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An Analysis of the Partial Discharge Pattern Related to the
Artificial Defects Introduced at the Interface in an XLPE Cable
Joint using a Laboratory Model

Jeon-Seon Lee and Ja-Yoon Koo

Abstract - In this work, in order to realize the possible defects at the cable joint interface, four different
types of artificial defects are provided : conducting, insulating substances, void and scratches. The analysis
related to the PD patterns has been performed by means of conventional Phase Resolved Partial Discharge
Analysis (PRPDA) and Chaotic Analysis of Partial Discharge (CAPD) as well which was proposed by our
previous communication. As a result, it could be pointed out that each defect has shown particular
characteristics in its pattern respectively and that the nature of defect causing partial discharge could be
identified more distinctively when the CAPD is combined with the conventional statistic method, PRPDA.
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1. Introduction

Even though the cable joint splicing is performed very
carefully by skillful technicians usually in manholes, vari-
ous types of contaminants could be easily introduced at the
interfaces, and thus, interfaces in the cable joint have
been considered to be the weakest part of the extruded
transmission power cable system [1]. According to the pa-
per of CIGRE SC 15, when the electric stresses due to
these interfacial defects are excessive, the partial dis-
charges are known to be produced resulting in the interfa-
cial electrical tree giving rise to eventually sudden break-
down [2]. On that account, partial discharge detection is
suggested as one of the most effective means to the diagno-
sis of interfacial aging of joints.

Other precedent works have been carried out for the in-
vestigation on the nature of defects and the degree of deg-
radation based on the PD measurement [3]. However, they
might have faced some technical inconveniences related to
the sensors associated with their measuring system. More-
over, the on-site applicability seems not to be so high since
the transmission characteristics of PD pulse is affected by
various parameters in connection with the cable accessories
and PD signal transmission path [4]. In particular, many
investigations on the PD pattern analysis have been re-
ported by means of PRPDA using different types of defects,
of which the results are consistent with each other only for
the case of void.
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In this respect, it is preferable not only to identify the na-
ture of possible defects but also to obtain information about
the present state of degradation of XLPE cable joints by
recognizing their PD patterns. For this purpose, in order to
realize the possible defects at the cable joint interface, four
different types of artificial defects are introduced into our
test specimen: conducting, insulating substances, void and
scratches. And the analysis related to their PD patterns has
been performed by means of the conventional Phase Re-
solved Partial Discharge Analysis (PRPDA) and Chaotic
Analysis of Partial Discharge (CAPD).

The reason why the CAPD is proposed in this paper can
be described from the two view points described in our
previous communication [5]. Firstly, with respect to the PD
occurrence in insulating material, space charges remaining
near the defects, where the previous discharges have taken
place, are considered to affect the generation of the follow-
ing discharges. Therefore, the successive pulses should be
investigated based on the effect of the previous discharges
[7]. For this reason, mutual influences between consecu-
tive pulses should be considered especially in the early
stage of insulation aging, where space charges play a deci-
sive role. In conventional PRPDA method, since the pulses
are superimposed within finitely fixed phase windows of
the applied voltage it could be remarked that information
about the influences of the previous discharges could
hardly be deduced [5]. Secondly, PD phenomena are sug-
gested to be regarded as one of the deterministic dynamic
processes where PD should occur under such assumption that
the local electric field to be reached be sufficiently high.

And thus, its mathematical model can be described by
either difference equations or nonlinear differential equa-
tions by use of several state variables that are obtained
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from the time sequential measured data of PD signals.
These variables can provide the rich and complex behavior
of detectable time series, for which Chaos theory can be
employed.

