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During the installation of a cable oil terminal, it is easy to leave scratches on the
main insulation owing to uneven forceswhen removing the semi-conductive layer.
Scratch defects cause field intensity distortion, which leads to partial discharge and
insulation failure. This study attempts to establish a simulation model of a 220 kV
cable terminal to determine the effect of the length, depth, and position of the
scratch on the maximum field strength at the defect. The simulation and
experiment demonstrate that the maximum field strength at the defect
increases with greater length and decreases as the depth increases. Therefore,
a prediction method for the terminal defect field strength based on a multivariate
nonlinear regression model was proposed in this study. When the defect is located
at 20mm from the root of the stress cone, the maximum field strength is 14.5 MV/
mwhen the length and depth are 2mmand 1mm, respectively. Themaximum field
strength at the defectwas predicted basedon the length, depth, and position of the
scratch defect to evaluate the severity of the defect.
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1 Introduction

Currently, the number of high-voltage cables is increasing, as is the failure rate. More
than 70% of all cable accidents are caused by defects in cable accessories (ANDREI et al.,
2014; Bai et al., 2020a; Kumar et al., 2016), and cable terminals are relatively weak part
(Yang et al., 2024; Bai et al., 2020b; Chang et al., 2013). The cable terminal must be
constructed at the construction site and the structure is complex (Bai et al., 2020b; Chang
et al., 2013; EL-BAGES and ABD-ALLAH, 2016; Kumar et al., 2023a; Fang et al., 2019).
Both the surrounding environment and the manufacturing process affect its insulation
performance (ILLIAS et al., 2012; Kumar, 2023; Li et al., 2018). During terminal installation,
the main insulation may be scratched, leaving an air gap when the non-semi-conductive
layer is removed. Severe field distortion caused by the air gap causes partial discharge, which
eventually leads to insulation failure. For example, a 220 kV cable terminal exploded during
operation (Yasha et al., 2018), a disintegration examination revealed a scratch air gap at the
interface between the stress cone and the main insulation, and a discharge channel on the inner
wall (Liu et al., 2015; Lu et al., 2014). The scratch defect leads to the insufficient insulation
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thickness of the terminal, and the concentration of the field intensity
causes continuous partial discharge which leads to insulation
breakdown (Sun et al., 2019). Therefore, analyzing the factors that
affect the maximum field strength of scratch defects, and evaluating the
impact of scratch defects of different lengths, depths and positions on
insulation will effectively ensure the stable operation of the terminal and
reduce the failure rate.

For the study of terminals with scratch defects, a finite element
simulation calculation method was used to simulate and analyze the
electric field when the intermediate joint of the 110 kV cable was
damaged and the insulating layer was damaged (Kumar et al., 2020).
Analyzed the electric field distribution while there were bubbles in
the stress cone using ANSYS analyzed the distribution of the
terminal field intensity by changing the size of the air gap and
then optimized the design of the insulation structure (TIAN et al.,
2003). Finite element software was used to analyze the influence of
silica-free grease and non-uniform silicone grease coatings on the
interfacial electric field when there was an air gap in the cable joint
(Satapathy and Kumar, 2019; Wu et al., 2011; Kumar et al., 2013).
Studied the discharge development characteristics and breakdown
process of a terminal air gap at different temperatures (Wang et al.,
2021). Electric field simulation and aging experiments were used in
to study the discharge characteristics of air gap defects. The defect
development was divided into five stages according to the variation
law of the partial discharge signal, and the characteristic quantity of
the partial discharge was extracted (Yang et al., 2019). Used a finite
element simulation to calculate the axial and radial field strength
characteristics of an air gap along a cable. The characteristics of
defect discharge are described by an electric heating aging test (Zhao
et al., 2008), and the discharge mechanism of the air gap
development is summarized. Analyzed the swelling effect of
silicone grease on insulating materials, and explored the variation
rule of the local initial discharge voltage at the interface with the air
gap before and after silicone swelling.

