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The polarization/depolarization curve (PDC), which contains abundant insulation
information, is widely used to evaluate the insulation condition of the cross-linked
polyethylene (XLPE) cables. However, the insulation condition assessing the result of
the XLPE cables is usually inaccurate using the PDC technology because the parameters
of the current Debye model are determined in a uniform aging hypothesis, instead of a real
non-uniform situation. To solve this problem, the modified Debye model considering the
real non-uniform situation is proposed, and the effectiveness of the modified model is
proved by the comparison of the PDC test results with non-uniform and uniform aging
materials. It is found that the parameters of the extended Debye model tend to
overestimate the cable insulation performance, while the characteristic parameters
obtained by the modified Debye model better reflect the real situation of cable non-
uniform aging. Result analysis shows that the proposed method has better accuracy in the
insulation condition evaluation of cables.

Keywords: XLPE cable, modified Debye model, non-uniform thermal aging, polarization/depolarization curve (PDC),
modified aging factor

INTRODUCTION

Over the past decade, the XLPE power cable has been widely used all over the world due to its
outstanding transmission stability and economy, as well as it is laid underground without occupying
space resources (David et al., 1996; Barber, 2000; Roservear, 2000). The XLPE cable is the most
important energy transmission equipment in the power grid; thus, its insulation performance has
attracted extensive concern to avoid unpredictable economic losses caused by failure. In order to
study the insulation performance of XLPE, the insulation layer has been taken as the main research
objective, which determines the insulation ability of the cable and directly affects the stability and life
of the cable.

The degradation of cable insulation decreases the reliability of power transmission and puts the
power grid at risk. Existing studies have shown that long-term exposure of power cables to high
temperature, water, and electric fields could lead to insulation problems, among which thermal aging
is the vital factor (Lyle, 1988; Roservear, 2000; Aras et al., 2007). In order to ensure the industrial
production and the lives of residents, the research on the insulation performance of XLPE cables
under thermal aging conditions should be considered.

Most studies on XLPE cables are evaluated using traditional electrical methods. However, the
limitations in the practicality of the traditional methods need further improvement. For example, the
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insulation information carried by using the insulation resistance
method is insufficient. The withstand voltage test is limited to
ultralow frequency and is destructive (Zhenquan et al., 2009). In
addition, the oscillation wave test is mostly used for local defect
detection, which is not able to determine the overall situation
(Zhu et al., 2019).

In order to solve these problems, a dielectric
response technology based on the dielectric theory has
developed rapidly in recent years and has been recognized
in this industry. Especially, the polarization and
depolarization current (PDC) method based on time-
domain dielectric response technology is widely used in
cables because of its rich insulation information, convenient
measurement, and intuitive results (Talib et al., 2013; Ye et al.,
2016).

Until now, PDC is proven suitable for condition assessment of
the XLPE cable. The aging condition of the insulation can be
reflected effectively from its dielectric information such as the
curve slope and shape (Beigert and Kranz, 1994; Oyegoke, 2016).
Furthermore, there are some relations between internal traps and
aging degree, which can be expressed by the aging factor A
(Birkner, 2004). These are helpful for the monitoring and
evaluation of cable operation.

However, during the operating cycle of the cable,
the temperature of the XLPE insulation layer, close to the
cable core, is much higher than that far away from it. The
temperature difference is about 10-30°C (Li et al., 2009).
Thus far, previous studies have assumed that the cable is
subjected to uniform aging at the same temperature from
the surface of the XLPE insulation layer to the area close to
the cable core. Although several studies can evaluate the
aging condition of the cable to some extent by an aging
factor or other PDC parameters (Morsalin et al., 2019;
Morsalin and Phung, 2020), a long-term radial temperature
difference of the whole insulation layer will lead to an
insulation performance difference in different areas
inevitably, and the PDC results should not be the same.
Accordingly, the existing methods to evaluate the aging
condition of cables are not consistent with the actual
situation. The evaluation method for thermal aging of the
XLPE cable needs further study. Based on the aforementioned
situation, this study takes the non-uniform thermally aged
cable, which is more realistic, as the research object and
proposes a time-domain dielectric evaluation method
based on the modified Debye model. This is of great
engineering value to ensure safe and reliable operation of
cables.

