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Abstract: The pulsed electro-acoustic method (PEA) allows dynamic measurements of space
charge density distribution with good temporal resolution and is suitable for both flat samples
(a few hundred micrometers thickness) and coaxial cable samples. The response obtained by
the technique is tributary to the electro-mechanical properties of the materials through which
acoustic waves propagate. Hence, when dealing with multilayer dielectrics, the acoustic
properties of individual layers are to be taken into account. Also, the acoustic attenuation and
dispersion phenomena, especially when dealing with relatively thick samples, affect the
space charge resolution at positions far away from the sensor. Therefore, application of a
calibration procedure on experimental signals is necessary to recover space charge density
profile from PEA raw signals and to provide real results on charge density both on its
temporal and spatial dependence. We illustrate here in different samples configurations,
spanning from flat samples, multi-layer and cable geometry, how the calibration is achieved
and how the acoustic properties of materials impart the response.

Keywords: Pulse electroacoustic method, deconvolution, acoustic properties, dielectrics,
space charges

1. Introduction

The need for knowledge about space charge formation and accumulation mechanisms in
insulating materials led to the development in past decades of new measurement techniques
giving access to spatial distribution of charge density - and thus of electric field. The low mobility
of carriers in polymeric insulators allows non-destructive spatially resolved measurement of
charge density. These non-destructive techniques, with spatial resolution, include three families
according to the nature of perturbation introduced to probe charges [1, 2]: methods based on
thermal perturbation of various shape (Thermal Pulse, Light Intensity Modulation Method,
Thermal Step), acoustic wave (Piezoelectrically Induced Pressure Wave, Laser Induced Pressure
Pulse) and electric field pulse in pulsed electro-acoustic method (PEA). These three groups of
non-destructive techniques are based on the same principle in which a non-homogeneous
perturbation of the electrostatic state (elastic forces in case of PEA) is introduced by an external
stimulus [3].

In the group of thermal methods, diffusion of heat is used to modify the equilibrium of
charges through permittivity variation and volume expansion and thus induce an electrical
response. Acoustic methods use deformation produced by propagation of pressure waves to
modify the electrostatic equilibrium and to induce an electrical signal. Finally, the electro-
acoustic method relies on an excitation by electric field pulses; the electrostatic force produced
by interaction with the charges generates a mechanical response. Various techniques currently
make it possible to establish charge density distribution in polymer insulators; however,
depending on the technique used, each type of measurement technique has advantages and
drawbacks.

The PEA method was developed in 1985 by Japanese researchers (T. Maeno, T. Takada and
their collaborators [4], [5]). The method consists of applying electric field pulses (of the order of
1 kV/mm) of very short duration (of the order of one nanosecond) through a sample. The
production of a Coulomb type force induces a transient elementary displacement of the charge
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cloud around its equilibrium position. Then, two acoustic waves, of amplitude proportional to
the quantity of charges, are generated. One is in extension; the other in compression and they
propagate in opposite directions. One of these pressure waves is detected by means of a
piezoelectric sensor (lower electrode) which converts the acoustic signal into an electrical signal.
The electrical signal is amplified before being recorded using a digital oscilloscope. Adequate
signal processing then makes it possible to recover the space charge density profile.

The PEA method has the advantage of being able to perform measurements in the presence
of external voltage (DC or AC). It is therefore perfectly suited to study the mechanisms of
injection and transport of charges in the insulation of high voltage cables [6].

In the case of conventional PEA method, for flat specimen, the sample is placed between two
electrodes (Figure 1). The upper electrode is made of a semiconducting material, i.e. a polymer
doped with carbon black particles having acoustic properties approaching those of the polymeric
sample such as to minimize wave reflections at the interface with the sample. This electrode is
connected to the high voltage power supply and the pulse generator. The lower aluminium
electrode is connected to ground. A piezoelectric sensor, usually Poly (Vinylidene Fluoride) —
PVDF, with some attempts of using Lithium Niobate material with higher thermal withstanding
[7], is placed under the lower electrode and converts the acoustic wave into an electrical signal.
Finally, under the piezoelectric sensor is placed an acoustic absorber usually made of
poly(methyl methacrylate) - PMMA intended to produce only a positive reflection, which allows
to remove a pole in the sensor response.

