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Abstract. Air voids in solid dielectrics affect the performance and lifespan of 

high voltage (HV) equipment. In this research, electric field distribution within a 

cross-linked polyethylene (XLPE) HV cable is analyzed using a finite element 

analysis (FEA) software, COMSOL Multiphysics. The study was performed in 

the presence of air cavity of different sizes within the insulation. The average as 

well as the maximum field strengths for both 2D and 3D of the healthy cable 

were observed to be equal under five (5) stressing voltage levels. The local field 

for 1mm cavity radius in 3D was however lower than that of 2D model with an 

approximate percentage decrease of 9% for all the applied voltages. Further in-

vestigations on the 3D model show that average field rises with voltage and 

slightly decreases with increasing cavity size, while field enhancement is affected 

more by the cavity size than voltage stress. 
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1 Introduction 

In order to provide an uninterruptible power supply to customers, ensuring the reliabil-

ity of power system networks becomes a necessity. High voltage (HV) installations like 

power cables and transformers are integral parts of modern power networks, and proper 

monitoring of their conditions defines the overall efficiency and reliability of the sys-

tem [1]. Operation of HV equipment relies on quality of insulation [2] which must cope 

with the varying operating stresses to avoid fast deterioration of the insulation systems 

and ensure satisfactory operation.  

Insulation deterioration and breakdown due to factors like partial discharge (PD) and 

water treeing are major concerns in HV equipment [1] and [3]. Air voids, protrusions 

or cracks in or/and on the dielectric serve as PD initiation regions [4]. A sustained PD 

may lead to total breakdown [5]. PD measurement is therefore employed for diagnostics 



in HV systems. Accurate modeling and estimation of the field strength and distribution 

within PD initiating sources aids the understanding of HV installations behavior of [6]. 

Most researches have utilized simple 2D models to study the impact of electric field 

in voids of different geometries and sizes [7-9]. Although appreciable results were ob-

tained from these works, the 2D model in the literature is still inadequate as it does not 

depict a practical cable. In this paper, electric field distribution within an XLPE cable 

is analyzed in 2D and 3D models considering two scenarios; Case 1: healthy cable and 

Case 2: with a single spherical void.  The field distribution as a function of void radius 

and applied voltage was investigated, and the two models were compared. Capabilities 

of COMSOL were utilized in the development and simulation of the model. Further 

analyses were then carried out on the 3D to examine the relationship between voltage 

magnitude, cavity size and field strength.  

2 Materials and methods 

The material properties of the cable model used in this work are adopted from [7] as 

presented in Table 1, while its geometrical specifications are given  in Table 2. 

Under applied voltage, U0, the void is exposed to a local field, E0, given by [8]: 

 𝐸0 = −∇𝑈0 (1) 

Involving the free charge, the electric field displacement is represented as [3]: 

 ∇. D = ρ𝑗 (2) 

where 𝜌𝑗 is free charge density and 𝐷 = 𝜀0𝐸. The material property, ε, and the charge 

density, ρ, are related by the Poisson’s equation [4]: 

 ∇2𝑈0 = −
ρ

ε
 (3) 

Equation 3 can be solved through finite element approach. 

Insulation charge density may be neglected. For voids with extremely small size, 

void charge density is negligible  [4] and [5]. In that case, Equation 3 reduces to [6]: 

 ∇2𝑈0 = 0 (4) 

The sinusoidal voltage 𝑈0 is given as [6]: 

 𝑈0 = 𝑈𝑚𝑠𝑖𝑛2𝜋𝑓𝑡 (5) 

where f is the frequency and 𝑈𝑚 is the peak value of the applied voltage. The boundary 

condition between two media is given by [4]: 

 𝑛. (𝐷⃗⃗ 1 − 𝐷⃗⃗ 2) = 𝜌𝑠 (6) 

where, 𝜌𝑠 is surface charge, while 𝑛. 𝐷⃗⃗ 1 and 𝑛. 𝐷⃗⃗ 2 are normal components of electric 

displacement of any two different mediums.  



 

Table 1. Cable material properties 

Material Conductivity (S/m) Relative Permittivity 

Copper 5.85×107 1 

Aluminum 3.57×107 2.2 

XLPE 1.0×10-15 2.3 

Graphite 3.0×10-3 500 

PVC 1.0×10-15 2.9 

Air 1.0×10-100 1 

Table 2. Geometry of the XPLE Cable Model 

Layer Component Material Value (mm) 

1 Conductor radius Copper 9.2 

2 Inner sheath thickness Graphite 1.8 

3 Insulation thickness XLPE 7.6 

4 Insulation screen Graphite 2.5 

5 Earthing screen thickness Copper 0.8 

6 Bedding PVC 1.3 

7 Armor wire thickness Aluminum 1.3 

8 Outer sheath thickness PVC 1.3 

2.1 Field (Electric and Potential) Equations 

Neglecting the surface charges of the insulation material, Equation (6) becomes [4]: 

 𝑛. (𝐷⃗⃗ 1 − 𝐷⃗⃗ 2) = 0 (7) 

Equation (8) describes the field enhancement factor, 𝜂, [6].  

