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Abstract: In order to serve the online monitoring of the aging state of high-voltage (HV) cables, a
novel method based on impedance spectroscopy has been proposed. Firstly, the method uses the
Debye model to restore the dielectric response of the insulating material from the mechanism.
Secondly, based on the transmission line equation, a calculation model for the impedance
spectroscopy of HV cables was established. Then, the characteristics of the impedance spectroscopy
under different overall aging and local deterioration states were analyzed. Further, the simulation
analysis of the influence of factors such as load factor, length, metal resistivity, and geometric
parameters on the impedance spectroscopy was carried out. Finally, diagnostic criteria were
proposed, which are divided into two major categories: known cable parameters and unknown
cable parameters. If the geometric parameters are known, the aging state can be determined using
the resonance peak values and the resonance peak frequencies. If the geometric parameters are
unknown, it is necessary to test the impedance spectroscopy in the healthy condition of the cable as
the baseline curve. By comparing the impedance spectroscopy of the cable under test with the
baseline curve, the aging development trend of the cable can also be determined.

Keywords: high-voltage cables; online diagnosis; impedance spectroscopy; condition monitoring

1. Introduction

High-voltage (HV) cables are an important part of the power transmission and distribution
network. As of December 2023, there are 45,626 cable lines of 35 kV and above within the jurisdiction
of the State Grid Corporation of China (SGCC), which has maintained rapid growth in recent years
[1-3]. However, as the running time increases, the issue of cable aging becomes increasingly
prominent, which may lead to potential safety hazards and a decline in power system reliability.
Therefore, the research and application of HV cable aging state diagnosis technology becomes
particularly important. This paper aims to propose a novel online diagnosis technology for HV cable
aging, which can accurately assess the extent of cable aging and promptly detects potential faults.
Thus, it helps to ensure the safe and stable operation of the power system.

Currently, the main methods for diagnosing HV cable aging include dielectric loss
measurement, thermogravimetric analysis, and tensile testing. Dielectric loss measurement [4-6] is a
method for evaluating the extent of aging by measuring the dielectric loss in the cable insulation
material. This method typically uses equipment such as AC bridges and dielectric loss factor meters
to calculate the dielectric loss by applying an alternating voltage and measuring the current and
phase difference of the material sample. Dielectric loss is the result of the conversion of electrical
energy into thermal energy. Its measurement can reflect the loss situation of the cable insulation
material, thus judging the extent of aging. Thermogravimetric analysis [7-9] is a method that analyzes
the thermal properties and composition of the material sample by monitoring its weight change at
different temperatures. During the heating process, the sample undergoes reactions such as
adsorption, desorption, and decomposition. By monitoring the curve of sample mass variation with
temperature, the thermogravimetric curve and thermal decomposition characteristics of the sample
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can be obtained, enabling component analysis and material performance evaluation. The tensile test
method [10-12] in material mechanics is a method for evaluating the mechanical properties of
materials by gradually stretching a material sample while applying a tensile force and recording the
strain-stress relationship. By measuring the dimensional changes and applied force before and after
stretching, key mechanical parameters such as the elastic modulus, yield strength, and tensile
strength of the material can be obtained. These parameters are used to evaluate the tensile properties
and engineering applications of the material. However, these methods require sampling and testing
of the material samples, which fundamentally belong to destructive testing.

In recent years, there have also been many studies conducted on non-destructive testing of HV
cable aging. In [13], an on-line monitoring method of relative dielectric losses was proposed, by
measuring the sheath current, and based on the phase angle difference relationship between the
sheath currents under different extent of aging, the relative dielectric losses between phases can be
determined. In [14], Broadband Impedance Spectroscopy (BIS) technology has been proposed, the
Halden Reactor Project developed a method called the Line Resonance Analysis (LIRA) for cable
condition monitoring based on BIS. However, no specific details of the criteria were announced. In
[15], a set of criteria to assess cable conditions are examined and established for the diagnose and
location of cable aging and deterioration based on the analysis of reference and characteristic
frequencies of the impedance spectroscopy. In [16], an on-line diagnosis method of aging and
deterioration for medium voltage (MV) three-core cable was proposed based on impedance
spectroscopy.

Inspired by the above researches, this paper further investigates the aging mechanisms and
manifestations of polymer materials. From the perspective of aging mechanisms, the influence of
aging on electrical parameters of HV cable insulation materials and their manifestations in impedance
spectroscopy are analyzed.

2. Aging and the Impedance Spectroscopy of HV Cables

2.1. Aging Parameter Model

Currently, the insulation materials for high-voltage cables mostly utilize cross-linked
polyethylene (XLPE), which is an organic polymer. Under the long-term influence of electrical,
thermal, and mechanical stresses, the XLPE molecules may experience chain breakage, cross-linking,
or degradation, leading to the accumulation of microscopic damage and cracks in the material,
thereby reducing its strength.