The principle of the PEA technique for cables (coaxial geometry) is similar to that of the
conventional PEA method. However, the space charge recovery technique for PEA cable needs
to take into account cylindrical geometry, along with the attenuation and the dispersion of the
acoustic waves when the insulation is relatively thick.

2. Sensor response
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Figure 1. Principle and main elements of a PEA test cell
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According to the scheme given in Figure 1, acoustic waves generated by a sheet of charges
propagate in opposite directions, one of them being directed towards the piezoelectric sensor.
We designate by pai(t) the pressure wave reaching the interface between the Al ground electrode
and the piezoelectric sensor. We consider first how the acoustic waves are converted into an
electrical signal.

A. Piezoelectric sensor response
When entering in the PVDF, the acoustic wave generates at point z' (z'=-x + dai, cf. Figure 1) a
polarization Pp(z') proportional to the mechanical stress. Therefore, the voltage at PVDF bounds
in open circuit conditions is given by [8]:
L ' ’ L 1 ' ’ L ’ ’
Vl(t) = fo T _E(Z ’t)dZ = fo ! PP(Z 't)dZ = g33 f() TpPieZO(Z ’t)dZ (1)

€Piezo
where gss is the piezoelectric coefficient, Dpiezo the sensor dielectric permittivity and Ly its
thickness.
The pressure inside the sensor is related to that at its entrance by:

!

Ppiezo(Z', ) = Tal_pypF- Pal (t - ) 2

Vpiezo

where Tarpvor IS the transmission coefficient of acoustic wave at AI/PVDF interface and O piezo
is the sound velocity. Writing:
!

1 Z
v= VPiezo (3)
we obtain:
833-Tal-PVDF LT/vP- ’
Vi(t) = =EAERE [ WPiezo p (¢ — T)dT 4

Vpiezo

This can be written as the convolution between the transfer function of the piezoelectric
sensor h(t) and pressure entering in the sensor pai(t). If the response of the piezoelectric sensor
is homogeneous along its thickness, h(t) can be considered as a rectangular window function IT:
Vi(t) is given, with a coefficient, by a convolution equation:

Vi() = BRTARE PR (—E— — 1/2) py(t = DT e h(D) * pa() (5)
Vpiezo T/VPiezo
with
t
h(t) - l_[ (LT/VPiezo - 1/2) (6)

Expression (5) allows qualitative analysis of the effect of the piezoelectric sensor thickness
on signal V;(t). To simplify our analysis, the pulse is assumed of a rectangular type.

B. Transducer response (Piezoelectric sensor + Amplifier)

One face of the piezo sensor is connected to a broadband amplifier having an input impedance
Re of 50Q. The transducer can be modelled by the RC circuit of Figure 2 [8].
The impulse response of the circuit (high-pass) is given by:

g®) =50 ~—exp (7). u(® )
where 1. = Re.Co, Co is the effective capacity of the transducer. u(t) is a step function. Therefore,
the response Vs(t) at the output of the amplifier is:

Vs(®© = g(t) * Vi(t) ®)
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Figure 2. Transducer equivalent circuit [8]
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The transducer produces a voltage by integrating stress across its thickness (cf. Eq. 5) which
is then detected through the high-pass filter [8]. The frequency response of the transducer
depends on the transit time t, = Lt/Vpjezo and the time constant 7, = Rg. C,. Depending of
these two time constants, the transducer could have different responses. A flat response can be
obtained if 7, > . In this case the piezoelectric sensor is thicker than the acoustic signal and is
connected to a low impedance amplifier. As a result, the output will be proportional to the
acoustic signal and the time domain signal will trace the charge distribution. For a piezoelectric
sensor sandwiched between a delay line and an absorber, the signal components near 7 are
amplified and the lower frequency components are attenuated. Moreover, this resonant
configuration introduces a damped oscillation on the signal.

