theoretical studies. 

 

2. Materials and Methods 
2.1. Composite Voltages  
Electrical insulation systems are often subjected not only 

to a single type of voltage stress but to the simultaneous 

influence of multiple voltage components (Ispirli et al., 

2022a). In the literature, insulation systems have been 

investigated under AC conditions (Hu et al., 2022; Yang et 

al., 2022). Similarly, there are investigations conducted 

under DC (Beroual et al., 2013; Muppala and Reddy, 2021). 

Moreover, in some studies, insulation systems have been 

evaluated solely under the influence of impulse voltage. 

(Liang et al., 2020; Reddy et al., 2023). However, in real 

operating conditions, especially in modern power 

systems, these voltage components may occur together. 

The AC + DC composite voltage resulting from the 

simultaneous application of AC and DC components can 

cause stress beyond standard test conditions, significantly 

affecting the voltage withstand capability of insulation 

systems. In this case, the resulting electric field 

distribution differs from that formed under AC or DC 

alone, which may cause regional field concentrations and 

early insulation degradation. 

The widespread adoption of HVDC technologies has 

increased the need for AC–DC conversion in power 

transmission and has led to the widespread use of power 

electronics-based systems. In parallel with these 

developments, it has become more likely for electrical 
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equipment to operate under composite voltages, including 

both AC and DC components. Therefore, tests conducted 

under single voltages alone may be insufficient to 

represent the actual operating conditions of the systems. 

In particular, when the positive or negative component of 

the DC voltage combines with the AC voltage, the electrical 

discharge mechanism and breakdown voltage behavior 

can vary significantly depending on the polarity (Ispirli et 

al., 2022b). 

In this context, examining the effects of composite 

voltages on insulation systems is important not only from 

a theoretical perspective but also in terms of 

understanding performance under real-world conditions. 

In particular, a detailed assessment of insulation behavior 

under composite voltages consisting of AC and DC 

components plays a critical role in the design and 

validation processes of new-generation power systems. 

2.2 Geometrical and Electrical Configuration of the 

Test System 

This section presents a simulation study of wormhole 

structures modeled in insulating material under a non-

uniform electric field at different voltage levels and types. 

The needle-plane electrode configuration was modeled 

using the COMSOL Multiphysics program. In the study, the 

electric field distribution in the insulation system was 

analyzed in detail using COMSOL Multiphysics software 

for different wormhole diameters. The Electric Currents 

module was used for the electric field distribution 

analysis. 

The structural features and electrical parameters of the 

system modeled in the COMSOL Multiphysics 

environment are presented in Table 1. 

A stainless steel disc with a thickness of 5 mm and a 

diameter of 300 mm was modeled as the plane electrode. 

The diameter of the plane electrode was determined 

based on similar studies in the literature (Lan et al., 2012). 

Stainless steel was selected as the electrode material due 

to its high electrical conductivity, corrosion resistance, 

and experimental repeatability, which is also a preferred 

approach in (Timoshkin et al., 2009). 

The needle electrode was modeled with a curvature radius 

of 100 μm and a length of 50 mm using stainless steel 

material due to these advantages. The material and 

dimensional specifications of the needle electrode were 

determined based on similar studies in the literature (Liu 

et al., 2013; Rubinetti et al., 2024). In the COMSOL 

Multiphysics environment, the gap between the 

electrodes was set to 2 mm. XLPE is widely used as a cable 

insulation material due to its excellent insulation 

performance, favorable electrical and mechanical 

properties, and cost-effectiveness (Dong et al., 2019). 

Therefore, XLPE with dimensions of 2 × 400 × 400 mm 

(thickness × width × length) was selected as the insulating 

material in this study. Wormhole channels with various 

diameters were introduced within the volume of the 

insulating material. The entire test model was constructed 

using COMSOL’s built-in CAD tools, and tetrahedral mesh 

elements with a maximum size of 5 mm were used. Visual 

representations of the model’s geometric dimensions are 

presented in Figure 1. 

