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Abstract: The most critical positions of a prefabricated cable accessory, from the electrical point
of view, are the interfaces between the stress cone and its surroundings. Accordingly, the contact
pressure on those interfaces needs to be carefully designed to assure both good dielectric strength and
smooth installation of the stress cone. Nevertheless, since stress cones made from rubber are under
large deformation after installation, their internal stress distribution is neither practical to measure
directly by planting sensors, nor feasible to compute accurately with the conventional theory of linear
structural mechanics. This paper presents one sophisticated method for computing the mechanical
stress distribution in rubber stress cones of cable accessories by employing hyperelastic models in
a computation model based on the finite element method. This method offers accurate results for
rubber bodies of complex geometries and large deformations. Based on the method, a case study of a
composite prefabricated termination for extruded cables is presented, and the sensitivity analysis is
given as well.

Keywords: cable accessory; cable termination; finite element analysis; HVDC cable system breakdown;
hyperelastic material model; interface contact pressure; rubber stress cone

1. Introduction

Global electricity production is transiting towards decarbonization by increasing renewable
penetration [1,2]. Since a large part of renewable energy sources, like wind farms, are located far away
from the load centers, there is an increasing need to enhance the transmission network in order to
dispatch those remote renewables effectively [3,4].

Under this background, high voltage power cable systems are playing an increasingly important
role in network enhancing due to their lower impacts on the landscape compared to overhead lines.
For example, the latest Ten Year Network Development Plan (hereafter TYNDP) plans for power lines
with a total length of 19,159 km to be built or refurbished with cables in Europe by 2030 [5]. Moreover,
Germany established the cable priority principle in the form of a law in 2015, which requires the
future planned power transmission lines to preferentially use cables, in order to reduce resistance
from residents to the construction of new High Voltage Direct Current (hereafter HVDC) transmission
corridors [6].

Cable accessories, including joints and terminations, are critical for cable systems. On the one
hand, cable accessories are essential for cable systems to function. Due to transport restrictions,
the length of a single segment of underground cable is limited. Therefore, cable joints are used for
connecting cable segments together in a land cable project. Besides, cable terminations need to be
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installed at both ends of cable systems at the interface of the cable system and other facilities (e.g.,
overhead lines, gas-insulated switchgear, and transformers). On the other hand, cable accessories are
the vulnerable parts of the whole system. According to the statistics, 70% of cable failures occur in
cable accessories [7] for underground cable systems, while the ratio drops to 18% for submarine cable
systems [8,9].

One popular form of cable accessories is the prefabricated accessory, which uses stress cones
(often made of rubber) produced in factories in a controllable environment. This kind of accessory
has comparatively higher reliability and lower vulnerability to workmanship due to its high level of
prefabrication in factories. Figure 1 shows five typical types of prefabricated cable accessories with
rubber insulation for high voltage extruded cables [10]. In these prefabricated accessories, stress cones
are the key components with two main functions: (1) providing insulation for the accessories and
(2) relieving the internal electric stress, especially at the edge of the semi-conductive cable insulation
screen. For the sake of simplicity, cable accessories hereafter refers to prefabricated accessories.

Figure 1. Prefabricated cable accessories for high voltage extruded cables have the following
forms: (a) one-piece termination; (b) composite termination; (c) composite joint; (d) one-piece joint;
(e) three-piece joint [10].

