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Abstract: In high-voltage cables, because of the close fit of their internal structures, interface pressure
is generated between conductor and insulator, which affects the performance of the cable. Studies on
the calculation and testing of the interfacial pressure of cable conductors are scarce because of the
lack of a unified formula and the difficulty of direct measurement. As such, in this study, we devised
two methods for calculating and measuring the interface pressure of cable conductors. In the first, we
used two physical experimental methods. We used the friction between cable components to perform
the calculation and create an experimental method for determining cable conductor interface pressure;
on the basis of the equation of the pressure inside and outside a thick-walled cylinder using elasticity
mechanics, we calculated the interface pressure on the basis of the measurement of the strain state
of the inner and outer diameters of each layer of the cable under different assembly and stripping
conditions. We verified the effectiveness of the methods through physical tests and simulations using
a YJLW03 1 × 1200 high-voltage cable. Then, we used simulation software ANSYS and SolidWorks
to calculate the interface pressure. With different simulation settings, we obtained results regarding
interface pressure. Lastly, these simulated values were individually compared with two physical tests,
and the error was calculated. Results obtained in the ANSYS environment showed that interface
pressure values determined by the geometric interference normal stress, geometric interference
pressure, contact interference normal stress, and contact interference pressure methods were 39.75,
36.84, 5.76, and 36.57 MPa, respectively. In SolidWorks software, we used the contact-stress and X-axis
normal stress methods. Results were all 37.36 MPa. Then, simulation results and experimental results
were compared, and error was calculated. The comparison showed that the X-axis orthogonal stress
method was the most accurate. Errors between the X-axis orthogonal stress method and the two
physical experiments were 1.5% and 0.48%. Through the above simulation and physical experiments,
we determined the interface pressure between conductors and insulators in a high-voltage power
cable. We obtained the cable interface pressure value through two kinds of physical experiments,
and these two methods were clearly reliable. Simulation experiments showed that using SolidWorks
software to simulate this problem obtained better results. Research results provide technical support
and reference for the calculation and measurement of cable interface pressure and the optimization
of cable performance.

Keywords: high-voltage cable; interface pressure; elastic mechanics; experimental simulation; finite
element analysis

1. Introduction

A cable is a device used for electrical energy or signal transmission, usually composed
of several wires or groups of wires. A power cable is a cable product used to transmit and
distribute high-power electrical energy in the main line of a power system, including volt-
age levels of 1–500 kV and higher. Power cables have been used for more than a century [1].
As such, research on the mechanical analysis of wires and cables covers many aspects.

Electronics 2022, 11, 1419. https://doi.org/10.3390/electronics11091419 https://www.mdpi.com/journal/electronics

https://doi.org/10.3390/electronics11091419
https://doi.org/10.3390/electronics11091419
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0001-6055-9453
https://doi.org/10.3390/electronics11091419
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics11091419?type=check_update&version=2


Electronics 2022, 11, 1419 2 of 21

The force characteristics of conductors in power cables have been extensively studied.
Lu et al. and Zhou et al. [2,3] established two finite-element models of steel core aluminum
stranded wire in bending and tension states, and analyzed the tension effect on the wire.
Extension tests verified the accuracy of the models. Then, the effect of stress in the inter-
mediate joint of the cable on the cable accessories and conductors was studied. Yi et al. [4]
used a superelastic model to calculate mechanical stress distribution in a cable accessory,
a rubber stress cone. Among cable accessories produced in China, cold shrink cable glands
are the most commonly used, and the utilization rate is as high as 90%. Chen [5] used
a sensor to measure the interface pressure of a cable joint. Jia [6] constructed a theoretical
calculation model for the interface structure, deduced the theoretical calculation of the
interface pressure of cold shrinkable intermediate joints, and verified the model through ex-
periments. Qiu [7] explored the influence of the intermediate joint on the interface pressure
in the bending state. In addition to cold-shrinkable joints, Tian [8,9] used finite-element
calculation and test methods to analyze changes in interface pressure before and after the
installation of prefabricated cable joints. He also studied the changes in Young’s modulus
and the interface pressure of different joint materials.

The interface pressure between cable conductor and insulator was also studied.
Zhang [10] designed an interface pressure test device for rubber parts using a thin-walled
aluminum tube with the same outer diameter as the cable to replace the actual cable. The
author of that study placed strain gauges inside the tube and measured the inner shell wall
by electrical measurement when the rubber part was loaded as the dependent variable.

