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ABSTRACT The reliability assessment of HVDC systems greatly depends on the insulating materials aging
level and, among these, the cable insulation layer plays a fundamental role. With this in mind, in this work,
the correlation between the electric field distribution and the triggering and evolution of PD in a DC cable
containing an internal air void defect and subjected to normal operating conditions has been investigated. The
aim is to demonstrate that the PD activity under DC depends on the electric field distribution which, in turn,
is related to the conductivity gradient that varies with load. In a previous paper, the field distribution in a
cable specimen was simulated. Here, instead, the field profiles have been experimentally obtained starting
from the measured space charges detected simultaneously with the PD activity. For the charge detection and
for the PD monitoring, an innovative PEA cell and a PD acquisition system have been used, respectively.
Measurement results highlight that the PD behavior depends on both the electric field distribution and the
time constant τ . Specifically, during the first 10 minutes of the beginning of the test, the field in the outer
cable radius passes from 12 to 17 kV/mm and it is maintained around this last value until 30 minutes. PD are
triggered after 1 minutes from the start of the test, corresponding to a PDIEF of 12.6 kV/mm calculated in the
healthy cable section. The detected PD activity shows a PDRR with maximum value equal to 110 pulse/min
at the beginning of the test. Whereas, after 15 minutes, the electric field variation dE/dt is approximately
zero and the PDRR, that is maintained only by τ, results around 10 pulse/minute.

INDEX TERMS Electric field, HVDC, partial discharge, PEA, space charge.

I. INTRODUCTION
In medium and high voltage electrical grids, the monitoring
of their health status is essential to prevent failures. In the
insulating layer of components employed in these systems
(e.g. cables, joints and terminations) the main causes
of lifetime reduction are attributed to electrical, thermal
and mechanical stresses [1]. These can act alone or in
combination between them as a cause of ageing phenomenon,
but also they can promote other degradation factors as the
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onset of Partial Discharges (PD) phenomenon [2], [3]. The
theoretical knowledge and the practical detection of PD are
well consolidated under AC stress [4], [5]. On the contrary,
for DC systems, further considerations and studies are needed
to clarify the occurrence of PD activity [6], [7].
A significant difference between AC and DC power

cables concerns the electric field distribution within the
insulating layer. Under AC voltage waveform the elec-
tric field profile is always Laplacian with maximum
and minimum values in correspondence of the inner-
semicon/insulation and insulation/outer-semicon interfaces,
respectively [8].
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Under DC voltage stress, the field distribution is Laplacian
only at the beginning and in case of zero load. While, under
normal operating conditions, the occurrence of temperature
gradient generates a conductivity gradient that, in turn,
promotes the injection and accumulation of space charge in
the insulation [9]. This phenomenon influences the radial
electric field distribution profile that, in some cases, could
shows the inversion of the initial Laplacian distribution
with the maximum and minimum values in correspondence
of the insulation/outer-semicon and inner-semicon/insulation
interfaces, respectively [10], [11]. In the literature, several
recent works focused on both simulations and measurements
of electric field behavior under DC stress were proposed.
Teyssedre et al. conducted a study on the effect of electric
field distribution in insulating materials for HVDC cable
joints under transient regime [12]. Whereas, in [13], the
electric field inversion in DC cable insulation under thermal
gradient was observed by means of two different simulation
models. Further works based on simulations approach have
been published by Ren et al. in [14]. In that work the analysis
concerning the impact of the radial nonuniform conductivity
under thermal gradient, that influences the accumulation of
charge, on the electric field distribution of HVDC xlpe cable
was investigate. It was found that the conductivity value
decreases with the cable radius and strongly influences the
field profile. In addition to that investigated in [14] and [15]
the accumulation of space charge and its effect on the electric
field profile during polarity reversal has also been simulated.
In [16], the electric field has been simulated in a three
layers specimen of xlpe with embedded an air void defect,
whereas the PD has been experimentally detected. Results
highlight the increasing of electric field gradient at high
temperature that, in turn, leads to the triggering of PDs at
lower supply voltage. Beyond the electric field simulation,
the PD behaviour in four different defect types that can be
present on HVDC cables has been measured in [17]. Final
results show that the most serious electric field distortion is
given by corona defect. In [18] the electric field and the PD
occurrence for different cavity shapes embedded in a xlpe
specimen have been simulated and provide as result that the
elliptical void shape in respect to the spherical one, shows
the highest PD magnitude. With regards experimental tests,
in [19] the effect of cable aging on the PD inception voltage
has been evaluated. In particular, it that paper it was found that
for increasing aging the inception voltage is reduced due to
the increment of dielectric conductivity that, in turn, promotes
the space charge accumulation. While, Cavallini et al. in [20],
subjected a specimen containing an air void defect to the DC
stress. Before and after the DC polarization the PD activity
under AC voltage has been investigated. The carried out
evaluation shows that the space charge accumulation affect
PD phenomenology.

In [21], it was suggested that for HVDC transmission
networks operating under dynamic conditions, due to the
continuous variation of the radial electric field, the design of

the insulation system should be customized for each specific
application based on a priori knowledge of the operating
conditions.

This radial distribution variability of the electric field value
over time strictly influences the PD inception conditions.
However, for a fixed applied DC voltage level, infinite
different electric field distributions, depending on multiple
factors, can be associated. For this reason, under DC, results
more appropriate considered the PD Inception Electric Field
(PDIEF) rather than the PD Inception Voltage (PDIV) which
is typically used in AC systems [21].

