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Abstract. High voltage DC insulation plays an important role, especially in power transmission systems (HVDC) but also increasingly on
medium voltage levels (MVDC). The space charge behavior under DC voltage has great importance on electrical insulation reliability. This paper
reports investigations of encapsulated space charge in homo-multilayer dielectric materials using the pulsed electro-acoustic (PEA) method.
The charge has been introduced on the homo-layer interface by corona sprinkling prior to encapsulation. Two doses of charge density were
accumulated on the dielectric surface in two types of dielectric materials Kapton and LDPE. The polarization DC voltage was applied in 2 min
intervals in steps corresponding to an effective electric field strength in a range of 8—40 kV/mm for Kapton and 10-50 kV/mm for LDPE. The
PEA-based detected space charge was compared at the initial, reference stage, prior to charge accumulation, and after corona sprinkling of defined
charge density. The evaluation was based on the PEA time-dependent charge distributions and charge profiles referring to the DC polarization
field strength. The goal of the experiment was to identify the relationship and the character of the known sprinkled and encapsulated charge
inside homo-layered materials using the PEA method. According to the observations, the ratio between sprinkled charge densities is proportional
to the encapsulated, charge densities measured by the PEA method on the interfacial homo-layer for the Kapton specimen. In the case of LDPE,
a fast decrease of interfacial charge was observed, especially at a higher polarization field above 10 kV/mm. The encapsulation of the known
charge amount can be extended to different types of multilayer material. The presented methodology might be used also for extended calibration
of the PEA measurement system.
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1. INTRODUCTION

The condition of high voltage (HV) insulation is a crucial ele-
ment of a reliable and resilient electrical power system. High
voltage DC insulation plays an important role, especially in
HVDC power transmission systems but also increasingly on
medium voltage level MVDC. It has also applications in new
domains such as e-mobility where the rise in voltage levels is
systematically observed. However, one of the main application
fields refers to DC cable insulation based on polymeric mate-
rials, especially polyethylene. Despite the overall great electri-
cal performance, such materials suffer from the accumulation
of the space charge at DC voltage, leading potentially to a di-
electric breakdown [1-5]. Among accessories, the cable joints,
composed of multilayer materials, are prone to this effect. In ad-
dition, temperature variation has serious implications on elec-
tric field distribution. The accumulation of space charge in solid
dielectrics is an inherent consequence of a non-uniform varia-
tion in conductivity throughout the insulation [6-9]. The total
electric field strength in the dielectric material is a superposition
effect of externally applied voltage and the internally accumu-
lated space charges [10]. For detection and evaluation of em-
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bedded charge distribution, the pulsed electro-acoustic (PEA)
method has gained a lot of attention and reputation over the
last decades [11-13]. Special focus is paid to the multi-layer
dielectric materials in terms of PEA instrumentation and inter-
pretation of results, including possible misclassifications due to
reflections [4, 14]. The corona charge injection in LDPE mate-
rial and the observation of both surface and bulk charge density
using the PEA method were presented in [15]. The influence
of the corona discharges on space charge accumulation in poly-
imide film was shown in [16]. The embedded charge may have
a different origin in the dielectric material, i.e. intrinsic but also
caused for example by partial discharges [4,9, 17-21].

This paper reports on investigations of encapsulated space
charge in homo-multilayer dielectric materials using the PEA
method. The goal of the experiment was to identify the relation-
ship and the character of the known sprinkled and encapsulated
charge inside homo-layered materials with an interfacial charge
detected by a PEA method.

2. METHODOLOGY OF THE EXPERIMENT

Usually, the PEA method is used to measure and analyze the
space charge embedded in the dielectric insulation material,
both in terms of intensity and localization. In the presented pa-
per the investigations on an accumulated and embedded charge
in a specimen were carried out. The consecutive stages of ex-
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perimental methodology are illustrated in Fig. 1. First, the mul-
tilayer sample, consisting of the two homo-layers of the same
material, has been measured by the PEA method as a reference
case. Then, the initial surface potential measurement was per-
formed. In the following step, the surface of one internal layer
(upper side of a bottom layer) has been sprinkled with a charge
using a corona approach.