The influence of other cable factors on cable performance was studied. In terms of
thermal stress research of cable joints, Hamdan and Raffaella [11,12] studied the interface
pressure changes of cable joints under different temperature conditions and thermal cycles.
In addition, different cable insulation aging conditions of the cable layer influence the
interface pressure of the joint [13], with a study conducted on the resistance of the cable
network during the installation process [14].

The interface pressure between cable body and cable accessories determines the
electrical strength of the interface. If interface pressure is too low, the electrical strength
requirements of the accessories are not met. If the interface pressure is too high, it causes
an interference fit of the contact part and damages the cable accessories. Interface pressure
between cable body and cable accessories is key to ensuring the safe operation of cable
accessories [15]. As such, in this study, we focused on the interface pressure between cable
conductor and insulator.

Research on the mechanical properties of wire conductors in various states and on
the interface pressure of cable joints has advanced, but studies on the interface pressure of
cable conductors are lacking. Due to the tight fit of the cable because of the interference
fit, interface pressure is generated between layers. Insufficient interface pressure between
stress cone and cable insulation may cause the cable terminal to malfunction [16], but no
formula is available for calculating the interface pressure between cable conductor and
insulator, and directly measuring it with the sensor method is difficult. For this reason,
a practical method for calculating and measuring the interface pressure of cable conductors
is needed to provide technical support for the optimization of cable performance.

To calculate and measure the interface pressure on a cable conductor, we designed
two experimental methods for measuring the interface pressure of the cable conductor.
The first method (Experiment 1) involves using the tensile test of the cable conductor to
determine the interface pressure of the cable conductor by measuring the friction force
between cable components. The second experiment (Experiment 2) utilizes the principle of
elasticity. Interfacial pressure is calculated by measuring the change in the inner and outer
diameters of each cable layer before and after stripping. Then, we designed a method on
the basis of a combination of simulation and physical experiments to validate the results.

We proved the effectiveness of the physical experimental method proposed in this
paper to calculate interface pressure through physical experiments and finite-element
analysis methods, and found that the methods of Experiments 1 and 2 are even suitable for
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cables with different voltage levels and research objects. Here, we propose an innovative
interface pressure calculation method.

2. Materials and Methods
2.1. The Literature and Research Structure
2.1.1. The Literature

Research on cables can be divided into various categories: cable conductors and their
terminals [17–22], cable accessories [23–25], cable insulators and their aging, water trees,
electrical trees [26–28], power-cable fault monitoring [29–33], and submarine cables [34–36].

Research objects and methods in the literature differed over time. In this study, we
focused on the interfacial pressure between cable conductor and insulator, which is rarely
studied. We performed physical experiments and simulation analysis, devised two methods
to measure the interface pressure, and obtained data through an experiment. We then
compared experimental and simulation results, from which we produced a conventional
method to study the interface pressure of conductors. We verified the two methods through
physical experiments in this study for both conductors and other types of cables in this
experiment. Related studies in the literature [17–36] are summarized in Table 1.

Table 1. Study summary.

Category References Main Methods and
Brief Content

Cable conductor and its
terminal [17–22]

Yu, Z. (2021)
T., L.B. (2018)

Haijun, Z. (2021)
Lihua, Z. (2021)
Liao, Y. (2020)

Danqi, Li (2019)

Designs or calculates research
objects through physical

formula derivation or
simulation software

Problems with cable
accessories [23–25]

Weiwei, L (2021)
Liang, H (2019)
Xu, D.P (2020)

Isolates and correlates
cable accessories

Cable insulator and its aging,
water trees, and electric

trees [26–28]

Sun, F. (2021)
Ez, A. (2019)

Hao, Y.A. (2021)

Uses existing aging cable
insulation to analyze water

and electric trees

Power cable fault
monitoring [29–33]

Li, K. (2021)
Xia, Z. (2021)
Lai, Q. (2020)
Zhu, C. (2019)

Pompili, M. (2021)

Analyzes and propose new
solutions and monitoring
methods on the basis of
known cable and power

system faults

Submarine cables [34–36]
Ar, A. (2021)

Viespoli, L.M. (2021)
Yz, A. (2021)

Mainly based on actual
working environments for

analysis and calculation

2.1.2. Research Structure

First, we used formulas for friction force and elastic mechanics to construct two methods
for calculating the interface pressure of a cable. Second, we designed physical experi-
ments related to the formula derivation, and measured and calculated the relevant data.
Third, we analyzed cable interface pressure values using ANSYS (Version 19.2, ANSYS,
Pittsburgh, PA, USA) and SolidWorks (Version 2021, SolidWorks, Concord, MA, USA).
Lastly, we compared and analyzed obtained values from the previous steps to draw our
conclusions. The flowchart of our methodology is shown in Figure 1.
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Figure 1. Study flowchart.

