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Abstract As the weak link of the cable assembly, the internal insulation structure 
of the cable terminal is complex, the installation requirements are high, and the oper-
ating environment is complex, which is prone to external interference and insulation 
failure. However, the existing detection means of the cable terminal of the rolling 
stock is complicated, expensive, vulnerable to field noise interference and inefficient 
detection. In this study, a new method for diagnosis of cable termination insulation 
status by measuring the field strength along the cable termination surface is proposed. 
The characteristics of axial electric field distribution of defective cable terminals are 
studied by using multi-physical field simulation method to realize the degree of axial 
development of faulty cable terminal. The electric field sensor was used to measure 
the surface field intensity distribution of cable terminals with different degrees of 
interface defects, and the electric field intensity distribution law of cable terminals 
with different degrees of defects is obtained. The distribution of the interquartile 
range and variance of the electric field intensity along the cable terminal is analyzed. 
The results show that the greater the interface defect, the greater the interquartile 
range and variance of the electric field intensity along the cable terminal. Therefore, 
the development degree of interface defects can be judged by testing the surface 
electric field intensity of cable terminal. 

Keywords Cable terminal · Fault detection · Simulation · Internal defects ·
Electric field · Interquartile range · Variance 

1 Introduction 

High-voltage cable and its terminal of the high-speed electric multiple units (EMU) 
are the key equipment for train’s power supply. It is mainly used to connect the high-
voltage equipment of EMU and power transmission. Its safety is crucial to ensure
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the safe and stable operation of EMU [1, 2]. The research data shows that the cable 
terminal is the weak link of the cable assembly [3, 4], and its failure rate over 70% [5]. 
Therefore, effectively and accurately grasping the insulation state of cable terminal is 
an important means to ensure the safe and reliable operation of EMU cable terminal. 

Partial discharge detection is a commonly used electrical detection method. Partial 
discharge is often accompanied by sound, light, electromagnetic heat and other 
phenomena [6]. According to different characteristic signals, partial discharge detec-
tion methods are divided into pulse current method [7, 8], high frequency pulse 
current method [9, 10], ultra-high frequency method [11, 12]. However, partial 
discharge signal detection is susceptible to sensor sensitivity, field noise, external 
electromagnetic interference, signal attenuation and other factors. And how to extract 
and separate the information that can characterize the cable insulation state from the 
complex working condition environment is a problem faced by the current partial 
discharge insulation state detection. Therefore, it is very important to put forward 
new detection methods to improve the reliability of cable terminal operation, reduce 
the failure rate of EMU and ensure the safe operation of EMU. 

In this paper, the multi-physical field simulation method was used to study the 
axial electric field distribution characteristics of the defective cable terminal, and the 
axial distribution location of the fault cable terminal was. realized. The electric field 
sensor is used to measure the surface field intensity distribution of cable terminals 
with different degrees of interface defects, and the electric field intensity distribution 
law of cable terminals with different degrees of defects is obtained. It provides the 
possibility for online diagnosis of cable terminal in the future. 

2 Case Analysis 

High-voltage cable terminal failure accident occurred frequently in a certain type of 
EMU in China. The faulty cable is shown in Fig. 1. The faulty cable terminal was 
disassembled and dissected on site. Through dissection, it was found that there were 
obvious traces of power generation between main insulation of the cable terminal 
and long strain control tube, as shown in the red dashed box in Fig. 1.

The cracking of the insulating sheath is the cause of the internal surface breakdown 
of the shed, and the air gap defect between the layers inside the shed is the main 
reason for the breakdown of the inner surface. When the air gap fault at the cable 
terminal interface, it will cause partial discharge inside the cable terminal. During 
the long-term operation of the EMU, the insulation degradation will be accelerated 
of the cable terminal, and eventually insulation failure, which will affect the safety 
of the EMU. safe and stable operation.
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Discharge traces 

Fig. 1 The faulty cable terminal of high-speed train

3 Simulation Study 

The finite element method is used to simulate the cable termination, which is mainly 
based on Maxwell’s system of equations to construct the model and choose the static 
electric field to solve, Maxwell’s system of equations is calculated as follows [13]. 

∇ ×  H = J + 
∂ D 
∂t 

(1) 

∇ ×  E = 0 (2)  

∇ ·  B = 0 (3)  

∇ ·  D = ρ (4) 

where H is the magnetic field strength, E is the electric field strength, J is the full 
current density, D is the electric induction strength; B is the magnetic induction 
strength. At the same time each linear material medium of the cable terminal needs 
to satisfy the following intrinsic relationship [13]. 