In this article, the non-uniform aging samples with different
states and the uniform aging samples with the same geometric
parameters were prepared and used for the PDC test. The
modified Debye model was used to extract the dielectric
characteristics of each sample, the relationship between them,
and the degree of non-uniform thermal aging was studied. The
result of research shows that the modified Debye model better
reflects the real situation of cable non-uniform aging; this is of
great engineering value to ensure safe and reliable operation of
cables.

LPE Cable Insulation Condition Evaluation

THEORETICAL BASIS

Non-Uniform Aging of Cross-Linked

Polyethylene Insulation
The XLPE cable commonly works in the temperature range of
60-80°C, which is higher than the temperature of environment. It
leads to an increasing temperature gradient between the outer
sheath and core of the cable. Thus, the XLPE insulating layer
between the outer sheath and the core is non-uniformly aged.
So as to analyze conveniently, this study regards some parts
with little temperature difference as an isothermal area, and
sequentially numbered, which conforms to T; > T, > T5 > ...
> Toin-

Polarization/Depolarization Curve Test

The extended Debye model uses a resistor and a capacitor in
series to equivalent the relaxation polarization process of the
dielectric. However, the extended Debye model with a series of
resistor and capacitor circuits is not sufficient to reflect the
complex polarization process. Therefore, a set of exponential
functions containing multiple relaxation elements is established,
which corresponds to the parallel connection of multiple
resistance and capacitor branches in series in the circuit
model. Thus, the complex polarization process can be
represented by the sum of the functions. The extended Debye
model is shown in Figure 1, which is regarded as the most
equivalent model for aged cables, where R, and C, are the
insulation resistance and vacuum capacitance of XLPE
respectively. i is branch number, R; and C; (1 < i < n) is the
lossy relaxation polarization at different relaxation times, the
aforementioned parameters can be calculated by polarization and
depolarization current (Saha et al., 2005; Kumar and Mahajan,
2010).

The current obtained by the galvanometer is polarization
current i,(f) when the DC voltage U, is applied at both ends
of the sample. If the DC power is disconnected after ¢, time and
the two ends of the sample are shorted, the measured current will
be depolarization current i (¢).

MODIFIED DEBYE MODEL

The relaxation process of any dielectric can be represented by
both energy dissipation and storage elements, such as the
extended Debye model (Saha et al, 2005; Kumar and
Mahajan, 2010). Assume that a certain dipole group is
randomly distributed in the insulation and changes evenly as
time, which is an important premise that the model can represent
the relaxation process of a specific dipole group with a single RC
branch in series.

Unfortunately, during the normal operation of real cable, there
is a temperature gradient in the insulation layer, which leads to a
difference of dipole relaxation process in the same polarization
type of each region. Moreover, the XLPE insulation is uniformly
aged only in the isothermal region, and insulation characteristics
of different isothermal regions are much different through long-
term accumulation. At this time, the specific polarization type
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FIGURE 1 | Extended Debye model.
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FIGURE 2 | Modified Debye model.

cannot be represented by a polarization branch containing only
one impedance, which the extended Debye model does not take
into account. Therefore, it is necessary to further improve the
extended Debye model to characterize the aging degree of cable
insulation under real operating conditions accurately.

As shown in Figure 2, the modified Debye model can be used
to characterize the non-uniform aging of cables by providing the
insulation characteristics of each isothermal area in each branch
equal to an impedance Zj(m;) (Xiaofeng et al., 2016), where j is the
number of model branch and m; is the number of isothermal
areas of j branch. In particular, the physical processes represented
in Figures 1, 2 are only different in temperature distribution, and
the polarization type is still similar, so the number of branches in
the model is equal. In Figure 2, each polarization impedance
consists of polarization resistance and a polarization capacitance
in series, which represents the dielectric characteristics of
different polarization types in different isothermal areas.

The parameters of the modified Debye model can be obtained
in steps | to V. The model’s parameter identification should begin

with the polarization impedance Z*(¢t) (Zhao et al., 2019), which is
shown in Eq. 1:

. U,
Z0=yw

(1)

1) Obtain the depolarization current curve iy (t) of the samples
by the PDC test, and calculate the Z *(f) by using Eq. 1.

