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ABSTRACT During the long-term operation of high-voltage cross-linked polyethylene (XLPE) cables,
the cable will gradually deteriorate under the effect of various aging factors. Thermal aging is one of the key
factors directly related to the long-term operation reliability of the XLPE cables. In this paper, the thermal
aging samples are prepared for PDC measurement. Based on the polymer trap theory and the extended
Debye model, the shape of PDC curve, depolarization charge, parameters of the extended Debye model,
aging factor (A), elongation at break retention rate (EB%) and their relationships under different thermal
aging degrees are analyzed. The results show that the depolarization current curve and the depolarization
charge can preliminarily judge the aging condition of the XLPE, but it is not accurate enough. R3 and 13
of the branch, with the largest time constant must be the most sensitive to cable aging. With the increase of
aging degree, the A shows an upward trend, and has a nonlinear relationship with EB%. Under the aging
temperature of 140 °C, after 15-25 days of aging, the A suggests the samples are in the moderate to severe
aging stage, and the PDC test should be performed on carried out for the cables with that have been used
for 21 years of operation to evaluate the insulation aging condition. The study reveals that the PDC-based
parameters can be serviced as an effective tool for the aging condition prediction of XLPE cable insulation.

INDEX TERMS XLPE cable, polarization/depolarization current (PDC), thermal aging, insulation

diagnosis, aging factor, elongation at break.

I. INTRODUCTION

Nowadays, XLPE power cable has been used more and more
widely [1], [2]. As the most important equipment for energy
transmission in the power grid, the XLPE cable will cause
unpredictable losses to the national economy once it fails.
Its insulation capacity is mainly determined by the XLPE
insulation layer, which can directly affect the stability and
life of the cable. Existing researches have indicated that long-
term exposure of the power cable to high temperature, water
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and electric field for a long time that will cause insulation
problem [3], [4]. Among them, thermal aging is key factor for
insulation performance [5]. According to IEC-60502, during
operation, the maximum temperature of cable insulation can
reach 90 °C, even up to 250 °C when faults occur. The thermal
aging caused by cable overheating will bring irreversible
damage to the XLPE insulation, and the high temperature will
promote the formation of water trees and electricity tree to
a certain extent, which leads to the decline of cable insula-
tion performance eventually [6]-[8]. The degradation of the
insulation capacity will reduce the reliability of power trans-
mission and even affect the safe operation of the power grid.
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Therefore, it is necessary to assess the insulation performance
of XLPE cables going through thermal aging.

To detect the cable insulation condition, the commonly
used methods include 50Hz dielectric loss, leakage current,
partial discharge, etc [9]-[11]. These methods have been
widely recognized in actual cable detection, but there are still
shortcomings. For example, S0Hz dielectric loss is not very
sensitive to aging characterization, and its anti-interference
capability is poor. The information of insulation resistance
and leakage current is limited, which cannot comprehen-
sively evaluate the insulation condition of the cable. The
partial discharge has achieved remarkable achievements in
the detection of local defects of the cable, but it is easily
affected by external factors and has a high detection error
rate. In recent years, the polarization/ depolarization cur-
rent (PDC) method based on the dielectric response prin-
ciple has been gradually recognized by scholars and used
in the condition diagnosis of high voltage electrical equip-
ment, with its advantages of using light equipment, short
test time, and reflecting sufficient information [12]. It mainly
includes the return voltage (RVM) method [13], the polar-
ization/depolarization current (PDC) method [14], [15], and
the frequency domain spectroscopy (FDS) method [16]-[21].
They have been widely used in the analysis and detection of
the insulation condition of the oil paper insulated transformer.
Whereas, few relevant researches focus on cables. The reason
is that according to the actual situation of projects, the RVM
method is greatly affected by the length of cables, while the
FDS method requires a large capacity of the power supply,
which largely limits the application of these two methods
in the XLPE cables. Only the PDC method based on time
domain dielectric response technology is more suitable for
cables, because the measurement using the PDC method is
convenient and intuitive results can be obtained [22].

