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Abstract: In the field of energy transport, High Voltage DC technologies are booming at present
due to the more flexible power converter solutions along with needs to bring electrical energy from
distributed production areas to consumption sites and to strengthen large scale energy networks.
These developments go with challenges in qualifying insulating materials embedded in those
systems and in the design of insulations relying on stress distribution. Our purpose in this
communication is to illustrate how far the field distribution in DC insulation systems can be
anticipated based on conductivity data gathered as a function of temperature and electric field.
Outputs of the model are compared to measured field distributions using space charge
measurements techniques. It is shown that the main features of field distribution on model cables
put under thermal gradient can be anticipated based on conductivity data. However, space charge
build-up can induce substantial electric field strengthening when materials are not well controlled.
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1. INTRODUCTION

For energy transport purpose, the field of High Voltage DC technologies is booming at present
due to the more flexible power converter solutions along with needs to bring energy from distributed
production areas to consumption sites, including sub-sea links, and to strengthen large scale energy
networks [1]. The materials used for electrical insulation in the corresponding systems, being for
cables, converters, bushings, etc. have specific requirements as the field distribution does not follow
the same rules as for AC. Indeed, in the case of HVAC stress, the stress distribution can be relatively
well anticipated as it follows a capacitive distribution, i.e. function of the permittivity of materials.
When switching to the DC case, the distribution is no longer capacitive in steady state, and moves to
resistive field distribution after passing through a transient regime where space charges settle [2].
Anticipating the field distribution is therefore quite challenging, all the more that polymeric
materials that are more and more used in electrical insulation systems, have a substantial dependence
in temperature of the electrical conductivity and exhibit non-linear field dependence of conductivity
in a field range (c.a. 10 kV/mm and beyond) corresponding to service fields. Besides, they undergo
charge trapping which further makes uncertain the prediction of field distributions. The
consequences of such features are local reinforcement of the electric field, representing possible
weak points of the material with early breakdown. The second issue, connected to space charge
build-up, resorts to the possible involvement of electrical charges in the long-term ageing of
materials. Addressing the above problems needs research and skills in many scientific aspects
resorting to:
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o the development of materials with improved performances regarding targeted applications;

e the development of physical models for the material behavior: how charges are generated,
stored, and transported;

e the development of techniques, particularly charge distribution measurement techniques,
relevant to the geometry and to the thermal and electrical stresses that are encountered;

e the proposal for materials assessment methodologies for the application: This means that
relevant quantities have to be measured and figures of merit for materials provided in order
to make systems more safe;

e the implementation of engineering models for stress distribution estimation.

In this contribution, we are mostly concerned with polymeric materials used as insulation in
HVDC cables. Polyethylene, particularly crosslinked polyethylene, has been used for over 30 years
as insulation for HVAC cables, rated up to 500 kV, and now the feedback on their sustainability is
well established. We present some results illustrating how the above items are treated for this
application.

1. TECHNIQUES AND METHODOLOGIES FOR SPACE CHARGE ASSESSMENT

Historically, space charge measurement techniques have been implemented before the
reconsideration of HVDC energy transport. Several of these direct and non-destructive techniques,
commonly known as "influence" or "stimuli" methods [3-5] have been developed. They do really
represent essential tools for assessing materials in HVDC applications. They are based on the
application of a mechanical, thermal or electrical stimulus which perturbs the electrostatic
equilibrium in the measured sample, giving birth to a transient response function of the charge
distribution across the sample. While they have been applied for long on flat insulating samples of
thickness typically larger than 100um, for various electrical engineering applications, there is still a
very important matter, with the challenge of being able to determine the real field distribution in
cable structures. In this respect, two techniques emerge, based on either a thermal perturbation: the
Thermal Step Method, or a field pulse perturbation, the Pulsed Electroacoustic -PEA method. The
challenges now are to upscale these techniques for high voltage environment measurement, on full
size cables of several cm thick insulation [5].

