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Usability of a new Direct Current Periodic
waveform for partial discharge qualification
in HVDC systems is exemplified by tests
performed on different materials.

Introduction

In the recent years the development of high voltage direct
current (HVDC) power transmission systems has revealed is-
sues related to the assessment of their reliability [1]-[3]. In par-
ticular, due to the characteristics of the phenomenon, there is
no consolidated method for measuring partial discharges (PDs)
to identify insulation defects under DC stresses [4]. Despite the
same phenomenon occurring under AC stress, where the stan-
dard IEC 60270 is used [5], no technical standards have been
developed for DC. In addition, with the same applied voltage
magnitude, under constant voltage supply, the PD repetition
rate is lower than under alternating voltage [6], [7]. In other
words, to identify a defect within the insulation, the DC voltage
stress must be applied for a longer time than that under AC to
gain statistics. Moreover, to identify the defect type, the phase-
resolved-partial-discharge (PRPD) pattern, which is helpful
to identify the defect type, cannot be created under DC stress
[8]-[11]. This is due to the constant shape of the DC stress,
which does not allow a phase value be assigned to the discharge
event but only the time of appearance from ¢ = 0. To overcome
these main problems related to the PD measurements under
DC stress, some authors have proposed new techniques main-
ly based on a DC voltage with superimposed periodic wave-
forms or ripples [12]-[16]. Furthermore, some IEC standards
and recommendations of IEEE and CIGRE have proposed test
methods for HVDC extruded cables and accessories adopting
PD measurement techniques suitable for AC [17]-[20]. This
solution could give good results in terms of research of defects
generated during the fabrication process. However, under DC
stress, the presence of space charge phenomena strongly influ-
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ences the electric field distribution inside the dielectric and the
discharge conditions dramatically change compared with AC
[8]. For this reason, the application of an AC wave shape could
lead to approximate or incorrect results. With the aim to inves-
tigate the differences in PD measurements under AC and DC, a
new waveform has been proposed by the authors in a previous
work [21]. The new waveform is named “direct current peri-
odic” (DCP) and consists of both a sinusoidal and a constant
part for a period. With the use of the DCP, it is possible to stress
the specimen with the same effect as a pure DC voltage and
detect PDs as with an AC waveform. Moreover, thanks to the
sinusoidal part of the DCP waveform, it is possible to obtain the
PD probe synchronization and therefore the origin of the PRDP
pattern [21].

In the previous article [21], after describing the DCP wave-
form and the measurement setup, PD tests were performed on
a Kapton specimen. The findings of that research show some
interesting results in terms of partial discharge inception volt-
age (PDIV) and repetition rate (PDRR). In particular, the PDIV
results follow a second order polynomial law, depending on the
parameter J, going from 2.0 kV peak value in AC to 14 kV in
DC. At the same time, with the same variation’s law, the PDRR
decreases from 66 PD/second in AC to 0.084 PD/second in DC.
Another finding, under the proposed DCP waveform, is the pos-
sibility to identify discharges in defects and discriminate simul-
taneous multiple phenomena as in AC.

This work continues the investigation in [21] by extending
the DCP method to other polymeric materials, namely cross-
linked polyethylene (XLPE), polyethylene terephthalate (PET),
and mineral oil mass impregnated (M.1.) paper. Measurements
are also repeated again on Kapton specimens. Results confirm
that polymeric materials have the same behavior, whereas M.I.
paper differs slightly in terms of PDIV.

The DC Periodic Stress

The DCP waveform was developed and reported in detail in
[21]. Here, a brief description is given. The DCP waveform is
mathematically described in Equation (1), and its shape, with
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Figure 1. Direct current periodic waveform in positive polarity.

positive and negative polarity, is shown in Figures 1 and 2,
respectively. The introduction of the negative polarity in this
work is due to the interest in reversal polarity phenomena in
HVDC systems, even if in this paper tests with polarity shifts
are not included [22]. The DCP waveform follows a sinusoidal
law from a to 7 — a and it is constant over the remainder of the
period. Considering that J can assume values from —1 to +1, the
parameter oV, takes values in the range V.. When ¢ = 0, also
o = 0 and the waveform is sinusoidal for half a period and zero
for the rest. When 0 = *1, the waveform coincides with pure
DC with £V, amplitude. Therefore, by varying J, the applied
waveform assumes transient values from half AC wave to DC.
Furthermore, for § = £0.625 the RMS value of DCP coincides
with the RMS value of an AC sinusoidal voltage with £V, am-
plitude.