The electric field distribution of the insulator and 

electrode configuration modeled in the COMSOL 

Multiphysics environment was analyzed under different 

voltage levels and types. The voltage waveforms used in 

the study were generated by the IEC 60060-1:2010 

standard. This standard defines the technical principles 

for high-voltage testing under composite voltage 

conditions (Dedeoglu and Merev, 2023; IEC 60060-1:2010 

- High-Voltage Test Techniques - Part 1: General 

Definitions and Test Requirements, 2010). These voltage 

levels and types are listed in Table 2. 

 

Table 1. Structural features of the modeled test system 

Parameter Description / Value 

Electrode Configuration Needle–Plane Electrode (Stainless Steel Material) 

Needle Electrode Size 𝑟𝑡𝑖𝑝= 100 µm, h= 50 mm 

Plane Electrode Size r=300 mm, thickness= 5 mm 

Insulating MaterialSize and Type 

2 x 400 x 400 mm 

(thickness × width × length) 

XLPE (𝜀𝑋𝐿𝑃𝐸 = 2.4) 

Wormhole Channel Diameter 0 𝜇m ,50 𝜇m, 75 𝜇m, 100 𝜇m, 150 𝜇m, 200 𝜇m 

 
Table 2. Voltage types applied to the test model along with associated mathematical expressions 

Voltage Type Mathematical Expression of Voltage 

AC 𝑉𝐴𝐶 = 170000sin(2πft) 𝑉 

DC 𝑉𝐷𝐶 = 85000 V 

Composite Voltage 𝑉𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 = 170000sin(2πft) + 85000 𝑉 
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(a)

(b)  
 

Figure 1. The designed model: (a) the network architecture, (b) a detailed view of the network architecture. 

 

 
 

Figure 2. (a) The AC and DC voltage waveforms generated using MATLAB/Simulink, (b) the composite voltage waveform. 
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In order to analyze the test model designed in the COMSOL 

Multiphysics environment under composite voltage 

conditions, the required voltage waveforms were 

generated in the MATLAB/Simulink environment and 

then transferred to COMSOL Multiphysics. The time-

dependent variations of the generated AC, DC, and 

composite voltage signals in MATLAB/Simulink are 

presented in Figure 2. 

Although there is no standardized ratio for the application 

of AC–DC composite voltages in the literature, various 

ratios have been investigated in different studies. In this 

context, some studies have preferred a 1:1 ratio so that the 

amplitudes of the AC and DC components are equal (Li et 

al., 2025; Zhou et al., 2020). Additionally, ratios such as 

1:3, 1:5, and 1:7 have also been examined to evaluate the 

effects of different DC levels (Zhou et al., 2020). In other 

studies, the DC component has been applied at levels 

corresponding to 1%, 3%, 5%, and 10% of the AC peak 

value (Ispirli et al., 2021a). Furthermore, a wide range of 

ratios have been tested using a constant 5 kV AC voltage 

combined with DC voltages varying from −25 kV to +20 kV 

(Ispirli et al., 2022b).  

This variety indicates that system behavior is sensitive to 

the AC–DC ratio and that a specific standard has not yet 

been established. Accordingly, in this study, a 2:1 ratio 

was adopted, and a composite voltage consisting of a 170 

kV peak AC at 50 Hz and an 85 kV DC was simultaneously 

applied to the electrodes in the COMSOL Multiphysics 

environment. The 170 kV AC peak value was determined 

based on the voltage levels commonly preferred in similar 

studies in the literature (Zhao et al., 2013). This voltage 

level was selected to enable a clear observation of the 

effects of AC and DC components on the insulating 

material, as well as to allow comparisons with different 

ratios presented in the literature. 

In electric power systems, overvoltage-induced failures 

can vary depending on the amplitude of the operating 

voltage. In this study, to analyze the most critical 

conditions in the power system, the electric field 

distribution was examined based on the peak values of 

both AC and composite voltages. For this reason, the 

electric field distribution within the test model was 

analyzed at two specific time instances: t = 0.005 s 

(corresponding to the voltage maximum) and t = 0.015 s 

(corresponding to the voltage minimum). The test model, 

designed in the COMSOL Multiphysics environment, was 

evaluated under six different cases: five with varying 

wormhole channel diameters and one without any 

wormhole effect. The types of voltage signals applied to 

the electrodes in these six cases are presented in Table 3. 