We briefly describe here the PEA method in its version for cable geometry. The method uses a
fast varying electric stress as the perturbation [6]. This produces a variation of the electrostatic force
acting on each charge and thus creates elastic waves propagating from the charges and proportional
to their density. These waves travel across the insulator at the speed of sound and can be detected by
a piezo transducer. The measured signal is an image of the charge distribution since elastic waves
arrive at a time depending on the distance between the charges and the transducer. The spatial
resolution of the method depends on the thickness of the sensor and the general bandwidth of the
system, which is of the order of 100 MHz. Features of the method are the possibility of making
acquisition with stress either on or off, its excellent time resolution, and its relative lightness. A
typical experimental arrangement for cables is shown in Fig. 1 [7]. It consists of a cable sample with
a measurement device composed by a PEA cell including piezo sensor and amplifier, a DSO, a
HVDC generator and a pulse generator (50 ns width, 10 kHz frequency and up to 5 kV amplitude).
The voltage pulses are applied via the outer semiconductor shield (carbon black doped polymer,
called semicon in the following) of the cable whereas the high voltage is applied to the inner
conductor of the cable. The acoustic response issued from many pulses is averaged in order to
improve the signal to noise ratio. The outer semicon is set in intimate contact with the detection cell
by applying mechanical pressure on the cable. Measurements are achieved in two steps: The
calibration step consists in applying a small DC field to the sample and consider that the system
response is that of the capacitive charges produced on the electrodes. From there the transfer
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function of the system can be isolated, accounting for the cylindrical geometry and attenuation and
dispersion of acoustic waves in the material. Acoustic signals recorded in specific conditions are
treated to provide charge distributions as detailed e.g. in [7, 8].
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Fig. 1. (a) Schematic of the PEA-cable test bench. The cable is arranged as loop so that a current
can be circulated in it using a current transformer to reach desired thermal conditions; (b) Rough
signal measured for calibration applying 20kV on a 4.5 mm thick insulation MV cable [7].

Pulse generator
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The PEA method has been applied to produce results shown in the next section for miniature
cables. The version for flat specimen has been exploited to assess the performances of candidate
materials for application to DC and was pushed to multilayer characterization considering Maxwell-
Wagner effects and field redistribution [9]. We have chosen in what follows to illustrate the link
between information bring by this technique and field distribution in cable geometry.

2. CHALLENGES REGARDING MATERIALS FOR HVDC CABLES

Crosslinking polyethylene using peroxide initiator leads to the formation of by-products, i.e.
chemicals as acetophenone, cumyl-alcohol or alpha-methyl-styrene. These by products are known to
favor the formation of space charges into the insulation, through processes not yet fully agreed: they
can act as moieties capable of stabilizing charges, i.e. from an energy band diagram forming energy
levels deep in the band gap [10], or forming ionized species that move into the insulation [8]. Fig. 2
illustrates the consequences of the presence of such by-products considering field distribution
obtained on miniature cables by PEA method. These cables are representative structures of the full
size cables, with semiconducting screens at both inner and outer interfaces of the insulation. Results
obtained on an extensively degassed cable and on a poorly degassed one are compared. For the
degassed cable, the field distribution moves as a function of charging time from a nearly capacitive
shape (i.e. field larger near the inner semicon interface than near the outer) to a situation where the
field is higher to the outer semicon. The maximum field remains in the range 40 to 45 kV/mm. In the
case of the poorly degassed cable, the field is much higher as it reaches 100 kV/mm near the outer
semicon. The features that are observed are clearly linked to the presence of by-products. The space
charge density patterns plotted in Fig. 3 reveal that a huge amount of negative charges is formed
adjacent to the outer screen whereas a positive space charge is formed close to the conductor. Such
patterns correspond to heterocharge build-up, with as consequence the strengthening of the field next
to the electrode.
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Fig. 2. Field distribution obtained in the insulation of miniature cable samples with 1.5mm thick
insulation. Measurements were achieved under a thermal gradient of 10°C, (Tin=60°C; Tout=70°C),
under a voltage of -55KkV applied to the conductor. (a) outgassed sample; (b) partly degassed sample.
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Fig. 3. Space charge density patterns corresponding to field profiles shown in Fig. 1. The color scale
represents charge density in C/m>. (a) outgassed sample; (b) partly degassed sample.

The outgassing process (typically heating to 60°C for several days) applied on these model
cables cannot be applied directly on full size cables for the energetic cost. Present researches are
oriented to the processing of cables with keeping the beneficial aspects of crosslinking on
thermomechanical properties withstanding of cables. We can mention here at least three lines of
thought.

First, there is the development of crosslinking process that substantially reduces the amount of
by-products. This is the incremental strategy in new generation of raw materials commercialized for
HVDC cables [11], with still using peroxide crosslinking. A more innovating route is that based on
the use of co-agents of crosslinking with allylic functions, in which virtually there is no by-products
[12]. Very promising results in terms of space charge features were obtained in these materials, with
behavior approaching that obtained on un-crosslinked material, i.e. low density polyethylene [13].