The use of stress cones in prefabricated accessories introduces interfaces into the whole insulation
system. Given that the tangential dielectric strength of interfaces is lower than the bulk dielectric
strength of the insulation materials, stress cones are prone to breakdown in the entire cable system.
Researchers have worked on two aspects to improve interface strength. Firstly, higher smoothness
leads to higher breakdown strength [11]. A proper surface treatment of cable cores using sandpaper
with different grit sizes can guarantee the smoothness of the cable insulation surface. Ying suggests
that the final polishing should use sandpaper with 600 grit and above for high voltage cable accessories
to produce a sufficient smoothness on the cable core surface [12], yet the authors’ experience is to
polish at the final step with 3000 grit to produce a finishing arithmetic mean deviation of the profile
(Rs) [13] below 1 um. The second factor is the contact pressure. The relationship between the contact
pressure and tangential dielectric strength of interfaces has been studied and published in multiple
articles [10,11,14,15]. At the microscopic level, the surface of the material is not smooth (Figure 2).
There are air-filled voids on the interface between the two components. As the interface pressure
increases, the number and the size of voids gradually decrease, and accordingly, the air pressure in
those voids increases. Consequently, the tangential dielectric strength of interfaces increases with
increasing contact pressure [10,11,14,15]. Although the above research was mainly done under AC,
we expect the conclusion can be extrapolated to DC. The testing results during the development phase
of our HVDC cable accessories can confirm this conclusion.
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Figure 2. Electrical interface strength has a dependency on the interface pressure [10,14].

Although enhanced contact pressure can increase the dielectric strength of interfaces, the
subsequent difficulties in installation can reduce the consistency of the products. An excessively high
mechanical stress on cable accessories significantly increases the cyclic tensile force, and under extreme
cases, will lead to some internal damage to the dielectric material of the stress cone, thereby triggering
electrical trees under a lower electrical field [7]. Wang points out that a contact pressure in the range of
0.1 to 0.3 MPa can ensure good dielectric strength and meanwhile promises a smooth installation [16].

Since the interface pressure is critical, a variety of methods have been developed to calculate and
measure it. The use of different kinds of pressure sensors has been mentioned in several articles [17-19].
However, their application is limited due to the following reasons. First, the installation of such sensors
can be very complicated, especially on some irregular and inaccessible surfaces. Second, the precision
and accuracy of such measurements are not ideal. Third, to obtain the pressure distribution information
with sufficient resolution, a large number of sensors need to be planted, which is not practical in
most cases. Some other researchers use the theoretical method to calculate interface pressure [19,20].
An analytic expression of the contact pressure between a pipe-shaped stress cone and a cable is deduced
by presuming a constant Young’s modulus and Poisson’s ratio of the rubber material. However, the
presumptions significantly weaken the scope of this formula, and are thereby inapplicable for the
actual cable accessories, where the geometry is complex and the mechanical behavior is nonlinear.
The method mentioned above can only get a single value of the interface pressure. However, the fact
is that the interfaces in cable accessories do have different pressures at different positions. Therefore,
some researchers have used the finite element method (hereafter FEM) for pressure computation [20,21].
However, their papers use linear material models, the characteristics of the material of which are
described by two constants (Young’s modulus and Poisson’s ratio). Stress cones are normally made of
liquid silicone rubber (hereafter LSR) or ethylene propylene diene monomer rubber (hereafter EPDM).
Both are typical hyperelastic materials whose behaviors cannot be accurately described using the linear
material model.

This paper presents a sophisticated method for the mechanical stress analysis for the rubber
cones of cable accessories by employing hyperelastic models in a simulation based on a commercial
FEM software. This method offers accurate results for rubber bodies of complex geometries and
large deformations. Based on this method, a case study of a composite prefabricated termination
for extruded cables is presented and a sensitivity study is conducted. Considering the similarity,
the conclusion in this article can be extrapolated for other terminations and joints of a plug-in type.

2. Method

This section presents the method for computing mechanical stress in the stress cones of cable
accessories. It includes two parts. The first part introduces the hyperelastic model of the stress cone
material used and the corresponding fitting method. The second part introduces the formulation of
the FEM simulation model, based on the fitted material model, for mechanic stress computation.
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2.1. Hyperelastic Material Models

Rubbers like LSR and EPDM, which have been widely used in cable accessories, can be stretched
significantly under relatively low tensile force due to their special long molecule structure. After the
force is removed, they can return to their original shape. The stress—strain behavior of rubbers is strongly
nonlinear, which cannot be accurately described through its Young’s modulus and Poisson’s ratio.