 

Table 3. Voltage waveforms applied to the test model for six different cases 

Case Voltage Type Mathematical Expression of Voltage Wormhole Diameter 

Case 1 

AC 𝑉𝐴𝐶=170000sin(wt) 

No wormhole DC 𝑉𝐷𝐶= 85000 

Composite Voltage 𝑉𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =170000sin(wt)+85000 

Case 2 

AC 𝑉𝐴𝐶=170000sin(wt) 

50 µm DC 𝑉𝐷𝐶= 85000 

Composite Voltage 𝑉𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =170000sin(wt)+85000 

Case 3 

AC 𝑉𝐴𝐶=170000sin(wt) 

75 µm DC 𝑉𝐷𝐶= 85000 

Composite Voltage 𝑉𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =170000sin(wt)+85000 

Case 4 

AC 𝑉𝐴𝐶=170000sin(wt) 

100 µm DC 𝑉𝐷𝐶= 85000 

Composite Voltage 𝑉𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =170000sin(wt)+85000 

Case 5 

AC 𝑉𝐴𝐶=170000sin(wt) 

150 µm DC 𝑉𝐷𝐶= 85000 

Composite Voltage 𝑉𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =170000sin(wt)+85000 

Case 6 

AC 𝑉𝐴𝐶=170000sin(wt) 

200 µm DC 𝑉𝐷𝐶= 85000 

Composite Voltage 𝑉𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =170000sin(wt)+85000 

 

3. Results and Discussion 
3.1 Simulation Results  

This section presents the results of electric field analyses 

under composite voltage components for the test model 

designed using the COMSOL Multiphysics program. 

Detailed electric field distribution analyses were 

performed for six different cases of XLPE material under a 

needle-plane electrode configuration. For the cases 

specified in Table 3, the simulation duration in COMSOL 

Multiphysics was set to 20 ms, with a time resolution of 

10−4 seconds. The analysis results for Case 1 are 

presented in Figure 3. 

In the simulation studies conducted without the influence 

of the wormhole effect, a maximum volumetric electric 

field intensity (𝐸𝑚𝑎𝑥𝑣𝑜𝑙) of 2282.76 kV/cm was observed 
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within the volume of the insulating material under AC at t 

= 0.005 s. At the negative peak value of the AC (at t = 0.015 

s), the 𝐸𝑚𝑎𝑥𝑣𝑜𝑙 in the insulating material volume was 

2288.09 kV/cm. In the first case, which was conducted 

without the wormhole effect and under DC, the electric 

field intensity within the insulating material volume 

reached 1141.38 kV/cm. Under composite voltage, the 

electric field intensity within the volume of the insulating 

material was calculated as 3423.08 kV/cm at t = 0.005 s 

and 1139.90 kV/cm at t = 0.015 s, respectively. On the 

surface of the XLPE material near the needle electrode, the 

maximum surface electric field intensities (𝐸𝑚𝑎𝑥𝑠𝑢𝑟𝑓) 

under AC, DC, and composite voltages at t = 0.005 s were 

obtained as 45.0348 V/cm (Figure 3.b), 22.5175 V/cm 

(Figure 3.d), and 67.5316 V/cm (Figure 3.f), respectively. 

The results obtained for Case 2 are presented in Figure 4. 

In the analysis conducted for the wormhole condition with 

a diameter of 50 µm, the 𝐸𝑚𝑎𝑥𝑣𝑜𝑙  within the insulating 

material under AC voltage was obtained as 14014.2 

kV/cm at t = 0.005 s. At t = 0.015 s, corresponding to the 

negative peak of the AC, the 𝐸𝑚𝑎𝑥𝑣𝑜𝑙 was observed to be 

14038.1 kV/cm. Under the influence of DC, the 𝐸𝑚𝑎𝑥𝑣𝑜𝑙 

was obtained as 7024.71 kV/cm. The 𝐸𝑚𝑎𝑥𝑣𝑜𝑙 values 

obtained under composite voltage were 21670.5 kV/cm at 

t = 0.005 s and 7182.66 kV/cm at t = 0.015 s, respectively. 