The second strategy consists in using nanocomposite polymers [14], with the advantage of
keeping on thermoplastics. It has been shown in several instances that the incorporation of
nanoparticles substantially reduces space charge accumulation in polymers [15]. As examples,
nanometer-size fillers of silica (SiO,) [16] and magnesium oxide (MgO) [17] incorporated into
LDPE have been shown to be effective in suppressing space charge. The mechanisms behind those
improvements are not completely clear at present [ 18], neither is the fate of the material integrity in
time.

Finally there are some attempts of using Polypropylene insulation for its outstanding dielectric
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properties for being used as capacitors and its higher thermomechanical withstanding than
polyethylene. New generation of mass impregnated cables have been recently proposed with PPLP
[19] as a laminated paper consisting of Polypropylene (PP) film and conventional kraft paper.

3. MODELLING UNDER DC FIELDS: MACROSCOPIC APPROACH

It is well known that the capacitive field distribution within the radius of a cable under AC
voltage follows a distribution of the form:

14
E,c (r) = -
r. ln(%)

where 1; and 1, are the inner and outer radii of the cable. In case of DC stress, following
Maxwell's equation, here total current conservation, the electric field distribution in the cable
insulation, in cylindrical geometry and under steady state condition is given by [2, 20]:

(M

E(r)=E, 1 )
rO'(r)
where E. and o, are the electric field and conductivity at the reference position r.. Eq. (1) and (2)
are equivalent only if ¢ is homogeneous. The conductivity gradient in a cable results from two
processes. First, the field is non-homogeneous by geometry: a non-linear conductivity in field leads
to a conductivity gradient. The second and main contribution is Joule effect due to the current
circulating in the conductor. This leads to a thermal gradient across the insulation of the form:

w r
- < 1nle 3
T(r) T(r0)+2 lnr 3

where W, is the heat produced and A the thermal conductivity of the insulation.
The redistribution of the field goes with the formation of a space charge, whose density can be

deduced based on the Poisson's equation. This geometrical space charge density is of the form:

p, =div(e.E)=—E(r) % 8Z£r) @

where € is the dielectric permittivity of the material. Considering Eq. 4, and supposing a
negative voltage applied to the core of the cable, it follows that the field is negative (E=-gradV). As
the last term is naturally negative, the expected space charge is negative. It is actually such feature
that is measured under thermal gradient in Fig. 3 in case of degassed cable.

The above equations show that theoretically, the field distribution can be entirely determined if
the dependence of conductivity vs. temperature and field is known. To provide experimental data on
conductivity, we have carried out charging /discharging current measurements on cable samples.
The active section was 250 mm long; 11 values of applied voltage ranging between 2 and 30 kV
were applied under isothermal conditions with polarization/depolarization steps lasting for 1h/1h.
Because of the cylindrical geometry of samples and of the inhomogeneity of the field, it is necessary
to take a hypothesis on the mathematical form of the expression to solve the problem. We have
supposed that conductivity is of the form below, as successively used for flat XLLPE specimen [9]:

~E, ) sinh(C(7)- E(r)) )
k,T E(r)

O'(E,T)zA-exp[

Fits were carried on the quasi-steady state current with a method described elsewhere [20] and
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the following quantities were obtained: C =2.15 x 107 m/V, A=3.83 x 10* S.V/m? and E, =0.83 V.
Fit curves for the current are shown in Fig. 4 along with computed field distribution as a function of
time under stress and with consideration of polarity reversal on the cable. In this objective, the above
equations have been solved in non-stationary stage using Finite Element Modelling.
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Fig. 4. (a) Fit model (solid line) and conduction current data (circle) obtained on miniature cables as

a function of temperature and field. (b) Field distribution profile in the cables with voltage

inversion applied of 15 kV and for thermal gradient of 10°C (Tin=60°C; Tout=70°C).
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When thermal gradient is applied across the insulation, while current homogenization in the
insulation takes place and space charges settle, the field value at the inner semicon decreases and
increases at the outer semicon. This phenomenon of stress inversion is not very strong here as the
conductivity is non-linear in field according to the results: in way it counterbalances the temperature
effect on conductivity. The voltage polarity inversion does make the field distribution at the negative
voltage step is broader than at the positive step, and field is higher at the inner semicon. Its
magnitude difference is equal to the residual field after the polarization step shown in the figure.

4. 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 homogenization of the
field in the insulation for voltage of 15 kV. At short time, there is field strengthening just after
polarity inversion, representing possible aging route for the present case. Direct measurement of
space charge on properly outgassed cables show that some trends can be properly anticipated by
modelling; however heavy field distortion occurs with poor outgassing. This feature points to the
need to confirm by measurement model outcomes.
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