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ABSTRACT

Insulation systems used in the power system have
to interact with the environment, which leads to their
aging and, eventually, failure. Cross–linked polyethy-
lene (XLPE) insulation of underground cables is a vital
component of the power system. The condition of
XLPE underground cable insulation has a significant
impact on the reliability and economical operation of
the electrical power grid. Several techniques have been
in use for the condition assessment of underground
cables. The Polarization and Depolarization Current
(PDC) measurement method has been commonly used
to assess moisture and the aging condition of the
underground cable insulation system. In this work,
the dielectric response of XLPE samples, aged under
different humidity and fixed temperature conditions,
is investigated. The PDC measurement is carried out
on unaged and aged samples. The XLPE samples are
aged under constant stress and cyclic stress. The PDC-
measured data are used to estimate the degradation
index and loss factor. The depolarization characteristics
obtained from PDC measurement are further processed
to obtain equivalent electrical circuit parameters, i.e.,
resistance and capacitance of XLPE insulation based on
the Extended Debye Model. Using model parameters,
dissipation factor and ageing factor are estimated under
different ageing conditions

Keywords: Polarization – Depolarization Current,
XLPE, Ageing, Hamon approximation, Extended Debye
Model

1. INTRODUCTION
Due to its excellent electrical, physical, and chemical

properties, XLPE-insulated cables are now commonly
used for the distribution system. But it cannot always
retain its original structure due to aging. Most of
the cable insulation failures occur because they were
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operated under electrical, mechanical, thermal, and envi-
ronmental stress [1, 2]. With increasing operating time,
the failure rate of the cables can increase exponentially.
The problems arising from continuous high-voltages
applications and various aging mechanisms of cable
insulation may lead to degradation, which reduces the
cable’s service life. It affects the reliability of the power
transmission network, and the result is economic loss
[3]. All the degraded underground cables can be very
expensive to repair and remove. Therefore, it is needed
to prioritize the cables according to their severity of
degradation using an effective diagnostic test method to
replace only those cables, which may affect the reliability
of the electrical network [4, 5].

When voltage is applied to a dielectric material, elec-
tric field distribution in the insulation volume activates
various conduction and polarization mechanisms. A
change in the structure of the insulation would generally
lead to higher dielectric losses. Approaches based on
Dielectric Response (DR) are used to investigate the
change in insulation structure. DR is the memory effect
of any dielectric material, and therefore can be used for
insulation assessment. Insulation degradation changes
the DR, and its measurement provides a picture of the
insulation condition [6-8]. Non-destructive time-domain
test methods such as the PDC and RVM for measuring
DR have been introduced and are popular nowadays. The
PDC test has been widely used to assess degradations
in power transformers, high-voltage insulation systems,
and machines. There is also a marked interest in recent
years in using the PDC test to assess the deterioration
of cable insulation [9-11]. It is reported that PDC
provides very fast response at low frequencies with good
accuracy. Also, it is reported that depolarization current
characteristics obtained from PDC measurement provide
information about the aging degree quantitatively [12,
13].

In this work, accelerated aging was performed in
a thermal–humidity-controlled chamber under temper-
ature and humidity stress. The samples are aged
under constant and cyclic stress. PDC measurement
is carried out on both aged and unaged XLPE cable
insulation samples. From the experimental results,
the degradation index and loss factor are estimated.
Further, the experimental results are processed to obtain
equivalent electrical circuit parameters, i.e., resistance
and capacitance, using the Extended DebyeModel. Using
these circuit parameters, the dissipation factor and aging
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factor are calculated.

2. EXPERIMENTAL METHODOLOGY

In this work, PDC measurement is carried out to
understand the aging of XLPE cable insulation. The
schematic diagram of PDC measurement is shown in
Fig. 1. The cable sample is placed in a shielded box,
and it is grounded. The aluminum electrodes at the two
ends of the cable are grounded. The middle electrode
is connected to an electrometer for measurement of
current. High voltage, e.g., 1 kV DC, is applied to the
cable core. According to this method, DC charging
voltage (𝑉 𝑜) is applied to the dielectric for a certain
time in order to complete all the polarization processes.
During this period, the measured current consists of
polarization and conduction current. After a certain
period of charging, the applied DC voltage is turned off
and the sample is short-circuited to ground. During this
turn–off period, the current recorded is depolarization
current, which no longer contains conductive current
[14-16].