V., sin(wt) for a <wt<7m-—a
for0<wt<a 7T—a<uwt<2r

M
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The sinusoidal component of the test voltage plays an im-
portant role in the proposed PD testing method, because it not
only determines the triggering moments of the recording of
measurement signals, but also significantly affects the activity
of PD in the tested insulation systems (model samples).

Another fundamental aspect to describe is the comparison
between DCP and DC in terms of space charge accumulation
and its influence on the occurrence of PDs. The evaluation of
the charge accumulated at the interface between air and dielec-
tric plays an important role in the establishment of conditions
enhancing PDs. For this reason, the charge accumulated near
the interface in the case of a periodic DC source has been com-
pared with that occurring in the case of a pure DC source. By
combining the current continuity equation, Ohm’s law for the
current density and Gauss’ law for the volumetric charge den-
sity, the space charge density can be evaluated through the fol-
lowing equations:

J=oE,
V-J=—0p./ot,

()
3)
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Figure 2. Direct current periodic waveform in negative polarity.
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where E is the electric field, g, is the vacuum permittivity, &,
is the relative permittivity and p. is the free volumetric charge
density. Equations (2) to (5) have been numerically solved by
applying the finite volumes method (FVM) to a one-dimension-
al geometry that models the flat sample. Therefore, the charge
accumulation at the interfaces and within the dielectric has been
evaluated by means of a conductivity model. This approach
does not take into account the contribution of space charge phe-
nomena related to the lattice structure of the dielectric material,
namely the presence of impurities, electron trapping and de-
trapping. However, these phenomena play a non-relevant role
under the relatively small electric fields applied in this study.

Equations (2) to (5) have been solved iteratively in the time
domain by means of a code implemented in Matlab®. First, the
space charge distribution is set equal to zero at the initial time
step; then, the electric field distribution is calculated by means
of the Equations (4) and (5). The current density is therefore
obtained by Equation (2) and considering Schottky injection
at the interfaces as time dependent boundary conditions. Once
the current distribution has been calculated, the increase in
the space charge density can be evaluated in each calculation
volume. The space charge distribution is then introduced into
Equation (4) and another iteration cycle begins.

The interface thickness was set equal to zero; therefore, the
output value of p is dependent on the chosen spatial interval.
However, the product between the spatial interval in the direc-
tion of the electric field and p returns the surface charge density.
A simulation has been carried out for an air-XLPE sample with
a peak voltage of the AC source equal to 5 kV and ¢ equal to
0.6. Then, the resulting surface charge density was compared
with the calculated one by considering a pure DC source equal
to 3 kV. In Figure 3, the comparison between the resulting sur-
face charge densities versus time is shown. The accumulation
of charge at the interface depends on the RMS value of the ap-
plied voltage. With reference to the above-mentioned periodic
DC voltage, the asymptotic value of the surface charge density
is equal to that occurring if a 3.4-kV DC voltage is applied to
the sample.
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Figure 3. Accumulated surface charge density for 5-kV direct cur-
rent periodic (DCP) with 6= 0.6 (blue line) and 3-kV DC (red line).
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Experimental Setup and Specimens
Under Test

The measurement setup is shown in Figure 4. The DCP
waveform is generated by a code implemented in Matlab®
with positive or negative polarity and different 0 values. After
its generation, the DCP waveform is sent to a signal generator
whose maximum output voltage magnitude is equal to =10 V.
To amplify the DCP voltage signal up to 1,000 times, a Trek
power amplifier is used. Finally, the amplifier output signal is
applied to the specimen under test. To detect the PD phenom-
ena, the Pry-Cam portable antenna sensor is employed [20]. A
synchronizer apparatus is connected to the TTL port of the func-
tion generator to read the generated DCP waveform frequency
and synchronize the PD probe to create the PRPD pattern. The
antenna sensor is also directly capable of synchronizing with
the DCP waveform. The digital system connects via Wi-Fi to
an iPad for remote control and display of the acquired signals.
The PRPD pattern, the time domain trend, and the fast Fourier
transform (FFT) of all acquired PD signals can be displayed
and stored [20].