2) The last region H of Z* (t) curve is evenly divided into m,,
parts, and the insulation characteristics of which can be
characterized by the maximum time constant branch of the
modified Debye model. Then Z; (k, t) can be calculated by
using Eq. 2, and regard the adjacent parts with an error of less
than 1% as an isothermal region.

t

Zij(k,t) = |Z;(k,1)| - exp(m) , 2
J

where Z; (k, t) is the polarization impedance of the kth isothermal
area in the jth branch of the modified Debye model and |Z; (k, t)|
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TABLE 1 | Aging time and temperature of disc samples.

No. ('C) 7 days 15 days 25 days 40 days
130 N4 N2 N3 Ny
140 Ns Ns N7 N
150 Nog Ni1o N1 Ni2

and 1; (k) represent the amplitude and the time constant of Z; (k,
1), respectively.

3) The polarization resistance R; (k) and polarization capacitance
C; (k) can be obtained by using Eq. 3 with the previous results:

R; (k) = Re(Z; (k. 1)) )
Ci(k) = Im(Z; (k,t)) = 7;(k) [ R; (k)
4) When Z *(t) subtracts the maximum time constant branch
impedance, a new impedance curve can be obtained, and then
parameters of sub maximum time constant branch can be
identified by repeating | to Ill. Thus, all parameters can be
calculated by analogy.

It should be noted that the inflection point of Z *(t) curve slope
is taken as the critical point of region H. Since there are multiple
branches in the modified Debye model of XLPE cable, in order to
keep the fitting error of different branch parameters consistent,
1% is taken for every branch in this study.

EXPERIMENTAL

Sample Pretreatment

Apparently, the insulation layer of the cable determines its
insulation performance. Thus, in order to simplify the process
of the experiment, XLPE discs are used to prepare non-uniform
aging samples which can simulate non-uniform aging of cables
conveniently.

The disk samples are made of 10 kV XLPE material from
Nordic Chemical Company, which has a thickness of
1.5(+0.05) mm and a radius of 16(+0.2) cm. The disk
samples are cleaned with anhydrous ethanol to remove
impurities on the surface and dried in a vacuum dryer oven
for 48 h at a temperature of 80°C and a pressure of 50 pA to
eliminate the effects of water vapor, cross-linking by-products,
and mechanical stress in order to achieve the desired cable
insulation state.

Non-Uniform Sample Preparation

Crystallization of the XLPE material can be destroyed by
thermal aging under long-term effect (White et al., 2000). In
this study, accelerating thermal aging is used to produce the
XLPE samples with various aging degrees at the temperatures of
130, 140, and 150°C, last for 7, 15, 25, and 40 days at each
temperature, all samples are numbered as shown in Table 1.
Furthermore, each non-uniform aging sample consists of three

LPE Cable Insulation Condition Evaluation

TABLE 2 | Composition of the non-uniform and the uniform samples.

Non-uniform samples Uniform samples

No. Top Middle Bottom No. Top Middle Bottom
X4 N4 Ns Ng \e Ns Ns Ns
Xo N2 Ne Nio Yo Ne Ne Ne
X3 I\ N7 Nq4 Y3 N7 N7 N7
X4 Na Ng Ny2 Ya Ng Ng Ng
X,
— X,

~—.

1E-11 F

=
/:\ 0
=
~
IE-12
— e,
1E-13 L L L
1 10 100 1000

Time/s

FIGURE 3 | PDC curve under different aging time.

discs samples aged with different temperatures and the same
aging time. For example, a non-uniform aging sample at 140°C,
15 days is composed of N,, Ng, and Nj, samples. On the
contrary, three Ny samples constitute a uniformly aged
sample at 140°C for 15days. All sample numbers and
production methods are shown in Table 2, where X and Y
represent the non-uniform sample and uniform sample,
respectively.

Especially, preliminary experiments found that there are
always three isothermal areas in the modified Debye model if
the non-uniform sample consists of more than three layers.
Therefore, this study decided to make the non-uniform
thermal aging samples with three layers.