Leibfried T et al. proposed that the PDC method can detect
insulating materials in time domain. As long as the time
is long enough, the PDC method can reflect rich dielectric
information [23]. The dielectric information of PDC curve
(e.g., slope and shape) are considered, which can effectively
reflect the aging condition of insulation [22], [24]. However,
the length and structure of cables affect the amplitude and
shape of the PDC curve [23]. Gang Ye ef al. studied how to
characterize the severity of the XLPE water tree aging by the
PDC method [25]. Based on a large number of experiments,
Peter B et al. pointed out that aging factor A is not affected
by the cable length, the polarization voltage, and the polar-
ization time. Cables can be evaluated by four aging grades:
good, middle aging, obvious aging, and serious aging [26].
It provides a reference for the analysis of the thermal aging
state. In summary, considering the field operation of cables,
methods that include making water tree aging or electrical
aging samples are mainly used in studies. In comparison, few
studies focus on the diagnostic method of the PDC under the
cumulative effect of thermal aging. As a world recognized
standard, the elongation at break characterizing mechanical
properties is closely related to thermal aging. Referring to

VOLUME 9, 2021

I/A

t/s

FIGURE 1. Principle of polarization/depolarization current measurement.

ICE 60076, when EB% = 50%, the XLPE cable has reached
its end of life and should be decommissioned. However, the
relationship between EB% and insulation condition has not
been fully analyzed. Therefore, how to use the PDC method
to accurately analyze and diagnose the insulation condition
of thermal aging cable is an urgent task.

In this study, the research object is 10kV XLPE cable.
To diagnose the insulation condition of the XLPE cables with
different thermal aging degrees, the artificial accelerated ther-
mal aging experiment at 140 °C of XLPE is carried out, and
a high voltage time domain dielectric response test platform
is built for the first time. Based on this platform, the polariza-
tion/depolarization current variation of 10kV XLPE cables is
tested and analyzed. Subsequently, based on the polymer trap
theory and the extended Debye model, the equivalent model
parameters are calculated, and the aging factor is obtained
by introducing the third-order exponential decay method.
Besides, the elongation at break that is greatly affected by
thermal aging is discussed.

Il. THEORETICAL BASIS

A. PRINCIPLE OF PDC METHOD

The polarization depolarization current reflects the slow
polarization process of the medium, and the measurement
process is shown in Fig. 1 [27]. When a DC step voltage Uy
is applied to a fully discharged uniform dielectric, the cur-
rent flowing through the dielectric is called the polarization
current. The current consists of three parts: conduction cur-
rent, instantaneous charging current caused by displacement
polarization, and absorption current caused by relaxation
polarization. The expression is as follows [28]:

ipol(t) = CoUo[:—z + 20od(t) + ()] (1)

where, Uy is the geometric capacitance of the dielectric to be
measured, og is the DC conductivity of the dielectric, g¢ is
the vacuum dielectric constant, €, is the optical frequency
dielectric constant of the dielectric, ¢ is the measurement
time, §(¢) is the Dirac function, which exists only at the
time of pressure and is infinite, f(¢) is the dielectric response
function.

After charging for a period of time, the external volt-
age Uy is cancelled, and the two ends of the medium are
short circuited. At this time, the current flowing through the
medium is called the depolarization current. The direction
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FIGURE 2. Carrier level distribution of trapped traps.

of depolarization current is opposite to that of polarization
current, which is only caused by instantaneous displacement
polarization and relaxation polarization. According to the
superposition principle, the depolarization current igep(t) is
expressed as:

idep(t) = —CoUolf (1) — f (1 + Tp)] @

where, T, is the dielectric continuous charging time.

The XLPE insulation layer contains impurities and defects,
forming different trap energy levels. According to the theory
of Simmons and Tam [29], trap energy levels in polymer
are distributed in the whole energy level range. The electron
trap level above the Fermi level mainly contains electrons,
while the hole trap energy level below Fermi level mainly
contains holes. The electron Fermi distribution function and
the hole Fermi distribution function are symmetrical about
Fermi level. Therefore, the distribution of trap energy level
density in polymer can be characterized just by analyzing
the region above the Fermi level occupied by electrons. The
energy level distribution of trapped charge carriers is shown
in Fig. 2.