Test samples of different materials are made of two layers
of the same dielectric material. In the upper layer (the one in
contact with the high voltage electrode), a hole 300 pm in di-

Computer

¥
Signal Generator

Synchronizer
apparatus
Sample < = e
_J Pry-Cam
iPad

Figure 4. Experimental setup.

ameter is made to create an air void defect and enhance internal
discharges, as shown in Figure 5. The two-layer asymmetrical
configuration has been chosen instead of the more classic three-
layer to reduce the PDIV and partially exceed the limit of 10 kV
of the power amplifier.

With the aim of investigating the behavior of materials sub-
jected to DCP stress, and assess any differences with respect to
Kapton’s behavior, another two polymeric materials and one
mass impregnated paper have been selected. Cross-linked poly-
ethylene, XLPE, and mass-impregnated paper are mainly used
in the cable industry. In addition, poly(ethylene terephthalate),
PET, is used in various electrical applications.

For each material, the layer thickness, d; the dielectric rela-
tive permittivity, €; and the resistivity, p, are reported in Table
1. An additional lower solid layer has been added for M.I. paper
only, to avoid breakdowns occurring with a specimen of only
two layers.

300 pm

jutl] p

Figure 5. Specimen under test composed of two dielectric layers with thickness d. A hole is made in

one foil to obtain internal partial discharges.

20 IEEE Electrical Insulation Magazine



Table 1. Dielectric material properties

Material dpm) ¢ p(Qm)
Kapton 127 2.24 110"
Cross-linked polyethylene (XLPE) 90 2.23 1.10"
Polyethylene terephthalate (PET) 110 3 1.10™
Mineral oil mass impregnated (M.1.) paper 150 45 4.740"
Air 2 1 2.101
'd = layer thickness; €, = dielectric relative permittivity; and p = resis-

tivity.
2Air dimension d was always the same of the adopted solid material.

Test Procedure and Experimental Results

The specimens listed in Table 1 were subjected to both 50
Hz AC and DCP waveforms. All measurements were typically
performed within a few minutes of voltage application. First,
as a reference measurement, the AC stress was applied and the
PDIV value as well as the PRPD patterns were recorded. Then,
the same procedure was carried out by applying the DCP stress.
In this case, the PD acquisitions were made for different ¢ val-
ues (from 0 to 1 with a spacing of 0.2) and for both voltage
polarities. For each PD test, after detecting the PD inception
voltage, the voltage was increased at 0.5 kV/second from zero
to the value at which the discharges were repetitive; the ac-
quisition was stopped at stabilized PDRR values. After each
PD measurement, each specimen was short-circuited to remove
the accumulated charges, which otherwise would have compro-
mised subsequent measurements.

In the next paragraphs, the experimental results for all speci-
mens are reported in detail.

Kapton

Measurements of PDs occurring in Kapton specimens have
been repeated to confirm the results obtained in the previous pa-
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Figure 6. Phase-resolved partial discharge pattern under 1.4-kV
peak value 50-Hz AC stress. A®, and A®_ are the width of the
spectrum for positive and negative partial discharges, respec-
tively.
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Figure 7. Time domain partial discharge pulse detected under AC
stress.

per [21]. As specified in the introduction part of the paragraph,
first, the AC measurements were done as starting reference pa-
rameters. Then, the DCP tests with increasing values of J for
both polarities were performed.

* AC test. PD measurement under AC voltage shows a stan-
dard internal cavity behavior with high PD amplitude vari-
ability and left inception phase angle shift with voltage in-
crease. The PDIV has been detected at 1.4 kV peak value,
and the corresponding PRPD pattern is shown in Figure 6.
The brackets A®, and AD_ represent the widths of the spec-
trum for positive and negative PDs, respectively.

To verify that the AC waveform provides the same PD signal
as that due to a DCP stress, in terms of pulse time and frequency
domain trend, an acquired PD pulse and its frequency spectrum
are presented in Figures 7 and 8, respectively. The pulse shape
in Figure 7 has a typical second order response, and the first two
oscillations last about 130 nanoseconds. In the frequency spec-
trum of Figure 8, the most dominant frequency is about 5 MHz.
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Figure 8. Frequency spectrum of the partial discharge pulse un-
der AC stress.
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Figure 9. Phase-resolved partial discharge pattern under 2.2-kV
peak value 50-Hz direct current periodic positive polarity with 6
= 0. Ad, and A®_ are the width of the spectrum for positive and
negative partial discharges, respectively.
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* DCP tests. By applying the DCP waveform with positive
polarity and 6 = 0, the PD inception occurs at 2.2 kV, and
the obtained PRPD pattern is shown in Figure 9.