Based on the above, in a cable section containing an air
void defect, for a fixed voltage stress, the triggering and the
evolution of PD activity will be strictly dependent on the
defect location along the dielectric radius.

In a previous paper published by the authors [22] the
electric field inversion phenomenon, due to the accumulated
space charge, has been indirectly observed by means of the
triggering of PD. In particular, a DC model cable containing
an air void defect located in the external dielectric/semicon
interface was subjected to both DC stress and thermal
gradient. Under 60 kV DC stress and from zero load
to thermal regime the PD activity was experimentally
monitored, while the electric field distribution was simulated
by means of Comsol Multiphysics software. Results showed
that at the time in which the PD were triggered, the simulated
electric field along the cable radius was reversed and reached
a value equal to 18 kV/mm within the air void. Therefore, the
effect on the electric field inversion on the PD activity was
indirectly demonstrated by observing the PD onset.

On the basis of the above, the innovative development
proposed in the present article, in respect to [22], concerns
the experimentally detection of the electric field distribution
simultaneously with the monitoring of PD activity. This with
the aim to observe the effect of the electric field profile
changes on the occurrence of PD. A difference between the
previous and present experimental tests consist in the fact
that in [22] PD measurements were carried out under thermal
and electrical transient, while in this work the acquisitions
begin after reaching the thermal steady state. The electric
field, in each instant of time, is calculated starting from the
measured space charge in a healthy cable section. While,
the PD have been monitored by means of a commercial
PD monitoring instrument with the sensor placed in contact
with the cable and in correspondence of the air void defect.
From the obtained Time Resolved PD (TRPD) pattern, the
identification of internal PD signals has been carried out by
using a cross-correlation-based clustering algorithm which is
able to separate pulses according to their similarity [23].
As regards the detection of space charge profiles,

the Pulsed Electro-Acoustic (PEA) technique has been
adopted [24]. To obtain clear charge distributions, a new PEA
cell has been built on the basis of the innovative configuration
proposed by Zahara et al. in [25]. Its working principle and
the comparison with the traditional PEA cell structure are
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reported in the next Section II.Whereas, the signal processing
that leads from the acquired PEA signals to the electric
field distributions, is theoretically described in Section III.
After that, the arranged experimental setup and the adopted
measurement procedure are illustrated in Section IV. Finally,
in Section V, the obtained measurement results concerning
the space charge and the related electric field distributions,
as well as the detected PD pulses and its clustered pattern,
are reported and discussed.

However, the research gap provided with the present work
mainly concern the experimentally simultaneous detection of
space charge and PD phenomena in a model cable subjected
normal operating conditions. The proposed measurement
setup and the detailed description of the new PEA cell and
the space charge signal process to calculate the electric field
as well as the PD signal clustering process to obtain the
final understandable PD patters, provide useful instructions
and information to readers for repeating and improving
this research activity. Finally, the following illustrated
simultaneous detection, which has been carried for the first
time in this work, allows to clarify the correlation between
the two main HVDC dielectric degradation factors, such as
space charge and PD.

II. WORKING PRINCIPLE OF THE PEA METHOD AND
COMPARISON BETWEEN THE TRADITIONAL AND THE
NEW BUILT PEA CELL STRUCTURE
The main used technique for the detection of space charge in
solid dielectrics is the PEAmethod [24]. Considering that for
cable specimens the traditional PEA cell provides an output
signal that is affected by a high attenuation factor, a new
version of the PEA cell has been built. In the following,
for better understanding the advantages provided by the new
structure, an in deep comparison analysis of both traditional
and new technologies is carried out.

The general working principle of the PEA technique is
mainly based on the generation, propagation and detection
of acoustic waves. To promote the charge formation and
accumulation in the cable dielectric layer a high voltage
DC generator is needed. While, a pulse generator is used
to vibrate the accumulated charges. This last generator is
applied by means of two metal electrodes wrapped around
the cable and in correspondence of the measuring point
(such as the point in which the PEA cell is placed). From
the charge vibration, acoustic waves are generated and then
detected from a piezoelectric sensor inserted in contact with
the ground electrode of the PEA cell. The piezoelectric
sensor converts the acoustic pressure waves into voltage
electrical signals which are then sent, after amplification,
to the oscilloscope and computer for their visualization and
elaboration [24]. The signal processing, for the conversion
from the electrical to a charge signal will be explained in the
next Section.

In Fig. 1, the block schemes of the traditional and
the new PEA cell structures are reported. In general, for
cable specimens stressed with positive voltage, positive and

negative charges accumulate in correspondence of the inner
semicon/dielectric and dielectric/outer semicon interfaces,
respectively [26]. Depending on the duration and magnitude
level of the voltage application and on the thermal gradient,
a different amount of space charge accumulates in both
interfaces as well as in the dielectric bulk [27]. However, for
a simply explanation and description of the acoustic waves
behavior within the PEA cells, in the present study only the
single positive interfacial charge is considered.

As is well known, when an acoustic wave reaches an
interface between two different materials it is partially
transmitted and partially reflected in the opposite direction.
For both PEA cell structures, the transmitted acoustic waves
are reported in red color, while the reflected waves in each
interface are highlighted in blue color. The thickness of each
depicted wave gives a rough indication of the acoustic wave
amplitude, while the exact values can be obtained starting
from the transmission KT and the reflection KR coefficients,
which are given by equations (1). These coefficients are
computed in each PEA cell component interface and are
dependent from the acoustic impedances Z (which is given by
the product between sound velocity v and volumetric density
ρ of each material) of the two materials in contact to each
other [28].