2. Experiments
2.1 Test specimen modeling the XLPE cable joint

Fig. 1 shows the distribution of equipotential lines and
electric stress in the cross-section of the interfaces for the
prefabricated 154kV transmission cable joint. The equipo-
tential distribution lines are normal to the EPOXY-EPDM
rubber interface as shown in Fig. 1(a). The evolution of the
tangential component of the electric field along the inter-
face between EPDM-EPOXY is shown in Fig. 1(b), where
the maximum electric field was calculated to be 1.8 kV/mm
for the rating voltage at 154 kV.
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Fig. 1 Prefabricated joint and EPDM-EPOXY interface :
(a) a distribution of equipotential line (b) the evolu-

tion of the tangential component of the electric
field along the interface

The laboratory test sample, shown in Fig. 2, has been de-
signed to maintain the electric field distributions in the
same way as those of real cable joints as shown in Fig. 1.

Fig. 2 Test sample for the investigation at the interfaces

In Fig. 3(b), the evolution of the tangential component of
the electric field along the interface of our sample shows a
similar aspect to that in Fig. 1(b).

This sample allows us to realize the experiments up to
70kV with various test parameters such as mechanical
pressure, the presence of lubricant and the different natures

of the artificial defects.
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Fig. 3 Laboratory test sample as the model of EPDM-
EPOXY interface : (a) a distribution of equipoten-
tial line (b) the evolution of the tangential compo-
nent of the electric field along the interface from
the center of the sample

2.2 Experimental Setup

Fig. 4 shows the block diagram of the experimental setup.
In this work, the HFPD detection method was applied for
partial discharge measurement by use of CT of which the
frequency band ranges from 2MHz to 100MHz, since easy
on-site application of HFPD is well reported with apprecia-
ble success [6]. PD signals detected through CT have been
measured in two different ways: a commercialized HFPD
detecting system for the PRPDA and digital oscilloscope
for the CAPD. Every 2 minutes, their information has been
stored for every voltage application. Test voltage was ap-
plied in different ways depending on the purpose of the
tests: For the measurement of the electric stress for PD, ap-
plied voltage was increased every 15 minutes with the step
of 1/2 E wax and for the analysis of PD pattern, a constant
voltage was applied until breakdown.

For this work, it should be pointed out that the calculated
electric field could reach its maximum “E ne” of
1.8kV/mm under the applied voltage of 16 kV at all the
points located on the circle of which the radius is 24mm
from the center of the specimen as shown in Fig. 3(b). i.e,
16 kV corresponds to E max. And various artificial defects
introduced into the specimen in table 1 are placed at any
point in this circle.

Table 1 Artificial defects introduced at the interface

Defect Description Size(/n)
Conducting Conper wire D=250, 500, 1000
particle ppe L=1000
. o . D=250, 500, 1000
Void Cylindrical void H=500

Cgtton fiber soaked L=Smm, ©=100
with water 1
Scratch using sand pa- . _

per(#400) L~10mm

D: diameter, L: length, H: height

Insulating fiber

Scratch

At the interface in the test sample, the applied mechani-
cal pressure was fixed to be 5kgf/cm2 and the lubricant was
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not coated in order to avoid its dry-out remaining solid
filler since lubricants are reported to remain at least for
several weeks. [6]
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Fig. 4 Experimental setup

3. Results and Discussion
3.1 Electric Stress for Partial Discharge

In this work, it could be suggested empirically to classify
the aspect of partial discharge occurrence into two groups :
PDgap and PDer for the interfacial defects. The former
seems to take place at the voids or air gaps near the intro-
duced contaminated particles causing eventually the elec-
trical treeing. The latter might be produced during the
propagation of electrical treeing at the interface in the
specimen, which likely enhances the breakdown along the
interface sooner or later. These two types of partial dis-
charge can be distinguished by the evolution of partial dis-
charge magnitude as a function of time under voltage ap-
plication as follows. As shown in Fig. 5(a), the increase in
the magnitude of the former is very slow, whereas unex-
pected sudden increase in the magnitude of the latter was
observed as shown in Fig. 5(b) considering its time scale.
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Fig. 5 Evolution of PD magnitude as a function of applied time

For this study, it should be emphasized that the intensity
of electric stress giving rise to a different type of PD is
probably the most important parameter to be considered.
Therefore, Fig. 6 describes the fundamental conception by
the schematic representation.

