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Abstract: Recent innovations in HVDC extruded cable systems require the development of reliable
and safe cable accessories. Cable accessories are made of several insulating materials and contain
several interfaces. Interfaces made of different materials can cause electric field distortion and
localized enhancement of the field. In addition, the internal temperature profiles of accessories differ
depending on load conditions or installation environments, which may lead to an increase in or loss
of interfacial pressure due to changes in the mechanical properties of materials. The loss of interfacial
pressure degrades the contact state between materials. The micro voids formed due to pressure
loss can cause partial discharge and tree, which in turn can lead to reduced lifespan and failure of
the cable system. Therefore, it is necessary to study the electrical and mechanical characteristics of
cable accessories considering various transient states. However, there is a limit to experimentally
analyzing the actual structure. In this paper, electric field and mechanical stress for pre-molded
cable joints were analyzed using an electrical model based on the conductivity of the material and a
mechanical model based on elastic theory. Temperature fluctuations were simulated according to the
sequence of the cable load cycle test, and time-varying electric fields and mechanical stresses were
analyzed. From the simulation results, it was confirmed that the electric field and stress distribution
in the joint continuously changed according to the heating and cooling periods. In addition, during
the cooling cycle, the field strength at the interface near the conductor increased and the interface
pressure decreased. In conclusion, it is important to ensure sufficient initial pressure so that the
dielectric strength at the interface does not decrease even if there is a loss of interface pressure due to
temperature fluctuations.

Keywords: HVDC cables; cable insulation; cable accessories; finite element analysis; interface
pressure; elastic materials

1. Introduction

A high-voltage direct current (HVDC) system has great advantages in terms of trans-
mission capacity and power losses compared with high-voltage an alternating current
(HVAC) system, and is, therefore, used for long-distance transmission [1–4]. Several
projects are underway around the world for the purpose of long-distance transmission and
inter-country power grid connection using HVDC cable systems. Early projects mainly
used oil-filled (OF) cables and insulated paper cables. Later, extruded polymer materials,
excellent in electrical and mechanical performance, were developed and Cross-Linked
Polyethylene (XLPE) cables are currently the most used [4–7].

In cable systems for long-distance transmission, a cable joint is essential to connect the
separated cables. Depending on the type of cable, there are also several kinds of cable joints.
Typically, the joints of the HVDC extruded cable system are divided into factory joints and
pre-molded joints. The main advantage of factory joints is that they can be assembled in a
strictly controlled environment [8,9]. In this case, contamination of the factory joints can
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be minimized. Also, the joints are made of the same material as the insulating material
of the cable. In contrast, pre-molded joints are made of elastomeric materials, such as
ethylene propylene diene monomer (EPDM) or silicone rubber (SiR). In this configuration,
the interfaces between the XLPE and the elastic materials are essentially present inside
the joints.

In general, the heterogeneous interface between different materials can cause electric
field distortion and local field concentration. Moreover, the interface pressure is associated
with the electrical strength of solid dielectrics, as shown in Figure 1 [10]. Experimental
results from the reported studies [11–16] show that the interfacial pressure affects break-
down voltage, discharge current and interfacial carbonization. A common reason for this
phenomenon is believed to be void formation due to pressure reduction. At the microvoids,
the electric field is strengthened locally [17]. The enhanced field can cause partial discharge
and electrical treeing, which in turn leads to degradation of the insulation materials. As a
result, it may lead to a decrease in the life span of the cable system and further failure of
the entire system. To prevent such undesirable phenomena, joints with appropriate surface
pressure applied are manufactured. A cable joint composed of several interfaces is the most
vulnerable element and is the most important to ensure the reliability of the system.
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Additionally, renewable energy generation, such as by solar and wind farms, is
increasing worldwide due to decarbonization policies. Renewable energy sources cannot
control the amount of power generation at a constant level, so load may increase or decrease
rapidly [18,19]. As a result, a more dynamic load profile is expected due to the introduction
of renewable energy, and it seems clear that this will be a major factor causing changes in
thermal and mechanical stress inside the cable joints. In other words, not only electrical
stress, but also thermo-mechanical stress is an important factor to consider when designing
cable accessories. However, the experimental approach requires many sensors to obtain a
high-resolution pressure distribution, and it is difficult to install the sensors in an actual
structure with several curved surfaces; it is, therefore, necessary to develop a numerical
approach. Several studies reported the analysis of the mechanical pressure in the cable
accessories, based on elastic theory and using the finite element method (FEM) [20–22].