During the process of polarization, the charge filled in the
defect will transition, and the hot electron will escape from
the XLPE. Only the trap region above the Fermi level needs
to be considered. The relationship between energy of electron
trap E7 and time ¢ can be expressed as follows [30], [31]:

Er(1) = |Ec — Ey| = Kt - In(vr) 3

where, |E.-Ey| is electron trap energy level, K is the
Boltzmann constant, v is electron vibration frequency.
In addition, the isothermal decay relationship between depo-
larization current and time in the XLPE can be expressed as
[24]:

dKT
1 S —folw) - N(E) @)

where fo(w) is initial density of electron trap, N(E) is the
density of trap energy level, ¢ is charge of the electron, d
is the thickness of insulation. Obviously, igep(#)¢ is directly
proportional to N(E), and igep(t) can be used to study the
density of electron trap energy level in insulating materials.

idep(t) =

B. EXTENDED DEBYE MODEL

The relaxation process of any dielectric can be represented
by both energy dissipation or storage elements, such as the
extended Debye model [32], [33]. In the extended Debye
model, it is assumed that a certain dipole group is randomly
distributed in the whole insulation and changes evenly over
time. It is an important premise that the model can represent
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FIGURE 4. Experimental flow chart.

the relaxation process of a specific dipole group with a single
RC branch in series.

When the temperature of the process shown in Fig. 1 is
constant, the charge transferred out of the medium appears
as a short-circuit current in the external circuit. The size
of short-circuit current represents the density of defects in
the medium, and the change of short-circuit current over
time represents the depth of traps in the medium. For the
XLPE, the polarization process can be divided into three main
processes: the subject polarization process, the polarization
process of amorphous and crystal interface, and the inter-
face polarization of metal salts and hydrated ions caused by
aging. Therefore, the series connection of capacitance and
resistance can be used to represent a specific polarization
type. As shown in Fig. 3, the three branches of the extended
Debye model are connected in series with resistors and
capacitors, representing the above three different polarization
processes [32].

Ill. EXPERIMENTAL DESIGN

A. PRETREATMENT OF XLPE SAMPLES

The insulation performance of cable is determined by the
insulation layer. In this paper, the XLPE discs are used
to represent cable insulation for research so as to process
samples conveniently for measuring parameters. The overall
experimental process is shown in Fig. 4.

The disk samples are processed from 10kV XLPE material
produced by Nordic Chemical Company, with a thickness of
1.5(£0.05) mm and a radius of 16(£0.2) cm. Fig. 5 shows
the structure of a sample. The samples are cleaned with
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FIGURE 5. XLPE disc sample.

FIGURE 6. Wiring diagram for dielectric response test.

anhydrous ethanol to remove the impurity pollution on the
surface, and then placed in a vacuum drying oven for 48h at
80 °C and 50pA to eliminate the influence of water vapor,
crosslinking by-products and mechanical stress.

B. PREPARATION OF THERMAL AGING SAMPLES

Thermal aging can destroy the crystallization of insulating
materials. For a long time, crystal separation will occur in
the XLPE, and the aging effect is obvious. In this paper,
the various aging degree of the XLPE samples are achieved
by accelerating thermal aging at 140°C, and the aging time
are 7days, 15 days, 25 days and 40 days (Fig. 4).

C. PDC TEST OF AGED SAMPLES

In order to improve the stability of measurement data, the
three-electrode dielectric response measurement device is
designed. The experiment is carried out at 60°C, and samples
in section 3.2 are placed in the three-electrode to obtain
the PDC curves. The ipoi(f) and igep(?) are measured by
DIRANA with 200V (polarization voltage) and 1500s (polar-
ization depolarization time). The PDC measurement wiring
is shown in Fig. 6. Since the current is easily disturbed
during the measurement process, the three-electrode must be
placed in the metal shielding box and grounded to reduce
the influence of external electromagnetic interference on
measurements.

IV. RESULTS AND DISCUSSION

A. PDC TEST RESULTS OF XLPE

The polarization/depolarization current of the XLPE sample
can be recorded in the experiment, but the polarization current
is greatly affected by the voltage stability, frequency stability,
harmonics and other factors. In addition, the polarization
current curve value tends to the volume conductance current
of the XLPE layer, which makes the data analysis more com-
plicated, while the depolarization current does not include the
conductance current. Thus, the depolarization current is used
in this study to judge the XLPE aging degree. Fig. 7 shows
curves of the depolarization current of samples. Since switch-
ing power supply may lead to the impulse current, curves
discussed in this paper are obtained after 10s.