KT
i−j =

2Zj

Zi + Zj
KR
i−j =

Zj − Zi

Zi + Zj
(1)

In equations (1), the subscript i indicates the material from
which the wave is generated or come from, while the
subscript j indicates the material from which the wave is
traveling.

In Table 1, the calculated Z values of thematerials involved
in both PEA cell structures are reported.

For a better comparison between the acoustic wave
behaviour within the two PEA cell structures, the calculated
values of KT and KR coefficients, in addition to being
illustrated in Fig. 1, are also reported in Table 2. For both
structures, the effect of the outer semicon layer on the
acoustic waves’ behavior is neglected due to the similar value
of the acoustic parameters between this material and the
dielectric.

Concerning the traditional PEA cell structure, with block
scheme depicted in Fig. 1a, the acoustic wave generated from
the vibrated positive charge travels through the cable dielec-
tric layer, then passes through the ground electrode made
of aluminum material and after it reaches the piezoelectric
sensor. In contact with the last component, with the task of
absorbing the acoustic wave and thus to avoid multiple wave
reflections, an absorber layer made of the same material of
the piezoelectric sensor, such as PolyVinyliDene Fluoride
(PVDF), is employed.

As can be observed in Fig. 1a, when the acoustic wave,
traveling from the inner semicon/dielectric interface, or,
in general, from a charge deposited within the dielectric bulk,
reaches the dielectric/outer semicon interface, it is partially
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transmitted (red wave) in the sensor direction and partially
reflected (blue wave) in the opposite direction.

FIGURE 1. Acoustic wave behavior within the a) traditional and b) the
new PEA cell structures. The calculated transmission KT and the
reflection KR coefficients are reported for each interface in red and blue
color, respectively. The thicknesses of the direct (red) and reflected (blue)
waves approximately indicate their signal amplitude.

TABLE 1. Acoustic impedances of each material involved in the acoustic
wave path for both traditional and new PEA cell structures.

TABLE 2. Transmission and reflection coefficients of each materials
interfaces for both traditional and new PEA cell structures.

In particular, for the xlpe DC cable under test, in cor-
respondence of the xlpe/ground-electrode interface, due to
the Z values of the two materials, KT and KR are equal
to 1.81 and 0.81, respectively. Therefore, the transmitted
acoustic wave is amplified and equal to the 181% of the
incident wave.Whereas the reflected part of the wave is equal
to the 81% of the incident one. However, this positive wave
amplification effect of 181% falls away in correspondence
of the ground-electrode/sensor interface. This because in this
last interface, where KT

= 0.38 and KR
= −0.62, only the

38% of the incident wave propagating through the ground
electrode is sensed by the piezoelectric sensor. Finally,
in the sensor/absorber interface, because these components
are made with the same material, the transmission and the
reflection coefficients are equal to 1 and 0, respectively. This
means that the wave passing through the sensor is totally
transmitted in the absorber direction to be absorbed.

In conclusion, neglecting the acoustic wave attenuation
along its path, the total pressure wave detected by the
piezoelectric sensor is equal to the 37.56% of the 181% and
thus its results 68% of the generated acoustic wave.

As can be deduced from Fig. 1a, the acoustic wave
generated in the inner semicon/xlpe interface, before crossing
the ground electrode, has to pass through the entire dielectric
layer. For this reason, the signal related to this interfacial
charge is subjected to a higher wave attenuation phenomenon
due to the high acoustic wave attenuation factor of the
dielectric material. For this reason, one of the main PEA
technique limitations, especially for application on full-size
cables, is that the obtained charge output signal related
to inner semicon/dielectric interface results very low in
magnitude and sometimes overlapped by signals noise and
reflections [26], [27], [28], [29], [30], [31].

A solution to this problem has been found by
Zahara et al. [25], in which some materials of the
traditional PEA cell structure were changed. In particular,
the aluminum and the PVDF materials of the ground
electrode and the absorber components have been replaced
by PMMA (commonly known as plexiglass) and brass,
respectively.

The PMMA (with Z value closer to that of the PVDF
material) block, now called ‘‘Acoustic Coupler’’, allows a
better acoustic match between it and the piezoelectric sensor.
Whereas, compared to the structure proposed in [23], for
reasons linked to the availability, cost and workability of
material, in our PEA cell structure a piece of lead has been
used instead of brass as absorber component.

The new PEA cell structure is schematically reported
in Fig. 1b. In this configuration the KT coefficients in
the dielectric/acoustic-coupler interface and in the acoustic-
coupler/sensor interface are equal to 1.28 and 1.11, respec-
tively. This means that the generated positive acoustic wave
is firstly amplified by 128%when pass through the plexiglass,
and then it is amplified again by 111.11% when reaches
the sensor. Therefore, the direct acoustic wave sensed by
the sensor is equal to the 142.22% of the wave generated
in the inner semicon/dielectric interface. Moreover, thanks to
the lead used as absorber, which is now called ‘‘Reflector’’,
the acoustic wave passing through the sensor is not absorbed
as in the traditional PEA cell, but it is partially reflected, with
KR

= 0.7161, in the sensor/reflector interface. This means
that, the 142.22% of the direct detected wave that passed
though the sensor, when reaches the lead is for the 71.61%
reflected in the sensor direction. The 71.61% of the 142.22%
results 101.84%. This reflected wave is added to the direct
wave and thus the total acoustic wave sensed by the sensor
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is given by their sum that results equal to the 244% of the
generated wave.

The ratio between the total pressure waves detected
by the piezoelectric sensor in the new (244%) and in
the traditional (68%) PEA cell provides the increasing of
acoustic wave sensitivity by a factor of 3.58 with the new
PEA cell.