2.2. Structural and Material Composition of High-Voltage Cables

The basic structure of a power cable is composed of four parts: the core (conductor),
insulating layer, shielding layer, and protective layer. The interior of a high-voltage cable is
more complex, having a water-blocking layer and a protective asphalt layer. The sheath is
composed of stronger materials. Figure 2 depicts a schematic diagram of the structure of
a high-voltage cable. In this study, we used YJLW03 1 × 1200 (Shanghai Sanyuan Cable
Accessories Co., Ltd., Shanghai, China) as a cable model, which is a power cable with
cross-linked polyethylene insulation, a corrugated aluminum sheath, and a polyethylene
outer sheath. Copper was the conductor, and the nominal cross-section was 1200 mm2.

Figure 2. Cross-sectional model of high-voltage cable.

In high-voltage cables, the interface pressure between conductor and insulator refers to
the interface pressure between XLPE (Cross linked polyethylene, Cable insulation materials)
insulator and copper conductor. The direction of pressure points to the center of the cross-
section of the conductor. Because the shielding and water-blocking layers were composed
of thin and flexible materials, in this study, we simplified the cable model as a four-layer
structure with a conductor, insulator, sheath, and outer sheath.
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2.3. Theoretical Calculation Method for Interface Pressure

The conductor interface pressure is expressed as the compressive stress between
copper conductor and cross-linked polyethylene insulating layer. Compressive stress can
be calculated using two methods: the ratio of the positive pressure on the conductor to
the contact area, and elasticity calculated by the method for solving plane problems in
mechanics. Our study is based on these two methods, through which we analyzed and
calculated the conductor interface pressure.

2.3.1. Positive Pressure Determines Interface Pressure

According to Coulomb’s friction law, friction is proportional to the load (positive
pressure), and the proportional coefficient is f. If directly measuring a load is difficult, the
value of the load can be determined by the magnitude of the friction force as follows:

F = f × p (1)

where F is friction force, f is friction coefficient, and p is positive pressure.
A Cartesian coordinate system was established where x represents the direction of the

cable axis, and y represents the direction perpendicular to the cable axis. Friction force F
can be derived from the force balance equation. According to Newton’s law of motion, in
the state of static or uniform motion, the resultant external force on an object is zero. After
the resultant external force is orthogonally decomposed, the resultant external forces in the
x and y directions are zero, so the force in the x direction is:

F = ∑n
i=0 Fi(i = 1, 2, 3 . . . n) (2)

where Fi is force other than friction force in the x direction, and i represents force in
each direction.

Combining Formulas (1) and (2), we obtain the value of positive pressure, and com-
pressive stress can then be obtained from the stress calculation formula:

σ =
p
A

(3)

where σ is compressive stress, which is interface pressure; p is load (positive pressure); and
A is contact area.

2.3.2. Elastic Mechanics Formula Determines Interface Pressure

On the basis of the principle of elastic force [37,38], the internal and external pressure
of the circular wall tube in the plane can be solved. Here, we provide some derivations
based on the basic formulas of elastic mechanics.

1. Definition of thick- and thin-walled tubes

Thick- and thin-walled cylinders are usually defined as cylinders with a ratio of outer
to inner diameter that is greater than 1.2, and cylinders with a ratio of wall thickness to
outer diameter of less than 0.05, respectively:

a
b
= k1 > 1.2 (4)

d
a
= k2 < 0.05 (5)

where a is outer diameter, b is inner diameter, d is the thickness of the cylinder wall, and kn
(n = 1,2) is the corresponding ratio that is defined as a thick-walled cylinder if it satisfies
Formula (4).

2. Infinitesimal body decomposition of thick-walled cylinder

Suppose a thick-walled cylinder has external pressure p1, internal pressure p2, outer
diameter a, and inner diameter b. Taking the center of the cross-section of the thick-walled
tube as the z axis, the central angle of the counterclockwise arc as the θ axis, and the radius
of the cross-section as the r axis, a cylindrical coordinate system can be established. We
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then intercepted two cylindrical surfaces from r and r + dr. θ and θ + dθ form two radial
planes, and z and z + dz cut two horizontal planes perpendicular to the z axis, as shown in
Figure 3.

Figure 3. Three-dimensional microelement body of thick-walled cylinder.

3. Transforming three-dimensional microelement body into two-dimensional microele-
ment body

Suppose that the displacement component in the r direction is u, and the component
in the z direction is w. Normal stresses σr, σθ , and σz, and radial displacement u are all
independent of θ and z. A three-dimensional microelement body can then be transformed
into a two-dimensional microelement body, and the relevant planar polar coordinates are
established as shown in Figure 4.