On the surface of the XLPE material near the high-voltage 

electrode, the 𝐸𝑚𝑎𝑥𝑠𝑢𝑟𝑓 at t = 0.005 s under AC, DC, and 

composite voltages were obtained as 2704.91 V/cm 

(Figure 4.b), 1763.45 V/cm (Figure 4.d), and 3724.38 

V/cm (Figure 4.f), respectively. 

The results for Case 3 are presented in Figure 5. For the 

wormhole structure with a diameter of 75 µm, the 𝐸𝑚𝑎𝑥𝑣𝑜𝑙 

under AC was obtained as 14926.8 kV/cm at t = 0.005 s. At 

t = 0.015 s, this value was calculated as 14941.3 kV/cm 

under the same conditions. Under DC, the 𝐸𝑚𝑎𝑥𝑣𝑜𝑙 was 

found to be 7463.76 kV/cm. In the case of composite 

voltage, the 𝐸𝑚𝑎𝑥𝑣𝑜𝑙 values were determined as 22384.3 

kV/cm and 7463.70 kV/cm at t = 0.005 s and t = 0.015 s, 

respectively. On the surface of the insulating material 

facing the needle electrode in the test model, the 𝐸𝑚𝑎𝑥𝑠𝑢𝑟𝑓 

values at t = 0.005 s under AC, DC, and composite voltage 

were calculated as 2422.42 V/cm (Figure 5.b), 1542.17 

V/cm (Figure 5.d), and 3632.66 V/cm (Figure 5.f), 

respectively. 

The results for Case 4 are presented in Figure 6. For the 

wormhole structure with a diameter of 100 µm, the 

𝐸𝑚𝑎𝑥𝑣𝑜𝑙 under AC was obtained as 15176.9 kV/cm and 

15211.5 kV/cm at t = 0.005 s and t = 0.015 s, respectively. 

Under DC, the 𝐸𝑚𝑎𝑥𝑣𝑜𝑙 was found to be 7891 kV/cm. In the 

case of composite voltage, the 𝐸𝑚𝑎𝑥𝑣𝑜𝑙 was observed to be 

22737.2 kV/cm and 7513.01 kV/cm at t = 0.005 s and t = 

0.015 s, respectively. For XLPE material, the 𝐸𝑚𝑎𝑥𝑠𝑢𝑟𝑓 

values under AC, DC, and composite voltage at t = 0.005 s 

were calculated as 2376.11 V/cm (Figure 6.b), 1302.19 

V/cm (Figure 6.d), and 3508.31 V/cm (Figure 6.f), 

respectively. 

The results for Case 5 are presented in Figure 7. For the 

wormhole structure with a diameter of 150 µm, the 

𝐸𝑚𝑎𝑥𝑣𝑜𝑙 under AC was observed as 15382.4 kV/cm and 

15403 kV/cm at t = 0.005 s and t = 0.015 s, respectively. 

Under DC, the 𝐸𝑚𝑎𝑥𝑣𝑜𝑙 was found to be 8325.27 kV/cm. 

Under composite voltage, the 𝐸𝑚𝑎𝑥𝑣𝑜𝑙 values were 

obtained as 23068.2 kV/cm and 7691.31 kV/cm at t = 

0.005 s and t = 0.015 s, respectively. On the surface of the 

XLPE material near the high-voltage electrode for Case 5, 

the 𝐸𝑚𝑎𝑥𝑠𝑢𝑟𝑓 values at t = 0.005 s under AC, DC, and 

composite voltage were calculated as 2257.6 V/cm 

(Figure 7.b), 1128.89 V/cm (Figure 7.d), and 3385.61 

V/cm (Figure 7.f), respectively. 