3. PEA method and deconvolution techniques for flat samples
A. Classic PEA device

The experimental setup used for space charge measurements on flat samples is shown in
Figure 3.

i C—1| Ethernet bus Digital
‘ PC Oscilloscope [

L ® GPIB bus
J HVDC Supply

0-35kV

136611 |

PEA Signal

Pulse Generator
(300V-1.5kV
40-1500Hz, 5ns)

PEA cell

Figure 3. Schematics of the PEA test bench for flat specimen. Adapted from [10].

The PEA cell is placed in an oven allowing measurements under controlled temperature in
the range between 0°C and 70°C. This cell, provided by Techimp, Italy, is well suited for
measuring space charge in flat samples with thicknesses between 200 and 500 um. A pulse
generator delivers the stimuli necessary for measurement and synchronizes the PEA signals. The
maximum amplitude of the pulses is 2 kV and maximum repetition frequency is 50 kHz. The
pulses width at half maximum is of the order of 5 ns. The high voltage is supplied by a DC
voltage generator provided with polarity reversal module. In addition, the DC high voltage
generator can be controlled from a PC via a GPIB bus offering the possibility of programming
long-term protocols. A digital storage oscilloscope (DSO) with a 2 GHz bandwidth allows
measuring signals from PEA up to 1 GS/s. Thus, very fast signals can be captured with a very
acceptable temporal resolution. The DSO exhibits high processing speed offering the possibility
of averaging a large number of raw signals in a relatively short time improving the signal-to-
noise ratio (SNR). The data is then recorded and processed by means of a computer to recover
space charge profiles from deconvolution techniques.

B. Deconvolution technique for flat samples
For a homogeneous insulator, the signal from the piezoelectric sensor in time domain Vpea(t)
is given by convolution of the various transfer functions [9], [10]:

Veea(t) = B.g(t) * h(t) = r(0) = e (£ — %2) ©)

Al
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where B is a constant; h(t) and g(t) are respectively the transfer function of the transducer and
impulse response of sensor defined previously; dai and va are respectively the thickness and
velocity of sound in aluminium which constitutes the lower electrode of PEA cell.

The function r(t) = p(t.vs) = p(z) represents the space charge density profile along the insulation
thickness with vs the sound velocity in the sample.

The simplest method for charge recovery consists in using spectral division between the
measured signal and a calibration signal obtained from a known source of charges, as described
below. In the frequency domain, the relationship between signal and charge profile is simplified.
Indeed, the Fourier transform of vpea(t) gives:

Vpga (f) = S(O.R(D) (10)
where S(f) is the transfer function of the whole system
S(f) = B.G(f). H(. E(f). exp (—szﬂ) (11)
VAl

This transfer function can be derived from a signal calibration Vpeai(f) produced by
capacitive charge (o1) formed at lower electrode (connected to ground) when a DC voltage U s
is applied through a sample of thickness d:

Veear () = S( 7 (12)
with
eUre
o, = et (13)
We can deduce R(f) :
— o1[VeEa®
RO = Vs [VPEAl(f) (14)

Moreover, by neglecting the attenuation phenomenon of elastic waves, the space charge
profile is given by the real part of inverse Fourier transform of R(f):

_ 01 —1 [ Veea(®
pltvy) = & Re(F [V—PEA1(Q) (15)

The signal processing is performed through Matlab software. The in-built functions are used
to calculate direct and inverse Fourier transforms of PEA signals. Since PEA signals have limited
frequency bandwidth, the division between the spectrum of signal and that of the reference
systematically leads to amplification of high frequency noise. A Gaussian (low-pass) filter is
then used after spectral division to eliminate high frequency noise. Note also that the choice of
the bandwidth for the Gaussian filter is of great importance with regard to the spatial resolution
of charge profile. A synoptic of the signal conditioning for deconvolution method is sketched on
Figure 4.