Figure 4. Two-dimensional microelement surface of thick-walled cylinder.
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We established a balance equation along the radial direction and used boundary conditions

(σr)r=a = −p1 (6)

(σr)r=b = −p2 (7)

Lastly, we obtained:

σr =
a2b2

b2 − a2
p2 − p1

r2 − a2 p1 − b2 p2

b2 − a2 (8)

σθ =
a2b2

b2 − a2
p2 − p1

r2 − a2 p2 − b2 p1

b2 − a2 (9)

In particular, when the external pressure of the wall cylinder is zero,

p1 = 0 (10)

We substituted (10) into (8) and (9) to obtain

σr =
a2 p1

b2 − a2

(
1 − b2

r2

)
(11)

σθ =
a2 p1

b2 − a2

(
1 +

b2

r2

)
(12)

Then, Formulas (8) and (9) are called the Lame formulas.
Similarly, radial displacement u can be obtained by Formulas (8) and (9) to obtain:

u =
1 − ν

E

(
b2 p2 − a2 p1

)
a2 − b2 +

1 + ν

E
a2b2(p2 − p1)

(a2 − b2)r
(13)

In Equation (13), a and b are the outer and inner diameters of a thick-walled cylinder,
p1 is the external pressure, p2 is the internal pressure, E is the modulus of elasticity, and ν
is Poisson’s ratio. Internal and external pressure can be calculated according to the radial
displacement, and the size of the internal and external diameters.

According to this formula, we obtained some results:
1© Radial displacement u is related to internal and external pressure p1 and p2, re-

spectively, and to outer and inner diameters a and b, respectively. u is related to the basic
physical parameters of the material.

2© Internal pressure p2 can be calculated according to this formula by measuring radial
displacement u and external pressure p1.

2.4. Interface Pressure Measurement Experiment Scheme

According to the theoretical formula in Section 2, we designed a method for calculating
and measuring cable interface pressure.

2.4.1. Cable Tension Test

On the basis of the physical principle mentioned in Section 2.3.1, we designed a physical
experiment to find the interface pressure of a cable. In the cable pulling test (Experiment 1),
we measured the required pulling force when the cable conductor is removed. According
to the method in Section 2.3.1, the test results of Experiment 1 could be converted into the
interface pressure between cable conductor and insulator. The tensile test device is shown in
Figure 5a. Before the experiment started, the cable was placed into the model. At the begin-
ning of the experiment, the pulling force was provided by a pulling machine, which slowly
pulled the cable conductors out. The right side of the cable, displayed in Figure 5b, was the
end used for the tensile test, which provided the tensile force required for the experiment.
The left side was connected to a computer to display the tensile force value of the cable.
Lastly, we determined the relationship between tensile force and elongation displacement.
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Figure 5. (a) Experimental tool (cable fixed inside before the experiment began). (b) Experimental
fixture and mold, and tensile test conductor.

2.4.2. Cable Deformation Experiment

Due to the tight fit of the cables, elastic deformation occurs due to the interface pressure
after the cable leaves the factory. After this elastic deformation, the cable can return to
its original shape when compression is released. In the cable deformation experiment
(Experiment 2), we used changes in the inner and outer diameters of the cable conductors
under different stresses before and after stripping to determine the deformation value,
and then calculated the deformation of each layer using Equations (6)–(13) in Section 2.3.2.
External force on the outermost polyethylene sheath was zero, and the outer pressure of
the inner layer was equal to the inner pressure of the outer layer in opposite directions. The
experimental scheme is as follows:

1. Material preparation: Take a 20 cm long cable, which is the same as the above cable
model, use a chainsaw to cut it into two halves, and mark the two parts obtained as
Parts A and B.

2. Measurement: Use Vernier calipers to measure and record the inner and outer diame-
ters of each material in part A.

3. Mean value processing: Because of cable technology and transportation reasons, the actual
cable is not completely cylindrical, so the average value is used for multiple measurements.

4. Part B: Strip the cable structure at a time according to the number of layers from which
the cable is produced. Remove the material of Part B according to the layers. Because
the insulating layer composed of cross-linked polyethylene is hard and difficult to
separate, it must be drawn out of the conductor.

5. Measure after the deformation is stable: After separating each material, leave the
material in place for 24 h, and conduct measurements after it is stable. During the
measurement, record multiple measurements and use the average value.

Pictures before and after processing are shown in Figure 6.
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Figure 6. Experiment 2 processing diagram. (a) Part A and (b) Part B measuring stripped part.