kVJL|nm]

A : order of 10pC

B : order of 100 pC
Egap: Electric stress measured the magnitude of PD exceeding 5pC
Eer: Electric stress occurring sudden increase of the magnitude of PD

Fig. 6 The schematic representation of the intensity of elec-
tric stress giving rise to a different type of PD

In this Fig, the electric stress “Egap”, corresponding to
PDgar, has been measured and taken into account where
the magnitude of PD exceeds SpC which is the maximum
acceptable PD for the qualification test at the manufactures.
In the case of the latter, electric stress “Egr” corresponding
to PDer has been taken as a parameter where the evolution
of the PD displays the sudden increase in its magnitude.

Fig. 7 shows the dependence of the electric stress for PD
on the dimension of the different nature of defects intro-
duced at the interface in laboratory samples such as copper
and void. Both Egap and Egr are lowered ranging from
over 4 Emaxto 1 Emax with the increase in the dimension of
the defects.
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Fig. 7 Dependence of the electric stress for PD on the di-
mension of the defects

Fig. 8 shows the evaluation of the PD magnitude as a
function of applied electrical stress due to defects such as
the scratch and the insulating substances, where a sudden
increase in their magnitudes is observed for both cases.
This result may imply that the interfacial electrical tree
could be formed directly from these two types of defects
without forming any gaps.
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Fig. 8 Evolution of the PD magnitude as a function of ap-
plied voltage

3.2 PD pattern of the defect by phase resolved par-
tial discharge analysis (PRPDA)

3.2.1 Conducting particle

Fig. 9(a) shows ®-g-n patterns for the conducting particle,
for which the ear of rabbit becomes longer with the sharp
edged metal particle. After 12 hours’ test, as shown in Fig.
9(b), the shape of the patterns at the period of 1/4 and 3/4 was
transformed by the additional partial discharges generated
possibly from the electrical treeing. It should be remarked that
Fig. 9(c) is the typical PD pattern due to the electrical tree,
which is clearly also revealed during our test. These two Fig.s
might imply that the source generating PD is well altered
from the voids to interfacial electrical treeing with the lap of
testing time under voltage application. Besides, this sugges-
tion could be proved by the increase of PD ranging from 100
pC to 500 pC within only 30 minutes. Afterwards, a slow in-
crease in its magnitude was detected with time. As can be see
in Fig. 9(d), severe degradation was observed at the sharp
edge of the metallic particle from which an interfacial electri-
cal treeing has taken place.
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Fig. 9 Evolution of PD pattern for the conducting particle
(copper) without silicone oil at 2 E pax -

(d) Aspect of ET

3.2.2 Void

In this work, similar results to those of other experi-
mental investigations have also been found with voids. Fig.
10(a) shows the typical partial discharge pattern from a
single void prior to the formation of an electrical tree. It is
also found that the partial discharge might be extinguished
after the long period of voltage application. This phe-
nomenon might be ascribed to the fact that the pressure
and the surface conductivity of the void are increased by
the internal PD within the void.

Fig. 10(c) shows the transformed shape of the PD pat-
tern with time, for which the magnitude of PD has reached
from 80pC to 2000pC due to the formation of electrical
treeing as shown in Fig. 10(d)
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Fig. 10 Evolution of PD pattern for the void without sili-
cone oil at 3.5 E pax.

3.2.3 Insulting fiber

Since the insulating fiber could be introduced into the
interfaces due to the usage of cleansing paper together
with cotton gloves, in this work, one 500 /M insulating fi-
ber with the diameter of 100 /M was introduced. The PD
pattern tends to be asymmetric at the very early stage of
voltage application as shown in Fig. 11(a) where the mag-
nitude of PD reaches up to 30pC. Fig. 11(b) shows the
formation of electrical treeing produced from the fiber tip.
As the degradation goes on, the aspect of the PD pattern is
changed to be symmetric as shown in Fig. 11(c) with a few
nC of PD. And, furthermore, a large electrical tree was
observed in Fig. 11(d).
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Fig. 11 Evolution of PD pattern for the insulating sub-
stance without silicone oil at 2.5E pax.