To confirm what was found, it is possible to evaluate the
total pressure wave detected by the piezoelectric sensor in
the traditional PEA cell as the product between the involved
transmission coefficients [25], [30]:

PTraditional = KT
xlpe−Al·K

T
Al−PVDF

=
2ZAl

ZAl + Zxlpe
·

2ZPVDF

ZPVDF + ZAl
= 0.68 (2)

whereas, in the new PEA cell structure, the contribution
provided by the reflection coefficient in the PVDF/lead
interface must also be considered [25]. Therefore, a second
term related to the entire path taken by the reflected wave is
inserted in the expression (3).

PNew =

[
KT
xlpe−plex·K

T
plex−PVDF

]
·

[
KT
xlpe−plex·K

T
plex−PVDF·K

R
lead−PVDF

]
=

[
2Zplex

Zplex + Zxlpe
·

2ZPVDF

ZPVDF + Zplex

]
·

[
2Zplex

Zplex + Zxlpe
·

2ZPVDF

ZPVDF + Zplex
·
Zlead − ZPVDF

ZPVDF + Zlead

]
= 2.44 (3)

The increment of sensitivity with the new PEA cell, as in the
previous case, is given by the following ratio:

Pnew
PTraditional

=
2.44
0.68

= 3.58 (4)

In Fig. 2 the photograph of the built new PEA cell sensor
is reported.

FIGURE 2. The new PEA cell sensor.

III. PEA SIGNAL PROCESSING
To gain information on the space charge distribution within
the dielectric cable layer, the signal obtained from the PEA
sensor at the output of the amplifier must be appropriately
processed [32]. Fig. 3 shows the PEA profile acquired and
chosen as base reference signal for the signal processing
procedure. This is a time-varying voltage signal that must
be converted into a volumetric charge density as a function
of the cable radius. In addition, several processes must be
implemented to correct the changes that the signal undergoes
during the acquisition phase and which, if not considered,
would lead to an incorrect interpretation of the results. The
processing phase can generally be divided into six steps,
where the last one concerns the transition from the charge
profile to the electric field distribution.

FIGURE 3. Space charge signal received from the new PEA cell.

A summary of the entire procedure is shown in the flow
chart of Fig. 4, while each step is explained in the following
subsections.

FIGURE 4. From PEA signal to electric field evaluation process.

A. STEP 1: PRECONDITIONING
Sometimes the acquired signal has characteristics that make
it unsuitable for the deconvolution process. Due to factors
dependent on the measurement setup, the profile has an
offset that can be corrected either during the measurement
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itself, through the oscilloscope settings, or during the post-
processing phase through subtraction of the mean value.
In addition, if a good coupling between the thickness of
the piezo-electric sensor and the voltage pulse width is not
realised, the PEA signal is positioned right at the tail of
the latter. The result is a profile with an increasing (or
decreasing) trend and thus a distorted baseline. Another
software correction is then necessary to obtain a horizontal
baseline. In this case, it was decided to subtract the signal
acquired in the absence of applied DC voltage from the
profile. At last, through the oscilloscope settings, it is
possible to reduce the Signal-to-Noise Ratio (SRN) by
evaluating the average profile among several successive
acquisitions. The number of profiles to average can vary
depending on the degree of noise during the measurement
(from a few thousand to tens of thousands) [33].

B. STEP 2: DECONVOLUTION
Deconvolution is aimed to recovering the original signal
after its convolution with the transfer function of the system
consisting of the PEA cell [32]. Information about the transfer
function must be extracted from the PEA profile’s first
peak, as the only deformation it undergoes is due to the
cell. For this reason, deconvolution is applied between the
acquired signal and the first peak only. Several techniques
have been proposed in the literature for the application of
the deconvolution procedure, and in general these can be
distinguished into two categories: deconvolution in the time
domain and deconvolution in the frequency domain [34],
[35]. For this work, the Laplace deconvolution proposed by
Yeongguk et al. in [36] has been used. This technique has
been implemented in the MATLAB environment and works
in the frequency domain. By using decreasing exponential
functions as the weight applied to the two input signals,
it is possible to obtain the Laplace transform through the
application of the fast Fourier transform algorithm. This
avoids having to work in symbolic form. The reason for
choosing a frequency domain approach over a time domain
approach is that the operations between the acquired signal
and the transfer function are less computationally onerous.

C. STEP 3: GEOMETRY CORRECTION
For PEA measurements on cables (model or full-size),
distortions introduced by the geometrical configuration must
also be considered and corrected. The main differences with
respect to the case of flat specimens are the different stress
experienced by the charge due to the radial distribution of
the electric field and the attenuation of the amplitude of the
acoustic wave due to the distribution of energy over a surface
of increasing radius during propagation. It is then necessary
to proceed with a normalisation of the profile to make it
equivalent to one obtained with a uniform field, as in the case
of flat specimens, and to amplify the internal acoustic wave
to compensate for the attenuation suffered. Both corrections
are made through correction coefficients that are a function

of the ratio between the outer radius and the various radial
sections of the dielectric [32].

D. STEP 4: ATTENUATION AND DISPERSION CORRECTION
A further attenuation phenomenon is due to the dispersive and
dissipative nature of the dielectric material. Only the peak
generated at the internal dielectric interface undergoes this
attenuation process due to propagation through the dielectric.
To correct this phenomenon, the transfer function of the
medium must be derived by comparing the acoustic wave at
the inner and outer radius [25]. Specifically, attenuation and
dispersion factors are to be derived. Then by the least squares
method is applied to estimate the signal before attenuation
based on the signal obtained after deconvolution [25].