VOLUME 9, 2021

—— 7 Day
1.20E-011 | 15Day
——25Day
—— 40Day
< 8.00E-012
4.00E-012 |
0.00E+000
0 500 1000 1500

Time (s)

FIGURE 7. Depolarization current of XLPE with different aging time.

In Fig. 7, the amplitude of the sample current is at pA
level. Current is divided into two parts roughly. The current
in the front part (i.e., high-frequency part) decreases rapidly,
while that in the middle and rear part (i.e., low-frequency
part) stabilizes gradually. In addition, with the increase of
aging time, the critical point of the two parts gradually moves
to the left, and the current value becomes larger when it is
relatively stable. For example, the depolarization current of
samples aged for 7 days needs a period of time to reach
the steady value, while the depolarization current of samples
aged for 25 and 40 days only takes tens of seconds. That is
because thermal aging can increase the number of defects in
the XLPE and destroy the cross-linked structure, resulting in
more aging products, charged particles and molecular groups.
These accelerate the discharge process and increase the
conductivity.

B. INFLUENCE OF THERMAL AGING ON DEPOLARIZATION
CHARGE AND PARAMETERS OF EXTENDED DEBYE MODEL
1) VARIATION OF DEPOLARIZATION CHARGE

With the increase of aging time, the defects in the cable
insulation layer increase, which makes the ability of XLPE
to capture space charge become stronger. Therefore, if only
the level above the Fermi is considered, the discharge current
idep(t) will increase with the aging time. The depolarization
current has been divided into two parts in section 4.1. The
discharge quantity of two parts is directly affected by the
aging degree. The discharge capacity of the two parts can be
calculated by equation (5), and the change with aging time is

shown in Fig. 8.
1490
01 2/ idep(t)dt
60

0 5)
@:A iaep (1)

It can be seen from Fig. 8 that O and Q> increase with
aging time. The relationship between Q; and aging time is
shown in equation (6), and the relationship between 0 and t
is shown in equation (7). Q; is more sensitive to the aging
degree, so the low frequency discharge of depolarization
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FIGURE 8. Relationship between discharge quantity and aging time.

current can well reflect the aging degree of the XLPE.

t
=4, 10711 1. 10710
0 96 x 10 exp(204‘34)+ 99 x 10 (6)
t
=9.80 x 10712 741 x 10712 (7
0)) X eXp(221.27)+ X @)

2) PARAMETER CHARACTERISTICS OF THE EXTENDED
DEBYE MODEL

In the extended Debye model, R; and C; of each branch are
used to simulate different relaxation polarization processes
of XLPE. The number of polarization types determines the
number of branches [34]. There are three types of polarization
process in the XLPE, and their equivalent circuit models are
shown in Fig. 3. If the time constant 7; = R;C;j, the depolar-
ization current fits into the equation (8) and equation (9) [33],
[35]:

3 r
igep(t) = ) cje ®)
j=1

where, o and 7; are related to the characteristics of dielectric
material. o; reflects the density of trap, and t; reflects the
depth of trap. j represents three polarization types. j = 1
represents the subject polarization of insulation material,
Jj = 2 represents the interfacial polarization between crys-
talline and amorphous states, and j = 3 represents the interfa-
cial polarization between various ions and groups after aging.

«j is a coefficient, 7; is time constant.

it

l—e ¥
aj = UOT]_ 9
The end of the depolarization current curve mainly depends
on the resistance and capacitance of j-max branch [32].
According to this principle, parameters of branchj = 3 can be
obtained by fitting the end of igep(7) with equation (8). Sub-
tracting the current generated by branch j = 3 from igep(?),
the end of the residual current curve is used to fit branch
J = 2. By analogy, the parameters of each branch of the equiv-
alent circuit can be determined, and the calculation results are

shown in Table 1.

In Table 1, R and t of each branch gradually decrease with
the increase of aging time, and R3 > Ry > Ry, 13 > 73 > 1.
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TABLE 1. Main parameters of the extended Debye model for samples
with different aging time.