A single-core 33 kV XLPE with 10 mm insulation
thickness is used for the experiment. The XLPE samples
taken are 12 inches in length. At one end, the conductor
of 1.5 inches is exposed, and this acts as the HV terminal.
In the remaining portion, the semiconducting layer of 3.5
inches is stripped from both ends. The aluminum tape is
wrapped around the exposed insulation and remaining
semiconducting layer to form electrodes [14-16]. Fig. 2
shows the electrode configuration of XLPE samples used
for PDC measurement. Fig. 3 shows the experimental
setup for the PDC measurement. The PDC measurement
is carried out using the KEITHLEY 6517B Electrometer.
The charging voltage of 1 kV DC is applied. The
duration of voltage application is varied from 0.5 to 2 hrs.
The depolarization time is taken to be the same as the
charging time. The bare conductor and semiconducting
layer of the XLPE sample are kept shorted for at least
24 hours before taking any measurements. This is done
to clear any memory effect of XLPE. While carrying out
the experiments, to avoid any surface leakage current,
the exposed XLPE layer from both ends is shorted and
connected to the ground [15].

Aging of cable insulation is a slow degradation
process due to the effect of various operating conditions
such as temperature, humidity, electrical stress level,
chemical effects, etc. Therefore, under normal operating
conditions, ageing of cable insulation takes a long time.
In the laboratory, accelerated aging is carried out to
age the XLPE samples. According to accelerated aging,
the applied stress level is higher than normal and is
applied for a short duration [17]. In this work, a
thermal and humidity–controlled chamber is used to age
XLPE samples at fixed temperatures and varying RH
conditions. The XLPE samples are aged under either
constant stress or cyclic stress for 30 days. In constant
aging, the temperature is kept at 60 0C and relative
humidity is either 50% or 80%. However, in cyclic aging,

Fig. 1: Schematic diagram of the PDC measurement
method.

Fig. 2: Electrode configuration of XLPE sample.

in a day, for 12 hours temperature–humidity stress is
applied, and for the remaining 12 hours, no stress is
applied. The aging conditions and sample classifications
are given in Table 1.

3. ESTIMATED AGEING PARAMETERS

The depolarization current data, obtained from PDC
measurement, is used to assess the aging of XLPE. The
parameters, i.e., degradation index and loss factor, are
estimated from the depolarization current characteristics.
Further, the depolarization current characteristics are
mathematically processed to estimate parameters based
on the Extended Debye model. The parameters estimated
are the model parameters, dissipation factor, and aging
factor.

Degradation Index
Degradation Index provides information about the

aging condition and depends on the amount of polariza-

Fig. 3: Experimental Set – up.
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Table 1: XLPE sample specifications.

Sample
Type

Stress
Conditions

Ageing
Type

Sample 1 Unaged XLPE -
Sample 2 60 ℃, 50% RH Constant stress
Sample 3 60 ℃, 80% RH Constant stress
Sample 4 60 ℃ 50% RH Cyclic stress
Sample 5 60 ℃ 80% RH Cyclic stress

tion/absorption charge. It is the ratio of the absorption
charge Q & 𝐶0𝑉0 and is given by equation (1). The
amount of absorption charge is given by equation (2) [6].

𝐷𝐼 = 100𝑄
𝐶0𝑉0

% (1)

𝑄 = ∫
𝑡2

𝑡1
𝐼𝐷(𝑡)𝑑𝑡 (2)

where 𝑉0 is the charging voltage, 𝐶0 is the geometric
capacitance of the test object, and its calculated value
is 93.51 pF, 𝐼𝐷(𝑡) is the depolarization current, and the
integration period of ID(t) is taken to be 10 secs, i.e., t1 =
0 and t2 = 10 secs.

Loss Factor
The loss factor gives an indication about the quality of

the insulation. In this work, the loss factor is estimated in
the frequency domain using the Hamon approximation.
Based on the Hamon approximation, the loss factor is
expressed simply by equation (3). Equation (3) indicates
that the observed transient current 𝐼𝐷(𝑡) corresponds to
frequency f = 0.1/t [18, 19].

𝜖𝑟
″(𝑓 ) = 𝐼𝐷(0.1/𝑡)

𝜔.𝐶0.𝑉0
(3)

where 𝑉0 is the charging voltage, 𝐶0 is the geometric
capacitance of the test object, and its calculated value is
93.51 pF, 𝜔 = 2𝜋𝑓 is the relaxation frequency.