In prefabricated cable accessories, the deformation of stress cones, especially their inner part, can
reach 10% to 30% after installation. In this range of rubber deformation, the strain energy density
function is often used [22]. It has a form of
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where W is the strain energy density; [1, J», and J3 are the strain invariants; A1, A, and A3 represent
the principal stretch ratios.

The bulk modulus of rubber is usually up to 1 GPa [22], meaning that it is resistant to bulk
variation against stresses. Accordingly, it is often described as incompressible by hyperelastic models
with J3 = 0. Assuming that W is infinitely differentiable, the partial derivatives have no dependence
on the differential order. Thus, the density function of a hyperelastic material, W}, can be rewritten in
the form of Maclaurin series expansion:
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This expression is also called the Mooney-Rivlin model (hereafter MR model) [22]. Depending on
the terms of series, the MR model has two parameter, five parameter, nine parameter (hereafter 2P, 5P,
and 9P), etc. forms. By defining W),(0,0) = 0, the equations of Wap, Wsp, and Wop can be written in
the form of a matrix:
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The above formula shows that the MR models with more parameters consider terms of higher
orders. Table 1 compares the strain invariants of different orders against the uniaxial tensile strain.
According to the data, for a 10% strain, the second-order term is less than 2.8% of the first-order term,
while the third-order term is negligible. Thus, the 2P MR model is applicable to this case. However,
as the strain increases, the influence of high-order terms begins to increase. For 30% strain, the third
order reaches 5% of the first-order term and an MR model with more parameters should therefore
be chosen.
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Table 1. Values of the stain invariants of a hyperelastic material against uniaxial tensile strain.

Variables Strain
10% 20% 30%
I 0.0282 0.1067 0.2285
I 0.0264 0.0944 0.1917
J12 0.0008 0.0114 0.0522
J»2 0.0007 0.0089 0.0368
13 0.0000 0.0012 0.0119
I3 0.0000 0.0008 0.0070

The strain energy density function can be fitted based on the stress—strain data from a uniaxial or
biaxial tensile test on the material specimens [23-25]. Figure 3 presents the tested data of an LSR from
the uniaxial tensile test and the three MR models fitted by the least square method. The data show that
the 9P MR model has a better fit to the tested data and is therefore selected to model the stress cone in
this application.

Tested Data =—==2P Model emmm5P Model 9P Model

0.9 ) =z
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0.5
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0.2
0.1

Stress(per unit)
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Figure 3. The tested data (blue dots) are from a uniaxial tensile test of an liquid silicone rubber (hereafter
LSR) specimen in a dumbbell shape by the method in [26]; the red, black, and yellow lines represent
the fitted curves based on the Mooney-Rivlin (hereafter MR) model of 2P, 5P, and 9P, respectively.
By considering the designed deformation of the stress cones, the data below 30% strain are used for
fitting. The standard deviations of the 2-parameter, 5-parameter, and 9-parameter models from the
tested data are 0.0223, 0.0071, and 0.0069 per unit (p.u.), respectively.

2.2. FEM Simulation Model

For contact pressure simulation, the geometry of the model is simplified first, keeping only contact
pressure-relevant structures. In the case of a plug-in type or composite prefabricated cable termination,
they are cable core, socket, and supporting ring. In the cable systems, most components are rotationally
axisymmetric. The use of rotational axisymmetry in the simulation model significantly improved
simulation convergence and shortened the simulation time.

The most relevant physical module for contact pressure analysis is solid mechanics. If thermal
expansion needs to be considered, the heat transfer module and thermal expansion module can be
added to the model.

In the domain of the stress cone, a hyperelastic material model is chosen. The material coefficients
are fitted using the data of tensile tests on material samples. In other domains, the linear elastic material
model with a proper Young’s modulus and Poisson’s ratio is used.

The boundary conditions are set as follows. Contact pairs are defined on those interfaces where
contact pressure needs to be analyzed. The fixed constraints are used to fix the cable and socket.
Gravity is only applied to the stress cone. The prescribed displacement is used to control the upward
movement of the supporting ring. For better convergency, a spring foundation with a gradually
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decreasing spring constant is applied to the stress cone. Besides, an auxiliary sweep in the study
extensions setting is used on the prescribed displacement of the supporting ring.