Therefore, in this paper, electrical and mechanical numerical analysis was performed
taking into consideration the load variability for a 500 kV HVDC XLPE cable pre-molded
joint. Load variability was applied according to the load cycle test procedure presented in
Technical Brochure 496 published by CIGRE [23]. The electric field and mechanical stress
distributions in the joints were derived according to the heating and cooling periods. Addi-
tionally, changes in the electric field strength and the interfacial pressure were compared at
specific interfaces inside the joint.



Energies 2022, 15, 4684 3 of 15

2. Simulation Model
2.1. Thermal Electrical Model

Numerical analysis models based on the conductivity of dielectrics were used to
evaluate the electric field characteristics of HVDC cables [24–26]. It is well known that DC
time-varying electric field distribution depends on temperature, voltage level and cable
scale. This is because the conductivity of the insulating material, which is sensitive to
temperature and electric field, has a great influence on the formation of DC electric field
distribution. When the joule heating of the conductor starts due to the load current, a
temperature gradient is formed in the insulation materials, which causes a difference in
conductivity by radius. As the temperature difference within the cable insulation increases,
the electric field strength near the conductor is lowered and the electric field on the sheath
side is enhanced. Such a phenomenon is an electric field inversion that typically occurs
in DC cables and is expressed as the resistive electric field [27,28]. This model, based on
conductivity, is composed of a combination of the following governing equations:

J = σE (1)

∇·(ε0εrE) = ρ (2)

∇·J = −∂ρ

∂t
(3)

where J is the current density, σ is the electrical conductivity of materials, ε0 is the vacuum
permittivity, εr is the relative dielectric permittivity, and ρ is the charge density.

Thermal simulation inside the joint was performed based on the heat transfer equa-
tion [29]. It was assumed that the cooling of the joint was caused by external natural
convection, and Equation (5) was set as the boundary condition of the external joint. In
this paper, the thermal electrical model analyzes the transient electric field inside the cable
joints, taking into account the load cycle test of the cable.

ρdCp
∂T
∂t

= ∇·(k∇T) + Q (4)

q0 = h(Tamb − Ts) (5)

where ρd represents the density of material, Cp is the heat capacity at constant pressure, k is
the thermal conductivity, Q is the heat source from the conductor, h refers to the convective
transfer coefficient, and Tamb and Ts are the ambient temperature and temperature on joint
surface, respectively.

2.2. Thermal Mechanical Stress Model

The distribution of stresses and strains when an object is deformed can be obtained
by solving the basic equations of elastic theory. The governing equations expressing the
deformation of a solid body are the equilibrium equation, stress–displacement and the
strain–stress relationship [30]. When an object deforms, internal forces occur in the material,
and these forces per area are defined as stresses. Internal forces, expressed as stresses,
along with external and inertial forces, are balanced according to Newton’s second law,
Equation (6):

∇·σs + Fv = ρ
∂2u
∂t2 (6)

where σs is the stress tensor, body force per unit volume is Fv, ρ is the density, and u is the
displacement field.

Tensile stress and compressive stress exist, and to distinguish between the two types,
tensile stress is expressed as a positive value and compressive stress is expressed as a
negative value. The elastic material means that when the load is removed, it recovers
to its original dimensions prior to deformation. Since the cable joint is composed of
elastic material, the linear elastic material model is applied in this study. This linear
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material model means that the stress–strain relationship is linear and is defined by the
following equations. The strain–displacement equation and the stress–strain relation are
expressed as:

ε = ∇su (7)

σs = Eε (8)

where ε is strain and E is the elastic modulus or Young’s modulus. The elastic modulus
is related to the stiffness of a material. The harder the material, the higher the elastic
modulus. A material with a high elastic modulus has less elastic deformation than a
material with a low elastic modulus. This indicates that a more elastic material has a lower
modulus [30]. Additionally, most materials have the property of expanding when the
temperature increases. A material with high thermal expansion has a large strain with a
change in temperature.

The heat caused by the load currents causes a temperature gradient inside the joint,
resulting in a difference in thermal expansion and the elastic modulus of the insulating
materials. It is expected that each interface pressure will fluctuate under a transient
temperature condition, such as a load cycle.

