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Based on the slice materials of 35 kV and 110 kV XLPE cables, an experimental platform is built to study the relationship between
electrical tree and PDs in XLPE with diﬀerent voltage levels. There are three signiﬁcant statistical characteristics of the PDs during
the growth of electrical trees. The analysis of the results shows that each growth stage has certain characteristics. Diﬀerent features
existed between the growth of the electrical trees and the PD in the insulation of the 35 and 110 kV cables. Evident characteristics
such as large spans of time and frequency were present as the electrical trees grew violently in the equivalent time-frequency
diagram at every stage. These results could provide criteria for the identiﬁcation of the deterioration using PD to monitor cables
in service at rated voltages. The results are important for the identiﬁcation of defects in cable insulation in order to provide an
early warning of insulation breakdown in the cables.

1. Introduction
The study on the electrical trees and partial discharge of
cross-linked polyethylene (XLPE) cables has been a critical
issue for achieving better properties of XLPE cables [1–3].
Further, predictive maintenance of power cables plays an
important role in eﬀectively detecting and discovering
insulation defects so that power grid interruptions caused
by sudden power cable failure can be avoided [4, 5].
Partial discharge (PD) detection is recognized as the most
direct and eﬀective method to evaluate the insulation conditions of the cables [6–8]. However, no research has been
down on how to estimate and forecast the degree of insulation defects based on the PD. It is important to forecast the
insulation conditions of cables in order to ﬁnd a standard
to evaluate the severity of cable insulation defects through
partial discharge detection [9].
Most insulation faults occur in cable accessories [10, 11].
Partial discharge is more likely to occur in the cable accessories due to their complex structure, concentrated electric ﬁeld

stress, and on-site construction. The breakdown of insulation
in cable accessories is caused by lateral slip ﬂash discharges
between the stress cone and XLPE insulation [12, 13], as well
as longitudinal dendritic discharge in XLPE insulation, which
is the major form of discharge. These discharges initially
develop from small PD [14–16]. Consequently, it necessitates
more complete understanding of the relationship between
electrical tree development and partial discharge of XLPE
cables [17, 18]. It is of great importance for the online diagnosis of cable defects in PD detection to provide an early
warning [19].
In this paper, the characteristics of PD during the electrical tree growth process in the insulations of 35 kV and 110 kV
XLPE cables were studied by monitoring partial discharge
and observing the growth of electrical trees using a digital
microscope. The results can provide criteria for the identiﬁcation of defects in the cable insulation in online monitoring
of PD.
Although widely used in the study of electrical trees, the
majority of microscopes are used to study the morphological
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Figure 2: Sketch of the 110 kV XLPE cable slice and the needle-plate
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Figure 1: Sketch of the 35 kV XLPE cable slice and the needle-plate
electrode.

growth of electrical trees at applied voltages. However, by
combining the growth of electrical trees and the characteristics of PD in actual cable insulation, this paper studied the
identiﬁcation of defects in the insulation in order to provide
an early warning of the breakdown of the cable insulation for
the ﬁrst time.

2. Experimental
2.1. Materials. Two kinds of test samples of the cable slices
were used in the real-time monitoring system. One is 5 mm
in thickness which was cut from 35 kV XLPE cable, and the
other is 5 mm thick and were cut from 110 kV XLPE cable.
For the test samples of 35 kV cables shown in Figure 1,
two semiconductive layers and XLPE insulation were kept
on both sides. In order to collect clear images of the electrical
trees, the surface of the translucent slices was sanded with
sandpaper until it becomes glossy and smooth [20].
The electrode structure that was used to induce electrical
trees was the typical needle-plate electrode. The ground electrode was made of aluminum and was close to the outer
semiconductive layer. An austenitic stainless steel needle
was used as the needle electrode on the high-voltage side
[21, 22]. In order to narrow the diﬀerence between the
induced electrical trees and the actual defects, the curvature
radius of the needle tip should be as small as possible and
was about 7 ± 1 μm. After being heated, the needle tip was
inserted slowly from the inner semiconductive layer 1 mm
into the insulation. Heating the needle tip prevented the formation of small air gaps in the insulation when the needle
was removed. The thickness of the 35 kV XLPE cable insulation was 11 mm and was 1 mm for the semiconductive shield.
The distance from the needle tip to the outer semiconductive
shield was about 10 mm.
The test samples of 110 kV cables were shaped as in
Figure 2 in order to avoid surface ﬂashover between the needle tip and the aluminum electrode at the rated voltage of
110 kV [23, 24]. The XLPE barriers were 7 mm in height
and 1 mm thick, and both sides were processed in the cable
insulation to prevent the surface slip ﬂash discharge along