This modeling method can also be used on other types of cable accessories. The simulation model
of one-piece prefabricated cable accessories is much easier, since no supporting ring with spring force
is involved [25].

3. Case Study

In order to verify the effectiveness of the method, this section selected a cable terminal prototype
for case analysis.

3.1. Background

The prototype of a composite prefabricated cable termination was selected for a case study.
The termination is an outdoor termination designed for a +500 kV HVDC cable system. Figure 4
shows the structure of the termination. In the termination, an epoxy socket is fixed to the bottom
flange. Inside the socket, a stress cone is inserted. The deflector, made of a semi-conductive rubber and
produced without sharp edges, covers the edge of the cable insulation screen, thereby significantly
reducing the local electrical field strength. It is the most frequently used field control method on
polymer cable accessories [27]. Below the cone, a supporting ring, together with the spring set, is in
place to push the cone against the socket. The thrust of the spring group generates a certain pressure
on the interfaces in Figure 4, thereby enhancing the dielectric properties of those interfaces.

Cable Isolation _ Socket

Edge of Cable

Isolation Screen Stress Cone

Deflectar

-

Supporting Ring

Cable Isolation Screen

Spring Force

Figure 4. The composite prefabricated termination was chosen for the case study. The components
requiring pressure analysis are demonstrated in the cross-section view, where the critical interfaces
have been highlighted with bold red lines.

The tests of this prototype observed several breakdowns, from the deflector and through the
cable insulation to the cable conductor, as shown in Figure 5. In this place, the deflector covers the
insulation of the cables as a recovered screen extended from the screen edge. Since both the deflector
and the insulation were smooth, there was no sign of over-concentrated stress here to explain the
failure. Nevertheless, the edge of the cable screen introduced a transition slope on the cable surface,
and is therefore likely to lead to a decreased pressure here. Moreover, engineers noticed that one clear
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creepage trace developed along with the interface once on the cable surface, as shown in Figure 5c,
pressure distribution of the cable here.

7 of 16
leaving a sign of a weakened interface. Consequently, it was decided to investigate the interface

Breakdown area

(a)

(b)

Figure 5. The breakdown area was concentrated on the interface between the cable insulation and the
creepage trace to the right.

semi-conductive deflector, as shown in (a). The pictures of the punctured cable surface are presented:
(b) breakdown point on the cable side without visible creepage trace; (c) breakdown point with a short
3.2. Model Formulation

3.2.1. Axial System

One simulation model was built with the method introduced in Section 2 of this article.

The geometric dimensions of the model are consistent with the actual prototype shown in Figure 4.
For the sake of simplicity, a rotational axisymmetric geometry was chosen. It significantly improved
simulation convergence and shortened the simulation time.

3.2.2. Main Parts and Their Material, Geometry

Given that this study is about the mechanical stress of the cone, the geometry only comprised
the cable, cone, socket, and support ring, as shown in Figure 6. The materials are chosen for all the

domains accordingly. The linear model is used for the cable, socket, and supporting ring, while the
hyperelastic model, with the parameters in Appendix A Table A1, is used for the stress cone.

\\
1
/ /
/ /
@)
Figure 6. The geometry of the
pair definition.

(b)

(©)

model is presented with: (a) geometry, (b) mesh, and (c) contact
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3.2.3. Restrictions and Boundary Conditions

In the model, the cable and the socket are fixed parts, while the stress cone is a free one.
The supporting ring is a moving part that moves upwards with prescribed displacement D. Three contact
pairs were defined in the model (Figure 6), which are the interfaces between the stress cone and its
surrounding components (cable core, socket, and supporting ring). For each contact pair, it is possible
to define the friction and adhesion properties.

3.2.4. Studies

The simulation was divided into three study steps (Figure 7). The first step simulated the stress
cone expansion against the interface, fitting between the cable and the stress cone. The second step
simulated the downward displacement of the stress cone under the influence of gravity, which led
to contact between the stress cone and the supporting ring. The third step simulated the upward
movement of the supporting ring, after which the stress cone moved to its final position.

