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Abstract- Understanding the space charge behaviour in solid
organic insulations under thermo-electrical stress is of particular
interest as charge dynamics is closely related to electric field
distortion, charge accumulation and at last to materials ageing.
Many polymers used as electrical insulators are polar materials,
and have a non-linear behaviour as regards conduction
processes. Hence, the underlying physics is not easily accessible
and understandable. A charge transport model coupled with
relaxation functions has been developed recently. In this paper, a
comparison between the experimental measurements and the
simulation results extracted from the coupled models is proposed,
for two different materials: a polar material (PEN) and a weakly
polar material (LDPE). From these results, we discuss the issues
related to the prediction of the thermo-electrical behaviour of
solid organic insulating materials, when the difficulty arises not
only from the experimental observation (i.e. separating
polarisation from transport processes), but also from the
mathematical treatment required for modelling.

I. INTRODUCTION

When a solid organic insulator is subjected to thermo-
electrical stress, not only space charge generation takes place.
Dipoles are also responsible of some characteristic signatures,
which can disturb the material homogeneity and hence
enhance the electric field at specific places. Modelling
relaxation functions is not new, but linking polarization
response to charge transport model is a challenging task, as it
requires to correctly characterize the permittivity variation
over a large range of temperature and frequency, and to insert
it in the fluid model, both being solved in the time domain.

In this paper, we propose a way to characterize the dipolar
response —called polarization response in the following of the
text-, by means of dielectric spectroscopy —DS- measurements
and a fit of this response with the help of Cole-Cole functions.
An inverse Fourier transform allows then obtaining the
polarization characteristics in the time domain and to add it to
a charge transport model. Validation of the charge
transport/polarization is then performed by applying it to
poly(ethylene naphthalate) - PEN, a polar material, with good
agreement. The results also show the equivalence for this
material between frequency-domain measurements (Dielectric
Spectroscopy-DS) and time-domain measurements (Alternate
Polarization Current - APC) as regards the polarization
response. On the contrary, there is no agreement between
these techniques for Low Density polyethylene (LDPE), a non
polar material. Because of this non-equivalence, only a partial
validation of the model could be performed on LDPE.
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I1. COUPLING POLARIZATION FUNCTIONS TO CHARGE
TRANSPORT MODEL

A one dimensional, fluid, bipolar charge transport model,
largely proposed in the literature [1-3], has been used to
simulate charge transport and polarization processes in PEN
[4-5]. The fluid model features electronic charges generation
(electrons and holes), transport through a hopping mobility for
each kind of carrier, trapping and detrapping of charges in a
unique level of deep traps and charge recombination. An
algorithm of the global model (charge transport + polarization)
is given in Fig. 1. To account for polarization processes in the
model, it is necessary to implement the variation of the
permittivity in the equations governing the model.

Hence, the Poisson equation and the external current
equation need to be replaced by the Maxwell-Gauss and the
Maxwell-Ampere equation respectively, of the form (in 1D):
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Fig. 1: Evolution of the algorithm of the fluid model taking into
account the orientation polarization contribution.




where p(x, t) is the net charge density, function of time and
space, and j.(x, t) is the local conduction current. D(x,t) is the
electrical displacement which includes the polarization, and is
given in the frequency domain by:

D(w) = &oe"(w)E(w) ©)

with E the electric field, g, the vacuum permittivity and £*(w)
the material permittivity. In the present study, this permittivity
has been measured using Dielectric Spectroscopy (DS), and is
then fitted for each polymer, using Cole-Cole functions of the

type:
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n is the number of relaxations, and t;, Ag;, and c; are the Cole-
Cole parameters (3 per relaxation function), that need to be
fitted for each material and are all temperature dependent.
Including equation (4) into equation (3) gives:

D@) = 202aF(@) + 8B @) ) deidu(w) ()

One has to note that the permittivity variation, hence the
electrical displacement, is in the frequency domain, whereas
the charge transport model only runs in the time domain. An
inverse Fourier transform is then necessary to change the
polarization response from frequency domain to time domain.
Special care should be taken during this data treatment on the
sampling representativeness between frequency- and time-
domain. At last, applying the Laplace transform, the electric
displacement is obtained, and is of the form:

D(x,t) = £9ewE (x, ) + £0E (x, ) * z Ae;di(t)  (6)
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Simulations using the global model including charge
transport and polarization processes can then be performed for
any solid insulator, as long as DS measurements have been
performed to obtain the permittivity data. It is to note that
running such model is time consuming, as the polarization
function needs to be calculated at each time step, the
permittivity being function of the sample history.