Previous studies on terminals with scratch defects have primarily
focused on the distribution characteristics of the defect field intensity
and the development mechanism of partial discharge. Factors
affecting the field intensity distribution at the defect, such as the
length and location of the defect, are usually considered independently
(Kumar et al., 2023b; Yang et al., 2021), and the analysis is relatively
simple. The maximum field intensity at the defect was affected by the
length, depth, and location of the defect. These factors interact with
each other; thus, determining the interaction between the three factors
can improve the accuracy of the calculation (Sukanya Satapathy and
Kumar, 2020). In this study, COMSOLMultiphysics software was used
to simulate and analyze the oil terminal of a high-voltage cable with air-
gap defects and determine the effect of the length, depth, and position of
the scratch on the maximum field strength at the defect. On this basis, a
prediction method for the terminal defect field intensity based on a
multivariate nonlinear regression model was proposed to evaluate the
severity of defects. Themethod provides a fast and effective prediction of
the maximum value of field strength at the defect, the and evaluate the
severity of defects, providing a new way of thinking for fault analysis. In
this paper, we first establish a 220 kV cable terminal simulation model,
then analyze the influence of the length, depth and location of scratches
on the maximum field strength at the defects, and finally establish a
multivariate nonlinear regression model to predicte of defect
field strength.

2 Electric field distribution
characteristics of insulation defects

2.1 Parameters of cable

220 kV cable with a cross-sectional area of 1200mm2 was chosen
for modeling, as shown in Figure 1. The cable body mainly includes
the conductor, main insulation, insulation shielding layer, and other
structures. The relevant structural parameters are listed in Table 1.

Figure 2 shows the specific structure of the 220 kV cable terminal.
Stress cones are used for uniform electric fields, and their roots are
connected with a semi-conductive belt. Above the semi-conductive belt
is a copper shielding net connected to the flange. The other end of the
copper mesh was connected to the flange and outer sheath to ensure
that the ground was located at a potential of 0. The lead liner was
connected to the aluminum sheathing, and the outermost heat-
shrinkable tube protected the terminal from the external environment.

2.2 Theoretical analysis

The electrical conduction law of each part of the cable terminal
obeys Maxwell’s equations, the basic equation of which is
Equation 1:

∇× H � J + ∂D
∂t

∇× E � −∂B
∂t

∇ · B � 0

∇ ·D � ρ

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

Where H is the magnetic field intensity, D is the electric
displacement vector, E is the electric field intensity, B is the
magnetic induction intensity and ρ is charge density.

The distortion of the electric field inside the cable terminal causes a
temperature change, which in turn changes the performance of the
insulation material and affects the electric field distribution. Therefore,
the electrothermal coupling field was used for the calculations in this
study. The internal heat sources of the cable terminal include the Joule
heat generated by the outdated current in the wire core, Joule heat
generated by the eddy current loss in the aluminum sheath, and heat

FIGURE 1
Cable body structure.
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generated by the dielectric loss of the insulating materials, which can be
calculated as Equation 2–Equation 4

Pc � I2R (2)
Ps � λ1I

2R (3)
P � ωUtgδ•ε∑n

i�1EiSi (4)

Pc is the Joule heat generation rate of the conductor, I is the
current flowing through the conductor, R is the resistance of the
conductor, Ps is the metal induced Joule thermal generation rate,
λ1 is the metal loss factor. ω is the angular frequency, U is the
voltage, tgδ is the dielectric loss factor of the insulation material, ε is
the dielectric constant of the insulation material, Ei is the electric
field intensity of unit i. Si is the area of the unit plane i.

According to practical application experience, the core voltage of
the cable was set to 127 kV, and the aluminum sheath was set as the
ground potential. The current was set to 700A, the temperature field
useds solid heat transfer, the heat transfer coefficient was set to 10,
the ambient temperature was set to 20°C, and the electromagnetic
heat multi-physical field interface was selected.