(d) Aspect of ET

3.2.4 Scratch

Scratches can be inevitably formed by the use of sand-
paper during the assemblage of the joint, and thus, its or-
der of dimension is ranged to be a few micro-meters for its
depth. In this study. a 10mm long scratch is formed along
the direction of the electric field by use of #400 sand-
papers. Instead of the aspect of the PD pattern which is
unrecognizable as shown in Fig. 12(a), the magnitude of
PD was measured after 10 minutes of voltage application
as shown in Fig. 12(b). It could be remarked that the occa-
sional PD occurrence in Fig. 12(b) is completely different
from those by other defects. A large amount of PD was as
shown in Fig. 12(c) due to the interfacial electrical treeing
which is formed at the tip of the scratch in Fig. 12(d).
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Fig. 12 Evolution of PD pattern for the scratch without
silicone oil at 3.5 Enux

3.3 PD pattern of the defects by chaotic analysis of
partial discharge (CAPD)

Since the pulses are superimposed within finitely fixed
phase windows of the applied voltage in the PRPDA
method, it could be remarked that information about the
correlations between consecutive pulses could hardly be
deduced.

For this reason, a novel analytical method “CAPD” was
proposed in our previous work [5]. The pulses related to PDs

are detected through continuous 7200 cycles of the applied
voltage. Especially, the chaotic characteristics of three
NDQs (P, V,, and T,) are verified by means of a 3-
dimensional attractor in the phase space. In order to com-
pare every piece of data with other one measured at different
sequential moments, three parameters are normalized ac-
cording to equations (1) through (6). The three parameters
are magnitude of PD (P,), applied voltages when PD occurs
(vyp) and differences of PD occurrence time (A,). Afterwards,
the one-dimensional time series of NDQs can be embedded
in larger dimensional phase space (phase space reconstruc-
tion), in order to find the presence of converging bounded
subset (strange attractor) [7]-[8]. Finally, in the 3-
dimensional phase space, the specific characteristics of three
NDQs are thoroughly examined in accordance with the na-
ture of different defects.

v, =——, (-1<v, <] (1)
Vtmax

p =P, (0<p <D €)
ptmux

A =B <Ay and T L 3)
T f

Vt = V*I —V*t—l > (_2 S Vt < 2) (4)

P=p,—p ., -1V <)) 3)

r=2. . 0<7<1 ©)

tmax

According to the application of our suggestion, 3-
dimensional attractors are obtained from 3 main principal
defects, as shown in Fig. 13, as their PD pattern. It could
be deduced that each type of defects shows its typical pat-
tern. By means of proper phase space reconstruction (em-
bedding), it is possible to investigate the presence of cha-
otic characteristics, such as self-similarity and periodicity,
by drawing an attractor based on the embedded time series,
which can also be represented by a non-integer fractal di-
mension [7-8]). In consequence, it is preferable to ascer-
tain the presence of a strange attractor, by means of ap-
propriate phase space reconstruction. For this reason, it is
necessary to determine the “embedding dimension(Ed)”
and “time delay (Td)” in order to obtain correct embed-
ding. Accordingly, to compute Ed and Td, the False Near-
est Neighbors (FNNP) method [9] and autocorrelation
function were used, respectively [10]. Especially, if a com-
puted Ed is larger than 10, Ed was assumed to be 10 in
order to avoid overflow during calculation.

All of the computation was performed for each NDQs cor-
responding to three defects. These 3-dimensional strange at-
tractors are shown in Fig. 13 using Ed and Td values in Table
2, respectively. It can be said that the presence of a strange
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attractor in a phase space indicates the existence of fractal
structures in its phase space. Furthermore, the strange attrac-
tor of Tt of each defect shows a very distinctive shape from the
others. This distinctive shape will result in different quantita-
tive properties such as dimension values, Lyapunov expo-
nents’ spectra and etc.