the surface of the cable slices between the needle electrode
and the ground electrode. The inner semiconductive layer,
5 mm wide and 1 mm thick, was reserved as shown. The
thicknesses of the 110 kV XLPE cable insulation and the
inner and outer semiconductive shields were 18 mm,
1.5 mm, and 1 mm, respectively. After being heated, the needle tip was inserted slowly from the inner semiconductive
layer 2 mm into the insulation. The distance between the
needle tips and the outer semiconductive shield was 16 mm.
2.2. Real-Time Monitoring System. The experimental system
was made up of three parts. The ﬁrst part was the equipment
collecting the electrical tree images, which included the digital microscope, industrial control computer, and a cold light
source. These images observed and collected using this part
were updated four times per second in order to reﬂect the
morphological growth of electrical trees in real time.
The second part was the PD detection system that
included the testing transformer, detection sensor, oscilloscope, and industrial control computer. The detection
impedance was connected to the ground loops of the samples
of cable slices. The partial discharge signals detected by
the impedance were magniﬁed by the ampliﬁer that had
a magniﬁcation of 35 dB and a bandwidth of 3-40 MHz
[25]. The VHF bandwidth is usually adopted in actual
online monitoring.
The ﬁnal part of the experimental setup was the sample of
cable slices that were immersed in transformer oil and loaded
in a transparent plexiglass tank. This prevents the creeping
discharge and surface ﬂashover between the needle ground
electrodes. In order to collect clear and bright images of the
electrical trees, the light emitted from the cold light must pass
through the transparent plexiglass tank, the slice, and the
transformer oil at the same time. The schematic illustration
of the test system was shown in Figure 3.
2.3. Statistical PD Characteristics. The raw PD data in the
growth processes of the electrical trees were sampled every
two hours, and each sampling period collected 150 power frequency periods. The statistical characteristics of PD were
chosen to characterize the deterioration process of the electrical trees in the XLPE cables [26, 27]. These characteristics
are as follows:
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the pulse waveform. The processing of the pulse p j t i was
as follows:
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Figure 3: Schematic illustration of the test system.

qm , the maximum discharge magnitude of PD signals in
each sampling period;
q, the average discharge magnitude of PD signals in each
sampling period;
U, the average discharge amplitude of PD signals in each
power frequency period in each sampling period; and n, the
average numbers of discharge of PD signals in each power
frequency period in each sampling period.
2.4. Waveform Characteristics of PD. The equivalent timefrequency classiﬁcation algorithm of the PD pulse was
chosen to identify the deterioration degree. Diﬀerent timefrequency features of PD waveforms at diﬀerent deterioration stages provided a foundation for the identiﬁcation of
the deterioration degree of electrical trees [28, 29].
Considering the application in online monitoring, the
feature extraction of pulse waveform should have the following characteristics: (1) real-time and fast calculations, (2)
unrelated to the time record points, and (3) unrelated to
the pulse amplitude and polarity. Accordingly, the data processing of a single-pulse waveform obtained from broadband
detection was as follows:
pj ti =
Pj f i =

m0 ,m1 ,⋯,mi ⋯,mn−1 ,
0,Δt ,⋯Δt i−1 ⋯Δt n−1 ,
M 0 ,M 1 ,⋯M i ,⋯,M n/2 −1 ,
0,Δf ,⋯Δf i−1 ,⋯,Δf n/2 −1 ,