Step1 Step2 Step3 Final Result L

\\

l spring

i\ | stress cone
A ‘ force

expansion

o

Line: Contact pressure (MPa)

Figure 7. The computation involves three steps.

The total force of the springs under the specified displacement of the supporting ring can be
interpreted from the results. Consequently, both the contraction force generated by the expansion of
the stress cone and the spring support forces are considered.

3.3. Result

This section describes the computation, based on the ideal condition, which presumes that (1) the
dimensions of each part are strictly consistent with the drawings, thereby ignoring the possible
inconsistencies from the production and installation processes, (2) each contact pair is ideally smooth,
without any friction and adhesion, and (3) the mechanical behavior of the rubber is stable, regardless
of its internal creeping phenomenon and its dependence on temperature.

Figure 8 shows the results of the stress distribution when the total spring force reaches the target
of 30 kN. When the supporting ring reaches its final position, the contact pressure in the whole critical
area is above 0.6 MPa, which is, from the electrical point of view, adequate, according to other published
research [16] and our previous experience.

The result of the prototype in the ideal condition cannot explain the failures during the factory
tests. The next section is to further investigate the prototype’s performance by running a sensitivity
study based on controlled variables against the ideal condition.
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Figure 8. The von Mises stress and the contact pressure are shown in (a). The upper color legend is for
the von Mises, and the lower one is for the contact pressure. The contact pressure between the stress
cone and cable insulation is shown in (b). The outer radius of the cable insulation is 65 mm, and the
total force of the spring is 30 kN.

4. Discussion and Optimization

4.1. Sensitivity Analysis

This section investigates the impacts of spring force, cable core dimension, friction on interfaces,
and the straightness of cable cores on the stress distribution in the prototype.

4.1.1. Spring Force

The first factor is the spring force. The spring set is in place between the socket and ring to
maintain a certain contact pressure on the interfaces. During the installation of the prototype and other
accessories of similar kinds, the compression of the springs is usually used to control the total spring
force. In operation, the system temperature distribution keeps varying, along with the load current
and the environment. Due to the thermal expansion effect, the deformation of the stress cone and other
parts will affect the compression of the spring assembly, and thus the interface pressure distribution.
Accordingly, the initial spring pressure should be reasonably selected so that the cable system can
provide the required interface pressure in the worst case during operation.

As mentioned earlier, the supporting ring uses a boundary condition of the prescribed displacement
D in the upward direction, instead of spring force, aiming for better convergence. Although not
included in this model, the spring force can be interpreted from the total contact force between the
stress cone and the ring.

Figure 9a presents the correlation between the spring force and D, showing that the spring force
increases exponentially with D. Additionally, Figure 9b presents the pressure distributions against
different spring forces. At D = 0 mm, the spring force is weak, and the contact pressure at this time is
generated from the interface fitting between the stress cone and the cable. The corresponding pressure
distribution shows a convex curve, which mainly corresponds to the geometric thickness of the stress
cone. As D increases to 5.2 mm, the spring force reaches 30 kN, and the pressure distribution increases
over all of the interface.

The results show that, with a cable radius of 65 mm, the interface contact pressure distribution is
relatively evenly distributed. As the spring pressure increases, the contact pressure rises across the
whole interface. More specifically, the pressure at both ends changes more with the spring force than
in the middle region. In general, a reasonably selected spring force is able to provide sufficient contact
pressures across the interface.
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Figure 9. The figures show: (a) the correlation between total spring force and the supporting ring
displacement; (b) the contact pressure distribution between the stress cone and the cable insulation
against different supporting ring positions. The cable insulation radius is 65 mm.

4.1.2. Cable Outer Radius

Another factor influencing the contact pressure between the cable and the stress cone is the outer
radius of the cable (hereafter Rcore). There are two reasons for variations in cable core dimensions.
First, cable accessories are designed to match cables with a series of conductor sizes, meaning that the
cable core radius varies in a range. Second, the radius is also subject to the inconsistencies in cable
production and accessory installation. Consequently, the compatibility of the prototype with cable
radii requests an investigation.