The dielectric materials undergo different polarization
and relaxation processes when subjected to applied
voltage. The depolarization current characteristics com-
prise different relaxation processes with different time
constants. To assess the aging of XLPE insulation,
considering the relaxation processes, dissipation factor
and aging factor are estimated based on the Extended
Debye model [6, 14].

Extended Debye Model Parameters
According to this model, an RC equivalent circuit is

used to analyze depolarization characteristics obtained
from PDC measurement. A schematic equivalent circuit
diagram of the extended Debye model is shown in Fig. 4.
The equivalent circuit consists of geometrical capacitance
(C0), insulation resistance (R0), and R–C series branches
representing different relaxation phenomena and are
connected in parallel. The geometric capacitance and

Fig. 4: Equivalent circuit diagram of extended Debye
model.

insulation resistance are calculated using the physical
dimension of the test object and conduction current
characteristics, respectively. The parallel R - C branches
(enclosed by a dotted line), i.e., R1 – C1, R2 – C2 and
R3 – C3 or in general, R𝑖 – C𝑖, denote exponential
relaxation current components with different relaxation
time constants. The curve fitting tool in MATLAB is
used to estimate R and C values of the R–C series branch
and optimal time constant. The equation for 𝑅𝑖 and 𝐶𝑖
calculation is given by (4) and (5) [20, 21].

𝑅𝑖 = 𝑉0 (1 − 𝑒
𝑡

𝜏𝑖 ) /𝛼𝑖 (4)

𝐶𝑖 = 𝜏𝑖/𝑅𝑖 (5)

where 𝑉0 is the charging voltage, R𝑖 and C𝑖 are the
resistance and capacitance of the i𝑡ℎ R–C branch, 𝜏𝑖 is the
relaxation time constant of the i𝑡ℎ R–C branch, 𝛼𝑖 is the
exponential constant of the i𝑡ℎ R–C branch.

In this work, 3 time constant is considered, which
attribute to the relaxation process. It is reported in
[7] that three main relaxation processes satisfactorily
explain the depolarization characteristics of XLPE in-
sulation. The relaxation processes are insulation bulk
polarization, interfacial polarization in the amorphous
and crystalline interfaces, and polarization of metal and
salt hydrated ions due to humidity aging or presence of
the water. The 3 time constants are represented by 3 R–C
parallel branches. The first branch corresponds to in-
sulation bulk polarization, the second branch represents
interfacial polarization, and the third branch relates to
the polarization of metal salt hydrated ions.

To obtain optimal time constant values and to esti-
mate extended Debye model parameters, a curve-fitting
technique is used. The curve fitting of depolarization
characteristics is carried out using the MATLAB toolbox.
In the curve fitting technique, the Levenberg –Marquardt
algorithm (LMA) alongwith the bi-squareweightmethod
for robust fitness is used. In order to obtain optimal
parameters with the least uncertainties, the method of
fixed time constants is used [22]. Therefore, the time
constant values are varied using trial and error within
the range of 10−2 to 104 s. This time constant range is
considered as it is reported in [23] that in the case of
XLPE, within this range boundary, interfacial polariza-
tion occurs and may contribute to ions wandering and



4 ECTI TRANSACTIONS ON ELECTRICAL ENGINEERING, ELECTRONICS, AND COMMUNICATIONS VOL.23, NO.1 FEBRUARY 2025

surface and space charge accumulation. In addition, R-
squared (determination coefficient) is used as a criterion
to assess the goodness of fit. With an R-squared value
more than 0.95, the corresponding estimated parameter
value is considered to be an optimal result. Based on the
time constant values so obtained, extended Debye model
parameters, i.e., R𝑖 and C𝑖 of the R–C series branch, are
calculated. Using the R𝑖 and C𝑖 values, the dissipation
factor and ageing factor are calculated.

Dissipation Factor
The inefficiency of material to hold energy or behave

as an insulating material is indicated by the dissipation
factor. The lower the dissipation factor, the more efficient
the insulator system is or the less dielectric heating.
The dissipation factor is calculated using the estimated
extended Debye parameters as given by (6) [24].

tan 𝛿 =
1

𝑅0
+ ∑3

𝑖=1
(𝜔𝑅𝑖𝐶𝑖)2

𝑅𝑖.(1+ (𝜔𝑅𝑖𝐶𝑖)2)

𝜔𝐶0 + ∑3
𝑖=1

𝜔𝐶𝑖
1+ (𝜔𝑅𝑖𝐶𝑖)2

(6)

where 𝑅0 is the insulation resistance, 𝐶0 is the geometric
capacitance, 𝜔 is the relaxation frequency, 𝑅𝑖 and 𝐶𝑖 are
the resistance and capacitance of the 𝑖𝑡ℎ 𝑅 − 𝐶 branch.