By making a comparison between the PRPD pattern of the
sinusoidal stress of Figure 6 and the PRPD pattern of the DCP,
some conclusions can be made. Some of these have already
been discussed in the previous paper as the presence of both
negative and positive discharges. In particular, the pattern of
Figure 9 shows a reduction in the width of the discharge pulse
phase; thus, the values of A®, and AD_ are lower. Furthermore,
positive discharges stop before the dv/df equal to zero, and neg-
ative discharges start and stop before the zero crossing.

Despite some differences being evident in the PRPD patterns
of the AC and DCP cases that are strictly related to the differ-
ent waveforms, some similarities are noteworthy. In particular,
the detected PD pulse characteristics under AC stress, reported
in Figures 7 and 8, are almost the same as those found with

scur 24500m cuw BOBlaw snv 32000 o
0 e 128000

e 5165 e

Figure 10. Negative partial discharge pulse detected under direct
current periodic stress with 6 = 0.
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Table 2. Kapton specimen: Partial discharge (PD) features de-
tected under AC and direct current periodic (DCP) test for posi-
tive and negative polarity for different values of &'

PDIV-DCP PPS-DCP
peak (kV) (PD/second)
PDIV-AC PPS-AC
6 + - + - peak (kV) (PD/second)
0.0 2.8 2.4 38 55 1.4 140

0.2 34 3.0 22 32
0.4 42 3.9 16 23
0.6 6.1 6.0 10 12
08 10 8.3 2 3
1.02 1428 11.46 04 08

'PDIV = partial discharge inception voltage; PPS = pulse per second.
2Solutions of polynomial equations for 6 = 1.

the DCP stress. In Figure 10, an acquired PD pulse under DCP
stress is shown. The time domain response is identical to that
under AC stress as well as the frequency spectrum. This con-
firms that the PD pulse characteristics are more related to the
geometry of the defect than to the type of applied stress [23],
[24].

Subsequently, by varying the parameter 0 of the DCP wave-
form, the PRPD patterns have been obtained. Considering their
similarity with those of the previous work, here only the PD
features, summarized in Tables 2 and 3, are reported. As can
be seen in [21], the more ¢ increases, the more the width of
the spectrum A® decreases, as well as the number of discharge
pulses. Then, the DCP waveform with negative polarity has
been applied as voltage stress and the resulting PRDP patterns
for ¢ equal to 0 and 0.6 are shown in Figure 11. For 6 = 0.8, a
very low number of PDs have been detected, whereas for d = 1,
no PD events have been measured.

The differences in the pattern shape, between the tests with
positive and negative polarity are mainly due to the different
dielectric properties of the radiating surface. Under positive po-
larity, the electrons are provided by the electrode—air interface,
whereas under negative polarity, the electrons are provided by

Table 3. XLPE specimen: Partial discharge (PD) features detect-
ed under AC and direct current periodic (DCP) test for positive
and negative polarity for different values of ¢'

PDIV-DCP PPS-DCP
peak (kV) (PD/second)
PDIV-AC PPS-AC
) + - + - peak (kV) (PD/second)
0.0 2.2 1.9 1 20 1.6 60

0.2 2.9 3.0
04 3.1 3.5
0.6 47 5.1
0.8 8.5 8.5
1.02 1240 11.84

'PDIV = partial discharge inception voltage; PPS = pulse per second.
2Solutions of polynomial equations for & = 1.
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Figure 11. Phase-resolved partial discharge pattern acquired under the negative direct current peri-
odic waveform, for 6 values 0 and 0.6, in the Kapton specimen.

the air—Kapton interface. Under negative polarity it is also pos-
sible to notice that a certain amount of discharges is present in
the constant part of the applied waveform. This phenomenon
could be interpreted as analogous to what is termed “echo PD,”
which is explained in detail in [25], [26].

Regardless of the voltage polarity, it can be observed that
when 0 increases, the sinusoidal part of the DCP waveform
decreases as well as dv/df. This mainly causes a decrease of
the PDRR and a reduction of the width of the spectrum A® for
both polarity discharges. In addition, when ¢ increases, the DCP
looks more and more like the DC shape; therefore, the PDIV
increases. Under AC and DCP waveforms, the detected PDIV
(peak values) and PDRR, also referred to with the acronym PPS
(pulse per second), are summarized in Table 2 with different o
values for positive and negative polarity.