The results for Case 6 are presented in Figure 8. For the 

wormhole structure with a channel diameter of 200 µm, 

the 𝐸𝑚𝑎𝑥𝑣𝑜𝑙 under AC was obtained as 18375.9 kV/cm and 

18400.9 kV/cm at t = 0.005 s and t = 0.015 s, respectively. 

Under DC, the 𝐸𝑚𝑎𝑥𝑣𝑜𝑙 was observed to be 9188.67 kV/cm 

for the same channel diameter.  
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(a) (b)

(c) (d)

(e) (f)
 

 

Figure 3. Volumetric (a), (c), (e) and surface (b), (d), (f) electric field distributions obtained for Case 1. 

 

In the test model where a composite voltage was applied, 

the 𝐸𝑚𝑎𝑥𝑣𝑜𝑙 was obtained as 27557.4 kV/cm and 9187.88 

kV/cm at t = 0.005 s and t = 0.015 s, respectively. On the 

surface of the XLPE material near the needle electrode, the 

𝐸𝑚𝑎𝑥𝑠𝑢𝑟𝑓 values at t = 0.005 s under AC, DC, and composite 

voltage were calculated as 2145.74 V/cm (Figure 8.b), 

1072.96 V/cm (Figure 8.d), and 3217.87 V/cm (Figure 8.f), 

respectively. 
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(a) (b)
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Figure 4. Volumetric (a), (c), (e) and surface (b), (d), (f) electric field distributions obtained for Case 2 (wormhole 

diameter: 50 µm). 
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Figure 5. Volumetric (a), (c), (e) and surface (b), (d), (f) electric field distributions for Case 3 (wormhole diameter: 75 

µm). 
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Figure 6. Volumetric (a), (c), (e) and surface (b), (d), (f) electric field distributions obtained for Case 4 (wormhole 

diameter: 100 µm). 
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Figure 7. Volumetric (a), (c), (e) and surface (b), (d), (f) electric field distributions for Case 5 (wormhole diameter: 150 

µm). 
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Figure 8. Volumetric (a), (c), (e) and surface (b), (d), (f) electric field distributions obtained for Case 6 (wormhole 

diameter: 200 µm). 

 

3.2 Analysis and Comparison of the Results 

The test model designed in the COMSOL Multiphysics 

environment was analyzed under AC, DC, and composite 

voltage signals. The resulting electric field distributions 

within the volume and on the surface of the XLPE are 

presented in Table 4. 

The results presented in Table 4 indicate that both the 

wormhole structures with different diameters and the 

various voltage types (AC, DC, and composite voltage) 

significantly influence the electric field distribution in the 

XLPE insulating material. In the reference case without 

any wormhole defects (Case 1), the 𝐸𝑚𝑎𝑥𝑣𝑜𝑙 under 

composite voltage was obtained as 3423.08 kV/cm. In 

contrast, the 𝐸𝑚𝑎𝑥𝑠𝑢𝑟𝑓 remained limited to 67.5316 V/cm. 

This situation indicates that in an insulating environment 

without any structural damage, the electric field 

distribution is more regular and the field concentration is 

limited. 
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Table 4. Electric field intensities obtained in the volume and on the surface of the insulating material for six different 