2.5. Simulation Method

To further verify the validity of the analytical results and the reliability of the experi-
mental method, we conducted simulation experiments using ANSYS Workbench 19.2 and
SolidWorks simulation 2018 software. For the simulation, we used data obtained in Ex-
periments 1 and 2. We built the cable models in both simulation software packages. We
established different simulation models according to different software simulation methods.
Lastly, we obtained simulation results for the cable interface pressure value.

2.5.1. ANSYS Workbench Simulation Experiment

The interface pressure on a cable conductor can be regarded to be pressure caused
by the interference fit. The two methods used for simulating interference assembly in
Workbench are geometric interference setting and the contact interference setting. The
geometric interference method is used to create the interference fit in ANSYS Design
Modeler, that is, the outer diameter radius value of the inner layer was set to be larger than
that of the inner diameter radius value of the outer layer during modeling to achieve the
interference effect. In the second method, geometric interference is not set in the modeling,
but in the contact settings in the model by changing the contact interface adjustment option
interface treatment and setting the offset value to set the interference.

In preprocessing, we used Design Modeler in ANSYS Workbench for modeling. When
modeling, we ignored the conductor-shielding, insulating-shielding, and water-blocking
layers. From the innermost to the outermost layer were the conductor, insulator, aluminum
alloy sheath, and polyethylene outer sheath. We used the form of a quarter circle during
modeling and added symmetry settings during preprocessing. The modeling is shown in
Figure 7a,b. Figure 7c shows the different interferences of the two models. The comparison
in Figure 7c shows that the geometric interference method had overlapping inner and
outer diameters.

Geometric Interference Setting Method

The geometric interference setting creates the interference fit. When modeling, we
set the outer diameter of the inner material to be slightly larger than the inner diameter
of the outer material, so that the interference effect can be achieved. We built the model
and divided the mesh as shown in Figure 8. We meshed the cable model, and the black line
indicates the mesh division line, which creates small units.

Contact Interference Setting Method

In the contact interference setting, preprocessing does not use the geometric interfer-
ence method to model and mesh the model.
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Figure 8. Geometric interference meshing.

3. Results and Analysis

In this experiment, we selected a type of cable with properties as shown in Table 2.
Because physical properties of various materials are related to temperature, we considered
20 ◦C for all the parameters used in all the physical and simulation experiments.

Table 2. Parameters of cable used in experiments.

Number of
Layers Name Material Inside

Diameter (mm)
Outside

Diameter (mm)
Elastic Modulus

(GPa)
Poisson’s

Ratio

1 Conductor Red copper - 39.4 109 0.31–0.34
2 Insulator XLPE 39.4 94 0.7–1.4 0.4
3 Sheath Aluminum alloy 94 113 70–79 0.33
4 Outer sheath Polyethylene 113 130.5 0.7–1.4 0.4

3.1. Experiment 1 Test Results and Theoretical Calculations

Experimental results are shown in Figure 9.

Figure 9. Tensile force–displacement result of Experiment 1. Abscissa represents cable conductor
displacement (mm), and ordinate represents applied tensile force (kN).

Experimental results in Figure 9 show that the experimental tensile force was stable at
about 23.64 kN, the cable was removed at 135 mm when it was stable for the first time, and
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the experimental cable length was 2 m. From Equation (2), we know that frictional force F
was balanced with pulling force F1:

F = F1 = 23.64 kN (14)

Friction coefficient f of cross-linked polyethylene and copper was 0.27. Formula (1)
shows that the magnitude of positive pressure p is:

p =
F
f
=

23.64
0.27

kN = 87.55 kN (15)

From Formulas (3) and (15), the interface pressure can be obtained as:

σ =
p
A

=
p

πa(L0 − L)
=

87.55
π × 39.4 × (2000 − 135)

MPa = 37.925 MPa (16)

where L0 is the original length of the experimental cable, and L is the length pulled out
after reaching balance.

The direction of the interface pressure points to the center of the conductor cross-section.
The conductor was metallic copper and had a certain linear elasticity. Generally speak-

ing, copper conductors may undergo some deformation during the stretching process, and
these deformations may affect the judgment of stretching length [39,40]. In Experiment 1,
from the tension–elongation curve, we found that the elongation caused by tension was
135 mm. To avoid the influence of the elastic deformation of the conductor, type variable
needed to be calculated according to Hooke’s law:

σ = E × ε (17)

where E is the modulus of elasticity (Pa), and ε is the type variable.
Table 1 shows that the elastic modulus of copper was 109 GPa, and the conductor

diameter was 39.4 mm according to the calculation formula of axial force

σ =
F
S

(18)

where F is the tensile force and S is the cross-sectional area.
Combining (17) and (18), the type variable is:

ε =
σ

E
=

F
E × S

=
F

E × π ×
( a

2
) =

23.64 × 103

π × 109 × 109 ×
(

39.4
2 × 10−3

)mm = 0.177 mm (19)

where a is the radius of the conductor cross-section. From Formula (19), elongation was
only 0.177 mm after the cable conductor had been stretched, and this length could be
ignored. Therefore, we proved that the tensile amount of the cable in this experiment did
not include the length of conductor deformation due to tensile force. The pulling force
provided in the experiment only pulled the conductor out.