It can be noted that the PDIV almost doubles from AC to
DCP with 6 = 0 and, at the same time, the PPS decreases by
about one third. The complete correlation between the PDIV
and the parameter ¢ of the DCP waveform is shown in Figure
12, which also contains the second order polynomial fits to the
experimental results of PDIV versus ¢ under positive and nega-
tive DCP stress.

The following polynomial formulae are the simplest math-
ematical expressions that fit to experimental data:

PDIV, = 13.756* — 2.456 + 2.98,
PDIV_=8.216>+0.835 + 2.42,

(6)
(7

where the correlation coefficients R? are equal to 0.99.

The parabolic trend of the curve is useful for determining
the variation in the value of PDIV under DC. This is because
for 0 greater than 0.8, the PDIV is greater than 10 kV, which
is the maximum voltage level provided by the amplifier used
in our measurement setup. This result is in line with what was
previously achieved in [21]. As it can be observed, in both cas-
es, the PDIV at constant DC voltage (DCP with § = 1) is ap-
proximately 14 kV. For the other values of J, the offset between
the two curves is very small. It is likely that this difference is
due to the different acquisition systems used in the two studies,

namely Pry-Cam prototype previously and portable Pry-Cam in
the present paper.

The experimental results under DCP negative polarity show
substantially the same trend as that under positive polarity, al-
though the PDIV in the former case tends to be 2.8 kV lower
than in the latter.

For Kapton, the PPS values also follow a second order poly-
nomial trend. The findings of this case are reported in Table 2.

XLPE

The second material to be tested was XLPE, which is widely
used in cable applications. Its structure provides pronounced
resistance to abrasion, stress, chemicals, and temperature. In
addition, because XLPE does not contain chloride, like PVC, it
is more environmentally friendly. The same study and experi-

®  Experimental PDIV -

®  Experimental PDIV+
= = -Maximum voltage reachable with Trek 664
—Fitted Function -
— Fitted Funcn'orrl +
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Figure 12. Experimental partial discharge inception voltage
(PDIV) versus ¢ for the Kapton specimen for positive polarity (red
circles) and negative polarity (black circles) and the second order
polynomials in ¢ fitted to the experimental data (solid red and
black lines).
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Figure 13. Phase-resolved partial discharge patterns acquired under AC and positive direct current
periodic waveforms, for different values of o, in the cross-linked polyethylene (XLPE) specimen.

mental tests, made for the Kapton specimen, were performed
for the XLPE sample. The acquired AC and DCP PRPD pat-
terns for positive polarity, and DCP PRPD patterns for nega-
tive polarity, are reported in Figures 13 and 14, respectively. In
these figures, the voltage waveform is used only as a reference
for the discharge phase, whereas the voltage values and the cor-
responding PPS are reported in Table 3. Contrary to what was
observed in the Kapton specimen, in this case, for AC voltages
and for low values of 0, the traditional “rabbit ear” of internal
PDs is visible. This phenomenon is evident above all for the
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positive discharges, where the discharges are extinguished nat-
urally as the dv/d¢ decreases both in AC and in DCP. A different
behavior can be observed with negative discharges. In the AC
case, negative discharges occur near the zero crossing of the
voltage and show the same “rabbit ear” behavior as in the posi-
tive one. In the DCP case, negative discharges stop at a phase
angle of 7 — a, when the waveform transits from sinusoidal to
constant shape. The differences in the pattern shape of the two
specimens, Kapton and XLPE, are mainly due to the different
dielectric material properties.
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Figure 14. Phase-resolved partial discharge patterns acquired under the negative direct current peri-
odic waveform, for different values of o, in the cross-linked polyethylene (XLPE) specimen.

The negative DCP patterns show a behavior similar to that
of positive ones. The most significant acquired patterns are re-
ported in Figure 14.

The features of the acquired PDs, under positive and nega-
tive polarity of the DCP waveform, are summarized in Table 3.
By comparing with the results found for the Kapton specimen,
it can be noted that under AC, while the PDIV are almost the
same, the PPS for the XLPE are less than 50% compared with
Kapton. This highlights the XLPE’s good resilience to partial
discharges. Instead, d-rated PDIV are on average lower than
those of Kapton. Furthermore, unlike Kapton, no significant
changes between the parameters detected for positive and nega-
tive polarity have occurred.

