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Abstract

The aircraft of the future will be more electrical and all electrical. Technological evolutions foresee an increase of
the DC voltage up to 3 kV or 6 kV with keeping the thickness of insulations to the minimum. This results in a
strong increase of the electric field in the insulations and space charge can become an issue for the reliability of
the systems. Indeed, space charge accumulation is at the origin of a residual field that modifies the electric field
and may lead to a premature aging of the dielectric. Besides, the field distribution in complex structures like
multilayers cannot be anticipated under DC as easily as under AC because conductivity is trickier to estimate and
varies much more than permittivity. To measure these effects, we propose to develop a test bench adapted to
aeronautical cables based on the PEA (Pulsed Electro Acoustic) method. The final aim is to assess the
capabilities of current cables to be used for DC voltages in future aircrafts.

Introduction

The increase in the power of the electrical systems of
future aircraft goes with an increase of the AC and
DC voltages of power networks. For DC systems, the
phenomenon of partial discharges, well-known in
case of AC voltage, is actively studied [1] with
consequences much less as under AC as the
frequency of occurrence is strongly reduced.
However, other effects, such as space charge
accumulation, are to be considered. For the insulation
of terrestrial or submarine HVDC energy cable
systems, with voltages of several hundreds of kV, the
problem of space charge is known and deeply
investigated for long. Even if the voltage levels in
aeronautics are much lower, an increase of the DC
buses beyond 3 kV or 6 kV is foreseen while the
insulation thickness is minimized to optimize the mass
of the aeronautical network. This means that a
significant increase in the electric field in the
insulations could occur, possibly to levels where
space charges could be accumulated and the field
threshold for non-linear conduction be reached.
Therefore, space charge effects must be investigated,
mastered and taken into account in future
technologies. To meet these challenges, our objective
is to develop a test bench to measure space charge
distributions on aeronautical cables and to estimate
the evolution of the electric field distribution in the
samples and in particular in multilayer arrangements
and to identify the stress regimes where these
phenomena occur.

Effect of space charge on the electric field

Electrical insulators never have an ideal behavior.
Through different mechanisms of generation and
transport, space charge build up can be observed.
The space charge is the set of positive or negative
charges in the dielectric. In addition, it is possible to
distinguish so-called intrinsic charges which are

charges present initially within the dielectric itself or
created by electro-dissociation of neutral species and
the so-called extrinsic charges which are charges
injected from electrodes to the insulator, such as
electrons or holes [2].

We first provide some typical examples of the effects
of space charges in energy transmission cables.
Figure 1 shows the electric field distribution in a
crosslinked polyethylene (XLPE) insulated model
cable, with 5 mm inner radius and 9.5 mm outside
radius for the insulation, measured along the
insulation radius. The cable was subjected to -40 kV
and -80 kV voltages at ambient temperature and
different polarization times. The profile obtained short
after the polarization at -40 kV/mm is very close to the
geometric field distribution. For the other curves, as a
function of time and bias voltage, the charge
distribution modifies the distribution of the electric
field.
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Fig. 1: Electric field distribution in model cable
stressed under -40 kV and -80 kV at room
temperature and different times [3].

While the capacitive field should be greater on the
core of the cable, under the effect of charge build-up
the electric field is maximum on the outside of cable.
One of the reasons can be the radius dependence of



the conductivity due for example to a thermal
gradient. The field distribution induced by such
process is of the form:

E(r) = B = @

Cr.o(r)

where Ec and o are the electric field and conductivity
at reference radius re.

The association of dielectrics is another example
where charge build-up is at play. Figure 2 shows a
space charge mapping for different applied voltages
to a XLPE/EPDM (ethylene propylene diene
monomer) bilayer material at room temperature. On
ordinate axis on the left, the position in pm is
represented (with total thickness 600 pm), on the right
is represented the charge density in C/m3 and on the
abscissa the polarization time. The area defined by
dotted lines represents the XLPE/EPDM interface. It
can be seen that at the interface the charges are
positive for average fields less than 15 kV/mm. For an
average field between 15 kV/mm and 20 kV/mm, the
positive charge density begins to decrease and
become negative for fields greater than 20 kV/mm [4].
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Fig. 2: Space charge mapping in XLPE/EPDM bilayer
materials at room temperature for average fields
given on the top scheme. Measurements at 20°C.
EPDM to the top; XLPE to the bottom. Color bar
provides charge density scale in C/m3 [4].