In this section, the sensitivity of the prototype to the outer radius of the cable core is analyzed
with a controlled total spring force of 30 kN. The outer radius of the cable insulation is 65 mm in the
drawing. Accordingly, a range of radii, from 62 mm to 65 mm, was chosen for the analysis. Figure 10
shows the results with a cable core radius from 62 mm to 65 mm. When Rcore = 65 mm, the pressure
distribution is in a saddle shape. As D decreases, the pressure at both ends drops quickly, while the
middle part retains the pressure level. When Rcore reaches 62 mm, the contact pressure at the two ends
suffers a significant drop to 0.1 MPa and below, leaving the interface in a dangerous condition.

1.7-|—Rcore=62 mm
16 Rcore=63 mm

"~ |—Rcore=64 mm
1.5 | —Rcore=65 mm

Contact pressure (MPa)

o] 160 260 360 460 560
z-coordinate (mm)
Figure 10. The contact pressure distribution between the stress cone and the cable core varies against
different cable core radii. The total spring force is 30 kN for each curve.

In addition, the installation processes of two cable core sizes (Rcore = 62 mm and 65 mm) are
compared in Figure 11. The result shows the contact pressure development and the movement of the
stress cone during the installation with the two radii of 62 and 65 mm. There is an apparent difference
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between the two scenarios. When Rcore = 62 mm, the top of the stress cone contacts the socket first in
contact pair 2 and the horizontal part of the supporting ring contacts the stress cone first in contact
pair 3. The unexpected early contact of these two positions prevents the stress cone from moving
further under the movement of the supporting ring. It prevents an efficient conversion from the spring
force to the interface contact pressure in critical areas.

MPa MPa MPa
0.5
0.16
0.45 >
0.14 0.4
0.12 0.35
15
0.1 0.3
0.08 0.25
' 1
0.2
0.06
0.15
0.04
0.1 0.5
0.02 0.05
Jo 40 -0
(b) ()
MPa MPa MPa
1.6
0.2 0.2 1.4
1.2
0.15 0.15
1
0.8
0.1 0.1
0.6
/- 0.05 0.05 0.4
0.2
=0 =0 -0
(d) (e) (®)

Figure 11. The contact pressure development with the cable core radius (Rcore) at 62 mm is presented
in (a), (b), and (c) with spring forces of 0.5 kN, 1.5 kN, and 30 kN, respectively. The contact pressure
development for Rcore = 65 mm is presented in (d), (e), and (f), with spring forces of 0.5 kN, 1.5 kN,
and 30 kN, respectively. The color legend bar is for the contract pressure.

The above results show that, by the current design, the interface contact pressure distribution
is highly sensitive to the cable radius; when the cable radius is slightly smaller, some interfaces will
lose pressure, which may cause breakdown failure. This conclusion is coherent with the unstable
performance of the current design during the tests.

4.1.3. Friction

Although applying lubricants, in terms of silicone oils or silicone greases, can significantly increase
the lubrication of the interfaces during cable accessory assembly, the impact of friction on the installation
quality is yet to be discussed. This section investigates the sensitivity of the prototype to the friction on
the interfaces by computing the stress distribution under different friction conditions.

From the mechanical aspect, the mechanism of the prototype is similar to that of a hydraulic
system—the rubber cone converts the contact pressure from the supporting ring into its internal stress,
which then interacts with the other interfaces in the form of contact pressure. The friction on the
interface prevents the free distribution of the rubber, thereby increasing the uneven distribution of its
internal stress, which further leads to the uneven distribution of the interface pressure.
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Figure 12 shows the contact pressure on the interface between the cable core and the stress cone
with uniform friction coefficients of 0.2 and 0.4. The result confirms, once again, that the current
design is vulnerable to variations in cable core radius. Furthermore, a comparison of the results in
Figures 10 and 12 suggests that the friction on the interfaces of a cable accessory tends to introduce the
uneven distribution of the interface pressure—a decrease in high places and an increase in low places.
This phenomenon becomes more significant as the friction force increases.