Polarization/Depolarization Curve

Measurement
To improve the stability of the PDC data, samples in Table 2 are
placed in three-electrode and measured at 60°C. The 7, (t) and iy
(t) can be measured under a DC voltage of 200 V (polarization
voltage) for 1,500 s (polarization depolarization time).
Furthermore, to avoid current interference, the measurements
should be performed in an electromagnetic-free environment.
Thus, the three-electrode is grounded and housed in a metal
shielding box in this study.
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FIGURE 4 | PDC curve under different aging type.
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RESULTS AND ANALYSIS

Polarization/Depolarization Curve

Figure 3 shows the depolarization current curve of the non-
uniform samples. Since switching may lead to impulse current, in
this study, the curve is recorded after 10s. It is easy to discover
from the Figure 3 that the sample current amplitude is at the
order of pA. The current is roughly divided into two parts
according to the inflection point. The front section decreases
rapidly is regarded as the high-frequency part, while the middle
and rear section stabilizes gradually, called the low-frequency
part. 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. This result could be
explained by the fact that thermal aging increases the number of
defects in the XLPE and destroys the cross-linked structure, and
produces more aging products, charged particles, and molecular
groups. Thus, the discharge process is accelerated and the

conductivity is increased. For non-uniform aging samples,
these characteristics are similar to the existing uniform aging
research results (Baral and Chakravorti, 2013).

Although the internal changes of the XLPE caused by uniform
and non-uniform thermal aging are essentially the same, the
different aging processes could change the distribution of
materials that influence the charge movement, such as dipole
pairs and charged particles, which leads to difference between the
uniform and non-uniform aging results. It can be seen from
Figure 4 that the depolarization current of X is larger than that of
Y in the high-frequency part at any aging time. Furthermore, in
the low-frequency part, the two current values are gradually close
to each other or even coincide. In addition, the coincidence
degree of samples with different aging modes decreases with
an increase in aging. It can be inferred that the non-uniform aging
causes the density imbalance of the materials involved in the
charge movement in the insulation. This phenomenon leads to
the larger current in the initial discharge than that in the uniform
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TABLE 3 | Parameters of the modified Debye model and extended Debye model for Xy, Xo, X3, and X, samples.

Branch Modified Debye model Extended Debye model
No. 1 No. 2 No. 3 /s Ri/Q
7(1)/s R;(1)/Q 7(2)/s R;(2)/Q 7(3)/s R;(3)/Q

X4 1 16.7 412E + 11 15.8 412E + 11 15.8 413E + 11 15.8 1.24E + 12
2 83.1 8.10E + 11 86.5 8.26E + 11 99.3 8.73E + 11 92.1 251E + 12

3 20,301 2.24E + 12 22,049 2.38E + 12 23,944 3.10E + 12 22,137 7.73E + 12

Xo 1 11.6 3.24E + 11 1.7 3.26E + 11 1.7 3.27E + 11 1.7 9.78E + 11
2 61.9 4.22E + 11 65.2 4.38E + 11 78.1 5.58E + 11 72.4 1.42E + 12

3 17,874 1.91E + 12 19,237 1.99E + 12 21,415 2.53E + 12 19,762 6.46E + 12

X3 1 6.4 1.86E + 11 6.5 1.88E + 11 6.6 1.89E + 11 6.6 5.66E + 11
2 33.8 2.58E + 11 35.9 2.74E + 11 48.5 3.50E + 11 42.8 8.82E + 11

3 11,388 1.02E + 12 12,714 1.21E + 12 14,512 1.86E + 12 13,267 413E + 12

X4 1 45 6.67E + 10 4.5 6.69E + 10 4.6 6.73E + 10 4.5 2.01E + 11
2 17.9 1.28E + 11 20.3 1.47E + 11 275 2.62E + 11 24.7 5.38E + 11

3 6,925 4.97E + 11 7,743 5.79E + 11 8,836 7.98E + 11 7,865 1.87E + 12

aging sample. When the current decays in the later stage, the
effect of different density becomes weaker.

Parameter Variation of Modified Debye

Model

The parameters of the modified Debye model and extended
Debye model of the X;, X,, X;, and X4 samples are shown in
Table 3. R; (k) and 7; (k) of the same branch decline gradually
with the decrease of isothermal area numbers. Because a smaller
number represents a higher aging temperature of XLPE samples,
it results in higher polarization strength, faster polarization
response speed, and worse insulation conditions. In addition,
the biggest change occurs in the parameters of the 3rd branch, as
given in Table 3. It is generally believed that the largest time
constant branch characterizes the characteristics of solid
insulation, and these parameters are calculated first during
identification. Therefore, the parameters are most sensitive to
the degree of non-uniform aging.