In order to evaluate the electrical and mechanical properties considering the heat
inside the cable joints, a multiphysics simulation should be performed. We used the FEM
software COMSOL Multiphysics, version 6.0, and constructed the model by coupling the
heat transfer, electric currents and solid mechanics modules as shown in Figure 2. The
conductor temperature during the load cycle was set as an input to the heat transfer module.
Based on the time-varying temperature distribution, the electrical conductivity of the main
parameters, and the thermal expansion and elastic modulus were applied to each module.
Finally, the electric field and stress distributions inside the cable joints were calculated.
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3. Model Geometry and Simulation Conditions
3.1. Cable Joint Geometry

Although various types of pre-molded joints exist, the general structure shown in
Figure 3 was applied to the simulation. The analysis object was an HVDC 500 kV XLPE
cable joint, and its geometry is shown in Figure 3a. The conductor, with a radius of
31 mm, was fastened with a clamp. The XLPE cable insulation was 30 mm thick. The joint
body was composed of semiconducting central/outer deflectors and SiR. In addition, thin
semiconducting layers were disposed on the SiR and the conductor.
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Figure 3b shows the joint cross-sectional structure used in the thermal mechanical
model to compare the interfacial pressure according to the load cycle. Since the temperature
gradient in the radial direction is larger than that in the axial direction, the joint cross-
sectional structure was applied for mechanical stress analysis. The thicknesses of the
conductor and insulation layer corresponding to the indicated cross section were set to be
the same.

3.2. Simulation Conditions

The applied voltage and temperature profile were selected by referring to the load
cycle test of CIGRE TB 496, which summarizes the DC 500 kV extruded cable system test
recommendations. The load cycle test consists of a heating period and a cooling period,
and the detailed description is as follows [23,31]:

• 24 h load cycles consist of at least 8 h of heating followed by at least 16 h of
natural cooling.

• During at least the last 2 h of the heating period, a conductor temperature is maintained
above the maximum conductor operating temperature and a temperature drop across
the insulation is higher than the maximum temperature difference.

• Depending on the type of HVDC system, eight or twelve “24-h” load cycles are
performed at the test voltage.

Depending on the load cycle temperature conditions, the input data were adjusted so
that a conductor temperature of about 73 ◦C was maintained for 2 h. The initial internal
temperature and ambient temperature of the joint were set at 20 ◦C. Additionally, the test
voltage was established as 1.85 times the rated voltage, and only positive polarity was
considered in this simulation. The heat transfer coefficient h was set to 5 W/(m2·K) to
maintain an appropriate temperature distribution in the joint.

When describing the volume conductivity of a solid insulation, the form of Equation (9)
based on an experimental approach is used. Therefore, the corresponding equation was
applied so that the conductivity of XLPE and SiR depended on temperature and electric
field. The main parameters used in the thermal electrical model are shown in Table 1 [32,33].

σ(T, E) = σ0 exp(α(T − T0) + β(E− E0)) (9)

where σ0 is the reference conductivity, T0 is the reference temperature, E0 is the reference
electric field, and α and β are the temperature and electric field dependent
coefficients, respectively.
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Table 1. Parameters used for the thermal electrical model [32,33].

Parameter XLPE SiR

Temperature dependent coefficient α (1/K) 0.05 0.01672
Electric field dependent coefficient β (mm/kV) 0.03 0.04719

Relative permittivity εr 2.3 3.3
Reference electrical conductivity σ0 (S/m) 3 × 10−16 2.2 × 10−13

Reference temperature T0 (K) 298.15 298.15
Reference electric field E0 (kV/mm) 10 10
Thermal conductivity k (W/(m·K)) 0.286 0.29

Heat transfer coefficient h (W/(m2·K)) 5
Ambient temperature Tamb (K) 293.15

The boundary conditions applied for the thermal mechanical analysis are shown in
Figure 4. Assuming that there is no change in the outer diameter of the joint, the fixed
constraint condition was applied. In addition, to analyze the interfacial pressure according
to the load condition change, the elastic modulus and the thermal expansion coefficient
including the temperature term were applied. Since it is difficult to set the initial internal
stress of the installed joint, only the change in interfacial pressure due to thermal variability
after installation was analyzed. The conductor temperature was the same as the load cycle
temperature profile. The main parameters used in the thermal mechanical model are shown
in Table 2 [34].
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Table 2. Parameters used for the thermal mechanical stress model [34].