1.2 Rcore=62 mm 12 —Rcore=62 mm
1.1 Rcore=63 mm —Rcore=63 mm
. —Rcore=64 mm 1.1 Rcore=64 mm
1l Rcore=65 mm 1 Rcore=65 mm
= 0.9 = 0.9
o o
= 0.8 = 0.8
e e
5 0.7 5 0.7
I | I
o 0.6 o 0.6
g 2
5 o5 & 05
g ]
§ 0.4 g 0.4
0.3 o 0.3
0.2 0.2
0.1~ l 0.1
o M == ol &
0 100 200 . 300 400 500 0 100 200 300 400 500
z-coordinate (mm) z-coordinate (mm)
(a) (b)

Figure 12. The contact pressure distributions between the stress cone and the cable core with friction
coefficients of 0.2 and 0.4 are presented in (a) and (b), respectively. For each curve, the total spring
force is controlled at 30 kN.

The reason for the deviated pressure distribution is as follows. The result in Figure 12 represents
the stationary state of the rubber cone at a total spring force of 30 kN after progressively increasing
compression from the supporting ring, and thus the frictions are expected to be pointing down
along interfaces 1 and 2. It is those interface frictions that contribute to the incremental distribution
of the internal stress downwards in the rubber cone, thereby leading to an unevenly distributed
contact pressure.

The above result shows that, by the current design, the contact pressure distribution is dependent
on interface friction levels. Increases in friction during installation are expected to deteriorate the
imbalance of the stress distribution.

It should also be noted that the case in this section only presents the friction impact in a simplified
condition. Moreover, there are other factors that can increase the complexity of friction impacts.
Firstly, when frictions are involved, the result is highly dependent on history. During the operation,
time-varying load currents introduce a time-dependent temperature gradient in cable systems, and
the consequent continuous relative displacement between the cable core, stress cone, socket, and
supporting ring adds to the uncertainty of the friction distribution. Secondly, the amount of lubricant
left on the interface directly determines the degree of lubrication, meaning that the friction coefficient
and adhesion can vary (1) against its pressure distribution across the interface and (2) against the
operating time due to the absorption of the lubricant by the rubber cone.

4.1.4. Straightness of Cable

Due to the internal stresses generated from production and storage, cable cones tend to bend after
being released from the drums. In order to ensure consistent installation quality, cable cores should be
straightened by releasing their internal stresses. One commonly used method is to heat the cable first
with electrical heating belts, keep the temperature constant for several hours and then let it cool down
to room temperature with angle steel fixed on it. However, due to the gravity of the cable and the
friction forces during stress cone installation, the straightness of the cable after installation cannot be
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guaranteed. This phenomenon is even more apparent in the case of terminations, which have longer
internal cables.

Although the existing simulation model, which is based on an axisymmetric geometry, is not able
to reproduce this asymmetric condition, the simulation results from the previous section can be used
as a reference. Cables with poor straightness can roughly be seen as an increase in radius on one side
and a decrease in radius on the other side. This can lead to a breakdown on the weaker side of the
cable when the contact pressure there is not enough. In order to more accurately simulate the interface
pressure in such cases, a normal 3D model is needed. However, it requires much higher computing
power and a much longer simulating time. Further work should be done in this direction.

4.2. Optimization

According to the sensitivity analysis in the previous section, with the current stress cone structure,
the interface pressure at the top and bottom part of the interface between the cable and the stress cone
is highly sensitive to the cable radius. In order to improve the adaptability to the cable core radius,
the optimization has been considered in two motivations. Firstly, the upper part of the stress cone is
shortened to avoid contact between the socket and cone on the top surface. Secondly, the bottom of the
stress cone has been altered into one inclined plane. This simple geometry helps to maintain an evenly
distributed contact pressure on the interface between the rubber cone and the supporting ring against
a wide range of Rcore.