C. Deconvolution technique in the case of bilayer materials

Multilayer specimen can be interesting to investigate, first for fundamental purpose in an
attempt to distinguish charges injected at the electrodes from those generated in the volume [11],
also to investigate the impact of material modification as with nanocomposites [12]. Space
charge was reported in layered films of the same material pointing to specific features at the
surface of the film [13, 14]. There are also practical reasons to investigate dielectric stacks with
materials of different nature, as with joints in cables [15], or when oil and solid insulations are
associated paper-oil insulations [16]. Complex dynamic features are revealed when switching
from capacitive to resistive field grading and with interfacial charge development. The case of
oil-solid insulation is especially tricky as the time constant for Maxwell interface charge can be
relatively short and the acoustic impedance mismatch is relatively high [17].
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Figure 4. Block diagram of signal processing

We illustrate here the case of association of materials for cable joints, with cross-linked
polyethylene — XLPE and rubber material. We assume that the two materials are tightly
associated as when crosslinked altogether, layer 1 is rubber — EPDM (ethylene-propylene-diene
monomer) and layer 2 is XLPE, cf. Figure 5. For space charge measurement, the voltage is
applied on the EPDM as shown in the figure. XLPE is to the ground electrode.

Due to discontinuities on the permittivity and acoustic parameters, in particular the speed of
sound, special attention must be paid to the processing of raw PEA signals for space charge
recovery in case of dielectric bilayer structures. The specificities to consider are among the
following:

e Calibration aspect owing to the fact that the influence charge evolves with time due to

Maxwell interface polarisation;

e Changes in sound velocity and impact on charge profile;
o Reflection of acoustic waves at the interface due to acoustic impedance mismatch;
e Acoustic response due to field step at the interface.

T v
6

EPDM

(2) XLPE

Figure 5. Bi-layer materials EPDM/XLPE
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a) The calibration step

In the PEA method, the surface charge density used for calibration is first calculated by
applying Gaussian theorem and boundary conditions on electric potential. It is assumed as a first
approximation that the field distribution is capacitive and that the interface charge due to
difference in conductivity between the two materials can be neglected during the calibration
procedure. This assumption is verified a posteriori by considering the time constant necessary to
establish interface charge compared to the polarization time of less than 1 min in calibration
procedure. Under these conditions, the expression of capacitive charge located at the ground
electrode in case of bilayers is given by:

_ £1.62.U
K1 = €1.dy+¢€5.dg (16)
where g1, €2, d1 and d; are respectively the permittivity and the thicknesses of insulating layers 1

and 2. U is the applied voltage.

b) The acoustic impedance match

Acoustic waves can be reflected at the interface between the two materials due to acoustic
impedance mismatch. In the facts, acoustic reflections are more often accounted for at the
interface with the electrodes where the mismatch is larger rather than between dielectrics [18].
This is supported by the fact that the acoustic impedance of polymers does not vary substantially
from one material to another [19]. For this reason, semi-conductive layers with acoustic
impedance similar that of a tested insulation are used as top electrode in the PEA cell. In detail,
the transmission coefficient from material 1 to material 2 obtained from conservation of stress is
defined as [8]:

2XZay
TlZ -

17)
Zai+Za;
where Za is the specific acoustic impedance defined as the product between sound velocity and
specific density. With data given in Table 1, T1, exceeds 99% which means that the matching is
excellent in this case. Note that depending on the relative values of impedance, the amplitude of
the waves can be decreased or increased when crossing the interface.

Table 1. Dielectric and acoustic properties of tested materials
(for density, standard values given)

. . Acoustic
Material Re_la_tl\./e Sound velocity Density impedance
permittivity e (mf/s) Za (kg/m?s)
EPDM 2.9 1800 1.10 1980
XLPE 2.3 2100 0.93 1950

¢) The velocity difference for charge recovery
According to the expression (16), the space charge distribution at the origin of raw signals
veea(t) is given by:

! -1) Vrea(®
p(t(X)) - vs(x) Re [F {Hsetup(f)}:l (18)
where
1
hgerup (V) = ;VPEAl(t) ¢

Vpea(f) and Hsewp(f) are respectively calculated by the Fourier transform of temporal signals
Vpea(t) and hsewp(t). Vs(X) is the velocity profile of sound in bilayer sample (vs1 and vs, in materials
1 and 2 respectively). Position x and time t are linked by the relationship: x = vs(x)*t. As shown
in Figure 6, a simple homothetic variation on time (t) of profile p(t), obtained by deconvolution
of PEA raw signals, makes it possible to obtain the space charge profile as a function of position

p(x) [20].
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d) Response due to permittivity gradient