1

where p j is the j-th pulse; P j is the pulse p j ’s fast Fourier
transform (FFT); n represents that the pulse waveform is
composed of n points, and the FFT spectrum of the pulse
waveform is composed of n/2 points; mi is the amplitude
of corresponding time domain waveform of i-th point;
Δt i−1 is the corresponding time points for the i-th point
(Δt = 1/f , s is the sampling interval, f is the sampling
rate, and s = nΔf ); and Δf i−1 is the frequency value of
the i-th point.
In this paper, the time dispersing T and frequency dispersing F were selected to obtain the feature extraction of
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In equation (2), the mean time of the pulse waveform sigj
j
nal T 0 and mean frequency F 0 were calculated. The strike
time T j and frequency spread F j of the pulse waveform signal
were, respectively, deﬁned as equivalent time width and
equivalent bandwidth.
The 150 pulse waveforms of the PD that were collected in
each sampling period were collected at a sampling rate of
1 GHz. The sampling time for each PD pulse was 1 μs so that
the true PD pulse information could be fully reﬂected in the
data. Next, 150 points appeared on the T-F diagram after
the equivalent time-frequency transformed, and each point
represented the equivalent time and frequency of a PD pulse
waveform. On the basis of the principle of fuzzy cluster analysis, T-F points of similar waveforms could achieve good
clustering performance, so the deterioration stages can be
characterized using the T-F diagram.

3. Results and Discussion
3.1. Growth Characteristics of Electrical Trees of 35 kV Cables.
The rated phase voltage of the 20.2 kV was evenly applied on
the needle electrode and inserted into the insulation slice.
The growth of electrical trees lasted about 49 hours from
the starting of the electric branches to the breakdown of the
entire insulation. The degradation process of the electrical
trees was divided into ﬁve stages in chronological order: the
early stage from 0 to the 10th hour, the early-middle stage
from the 10th to 20th hour, the middle stage from the 20th
to 30th hour, the middle-late stage from the 30th to 40th
hour, and the late stage from the 40th to 49th hour.
The growth process of the electrical trees can be outlined
as follows: the initial electrical trees expanded quickly at the
early stage; stagnation-type electrical trees existed at earlymiddle stage; branches of electrical trees expanded quickly
and developed into dendritic forms during the middle stage;
the branched trees continued to expand throughout the
entire insulation during the middle-late stage; at the late
stage, the entire insulation was covered with electrical trees;
and ﬁnally, the electric breakdown of the slice occurred.
The typical states of the electrical trees from the beginning
to breakdown are shown in Figure 4.
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Figure 4: Deterioration process of the entire cable insulation of 35 kV cable: (a) starting, (b) 12 hours later, (c) 22 hours later, (d) 37 hours
later, (e) 48 hours later, (f) breakdown.

3.2. Growth Characteristics of Electrical Trees of 110 kV
Cables. The rated phase voltage of 63.5 kV was evenly applied
on the needle electrode and inserted into the insulation slice.
The growth of electrical trees lasted about 50 hours from the
starting of the electrical trees to the breakdown of the entire
insulation. The degradation process of the electrical trees
was divided into ﬁve stages in chronological: the early stage
from 0 to the 10th hour, the early-middle stage from the
10th to 20th hour, the middle stage from the 20th to 30th
hour, the middle-late stage from the 30th to 40th hour, and
the late stage from the 40th to 49th hour.
The growth process of the electrical trees in the 110 kV
cable insulation was diﬀerent from the 35 kV cable. The initial electrical trees grew out quickly during the early stage