The observed phenomenon is interface charge
between the two materials, so called Maxwell-Wagner
effect. This interface charge depends on the relative
values of conductivity and permittivity of the two

materials:
€1.02—€2.01

s = 0,.d;+0,.d, 2)
where ¢ and d are the permittivity and thickness of
materials 1 and 2.

Moreover in the present case, the conductivity and
permittivity depend on the temperature and the
electric field, which explains the change of sign of the
interface charges depending on electro-thermal
conditions [4]. Accordingly, the field is maximum in
one layer or the other, and by measuring the charge

density distribution, the field distribution can be
estimated as well. We discuss below about the
occurrence of such process in aeronautic cables.

Different methods of measuring space charge
Above results were obtained using the pulsed electro-
acoustic technique. To measure the space charge
density profiles, different principles have been
developed over the years. Two categories can be
distinguished [5].

Thermal methods consist in creating a thermal
perturbation within the sample. The absorbed thermal
energy diffuses and generates local deformations and
local modifications of the permittivity. These changes
move the charges relative to the electrodes creating a
current in the outside circuit [6, 7]. The transient
current contains information on the quantity and the
position of the space charge. A mathematical
treatment is necessary to recover the space charge
distribution.

Acoustic methods use an acoustic wave to disturb or
carry information to quantify the charge amount and
position in the material. One main advantage of
acoustic methods is the speed of measurement,
because it is related to the speed of sound for
propagating waves in the material. One of the
disadvantages of these methods is the sensitivity to
noise [6].

The method chosen to measure the space charge in
aeronautic cables is the PEA method (Pulsed Electro
Acoustic).

PEA method on cable

For the first time in the 90’s, a PEA system was
introduced for the measurement of the space charge
on cable for High Voltage transmission [8, 9]. The
method consists in applying a voltage pulse to the
sample, producing oscillation of the charges around
their equilibrium positions, thus generating acoustic
waves. The acoustic waves are then converted into
an electrical signal through a piezoelectric sensor and
this signal is amplified and digitally processed by a
deconvolution algorithm (Fig.3).
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Fig. 3: Schematic diagram PEA witch an example of
load profile.
The general expression of electrostatic force density



in a dielectric material is [10]:

f=p.E—3.E%.Ve — ZV(E%y)

3
where p is the space charge distribution, E the
electric field generated by the static field Ep. and the
pulse field E,, & the vacuum permittivity, & the
relative permittivity of the dielectric and y the
electrostriction coefficient.

The different contributions are as follows:

- The first term represents the Coulomb force
acting on the space charges present in the
dielectric.

- The second term represents the force due to
the permittivity gradient existing at the
interface between two different dielectrics.

- The third term represents the effect of
electrostriction.

For a coaxial cable where insulators are considered
homogeneous, the second term may be neglected.
But the third term cannot be neglected because in
coaxial geometry the Laplacien field is divergent.

At the IRT Saint Exupery and in collaboration with the
LAPLACE laboratory, we are developing a PEA
bench for space charge measurement for
aeronautical cables. For this we use:

- A HVDC generator HCP350-35000 with a
voltage range of -35 kV to 35 kV and a
maximum current of 10 mA applied the DC
Voltage to the cable conductor

- A pulse generator FPG 2-10NM6 of 1600 V
maximum amplitude , 6ns width and 10kHz
of repetition rate to 10 kHz

- A of 9 pm thick piezoelectric sensor (PVDF)
to convert the acoustic waves into an
electrical signal

Figure 4 shows the PEA cell that will be used to
perform PEA measurements on aeronautical cables.

Fig. 4: PEA cell for space charge measurement for
aeronautical DC cables.

The specificity of aeronautic cables

Figure 5 shows a typical example of aircraft cable
cross-section in which the insulation is wrapped over
the multi-stands conductor designed for avoiding skin
effect in the conductor. A Polyimide layer is generally
wrapped directly on the conductor and is used
because of its high mechanical strength, dielectric
and thermal insulation properties. The outer tape of
the cable is a fluorinated polymer set for limiting fire
issues and arc tracking.