D = εE (5)
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Fig. 2 Three-dimensional structure of cable terminal 

J = (σ + j ωε)E (5) 

where ε is the dielectric constant, σ is the electrical conductivity, B is the magnetic 
induction, ω is the magnetic permeability, and is the angular frequency. 

Based on the actual model structure of the on-board high-voltage cable terminal, 
the cable terminal model diagram was constructed using COMSOL simulation soft-
ware, and the model was built according to the actual terminal scale of 1:1, and the 
cable terminal model was constructed as shown in Fig. 2. 

4 Simulation Results 

In this paper, the length of the first layer of the high voltage cable terminal is defined 
as l, and its length is 260 mm. The air gap length is used to describe the degree of 
defects. Defects are constructed in the main insulation and the first layer of stress 
tube. The defect lengths l’ are 0.55 and 100%l, respectively. In order to simulate the 
actual discharge effect inside the cable terminal, carbon marks were used to replace 
air gap defects. Figure 3 is the schematic diagram of the cable terminal defect model.

Figure 4 and Table 1 statistics of the electric field intensity results inside the defec-
tive cable terminal. When there is no defect inside the cable terminal, the maximum 
electric field intensity inside it is mainly at the location where the three phases of 
the main insulation, the outer semi-conducting layer and the long stress control tube 
are combined, such as at the location of the red circle in Fig. 4. As the voltage level
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Fig. 3 Schematic diagram of carbon mark defect at cable terminal interface

increases, the intensity of its internal distortion electric field gradually increases. 
When there is a defect between the main insulation and the long control tube inside 
the cable terminal, the maximum distortion position inside the cable terminal appears 
at the defective end position. With the increase of defects, the electric field strength 
of internal distortion of the cable gradually increases at the same voltage level. 

In the cable terminal large umbrella skirt surface 2 mm set air domain, along 
the main insulation and the first layer should control the tube interface between 
the carbon trace vertical direction at the electric field strength marked as E0, cable 
terminal electric field strength starting test electric field position and cut-off position 
as shown in Fig. 5.

In order to clarify the relationship between the degree of defect development at the 
cable termination interface and the electric field tested along the surface, the electric 
field intensity values tested at different locations were processed in this study, and
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Fig. 4 Electric field strength inside the cable terminal 

Table 1 Electric field 
intensity statistics inside the 
cable terminal 

10 kV 20 kV 

0 (kV/mm) 1.65 3.12 

55%l (kV/mm) 3.34 6.4 

100%l (kV/mm) 4.33 8.67 
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Fig. 5 Cable terminal simulation electric field test location 
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Fig. 6 Statistics of electric field strength of defective cable terminals under different voltage levels

the degree of defect development at the cable termination interface was expressed 
using the parameters of Interquartile Range (IR) and Variance. 

The Interquartile Range [14] is the difference between the 3rd quartile and the 
1st quartile, also known as the internal distance or quartile spacing, and is denoted 
by Qr . The IR is calculated as Qr = Q3 − Q1. The quartiles reflect the degree of 
dispersion of the middle 50% of the data. The smaller the value, the more centralized 
the data in the middle. The smaller the value, the more concentrated the data in the 
middle, the larger the value, the more dispersed the data in the middle. Q1 and Q3 

are calculated by the formula: 

Q1 = L + 
n+1 
4 − F 

f 
i (7) 

Q3 = L + 
3(n+1) 

4 − F 
f 

i (8)
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where, L is the lower bound of the group in which the IR, F is the cumulative 
frequency, f is the frequency, and i is the width of the group. 

In statistics, variance is used to calculate the difference between each variable 
and the population mean. Variance describes the degree of dispersion of the value 
of a random variable to its mathematical expectation. The calculation formula is as 
follows: 

S2 =
∑

(X − X )2 
n − 1 

(9) 

where S2 represents the sample variance, X is the variable, X is the sample mean, 
and n is the number of samples. 

The statistical results of IR of electric field strength at the cable terminal were 
shown in Fig. 7. 

y = ax + b (10) 

where y is the IR of field intensity, x is the voltage level, a is the slope, and b is the 
intercept. As can be seen from Fig. 7, with the increase of interface defects, the IR of 
electric field intensity also increases, resulting in greater dispersion of electric field 
intensity at different locations. The larger the defect, the greater the IR slope of the 
electric field intensity. When the interface defect increased from 20 to 100%l, the  IR  
slope of electric field intensity increased from 0.34 to 1.01. 