Specimen preparation
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Fig. 1. Consecutive stages of the methodology and experimental
sequence

In this way, a space charge with a known average density has
been encapsulated inside the homogenous dielectric material on
the internal interface layer between two sheets. Immediately af-
ter charge deposition, the surface potential was measured on the
specimen. The obtained specimen was containing the known
density of an accumulated space charge in the precisely spa-
tially defined region. After forming the sandwich specimen the
space charge was measured and compared with initial reference
values.

3. EXPERIMENTAL SETUP, INSTRUMENTATION
AND SPECIMEN

The experimental setup is shown in Fig. 2. The charge sprin-
kling configuration is presented in Fig. 2a and the PEA instru-
mentation is shown in Fig. 2b. To inject and embed a charge
inside a specimen, a corona-based sparkling is used [15,22].
The charge was sprinkled applying a DC voltage to a needle
(radius of 300 mm) HV electrode placed at a distance of 30 mm
above the specimen surface located on the ground planar elec-
trode. The sparkling duration was 5 min. Two doses were ob-
tained at a voltage of 12 kV and 15 kV. The charge density
was measured using the system presented in [23] as well as
the field-nulling technique for non-contacting voltage measure-
ment using Trek model 347. The charge was accumulated on
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Fig. 2. Experimental set-up for: a) charge sparkling and b) PEA
measurement: R — limiting resistor; C — coupling capacitor

one side of the interlayer interface of the specimen. Then the
specimen was immediately placed between the aluminum elec-
trodes of the PEA (pulsed electro-acoustic) system. The PVDF
(polyvinylidene fluoride) sensor 9 mm thick was installed. The
PEA head consists of the DC polarizing voltage and pulse stim-
uli. The DC voltage is delivered from a high voltage amplifier
(Glassman High Voltage Power Supply), whereas the charge
vibration impulse is provided by a fast HV pulser. The signal
detected at the piezoelectric sensor is filtered, pre-amplified,
and acquired using fast sampling 5 GS/s recorder with a band-
width of 1 GHz. The amplitude of this signal is proportional
to the charge embedded in the insulation and spatial position
concerning the sensor. In postprocessing, signal-to-noise im-
provement was achieved by applying averaging over a packet
of waveforms.

For the presented measurement the polarization voltage was
up to 10 kV, corresponding to the electric field strength in the
specimen up to 50 kV/mm depending on the specimen selec-
tion. The high voltage DC was applied during the whole mea-
surement time, while the excitation pulse had 5 ns width and
2 kV amplitude and was repeated with a frequency of 100 Hz.

The measurement was performed on two types of specimens:
Kapton and LDPE. Kapton belongs to a polyimide family man-
ufactured by DuPont. The one sheet of the Kapton specimen
film was 125 mm thick. The LDPE (low-density polyethylene)
single slice was 100 mm thick. The measurements were carried
out at room temperature 22°C and humidity 37%. The specimen
formation sequence is shown in Fig. 3.
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Fig. 3. Formation of the specimen with embedded charge

In order to encapsulate the sprinkled charge, the homo-
layered specimen was formed from two similar sheets of di-
electric material. Always one, inner bottom-side of the sheet
was pre-charged on the interface between the layers.