A preliminary computation is conducted for the ideal scenario without friction and adhesion.
Figure 13 compares the stress distribution in (a) the original prototype and (b) the optimized design
with a total spring force of 30 kN; Figure 14 further presents the contact pressure distribution on the
interface between the cable core and the rubber cone. The results show that with the optimization
in the stress cone and the supporting ring, the contact pressure is evenly distributed on the interface
between the stress cone and the cable core when Rcore is between 62—-65 mm, thereby ensuring a good
dielectric strength.

mm

mm - "
700 MPa 700 MPa
650 35 650 6
600 600
550 550
500 3 500 o
450 450
400 2.5 400 a
350 350
300 2 300
250 250 3
200 200
150 | 150
100 100 H2
50 Bl 50
0 0
-50 105 -50 o
-100 -100
-150 0 -150 0
0 200 mm 0 200 mm
(a) (b)

Figure 13. The contact pressure distributions of the original prototype and its optimized design are
presented in (a) and (b), respectively. The cable insulation radius is 62 mm and the total spring force is
30 kN. Friction and adhesion are ignored.

Furthermore, the impact of frictions on the optimized design was investigated. Figure 15 presents
the contact pressure distribution with friction coefficients of (a) 0.2 and (b) 0.4. The result reconfirms
the adaptability against the cable core radius when friction is involved. Nevertheless, it also suggests
that the contact pressure at the upper part of the stress cone stays vulnerable to friction in the optimized
design. This indicates that the use of lubricant on the interface is very important. According to our
installation experience, friction coefficients much lower than 0.2 can be achieved.
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Figure 14. Contact pressure distribution between the stress cone and the cable core in the optimized
design. The total spring force is controlled at 30 kN for each curve.

0.85- Rcore=62mm 0.857 Rcore=62mm
0.8 Rcore=63mm 0.8- Rcore=63mm
0.75 —Rcore=64mm 0.75- —Rcore=64mm
Rcore=65mm 0.7 Rcore=65mm
N 0.65
T T 0.6
o o
= = 055
g g 0.5-
i 0 0.45-
4 £ ooe
H H 0.35-
[=]
3 g 02 N
0.2
0.15-
\ 0.1
0.05- -
0 100 200 . 300 400 500 0 100 200 300 400 500
z-coordinate (mm) z-coordinate (mm)
(a) (b)

Figure 15. Contact pressure distributions between the optimized stress cone and the cable core are
presented in (a) and (b) considering friction coefficients of 0.2 and 0.4, respectively.

5. Conclusions

This paper presents one sophisticated method for computing the mechanical stress distribution
in the rubber stress cones of cable accessories. This method offers accurate results for rubber bodies
of complex geometries and large deformations by employing hyperelastic models in a computation
model based on the finite element method. A case study on a £500 kV HVDC cable termination using
this method is presented. Based on the results of sensitivity analysis, the prototype was optimized for
enhanced compatibility with cable core radius variation. The method introduced in this article can be
used for the mechanical stress and deformation analysis of all types of cable accessories, which include
stress cones made of elastic material.
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Abbreviations

HVDC High Voltage Direct Current

TYNDP Ten Year Network Development Plan
GIS Gas Insulated System

FEM Finite Element Method

EPDM Ethylene Propylene Diene Monomer Rubber
LSR Liquid Silicone Rubber

MR Mooney-Rivlin

2P 2 Parameter

5P 5 Parameter

9P 9 Parameter

Appendix A. Material Parameters

This section presents the mechanical parameters of silicone rubber which are necessary for the computation

model. Table AT involves the 9P MR model parameters and initial bulk modulus.

Table Al. Model parameters of the silicone rubber used in the model.

Parameter Value Unit

C10 —8.308 MPa

Co 8.844 MPa

Cn 0.000 MPa

Cxo —75.412 MPa

C02 94.890 MPa

Cy 864.054 MPa

Ci —1384.360 MPa

Cao -182.676 MPa

Cos 832.450 MPa

Initial Bulk Modulus 1500.000 MPa
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