Holé et al. [21] used the general expression for the force density in a dielectric under field
with 4 contributions related to the variation of the dielectric constant, to the effect of
electrostriction, and to the presence of charges and of permanent dipole densities in an electric
field. Whereas in a homogeneous material the contributions can be greatly simplified, it is not
the case with stacked dielectrics and more generally inhomogeneous materials. In 1D and
supposing that there is no permanent polarization (as could be with ferroelectrics), the force
density (per unit volume) is expressed as:

_ 1 Zﬁ_la(aEz)
f, = 2E T3 ox + pE (20)

px)

L

|Fp(t)

Figure 6. Determination of space charge profile versus position from space charge profile
versus time from deconvolution of PEA raw signals in dielectric bilayers.

Under a pulse field 6E,, neglecting second order terms, the transient force can be expressed as:
8f, = —Epc "= 8E,, — a Z2C 8E,, + pSE,, (1)
where o is the electrostriction coefficient and Ej . represents the static field. The Equation (21)
shows that in presence of a field gradient, a transient force is generated (second term) due to the
electrostriction effect. The permittivity gradient existing at the interface between two dielectrics

also leads to a transient pressure. Under applied DC stress, the pressure, obtained by integration
along the x-direction defined by Figure 1, is of the form [22]:
8ps = —D(1-2)sE, 22)
€1
where D is the electric displacement (homogeneous across the interface in absence of interface
charges). So the pressure generated at the interface should appear as a fraction of the capacitive
charge.

Bodega et al. [22] concluded on the fact that generally, when a multi-dielectric is tested, the
detected acoustic signal does not correspond to the space charge distribution. The reasons are on
the one hand the presence of an acoustic response with distributed permittivity, even in the
absence of interfacial charge, cf. Eq. 22. The other aspect is linked to the fact that the detected
acoustic signal does not correspond to the pressure distribution if the layers of the multi-dielectric
have different acoustic properties. A second consequence of acoustic mismatching is overlapping

of reflected waves with the waves representing the pressure distribution inside the multi-
dielectric.
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C. Example of results for stacked dielectrics
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Figure 7. Mapping of space charge profiles in XLPE material (a) and bilayer XLPE/EPDM (b)
at 40°C under different applied electric field. The color bar represents the scale for charge
density in C/m?. In a): applied fields were 10, 20, 30 and 40kV/mm followed by polarity

reversal. In b): average fields were from 2 to 30kV/mm [20].

Let us consider now an example of results obtained with the XLPE/EPDM structure. Figure
7 shows a mapping of space charge profiles in material XLPE (a) and bilayer XLPE/EPDM (b)
at 40°C under various applied electric fields obtained by deconvolution of raw PEA signals. The
specific procedures adopted here to treat the rough data concern the accurate estimation of the
interface charge in the calibration step (Eq. 15) and the correction for the sound velocity gradient.
In case of multi-layer dielectric, much more charges are detected, one of the reasons being the
presence of the interface. The analysis of the charge build and charge decay, considering amount,
sign, and kinetic is proposed elsewhere [20, 23]. A pretty good agreement was obtained between
results obtained by conductivity measurements and space charge build-up, i.e. independent
experiments, and modelling with accounting for Maxwell-Wagner interface charge process.

Regarding specific acoustic phenomena linked to the multilayer nature, the fact that the
acoustic impedance of the two materials is the same avoids having spurious reflections. The
permittivity on its own side is different from one material to the other, see Table 1. However,
even though there is such contrast, we did not observe in an evident way a specific signal due
the permittivity gradient. In absence of interface charge, the acoustic signal due to permittivity
gradient should produce an apparent charge of the same sign as the capacitive charge on the
higher permittivity material [22] i.e. EPDM. This was not observed in the present results. The
detected signal is fully consistent with Maxwell-Wagner interface polarization and even the
change in sign of the interface with increasing field could be explained by the behaviour of
nonlinear conductivity in the two materials. There can be two reasons for the absence of acoustic
response: i/ it can be quickly overlapped by the interface polarization, or the permittivity values
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given here for a frequency of 50Hz are not the same at the DC limit or a frequency of the voltage
pulses.