The PEA method has been successfully applied to
measurements in cable geometry, and the typical
thickness of insulations used in aeronautic cables,
from some hundreds of pm to a few mm is of no
problem for the technique. However several issues
have to be solved to realize a PEA bench for
aeronautical cables. The first is the lack of semi-
conductive sheath in aeronautical cable. The outer
semiconducting sheath is usually used to decouple
the polarization source and the pulse generator by
using the internal capacitance of the measurement
cable. So a replacing layer has to be installed, with
acoustic impedance compatible with that of the tested
insulation in order to avoid reflection effects.

Fig. 5: Section of aircraft cable with copper alloy with
focus on insulator layers (picture on the right)

The second issue relates to the signal processing. A
new approach has to be developed in order to take
into account the cylindrical geometry of the cable and
the presence of layers of different materials in the
cable. Indeed, typically aeronautic cables are made of
taped polyimide films and fluorinated polymers. So
the set-up must combine the two features illustrated
in Figures 1 and 2, namely multilayer in cylindrical
geometry. The set-up being currently developed does
cover such features. It targets typically 10kV DC
stress, and 20 nm resolution in space charge
measurements. Along with hardware implementation
for the test bench, dedicated deconvolution software
is being developed, resolving attenuation ad
dispersion of acoustic waves along with stacked
dielectrics in a cylindrical geometry.

Giving the geometry shown in Fig. 9 the reasons for
investigating space charges in such structure is
twofold. First, as the insulating layer is directly
wrapped on the conductor, and because of the
geometry of the conductor strands, field strengthening



happens at the interface with the insulation, favoring
charge injection. So, charges can be potentially
generated. Second, because of the multilayer nature
of the dielectric, the field distribution in the different
layers of the cable depends on conductivity of the
different layers and on their field and temperature
dependence, which can vary greatly. A direct
measurement of the field distribution can be achieved
to control model outputs.

Preliminary study

PEA measurements have been made on the dielectric
materials of the aeronautical cables. A PEA
measurement was carried out on PTFE
(polytetrafluorethylene) 100 um thick (FIG.6) as well
as on PI/PTFE (polyimide/polytetrafluorethylene)
bilayer with Pl thickness of 60 pm and a total
thickness of 133 um (FIG.7). The objective of his
measurements is to have a preliminary idea of the
behavior of the dielectric materials that the
aeronautical cables compose.
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Fig. 6: PEA calibration signal for a PTFE sample 100
pum thick

Figure 6 shows a PEA calibration signal for a flat
virgin PTFE sample 100 pm thick. For a calibration
signal a 300V DC voltage and a 500V pulsed voltage
with a repetition rate of 5 kHz are applied to the
sample. We can observe 2 responses (around 175ns
and 320ns) related to the capacitive charges at the
sample surfaces. We also note that the second peak
is attenuated and dispersed than the first peak.
Indeed, this phenomenon due to the attenuation and
the dispersion of the acoustic waves will have to be
taken into account during the deconvolution to
recover the space charge profile [11].
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Fig. 7. PEA calibration signal for PI/PTFE bilayer
sample with a total thickness of 130 um.

Figure 7 shows a PEA signal for a PTFE/PI bilayer
sample with a total thickness of 130 um unload. For
this measurement we apply to the sample a 1700V
DC voltage and a 500V pulse voltage with a repetition
rate of 5 kHz. Three peaks are observed in the PEA
signal. Two peaks (175ns, 275ns) are related to the
capacitive charges at the sample surfaces. The third
peak located around 215ns is related to charges at
the interface between the two layers. The charges at
the interface can be due to the Maxwell-Wagner
effect described above but the duration of polarization
voltage application is too short to create these
charges. We consider that these charges are present
at the surface of one of the two layers and are
trapped when the bilayer sample is realized. As a
result, the interface charges change the distribution of
the electric field in both layers.

Conclusions

In this paper, the rationale for developing space
charge measurements on aeronautic cable has been
highlighted. The accumulation of space charge results
in the appearance of a residual electric field thus
modifying the electrical stress on the insulator. Also
the need for measuring directly electric field profiles in
complex structures becomes evident when switching
to dc networks. To evaluate the impact of this
phenomenon, several space charge measurement
methods have been developed over the last 40 years.
They are distinguished mainly in two categories,
thermal methods and acoustic methods. The selected
method for space charge measurement on aeronautic
cables is the pulsed -electro-acoustic method.
Advances with the development of the test bench will
be presented at the conference.
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