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Abstract—This paper focuses on the simulation of temper-
ature and electric field distributions in an HVDC cable-joint
configuration. Numerical simulations are conducted using two
different software, i.e. COMSOL Multiphysics and FEVER - Fem
Electrothermal solVER, a finite element open source MATLAB
code developed by the authors of this work at the University of
Bologna at the Department of Electrical, Electronic and Infor-
mation Engineering (DEI). FEVER is designed to solve thermal
and electric stationary nonlinear axially-symmetric problems
on triangular domains. We provide a brief description of the
numerical techniques implemented in FEVER. The considered
system is simulated with the two codes; The results obtained
at several locations of the given geometry are validated against
analytical expressions. The results yielded by FEVER are in good
agreement with the ones obtained via COMSOL Multiphysics.
We also provide a physical discussion of the obtained results in
terms of thermal and electrical stress for the system.

Index Terms—HVDC, joint, FEM, electric field, temperature

I. INTRODUCTION

In recent years the rating and the applied voltage levels of
HVDC systems are both rapidly increasing. This is due to
the fact that, depending on the given situation, HVDC trans-
mission may result cheaper and more efficient with respect to
established HVAC technologies in delivering high power over
long distances. The reliability of electrical components in these
systems has a strong dependence on temperature and electric
field distributions [1]]. Given the complexity and cost of such
systems, numerical simulations represent an effective study
approach that can complement experimental measurements.
These modelling activities often require 2D or 3D simulation
tools that can deal with complex geometries, different types
of boundary conditions and nonlinear equations systems [2].
Many works have been devoted to modelling the temperature
and electric field distribution both in stationary [3|] and non
stationary [4], [5] conditions. In this paper the temperature
and electric field distributions are calculated for a typical
configuration of a HVDC joint and its cable. The simulations
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are conducted using two different software, i.e. COMSOL
Multiphysics [6] and the open source FEVER — Fem Elec-
trothermal solVER code. FEVER is developed and mantained
by the authors of this work at the University of Bologna (Italy),
and it is accessible at jhttps://github.com/apopoli/FEVER. The
characteristics of the considered geometry and materials are
discussed in Section [[] followed by a brief description of the
finite element formulation of the physical problem. Finally, the
adopted boundary conditions are described. In section |l the
results obtained using FEVER and COMSOL are compared
and discussed. First, an HVAC cable is considered in Section
Then, results concerning a geometry comprising a joint

are reported in [[II-B

II. MODELLING METHODOLOGY
A. Materials and geometry

The characteristics and the dimensions of the geometry
employed in the simulations are reported in Fig. [Tl We
highlight that — to correctly assess the spatial distribution
of temperature and electric field in the joint region — at
least two meters of the cable connected to the joint should
be included in the computational model. This is due to the
longitudinal component of the heat flux generated in such
region. The conductor is made of copper while the dielectric
materials are cross-linked-polyethylene (XLPE) and ethylene-
propylen-diene-monomer (EPDM). The electrical conductivity
of such materials depends on both temperature and electric
field distribution [5]], [7]. For XLPE, the relation adopted to
describe this dependence is

OXLPE — 00 €Xp (Oé(T—To) +BE), (1)

while for EPDM the electrical conductivity is determined
using the expression

ogppm = A exp (—&) sinh (vE)EX. )
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Fig. 1. Geometry of the considered joint and cable system

The descriptions and the values of the parameters that appear
in[I] and [2] as well as the material properties involved in the
simulations, are reported in [§] and [5]]. Note that, following
[5], x = —1.42 was used in [§]. Conversely, we use x = —1
in this work. The latter leads to a more physically sounding
behavior of the electrical conductivity, that varies with the
electric field as a monotonic function [9].

B. Physical formulation and FEM approach

The finite element method is employed to calculate the
temperature and electric field distribution in an axisymmetric
domain representing the joint and the linked cable. First of all,
the temperature distribution is determined via the steady state
Fourier equation, i.e.