2.3 Simulation model

In this study, COMSOLMultiphysics software was used to simulate
the HV cable oil terminal with air-gap defects of different lengths,
widths, and positions to analyze the distribution characteristics of the
field intensity under different insulation defects.

2.3.1 Non-defects
According to the actual size of the terminal, the simulation

model is established in a 1:1 ratio which shows in Figure 3. The
parameters for each material are listed in Table 2. A two-
dimensional axisymmetric model was established along the
cable terminal axis. To simplify the terminal structure, parts
that had little influence on the electric field and temperature
distribution were combined. Therefore, the insulated self-
adhesive strip of the copper mesh was combined with a heat-
shrinkable tube during modeling.

2.3.2 Defect size and position parameter
The length, depth and position parameters of scratch defects are

shown in Table 3, and the length, height and position parameters of
impurity defects are shown in Figure 4. In Figure 4, the starting
position of the right end of the heat shrink tube was set to 0 mm. A
rectangular analog scratch defect was added to the main insulation
surface. The relative dielectric constant of the air gap was 1, and the
conductivity was set to 0S/m. The length, depth and position of the
scratch defects are shown in Figure 4.

2.3.3 Defect size and position parameter
When meshing the model, local mesh refinement was carried

out in places where the field intensity changed or the bending
radius was large, such as the junction of each layer of the model,
stress cone, and vicinity of the defect. Therefore, the calculation
accuracy was effectively improved. In Figure 5, the marked part

TABLE 1 Cable body structure parameters.

Num Structure Thickness/(mm) Diameter/(mm)

1 conductor — 42.6

2 Semi-conductive layer 0.3 43.2

3 Conductor shielding layer 1.5 46.2

4 Main insulating layer 24 94.2

5 Insulating shielding layer 1.0 96.2

6 Semiconductor water blocking buffer 2 100.2

7 Aluminium sheath 2.5 105.2

8 Outer sheath 5.0 115.2

FIGURE 2
Cable oil terminal structure.

FIGURE 3
Cable terminal normal operation model.

Frontiers in Energy Research frontiersin.org03

Ren et al. 10.3389/fenrg.2024.1462991

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1462991


simulates the defect part, and its grid division is more refined
than that of the other parts.

3 Electric field distribution
characteristics of insulation defects

3.1 Main insulation scratch defect

Figure 6 shows the electric field distribution during operation.
The maximum field intensity appeared at the interface between the
inner semi-conductive layer and the main insulation. Due to the
dielectric constant difference between the main insulation and the
stress cone, the field intensity distortion occurs at the root of the
stress cone, and the value is 5.47 MV/m.

Figure 7 shows the electric-field distribution with the main
insulation scratch defect. The internal field strength of the
scratch defects was distorted, but the surrounding insulation field
strength was relatively small. As shown in Figure 8, the maximum
field intensity at the defect is 1.45 × 107 V/m, which is 2.57 times
than that without the defect and larger than the breakdown electric
field of air which is 3× 106 V/m. At this time, partial discharge can
easily occur if the defect is scratched. Continuous discharge at the
defect will lead to carbonation and ablation of the surrounding

insulation, thereby accelerating insulation deterioration and further
reducing the terminal insulation strength.

TABLE 2 Simulation parameters of each material.

Material Dielectric constant Conductivity of heat/(W·K−1·m-1) Conductivity of electricity/(S·m-1)

Copper 10,000 400 5.998×107

Semiconductor material 30 0.1429 100

XLPE 2.25 0.2 7.3 × 10−14

Aluminum 10,000 218 3.774×107

Lead 10,000 34.8 2.06×1010

Silicone rubber 2.8 0.27 10−14

TABLE 3 Geometric parameters of scratch defects.