3.2. Experiment 2 Test Results and Theoretical Calculations

Table 3 shows the actual measured inner and outer diameters of Parts A and B.

Table 3. Comparison between inner and outer diameters measured in Experiment 2 and the reference value.

Number of
Layers Material

Part A Inner
Diameter

(mm)

Part A Outer
Diameter

(mm)

Part B Inner
Diameter

(mm)

Part B Outer
Diameter

(mm)

Reference Value
Inner Diameter

(mm)

Reference Value
Outer Diameter

(mm)

1 Red copper - 39.41 - 39.41 - 39.4
2 XLPE 39.41 94.42 39.26 95.46 39.4 94

3 Aluminum
alloy sheath 94.42 113.2 94.15 114.45 94 113

4 Polyethylene
outer sheath 113.2 129.8 112.48 130.28 113 130.5

The actual deformation value can be calculated from Table 3. From the data, we
found that the actual measured value of the cable slightly differed from the reference
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standard value. Using Equations (6)–(13) again, we calculated the actual deformation,
and the internal and external pressure of each layer, as shown in Table 4. We calculated
the numerical values in Table 4 by the following method: according to Formulas (6)–(13),
because the outermost layer was placed in air without external pressure, external pressure
was zero. Then, according to the measured values of the inner and outer diameters, the
radial displacement u of the outermost layer could be determined. Then, the value of the
internal pressure was calculated according to Formula (13). This value was equal to the
value of the inner and outer pressure in the inner layer, and, by analogy, the value of the
conductor interface pressure could be obtained.

Table 4. Deformation of each layer of the cable, and calculated internal and external pressure values.

Number of
Layers Material Internal

Pressure (MPa)
External

Pressure (MPa)
Deformation
Value (mm)

1 Red copper - 37.54 -
2 XLPE 37.54 21.03 0.69
3 Aluminum alloy sheath 21.03 1.43 1.52

4 Polyethylene outer
sheath 1.43 0 1.20

Table 4 shows that conductor interface pressure was 37.54 MPa.

3.3. Simulation Experiment Results by ANSYS

In the contact interference setting, preprocessing does not involve geometric interfer-
ence, and we modeled and meshed the definition of material properties, and inner and
outer diameters using the data in Table 2.

We used cylindrical coordinates and displayed the radial stress (X axis in the Figure 10a
represents the radial stress direction, Z represents the axial stress direction, and Y represents
the circumferential stress direction). In addition, we arranged all displayed regions as
conductor layers. Because the selected target surfaces when setting the solution were all
conductor surfaces, only the inner conductors were displayed. After taking the above
settings and solving, results were obtained and are shown in Figure 10a,b (unit of interface
pressure is marked in each picture (MPa)).

Maximal, minimal, and average values of interface pressure are shown in Table 5. We
obtained all data in this section from simulations, and these were not modified. Section 4
reserves two decimal places for calculation purposes.

Table 5. Results of geometric interference setting method.

Postprocessing
Method Minimum (MPa) Maximum (MPa) Average Value (MPa)

Normal stress −98.279 −30.983 −55.044
Pressure 27.862 41.805 36.835

According to Table 5, average stress after the normal stress treatment was −55.044 MPa;
the sign is negative because interface pressure on the cable conductor points to the center of
the cross-section. Average stress after pressure treatment was 36.835 MPa. Average values
in this section and subsequent tables are the averages of interfacial pressure values over
the entire surface of the conductor in the model.

In the contact interference setting, preprocessing did not involve the geometric inter-
ference method, and we modeled and meshed the material properties and inner and outer
diameter data using the data in Table 2.

The postprocessing method was the same as the above setup except for the geometric
interference. Results are shown in Figure 11a,b (unit of interface pressure is marked in each
picture (MPa)).
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Figure 10. (a) Normal stress graph of geometric interference; (b) result of geometric interference pressure.

Maximal, minimal, and average values of interface pressure are shown in Table 6.

Table 6. Results of contact interference setting method.