Aging

time 7 (s) 7, (s) 5(s)  Ri(Q) R (Q) Ry (Q)

(day)
7 15.8 142.1 2837 124E+12 251E+12  7.73E+12
15 13.7 1154 2456 9.78E+11  142E+12  6.46E+12
25 9.6 86.7 1835 S5.66E+11 8.82E+11 4.13E+12
40 5.8 443 1179 2.01E+11 538E+11  1.87E+12

R3 is much larger than R; and R;. This is because branch
j = 1 and j = 2 simulate subject polarization and interface
polarization between crystal and amorphous respectively,
which are greatly affected by the insulation material and
have little correlation with aging degree, especially for branch
Jj = 1. However, during the operation of cables, temperature,
water-ions and other factors interact with the XLPE for a long
time, which will affect the number and type of crystal and
aging products. Therefore, the branch j = 3 reflecting the
interfacial polarization between various ions and groups is
greatly affected by aging time. Thermal aging will greatly
aggravate the degree of polarization, increasing of the time
constant and equivalent resistance of the branch. In addition,
the influence of aging on 17 is the least, followed by that on
77, while that on 73 is the most obvious. It is indicated that 7,
and 73 can reflect the thermal aging degree of the XLPE to
some extent. In general, the parameters of branch j = 2 and
J = 3 can provide a reference for the thermal aging condition
evaluation of the XLPE.

C. QUANTITATIVE ANALYSIS BY AGING FACTOR A

Through the above analysis, in addition to the subject polar-
ization, the two polarization types and depolarization charge
are also sensitive to the aging degree of the XLPE. In order
to characterize the insulation aging degree of cable more
accurately, the aging factor A is defined. The aging factor
is related to the depolarization quantity corresponding to the
two polarization types. The expression of aging factor A is as
follows:

A 0(t3)

10
O(12) (1

where,

_3
Q) ~arm +em(l —e B) tasnl—e)
_n
Oms) Moty +eora(l —e™ ) +ast3(l —e 2)

The aging factor A of the XLPE at different aging times
is given in Table 1. It can be noted that A increases with
aging, and the rate of changes gradually decreases. It shows
that the insulation performance of cable changes rapidly in
the early and middle stage, but that changes slowly in the
final stage. This is because the essence of the XLPE ther-
mal aging is the oxidation aging inside the material, which
determines the thermal aging characteristics of the XLPE.
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TABLE 2. The value of A at different aging time.

Aging time 7days 15days 25days 40days
A 1.56 1.69 2.03 2.38

TABLE 3. Aging factor for evaluating XLPE insulation condition.

A <1.75 1.75~1.90 1.90~2.10 <2.10
Insulation Good Mod}trate Se\{ere Retire
performance aging aging

In the oxidation process, a series of physical and chemical
reactions need reactants, but reactants are limited. With the
increase of aging time, the concentration of reactants will
decrease, resulting in a slow degradation rate. In addition,
in the later stage of thermal aging, physical aging gradu-
ally dominates caused by the decrease of chemical reac-
tions, though physical aging is slow at a certain temperature.
Finally, the difference of A decreases in the later stage of the
XLPE aging.

Table 3 shows the aging factor evaluation standard with
high international recognition. Comparing the value of four
samples, it can be inferred that the XLPE is in the good
insulation stage when the aging time is 7 days and 15 days.
When the aging time is 25 days, it is in the severe aging stage.
Referring to IEC-60076, when the insulation temperature
exceeds the allowable temperature, the aging rate will double
for every 6 °C increase. Therefore, the sample aged 25 days
is equivalent to the cable used for 21 years. When the aging
time is 40 days, the sample is in the severe aging stage, and
the cables with the corresponding operation time should be
considered for decommissioning.

D. MECHANICAL PARAMETERS: ELONGATION AT BREAK
The mechanical properties of polymers are related to its
molecular weight, molecular polarity, situation of crosslink-
ing and crystallization, and defects in polymers. During the
thermal aging process of the XLPE, the thermal cracking and
thermal oxygen cracking reaction will cause the fracture of
polymer chain and the destruction of the whole crosslinking
network. Consequently, the thermal aging of cables will not
only reduce the insulation capacity, but also cause mate-
rial cracks, deformation and other phenomena, reducing the
mechanical properties of cables.