4. PEA method for model cable
A. PEA-cable device

The first PEA system for space charge measurement in a cable appeared in the 1990s [24],
[25], [26]. The initial device was equipped with a curved electrode system (fixed radius of
curvature) and was therefore adapted to a single type of cable. Difficulties arise naturally when
one wants to make measurements on cables with different radius. To overcome this limitation, a
flat-electrode PEA system now replaces the original device [27] and the PEA method is
considered one of the most efficient techniques for measuring space charge in high voltage model
cables [28]. An example of PEA cable mounting developed by Techimp, Italy, is shown in Figure
8.

HVIXC

neraton

Palset gseneranto > LU TN

PEA ¢ IT
PYDE
Figure 8. Sketch of PEA cable test rig [9]

The cable is attached to the PEA sensor cell by mounting bracket to adjust cable clamping,
thus ensuring good acoustic contact between outer semiconductor of the cable and aluminium
electrode of measurement cell. The pulsed voltage is injected at the measurement zone via outer
semiconductor of cable by a pulse generator of 5kVV maximum amplitude, 30ns width and 10
kHz of repetition rate. The outer semiconductor is removed over a 5 cm length between the
measurement point and the region where pulses are applied. In this way, the cable itself is used
as a decoupling capacitor. To ensure that pulsed voltage at measuring point is high enough, the
length of outer SC at point of application of the pulse is kept larger compared to that at the
measuring point. A 100 kV high-voltage generator supplies the DC voltage, which is applied at
conductor via a Rogovsky electrode. This type of electrode is used to avoid any field
intensification.

For measurements at different temperatures, the cable is heated by an alternating current
flowing in the cable core with control through a current transformer. In this way, a thermal
gradient appears within the insulation since the cable surface is in contact with ambient air. The
temperature at the surface of the cable is measured using a thermocouple. The current flowing
in the cable is measured using an ammeter clamp. Knowledge of these two quantities and of the
cable geometry enables to estimate cable core temperature.

B. Deconvolution in coaxial geometry

Recall that PEA method relies on detection of electrostatic forces generated by the interaction
between internal charges and external electric pulse [29]. The propagation of acoustic waves
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towards the piezoelectric sensor is affected mainly by attenuation and dispersion. These
phenomena are even more important when the insulating layer is relatively thick, for example in
case of medium voltage cable samples (MV cable). In addition, the generation and propagation
of acoustic waves are affected by the geometry of the cable [30]. Due to the divergence of electric
field in coaxial geometry, the contribution to PEA signals of electrostriction force resulting from
variation of permittivity induced by mechanical deformation of the polymer, during acoustic
wave generation must be taken into account [21]. Following the same development as above for
flat specimen, for a homogeneous material, in cylindrical geometry, the transient force density
generated by the interaction of the static DC field and the electric pulse field at the radius r can
be expressed as follows [31]:
d

86,(r) = .= (tEpc(r)). 8E, (1) — a1t (EL”) 8E,(r) (23)
The first term represents the response due to the space-charge induced field distortion
(without space charge, the divergence of the field is null) and the second one is the
electrostriction contribution, stating that the strain due to the non-homogeneity of electrical stress
induces a variation on the relative permittivity which generates an elastic force.
Hence, the deconvolution method used for cable requires correction of attenuation, dispersion,
and electrostriction as well as the PEA instrument response (sensor + voltage pulse) for
recovering space charge profiles from PEA raw signals. The flowchart of deconvolution
technique used for PEA-cable rough data is presented in Figure 9. The different steps are detailed
in the following.

The deconvolution requires an accurate description of the whole system which is composed
by the measuring instrument and the tested cable. The calibration procedure is used to establish
the transfer function of the system. This step consists of acquiring raw signal from capacitive
charges generated by application of DC voltage (Uca). The PEA signal detected at the
piezoelectric sensor veea(t) is given by the following expression [31]:

VpeA (0 =hgerp (0 * [myg g (rg, ) +my.g(rp,0)] (24)
where r; and re are the inner and outer radius of cable. hsewp(t) and g(r,t) are respectively the
transfer function of instrument and cable through which is taken into account the propagation of
acoustic waves in the polymer material. m(r) is an intermediate variable depending on the cable
radius (r) and the applied electric field Epc(r) [31]. Notably, it contains the term related to
electrostriction.