Figure 8 shows the variance of electric field intensity. The variance of electric 
field intensity measured at different voltages meets the following fitting formula: 

y = y0 + A1e
x/t1 (11)

Fig. 7 Interquartile range of 
simulation 
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Fig. 8 Electric field strength 
variance statistics of 
simulation 

where y0 refers to the offset, A1 refers to the preexponential, and t1 refers to the 
relaxation time. 

It can be seen from the statistical results that as the interface defects gradually 
increase, the variance of the electric field strength of the cable terminal also gradually 
increases. The larger the defect, the larger the pre-exponential factor of the electric 
field intensity variance at different positions, and the absolute value of the electric 
field intensity variance offset gradually increases. When the interface defect of the 
cable terminal is 100%l, the pre-exponential factor and the absolute value of the offset 
of the fitting parameters of the electric field intensity variance are 298.6 and 377.19, 
respectively. Compared with the defect-free cable terminal, the absolute value of the 
pre-exponential factor and the offset of the electric field intensity variance increased 
by about 85.3% and 85.29%, respectively. However, the relaxation time changes 
irregularly with the increase of interface defects. 

5 Experiments and Test Results 

In this paper, different lengths of air gap defective cable terminal are prepared, and 
the length of the first layer of stress control tube inside the high voltage cable terminal 
is defined as l. The air gap length was used to describe the degree of defects, and 
the defect lengths l’ are 0, 55, 100%l. Use a carbon pen to draw a line from point 
A according to the predetermined defect length (hereinafter referred to as “carbon 
mark”). Make sure the carbon marks are clear and the width is not less than 1mm. A 
wire with a diameter of 2 mm is pre-buried next to the carbon trace. The prefabricated 
defective cable terminal is shown in Fig. 9.

The schematic diagram of the sensor test arrangement is shown in Fig. 10.
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Fig. 9 Prefabricated defect cable terminal schematic diagram

Fig. 10 Schematic diagram 
of electric field sensor 
arrangement along the cable 
terminal surface 
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The result of testing the cable termination strength quadrature difference value 
by test is shown in Fig. 11. The linear relationship between the test electric field 
strength quartile difference value and voltage is good. The larger the defect is, the 
larger the slope of the test field strength quartile difference is. When the interface 
defect increases from 20 to 100%l, the slope of the electric field strength quadrature 
difference increases from 0.076 to 0.679, which is consistent with the simulation 
results.

Figure 12 shows the statistics of the electric field strength variance of the cable 
termination test, and the trend is consistent with the simulation results. From the 
statistical results, it can be seen that with the gradual increase of interface defects, 
the variance of electric field strength at cable terminals also gradually increases. The 
variance fitting parameters of the cable termination specimens with 0, 55 and 100%l 
are 2.76, 62.86 and 109.42; the absolute values of the variance fitting parameters 
offset were 3.33, 85.51 and 126.71, respectively. the larger the defect, the larger the 
variance fitting factors of the electric field strength at different locations, and the 
absolute values of the electric field strength variance offset also increased gradually.
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Fig. 11 The interquartile range of experiment
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Fig. 12 The variance of experiment 

The simulation and experimental test results are consistent. By testing the electric 
field strength along the umbrella skirt of the cable terminal, the development degree 
of internal defects in the cable terminal can be effectively reflected. Compared with 
traditional cable terminal fault detection methods, this method is simple to test and 
has strong anti-interference ability.
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6 Conclusion 

The following conclusions are obtained: 

(1) With the increase of voltage level, the electric field intensity along the surface of 
the cable terminal also gradually increases, and the linear relationship between 
electric field intensity and voltage level is good. As the interface air gap defects 
are larger, the electric field strength dispersion of cable terminals at different 
axial positions is obviously inconsistent. The larger the interface air gap defects, 
the greater the interquartile range and variance of the electric field strength at 
different locations, the greater the electric field strength dispersion. 

(2) By arranging multiple sensors along the surface of the cable terminal, the internal 
fault of the cable terminal can be detected quickly and effectively, effectively 
improving the sensitivity of cable terminal insulation fault detection; therefore, 
the reasonable arrangement of electric field sensors can be used for the detection 
of internal defects of the cable terminal, determining the degree of development 
of internal defects of the cable terminal and assisting in deciding whether the 
cable terminal needs to be replaced. 
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