Ageing Factor
An empirical ageing factor can be used to classify the

ageing condition of the XLPE cable insulation [6,14]. The
ageing factor calculated from depolarisation current at
time constant 𝜏𝑖+1 and 𝜏𝑖 is given by (7).

𝐴 =
𝐼𝐷(𝜏𝑖+1) . 𝜏 𝑖+1

𝐼𝐷 (𝜏𝑖) . 𝜏 𝑖
(7)

where 𝜏𝑖 is the relaxation time constant of the 𝑖𝑡ℎ 𝑅 − 𝐶
branch, 𝐼𝐷 (𝜏𝑖) is that part of the depolarization current
characteristics due to the 𝑖𝑡ℎ 𝑅 − 𝐶 branch.

4. RESULT AND DISCUSSION
The XLPE cable samples are aged constantly and

cyclically, considering thermal and humidity stress.
The Polarization–Depolarization Current (PDC) mea-
surements are carried out on XLPE unaged and aged
samples. The parameters such as the degradation index
(𝐷𝐼 ), loss factor (𝜖𝑟

″) are estimated from the depolariza-
tion characteristics. Additional information is extracted
from depolarization current characteristics to calculate
the aging factor (A) and dissipation factor (tan𝛿 ) using
Extended Debye model parameters. The parameters are
estimated for two different charging times, i.e., 1800s
and 7200s. In this section, the significant changes in the
quantifying parameters are discussed.

4.1 Analysis of Depolarization Current Character-
istics

Fig. 5 shows the variation of depolarization current
with time for sample 1, sample 2, and sample 3 with a

Fig. 5: Depolarization current variation with time for the
XLPE samples 1, 2 and 3 at 𝑡𝑐 = 1800 seconds.

charging time of 1800s. It is observed that in the initial
phase of depolarization, the current magnitude is low for
sample 1 compared to samples 2 and 3. However, after
100s of depolarization, the current magnitude is nearly
equal. The initial difference in the depolarization current
magnitude is possibly due to ageing. With ageing,
XLPE undergoes degradation, and particularly due to
thermal stress, morphological changes may occur in the
dielectric. This degradation and deterioration of the
XLPE material may contribute to higher depolarization
current [25]. Also, it is seen that the current magnitude
in the case of sample 2 is higher than sample 3. The
higher current value in sample 2 reflects more aging or
degradation compared to sample 3. In case of sample 2,
the RH is maintained at 50 %, whereas in sample 3, it
is 80%. Due to the high RH value, the effect of thermal
stress in sample 3 might have been suppressed. At higher
RH values, it is expected that moisture content within
the temperature–humidity-controlled chamber will be
high. It may happen that the heat content due to
applied thermal stress is mostly absorbed by the moisture
rather than the cable insulation. Thereby reducing the
thermal stress on cable insulation. Therefore, for the
same temperature and ageing hours, the degradation of
molecular bonds, i.e., aging is possibly less in sample 3
compared to sample 2.

Fig. 6 shows the variation of depolarization current
with time for sample 1, samples 4, and sample 5 with
a charging time of 1800s. It is observed that the
depolarization current magnitude is higher in samples
4 and 5 compared to sample 1. Due to the application
of cyclic stress, a higher magnitude of current values is
observed for aged samples. Although different RH values
for samples 4 and 5 are used, the depolarization current
characteristics are almost overlapping. This is possible
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Fig. 6: Depolarization current variation with time for the
XLPE samples 1, 4 and 5 at 𝑡𝑐 = 1800 seconds.

Fig. 7: Comparison of depolarization current response of
Sample 3 for two different charging times (𝑡𝑐).

because of cyclic aging since the aging hours are less; the
effect of RH is not significant, as seen with constantly
aged samples.