Calibration signal a(f)

a() (Npim)

cimis)

H setup ®

\ FET b l
4 o1
g 2;£ Veen()

of
0 200 400 600 800 440 460 480 500 520

PEA signal under

DC stress Space charge profile

p(C/m?)
7

15 2 25 3
r(mm)

Figure 9. Synoptic of deconvolution method on PEA cable
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The PEA calibration signal consists of two parts due to the responses of capacitive charges
at the external vpeai(t) and internal electrodes veeao(t) (Fig. 9). g(re,t) is the Dirac function of
time at the position re. Consequently, the first part of PEA signal, veeai(t), makes it possible to
derive the instrument transfer function hsewp(t) [31]:

heetup(®) = (5-) - Verar (® (25)

The second part of PEA calibration signal in Equation (24) is generated by the capacitive
charges located at the internal electrode (cable core) and therefore contains information related
to the acoustic wave propagation (in particular attenuation coefficient and phase velocity). In the
frequency domain, Veeax(f) is given by the expression below:

VPEAZ (f) = Hsetup (f) myg. G(I'I, f) (26)
where Hsewp(f) and G(r,f) are the Fourier transform of hsewp(t) and g(r,t). G(r,f) is the transfer
function of the cable through which is taken into account attenuation effects o(f) and dispersion
c(f) of the acoustic waves in the cable. The frequency spectra of attenuation coefficient and phase
velocity can be deduced from the spectrum of the two parts of calibration signal. This procedure
for determination of ultrasonic attenuation and phase velocity in solid dielectrics was initially
introduced by Ditchi et al. [32]:
Vpeaz(f) (2)3/2

a(f) = —lo
® d g Vpea1(f) \rg
2znfd

c(® = @(VpEa1(D)—@(VpEa2(D)
where d = re-r; and o is the phase of the spectrum of the PEA signal.
The global transfer function Hsyx(f) of the system is obtained by multiplying the transfer
function of the cable G(r,f) and that of the instrument Hsewp(r, T). Thus, any PEA signal can be
modelled in the frequency domain by equation 29:
Vppa(f) = ZjN=1 Hsyst(rj'f)-m( rj) (29)
The intermediate function m(r) is calculated by the inverse Fourier transform of the ratio
between the signal Vpeea(f) and the transfer function of the system Hsys(f). The electric field
profile E(r) and the space charge density profile p(r) are derived from m(r).

-1

(@7)
(28)

C. Example of results for MV cable

Figure 10 presents a map of space charge density (a) and of electric field profiles (b) obtained
at different times on a MV cable with -40kV applied for 3h to the cable conductor. Then the
voltage was removed for 30min before increasing the voltage to -80kV. In Fig.10b, after 200 s
at -40 kV, since the material is free of charge, the field distribution is similar to the Laplacian
field (for which the field value is -12.5 kV/mm at the inner electrode and -6.5 k\V/mm at the outer
electrode). Then, due to the negative homocharges build-up (see Figure 10a, blue zone at
cathode) the field decreases at the cathode and practically vanishes after 3 hours of polarization
and increases in the bulk reaching a maximum value of about 12.5 kV/mm at r=8 mm.
Due to the presence of negative charges at the beginning of polarization under -80 kV, the electric
field shape is similar to that at the end of polarization step under -40 kV and the maximum
enhancement is found at 8 mm. At the end of the second polarization step, the maximum electric
stress is located at the outer electrode due to heterocharge build-up. The field at the outer radius
is estimated to about 22 kV/mm, which corresponds to the value of the geometrical field at the
inner electrode for an applied voltage of -80 kV.
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Figure 10. Map of space charge density (a) and electric field distribution profiles (b) in a medium voltage
cable stressed under -40 kV and -80 kV at room temperature and different times.
The colour bar represents the scale for charge density in C/m?.

