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Abstract—The electric field distribution in polymer
dielectric under DC stress is temperature and time
dependent and it can be determined by using conductivity
which is also dependent on field and temperature. The
distribution of the field, that directly impacts the cable
performances, is driven by the conduction mechanisms
and settles with giving rise to a space charge distribution
across the insulation. To predict conductivity-related
electric ~ field  distributions,  conduction  current
measurement under various electrical and thermal
conditions in time need to be recorded. The current
measurement is eventually made with polarity reversal in
order to relate to the field distribution under this
condition. The aim of this paper is to observe and
investigate the steady state and transient electric field
distribution in miniaturized HVDC power cables with
construction of 1.5 mm cross-linked polyethylene (XLPE)
insulation thickness. The determination of field
distribution is achieved by computation using current-
voltage model for current transient in cable geometry
approach. Both isothermal and thermal gradient
conditions for the cable are analyzed, as a function of
stressing time and applied voltage. The most critical
stresses for the model cases are identified.

Keywords— Conductivity, HVDC cable, electric field
distribution, thermal gradient, polarity reversal, space
charge.

I. INTRODUCTION

In polymeric solid insulations, when the applied electric
field exceeds the space charge accumulation threshold,
injected charge from electrodes may be captured by traps
distributed in insulation bulk and in this way a space charge
builds-up[1][2]. According to the work of McAllister et al[3],
the accumulation of charge is considered to be the
consequence of a non-uniform electrical conductivity. The
effects of temperature and electric field on conductivity are
considered in this case. This shows that a space charge can be
generated by design into insulations. Indeed, due to this
temperature dependence of the conductivity in any insulating

material, a temperature gradient generates conductivity
gradient, eventually in a steady state charge distribution p.
Assuming on the temperature dependence of conductivity, by
using Maxwell's equation, the electric field distribution in the
cable insulation, in cylindrical geometry and under steady
state condition is given by [4]:

rOO-O
°ro(r)

where E, and o, are the electric field and conductivity at the
reference position r,. Charge density associated with non-
uniform conductivity is of the form:

oy =-El0) oelr) e

E(r)=E (1)

where ¢ is the dielectric permittivity of the material. In the
relation to Arrhenius law with activation energy E,, the charge
density can be written according to the following equation:
—E, Tt 3)
kgT? or

py =—E(r)

where T is the absolute temperature and kg = 8.62 10° eV/K is
the Boltzmann's constant. These expressions show that the
space charge profile is controlled by the temperature gradient
into the material.

Il. EXPERIMENTAL SETUP

A. Test specimen

In this paper, experiments were performed on the same
single polymeric DC mini-cables consisting of an inner
conductor, an inner semi-conductive layer, the cross-linked
polyethylene (XLPE) insulation and an outer semi-conductive
layer as depicted in Fig. 1. The mini-cable used in these
experiments is with 1.5 mm cross-linked polyethylene (XLPE)
insulation thickness.

This scaled down test model of a DC power cable is
produced by an extrusion process, the crosslinking process of
the whole process producing chemical bond at the semicon-
insulation interfaces. The result is a chemical interface

Cite as: N. Adi, G. Teyssedre, T.T.N. Vu, N. Sinisuka, "DC field distribution in XLPE-insulated DC model cable with polarity reversal and
thermal gradient", IEEE Int. Conf. on High Voltage Engineering and Application (ICHVE), Chengdu, China, 19-22 Sept. 2016. Proc.

ICHVE 2016, pp. 1-4, 2016. DOI: 10.1109/ICHVE.2016.7800612



Cuter semicon
(rs = 3.65)
Polymer insulation
(r:=2.95)
Inner semicon
(r:=1.45)

Conducior
{r. = 0.65)

3, . |
© )P
s

Schematic representation of DC mini-cable

A
L

Fig. 1:

OVEN HV DC SOURCE

ELECTROMETER

MEASUREMENT
DISPLAY

measurement
—___electrode

Fig. 2: Conduction current measurement setup

between the insulation and the semicon in the mini-cable
which is similar to those found in a full scale DC power cable.
With this reduced dimension, the cost of production,
transportation and testing of these cables is substantially
reduced.

