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Abstract

An essential characteristic quantity for determining the internal insulation state of cable joints
is the electric field intensity (EFI). This work suggests two EFI research methodologies, field-
circuit coupling method and equivalent circuit approach, both of which are based on the finite
element method. The average EFI of the inner surface of the outer semi-conducting shield can
be calculated from the current in the measuring circuit. The relative error between these two
methods is about 15%, which roughly proves the consistency of the two methods. Further prac-
tical application research enables online monitoring of cable joints.
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1. Introduction

The unit capacity and the proportion of power cables in urban power supply have both
expanded recently with the growth of urban modernisation [1]. Overhead transmission lines
have being gradually replaced by cables in several urban areas. With the increase in the
number of cables, a large number of cable accidents have been caused due to external force
damage, insu-lation dampness, long-term overload operation, cable joint failure, environment
and temperature, and the aging or natural disaster of the cable body [2]. Power outages in
some power grids have caused a lot of inconvenience to factory pro- duction and people’s
lives, causing significant economic losses. Operating expe-

rience data shows that joint failures account for 70% of the total number of fail-ures, and its
reliability directly affects the operating safety of power systems. Ca- ble accessories include cable
terminations and intermediate joints [3]. Due to the complexity of the structure, fabrication,
connection, and operating conditions ofthe cable joint, it is easy to produce EFI concentration,
which is a weak link forsafe operation of power systems [4].

The electric field intensity (EFI) is important characteristic quantity for eva- luating the
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internal insulation state of cable joints. When there is a defect in the insulation of the cable
joint, the internal EFI distribution will change, and when the internal EFI exceeds the
breakdown EFI, it will lead to the occurrence of par- tial discharge, and then accelerate the
dielectric breakdown [5]. Therefore, it is of great significance to study the factors affecting the
distribution of the EFI at theend of the cable for the safe operation of power cables, ensuring
the reliability ofpower supply, reducing environmental pollution, and reducing manufacturing
and operating costs. For many years, relevant scholars at home and abroad havebeen exploring
the factors affecting the reliability of cables to improve the relia- bility of cable joints.
However, because the joint structure and manufacturing process are complicated, the
manufacturing cost is high, and there are problems of time consuming and laborious.
Therefore, the simulation analysis of cable ac-cessories is widely used [6]. The EFI research
method proposed in this paper isbased on finite element simulation software.

2. Measuring Principle of EFI

The source of the alternating electric field generated by power equipment is thecharge on the
metal surface of the power equipment. Due to the low frequency in the case of power
frequency, with the exception of inductors and transfor- mers, the effect of magnetic field
changes with time in most power equipment can be ignored. In this case, the power frequency
electric field is a quasi-static electric field, and the induced electric field is much smaller than
the coulomb electric field. The field equation is

10 EDDO. (1)
10 DD ()
Auxiliary equations arel J 0 [ D Z to 00, (3)
JODE. 4)
DOUE. (5)
where E is EFI vector, J is conductive current density vector, D is
electric displacement vector, 0 is volume charge density, 1 is

the permittivity, 0 is conductivity, tistime, I is Nabla operator.

In the case of power frequency, the wavelength is 6000 km,
which is much larger than the size of the conductor surface.
Therefore, the phase difference

between the electric field intensities between the points on the surface of the metal conductor
can be ignored. If we are concerned about the EFI at point A onthe surface of the conductor
shown in Figure 1, we can perform a cutting process around this point, sand the edges, and then
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restore it to its original posi- tion completely with insulating glue. Ensure that this sheet is
insulated from thebody portion of the outer semi-conductive shield. In order to measure the con-
duction current, we use a resistor to connect this sheet with the other part of theconductor. This
resistor is called measurement resistor.

As shown in Figure 2, R is the resistance of measurement resistor, u; is the

voltage across measurement resistor, iR is the current flowing through the

measuring resistor, ¢ i~ is the current across capacitance Cy,
capacitance C; is

the equivalent one between the slice and the outer conductor shield, capacitance

C, is the equivalent one between the high voltage conductor and the slice, ug
is voltage across capacitance C,, ¢ i isthe total current.