Compared with the modified Debye model, the time constant
of each branch in the extended Debye model is between the
maximum and minimum isothermal areas of the extended Debye
model, and the polarization resistance is approximately equal to
the sum of the polarization resistances of isothermal areas, as
shown in Eq. 4:

Tj(l) <T!~<Tj(k)

m;
R~ Y Ri(k) )

k=1

where 7; and R; are time constant and polarization resistance of

the jth branch in the extended Debye model, respectively. If all
isothermal areas of any branch in Figure 2 are combined, the
polarization resistance is equivalent to that of the branch
corresponding to the extended Debye model. The results
strongly prove that the modified Debye model is correct in
analyzing the aging condition of XLPE.

However, the characteristic variable of XLPE thermal aging
insulation condition evaluation proposed in the existing literature
is mostly based on the parameters of the extended Debye model
(Saha et al,, 2005; Kumar and Mahajan, 2010). In order to
determine the accuracy of the extended Debye model in this
respect, the deviation rate of each isothermal area is given in
Table 4 and expressed as Eq. 5:

ax = 5250 000 5)
Tj(k) '

It can be seen from Table 3 that each isothermal area in the
No. 1 branch of X; has the smallest deviation rate, which can be
basically ignored. The |AX] of No. 2 and No. 3 branches increases
with aging time, and it is negative in the No. 3 isothermal area.
This confirms that the insulation condition of lower heating
temperature parts is often underestimated when using the
extended Debye model. Meanwhile, the parts with higher
heating temperature are overestimated. This situation leads to
errors in the evaluation results. Therefore, the non-uniform
thermal aging effect of cable should be considered when
adopting the PDC method, and the modified Debye model
should be used to analyze it.

Modified Aging Factor A,,,oq

It is unavoidable that a large number of chemical impurities and
structural defects can be produced during XLPE production and
manufacture. These defects will form different trap levels which
capture charge carriers, in the forbidden band of polymers.
According to the ].G. Simmons theory (Simmons and Tam,
1973), under a high electric field, the carriers escaping from
traps will move out of the medium directionally and rapidly,
which become hot electrons. The most important thing is that the
generation and energy of hot electrons are determined by the
density and depth of traps, which are deeply affected by aging.
Therefore, the aging condition must be inferred from the change
of traps in XLPE. It provides a theoretical basis for quantitatively
expressing the XLPE aging condition.
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TABLE 4 | Deviation rate of each isothermal area.

LPE Cable Insulation Condition Evaluation

Aging time 7 days 15 days 25 days 40 days
Branch No. 1 No. 2 No. 3 No. 1 No. 2 No. 3 No. 1 No. 2 No. 3 No. 1 No. 2 No. 3
1 0.67% 0% 0% 0.86% 0% -0.44% 3.13% 1.54% 0% 0% 0% -2.17%
2 10.83% 6.47% -7.25% 16.96% 11.04% -7.30% 21.03% 19.22% -11.96% 37.99% 21.67% -10.18%
3 9.04% 0.40% —7.55% 10.56% 2.73% -7.72% 16.50% 4.35% -9.43% 13.57% 1.58% -10.99%
TABLE 5 | A, and A of non-uniform samples.
Amod ®
2.6 4 Aging time 7 days 15 days 25 days 40 days
= 4,64 Fitting curve Amod 1.59 1.78 217 2.58
§ 2.4 A Fitting curve - A 1.57 1.72 2.08 245
&
Q
T2k
B
‘g TABLE 6 | Non-uniform thermal aging condition evaluation.
=2.0pF
% A <1.75 1.75-1.90 1.90-2.10 <2.10
Q
g 1.8 F Insulation performance Good Moderate aging Severe aging Retire
O
o R*(4,,,,)=0.974 B
R 6k  RX4)=0.983 3
1.4 L 1 L L L . 0.85 F —@— Perfect value
0.4 0.5 0.6 0.7 0.8 0.9 1.0 : 0.833 I:’ Error
EAB
0.80 |
FIGURE 5 | Relationship between mechanical parameters and dielectric 0.75 k
parameters. ’
0.70 |
X
. . E 0.65 |
The PDC method needs to analyze the region occupied .
by electrons above the Fermi level. At constant temperature, 0.60 b
the relationship between the depth of the electron trap
and time can be expressed as Eq. 6 (Watson, 1988; Watson, 0.55 [
1995):
0.50 |
|Ec - Etn| =kt h’l(Vt) > (6) L L 1 L L y L L
0.45
. . 170 1.75 1.80 1.85 1.90 1.95 2.00 2.05 2.10 2.15
where |E. - E,,| is the electron trap energy level, k is the A
Boltzmann constant, and v is the electron vibration frequency.
In addition, variation of the depolarization current I with time is FIGURE 6 | Perfect and measured values of EAB at the state boundary
shown in Eq. 7: point of A.