4. SIGNAL PROCESSING IN THE PEA METHOD
Signal processing is an important step in the PEA method.
Not only does it refer to the proper extraction of the acous-
tic waveforms generated by charges vibration but also to the
proper interpretation of the transformed signals concerning the
underlying physical phenomena. Even in the case of the ho-
mogenous specimen, the superposition of reflected and incident
waveforms results in a complex waveform detected by a piezo-
electric sensor. The situation is far more complicated in the case
of a multilayer sample, as every interlayer interface contributes
to another set of waveforms. The exemplary set of the incident
and reflected waveforms in the case of two layers specimen is
shown in Fig. 4. The interface between Kapton layers is marked
by a very tiny machine oil separation to indicate the borderline
(the thickness of the layers is not in scale) on the layer dia-
gram (Fig. 4a). The selected individual incident and reflected
components of the acoustic wave occurring in the multilayer
specimen are shown in Fig. 4b, whereas the resultant wave-
form is in Fig. 4c. The traveling time in every layer depends
on the layer thickness and sound propagation velocity v in the
material. The reflections are occurring on the interlayer inter-
face. It is caused by acoustic impedance z transition, defined as
7= p -, where p represents material density [24]. In that con-
text, it is important to separate and extract signals representing
the space charge without superimposed reflection components.
If two layers have equal properties and thickness the middle
waveform magnitude corresponds to the thickness of the cou-
pling interface layer between samples. The thinner the coupling
layer the smaller signal at the interface and the less interfered
signal corresponding to the HV is observed. The spatial res-
olution Ax is determined by the signal sampling time D¢ and
the wave propagation velocity v. Assuming the sampling step
equal to 400 ps and the wave propagation velocity 2-10° ms™!,
the spatial resolution yields Ax = 0.8 mm. The detected raw sig-
nal from a sensor after filtering and amplification performed in
the hardware requires several processing steps prior to analysis,
implemented usually in the software.
The main blocks, shown in Fig. 5, are related to:

e signal averaging

o digital band-pass filtering

e spectrum transformation

e deconvolution
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Fig. 4. The superposition of in incident and reflected waveforms in

case of two-layer specimen: a) layer reflection diagram; b) individual

incident and reflected components of the acoustic wave; c¢) resultant
waveform

The objective of those processing steps is to improve both
signal-to-noise ratio (SNR) and spatial resolution.

The applied averaging of 50 signal waveforms resulted in
the proportional to the square root of the number of waveforms
SNR improvement, i.e. by 7.1. Then the digital filtering is per-
formed in the frequency domain, transforming the signal by fast



N

www.czasopisma.pan.pl P N www.journals.pan.pl

Marek Florkowski and Maciej Kuniewski

: Hardware | | Software ; :
PEA L First peak ~f—— 1
i Ly extraction |
1 HV 1 o 1
! Specimen ! 1 o ® 1
1 s 1, e Digital band- |__| g 1
I — o)))) Filter |[ Amp Jiu 99 4 pass filtering 2 !
lsims SimEsms simn smss0s =0 4 : E |
1 o |

|

Fig. 5. Signal processing steps in the PEA method

Fourier transform (FFT), applying the sine windowed Gaussian
filtering with center frequency fy and bandwidth Af, and then
transforming back the signal to the time domain by inverse FFT.
The profile of the filter G(f) is described by [25]:

f=h\? f
A( AF > s1n<Bf0) (1)
where A, B are constants.

In order to further improve the PEA signal profile dedicated
manipulations and transformation might be performed in the
frequency domain on the spectrum. The most popular is se-
lective filtering applied using various classes of digital filters.
Then, the important step in PEA signal processing is always
deconvolution. Since an acquired signal pea(t) is a convolution
in the time domain of sensor characteristics s(¢) with an orig-
inal signal o(r) propagating due to charge vibrations. Usually,
also a noise component 7n(t) is considered

o(r)-s(t)+n(t). (2)

Then applied is often the Wiener deconvolution approach
based on the minimization of the mean square error. However,
neglecting the noise impact the direct computation can be used:

o(t) - s(1). 3)

G(f) =exp

pea(t) =

peal(t) =

To extract the original signal o(¢) the deconvolution oper-
ation is involved. If there exist Fourier transforms O(®) =
Flo(t)] and S(w) = F[(s(¢)] of both signals o(r) and s(z), the
above equation can be rewritten in the frequency domain as:

PEA(0) = 0(w) - S(®). ()

The system response s(¢) is represented often by a first
wavelet in the recorded signal, which does not contain the em-
bedded charge signal. Hence, it is extracted and used for further
processing. The convolution in the time domain of signal o(r)
and s(¢) corresponds to spectra multiplication in the frequency
domain. Thus after re-arrangements the original signal o(t) has
a form:

®)

o(t) = F! {PEA(“’)}

S(w)
The last step is related to calibration to convert the mea-

sured voltage signal to corresponding charge density values us-
ing a calibration factor k. Assuming charge-free specimen, the

charge density o at the ground electrode in response to the ap-
plied voltage U is [12,26]:

o = &¢& Uy /d, (6)

where & is vacuum permittivity, €. is material relative permit-
tivity, d is thickness of the specimen.