3-dimensional box-counting dimension (Dy: alterna-
tively called the capacity dimension) can be computed by
means of equation (7) for each NDQs trajectory for each
defect under investigation. Dy is a very simple but conven-
ient definition of the dimension set. However, it can defi-
nitely indicate whether the concerned attractor has a frac-
tal orbit or not. For example, a point attractor has the
value of 0 and a limit cycle attractor has the value of 1. If
Dy is larger than 1 and a non-integer value, the concern-
ing attractor could be considered as a fractal structure.

=lim InM (8) (7)
¢=0 In(1/€)
e : edge length of small cube in phase space
M: the number of the boxes to cover all trajectories in 3-
dimensional phase space
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Fig. 13 Strange attractors of Tt-Pt-Vr and Tt for conduct-
ing particle (a) void (b) insulating fiber (c)

In order to calculate the degree of divergences for the
trajectories in Fig. 13, Lyapunov exponents spectra have
also been investigated as functions of the given time inter-

val(7Td) in Table 2 between two sequential center points.
Among the different values of Lyapunov exponents corre-
sponding to several given dimensions, the largest one (L;)
is considered to determine the presence of chaos. For the
positive one, the system could be considered to be diver-
gent implying a chaotic system. Otherwise, the system
would be converged [11. Then, the Lyapunov dimension
(Dr) and K-S entropy (K) can be calculated by means of
equation (8) and equation (9), respectively [12].

XA
i ®)
Aty .
k
k=31 )

J: index of largest positive integer of the sum of 4
i: index of A by descending order
k: index of the smallest positive A

Table 2 shows the values of the numerical indicators re-
lated to the 3 main parameters of NDQs corresponding to

the different nature of the defects.

Table 2 Numerical indicators for the defects

Numerical indicators

Defect |NDQs

Td| Ed| Do | LI DL K
Conducti w1 270 10 04| 326 10 5.49
onductinglp T T 0] 14 | 092 10 5.40
particle

Vi 171 10 0 521 9.20 2.79
i 7 8 1.38 221 9.00 3.54
Void Pt 1 9 1.58 0.97 7.96 0.55
Vi 12 7 1.58 3.82 6.99 3.23
5
6

Tt 1 1.50 2.48 4.72 1.15

Pt 1 1.53 2.57 4.98 0.66

Vi 5 6 1.68 2.07 4.62 0.68

NDQs : Normalize-Differenced Quantities , 7d : time delay

Ed : embedding dimension

Do : 3-dimensional box-counting dimension

Dy, : Lyapunov dimension , K : K-S entropy

Tt : Normalized differences of timing between consecutive two
pulses

Pr : Differences in magnitude between consecutive normalized
PD pulses

Vt : Differences in amplitude between two normalized voltage
values when PD take place

Insulating
fiber

4. Conclusions

From our experimental investigation, the following re-

marks can be deduced.

* In the case of interfacial defects, it could be suggested
empirically to classify the degree of the evolution of
the PD occurrence into two groups: PDgap and PDgr.
The former, of which the patterns could be distin-
guished from each other, depends on the nature of the
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defects introduced into the test sample. However, the
patterns of the latter are hardly distinguished from
each other due to the electrical treeing propagated
from the defects.

* Even though some further analysis is required for Ta-
ble 2, it seems to be possible to identify the nature of
the defects by the different values of the numerical
indicators.

* Each defect has shown its particular characteristics in
its PD pattern by two methods of analysis: PRPDA
and CAPD, respectively. And, moreover, the latter al-
lows us to identify the nature of the defects more dis-
tinctively.

However, further works are planned to investigate the suit-
ability of the CAPD method for its on-site application and to
deduce the possible correlations between the chaotic analysis
and PD occurring process. Furthermore, elaborated investiga-
tions are necessary to provide quantitative indicators for a pat-
tern recognition algorithm combined with the CAPD method,
in connection with the nature of defect.
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