E. STEP 5: CALIBRATION
All the previous steps are based on recovering the original
signal, which in any case remains a voltage signal. The
last step then is to convert the corrected measured signal
into the space charge distribution expressed in C/m3. In this
case, the conversion is performed by evaluate the ratio
between the integral of the first peak only and the expected
surface charge density, based on the cable size and applied
voltage. This gives the conversion coefficient to be applied to
the entire signal [37].

F. STEP 6: FROM SPACE CHARGE TO ELECTRIC FIELD
Having determined the radial charge distribution, we proceed
to calculate the electric field by applying the differential form
of the Gauss law:

divE =
ρ

ε0εr
(5)

where E is the electric field, ρ the volumetric charge density,
ε0 and εr are the permittivity of the vacuum and relative
permittivity of the insulating medium.

Assuming that the charge depends only on the radius r , the
following differential equation is obtained:

dE
dr

+
1
r
E =

ρ(r)
ε0εr

(6)

The general solution of (6) is given by:

E (r) =
1

rε0εr

∫ r

ri
rρ (r) dr+

C
r

(7)

where ri is the dielectric inner radius and C is a constant.
The latter is chosen appropriately to enforce the condition that
the integral of the field along the radius corresponds with the
applied voltage UDC:∫ ro

ri
E (r) dr = UDC (8)

where ro is the dielectric outer radius.
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IV. EXPERIMENTAL SETUP AND MEASUREMENT
PROCEDURE
To simultaneouslymeasure the accumulation of space charge,
from which the electric field distributions are obtained, and
the PD activity in a model cable subjected to both DC stress
and thermal gradient, the arranged measurement setup is
reported in Fig. 5.

It is mainly composed by a high voltage DC generator
(Glassman High Voltage Series WR with maximum output
voltage magnitude 125 kV), the xlpe model cable specimen,
a pulse generator, a current transformer, the new PEA cell
and the PD measuring system (Pry-Cam Grids monitoring
system with Pry-Cam wings sensor). The cable under test,
which contains an artificially made internal air void defect,
is constituted of XLPE insulating material with thickness
of 5mm. As regards the air void defect, it has been
made with four steps. First of all, a rectangular portion of
external semiconductor layer with dimension of two square
centimetres has been accurately removed. Then, using a
cutter, a hole with a depth of 1 mm and a diameter of
2 mm was created in the dielectric layer surface. As third
step, to avoid unwanted air bubbles, silicone grease has been
spread on the surface of the exposed dielectric, avoiding
to occlude the defect. Finally, a new semiconducting layer,
identical to the one removed, is repositioned in the cable and
held in place with insulating tape.

The DC generator is used to apply the electrical stress
and therefore to create the electric field within the cable
dielectric layer. To faithfully reproduce the normal operating
conditions, a thermal gradient in the cable section has been
also created imposing a current flow by means of the current
transformer. In these stress conditions the space charge
accumulation phenomenon is promoted and it is measured
by means of the PEA technique. Whereas, the PD acquisition
instrument is used to detect the PD signals which occur for
certain electrical and thermal stress conditions.

In the measurement setup a PT100 temperature sensor and
a Rogowski current sensor, are also present. The first one is
used to monitor the temperature of the external cable layer.
The second sensor, instead, is used to monitor the current
flowing through the model cable core. Starting from the
measured current, the temperature inside the conductor, and
thus in the core/dielectric interface, is calculated by means of
a thermal model of the experimental setup implemented in a
Finite Element Method (FEM) software.

By knowing both internal and external temperatures of the
model cable, the thermal gradient is easily calculated along
the cable length and it is in real time monitored for the entire
test duration.

Considering that the air acts as a barrier for the acoustic
wave propagation, the accumulation of charge cannot be
directly measured within the air void defect [24]. For this
reason, the PEA cell sensor has been placed in a different
position in respect to the PD sensor. Therefore, the obtained
electric field profiles, derived from the acquired space
charges, are those related to the healthy cable section. In these

FIGURE 5. The arranged measurement setup for the simultaneous
detection of space charge and PD in a DC model cable under operating
conditions.

conditions, the measurement is not affected by the charge
distribution within the cavity. Field considerations within the
cavity were made by simulation and comparison with the
field obtained in the healthy dielectric section.

With regards the adopted measurement procedure, initially
the thermal pre-conditioning of the cable, consisted in
circulating a load current of 260 A within the cable
core, has been made. At the thermal steady state, reached
after 60 minutes, the calculated internal temperature results
46.5 ◦C, while the temperature of the external semiconductor
layer, is equal to 35.5 ◦C. Therefore, at stationary regime the
obtained thermal gradient within the dielectric layer results
11 ◦C. In Fig. 6, the calculated cable core temperature and
that measured in the external cable layer, are depicted in black
and red color, respectively.

As soon as the thermal steady state is reached, the HVDC
and pulses generators are switched on and the simultaneous
detection of space charge and PD starts (time t = 0 minutes).
The applied DC stress has been chosen equal to 80 kV
in positive polarity. Whereas, based on the cable thickness,
to obtain a clear PEA cell output signal, the magnitude of the
pulse generator, providing pulses with width 40 ns at trigger
frequency of 110 Hz, has been fixed to 6 kV.