Length/(mm) Depth/(mm) Location/(mm)

0.5 0.2 895

1 0.4 900

1.5 0.6 905

2 0.8 910

2.5 1 915

3 1.2 920

6.4 4.96 970

9.8 8.72 1020

13.2 12.48 1070

16.6 16.24 —

20 20 —

FIGURE 4
Length, depth, position of scratch defect.
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3.2 The scratch defects of different lengths

The distribution of the maximum field intensity at the scratch
defects of different lengths is shown in Figure 9. The positions
895 mm, 905 mm, and 913 mm indicate the cut-off point of the
semi-conductive layer, the root of the stress cone, and the location
below the end of the stress cone, respectively. The field intensity
borne by the scratched defect is much greater than that borne by the
medium. When the length of the scratched defect increases, the

space charge density and charge quantity carried by the scratched
surface increase, as does the maximum field strength at the scratched
location. When the scratch defect is located at the positions of
895 mm and 905 mm, the maximum increase rate of the scratch
defect field strength in the range of 0.5–1.5 mm is faster, which is
1.86 times that in the range of 1.5–3 mm. When the scratch defect
was located at a position of 915 mm, the growth rate of the
maximum field strength at the scratch gradually decreased as the
scratch length increased owing to the effect of the uniform electric
field of the stress cone. For example, when the depth is 0.2 mm, with
an increase in the length, the maximum growth rate of the field
intensity decreases from four to 2.5, which decreases by 37.5%.
When the length of the scratch defect is greater than 0.5 mm, the
maximum field strength is greater than the air breakdown field
strength, which easily causes partial discharge inside the
scratch defect.

3.3 The scratch defect at different positions

The distribution of the maximum field intensity when the
scratch defect was at different positions is shown in Figure 10.
When the scratch defect was within 895–905 mm, the maximum
value of the field intensity increased gradually with the position
close to the root of the stress cone. When the scratch defect is
located at 905 mm, because it is the root of the stress cone and the
electric field is the most concentrated position, the introduction of
the scratch defect leads to a large difference in the dielectric
constant and severe electric field distortion, and the field
strength increases significantly and reaches a maximum of
approximately 4–5 times the field strength without defects.
When the scratch defect was within 905–920 mm, as the
position was far away from the root of the stress cone, the
electric potential increased slowly, the electric field gradually
evacuated, and the maximum value of the scratch defect field
decreased rapidly.

FIGURE 5
Grid subdivision diagram.

FIGURE 6
Electric field distribution of cable oil terminal during
normal operation.

FIGURE 7
Primary insulation scratch electric field distribution cloud.

FIGURE 8
Electric field distribution curve of cable oil terminal when the
main insulation is scratched.
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3.4 The scratch defects at different depths

The distribution of the maximum field strength of scratch
defects at different depths is shown in Figure 11. The maximum

field strength at the scratch defect decreases with an increase in
depth, as does the attenuation rate of the maximum field strength.
For example, for the scratch defect with a length of 2.5 mm and a
position of 900 mm, the maximum attenuation rate of the field

FIGURE 9
Maximum field strength in the air gap at different lengths.

FIGURE 10
Maximum field strength in air gap at different positions.
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strength is 3.74 at the depth of 0.2–0.4 mm, the attenuation rate
decreases gradually at the depth of 0.4–1 mm, and the attenuation
rate decreases to 0.8 when the depth is 1–1.2 mm, reducing by 80%.
With an increase in the scratch defect depth, the air area increased,

the field intensity distribution in the scratch defect became
uniform, and the maximum value of the field intensity distortion
decreased gradually. In contrast, the smaller the scratch defect depth,
the more concentrated the field intensity, and the more obvious the
field intensity distortion. Therefore, a scratch defect with a small
depth is more likely to cause partial discharge, and it is necessary
to avoid the appearance of shallow scratch defects during the actual
production process.