 𝜂 =
𝐸0−𝐸1

𝐸1
× 100% (8) 

E0 is the average field at the center of the void, 𝐸1 is the field in a healthy cable at the 

same coordinate with E0. The center of the void in this work is at x = 13.7 mm, y = 0.0 

mm for 2D and x = 13.7 mm, y = 0.0 mm, z = 25 mm for 3D model. 

2.2 Cable Model 

The model geometry in [7] was  used for 2D for field strengths evaluation along a cut-

line that dissects the insulation through the void diameter and emanates from the cable 

center at P1 (x1 = 0.0 mm, y1 = 0.0 mm) to the outer sheath at P2 (x2 = 25.8 mm, y2 = 

0.0 mm). A 3D model with the same properties was developed and meshed as shown 

in Figs. 1(a) and (b) respectively. The 3D cutline starts at P1 (x1 = 0.0 mm, y1 = 0.0 mm, 

z1 = 25 mm) to P2 (x2 = 25.8 mm, y2 = 0.0 mm, z2 = 25 mm) along work plane shown 

in Fig. 1(c).  The radius of the void is 1.0 mm for both 3D and 2D results. 



 (a)  (b)    (c)  

Fig. 1. 3D Cable Model (a) wireframe showing void (b) meshed (c) work plane 

3 Results 

3.1 Electric Field Distributions in 2D and 3D Models 

Field distribution for healthy cable in both 2D and 3D models are shown in Figs. 2 (a) 

and (b) respectively. The simulation was performed under 18 kV, 50 Hz AC supply 

using a time dependent study, and the results were recorded at 0.005 s. Maximum field 

around the HV electrode is 3.12 kV/mm in both cases. The model was then simulated 

with a void of 1 mm radius, and field behavior was observed. Maximum field in 2D 

and 3D were 3.65 kV/mm and 3.32 kV/mm respectively as shown in Figs. 2 (c) and (d).  

Field distribution along the cutlines is shown in Fig. 3 (a, b and c). Healthy cable in 

both 2D and 3D is shown in (a), while (b) and (c) show defective cable in 2D and 3D 

respectively. In the case of defective cable, maximum field occurs inside the void at the 

point closest to the HV electrode. The whole void has higher field than the insulation. 

(a)     (b) 
      

(c)  (d) (e) 

Fig. 2. Electric Field and Potential Distributions (a) 2D healthy (b) healthy 3D Field and (a) 2D 

defective (b) 3D defective (c) 3D closeup view along work plane 



 

(a) (b) (c)   

Fig. 3. Field Distribution along cutlines (a) healthy 2D/3D (b) 2D defective (c) 3D defective  

  

Fig. 4. Maximum Field Comparison between Cable Models 

Fig. 4 shows a comparison of the maximum fields in the 2D and 3D as a function of 

voltage for a 1 mm void radius. In a healthy cable, the two models produced similar 

results regardless of the voltage. However, for a defective cable, the 2D model has 

higher field magnitudes than the 3D by around 9% under all voltages. 

3.2 Effect of Void Size on Local Field Under Different Voltages 

Effect of void size on the local field magnitudes under different values of the stress 

voltage and fixed void center is examined on the 3D model.  Average fields were rec-

orded at the void centers for cavity radii of 0.25, 0.5, 1.0 and 1.5 mm. 

Fig. 5 (a) shows variation of average fields with void size at different voltages. In all 

cases, the field significantly increases with increase in voltage and slightly with de-

crease in void sizes. In Fig. 5 (b), smaller voids have more impact on field enhancement.  

    (a) (b) 

Fig. 5. Impact of void radius and voltage on (a) Average Field (b) Field Enhancement  



4 Conclusion 

In this paper, 3D and 2D models of an XLPE cable were developed for electric field 

analysis.  This research has established the closeness in field results between 2D and 

3D models of healthy cable. However, significant difference was observed when a de-

fect exists within the insulation bulk. For a cavity of 1 mm radius, maximum field 

strengths in 3D model were always less than those in 2D model by about 9% for all 

stress voltages considered in this work. Finally, average field was observed to rise with 

voltage stress but decreases slightly with increase in void sizes, while field enhance-

ment is more affected by cavity size than voltage stress. 
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