Parameters XLPE SiR Copper

Elastic modulus (Pa) 3.8× 108e−0.038T 3.6× 106e−0.01713T 126× 109

Thermal expansion
(1/K)

3.6× 10−8T2 + 2.3× 10−6T
+9.4× 10−5

2.4× 10−6T + 8.9× 10−5 1.9× 10−5

Poisson’s ratio 0.46 0.49 0.34
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4. Results
4.1. Thermal Simulation Results

Figure 5a shows the time-varying temperature distribution inside the joint. The
conductor temperature rises and falls repeatedly according to the load cycle condition.
Heat from the conductor spreads through the insulating material and cools on the outer
surface of the joint. Figure 5b shows the temperature profiles at the three indicated points.
From the conductor temperature graph, it is seen that the maximum operating temperature
of the conductor is maintained at 70 ◦C or higher for at least 2 h. In the indicated cut line,
the temperature gradient of the XLPE insulating layer was 25 ◦C at 8 h of the heating cycle.
At the end of one cycle, temperatures of the conductor and XLPE insulation layer cooled
down to 26 ◦C. It was then confirmed that the temperature profiles appeared in a similar
pattern according to the repeated load cycle.
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4.2. Electrical Simulation Results
4.2.1. Electric Field Distribution in the Cable Joint According to the Load Cycles

Figure 6a shows the time-varying electric field distribution and equipotential lines
inside the joint. The electric field concentration area including XLPE, SiR and the deflector
was enlarged and plotted. To confirm the change in the electric field distribution, the legend
range was set up to 40 kV/mm. Since the conductivity of XLPE is significantly lower than
that of SiR, the electric field is most strongly concentrated inside the cable insulation layer.
In addition, as shown in the electric field distribution of the XLPE layer, the field strength
at the XLPE/SiR interface gradually increased during the heating cycle. On the other hand,
it was confirmed that the electric field on the conductor side gradually increased during the
cooling cycle, which is a typical resistive electric field characteristic under DC conditions.
In addition, the central deflector, which is a semiconducting component, arranges the
equipotential line toward the joint insulation, so that the field strength is high in the vicinity
of the central deflector/SiR interface compared with other SiR domains.

Figure 6b shows the time-varying electric field profiles at four points indicated on the
joint. As in the previous results, the electric field strength on the conductor side decreased
in the heating cycle and increased in the cooling cycle. On the other hand, the electric field
strength on the outer XLPE showed the opposite pattern. The field strengths at the midpoint
of the XLPE and the outer joint were around 21 kV/mm and 4.8 kV/mm, respectively, and
there was no significant change during the entire load cycles.
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4.2.2. Changes in Electric Field at Specific Locations and Interfaces

Figure 7 is the result of electric field analysis derived according to the path (cut
line 1 and 2) indicated inside the joint. At the inner semicon/XLPE interface and the
XLPE/SiR interface, the electric field strength varies greatly with time, as shown in Figure 7a.
During the heating period, the field strength at the inner semicon/XLPE interface gradually
decreased to 17.1 kV/mm at 8 h. On the other hand, in the cooling period, the electric
field strength increased to 24.75 kV/mm. Similarly, the field strength at the XLPE/SiR
interface was 23.5 kV/mm at 8 h of the heating period, and the field strength decreased to
18.86 kV/mm at 24 h of the cooling period. As a result, the field strength at each interface
and the field distribution inside the XLPE layer were different depending on the load
conditions. Additionally, in the SiR layer, the electric field strength decreased overall, and
the strength change according to the load condition was also insignificant.
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Figure 7b shows the results of electric field analysis derived along the path including
the central deflector. Most of the electric field is concentrated in the SiR layer, and the
electric field strength varies depending on the load condition at each interface. The field
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strength at the central deflector/SiR interface was 16.1 kV/mm at 8 h of the heating period
and 17.08 kV/mm at 24 h of the cooling period. The field strength at the SiR/outer joint
interface was 13.88 kV/mm at 8 h of the heating period and 13.25 kV/mm at 24 h of the
cooling period.

