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Abstract—Cross-linked polyethylene (XLPE) cables are widely
employed in high voltage transmission and medium voltage (MV)
distribution networks due to the ease and low cost of forming the
XLPE. However, defects in XLPE cable accessories such as joints
and terminations will increase the local electric field and produce
electrical discharges that erode the cable insulation and eventually
result in the insulation failure. This paper develops finite element
models to simulate small semicon tip defects at cable terminations
and their resulting electric field distortion under MVDC stress
voltage plus low frequency ripples. The influences of semicon tip
lengths, ripple content and cable temperature gradients on electric
field distributions are investigated to understand the electric field
distortion surrounding semicon tip defects in relation to practical
operation of MVDC XLPE cables.
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I. INTRODUCTION

Medium-voltage (MV) DC networks have been considered
one of the key technologies to facilitate the integration of
distributed energy sources and accommodate electricity demand
growth [1]. Most research related to MVDC focuses on the
control and operation of power systems and converters [2]-[4],
though less attention has been given to the influences of the
transition to DC operation on MV power cables. In addition to
the DC stress, DC cables are exposed to ripples coming from
upstream AC systems or being generated by power converters
[5]. As a consequence, it is necessary to understand the
behaviour of MVDC cable insulation under different stresses for
reliable operation.

Cross-linked polyethylene (XLPE) power cables are widely
used in transmission and distribution networks [6] due to the
high mechanical strength, chemical resistance and low dielectric
losses of polyethylene insulation materials [7]. However,
inadequate handling during cable manufacturing and installation
can result in cable insulation defects [8], [9], including voids,
corona, creepage, incision defects, metallic particles, semicon
tips, axial direction shift defects and denting defects [10]. These
defects may cause an increase in the local electric field and act
as a source of discharges, accelerating the electrical breakdown
and degradation of cable insulation [11].

The electric field distributions of DC cables with voids have
been simulated in [12] and [13] to investigate the impacts of the
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void diameter and the distance of the void from the conductor
on electric field distortion, respectively. Furthermore, the effects
of air or water filled voids were examined in [14], finding that
the electric field in air filled voids is more intense due to the
smaller relative permittivity of air. The electric field distortion
caused by different void defects was also compared in [15] by
varying the void sizes, locations and shapes and filling the void
with various materials such as air, water, fibre and copper. Other
cable insulation defects including creepage, corona, scratch and
cavity were simulated and verified by practical experiments in
[16], showing that corona led to a high rate of discharges and the
severest electric field distortion. In addition, the electric field
distributions around air void, water film, metal debris and metal
needle defects within cable samples were modelled by a charge-
based simulation method and experimentally validated in [17],
finding that the metal needle defect had the most intensive field
compared to other defects under test.

The contribution of the paper is to evaluate the electric field
distortion caused by small semicon tip defects of various lengths
at XLPE cable terminations based on finite element models. In
addition to a constant 11 kV DC stress, low frequency ripples at
300 Hz are applied to examine the effects of DC power quality
issues on electric field distributions. Furthermore, the variation
of electric field with cable temperature gradient across the cable
is explored. The results will assist in understanding the electric
field distortion in the case of semicon tip defects under practical
operation of MVDC cables.

The paper is structured as follows. Section II describes the
use of COMSOL Multiphysics for the simulation of XLPE cable
termination with small semicon tip defects. Section III compares
the electric field simulated with different semicon tip lengths,
stress voltage profiles and cable temperature gradients.
Conclusions and recommendations for further work are given in
Section I'V.

II. METHODOLOGY

The finite element method (FEM) is a numerical approach to
calculating approximate solutions to different types of physical
problems [18]. The XLPE cable termination geometry together
with the semicon tip defects are simulated here by FEM in
conjunction with COMSOL Multiphysics [19]. Fig. 1 shows the
material, design and dimension of a 1-core 6.35/11kV MV cable
modelled in 3D COMSOL. The cable has a solid aluminium
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conductor and XLPE insulation, with a nominal cross section
area of 185 mm?. The cable consists of six layers, i.e., conductor,
conductor screen, insulation, insulation screen, shielding wires
and sheath. The considered layers are stripped out to form the
cable termination for electric field simulation (see Fig. 1(b)).
The semicon tip defect is assumed to occur at the left end of the
insulation screen layer (i.e., outer semicon layer). Furthermore,
the shape of the defect is presumed to be a rectangle with a semi-
circle positioned at its end. While the tip width is fixed at 1 mm,
its full length is set to 2 mm, 3 mm or 4 mm respectively to
examine the effect of defect sizes. The relevant parameters of
each cable layer are listed in Table I. Unlike AC cable, the
insulation conductivity of DC cable is affected by the electric
field and temperature. Higher conductor temperatures result in
higher insulation conductivity near the conductor screen than
near the insulation screen. As a result, the conductivity effect
inverts the Laplacian field effect, increasing electric field stress
near the insulation screen while decreasing it near the conductor
screen. The electrical conductivity o (S/m) of the insulation is
formulated by (1) [22]:

o(E,9) =D -exp(—B/(kg - 9)) -exp(F-VE/9) (1)

where terms E and 9 denote the electric field (kV/mm) and the
temperature (K), respectively; coefficients D, B and F are equal

to 659.5 X 1072 (S/m), 0.85 (eV) and 150 (K,/mm/kV),
respectively; and the Boltzmann constant k equals 1.38065 X
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Fig. 1. (a) Top view and (b) side view of cable model.

TABLE L MATERIAL PARAMETERS OF XLPE CABLE MODEL
Cable Layer | Relative Permittivity | Electrical Conductivity (S/m)
Conductor 1[19] 3.774 x 107 [19]
Screen 1 [20] 1x107*[20]
Insulation 2.3 [21] o(E,¥) [22]
Shielding 1[19] 5.998 x 107 [19]
Sheath 2.3 [23] 15.9 x 1076 [23]

A pair of brass caps are mounted at the ends of the cable. The
11 kV DC voltage is injected through one of the caps, while the
other cap models a termination and ensures symmetry of the
cable model. Assuming the MVDC input to be supplied by a six-
pulse converter, low frequency ripples at 300 Hz (given a 50 Hz
nominal frequency on the AC side) with a magnitude of 4% of

the nominal DC voltage [24] are additionally superimposed on
the constant 11 kV stress to reflect the potential power quality in
practice. As a comparison, the 300 Hz ripples with a magnitude
equalling 10% of the nominal 11 kV are further tested. In
addition, the sheath temperature is fixed at 20°C, while the core
temperature is set to 20°C and then 55°C to examine the effect of
temperature gradient inside the cable. The electric field of the
cable is simulated by performing an electrostatic study under the
COMSOL AC/DC module where the boundary condition for the
interaction of two different media is formulated by (2).

fi-(Dy—=D;) =0 @)

where 71 is the normal to the mathematical surface (or interface)
pointing to the non-conducting region, and D; and D, denote the
electric flux density vectors in the two media, respectively. The
model is meshed by the physics-controlled mesh with fine
element using quadratic elements.

III. RESULTS

The finite element model of the cable termination sample is
implemented by COMSOL for different combinations of small
semicon tip lengths, cable temperature gradients and ripple
magnitudes. This section first discusses the influence of
temperature gradient on the electric field of a non-defect cable
sample, followed by comparing the field distortion induced by
a semicon tip varying from 2 mm to 4 mm in length under 300
Hz ripples with a magnitude equalling 4% or 10% of the
nominal 11 kV DC stress.

A. Impact of Temperature Gradient

The electric field distribution of a non-defect cable sample
without any semicon tip defect is first simulated under 11 kV
DC stress combined with zero and then 35°C temperature
gradient across the cable, as shown in Fig. 2. The electric field
is shown to vary along the cable surface, with two significant
peaks occurring at the junctions of the outer semicon layers due
to the mismatch of relative permittivity between insulation and
semicon layers. Furthermore, a higher peak is observed at the
right junction which is closer to the brass cap. In addition,
compared to the zero temperature gradient, the presence of the
35°C temperature gradient increases the electric field peak from
around 34 kV/cm to 51 kV/cm at the left junction and from
around 58 kV/cm to 97 kV/cm at the right junction, indicating
the necessity of modelling the temperature gradient caused by
the Joule heating.
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Fig. 2. The electric field (kV/cm) along the surface of a non-defect sample
without defects under 11 kV DC stress and zero and 35°C temperature gradient.
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B. Impact of Semicon Tip Defect Length

The electric field distribution of the defective cable modelled
with the three different semicon tip lengths under 11 kV DC
stress and zero and 35°C temperature gradient is shown in Figs.
3(a) and 3(b), where the semicon tip significantly increases the
local electric field intensity to at least 600 kV/cm and 3,000
kV/cm respectively. This is because the sharp tip edge has a
small area and thus a high potential gradient. Furthermore, the
electric field intensity at the point of the tip generally increases
with the tip length due to the reduced distance from the brass
cap. Moreover, the field peaks generally occur at the front end
(semi-circle) of the semicon tip, which can also be observed in
the intensity map of the local electric field, as shown in Fig. 4.
The findings obtained here for a symmetrical semicon tip defect
could apply to arbitrary tip shapes, the electric field intensity
around which would increase with their sharpness and length.