Considering Figs. 5 and 6, it is seen that the
relaxation process is prominent at the beginning and
nearly similar characteristics are seen after 100 s. The
depolarization current consists of capacitive charging
current and absorption current. Initially, the depo-
larization current is the summation of both currents,
but with time, exponentially decaying capacitive current
vanishes and absorption current remains. The difference
in depolarization characteristics before 100 s is possibly
due to the difference in the capacitive current of the

Table 2: Degradation index 𝐷𝐼 of samples 1, 2 and 3.

Sample Type Q(C) 𝐷𝐼 (%)
Sample 1 3.2044e-09 3.427
Sample 2 7.0232e-09 7.511
Sample 3 5.3639e-09 5.7365

Table 3: Degradation index 𝐷𝐼 of samples 1, 4 and 5.

Sample Type Q(C) 𝐷𝐼 (%)
Sample 1 3.2044e-09 3.427
Sample 4 7.3865e-09 7.8997
Sample 5 6.9277e-09 7.409

unaged and aged samples. However, beyond 100 s,
possibly the absorption current remains nearly the same
for all the samples. Therefore, it can be said that due to
aging the capacitive effect of the dielectric changes, and
thereby a change in the relaxation process is observed.

Fig. 7 shows the comparison of depolarization current
in sample 3 for two different charging times, i.e., 1800s
and 7200s. It is observed that depolarization current
magnitude is higher for 7200s charging time compared
to 1800s, within 100s of depolarization. With an increase
in charging time, more polarization processes may have
occurred in the dielectric, resulting in a higher density
of polarized molecules, and hence depolarization current
is higher initially. Due to comparatively longer polling
time, relaxation processes with a higher time constant
may also get completed, and hence depolarization cur-
rent with lesser magnitude is observed when depolarized
for 7200s beyond 100s. The difference in the current
values at the start of both characteristics is 0.1 nA,
whereas the difference of currents at the end of the 1800s
is 0.024 nA. This shows that the difference in current at
the start is more significant.

Degradation Index
To quantitatively analyze the aging effect, the degra-

dation index of constantly and cyclically aged XLPE
samples is calculated using equation 1. From the
polarization–depolarization currentmeasurement for the
1800s, the degradation index is calculated. Table 2 shows
the degradation index for unaged and constantly aged
samples. It is seen that with ageing the degradation
index increases. This corroborates with the difference in
depolarization characteristics as observed in Fig. 5 and
Fig. 6. Due to aging of XLPE insulation, degradation
and breakage of molecular bonds are possible and may
give rise to interfacial polarization. Therefore, more
polarization phenomena are expected to occur within the
XLPE volume. Thus, the amount of polarized charge
released as depolarization current may characterize the
aging degree of the XLPE insulation. Also, from table 2,
it can be observed that sample 2 has a higher degradation
index compared to sample 3. This is possibly due to the
RH effect.

Table 3 gives the degradation index for unaged and
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Table 4: Comparison of Degradation index 𝐷𝐼 of sample 3
and 4 for two different charging times (𝑡𝑐).

𝑡𝑐(𝑠𝑒𝑐) Sample 3 Sample 4
1800 5.7365 7.899
7200 7.0524 8.186

cyclically aged XLPE samples. It is observed that similar
to Table 2, aged samples show a higher degradation
index. Also, comparatively, sample 4 has a higher index
value than sample 5, and this difference is possibly
related to the difference in relative humidity. In brief,
samples 2 and 4 with the low RH values give the high
degradation index values when compared to the samples
3 and 5 with the high RH values. As mentioned in section
2, the degradation index provides information about the
aging condition. In case of low RH value, aging is
more, and therefore the degradation index value is high,
whereas with high RH, ageing is less, and therefore the
degradation index value is less. To understand the effect
of charging time, agedXLPE samples are charged for 7200
s alongside 1800 s. Table 4 gives a comparison of the
degradation index under different charging times only
for samples 3 and 4. It is observed that with an increase
in charging time, the degradation index value increases.
During the polarization process, the charging voltage
is applied for a longer time. Therefore, it is possible
that more polarization charges may accumulate in the
interfaces produced due to aging. As the polarization
charge is more, the degradation index value increases.