dKT
L) =T ~f,(n N (), %)

where f, (w) is the initial density of the electron trap, N (E) is
the density of the trap energy level, g is the charge of the electron,
and d is the thickness of insulation. Obviously, Iy (f) is
directly proportional to N (E), and I (f) can be used to study
the density of electron trap energy level in the insulating
materials. In this study, the third-order exponential
decay function is used to fit I () (Ye et al, 2016), as shown
in Eq. 8:

3 t
Li()=Ywe 7, (®)
j=1

where i represents three polarization types, i = 1 represents the
subject polarization of the insulation material, i = 2 represents the
interfacial polarization between crystalline and amorphous states,
and i = 3 represents the interfacial polarization between various
ions and groups after aging, ; is coefficient, and ; is the time
constant. Consequently, the charge can effectively characterize
XLPE aging degree by aging factor A (Birkner, 2004), as shown in
Eq. 9:

_ Q(73)
A= Q(Tz).

Larger A indicated a deeper level of traps and more serious
aging conditions. However, it can be inferred from the preceding

)
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TABLE 7 | Reference for insulation condition evaluation according to Anog-

Amod <1.67 1.67-1.81
EAB >0.875 0.875-0.75
Insulation performance Perfect Good

1E-10

1E-11 F

i) (A)

1E-12

25years A, (S4=2.21
1E-13 f —— 13years A (83)=2.00
[ —— llyears A, 4(82)=1.92
L —— 2years A (s1)=1.76
1E-14 L ; .

1 10 Time (S) 100 1000

FIGURE 7 | PDC curve and Amod of XLPE cables with different service
life.

0.85 [ — ®— Measured value

[ | Error

0.80 |

EAB

0. 45 1 1 1 1 1 1 1 1 1 1
.70 1.75 1.80 1.85 1.90 1.95 2.00 2.05 2.10 2.15 2.20 2.25

mod

—

FIGURE 8 | The distribution of evaluation reference error.

paragraph that there is a difference between non-uniform and
uniform aging, whether from the PDC curve or Debye model
parameters. In order to make assessment results more realistic
and accurate, it is necessary to express I, (t) by using Eq. 10:

3

L= Y ake ™, (10)

j=Lk=1
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1.81-1.99 1.99-2.26 >2.26
0.75-0.625 0.625-0.5 <0.5
Mild aging Moderate aging Retire

where is the pre-exponential factor of the kth isothermal area in
the jth branch, I, (t) is equal to the sum of currents in the three
branches of the modified Debye model, and the current of each
branch is superimposed by the current of each isothermal zone.
Therefore, the modified aging factor is expressed as Eq. 11:

s 5 1 3 () @ )
Yo wmn )+, wn (k)<1 - ;) + Y0 (T <k)(1 -e ’“”"3‘“”"”)
_ 13 (413 (2473 3)

o (9 () + Y (s (1~ ARG ) 4 3 o o1 1)
an

Apmod =

Table 5 shows A and A ,,,q of the samples. First of all, it can be
noted that A,,,,q and A both increase with the degree of aging, and
the degree of change becomes small gradually. It shows that the
insulation performance of cable changes rapidly in early stages
and is slow in the end. Second, A4 is larger than A in each stage,
and the gap between the two is widening, which means with the
influence of temperature gradient on insulation is greater with the
aggravation of aging. Finally, it is interesting that compared with
the criteria in Table 6 (Gao et al, 2015), A indicates a good
insulation stage of the cable, while A4 indicates that the cable
has been moderately aged for 15 days when the aging time is
7 days or 15 days. Consequently, in the qualitative assessment,
there are usually some qualitative assessment errors for cables in
the middle aging stage. In summary, A,.q characterizes the non-
uniform aging condition of cable insulation more accurately, and
a PDC test should be carried out for the cable in the middle of the
operation, so as to ensure the stability of the power system to a
greater extent.