B. Conduction current measurement on mini cable sample

Fig. 2 shows a schematic of the setup of the conduction
current measurement in the mini-cable. The sample was
peeled off by removing the outer SC layer for preventing
surface conduction. The guard sections are prepared with 20
mm length at both ends of the measurement area and 20 mm
apart from the measurement section of 250 mm length. The
Im-long specimen was installed as a ring inside the oven
where both the end parts of the cable are jointed and
connected to 35 kV DC high voltage generator from FuG
Elektronik GmbH. The measurement and guard sections are
connected to a Keithley 617 electrometer through a protecting
circuit and the results are displayed in the PC screen monitor.

Measurements  were  performed under  different
temperatures varying from 30 °C to 90 °C by step of 10 °C.
For each of the temperature levels, charging/discharging
current measurement were realized for 11 values of applied
voltage ranging between 2 and 30 kV under isothermal
conditions with polarization/depolarization steps last for
1h/1h.

I1l. RESULTS AND DISCUSSION

A. Conductivity measurement

Fig. 3 shows the results of conduction current
measurement as a function of field at various levels of
temperature applied. The presented data correspond to
charging current measurement after 1-hour polarization time.
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Fig.3: Conduction current results as a function of field at various
temperatures

We can see that the conduction currents are strongly
dependent on field and temperature as the magnitudes are
rising following the increase of temperature and field. The
current values range from 0.3 pA at the lowest field and
temperature (2 kV / 30 °C) to 8 nA at the highest field and
temperature (30 kV /90 °C).

Regarding to the strong field and temperature dependency
of the conduction currents characteristics, an analytical
expression of conductivity with temperature and electric field
following semi-empirical equation has been used to fit the
experimental data:

o(ET)=A exp[‘Ea] sinh(C(T)-E(r)) )
kgT E(r)
In order to simplify the expression, we can note that,
B=A~exp(_EaJ ®)
kT
Equation (4) can be rewritten by:
o(ET)=B sinh(C(T) - E(r)) 6)
' E(r)

So the current flowing in the outer circuit during steady state
period at given temperature can be written as:

I(T) = B.sinh(C(T).E(r))2z.r (7)

From the equation above we can obtain the expression to
determine the electric field at the radius r as follows:

E(r) = é -sinh‘l(azlﬂr_lj @®)

In order to determine the conductivity expression of Eq.
(4), we first estimated B and C values for measurements at a
single temperature by optimization, considering experimental
quasi steady state charging currents-voltage. However, the
relation between current and field cannot be applied directly as
would be the case of flat geometry since the field distribution
depends on the expected conductivity expression. To solve the
problem we proceeded by integrating the electric field E(r) in
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Eq. (8) from the inner to outter radius which gives the
relationship between the applied voltage (Vapp) and the
conduction current (quasi steady state current) as follows [5]:

sinh™(M,) _sinh™(M,)

Myl M ©)
ap T~ 1
=-log10
+2 g
where
| | |
MI)=—— M, (I)=——— M (1) = ————
) B-27-1 () B-27-l-r, o) B-2z-1-1,

Table 1 provides the conductivity model parameters. From
B(T) and C(T) obtained through optimization, we first
deduced the values of A constant and thermal energy
activation, E, by using Arrhenius fit to BxC product plot
considering that at sufficiently low field the conductivity is
approximated by: o(T)= B(T)xC(T). As C did not appear
significantly temperature dependent, we considered a constant
value.

Fig. 4 shows the conductivity vs. E and T obtained by
voltage-current model. We can see that a threshold like
behaviour comes out from the representation, with a threshold
field independent of temperature, which is E; = 11.5 kV/mm.
The relation to the value of C, which actually controls the
threshold, can be deduced as E:~ 2.5/C. Below the threshold,
the response tends to follow Ohm’s law which means
conductivity independent from field. But as the field is
increasing, it begins to be a non-linear relation. The reason can
be space charge effects that accumulate at high fields through
e.g. space charge limited current. An alternative would be to
have a hopping conduction with mobility dependent on field
as temperature/field is rising. The two processes may have
different temperature dependence of the threshold. With the
assumption of using best average C constant value, we cannot
reveal this feature in the modelled temperature dependent
conductivity characteristic.

Fig. 5 shows the comparison between measurement results
and model. Compared to the measurement result, the model
gives a fairly good fit of the current vs. field plot as shown in
Fig. 5. It implies that the expression model in Eq. (4) is
validated as an appropriate model to the data available here.