The duration of the entire test, without considering the
thermal pre-conditioning phase, has been fixed to 40minutes.
From the beginning of the test to 30 minutes, both electrical
and thermal stress have been applied, while, for 30 to 40 min-
utes the current flow has been reduced to zero. This in order
to evaluate the electric field and PD behavior for decreasing

VOLUME 12, 2024 140177



A. D. Fatta et al.: Interaction Between Electric Field and PD Simultaneously Detected in a HVDC Cable

FIGURE 6. Thermal pre-conditioning of the cable under test. Temperature
trend over time calculated the conductor (black) and measured at the
outer surface of the cable (red).

thermal gradient values. The obtained measurement results
are reported and discussed in the following Section.

V. ELECTRIC FIELD EVALUATION
With the switch on of the HVDC generator, the acquisition of
space charge profiles has been started. The oscilloscope has
been set to acquire a profile every 5 seconds. The first profile,
characterised by the presence of only the surface charge due
to the applied voltage, has been used as a reference for the
determination of the correction factors and for the calibration
process. Fig. 7 shows the charge profiles processed during
the first 10 minutes, while Fig. 8 shows the corresponding
electric field profiles. The initial electric field distribution
(for t = 0 s) is superimposed on the theoretical Laplacian
distribution. Differences near the inner and outer radius are
due to the resolution of the PEA cell. The reversal process
of the electric field is quite rapid and begins a few tens of
seconds after the start of the test. 5 minutes after, the field in
the outer region is greater than the field in the inner region.
Fig. 9 and Fig. 10 show the charge and field profiles at 0, 10,
20 and 30 minutes, until the moment when the current flow
in the cable is interrupted.

FIGURE 7. Detected space charge distribution during the first 10 minutes.

From 10 to 30 minutes there are no major changes in
the field profile and therefore the inversion process can
be described as stabilised. The small variations are due to
fluctuations in the PEA signal due to background noise,

FIGURE 8. Related electric field profiles during the first 10 minutes.

which is not completely suppressed during the processing.
In order to monitor the development of the electric field
in the dielectric outer region in more detail, the maximum
field in an interval of 0.5 mm near the outer radius has been
evaluated for each acquired profile. The time distribution is
shown in Fig. 11. The field outside has an initial value of
12 kV/mm. It increases rapidly to 16.5 kV/mm in the first five
minutes, then settles at around 17 kV/mm after 10 minutes.
Fig. 12 shows the trend of the simulated electric field inside
the cavity. A trend practically identical to that calculated in a
dielectric section without a cavity can be seen. In fact, in both
cases the field increases in the first 10 minutes reaching a
steady-state value. An offset of 5 kV/mm can be seen between
the two trends in Fig. 11 and Fig. 12, due to the different
dielectric permittivity inside the cavity and in the healthy
dielectric section. An evaluation of the field profiles was
not carried out after switching off the current flow. In fact,
under these conditions, a dynamic phase begins in which the
thermal gradient between the inside and outside of the cable
undergoes a change. The different thermal conditions cause a
change in the acoustic properties of the insulating medium
and consequently in the transmission characteristics of the
pressure wave. The calibration and correction procedure are
calibrated for a specific thermal condition.

FIGURE 9. Detected space charge distribution during 30 minutes.

VI. PARTIAL DISCHARGE MEASUREMENTS
At the same time as the PEA measurement, the acquisition
of PD has been started. Once a trigger threshold is set
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FIGURE 10. Related electric field profiles during 30 minutes.

FIGURE 11. Maximum electric field values detected in the external cable
insulating layer from 0 to 30 minutes.

FIGURE 12. Simulated electric field values inside the cavity from 0 to
30 minutes.

(25.3 mV), the PD monitoring system detects and stores all
pulses exceeding this threshold. To identify the nature of the
discharges, the Phase-Resolved-Partial-Discharge (PRPD)
Pattern is generally used in which signal amplitudes are
mapped as a function of the phase angle of the AC supply
voltage [38]. Clearly this type of map, which is useful for AC
measurements, is ineffective for HVDC applications. Indeed,
it is not possible to identify a waveform with which the
discharge phenomena synchronise.

Fig. 13 shows the time distribution of the amplitudes,
known as Time-Resolved-Partial-Discharge (TRPD) Pattern,
while in Fig. 14 the related Time Frequency (TF) map is
reported.

FIGURE 13. The obtained TRPD pattern during the entire test.

FIGURE 14. The related TF Map of the acquired PD dataset.

The quantities used to construct the TF map are derived
from an analysis of the discharge signals s(t) performed in
the time and frequency domain. In both cases, the signal is
normalised with respect to its specific energy:

s̃ (t) =
s(t)
| |s| |

=
s(t)√∫ T

0 s(t)2dt
(9)

where s̃ (t) is the normalized signal and T the time duration
of the signal. This results in a signal that, if squared, returns
a non-negative function with an area equal to 1. These
characteristics are typical of probability density functions,
and consequently the statistic index used in the analysis of
distributions can be used to summarise information on the
temporal shape of the signal in a parameter σT evaluated with
the same expression of the standard deviation:

σ 2
T =

∫ T

0
(t − t0) s̃ (t)

2dt (10)

where t0 is the expected value index. The same reasoning can
be carried out on the frequency spectrum of the normalised
signal, thus obtaining the σF parameter:

σ 2
F =

∫ BW

0
(f − f0)

∣∣∣S̃ (f )
∣∣∣2 df (11)

where
∣∣∣S̃ (f )

∣∣∣ is the module of the normalized spectrum, BW
the frequency bandwidth and f0 the frequency expected value
index.
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As can be seen in Fig. 13, a greater concentration in
amplitude is observed for the negative pulses, while the
positive ones are more diffuse. A vertical band of discharge
can be seen in the initial phase, due to the increase in
voltage during the power supply, and another band at the 30th
minute. The heating transformer system has been switched
off at this time. Despite these minor considerations, it is
not possible to obtain further information on the nature of
the acquired discharges, especially in the case where more
than one phenomenon is detected. In the latter case, it is
necessary to separate the different phenomena so that they can
be analysed in more detail and without committing errors.