and expanded into a bush-like structure when high voltage
was applied. The branched electrical trees grew out at the
front end of the bush structure in the late period of the early
stage. At the early-middle stage, the growth of electrical trees
did not stagnate, but the bush-like electrical trees continued
to expand. The branched electrical trees at the front end of
the bush structure gradually grew and became thicker, and
more subtle electrical trees appeared around the branched
electrical trees. During the middle stage, some branched electrical trees developed quickly and covered the insulation in
fan shapes. At the middle-late stage, the branched electrical
trees continued to expand and became thicker. During the
late stage, the electrical trees covered the entire insulation
and reached the outer semiconductive layer and the main
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Figure 5: Deterioration process of the entire cable insulation of 110 kV cable: (a) starting, (b) 5 hours later, (c) 11 hours later, (d) 26 hours
later, (e) 39 hours later, (f) 47 hours later, (g) breakdown.
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Figure 6: The changing trends of the statistical characteristics of PD in the growth process of electrical trees in 35 kV cable deterioration
process of the whole cable insulation of 35 kV cable.

branches became thicker. At last, one of the main branching
trees became a conductive channel and the insulation slice
broke down. The typical states of the electrical trees from
the beginning to breakdown are shown in Figure 5.
3.3. Statistical Characteristics of PD of 35 kV Cables. The
trend graphs of qm , q, U, and n during the entire degradation
process of the electrical trees are shown in Figure 6. The qm
and q of the initial electrical trees at the early stage were larger
than those of the stagnation-type electrical trees during the
early-middle stage. The PD for the stagnation-type electrical
trees was small and could hardly be detected. The qm and q
quickly rose during the middle stage and maintained a high
and stable level before the breakdown which was far greater
than at the early stage. However, U and n decreased dramatically near the 40th hour when the electrical trees reached the
outer semiconductive layer. The PD had the special characteristics during this stage, with small and weak discharges,
interspersed with the occasional large discharges. Additionally, the PD suddenly disappeared shortly before the breakdown and then increased rapidly for a short period before
the breakdown.

3.4. Equivalent Time-Frequency Characteristics of PD Pulses
at Diﬀerent Deterioration Stages of 35 kV Cables. The equivalent time-frequency characteristics of the PD pulses at diﬀerent deterioration stages can be summarized by quick growth
of the electrical trees when the voltage was applied (Figure 7).
In the equivalent time-frequency diagram, discharges
occurred in areas one and two and most were concentrated
in area one, whose equivalent time width and equivalent
bandwidth were from 120 to 260 ns and from 3 to 20 MHz,
respectively. There were rare discharges in area two, whose
equivalent time width and equivalent bandwidth were from
180 to 220 ns and from 27 to 40 MHz, respectively. Twelve
hours later, the stagnation-type electrical trees occurred at
the early-middle stage and all discharges were concentrated
in area one, whose equivalent time width and bandwidth
were from 100 to 200 ns and from 3 to 20 MHz, respectively.
Twenty-two hours later, branches of electrical trees
expanded quickly and developed into a dendritic form. In
the equivalent time-frequency diagram, there were discharges in both areas one and two and most of the discharges
were concentrated in area two. The equivalent time widths
and equivalent bandwidths of areas one and two were from
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Figure 7: T-F clustering diagrams of PD pulse in the growth process of electrical trees in 35 kV cable: (a) starting, (b) 12 hours later, (c) 22
hours later, (d) 48 hours later.

100 to 140 ns and from 15 to 25 MHz and from 100 to 260 ns
and from 25 to 150 MHz, respectively. Forty-eight hours
later, the entire insulation was covered by electrical trees
and almost all electrical tree clusters reached the outer semiconductive layer. At this point, the slice was about to breakdown. In the equivalent time-frequency diagram, there were
discharges in both areas one and two and there were more discharges in area one than in area two. The equivalent time
width and equivalent bandwidth of area one were from 90 to
260 ns and from 10 to 25 MHz, while those of area two were
from 100 to 240 ns and from 25 to 125 MHz, respectively.
3.5. Statistical Characteristics of PD of 110 kV Cables. The
trend graphs for the qm , q, U, and n during the entire degradation process of the electrical trees are shown in Figure 8.
The qm and q of the initial electrical trees at the early stage
were relatively large, but the discharges were small, and occasionally there were several large discharges during the early
stage. The PD could not maintain a stable state during the
early-middle and middle stages. Occasionally, the PD
signals were small and could hardly be detected, but they were
large at other times. Then, the PD maintained a stable state