Loss factor
Fig. 8 shows the loss factor (𝜖𝑟

″) variation with
frequency for the XLPE samples 1, 2, and 3. It is seen
that, at 10−3 Hz and below, the frequency response
of all the samples is similar, whereas at 10−3 Hz and
above significant difference exist. Above 10−3 Hz, it
is observed that sample 1, i.e., unaged XLPE, shows a
low loss factor compared to samples 2 and 3, i.e., aged
samples. However, sample 2, i.e., aged at RH 50 %, shows
a higher loss factor compared to sample 3, i.e., aged at RH
80%. Thus relative humidity plays an important role in
the aging of XLPE samples. Fig. 9 shows the loss factor
(𝜖𝑟

″) variation with frequency for the XLPE samples 1,
4, and 5. Similar to Fig. 8, here also it is observed that
aged XLPE samples show a higher loss factor for the
frequencies above 10−3 Hz. However, the loss factor of
the cyclically aged samples, i.e., samples 4 and 5, overlap.

From Figs. 8 and 9, it is observed that the variation
of the loss factor with frequency is different below and
above at 10−3 Hz. As capacitive charging current van-
ishes from the depolarization characteristics, a change
is seen between 10−2 and 10−3 Hz. Above 10−3 the
characteristics are the summation of capacitive current
and absorption current and thereby reflect the significant
loss factor in unaged and aged samples. Comparing the
loss factor characteristics of aged samples in Figs. 8
and 9, it is observed that a peak exists between 2 and 3

Fig. 8: Variation of 𝜖𝑟
″ with frequency for XLPE samples 1,

2 and 3 at 𝑡𝑐 = 1800 seconds.

Fig. 9: Variation of 𝜖𝑟
″ with frequency for XLPE sample 1,

4 and 5 at 𝑡𝑐 = 1800 secondss.

mHz. Absorption is dominant at a lower frequency and is
negligible at a higher frequency. However, polarization
is dominant at a higher frequency. The peak of 𝜖𝑟

″

appearing between 2 and 3 mHz is possibly due to the
dominant polarization effect, which vanishes from the
response in between this frequency range.

Comparison of 𝜖𝑟
″ of sample 3 for two different

charging times, i.e., 1800s and 7200s, are shown in Fig. 10.
It is seen that the current response with higher charging
time achieves a lower value of 𝜖𝑟

″ below 10−3 Hz. This
behavior is due to longer polling time, as explained in
depolarization current characteristics. Similar behavior
can be observed for sample 4 in Fig. 11.
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Fig. 10: Comparison of 𝜖𝑟
″ of sample 3 for two different

charging times (𝑡𝑐).

Fig. 11: Comparison of 𝜖𝑟
″ of Sample 4 for two different

charging times (𝑡𝑐).

4.2 Analysis of Extended Debye Model Parameters

To understand the effect of ageing, dissipation factor
and ageing factor are estimated using the extendedDebye
model. In this model, three branches are considered
to represent 3 different relaxation processes. The
value of pre-exponential factors 𝑎𝑖 and corresponding
time constants 𝜏 𝑖 is obtained from curve fitting. The
expression given in equations 4 and 5 is used to calculate
𝑅𝑖 and 𝐶𝑖 values. The value of 𝑅0 is calculated from the
polarization current data and is found to be 2 PΩ. Since
XLPE is mildly aged, a considerable change in 𝑅0 value
is not observed in different samples. Table 5 shows the
Debye model parameters for the charging time of 1800s

Table 5: Model parameters for the equivalent circuit at
𝑡𝑐 = 1800 seconds.

Table 6: Ageing factor A of samples 1, 2 and 3.

Sample Type R-square A
Sample 1 0.9732 12.9084
Sample 2 0.9898 28.9119
Sample 3 0.99 28.34758

at 1000 V. Calculated parameters, i.e., 𝑅𝑖 and 𝐶𝑖 of three
different branches for five different XLPE samples are
shown.

From Table 5, it is observed that model parameters
modify with the aging. It can be observed that the
capacitance 𝐶3 value is higher than 𝐶1 and 𝐶2 values
in all the cases, which is due to the higher value of 𝜏3.
The time constant 𝜏3 is higher in value as the current
magnitude gets saturated after a certain time, and the
reduction rate of current value becomes much less.
Hence the exponential term of the curve responsible for
this attains a higher time constant. With a charging time
of 𝑡𝑐=7200 seconds, the current value achieves saturation
almost at the same time as with 𝑡𝑐=1800 seconds, due to
which the current data with a lower reduction rate is very
high, and hence 𝜏3 for 𝑡𝑐=7200 seconds, it attains almost
ten times the higher value than with 𝑡𝑐=1800 seconds.