Denoting V,, the corresponding magnitude of the peak in the
o(t) waveform and approximating it with a triangular shape
with a half-width 7 of the signal one can get the charge den-
sity as:

c=k-Vy,-1-8,, (7)

where S, is a sound velocity in a specimen.
From above the calibration factor k is defined as:

€& Ugc

k= ——orede
d-T-S, Vp

®)
After the calibration process, the processed waveform reflects
the accumulated charge distribution in the dielectric material.

Since in the presented results both layers are from the same
material, the encapsulated charge was positioned on the inter-
face.

5. RESULTS AND DISCUSSION

The charge encapsulation and PEA-based internal charge distri-
bution measurements were performed on two specimens Kap-
ton and LDPE, containing no embedded charge prior to exper-
iments. The goal of the experiment was to identify the rela-
tionship and the character of the known sprinkled and encap-
sulated charge inside homo-layered materials using the PEA
method. The polarization DC voltage was applied in 2 min in-
tervals in the following steps: 2 kV, 5 kV, and 10 kV resulting in
effective electric field strength equal to 8 kV/mm, 20 kV/mm,
and 40 kV/mm for Kapton and 10 kV/mm, 25 kV/mm, and
50 kV/mm for LDPE specimen. The charge vibration excita-
tion pulse had a magnitude of 2 kV, width 5 ns, and repetition
frequency of 100 Hz.

It is important to notice that due to the needle-plane config-
uration, the sprinkled charge has non-uniform surface distribu-
tion. In this way, the measured values of surface charge density
correspond to the peak position. Whereas in the PEA method
the averaged charge density in the layer is obtained. Thus, the
intention of this paper is rather to show the relationship between
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the sprinkled and measured charge, than the direct absolute cor-
respondence. The time-dependent charge distributions in a ref-
erence Kapton specimen prior to charge accumulation — and
after the charge deposition are shown in Fig. 6. The two sprin-
kled non-uniform surface charge density doses were accumu-
lated with peak values o1 = 0.4 uC/m? and oyx = 0.7 uC/m?
in Kapton interlayer. The changing with time electric field stress
is marked in Fig. 6a.
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Fig. 6. Time and voltage-dependent space charge distribution in Kap-

ton specimen: a) with no embedded charge, b) with o5 = 0.4 uC/m?

of sprinkled charge density, c) with oyx = 0.7 uC/m? of sprinkled
charge density in the inter homo-layers

The corresponding space charge profiles for the reference
case and both encapsulated charge density variants with o
and opk are presented in Fig. 7. For the charge-free reference
case (Figs. 6a and 7a), no interfacial charge is observed. While
increasing the voltage, thus polarizing the electric field, the
charge density adjacent to electrodes has intensified.

The encapsulated charge of both doses can be clearly recog-
nized in the map views (Figs. 6b, 6¢) and in charge distribution
profiles in Figs. 7b and 7c.

The measured values of accumulated charge at internal Kap-
ton interface yield, depending on the value of a polarizing field,
between 80 C/m> and 120 C/m? for the encapsulated charge
corresponding to Ok, and between 140 C/m3 and 180 C/m3 for
sprinkled dose ok
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Fig. 7. Selected space charge profiles in Kapton specimen: a) with

no embedded charge, b) with o1x = 0.4 uC/m? of sprinkled charge

density, ¢) with 625 = 0.7 uC/m? of sprinkled charge. In each above

case, polarization electric field strength was 8 kV/mm, 20 kV/mm, and
40 kV/mm respectively

As can be seen, the relationship between the charge density
ratios of the interfacial peak in the above cases is kept con-
stant. The high DC polarization field, varying in the range from
8 kV/mm to 40 kV/mm, is influencing the electrode adjacent
charge. On the side of the electrodes is also the visible influ-
ence of the induced charge caused by the middle layer em-
bedded charge, being in the superposition with a polarization
charge. The sprinkled and encapsulated charge is visible in the
specimen throughout the whole experimental sequence and is
present also after switching off the polarizing DC field. The
ratio between sprinkled charge densities is proportional to the
encapsulated, charge densities measured by the PEA method on
the interfacial homo-layer.