Figure 8a shows the electric field strength of the interface indicated on the central
deflector. The electric field was concentrated at both ends of the deflector, and field strengths
of 9.9 kV/mm at 8 h of the heating period and 10.6 kV/mm at 24 h of the cooling period
were observed. At the center position of the deflector, 7.64 kV/mm at 8 h and 8.6 kV/mm
at 24 h were observed. The overall electric field strength decreased during the heating
cycle and, conversely, increased during the cooling cycle. As shown in Figure 8b, due to
the characteristics of the semiconducting component, the deflector surface is treated as an
equipotential state, and the tangential electric field strength appears to be meaningless.
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Figure 8. Time-varying electric field distribution at central deflector/SiR interface: (a) Electric field
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Figure 9a shows the electric field strength at the indicated XLPE/SiR interface. The
electric field strength gradually increases toward the outer deflector. The maximum field
strengths at 8 h of the heating period and 24 h of the cooling period were 18.1 kV/mm and
14.3 kV/mm, respectively. Figure 9b shows the tangential field strength of the interface. At
a z-axis distance of 40 mm, the maximum intensity at 8 h and 24 h were 11.15 kV/mm and
11.5 kV/mm, respectively.
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Table 3 shows the electric field strength and increase/decrease ratio at each location
during the cooling cycle from 8 h to 24 h. During the cooling cycle, the electric field strength
at the inner semicon/XLPE interface increased by 44% from 17.1 kV/mm to 24.75 kV/mm.
As a result, it was confirmed that the change in the electric field strength at both interfaces
of the cut line 1 was significant.

Table 3. The electric field strength and changes during the cooling cycle.

Location in Cable
Joints

Et = 8 h
(kV/mm)

Et = 24 h
(kV/mm)

Field Strength
Change

Cut Line 1
Inner Semicon/XLPE 17.10 24.75 44% increase

XLPE/SiR 23.50 18.86 20% decrease

Cut Line 2
Central Deflector/SiR 16.10 17.08 6% increase

SiR/Outer Joint 13.88 13.25 5% decrease

Deflector/SiR
End of Deflector 9.9 10.60 7% increase

Middle of the Deflector 7.64 8.60 12% increase

XLPE/SiR z-axis, 148 mm 18.10 14.30 11% decrease

4.3. Mechanical Stress Simulation Results
4.3.1. Mechanical Stress Distribution in the Cable Joint According to the Load Cycles

Figure 10 shows the mechanical stress distribution over the cross section of the cable
joint. As shown in Figure 10a, it was confirmed that the radial stress inside the joint
increased significantly during the heating period. The maximum compressive radial
stress of 0.42 MPa occurred near the XLPE/SiR interface. Thereafter, the radial stress was
gradually reduced during the cooling period. In addition, there was a gradient of radial
stress depending on the radial position inside the XLPE, whereas the stress inside the SiR
was distributed almost uniformly.
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Figure 10b shows the hoop stress distribution according to the radial position. The
hoop stress inside the joint increased during the heating period, and the maximum com-
pressive hoop stress of 1.11 MPa occurred at the inner semicon/XLPE interface. Similar
to the radial stress results, it was confirmed that there is a hoop stress gradient inside the
XLPE, while the stress distribution inside the SiR has almost no deviation. As a result,
during the heating cycle, the radial and hoop stress increased the most at the XLPE/SiR
interface and at the inner semicon/XLPE interface, respectively.
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Figure 11 shows the changes in thermal expansion and elastic modulus of XLPE and
SiR during a heating cycle of 8 h. Dashed lines indicate the properties of each insulating
material at an initial temperature of 20 ◦C. Figure 11a shows that the thermal expansion
for XLPE and SiR increased with temperature rising during the heating period. According
to the temperature distribution inside the joint, the thermal expansion showed a linear
decrease along the radial position. In addition, compared to SiR, the thermal expansion
coefficient of XLPE increased significantly compared to the initial value.
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Figure 11b shows that the elastic modulus of XLPE decreased with increasing temper-
ature. The lower elastic modulus means that the XLPE becomes softer as the temperature
increases. However, the elastic modulus of SiR did not change during the load cycle, which
means that, unlike XLPE, the elastic modulus of SiR is less dependent on temperature.
From the comparison of the two parameters, it was found that XLPE had a greater change
in mechanical properties due to temperature compared with SiR, which was well reflected
in the simulation [34,35]. As a result, XLPE has different values for both thermal expansion
and elastic modulus depending on the radius, which leads to a gradient of mechanical
stress distribution of the XLPE layer.