In the case of sinusoidal steady state, according to relationship of voltage and current of
capacitance, we can calculate the average EFI of the inner surface ofthe slice from Equation (6)
[7].

/ EO I
10 0 ST . (6)

Among them, E is EFI on the inner surface of slice (V/m), [
for the permit- tivity (F/m), | is the total current (A) of the
equivalent circuit in Figure 2, S is the surface area of the slice

(m2), [ is angular frequency (rad/s).

Mecasurement resistor

600

200

Figure 1. Schematic diagram of the measuring principle.
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Figure 2. Equivalent circuit and phasor diagram of measurement
principle.

3. Analysis Model

The simulation model used in this paper is a three-dimensional 10 kV cable jointas shown in
Figure 5, and in order to clearly show the structural composition ofthe model and calculate
the boundary conditions, the axisymmetric model of thecable joint in Figure 3 is used to briefly
explain. The model is calculated using the fi- nite element method, which mainly includes three
parts: model pre-processing, model calculation and model post-processing. The pre-processing
mainly includesthe establishment of the geometric model and the meshing of the geometric
model. The meshing of the geometric model is the key step to determine the calculation
accuracy of the model.

Establishment of Simulation Model and Mesh Divisionof 10 kV Cable Joint

As shown in Figure 3, the model consists of 9 parts, including: copper conduc- tor, inner
semi-conductive layer, main insulation, outer semi-conductive layer, stress cone, high-voltage
shielding layer, reinforced insulation layer, and insula- tion shielding layer. The boundary
conditions imposed by the model during calculation are shown in Figure 4. The material
parameters of each component are shown in Table 1.

In addition, the model in this paper found that the melshinq accuracy of the mesh near the
slice has a greater impact on the calculation results, | .slice is smaller than the
entire model, so it is suitable to use local refinem! s divided to avoid the
increase of calculation time caused by the overall, t and the limitation of
memory and so on. Therefore, asshown in Figure = “ts surrounding area are
inside a sphere in preparation for subsequent segm_' ‘ser adopts the method
of
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1 Copper conductor, 2. Inner semi-conductive layer, 3. Main
insulation, 4. Outer semi-conductive layer, 5. Air inside of the joint, 6. Stress cone, 7. High
voltage shield, 8. Reinforced insulation, 9. Outer semi-conductive shield

Figure 3. Schematic diagram of the 10 kV cable joint.

1. Conductor with high voltage, 2. Ground tab.

Figure 4. Boundary condition of the 10 kV cable joint.

Table 1. Material parameter.

Materials
arameter and application

Relative permittivity Conductivity (S/m) Application
Copper 1
XLPE 2.3

Silicone Rubber 4.3

5.8 (1108
1010015
2727110012 [19.796[110016 [JE

Cable conductor
Main insulationJoint insulation
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Figure 6. Local grid.

applying multi-layer boundaries to the slice attachment area to refine the local grid and ensure
the accuracy of the calculation without adding too much calcu- lation time and computing
memory.

Equivalent Circuit and Field-Circuit Coupling Analysis Method

When simulating the EFI of the inner surface of the outer semi-conducting shield of the 10 kV
cable joint, two simulation calculation methods can be usedto solve it.

One method is use the electrostatic field module of the finite element simula-tion software to
calculate the capacitance between each part of Figure 1 and then obtain the measurement circuit of
Figure 2. The capacitance matrix of an elec- trical system allows us to evaluate cross talk
between excitation ports. In this si-mulation calculation, we see copper conductor as terminal 1,
slice as terminal 2, outer semi-conductive shield as terminal 3, which consist of a three-terminal
system, we can excite one terminal and set the other two to ground. If we repeatthis method of
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exciting one terminal at a time, since there are three terminals, we can evaluate nine possible
values of capacitance. The capacitance component Cy; is the capacitance evaluated between the
grounded terminals and Terminal 1. This can be calculated by exciting Terminal 1. The capacitance
between Termin- als 1 and 2 would be C,;. This can be calculated once we have information about
C11 and Cy,. This means we would need to solve the model once again by exciting Terminal 2. By
definition, C,; and Ci2 would be equal. This means that a three-terminal system will have six
unique values of capacitance.
Through calculation, C;, (C; in Figure 2) and C,3 (C; in Figure 2) can be ob-
tained. By using capacitance C;, C; and R, the measurement circuit can be formed.