The elongation at break can reflect the mechanical aging
degree of the XLPE, and the elongation at break retention
EB% is a recognized standard to judge the insulation failure
of the XLPE [14]. When EB% = 50%, the insulation perfor-
mance of cables is lower than the standard of safe operation.
EB% can be calculated by equation (12).

k
EB% = — (12)
ko

where, ko is the elongation at break of the unaged sample, k
is the elongation at break of the aged sample.
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FIGURE 9. Relationship between EB% and aging time and A: (a) Relation-
ship between EB% and aging time, (b) The relationship between A and
EB%.

As shown in Fig. 9 (a), EB% decreases with aging time.
In particular, the decrease rate of EB% is the highest in
the second half of the early aging period and the mid-
dle aging period, and that is the lowest in the late aging
period. The results show that the mechanical property of the
XLPE is negatively correlated with the aging degree, and
it decreases most rapidly in the early and middle stages of
aging. A and EB% have similar changes in aging, and both of
them can provide a reference for evaluating aging conditions.
Fig. 9 (b) shows the relationship between the calculated EB%
and A.

In Fig. 9 (b), the fitting curve of A and EB% is shown in
equation (13). The A and EB% have a good fitting relation-
ship. If the value of the state boundary point in Table 2 is
substituted into equation (13), the corresponding elongation
at break can be calculated. Meanwhile, from brand new to end
of life, EB% of cable drops from 100% to 50%. 0.833 and
0.667 divide EB% into three sections ideally. Fig. 10 shows
its relevance. It is not difficult to find that the error between
the ideal value and the measured value is small, which shows
that there is a corresponding relationship between mechan-
ical characteristic quantity and electrical characteristic
quantity.

A
EB% = 10.07 x exp(—rsg) + 0.251 (13)
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FIGURE 11. The dielectric response test results of 10kV cables in opera-
tion: (a) The PDC curve of 10kV cables in operation, (b) Calculation results
of low frequency and high frequency discharge of cables.

V. VERIFICATION OF EXPERIMENTAL RESULTS
The premise of the above results is taking the XLPE thermal
aging samples prepared in the laboratory as the research
object. To verify the feasibility and accuracy of the method,
four 10kV XLPE cables in operation are considered as the
research object in this section. The depolarization current and
discharge capacity are shown in Fig. 11.

In Fig. 11, the PDC curve characteristics of cables with dif-
ferent service life basically conform to the results in section

111026

4.1. The time corresponding to the inflection point of S1,
S3 and S4 decrease gradually, and the steady-state current of
the four cables conforms to S1<S2<S3<S4. Fig. 11 (b) can
be obtained by calculating the curve of Fig. 11 (a) using
equation (5). With the increase of aging time, the increment
of Q4 is obviously larger than that of Q3. The overall trend
of low-frequency and high-frequency discharge is consistent
with the previous analysis. At the same time, the discharge
capacity is affected by the length of the tested cable, test tem-
perature and other factors. Therefore, although equation (6)
and equation (7) are not universal, it is still helpful to analyze
the depolarization current characteristics and its variation law
of the XLPE thermal aging.

Parameters of the extended Debye model of cables are
calculated by equation (8), while the aging factor of the four
tested cables is calculated by equation (10) and equation (11),
as shown in Table 4. If the insulation state of the XLPE is
worse, the branch resistance will be larger and the time con-
stant of the extended Debye model will be smaller. As shown
in Table 4, R3 of S4 is obviously larger than that of other
cables, and 73 is smaller than that of the others. By comparing
the equivalent resistance and time constant of each branch
of cables with different service life, it can be concluded
that R3 is more sensitive to the aging state of cables, which
is consistent with the previous analysis. Besides, the aging
factor increases with the aging time. According to Table 2,
S1 has just entered the early aging stage and has an excellent
insulation performance. For S2 and S3 in middle life, the S2 is
about to enter the late aging stage, while the S3 is already
serious aging. Although there is no significant difference in
their service life, the A of them are significantly different.
The result shows that the aging rate of the XLPE is larger in
the middle of its life, so the insulation condition detection
of cables used more than 13 years should be strengthened
appropriately, especially after 21 years. Furthermore, as the
only decommissioned cable, the A of S4 is 2.13, which is
larger than 2.1, so it should be decommissioned theoreti-
cally. The result is consistent with reality. In conclusion, it is
accurate and feasible to analyze and evaluate the thermal
aging condition of the XLPE cable by aging factor, which
can provide a reference for the operation and maintenance of
the power system.