To isolate the discharges within the cavity from the rest
of the acquired pulses, a clustering algorithm based on the
signals waveform analysis by means of cross-correlation has
been used [23], [39]. In brief, the algorithm associates a
numerical value with the degree of similarity between the
waveforms of two pulses to determine whether they belong
to the same family of discharge. The evaluation of this
parameter, called correlation coefficient, Kcc, is carried out
by solving the following integral:

Kcc = max

∣∣∣∣∫ ∞

−∞

x1 (t) · x2 (t + τ) · dt

∣∣∣∣ (12)

where x1 (t) and x2 (t) are two generic signals. The range
of values assumed by the coefficient goes from 0 to 1,
where 0 indicates no correlation and 1 extreme similarity.
Signals separation is performed by following the order in
which the pulses are acquired and constructing a matrix
in which each row represents a cluster. The first pulse
is automatically included in the first row. To determine
the family to which the n-th pulse acquired belongs, the
correlation coefficient between it and the pulses belonging
to the various clusters is evaluated. The choice falls on
the cluster for which the highest Kcc value is obtained,
if this meets a minimum value set by the user. If the
condition on the minimum value is not met, the signal is
considered not to belong to any family and a new cluster
is generated. The main advantage of using this approach to
clustering is that the separation of phenomena with different
nature is based on the main index of this diversity, that
is the shape of the pulse. The procedure is independent
of the type of map used for the graphical representation
of the data, unlike traditional clustering techniques such
as DBSCAN or hierarchical clustering [40]. As a result,
the algorithm can separate phenomena with overlapping
patterns, which are difficult to detect with position-based
clustering methods. Data division into clusters is visualized
in the map by simply changing the colour of the discharges
that fall into the same group. Consequently, this procedure
can be applied to any map. The latter are used only to
validate the result of the clustering in order to extract some
information about the observed phenomena. To reduce the
number of integrals to be solved and thus the calculation time,
the pulses saturating the instrumentation, and which were
identified as originating from the pulse generator of the PEA

measurement, were previously eliminated. The remaining
dataset has been provided as input to the clustering algorithm.
Fig. 15 shows the waveforms and frequency spectra of the
three main clusters identified. The largest of the three clusters
(blue one) contains 3397 pulses with a shape and spectrum
characteristic of a corona phenomenon [41]. The source of
this type of discharge may be somewhere in the measurement
setup where a spike effect occurs. The third cluster (yellow
one) is concentrated in the initial part of the measurement
and contains 331 pulses. This phenomenon can be identified
as discharges due to the initial voltage increase.

The second cluster identified (orange one) is the most
interesting. It is characterised by a recurrence of 495 pulses
with a shape and spectrum typical of internal discharges.
They occur with an oscillating waveform with a prevailing
frequency of 33 MHz. The amplitude of these discharges is
quite variable in the first phase of measurement, while with
the passage of time it concentrates around a value of−50 mV.

FIGURE 15. Detected pulses (on the left) and the related frequency
spectrum (on the right) of the three different cluster. Based on pulse
shape and frequency content, the blue pulses are associated to corona
PD, the red one are attributed to internal PD, while the yellow one are
due to generator voltage increasing.

Following the application of the clustering algorithm and
the analysis based on cross-correlation, it is known how to
separate the discharges. Fig. 16 and Fig. 17 show the various
points of the TRPD pattern and of the TF map coloured and
marked according to the cluster they belong to. For the sake of
easy reading of the image, only the main clusters are shown,
i.e. thosewith a number greater than 300 pulses. FromFig. 16,
it shows the presence of one type of pulses occurred at the
beginning of the test, another type of pulses is characterized
by positive sign and variable amplitude, while the third one is
negative and more concentrated in amplitude. From Fig. 17,
it can be seen that the two patterns shown in blue and yellow
overlap. Replicating this result with traditional clustering
algorithms would have been a challenge. The difference
among the orange clustered pulseswith the other two depicted
in blue and yellow results more evident.
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FIGURE 16. The related clustered TRPD pattern. It shows the presence of
one type of pulses occurred at the beginning of the test, another type of
pulses is characterized by positive sign and variable amplitude, while the
third one is negative and more concentrated in amplitude.

FIGURE 17. The related clustered TF Map. The difference among the red
clustered pulses with the other two depicted in blue and yellow results
more evident.

VII. DISCUSSION
The interaction between the electric field radial distribution
changing over time and the PD inception and evolution have
been investigated. The signal coming from both PEA cell and
PD measurement system have been acquired simultaneously
in two different portions of the same cable as depicted in
Fig. 18. For issues linked to the dielectric acoustic transfer
function update during thermal transients, the cable was
preliminarily subjected to a thermal gradient waiting a steady
state condition with a 1T = 11 ◦C between the core and
the external outer interface [42]. In this way, the PEA signal
processing is equal for all the acquired profiles. In the
previous paper [22], with the same purpose to link the
electric field changes to PD phenomena, the current load
and voltage were applied at the same time. In that work,
only PDs were detected experimentally and their triggering
was correlated with the PDIEF by means of electric field
simulations performed with Comsol Multiphysics. In the
present work, the voltage was applied after that the thermal
steady state was reached. Therefore, the acquisition of space
charge profiles from the PEA cell was performed only during
the electrical transient. In this way, it was possible to acquire
and compare the evolution of the electric field with the PD
phenomenon over time.