The other method is to use the current field and circuit modules in the finite element

simulation software, that is, the field-circuit coupling method to calcu- late the current through
the measurement resistor, and then use Equation (6) to calculate the EFI of the inner surface of
the slice corresponding to different power frequency voltage. It differs from the method
described in part “4.1” in that the copper conductor is first processed with a power frequency
voltage in current field, the shield is grounded, and the slice is connected to the circuit filed. In
the circuit module, the slice voltage is set to the external | terminal 1, and a 1 MQ measurement
resistor is connected between the external | terminal 1and the ground. Referring to the value of

capacitor C; in part “4.1”” and compar-
ing with resistor R, it can be calculated that almost all the current through the
measuring circuit passes through resistor R. Therefore, in the case of applying apower frequency

voltage to the copper conductor, it can be considered that the total current in the circuit is equal
to the current on the measurement resistance, and the EFI of the inner surface of the slice is
obtained using Equation (6).

Calculation Steps

The simulation calculations in this paper are mainly aimed at the EFI on the in-

ner surface of the outer semi-conductive layer of the cable connector, and two different methods
of field-circuit coupling and equivalent circuit are adopted tosolve it.

Firstly, the simulation model is established, because the setting of the slice uses a three-
dimensional model; in addition, the material parameters are set ac- cording to the physical
properties of the 10 kV cable joint; then the boundary conditions and loads are applied, and the
boundary conditions are selected fromthe effective voltage value as the calculated load. The final
simulation results areobtained through the analysis and calculation of the proposed method. The
re- sults obtained by different methods are compared and analyzed.

. Simulation Results and Analysis

Using the first equivalent circuit method described in part “3.2”, the capacitance matrix in the
quasi-static electric field is solved to obtain the gap capacitance C;in the established simulation
model and the capacitance C, between the semi-conducting layer outside the section, so as to
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form the measuring circuit with the measuring resistance R and obtain the total current in the
circuit. In addition, for the field-circuit coupling method, the simulation model is first stu-died in
the case of power frequency, and then “current through device R” can be obtained by global
calculation of derived values. Since the current through the resistance R in the circuit is nearly
equal to the total current in the circuit, the results calculated by the two methods are compared
using the “current through the device R” in the field-circuit coupling and total current in
equivalent circuit. With the change of power frequency voltage applied to copper conductor, the
total current results calculated by the two methods are shown in Figure 7.

Using Equation (6), the average EFI of the inner surface of the outer semi-conducting shield
can be calculated from the current in the measuring cir- cuit. The comparison of the EFI
calculated by the field-circuit coupling method

5.0x10°
—a— Equivalent crcuit
. —&— Field-drouit coupling
40x10" +
~ 30x10"
5
E |
3 20x10°
© 1.0x10° -
0.0
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Figure 7. Total current contrast of measuring circuit under
different voltage.

Figure 8. EFI contrast of inner surface of outer semi-conductive shield under different voltage.

and the equivalent circuit method is shown in Figure 8. The relative error be- tween the two
methods is about 15%, which approximately proves the consis- tency of the two methods. In
the following research, if we can find more me- thods to calculate the EFI based on the
experimental results, and compare their results with the above two methods, the correctness of
the calculation method inthis paper will be more fully verified.

5. Conclusions

. In the case of power frequency, the relative error between the
field-circuit coupling method and the equivalent circuit method is about 15%, which ap-
proximately proves the consistency of the two methods. Although the resultsare not sufficient to
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prove the correctness of the calculation method, if we can find more methods to calculate the
EFI based on the experimental re- sults, the correctness of the calculation method in this paper
will be more fully verified.

. For the actual 10 kV cable joint, the structure proposed in this
article can beused to modify its structure, and the voltage drop information on the meas- ured
resistor can be transmitted to the “command center” through thetransmission line. In this way,
the measurement signal is obtained, and the change of the EFI is used to realize the
measurement and monitoring of the EFI of the cable joint. Further practical application
research enables online monitoring of cable joints.
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