Alternate Polarization Current measurements (APC) [6]
have been performed for each polymer under study (i.e. LDPE
and PEN) to validate the model at low fields and temperatures,
where it is supposed that polarization processes are dominant
over conduction processes. For higher applied fields, i.e. when
both physical processes (transport and polarization) are
observable experimentally, the model validation is performed
with the help of conduction current measurements.

I11. MODEL VALIDATION FOR PEN, A POLAR MATERIAL

In a first attempt, PEN, a polar material, has been chosen to
validate the procedure for inserting polarization in the charge
transport model. This PEN, provided by DuPont Teijin Films
Co under the commercial name TEONEX® Q51, is semi-
crystalline [7]. DS measurements have been performed to
characterize the polarization processes in PEN and the related
relaxation functions have been defined [4] in the time domain,
using the previously proposed procedure. Validation of the
charge transport model including polarization processes is
done by comparing simulated external currents with
experimental APC currents measured at low fields (around
0.053 kV/mm), where the main physical process remains
polarization. These results are presented in Fig. 2 for two
temperatures, -80°C and 50°C. The model outputs globally
show a good agreement with the experiment for the range of
temperatures and times under study. This result demonstrates
that the polarization response can be measured equally in the
time or in the frequency domain, leading to the same signature
in the time domain, for PEN. It also allows validating the data
processing implemented for conversion from frequency-
domain to time domain.

Current density measurements have then been performed on
PEN samples under higher electric fields and temperatures,
where both polarization processes and conduction processes
are at play. Fig. 3 shows the conduction current measurements
and the simulated current arising from the charge transport
model, as a function of time for an applied electric field of 30
kV/mm and for different temperatures, ranging from 25°C to
90°C. The simulation results show a relatively good agreement
compared to the experimental ones. This is all the more true
that temperature is high. At room temperature, the simulation
is far from the experiment, for times above 10s. This has
already been attributed to the fact that at this temperature and
low frequencies (around 10 Hz to match our time domain
measurements), two relaxation functions are at play, and it
remains difficult to extrapolate two relaxation functions at the
same time over a so wide frequency range [4]. For higher
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Fig. 2: Comparison of the normalized current densities as a function of
time for different temperatures, measured experimentally with the APC
and simulated using the charge transport model, for a PEN sample of
thickness 25 pm. Situation where only polarization processes are
relevant.
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Fig. 3: Comparison of the simulated and experimental current densities as
a function of time for an electric field of 30 kV/mm and different
temperatures, for a PEN sample of thickness 25 pm.

For parameters of the model see [4].

temperatures, the simulation results are close to the

experimental results.

IV. MODEL VALIDATION FOR LDPE, A WEAKLY POLAR
MATERIAL

Low Density Polyethylene (LDPE) has also been chosen to
validate the global model as a large number of papers have
been published in the literature on modelling charge transport
in LDPE, such that the parameters (mobility, barrier
injection...) necessary to run the charge transport model are
already known [1] and secondly it is a quasi non-polar
material.

The same protocol has been used to obtain the permittivity
variation for LDPE in the frequency-domain, i.e. DS
measurement, fit of the results with the help of Cole-Cole
functions, and an inverse Fourier transform. A validation of
the model is first performed at T=25°C and low field, a
temperature and field range where polarization is expected to
be dominant. A comparison of the APC normalized current
density and the simulated one is proposed as a function of time
in Fig. 4. The difference between the simulated current,
arising from DS measurements, and the APC measurements is
of the order of two decades. This is unexpected, as the
equivalence  frequency-domain/time-domain  has  been
previously demonstrated for PEN.