FIGURE 18. Simultaneous measurements of PD and PEA signals in two
different section of the cable.

As described in the Section V, a very fast electric field
transient has been observed. Choosing as a reference radial
position that one in correspondence of the dielectric/outer
semicon interface, in Fig. 11 it can be observed that the
electric field varies very quickly, reaching the steady state
condition after just 10minutes. In particular, the 60% increase
of the electric field was concentrated in the first 2 minutes,
with the electric field that varying from 12 kV/mm to
15 kV/mm, reaching the 98% of the final steady state value
of 17 kV/mm after 5 minutes.

At the same time, in Section VI, after the clustering
process, the TRPD trend over time of the discharges
generated in a cavity located in the same radial position have
been acquired and have been shown in Fig. 16. In this trend
we can observe the triggering of the discharges, the evolution
over time and the final extinction of the phenomenon. Fig. 19
shows a direct comparison of the outer electric field evolution
over time and the activity of internal discharges only. It can
be observed that the PD are triggered after 1 minute,
corresponding to a PDIEF of 12.6 kV/mm. This result agrees
with what was obtained in the previous experiment described
in [22]. In fact, an electric field value of 12.6 kV/mm in the
healthy dielectric section corresponds to an electric field of
approximately 17.95 kV/mm, obtained from the simulated
trend in Fig. 12.
After the triggering, PDs with higher amplitude were

observed until the electric field reached the steady state
condition. Subsequently, the amplitude of the discharges is
more stable and the value is around 50 mV.

The electric field value not only determines the PD onset
but it is also directly linked to the PDRepetition Rate (PDRR)
and PD magnitude.

In particular, under DC stress, the PD activity also depends
on the time derivative of electric field dE/dt and on the time
constant τ for charging the cavity. In the test described in
this work, during the first 10 minutes of voltage application,
the increasing trend of the field over time generates a high
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FIGURE 19. Electric field calculated in the healthy cable section and PD
activity detected within the air void defect.

dE/dt. On the other hand, due to the presence of stationary
thermal gradient, the τ parameter results constant. Therefore,
during this first time interval, both parameters have a role
in the PD activity, producing high PD magnitude and high
PDRR. On the contrary, after few minutes of the electric
field stabilization (which occurs at around 10 minutes), the
dE/dt can be considered approximately equal to zero. Based
on this, starting from electric field stabilization, only the
τ (which under thermal steady state provides a constant
PDRR) influences the discharge activity and therefore the PD
magnitude and the PDRR decrease to a constant value with
respect to their values observed at the beginning of the test.

In Fig. 20 it can be observed that after about 15 minutes,
where the electric field was in steady state condition, the
PDRR results almost constant and around 10 discharges per
minute. After 30 minutes, the current load was switched
off and the PDRR decreased until extinction at 38 minutes.
In this time interval, such as from 30 to 40 minutes, it was
not possible to acquire the corresponding electric field value.
This is because switching off the current in the cable triggers
a thermal transient which no longer allows the correct
processing of the charge profiles acquired with the PEA cell.

FIGURE 20. Partial discharge repetition rate over time.

The obtained numerical results concerning the accumu-
lated charge density and the related electric field calculated
in the outer radius of the healthy cable section, the PDRR
values and the maximum PD amplitude are summarized in
Table 3.

TABLE 3. Summarized experimental results related to the outer radius of
the healthy cable section.

VIII. CONCLUSION
This paper deals the correlation between the variable
electric field distribution and the onset and evolution of
PD in an HVDC cable under normal operating conditions.
Experimental results showed that, based on the defect radial
position, trigger of PD is strictly related to the electric field
inversion phenomenon that, under DC stress, occurs only
with the presence of a thermal gradient.

It was found that, after reaching thermal steady state
gradient, the Laplacian electric field distribution observed at
the beginning of the voltage application in positive polarity,
changes very fast within few minutes. Therefore, at the
beginning of the test, the maximum electric field value was
observed in the internal cable insulating layer, while after
5 minutes, the maximum field occurred in the opposite
insulating interface. The monitoring of PDs highlighted that
their trigger occurs after 1 minute of voltage application and
thus at the time instant in which the growing electric field,
in the external cable insulating layer (in the radius where the
air void defect is located), reaches the PDIEF of 12.6 kV/mm.

The electric field not only determined the PD onset but
also, when reached the steady state conditions, produced a
‘‘constant’’ PDRR of 10 PD/min which is equivalent to one
discharge every six seconds.

In conclusion, the scientific contributions of this research
activity are listed below:

- a measurement setup for the simultaneous detection of
space charge/electric field and PDs was proposed;

- a new PEA cell was developed and an in deep analysis
of the acoustic wave behavior within its structure was
addressed;

- the performance of the developed clustering algorithm
for the PD signals separation under DC stress were
confirmed.

Whereas, the main scientific results obtained in this work can
be summarized as follow:

- after the thermal gradient was reached, the electric field
transient results very fast as soon as the DC voltage is
applied;

- in presence of a defect within the dielectric, the electric
field radial distribution variations over time, until the
inversion, strongly influence the PD triggering and RR;

- PDs end 8 minutes after removing the load current.
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These results provide new knowledge on the interaction
between electric field and PDs with a view to providing
a contribution to the research for new HVDC systems
reliability assessing techniques.
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