The second experiment referred to the LDPE homo-layers.
Due to the smaller sample thickness, the maximal polarization
field is higher, reaching 50 kV/mm, compared with the Kapton
specimen. The time-dependent charge distributions in a refer-
ence LDPE specimen before charge accumulation — and after
the charge deposition are shown in Fig. 8. The two sprinkled
charge density doses o1, = 0.5 uC/m? and oy, = 0.9 uC/m?
were accumulated inside the LDPE specimen. This interfacial
encapsulated charge is detected at the lower electric field, i.e.
10, 25 kV/mm (incl. polarization-free state) and disappears at
high electric stress 50 kV/mm. The corresponding space charge
profiles for the reference case and both encapsulated charge
densities are visualized in Fig. 9. For the charge-free reference
case (Figs. 8a and 9a), no interfacial charge is observed. While
increasing the voltage, the charge density adjacent to electrodes
has intensified. The encapsulated charge can be clearly rec-
ognized in the middle of the specimen at 10 kV/mm and is
diminishing with increasing stress. As can be seen also from
the time-voltage map display, the encapsulated charge is not
visible anymore after switching off the DC sequence, unlike
the Kapton case. The comparison of the encapsulated charge
peak values related to o)z to Opz is showing a very similar
value, not related to the original proportions. This effect may
be attributed to the charge decay and transport at the LDPE
homo-layer interface. Already after the sprinkling stage, much
faster surface potential decay was observed for LDPE speci-
men (ranging in minutes) compared with Kapton. The charge
decay process is influenced also by neutralization in the air
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prior to encapsulation [27-29]. Then, the decay is occurring
due to bulk charge transport supported by the DC polarization
field.

Interesting observation yields the measurement performed
without DC polarization field, only applying the high voltage
readout impulse, stimulating the charge vibration. The exem-
plary charge profiles recorded at charge-free Kapton specimen
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Fig. 9. Selected space charge profiles in LDPE specimen: a) with no
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sity, ¢) with 627 = 0.9 uC/m? of sprinkled charge. In each case exam-
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and with encapsulated charges with densities o1 and oy are
shown in Fig. 10.
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Fig. 10. Space charge profiles in Kapton specimen recorded only at

high voltage readout impulse, without DC polarization field: a) inter-

facial charge-free specimen, b) with sprinkled charge density ojg, c)
and with ook

In case of no externally sprinkled interfacial charge
(Fig. 10a), only a tiny residual charge profile is recorded, with
a very small magnitude. The introduction of the encapsulated
positive charge results in the induction on both electrode sides
of the negative charge. The magnitude relation of the detected
charge at the homo-layer interface is corresponding to the sprin-
kled charge density. The time variation and transport of sprin-
kled, the interfacial charge was not investigated in the scope of
this work.

6. CONCLUSIONS

This paper reports on investigations of encapsulated space
charge in homo-multilayer dielectric materials using the PEA
method. The charge has been introduced on the homo-layer in-
terface by corona sprinkling prior to encapsulation. Two doses
of charge density were accumulated on the dielectric surface.
The following two types of dielectric materials were analyzed:
Kapton and LDPE, comparing the PEA-based detected space
charge at the initial, reference stage, prior to charge accumula-
tion, and after corona sprinkling of defined charge density. Ac-
cording to the observations, the ratio between sprinkled charge
densities is proportional to the encapsulated, charge densities
measured by the PEA method on the interfacial homo-layer for
the Kapton specimen. In the case of LDPE, a fast decrease of
interfacial charge was observed, especially at higher polariza-
tion fields above 10 kV/mm. The encapsulation of the known
charge amount can be extended to different types of multilayer
material. The presented methodology might be used also for
extended calibration of the PEA measurement system.
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