For XLPE material, the second order polynomial curves fit-
ting PDIV results, plotted in Figure 15, are given by the fol-
lowing:

PDIV, = 13.576> — 3.660 + 2.49,
PDIV_=10.180> — 0.496 + 2.15,

®)
(€)

where the correlation coefficients R? are equal to 0.97.

As can be seen, for 6 = 1, the PDIV was not detected ex-
perimentally because it exceeds 10 kV. In this case, the solution
of the polynomial equation in J gives an estimated PDIV of
approximately 12 kV, for both polarities. Unlike Kapton, how-
ever, in XLPE, the trend of the PPS does not follow a second
order polynomial in d. For this reason, Table 3 does not show
DC trend values.

PET

The PET films, due to their excellent characteristics as an in-
sulator, are usable in several electrical applications such as ca-
ble wrapping and motor insulation. The acquired AC and DCP
PRPD patterns for positive and negative polarity are reported
in Figures 16 and 17, respectively. Furthermore, in Table 4 the
main features of the detected PD are summarized.

As can be seen in the obtained PRPD patterns, the “rabbit
ear” shape is not visible, as for the Kapton sample. In addition,

positive and negative parameters are very similar and often co-
incident.

The polynomial second order fitting curves, plotted in Figure
18, are given by

PDIV, = 13.575* — 3.456 + 2.39,
PDIV_=14.296* —3.830 + 2.40,

(10)
(1)

where the correlation coefficients R? are equal to 0.98.

Even for PET, for 6 = 1, the PDIV has not been detected
experimentally because it exceeds 10 kV. In this case, the solu-
tion of the polynomial equation in J gives an estimated PDIV of
approximately 12.5 kV, for both polarities.

- 4 Experimental PDIV -
4 Experimental PDIV+
= = *Maximum voltage reachable with Trek 664
12 - — Fitted Funl:tiun - »
— Fitted Function + r

10

PDIV [kV]

0.20 0.40 0.60 0.80 1.00

8
Figure 15. Experimental partial discharge inception voltage
(PDIV) versus ¢ for the cross-linked polyethylene (XLPE) speci-
men for positive polarity (red triangles) and negative polarity
(black triangles) and the second order polynomials in ¢ fitted to
the experimental data (solid red and black lines).

March / April — Vol. 37, No.2 25



100 = -
s
$"
ol
; 174
%
§
: i
-100 .
0 90 180 270
Phase [degree]
100
s
$*
£ /. /\
s 0
E
§ -50
) i
100 ' : :
0 20 180 270
Phase [degree]
100

Discharge magnitude [mV]
(-]

6=0.6
50;_/—\
i

-100

0 a0 180 270

Phase [degree]

m —~
o=0
5
£ o
s /-\
B
e 2
§ 50
f‘ .
-100
0 30 180 270 360
Phase [degree]
100
- 0=0.4
£ w
§ L7\
oo
;- .
E ’
-100 ;
0 90 180 270 3so
Phase [degree]
100
0=0.8
3
Yy W '
-

B .
f’ .
-100 . . 2
1] 90 180 270 360
Phase [degree)

Figure 16. Phase-resolved partial discharge patterns acquired under AC and positive direct current
periodic waveforms, for different values of 6, in the polyethylene terephthalate (PET) specimen.

Unlike Kapton and as with XLPE, PPS values do not follow
a second order polynomial in J. For this reason, Table 4 does
not show DC trend values.

M.1. Paper

M.I. paper is one of the most common insulation materials in
HVDC cables currently in service. The acquired AC and DCP
PRPD patterns for positive polarity and DCP PRPD patterns
for negative polarity are reported in Figures 19 and 20, respec-
tively. In this case, due to the lower PDIV, experimental results
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have been also obtained for J = 1 for both polarities. In contrast
to the other specimens, the M.I. paper PRPD pattern shows a
strong reduction of double polarity discharges. Only with AC
voltage does the PRPD pattern shows a classic “rabbit-like”
behavior.

The polynomial second order fitting curves, plotted in Figure
21, are given by

PDIV. = 3.628* + 1.516 + 2.57, (12)
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Figure 17. Phase-resolved partial discharge pattern acquired under the negative direct current peri-
odic waveform, for different values of 9, in the polyethylene terephthalate (PET) specimen.