Dissipation factor
The dissipation factor of the aged and unaged XLPE

samples is estimated using the parameters obtained from
the extended Debye model. Fig. 12 shows the tan𝛿
variation with frequency for XLPE samples 1, 2, and
3 at 𝑡𝑐 = 1800 𝑠𝑒𝑐. It can be seen that sample 2
has the highest dissipation factor. Fig. 13 shows the
tan𝛿 variation with frequency for XLPE samples 1, 4,
and 5 at 𝑡𝑐 = 1800 𝑠𝑒𝑐. It can be seen that sample
4 has the highest dissipation factor. The dissipation
factor is least for unaged sample 1 when compared with
constant as well as cyclically aged samples. This could
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Fig. 12: tan 𝛿 variation with frequency for the XLPE
samples 1, 2 and 3 at 𝑡𝑐 = 1800 seconds.

Fig. 13: tan 𝛿 variation with frequency for the XLPE
samples 1, 4 and 5 at 𝑡𝑐 = 1800 seconds.

be due to higher deterioration of the samples aged with
low RH than samples aged with high RH. The high RH
might be obstructing the aging by reducing the effect of
temperature.

Fig. 14 gives a comparison of the dissipation factor
of sample 2 with two different poling times. It can be
observed the curves are almost overlapping. In Fig. 15,
a comparison of the dissipation factor of sample 4 at
two different charging times is shown. Here also, the
curves are almost overlapping. Since the charging time
is varied, the polarization processes inside the insulation
also change. This should result in different characteristics

Fig. 14: Comparison of tan 𝛿 of Sample 2 for two different
charging times (𝑡𝑐).

Fig. 15: Comparison of tan 𝛿 of Sample 4 for two different
charging times (𝑡𝑐).

for the dissipation factor for the same sample with
different charging times. But, since it is the case of
mild aging, no considerable change was observed. In
dissipation factor plots, a peak appearing between 2 and
3 mHz frequency range is observed. Similar peaks were
observed in frequency transformation, which is possibly
due to the vanishing of the dominant polarization effect.

Ageing Factor
The aging factor is estimated for the aged XLPE

samples, according to equation 7. This parameter is es-
timated from the depolarization characteristics obtained
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Table 7: Ageing factor A of samples 1, 4 and 5.

Sample Type R-square A
Sample 1 0.9732 12.9084
Sample 2 0.9945 32.257
Sample 3 0.9809 24.7796

Table 8: Comparison of Ageing factor, A of samples 3 and
4 for two different charging times.

𝑡𝑐(𝑠𝑒𝑐) Sample 3 Sample 4
1800 28.34758 32.257
7200 110.6 151.89

from polarization–depolarization current measurements.
Table 6 gives a comparison of the aging factor (A) of
the unaged sample with constantly aged XLPE samples,
energized at 1000 V for 1800 s. The value of the time
constants depends on fitting goodness. The R-square
value shows the fitness of the curve. It is observed
that with aging, the aging factor increases. Similarly,
Table 7 gives a comparison of the aging factor of the
unaged sample with cyclically aged samples for the
same polarization–depolarization current measurement
conditions. It is observed that with aging, a parameter
increases. Also, it is observed from Tables 6 and 7 that
XLPE samples aged at RH 50% have a higher a value
compared to samples aged at RH 80%.

Table 8 gives a comparison of the aging factor, A, of
samples 3 and 4, obtained with two different charging
times, i.e., 1800s and 7200s. It is being observed that the
aging factor is significantly higher for both the samples
when polarized or energized for a longer duration. The
higher value of A factor for 𝑡𝑐=7200 seconds is due to the
higher value of 𝜏3. The reason for the higher 𝜏3 value is
discussed further in the section of extended Debye model
parameters.

5. CONCLUSIONS

This paper implemented the PDC method for condi-
tion assessment of XLPE cables. Accelerated aging was
performed to age the XLPE samples in the laboratory, and
PDC measurement was carried out. Quantifying aging
parameters were studied and calculated. The parameters
calculated in this paper are capable of interpreting the
aging degree of the XLPE samples under consideration.
The findings indicate that significant morphological
changes occur in the insulation bulk due to aging,
possibly associated with the phenomena of interfacial
polarization. Variation of polarization processes with
charging time is also discussed in this paper. Less
variation of quantifying parameters from the value of the
unaged sample ensures it is a case of mild aging. This
work gives an understanding of the assessment method
for diagnosing mildly aged XLPE cable insulation.
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