cases 
 

Case 1 – No Wormhole 

Voltage Type 𝐸𝑚𝑎𝑥𝑣𝑜𝑙 kV/cm 𝐸𝑚𝑎𝑥𝑠𝑢𝑟𝑓 V/cm 

  t=0.005 s t=0.015 s t=0.005 s 

AC 2282.76 2288.09 45.0348 

DC 1141.38 1141.38 22.5175 

Composite Voltage 3423.08 1139.90 67.5316 

Case 2 – Wormhole Diameter = 50 µm 

Voltage Type 𝐸𝑚𝑎𝑥𝑣𝑜𝑙 kV/cm 𝐸𝑚𝑎𝑥𝑠𝑢𝑟𝑓 V/cm 

 t=0.005 s t=0.015 s t=0.005 s 

AC 14014.2 14038.1 2704.91 

DC 7024.71 7024.71 1763.45 

Composite Voltage 21670.5 7182.66 3724.38 

Case 3 – Wormhole Diameter = 75 µm 

Voltage Type 𝐸𝑚𝑎𝑥𝑣𝑜𝑙 kV/cm 𝐸𝑚𝑎𝑥𝑠𝑢𝑟𝑓 V/cm 

t=0.005 s 

2422.42 

1542.17 

3632.66 

 t=0.005 s 

14926.8 

7463.76 

22384.3 

t=0.015 s 

14941.3 

7463.76 

7463.70 

AC 

DC 

Composite Voltage 

Case 4 – Wormhole Diameter = 100 µm 

Voltage Type 𝐸𝑚𝑎𝑥𝑣𝑜𝑙 kV/cm 𝐸𝑚𝑎𝑥𝑠𝑢𝑟𝑓 V/cm 

t=0.005 s 

2376.11 

1302.19 

3508.31 

 t=0.005 s 

15176.9 

7891.00 

22737.2 

t=0.015 s 

15211.5 

7891.00 

7513.01 

AC 

DC 

Composite Voltage 

Case 5 – Wormhole Diameter = 150 µm 

Voltage Type 

 

𝐸𝑚𝑎𝑥𝑣𝑜𝑙 kV/cm 𝐸𝑚𝑎𝑥𝑠𝑢𝑟𝑓 V/cm 

t=0.005 s 

2257.6 

1128.89 

3385.61 

t=0.005 s 

15382.4 

8325.27 

23068.2 

 t=0.015 s 

15403 

8325.27 

7691.31 

AC 

DC 

Composite Voltage 

Case 6 – Wormhole Diameter = 200 µm 

Voltage Type 

 

𝐸𝑚𝑎𝑥𝑣𝑜𝑙 kV/cm 𝐸𝑚𝑎𝑥𝑠𝑢𝑟𝑓 V/cm 

t=0.005 s 

2145.74 

1072.96 

3217.87 

t=0.005 s 

18375.9 

9188.67 

27557.4 

t=0.015 s 

18400.9 

9188.67 

9187.88 

AC 

DC 

Composite Voltage 

 

However, the inclusion of the wormhole defect in the 

system resulted in a significant increase in both 

volumetric and surface electric field values. In this context, 

for the case with a 50 µm diameter wormhole (Case 2), the 

𝐸𝑚𝑎𝑥𝑣𝑜𝑙 under composite voltage reached 21670.5 kV/cm, 

representing an approximately 6.5-fold increase 

compared to the reference case. Likewise, the 𝐸𝑚𝑎𝑥𝑠𝑢𝑟𝑓 

increased nearly 55 times, reaching 3724.38 V/cm. These 

results indicate that even small-scale defects can severely 

disrupt the electric field distribution. It was also observed 

that as the wormhole diameter increased, the 𝐸𝑚𝑎𝑥𝑣𝑜𝑙 

showed a rising trend. For the largest diameter of 200 µm 

(Case 6), the maximum electric field under composite 

voltage reached 27557.4 kV/cm, representing the highest 

value among all simulation scenarios. This increase 

demonstrates that larger wormhole diameters lead to 

greater local intensification of the electric field. Similarly, 

a significant increase in surface electric field strength was 

observed compared to the reference case. The 𝐸𝑚𝑎𝑥𝑠𝑢𝑟𝑓 

obtained in this scenario reached 3217.87 V/cm, 

indicating a considerable degree of field concentration. 