800
5 f ' 800 o mm
fi L 3mm
f, Bl { 600 ] e 2mm
< | ‘ N
S 400 g 7 :gg N }
© 7 \
= |7 MLl N
=200 ¢
3 i 9? o)b AP EN AN
T T S
10; s 10 15 20 25 30 35 @0 |45 50
: : } Pocation along Cable (cm) : : : :
lcla”‘ Insulator Semicon Shedth I |1
e tim
T O™ 5O Cbewies  19Em sam oM S
(a)
E 4000 | | S——
; - 4000 3mm
22 3000 - 3000 g I 2mm
= i 2000 e,
22000 P 1000 // N\
o L
5 1000 ¢ cﬁ g oA
E 0 I A A L A " - A . i J
0 5 1o 15 20 25 30 35 40 45, 50

\
\
“ |Location along Cable (cm)
\

P Insulator Semicon Sheath

— 10em —sam eem  6m .
3cm Copper Wires 19¢m I

(b)
Fig. 3. The electric field (kV/cm) along the surface of a defective sample with
the three different semicon tip lengths under 11 kV DC stress and (a) zero and
(b) 35°C temperature gradient.

(@) (b)
Fig. 4. The intensity maps of the local electric field (V/cm) (a) along the cable
surface and (b) across the cut plane around a 2 mm semicon tip defect under 11
kV DC stress and 35°C temperature gradient.

C. Impact of DC Ripples

Fig. 5 compares the electric field distortion simulated around
the semicon tip between different ripple contents superimposed
on the 11 kV DC stress under the two temperature gradients. The
field distributions with the presence of 300 Hz ripples are very
close to those that are simulated under constant DC voltage,
showing a very slight increase in the field distortion. This
illustrates that the ripples might be independent of the non-linear
conductivity of cable insulation. However, the field distortion is
shown to increase with the magnitude of the ripple. It can be
seen that the intensity of the electric field increases with larger
semicon tip size and also larger ripple. These results indicate that
the electric field distribution will be further increased by greater
ripples that might appear under fault and emergency conditions.
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Fig. 5. The electric field (kV/cm) around the semicon tip defect with different
tip lengths under (a) zero or (b) 35°C temperature gradient and 11 kV DC stress
with and without 300 Hz ripples (their enlarged graphs are listed on the right).
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IV. CONCLUSIONS

The presence of defects at joints/terminations of cross-linked
polyethylene (XLPE) cables can increase the local electric field
intensity and reduce the insulation performance. To understand
the electric field distortion induced by cable termination defects,
this paper has developed finite element models to simulate the
electric field distribution of a XLPE cable sample that is stripped
out to form the cable termination under a medium-voltage (MV)
DC stress of 11 kV. A small semicon tip defect in the shape of a
rectangle linked with a semi-circle at its end is located at the
boundary of the outer semicon layer. The width/diameter of the
rectangle/semi-circle has been fixed at 1 mm, with the total tip
length being altered between 2 mm and 4 mm to examine the
variation of the resulting electric field distortion. Furthermore,
the temperature gradient from the aluminium core to the cable
sheath has been set to (55—20)°C or (20—20)°C to simulate the
effect of the Joule heating created during operation. The
simulation modelling has also included DC field inversion
across the insulation based on Ref. Moreover, 300 Hz ripples
with a magnitude of 4% or 10% of the nominal 11 kV have been
additionally superimposed on the constant 11 kV stress to
approximate the DC output voltage waveform more closely to
potential practical stress levels.

The simulation results indicate that electric field peak
occurring at the junction of the outer semicon layer increases
with cable temperature gradient. Furthermore, the semicon tip
defect significantly increases the local electric field compared to
anon-defect cable sample due to the sharp tip edge having a high
potential gradient. Moreover, the field distortion around the tip
defect generally increases with the total tip length due to being
closer to the brass cap where the voltage is injected. In addition,
the electric field distortion increases with the magnitude of 300
Hz ripples, though the distortion increase due to the ripples is
small, and dependent on the tip defect size.

Building on the present work, the finite element models will
be extended to simulate the electric field distortion induced by
different types and sizes of cable insulation defects. Furthermore,
the field distortion increased by the ripple content under fault or
emergency conditions will be examined. In addition, the defects
simulated in the finite element models will be replicated on real
cable samples for different tests such as partial discharge tests.
This not only helps interpret the relationship of partial discharge
patterns to DC power quality, but also permits correlating partial
discharge patterns with insulation defect types to develop an
innovative detection method for cable insulation defects.
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