V- (kVT) = —J?%/o, 3)
where k is the thermal conductivity of the materials, J is the
current density of the conductor and 7' is the temperature.
Equation [3] can be discretized by means of a finite element
method, defining a piecewise polynomial approximation 7" of
the function on a triangulation of a generic r — z section {2
of the considered system. Considering a set of shape function
N, is possible to write {T'} = {N}T{T}, where {T} is the
array containing the nodal value of the temperature. Adopting
the shape functions as weights, i.e. adopting the Galerkin
approach, the weak formulation of the weighted residuals
approach for an axisymmetric problem can be written as:

. T
/ rVN; - kVT dS — rNik;a—n dl = / rN;(J?/o)dS.
Q Q
4)
Applying [] in all the nodes of the considered mesh, leads to
a linear system:

o0

[M{T} = {RHS}, (5)

that can be easily solved to obtain the nodal values of the
temperature in the entire domain. These latter, due to the above
mentioned dependence of the conductivity on the temperature,
have to be used as an input of the electrodynamic problem,
governed by the equation:

V- (o(T,V§)Vep) =0, (6)

where ¢ is the scalar electric potential. Similarly to what done
before, the problem described by [6] can be written in a matrix
form:

[M]{¢} = {RHS,} @)

The scalar electric potential is computed only in the region
of the domain corresponding to dielectric materials. This is
because including materials with electrical conductivity values
that differ by tens of orders of magnitude would dramatically
increase the condition number of the [M,] matrix. In this way
copper, aluminum and the adjacent semiconductive materials
are assumed to be equipotential. It is important to note that,
due to the non linearity of [I] and [2] [7] represents a nonlinear
system, that has to be solved using adequate algorithms. We
used the well-known Newton-Raphson method in FEVER.

C. Boundary conditions

To solve 3]and [f] one has to choose and implement boundary
conditions. Regarding the thermal problem, a zero thermal flux
is enforced along the symmetry axis and at the left and right
boundaries of the computational domain. In correspondence
to the upper boundary, that represents the interface between
the HVDC system and the external environment, a Robin
boundary conditions is enforced, that is:

oT
—k— =q(T.
an q( U)?
where ¢(T;,) is the heat flux in W/m? depending on the
temperature T, of the upper edge of the considered geometry.

®)



This type of condition is adopted to simulate the thermal
exchange between the buried HVDC joint and cable and the
soil. The thermal resistance per unit length of this latter is
calculated according to the formula given in IEC 60287 [10]:
Rrg = Py y, (uu + Vuu? + 1) , 9)
2
where prg is the thermal resistivity of the soil, uu =
103d/ rezt 18 a coefficient that depends on the burial depth
and on the external radius of the considered edge r.,:. Note
that, due to the fact that r.,; varies along the geometry, so it
does the thermal resistance per unit length between the HVDC
joint and the soil. The heat flux can be expressed as:

q(Ty) !

21 Text RTg
where Ty,;; is the undisturbed soil temperature. For what
concerns the boundary conditions of the electrodynamic prob-
lem, the aluminum layer is assumed to be grounded and
so its electric potential is fixed to 0V, while the copper
conductor is assumed to be at a fixed potential, corresponding
to the voltage applied to the conductor. As mentioned before,
the semiconductive elements are assumed to be at the same
potential as the adjacent conductor (copper or aluminum). This
assumptions can be made due to the large difference between
the values of the semiconductive electrical conductivity and
the one of the dielectric materials.

(Tu - Tsoil)7 (10)

III. RESULTS AND DISCUSSION

Two simulations were conducted using COMSOL Multi-
physics software and FEVER. In the following subsections
the results are compared and commented.