4 Regression analysis of the influence
of defect size on field strength

In Section 2, it is proven that the maximum field intensity
at the defect interacts with the length, depth, and location of
the defect. In this section, a multivariate nonlinear regression
model is established to predict the maximum field strength based
on the scratch defect size. With length, width, and position
as independent variables x1, x2 and x3, and the maximum field
strength as the dependent variable y. Equation 5 is a ternary
cubic regression model, in which θ is an undetermined
coefficient.

y � θ1 + θ2x1 + θ3x2 + θ4x3 + θ5x1
2 + θ6x2

2 + θ7x3
2 + θ8x1x2

+ θ9x1x3 + θ10x2x3 + θ11x1
2x2 + θ12x1

2x3 + θ13x2
2x1

+ θ14x2
2x3 + θ15x3

2x1 + θ16x3
2x2 + θ17x1x2x3 + θ18x1

3

+ θ19x2
3 + θ20x3

3 (5)

In the independent variables of the regression model, there was
a large difference between the corresponding data for position,
length, and depth. This easily causes the regression coefficient to be
interpreted directly or misinterpreted, so that the correct
calculation result of the field intensity cannot be obtained.
Therefore, the data are normalized and fixed in the interval
[0,1] before conducting the regression analysis. The conversion
function is shown in Equation 6. Normalization will only compress
the size of the data and will not change the distribution shape of the
data, so the regression model obtained after normalization can be
guaranteed to be consistent with the model obtained from the
original data.

x′
i �

xi − xmin

xmax − xmin
(6)

Where x′
i is the converted data, xi is the data to be converted,

xmin is the minimum data value in a column, xmax is the maximum
data value in a column.

The least square method was used for fitting to obtain
Table 4, results of variance analysis and The regression
coefficients of multivariate nonlinear regression equations
shows in Table 5. According to Table 4, the maximum field
strength under the influence of scratch size, F = 1309.25847 is
much larger than F0.05(19,1069) = 1.596 and F0.01(19,1069) =
1.922, and R2 = 0.958, indicating that the simulation effect of the
model is better.

Using t and P to test the significance of the regression factor,
Table 5 shows the regression coefficient θ1-θ20 of p values <0.05,
and |t | was greater than t (0.025, 1069) = 1.962; therefore, all the
factors corresponding to the regression coefficient have great

FIGURE 11
Maximum field strength at air gap at different depths.
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significance for the dependent variable y. The regression equation
is shown in Equation 7: A regression equation can be used to
predict the maximum field intensity. The maximum field strength
obtained by Equation 7 is the value calculated after normalization,
and the actual value calculated by the field strength can be obtained
by reverse normalization. The conversion function is given by
Equation 8.

y � 0.43303 + 23.69972x1 − 9.40171x2 − 111.48706x3 − 2.84409x1
2

+ 2.88751x2
2 + 214.49277x3

2 − 0.02568x1x2 − 46.22309x1x3

+ 16.31185x2x3 − 0.00601x1
2x2 + 1.79553x1

2x3 + 0.00584x2
2x1

− 2.14772x2
2x3 + 22.90099x3

2x1

− 7.14974x3
2x2 + 0.02451x1x2x3 + 0.71157x1

3 − 0.53357x2
3

− 103.49686x3
3

(7)

yi � y′
i ymax − ymin( ) + ymin (8)

In addition, scratch defects with different lengths, depths,
and positions were selected. The simulation and regression
models were used to calculate the maximum field strength at the
defect, and the error rate was calculated to verify the accuracy of the
optimized regression model. The calculation results are listed in
Table 6. The above errors are all less than 5%, that is, there is no
overfitting or underfitting in (7). Therefore, the regression model
can accurately predict the maximum field strength at defects.

When the maximum field strength at the defect is greater than the
air breakdown field strength of 3 × 106 V/m, the defect is considered
serious. If a terminal fault occurs at this time, it may be caused by a
scratch defect in the main insulation. When the maximum field
intensity at the defect was smaller than that of the air breakdown
field, the probability of partial discharge was low, and the severity of
the defect was considered to be minor. If a terminal fault occurs at this
time, the possibility of a scratch defect is considered small.

TABLE 4 Variance analysis of regression models.