B. Electric field simulation based on conductivity data

We have followed the route consisting in using the
conductivity model as input to finite element modelling of the
field distribution in cables under thermal gradient [6]. Such
approach was applied on Medium Voltage cables to estimate
space charge and field profiles as a function of time [6] and

TABLE 1 THE PARAMETERS OF CONDUCTIVITY MODEL

Parameter Value
C (m/V) 2.15x 107

A (S.VIm?) 3.83 x 10
Ea (eV) 0.828
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Fig. 4: Conductivity fit from computation
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Fig.5: Fit model (solid line) and conduction current data (circle)

also to deduce the shape of the transient current in case of
mini-cables [5].

The first simulation set was run at voltage applied of 15
kV, with polarization time of 2 hours and 10 °C of thermal
gradient is applied across the insulation at the mean
temperature of 65 °C. The conductor temperature is 70 °C and
outer temperature of insulation 60 °C. The field profiles of
Fig. 6 shows decreasing trends near the conductor and
increasing at the outer part of insulation. At the first 100 s, the
maximum field is laid at the inner semicon-insulation
interface, being 13.5 kV/mm, while the minimum field is at
the insulation- outer semicon interface and is 7.4 kV/mm. As
the time is rising, there is field redistribution in the insulation
due to the gradient in conductivity induced by the thermal
gradient. The field near the conductor tends to decrease
following the polarization time whereas the field at the outer
interface of insulation-semicon begins to increase. At the end
of polarization, the field inversion is shown where the field
near the conductor has dropped to 9.8 kV/mm which is lower
than that at the outer insulation where the magnitude reached
over 10 kvV/mm.

We consider next the case of polarity reversal simulation
in isothermal condition at temperature of 65 °C, considering
there is no load operating in the cable. Fig. 7 shows the
simulation result of electric field profiles with polarization
time of 2 hours and voltage polarity inversion applied of -15
kV, inversed after 2 hours positive polarity polarization time.
The field profile across the insulation thickness does change
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reasonably along 2 hours polarization time. The effect is only
due to the non-linear conductivity with field, which tends to
homogenize the field in the insulation. This profile is similar
to the Laplacian-field profile (considering att =0 s).

Comparing to the positive polarity steps, the field profile at
the inversion step is slightly higher. This is due to the residual
field built up under the positive step. We can see in Fig. 7 that
the field magnitude at the inner semicon at -15 kV after 300 s
of voltage inversion, that is 15.1 kV/mm is higher than the
same period in the positive steps that is 13.4 k\V/mm.

Fig. 8 shows the simulation results of electric field profile
at £15 kV voltage polarity inversion applied with 10 °C
thermal gradient and 2 hours polarization time. The mean
temperature is set to 65 °C. The voltage polarity inversion
does make the field profile at the negative step is higher than
at the positive step, both at the inner and the outer semicon-
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Fig. 6: Field distribution profile in sample cable with T gradient = 10°C
at voltage applied of 15 kV
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Fig. 8: Field distribution profile in sample cable with voltage inversion
applied of £15 kV and at T gradient = 10°C.

insulation interface. Its magnitude difference is equal to the
residual field after the polarization step.

When thermal gradient is applied across the insulation,
while current homogenization in the insulation takes place and
space charge settles, the field profile at the inner semicon
decreases and increases at the outer semicon. This
phenomenon of field inversion is the same as the one occurred
in the first simulation, but with the influence of voltage
polarity inversion, the inversion of field seems higher than at
isotherm condition. The field at the inner semicon is decrease
from 17 kV/mm to 9.9 kV/mm and at the outer semicon is
increase from 4.7 kV/mm to 9.9 kV/mm.

IV. CONCLUSION

The field distribution within the insulation of cables under
thermal gradient and polarity inversion can be obtained through
simulation based on conductivity characteristics from the
measurement. Owing to the field grading nature of the material
the field distribution in isothermal conditions is homogenized
in respect to the capacitive field distribution. The conductivity
gradient under thermal gradient applied combined to the non-
linearity in field leads to very good homogenization of the field
in the insulation for voltage of 15 kV. Electric field distribution
is higher at the insulation-outer semicon interface than at
conductor semicon-insulation interface under thermal gradient
simulation. Hence, in the polarity inversion stage, electric field
at the inner semicon is strongly enhanced, by about 30% of the
capacitive field and 100% of the steady state field.
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