A. Cable region — 1D simulation

the behavior of the temperature and electric field magnitude
yielded by both codes in a cable section far away from the joint
region is reported in Figs. [2] and [3] respectively. Note that in
such region, the longitudinal component of the heat flux can
be neglected and consequently it’s possible to consider the
case study as a one-dimensional problem. In such conditions,
both the temperature and electric field distribution can be
found using analytical formulae. Concerning the temperature
distribution, it can be calculated using the thermal Ohm’s law:

J2

AT = — R, (1)
g

where AT is the difference of temperature across a layer
of material that has Rp,, as thermal resistance per unit
length. The latter can be calculated, considering a cylindrical
geometry, using the following expression:

o /)Tim Remt
- 2 Rin7
where pry, is the thermal resistivity of the considered material,
R..: and R;, are the external and internal radii of the
considered layer respectively. The results given by (II)) are
in very good agreement with the ones given by the FEM
simulation and reported in Fig.
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Fig. 2. Temperature distribution far away from the joint region (z = 300 cm).

Regarding the electric field distribution, it can be calculated
analytically using the Eoll formula [[11]:

o= (o () ) (1 (- ())) 0

where r, and r; are the outer and inner radius of the
considered dielectric layer respectively, Uy is the applied
voltage, i.e. 540kV, and ¢ is a coefficient that depends on the
considered geometry, materials, applied voltage, temperature
distribution and actual current in the HVDC cable. All the
simulations in this work are carried on considering the rated
current corresponding to a current density of 1.22 A/mm?.
Concerning the other parameters employed in the simulations,
the undisturbed soil temperature is 293.15K, the thermal
resistivity of the ground is 1.3 KmW ! and the burial depth
is 1.3 m. Considering the width of the XLPE layer in this case
study, i.e. (30 mm), the chosen value of the applied voltage
leads to a mean electric field in the dielectric material of
18 kV/mm. Results given by agree with the ones given
by the two FEM simulations, reported in Fig. [3| The electric
field shown in Fig. [3] exhibits the well known field inversion
phenomenon, due to the combination of the thermal load
generated by the current flowing through the cable conductor
and the dependence from the temperature of the electrical
conductivity.

B. Joint region — 2D simulations

Considering the joint region, (I3)) and (IT)) cannot be used to
compute the temperature and electric field distribution due to
the presence of a longitudinal component of the thermal heat
flux. To asses these quantities, a two-dimensional analysis is
needed. The results obtained with FEVER and COMSOL are
shown in Fig. ] Comparing Fig. {f] and [2] higher temperature
values are found in the joint region compared to the previously
discussed cable, for the same radial coordinate. This is caused
by the presence of the EPDM external layer in the joint
region, that — due to its low thermal conductivity — adds a
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Fig. 3. Electric field distribution far away from the joint region (z = 300 cm).
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Fig. 4. Temperature distribution in the joint region with z = Ocm

large thermal resistance between the copper conductor and the
soil. In addition, the complex geometry causes an additional
less intuitive physical effect that will now be discussed.
As depicted in Fig. ] the temperature distribution shows a
local minimum at the joint-cable interface, for every radial
coordinate greater than the copper conductor external radius.
This is caused by the behavior of the heat flux and by the
presence of the aluminum screen. Heat is generated in the joint
region and tends to move towards the cable one, due to the
above mentioned lower radial thermal resistance. From here,
it reaches the aluminum sheath through the cable section and
it’s brought again towards the joint region, due to the lower
thermal resistance of the soil in that zone, as stated by @[) As
shown in Figs. [ and [7} the comparison between the results
given by the two tools, i.e. FEVER and COMSOL, shows a
good agreement, also in the joint region. Note that in Fig. [7]
the behaviour of the electric field is due to the different values
of the electrical conductivity of the two materials, i.e. EPDM
and XLPE.
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Fig. 5. Temperature distribution at the joint-cable interface for different values
of r
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IV. CONCLUSIONS

An open source MATLAB tool for steady state problems
solving has been developed and tested. As a case study,

the

temperature and electric field distributions have been

calculated in an HVDC joint and its cable. The results have
been compared against the ones obtained using the commercial
software COMSOL Multiphysics, showing a very good agree-
ment for all the considered axial coordinates, i.e. z = Ocm,
z = 10cm and z = 300cm. The code can correctly deal
with non linear problems, complex geometries and domains
constituted by different materials.
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