D. Impact of acoustic properties of materials

From calibration taken on XLPE-insulated MV cables, the frequency dependence of acoustic
properties given in Figure 11 were obtained [31] using the Nearly Local Kramers-Kronig
(NLKK) approximation. Using a pulse width of typically 30ns, a sensor of 25um thickness, and
outer semicon thickness of 500pum (which can contribute to broaden the response), the acoustic
response associated with the calibration signal is typically in the frequency range from 1 to 10
MHz for a MV cable.

Figure 11 shows that the higher the frequency the stronger the attenuation. For insulation
thickness of 4.5mm the attenuation factor is typically of 20% at 1MHz and over 93% at 9MHz.
Because of this feature, the pulse shape must be adapted to the thickness of sample to be probed,
as a compromise between spatial resolution and damping of the acoustic signal. The linear
variation of the attenuation coefficient vs. frequency is consistent with literature reports on
acoustic properties of various polymers [33] [34], though from a mathematical point of view, it
brings some inconsistency in the application of the Kramers-Kroning relations and the relation
of attenuation and dispersion [35]. The value of a of about 600m™ at 10MHz appearing in Figure
10 is in full agreement with those reported earlier for polyethylene ([33], [34]). This linear
dependence, called hysteresis absorption, has been explained by the freezing of the polymer in
one of its many local energy minima [33]. Relaxation processes bring contributions in the form
of deviation from the linear dependence [33], [34], especially at high frequencies (>10MHz).
This means that the absorption depends on the free volume, and for crystalline polymers, on the
degree of crystallinity. The attenuation changes substantially from one material to another,
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examples being a =150m™ at 10MHz for PMMA (amorphous) and =800m™ PEO with 80%
crystallinity. The absorption increases with the crystalline fraction and a second effect for
crystalline polymers is the scattering of waves by crystalline regions as observed for high
crystalline materials like poly(tetrafluoroethylene) for example. Hartman and Jarzynski [33]
proposed an expression of following the form for the volume and velocity dependence of the
absorption, which also accounts for the temperature variation:

_a-bv(T)
T, f) = =50 (30)

where a and b are constant for a given polymer. V is the volume of the polymer and v the sound

velocity. The above considerations on materials acoustic properties have two consequences in
practical implementation of the PEA method.
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Figure 11. Frequency dependence of the attenuation coefficient (a) and sound velocity (b) from XLPE
obtained from PEA calibration on a MV cable.
Line (c) represents the attenuation of acoustic wave across a 4.5mm thick insulation.

First, the temperature dependence of acoustic properties should be analysed when
measurements are achieved under temperature gradient. In a temperature span of 20°C,
according to literature data on PE [34], the velocity decreases by about 10%. So a correction
similar to that achieved for bilayers should be achieved in the time to position transformation.
The temperature dependence of the attenuation does not vary in a monotonous way Vs.
temperature: the variation is primarily dependent on the thermal expansion coefficient variations
and on relaxation features in the investigated temperature range [34]. Xia et al. [36] amended the
system transfer function by adding quadratic approximation to the dispersion coefficients for
calibration in coaxial geometry under temperature gradient.

Second, from the attenuation of acoustic waves, one can immediately anticipate the limitation
in spatial resolution linked to materials behavior. With increasing the frequency (i.e. using
shorter voltage pulses to improve the resolution), the attenuation increases substantially,
meaning that measurements under higher resolution must go with thinner samples. By doing so,
resolution of 1 to 2 um could be reached on thin sample (50 um) provided sensor thickness and
pulse waveform were modified accordingly [37, 38].

5. Conclusion

In this work, the principle of deconvolution techniques for the PEA method in case of three
different kinds of sample (flat, bilayer materials and geometric cables) has been described. PEA
signal from the calibration procedure is used to build the system transfer function by deriving
the frequency-dependent attenuation coefficient and the phase velocity. Application of these
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deconvolution techniques enables to observe space charge and stress distribution after few hours
of polarization in material with different geometry and further to study mechanisms at the origin
of charge build-up in such samples. The deformation of acoustic waves when travelling across
the material can be relatively well accounted for, along with the dependence of their magnitude
upon the perturbation pulse field in case of divergent geometry. However, the acoustic signal
produced by indirect effects of charges, such as the electrostrictive forces due to non-
homogeneous electric field is not easy to recover and to discriminate from the total signal since
the actual field distribution should be known.
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