PDIV_=3.135*+ 1.756 + 2.80, (13)
where the correlation coefficients R? are equal to 0.99.

In this case, all points are deduced experimentally, thus con-
firming the reliability of the polynomial approximation.

In Table 5 the main features of the detected PD are sum-
marized.

However, these results have been obtained with difficulty,
because more than once the M.I. paper specimens, despite the
additional layer, have undergone breakdown during the test,
such that it was necessary to replace them.

The M.I. paper shows a behavior similar to that of the other
materials tested herewith but with some differences. The dis-
charge phenomenon in AC has the typical behavior due to an in-
ternal void. The trend of PD pulses in the time and the frequen-
cy domain is almost superimposed on that of other materials.
Conversely, by applying DCP, no discharges with double polar-
ity have been detected. This phenomenon has been confirmed
under negative polarity where only negative discharges appear.
This is probably due to the very low PPS rate. Increasing the

Table 4. Polyethylene terephthalate (PET): Partial discharge (PD)
features detected under AC and direct current periodic (DCP)
test for positive and negative polarity for different values of &'

PDIV-DCP PPS-DCP
peak (kV) (PD/second)
PDIV-AC PPS-AC

& + - + - peak (kV) (PD/second)
0.0 2.2 2.2 16 16 14 60
0.2 2.6 2.6 14 11
0.4 3.2 3.2 14 10
0.6 4.8 4.8 8 10
0.8 8.5 8.7 6 7
1.02 1251 12.86

'PDIV = partial discharge inception voltage; PPS = pulse per second.
2Solutions of polynomial equations for ¢ = 1.

voltage, this phenomenon disappears and discharges of both
polarities appear again. Moreover, this has been the only case
with the pattern acquired for 6 = 1 (DC) and also in this case PD
pulses have maintained the same shape and frequency content
as the previous cases. The PD polarity has been determined by
both the acquired pattern and the time domain response.

Discussions

To compare the results for all materials, it is however neces-
sary to consider some dimensional differences shown in Table
1. With differences in thickness of the layers and of the cavities,
the results in terms of the PDIV trend are not directly compa-
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14
®  Experimental PDIV+

= = *Maximum voltage reachable with Trek 664
— Fitted Function - 4
— Fitted Function +

12 r

10

PDIV [kV]

0.00 0.20 0.40 0.60 0.80 1.00

&
Figure 18. Experimental partial discharge inception voltage
(PDIV) versus ¢ for the polyethylene terephthalate (PET) speci-
men for positive polarity (red squares) and negative polarity
(black squares) and the second order polynomials in 9§ fitted to
the experimental data (solid red and black lines).
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Figure 19. Phase-resolved partial discharge patterns acquired under AC and positive direct current
periodic waveforms, for different values of g, in the mineral oil mass impregnated (M.l.) paper speci-

men.

rable. Therefore, to compare the results, the value of the electric
field applied inside the cavities has been determined. To do this,
knowing the external PDIV, the voltage applied to the cavity
boundaries has been calculated, through the simplified circuit
models, both in AC (capacitive model) and in DC (ohmic-ca-
pacitive model) for DCP [27], [28]. The obtained results are
shown in Figures 22 and 23. As is shown in Figure 22, for all
the tested materials, the electric field depends on ¢ following a
second order polynomial with an R? confidence of 0.97 to 0.99.

28 |EEE Electrical Insulation Magazine

Kapton and PET exhibit very similar behavior, whereas
XLPE, above ¢ = 0.4, differs from the other polymeric materi-
als because the value of the electric field grows faster than the
others. At the same time, the M.I. paper has a flatter pattern with
a lower slope than the other materials.

In Figure 23, a comparison of the different materials is
shown in terms of corresponding electric field at the inception
voltages in AC and DCP with 6 = 0 for both polarities. In ad-
dition, 6 = 1 tendency values are also added to compare the
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Figure 20. Phase-resolved partial discharge pattern acquired under the negative direct current peri-
odic waveform, for different values of 9, in the mineral oil mass impregnated (M.1.) paper specimen.