The values obtained under AC resulted in higher field 

strengths in all cases compared to the values obtained 

under DC. This difference can be explained by the higher 

peak value of the AC and its time-varying nature, which 

contribute more significantly to field intensification. Since 

the DC component does not vary with time, it leads to a 

more stable field distribution with lower maximum 

values. Furthermore, it was observed that the 𝐸𝑚𝑎𝑥𝑣𝑜𝑙 was 

higher during the negative half-cycle of the AC waveform 

than during the positive half-cycle. Especially in negative 

polarity, since the mobility and acceleration tendency of 

free electrons are higher, channel formation can begin at 

lower field strengths in high-field regions. 
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The increased electric field during the negative half-cycle, 

combined with the non-uniform field distribution and 

localized intensifications around wormhole defects, 

supports the initiation of channel discharges. Under 

negative polarity, the higher mobility and acceleration of 

free electrons enable channel formation to begin at lower 

field strengths in high-field regions. This explains the 

more significant increase in peak electric field values 

observed near defects under negative polarity compared 

to positive polarity. Furthermore, polarity has a notable 

impact on breakdown voltage in non-uniform electric 

fields (Özkaya, 2008; Ispirli et al., 2022b; Küchler, 2017) 

Therefore, polarity should be considered a critical factor 

influencing field intensification and material stress. 

Under composite voltage conditions, the combined effect 

of DC and AC components results in the highest electric 

field intensities. This is particularly important for the 

design of insulation systems in HVDC applications, where 

such mixed electrical stresses can accelerate insulation 

degradation by exceeding the material’s stress-handling 

capacity. 

 

4. Conclusion 
In this study, the electric field distribution caused by 

wormhole structures of varying diameters within XLPE 

insulation under alternating current AC, direct current DC, 

and composite voltage components was numerically 

investigated using COMSOL Multiphysics software. Under 

a needle-plane electrode configuration, field 

intensifications occurring particularly under non-uniform 

electric field conditions were analyzed in detail. 

The analysis results revealed that wormhole structures 

significantly increase the local electric field intensity 

within the insulation. In the reference case without a 

wormhole (Case 1), the 𝐸𝑚𝑎𝑥𝑣𝑜𝑙 under composite voltage 

was 3423.08 kV/cm. With a 200 µm diameter wormhole, 

it increased to 27557.4 kV/cm. This represents an almost 

eightfold increase in electric field intensity. Furthermore, 

in all cases involving wormhole defects, the surface 

electric field intensity was observed to reach substantially 

higher values compared to the reference case. 

The results also revealed significant differences in terms 

of the impact of voltage types on electric field distribution. 

The maximum electric field values observed under AC 

were considerably higher than those observed under DC. 

This can be mainly attributed to the higher amplitude of 

the AC voltage and its continuous variation over time, 

which causes higher stress on the insulation. In composite 

voltage applications, the combined effect of both 

components resulted in more intense and irregular 

electric field patterns. In particular, the electric field 

distribution at t = 0.005 s corresponds to the moment 

when the voltage level reaches its peak under composite 

voltage, representing the condition of highest electrical 

stress. 

Due to the effect of the negative half-cycle, higher electric 

field intensities were recorded in all cases compared to 

the positive half-cycle. This is attributed to the fact that 

free electrons accelerate more easily under negative 

voltage. Under negative polarity, electrons are subjected 

to a stronger electric field, allowing them to gain higher 

energy. As a result, electrons may move more effectively 

in defect regions, potentially initiating the discharge 

process. This can trigger the channel discharge 

mechanism earlier in regions where the electric field is 

concentrated. Consequently, the breakdown voltage 

threshold of the insulation may decrease, increasing the 

risk of electrical breakdown. 

As the diameter of the wormhole defects increases, not 

only the magnitude but also the distribution 

characteristics of the electric field were observed to 

change. Larger channels caused a sharper field 

concentration around the defect region, potentially 

creating critical zones that may facilitate partial 

discharges or electrical breakdown. This finding 

highlights the importance of defect control, particularly 

during the manufacturing processes of insulating 

materials. 

In conclusion, this study provides important findings 

regarding: (i) the electrical risks induced by wormhole 

defects depending on their size, (ii) the comparative 

effects of AC, DC, and composite voltages, and (iii) the 

influence of polarity on field concentration in non-uniform 

electric field distributions under high voltage stress. The 

results obtained contribute to the literature and provide 

an important perspective on the fundamental parameters 

that must be considered in terms of the design and 

reliability of insulation systems. 
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