In order to confirm the results, other DS data on LDPE have
been taken from the literature [8], and the dipolar response has
been fitted and included in the global model. The related
normalized current density is also presented in Fig. 4.
Comparing the DS results indicate that there is at least one
decade difference between our results and those from [8].
Although the material (LDPE) can differ from one batch to
another, it is still difficult to understand such difference. The
comparison between APC measurements and the two treated
DS measurements confirms that in the case of LDPE, no
equivalence can be done between the frequency and the time
domain. The fact that LDPE is a quasi non-polar material
could be one of the causes at the origin of the differences
observed between the different experiments. The polar
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Fig. 4: Comparison of the normalized current densities as a function of
time at T=25°C, measured experimentally with the APC and simulated
using the charge transport model, for a LDPE sample of thickness 130
um. Situation where only polarization processes are relevant.
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response is due residual oxidized groups of the main chains,
and/or to external molecules like moisture. Differences in
experimental conditions on moisture do not appear in an
evident way as all measurements were realized under dry
atmosphere with identical gold electrodes.

Anyway, the simulation protocol adopted to add the polar
response in a charge transport model is not adapted to LDPE.
One of the main questions that arise from these measurements
is if one of them is really able to measure correctly the
polarization response. One can also question the reliability of
the APC measurement results, giving a response so high in
terms of orientation polarisation compared to the other two
methods. Charging current measurements at relatively high
field (40 kV/mm) and room temperature have been performed
on the same LDPE, and are compared to APC measurements
in Fig. 5. Charging current densities and APC current densities
are very close at short times (< 100s), i.e. when dipolar
response is dominant, and the current differ all the more when
time increases, i.e. when conduction becomes dominant for
charging current measurements. Although both techniques
measure currents in the time domain, the experimental
protocol is very different and it was not straightforward to
obtain the same kind of results. This tends to show that APC is
able to measure the transient DC response of the material. One
can however not let aside the possibility that both methods do
not measure polarization but another physical process. The
frequency to time domain conversion has been achieved
through extension of the dielectric response to low frequency.
There is possibly a break in the temperature-frequency master
curves shift due to activation of processes under DC that are
not active at standard AC frequencies.

A simulation has been performed on this material for an
electric field of 40 kV/mm and a temperature of 25 °C using
the charge transport model with an optimized set of
parameters [1]. As it was not possible to further validate our
protocol to extract the polarization response from DS
measurements for LDPE, polarization has been taken into
account in the model only by adding the APC current density
to the simulated conduction current in the external current
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Fig. 5: Comparison of the simulated and experimental current densities
as a function of time for an electric field of 40 kV/mm and a temperature
of 25°C, for a LDPE sample of thickness 150 pm.
Parameters of the model see [1].

density (see Fig. 5). Doing so, the simulated current density
has the same shape and the same order of magnitude as the
experimental data. Again, this 'trick' does not validate our
process of characterizing the polarization response in the time
domain for LDPE, and the question remains as to know what
physical process is at play in this material at short times.

V. CONCLUSION

A protocol of characterization and modelling of the dipolar
contribution to the DC transient response of dielectrics has
been put forward in this paper. Using DS measurements, a
fitting to Cole-Cole relaxation functions, and an inverse
Fourier transform, it allows obtaining the permittivity
variation in the time domain. This permittivity variation is
then inserted in a charge transport model, and the global
model has been validated at low field and at high fields for
PEN, a polar material with a strong dipolar response. The
validation has however not been achieved for LDPE, a weakly

polar material, where DS measurements fails to predict the
low field dielectric response in the time domain. More
materials (polar and less polar) need to be tested in order to be
able to conclude whether this evolution of the model is
suitable for most of the materials. Moreover, more work needs
to be done on the measurement part, to conclude on the
relevance of APC measurements over DS ones.
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