4.3.2. Changes in Radial Stress at Specific Locations and Interfaces

The radial stress and electric field strength with time at the two interfaces in contact
with the XLPE are presented in Figure 12. Both graphs show common profiles, in that the
radial stress increases during the heating period and decreases during the cooling period.
These pressure profiles of the simulation results are similar to the measurement results of
the cable joints under the thermal cycle conditions [36–38]. The measured pressure and
simulation results at the XLPE/SiR interface of the cable joints are summarized in Table 4.
Experimental results show an increase in interfacial pressure of up to 0.306 MPa and an
average of 0.257 MPa as the temperature increases [38]. The results of the simulation show
a pressure increase of up to 0.420 MPa. Although the measured data and simulation results
are not the same due to the difference in temperature conditions and scale, the pressure
dynamics of the XLPE/SiR interface with temperature can be confirmed.
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Table 4. Comparison of XLPE/SiR interfacial pressure increment between experimental data and
simulation.

Varying
Temperature Range

Diameter of
Conductor

Interfacial Pressure
Increment

Experimental Results
[38] 24~60 ◦C Approx. 13 mm Max. 0.306 MPa

Average. 0.257 MPa

Simulation Results 20~73 ◦C
(First cycle) 62 mm 0.420 MPa

Figure 12a shows that the field intensity decreases during the heating cycle and
increases in the subsequent cooling cycle, whereas Figure 12b shows the field intensity
increases during the heating cycle and decreases during the cooling cycle.

The radial stress means the contact pressure at the interface. Reduction of contact
pressure forms voids at the interface and reduces partial discharge inception voltage (PDIV),
which accelerates the deterioration of the insulation material and leads to a decrease in
dielectric strength [17,39]. From the simulation results, it was confirmed that not only the
pressure at the inner semicon/XLPE interface decreased during the cooling cycle, but also
that the electric field was strengthened by the capacitive field. In this case, if an overvoltage,
such as lightning or switching impulse, is introduced into the cable, a breakdown may
occur due to the intensive field strength superimposed at the interface. As a result, the
cooling cycle can be considered as the most severe condition for the insulation of the cable
system. Therefore, in order to prevent a decrease in dielectric strength due to pressure even
in the cooling cycle, it is necessary to secure a sufficient initial pressure.

5. Conclusions

In this paper, the electric field and mechanical stress inside an HVDC XLPE cable joint
were analyzed using numerical analysis and under load cycle conditions. The electrical
and mechanical properties of the joint were investigated by representing the electrical
conductivity, thermal expansion, and elastic modulus of the materials as temperature
dependent. The conclusions drawn from this study are as follows:

• Due to the difference in conductivity between XLPE and SiR, most of the electric field
is concentrated on the cable insulation layer.

• During the heating period, the electric field inversion was observed in which the
electric field concentration gradually moved to the outer XLPE.
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• During the cooling period of 16 h after the heating period, changes in the electric
field strength of 44% at the inner semicon/XLPE interface and 20% at the XLPE/SiR
interface were confirmed.

• Radial and hoop stress increased the most at the XLPE/SiR interface and at the inner
semicon/XLPE interface, respectively.

• During the cooling cycle, the electric field strength at the inner semicon/XLPE interface
increased and the radial stress decreased.

• As a result, this behavior of the electric field and the radial stress can decrease the
dielectric strength of the cable joint.

• In conclusion, it is important to ensure sufficient initial pressure so that the dielectric
strength at the interface does not decrease, even if there is a loss of interface pressure
due to temperature fluctuations.

Numerical analysis using the finite element method makes it possible to analyze
the electrical and mechanical properties of the cable joints, taking into account transient
conditions, such as temperature cycles. In the future, we plan to conduct experimental
verification and simulations considering various transient states, such as polarity reversal,
superimposed impulse voltages and fault currents. Additionally, the deformation of
components, such as deflectors or stress cones, for cable accessories with a two-dimensional
axisymmetric structure and their resulting electrical properties will be analyzed.
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