Finally, four cables were sliced, and their elongation at
break was tested. The initial elongation at break refers to
the data provided by the manufacturer. Fig. 12 shows the
value of EB%. The decline rate of EB% of real cable in the
early and middle stage is significantly higher than that in
other stages. Furthermore, using the obtained aging factor and
equation (13), the value of EB% can be calculated. Fig. 12
(b) compares the calculated and measured values. In compar-
ison, the error between the calculated value and the measured
value is very small.

According to the above analysis, although the depolarized
high-frequency and low-frequency electric quantity of the
XLPE cable is affected by the experimental conditions and
cable size, it cannot be quantitatively evaluated, but it still
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TABLE 4. Parameters of the extended Debye model and aging factors of four real cables.

Number 71 (8) 7 (s) 7 (s) R, (Q) R, (Q) R; (Q) A
S1 9.3 198.1 3835 1.59E+12 2.77E+12 7.82E+12 1.75
S2 7.1 136.5 2981 7.23E+11 1.34E+12 5.77E+12 1.89
S3 6.8 112.6 2633 6.39E+11 1.03E+12 4.93E+12 1.95
S4 3.8 69.7 1794 3.16E+11 6.12E+11 2.66E+12 2.13
0.80 1) Compared with the existing test methods, the
sl : : w PDC-based method can overcome the shortcomings of the
T ‘< distributed fault diagnosis, such as reflecting less information
ool :‘\. and having destructiveness. The insulation aging condition
N, of the cable can be judged by the depolarization current
2 065} \ attenuation curve. If the aging is more serious, the current
= - in the low frequency part of the curve will be larger and the
0.60 - RS discharge capacity will be greater.
g 2) In the extended Debye model of the XLPE, the branch
0351 b . resistance and time constant decrease with the increase
0.50 . . . . ' of aging time. Rz and 13 of the branch with the
0 5 10 15 20 25 largest time constant must be the most sensitive to cable
Service time (year) a gin g.
10 @ 3) Aging factor A can quantitatively describe the aging
094 s Calculated value degree of the XLPE. It is found that the value of A is pos-
0sd 0770761 B Measured value itively correlated with the degree of the XLPE thermal aging.
07 y 0.66 0,659 S3 Under aging temperature of 140 °C, the samples aged for
06 0.6210.617 s4 25 days are in the serious aging state, and it is equivalent to the
2 s cable that has been used for 21 years. In addition, the sample
= 0'4_ aged for 40 days cannot meet the requirements of normal
’ operation. Therefore, attention should be paid to the diagnosis
031 of the aging state of the XLPE cables with operation time of
021 about 21 years.
0-19 4) Through further test of elongation at break, it can be
0.0 - 75 1.89 1.95 213 found that A and EB% have a certain nonlinear relationship.
A Moreover, as the critical value of aging factor, 1.75, 1.90,
(b) 2.10 divide cable into four thermal aging stages. The EB%

FIGURE 12. The value of EB%: (a) The relationship between the service
time of the actual cable and EB%, (b) Comparison of the measured and
calculated values of EB% for real cables.

can provide a reference for qualitative analysis. At the same
time, the T and R of the maximum time constant branch in
the extended Debye model are closely related to the aging
degree, and the A obtained from this premise can character-
ize the aging condition of the cable effectively. There is a
good fitting relationship between A and EB%. The trisection
points of EB% (50%~100%) is basically equivalent to A
corresponding to the critical point of the insulation state.

VI. CONCLUSION

In this paper, 10kV XLPE is taken as the research object.
After samples are prepared by accelerated thermal aging,
the PDC test and the elongation at break test are carried out,
and the curve, depolarization charge, aging factor and other
parameters are analyzed. The following conclusions were
obtained:

VOLUME 9, 2021

corresponding to the three values can divide EB% into three
equal parts basically, from 50%~100%.
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