Postprocessing
Method Minimum (MPa) Maximum (MPa) Average Value (MPa)

Normal stress −8.6169 −4.545 −5.7609
Pressure 35.544 37.837 36.568

According to the results of the two simulations in Section 3.3, we found that, when
we used the geometric interference method, average stress after normal stress treatment
was −39.754 MPa, and average stress after pressure treatment was 36.835 MPa. When
using contact interference in the method, average stress after normal stress treatment was
−5.7609 MPa, and average stress after pressure treatment was 36.568 MPa.

We compared the simulation and experimental results, and found that the pressure
treatment produced results that were the closest to the experimental results.

3.4. Simulation Results from SolidWorks

To further verify the simulation results, we analyzed and verified the simulations
in the SolidWorks simulation environment. First, we defined the material properties
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(ignoring some structures that did not affect the amount of stress, such as water-blocking
and shielding layers) before modeling. The structure was composed of a conductor, cross-
linked polyethylene insulation layer, sheath, and polyethylene layer from inside to outside.
The material properties were the same as those listed in Table 1, but the inner and outer
diameter values were those of Part B in Table 2. We used a quarter-circle model instead
of a full cross-section circle. We added a fixed and a symmetry constraint. Because cables
under normal placement have no load, mutual force is generated by interference fit. For this
reason, we designed a method to calculate the interface pressure using SolidWorks software
and established a new model. After the setting had been completed, the model was as
shown in Figure 12. Figure 12a shows the model built with SolidWorks, and Figure 12b
depicts the meshing. The blue part in Figure 11 is the coordinate system.

Figure 11. (a) Normal stress graph of contact interference. (b) Contact interference pressure result graph.

The contact pressure diagram is shown in Figure 13a,b. In Figure 13a, the yellow part
is the value of the interface pressure between conductor and insulator calculated by the
simulation software. Figure 13b shows the X-axis orthogonal stress diagram. The blue
part in the middle is the conductor, the outer layer of the conductor is the insulator, and
the interface pressure was generated in these two layers (Computer software expressing
exponential powers is replaced by the letter E or e).

To more clearly demonstrate the value of the interface pressure on the conductor, we
detected the conductor contact surface, as shown in Figure 11. The actual data that we
obtained are shown in Figure 12. The abscissa in Figure 14a,b is the node position, and the
ordinate is the interface pressure value.
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Figure 12. (a) SolidWorks modeling diagram (exploded view). (b) Model meshing.

Figure 13. (a) Contact pressure diagram. (b) X-axis orthogonal stress diagram.
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Figure 14. (a) Detection of contact surface of contact pressure conductor. (b) X-axis orthogonal
conductor contact surface detection diagram.

The data that we obtained according to the detection results are shown in Table 7.

Table 7. SolidWorks simulation data table.

Approach Minimum (MPa) Maximum (MPa) Average Value (MPa)

Contact stress method 29.25 44.36 37.36
X-axis orthogonal

stress method −44.4 −30.33 −37.36

Table 7 shows that we used the average value obtained by the contact stress method
and the X-axis orthogonal stress method to obtain a conductor interface pressure of
37.36 MPa. In the simulation experiments using ANSYS Workbench and SolidWorks,
the results obtained are expressed as average values. Results show that those obtained by
the X-axis orthogonal stress method in the SolidWorks simulation were the closest to the
physical experimental value, which was 37.37 MPa.
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4. Discussion

We provide the results of Experiments 1 and 2, ANSYS Workbench simulation, and
SolidWorks simulation in Tables 8 and 9.

Table 8. Calculated interface pressure gauge for Experiments 1 and 2.

Experiment Experiment 1 Experiment 2

Calculation results (MPa) 37.925 37.54

Table 9. Statistics of simulation results.

Approach Minimum
(MPa)

Maximum
(MPa)

Average Value
(MPa)

Geometric interference normal stress 30.98 98.28 55.04
Geometric interference pressure 27.86 41.81 36.84

Contact interference normal stress 8.62 4.55 5.761
Contact interference pressure 35.54 37.84 36.57

Contact stress method 29.25 44.36 37.36
X-axis orthogonal stress method 44.4 30.33 37.36

The statistics of the simulation results are shown in Table 9, and results are all absolute values.
Table 9 shows that, using ANSYS Workbench processing, the cable conductor interface

pressure values obtained by the geometric interference setting were 39.75 and 36.84 MPa;
values obtained by the contact setting should be 5.76 and 36.57 MPa. The cable Solid-
Works simulation obtained a conductor interface pressure value of 37.36 MPa. Taking the
value from Experiment 1 as the reference standard, we calculated the error of the average
simulation value; results are shown in Table 10.