during the middle-late stage. Four statistical characteristics
maintained a high and stable level. The PD was weakened
when the electrical trees reached the outer semiconductive
layer during the late stage, but increased rapidly right before
the breakdown.
3.6. Equivalent Time-Frequency Characteristics of PD Pulses
at Diﬀerent Deterioration Stages of 110 kV Cables. The equivalent time-frequency characteristics of PD pulses at diﬀerent
deterioration stages are summarized as in Figure 9.
The initial electrical trees branched out quickly and
expanded into a bush-like structure at the early stage. There
were discharges both in areas one and two, and there were
more discharges in area one than in area two. The equivalent
time width and equivalent bandwidth of area one were from
430 to 540 ns and from 5 to 25 MHz, while those of area two
were from 440 to 480 ns and from 25 to 40 MHz, respectively.
Eleven hours later, the equivalent time width and equivalent
bandwidth of area one were from 430 to 500 ns and from 10
to 25 MHz, while those of area two were from 430 to 520 ns
and from 30 to 60 MHz, respectively. Twenty-six hours later,
the electrical trees grew quickly. There were no discharges in
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Figure 8: The changing trends of the statistical characteristics of PD in the growth process of electrical trees in 110 kV cable deterioration
process of the whole cable insulation of 110 kV cable.

area one, but discharges were concentrated in area two,
whose equivalent time width was from 400 to 560 ns and
the equivalent bandwidth from 30 to 110 MHz as a result of
the drastic growth of electrical trees. Forty-seven hours later,
there were discharges in both areas one and two, but more
discharges are concentrated in area two. The equivalent time
width and equivalent bandwidth in area one were from 440 to
480 ns and from 10 to 35 MHz, while those in area two were
from 450 to 560 ns and from 35 to 100 MHz, respectively.

4. Conclusion
In this paper, a real-time system using PDs was built to monitor the growth of electrical trees in the slices of 35 kV and
110 kV XLPE. The morphological development of the electrical trees and the characteristics of PD were studied at rated
voltages. The following conclusions were drawn.
(1) The morphological development was diﬀerent
between the electrical trees in the 35 kV and the
110 kV XLPE. The morphology of the electrical trees
in the 35 kV cable insulation was dendritic, while that

in the 110 kV cable insulation contained both the
bushes and the dendrites. Unlike the 35 kV, the
growth of the electrical trees in the 110 kV cable insulation did not stagnate during the early-middle stage
and the electrical trees reached the outer semiconductive layer well before the insulation was broken
down in nearly 39 hours
(2) There were three signiﬁcant statistical characteristics
of the PDs during the growth of electrical trees. The
ﬁrst feature was that the PDs were small and could
hardly be detected during the early-middle stages,
although they were large when the initial electrical
trees grew out. Another feature was that after growing, the PDs maintained a high and stable level during the middle and middle-late stages. The third
feature was that the PDs were weakened when the
electrical trees reached the outer semiconductive
layer and then increased rapidly until the breakdown
(3) As shown in the equivalent time-frequency characteristics of the PD pulses, there were some similarities
in the equivalent time-frequency diagram at every
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Figure 9: T-F clustering diagrams of PD pulse in the growth process of electrical trees in 110 kV cable: (a) starting, (b) 11 hours later, (c) 26
hours later, (d) 47 hours later.

stage in the insulation of the 35 kV and 110 kV cables.
Evident characteristics such as large spans of time
and frequency were present as the electrical trees
grew violently in the equivalent time-frequency diagram at every stage. Such characteristics, if combined
with the statistical characteristics of the PDs, could
provide criteria for the identiﬁcation of defects in
cable insulation in order to provide an early warning
of insulation breakdown in the cable
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