Sum of squares Degree of freedom Mean square F P

Model 64.89857 19 3.41571 1309.25847 0

Error 2.78891 1069 0.00261 — —

Total 67.68747 1088 — — —

TABLE 5 Regression coefficient information of regression model.

Parameters Estimated value Error of standard t P

θ1 0.43303 0.00609 44.35688 0

θ2 23.69972 1.81845 32.31301 0

θ3 −9.4017 1.75104 28.07236 7.10504E-131

θ4 −111.48706 7.20788 28.2152 6.91716E-132

θ5 −2.84409 0.34208 23.29958 9.80621E-98

θ6 2.88751 0.21264 21.56199 3.85092E-86

θ7 214.49277 14.42591 27.52343 5.38745E-127

θ8 −0.02568 0.23358 17.98639 1.58517E-63

θ9 −46.22309 3.96933 32.31502 0

θ10 16.31185 3.84012 28.02811 1.46147E-130

θ11 −0.00601 0.05739 13.62786 3.67668E-39

θ12 1.79553 0.36117 23.2363 2.62617E-97

θ13 0.00584 0.05669 14.24046 2.53423E-42

θ14 −2.14772 0.24839 21.42986 2.83978E-85

θ15 22.90099 2.17034 32.03313 0

θ16 −7.14974 2.1014 27.77625 8.83169E-129

θ17 0.02451 0.25 17.94413 2.85202E-63

θ18 0.71157 0.07904 19.52573 5.02024E-73

θ19 −0.53357 0.07617 18.37031 7.38475E-66

θ20 −103.49686 7.22609 26.84426 3.25601E-122
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5 Conclusion

In this paper, the electric-thermal coupling field simulation of
the cable oil terminal with the scratch defect of the main
insulation is carried out, and a prediction method of maximum
field strength at defect based on multivariate nonlinear regression
model is proposed. The influence of scratch defects of different
lengths, depths and positions on the electric field of the terminal is
analyzed, and it can be known when the terminal has a scratch
defect of the main insulation, The internal field strength of scratch
defects is distorted, but the surrounding insulation field strength
is relatively small. When the length and depth of the defect 20 mm
away from the root of the stress cone are 2 mm and 1 mm
respectively, the maximum field strength at the defect is 1.45 ×
107V/m, which is far beyond the breakdown field strength of the
air and is easy to cause partial discharge. At the same time, the
maximum field strength at the defect will increase with the
increase of length and decrease with the increase of depth. The
maximum field strength at the defect gradually increases with the
defect near the root of the stress cone. When the defect is located
at the root of the stress cone, the field strength reaches the
maximum, 4-5 times that of the defect free, and gradually
decreases with the defect away from the stress cone. Therefore,
it can be seen that the maximum field intensity at the defect is
interacted with length, depth and location of the defect. A ternary

cubic regression model was established to predict the maximum
field strength according to scratch defect size. With length, width
and position as independent variables, and the maximum field
strength as dependent variable. With this method, the errors are
all less than 5%. Thus, the proposed method can predict the
maximum field intensity at the defect quickly and effectively, and
evaluate the severity of the defect, which provides a new way of
thinking for fault analysis.
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1.5 0.9 916 11.809 11.32454 4.102464

1.8 1.0 918 10.724 11.07136 −3.23909

2.0 1.1 915 11.801 12.18697 −3.27066

2.2 1.2 917 12.0509 11.73944 2.584537

2.5 0.3 920 12.898 12.38006 4.015661

2.6 0.4 922 11.9557 11.78275 1.44659

2.8 0.6 924 10.83479 11.20405 −3.4081

3.0 0.7 925 10.5397 11.04147 −4.76076

0.5 0.3 895 17.2084 17.88028 −3.90437

0.5 0.6 898 15.5534 16.19432 −4.12077

0.5 0.5 910 12.285 11.95512 2.685226

0.8 0.6 910 13.0273 12.40045 4.811818

1.0 0.7 912 12.5527 11.98043 4.55894

1.2 0.8 914 12.1359 11.56659 4.691123
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