experimental values obtained with the presumed DC values.
First of all, the findings demonstrate a strong variation between
inception electric field values under AC and DC. Again from
this figure, it is evident that all materials have a similar behavior
in terms of electric field values varying from AC to DC. With
AC, values vary from 8 kV/mm for the Kapton to 13 kV/mm for
the ML.I. paper with a 60% variability. In DC, they vary from 85
kV/mm for the M.I. paper to 138 kV/mm for the XLPE, show-
ing the same 60% variability. However, in this case, the XLPE
and the M.I. paper have the maximum and the minimum value,
respectively. The M.I. paper has the smallest variation between
maximum and minimum value, whereas Kapton has the maxi-
mum. In terms of resilience to partial discharges, XLPE shows
the best results.
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Figure 21. Experimental partial discharge inception voltage
(PDIV) versus o for the mineral oil mass impregnated (M.1.) paper
specimen for positive polarity (red squares) and negative polarity
(black squares) and the second order polynomials in 9§ fitted to
the experimental data (solid red and black lines).

With reference to the obtained experimental data reported
in the previous paragraphs, it can be noticed that, for all speci-
mens, increasing the J parameter causes an increase in the
PDIV and a reduction of the PPS and the width of the spectrum,
AD, and AD_.

Conclusions

To overcome some issues related to the measurement of PD
under DC stress, a new type of waveform has been developed
as described in previous work. In that article, after introduc-
ing the DCP waveform, its performance has been verified in
a Kapton sample and only in positive polarity. In this work,
the DCP waveform under both polarities has been applied in
another three dielectric samples: XLPE, PET, and M.I. paper.
Beyond this, the Kapton sample has also been tested again to
demonstrate the repeatability of the PD measured under DCP
stress.

First of all, a numerical analysis demonstrates the similarity
in terms of accumulated space charge at the interface between
air and dielectric between DCP and DC. The similarities be-

Table 5. Mineral oil mass impregnated (M.l.) paper: Partial
discharge (PD) features detected under AC and direct current
periodic (DCP) test for positive and negative polarity for different
values of o'

PDIV-DCP PPS-DCP
peak (kV) (PD/second)
PDIV-AC PPS-AC

6 + - + - peak (kV)  (PD/second)
0.0 2.6 2.8 3 5 1.6 95
0.2 3.0 - 3 -
04 36 40 2 2
06 50 - 1 -
08 60 62 1 1
1.0 7.7 7.7

'PDIV = partial discharge inception voltage; PPS = pulse per second.
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Figure 22. Comparison of the variation of electric field corre-
sponding to the measured partial discharge inception voltage
with ¢ and polynomial in ¢ fitted to the experimental data for posi-
tive polarity. XLPE = cross-linked polyethylene, PET = polyethyl-
ene terephthalate, and M.1. = mineral oil mass impregnated paper.

tween all the tested specimens have been experimentally con-
firmed in terms of PRPD patterns and PD responses in time and
frequency domain.

For all the specimens, the recorded PDIV and PPS have been
reported, as well as the most relevant PRPD patterns acquired
under the DCP waveform with different J values. The obtained
results show that the Kapton’s behavior detected in the previ-
ous work is confirmed also for the other materials and the PDIV
depends on 0 parameter as a second order polynomial. In terms
of PPS, this trend is not confirmed in the same way. It is prob-
ably due to the reduced number of discharges detected at the

“AC

M50+ M§-0- W3-+ Mp-1-

138
132

114 117
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Figure 23. Comparison of the electric field corresponding to the
measured partial discharge inception voltage in AC and with 6
= 0 and the tendency with & = 1 (DC) for positive and negative
polarity. XLPE = cross-linked polyethylene, PET = polyethylene
terephthalate, and M.I. = mineral oil mass impregnated paper.
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inception voltages. Simultaneously, the width of the spectrum
A®, and A®_ and the phase distance between opposite polar-
ity PD pulses are reduced. Similar results were obtained with
negative polarity.

Due to the maximum voltage level of the measurement set-
up, the PDIV under the pure DC stress has been not experimen-
tally detected but analytically predicted. However, considering
geometrical differences among specimens, the corresponding
electric field inside the cavities has been determined and a
direct comparison has been performed. The results confirm a
strong difference between experimental AC electric field, cor-
responding to internal PDIV, and that analytically predicted for
a DC source. Moreover, XLPE shows the best results in term of
resilience to the partial discharges.

In future work, these calculated PDIV values will be ex-
perimentally confirmed by adopting a suitable DC source with
higher voltage level. Furthermore, PD measurements will be
performed by applying DCP voltage supply for a long time to
evaluate the effect of space charge accumulation at a different
time from the beginning of the tests.
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