Table 10. Experiment 1 and simulation value error.

Experimental
Method

Experiment
1

Geometric
Interference

Normal Stress

Geometric
Interference

Pressure

Contact
Interference

Normal Stress

Contact
Interference

Pressure

Contact
Stress

X-axis
Orthogonal

Stress

Experimental
value (MPa) 37.93 55.04 36.84 5.76 36.57 37.36 37.36

Error 0 45.1% 2.87% 84.8% 3.59% 1.50% 1.50%

Table 10 shows that the minimal error between the value obtained using SolidWorks
simulation and Experiment 1 was 1.5%, and the maximal error generated using ANSYS
Workbench contact interference normal stress was 84.8%. When using the two postprocess-
ing methods in SolidWorks, as shown in Table 6, we found that the interface pressure value
range obtained by the X-axis orthogonal method was the smallest, and the values were
close to the experimental values.

When we used the value of Experiment 2 as the standard, we calculated the error
calculation with the average simulation value; the results are shown in Table 11.

Table 11. Experiment 2 and simulation value error.

Experimental
Method

Experiment
2

Geometric
Interference

Normal Stress

Geometric
Interference

Pressure

Contact
Interference

Normal Stress

Contact
Interference

Pressure

Contact
Stress

X-axis
Orthogonal

Stress

Experimental
value (MPa) 37.54 55.04 36.84 5.76 36.57 37.36 37.36

error 0 46.4% 1.86% 84.7% 2.58% 0.48% 0.48%
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Table 11 shows that the minimal error between the value obtained using SolidWorks
simulation and Experiment 2 was 0.48%, and the maximal error generated using ANSYS
Workbench contact interference normal stress was 84.7%. When using the two postprocess-
ing methods in SolidWorks, Table 6 shows that the interface pressure value range obtained
by the X-axis orthogonal method was the smallest, and the X-axis orthogonal method was
the most accurate.

Results show that the calculated interface pressure of the cable conductor was 37.93 MPa
in Experiment 1, and the interface pressure of the cable conductor was 37.54 MPa in Experi-
ment 2. Interface pressure values obtained using the two different methods were similar;
simulation results show that the interface pressure value obtained by the geometric inter-
ference normal stress method was 39.75 and 36.84 MPa with the geometric interference
pressure method, 5.76 MPa with the contact interference normal stress method, 36.57 MPa
with the contact interference pressure method, 37.36 MPa with the contact stress method,
and 37.36 MP by the X-axis orthogonal stress method. The comparison shows that the X-axis
orthogonal stress method was the most accurate, with errors of 1.5% and 0.48% compared
with Experiment 1 and 2 values, respectively.

Tables 10 and 11 show that some of the simulation setting methods are reliable, and
their error is small. However, for the contact interference normal stress method, the error
was more than 80%, indicating that this method of analyzing the pressure of the cable
interface is unsuitable under these settings.

5. Conclusions

Addressing the problem of the difficulty in calculating and analyzing cable conductor
interface pressure, we constructed a new calculation and measurement experiment method
in this study as follows.

On the basis of Coulomb’s friction law and the force balance theorem, we proposed
a calculation and experimental method for determining the interface pressure of cable
conductors by measuring friction force between cable conductors and insulators. The
method was described in Experiment 1. The method of Experiment 1 was verified and was
reliable. Friction force is generated after the cable conductor is pulled. Positive pressure is
obtained through friction force, and interface pressure is then solved. We used the method
in Experiment 1 to obtain the interface pressure of the cable, which was 37.93 MPa. On
the basis of the elastic mechanics formula, we designed a method to obtain the interface
pressure on the conductor by calculating the deformation value of each layer of the cable
before and after stripping, and we verified the accuracy of the method through experiments.
As shown by Experiment 2, the final conductor interface pressure was 37.54 MPa. By
using ANSYS and SolidWorks simulation software, we built a corresponding cable model.
We used geometric interference setting, contact interference setting, contact stress setting,
and X-axis orthogonal stress setting to simulate the interface pressure. On the basis of
the experimental results of the two methods, we calculated the errors of simulation and
experimental benchmark results, and conducted a comparative analysis. Results show that
the SolidWorks X-axis orthogonal stress method was the most accurate: interface pressure
was 37.36 MPa, and errors were 1.5% and 0.48% in Experiments 1 and 2, respectively.

In this experiment, two physical experiments were proposed and verified. However,
in the process of Experiment 2, the measurement of Part B could also become more accurate.
In follow-up research, after measuring the interface pressure of the cable conductor, the
interface pressure of the cable conductor in different states during construction can be
studied further.
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