The aging will directly affect the mechanical properties of
the cable. It is well known that the elongation at break
reflects the mechanical aging degree of XLPE, and the
elongation at break retention EAB is a recognized standard
to judge the insulation failure of XLPE. The insulation
performance of the cable has been lower than the standard
of safe operation when EAB = 50%. In order to further improve
the accuracy of Ajoqg, this study analyzes the relationship
between the insulation and mechanical properties. The EAB
is calculated by using Eq. 12, and the corresponding
relationship between A4, A, and EAB is established as
shown in Figure 5.

k
EAB = —, (12)
ko
where kj is the elongation at the break of the unaged sample. The
fitting curve of A and EAB shown in Figure 5 is derived by using
Eq. 13:

EAB
A =3.643 x exp(—

) +1.408. (13)
0.315
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The fitting curve of A,,,; and EAB is calculated by using in
Eq. 14:

EAB
Apoa = 3.826 X exp(—

) +1.383. (14)
0.339

If the value of the state boundary point of X, is brought into
Eq. 13, the corresponding elongation at break can be calculated.
Meanwhile, in a perfect state, 0.833 and 0.667 divide EAB into
three sections. It is not difficult to find from Figure 6 that the
error between the perfect value and the measured value is small,
which shows that there is a corresponding relationship between
mechanical characteristic quantity and electrical characteristic
quantity. Based on this point, A,,,4 can be divided into four stages
according to EAB, as shown in Table 7.

As mentioned before, A,,,,4 is supposed to be more effective as
a dielectric parameter for analyzing the non-uniform thermal
aging state of XLPE cable. In order to verify the accuracy of the
proposed evaluation reference, four XLPE cables in operation are
considered as the research object of this part. The depolarization
current and A,,,; are shown in Figure 7.

In Figure 7, the PDC curve characteristics of cables with
different service lives basically conform to the results in 5.1. In
the early stage of life, although the service times of S, and S; are
the same, S; has entered the early stage of aging. In addition, S,
is a retired cable. Referring to Table 5, decommission will
occur with A,,,; = 2.21. The aforementioned results are
consistent with reality. Meanwhile, considering that the
A,0.q evaluation criteria are based on mechanical
characteristics, Figure 8 shows the measured values and
calculated values of EAB for cables. The small error range
further proves that A,,,,4 is accurate and reliable to evaluate the
aging degree of XLPE cables.

CONCLUSION

Whereas there is a significant temperature gradient in the internal
temperature field of XLPE cable, which leads to the current theory
misestimating the actual situation of cable frequently. As a result,
when the extended Debye model and the traditional aging factor
A are used to analyze the cable aging degree, the accuracy will not
be guaranteed. The previous study indicated that the modified
Debye model is more suitable for analyzing non-uniform thermal
aging. Consequently, the PDC curve and modified Debye model
are analyzed first, and A,,,4 and related evaluation criteria are
later reported. The present analysis has led to the following
conclusions:

1) The insulation performance of uniform and non-uniform
thermal aged cables is different at the same aging time.
Studies using uniformly aged cable samples may not
accurately assess cable aging.

2) Compared with the extended Debye model, the modified Debye
model is more suitable for analyzing the PDC current of the

LPE Cable Insulation Condition Evaluation

non-uniform thermal aging cable, and there are significant
differences between the parameters of the two models.

3) The evaluation method based on aging factor A always
overestimates the performance of cable insulation to a
certain extent. Comparatively, A,,,,; is more consistent with
the actual situation of insulation.

4) Thermal aging has an impact on EAB and A,,,,4, and there is a
corresponding relationship between them. Based on this, the
proposed A,,,,; evaluation standard accurately evaluates the
aging degree of XLPE cables, which has been proved effective
by experiments.
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