The aging of insulation materials leads to an increase in dielectric loss. Researches have shown
that as the extent of XLPE aging increases, its dielectric constant also increases. For XLPE and other
polymer materials, the commonly used dispersion relation model is the Debye model [17], as
expressed in (1), where &) is the dielectric constant when the angular frequency is @, - is the high-
frequency dielectric constant, &is the static dielectric constant, ris the relaxation time of the material.
& —¢€
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The Debye dispersion equation describes the dielectric relaxation process, which is characterized
by a single relaxation time. However, in condensed matter, the assumption that the relaxation process
is characterized by a single relaxation time is not satisfied, because there may be more than one
relaxation, such as interfacial polarization, dipole polarization, and ionic polarization. Cole and Cole
modified (1) to (2), where «a is the exponent of the Cole-Cole model [18].
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The Cole-Cole model is more suitable for describing a broader range of experimental data. The
exponent 1-a is a measure of the symmetric distribution of relaxation times. To achieve better
consistency between the dielectric model and experimental data, Davidson and Cole modified the
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Debye equation by introducing an exponent in the denominator, proposing the functional
relationship shown in (3).

Es—E&,
e(w)=¢, +—— 3
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In (3), the exponent fis a measure of the asymmetric distribution of relaxation times. Finally,
the model proposed by Havriliak and Negami generalizes the previous two models by introducing
two exponents in the denominator of the Debye equation and assuming the superposition of

symmetric and asymmetric distributions of relaxation times, as shown in (4).
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Researches have shown that aging can affect the numerical value of the dielectric constant of

e(w)=¢,+

XLPE. Specifically, aging leads to a slight increase in &=, an increase in &, an increase in relaxation
time 7, and decreases in both a and g.

2.2. Impedance Spectroscopy of HV Cables

The impedance spectroscopy is essentially a manifestation of the propagation of electromagnetic
waves in transmission lines. Therefore, the impedance spectroscopy of a HV cable can be derived
from the transmission line equation. Denote the unit length resistance, inductance, conductance, and
capacitance of a HV cable be R, L, G, and C, respectively, then its characteristic impedance and
propagation coefficient are as shown in (5) and (6). The impedance at the electrical distance x of a HV
cable can be given by (7), where I is the load reflection coefficient, which is shown in (8), and /

represents the length of the cable.
R+ joL
Zy= ; @)
G+ joC

y =y(R+ joL)(G+ joC) (6)

1+ FLezy(H)
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In (8), Zv is the load of the HV cable. For a typical structure of a single-core HV cable, the
impedance spectroscopy Zo at the distance of x = 0 (head-end) can be measured by the ratio of the
voltage and current between the two ends of the core conductor and the metal sheath, as presented
in Figure 1.

Figure 1. Schematic diagram of local deterioration of a single-core HV cable and its measurement, /s
represents the starting point of local deterioration, /» represents the end point of local deterioration.
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According to (7), the expression of Zp can be presented in (9). The derivation from the basic
structure and material parameters of a HV cable to the basic electrical parameters (R, L, G, and C) can
be found in [15,16]. Besides, the derivation of the impedance spectroscopy equations for local
degradation can also be found in [15,16].

3. Simulations and Results

3.1. Dielectric Constant and Impedance of HV cables

Denote .=2.2, g =2.5, ©=1x10% s, a=0.8, f =0.5, the frequency spectroscopy of the real and
imaginary parts of the relative permittivity under these typical parameters are shown in Figure 2.
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Figure 2. The frequency spectroscopy of the real and imaginary parts of the relative permittivity,
where & represents the real part and &” represents the imaginary part.

For a 500 m-long and 800 mm? cross-section HV single-core cable, whose basic structural
parameters are presented in Table 1, and the rated load is 976 A. Under full load, the relationship
between the real and imaginary parts of its head-end impedance at 0-2 MHz can be presented in
Figure 3.

Table 1. Basic structural parameters and the metal resistivities of the object cable.

The structural parameters Value (mm) The metal resistivities Value (Q-m)

r1 (outer radius of the core conductor) 17 pe (resistivity of the core conductor) 1.68 x 10-8
r2 (inner radius of the metal sheath) 394 ps (resistivity of the metal sheath) 1.68 x 108
r3 (outer radius of the metal sheath) 43.9
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Figure 3. Relationship between the real and imaginary parts of the head-end impedance Zy. Re(Zp0)
represents the real part and Imag(Zy0) represents the imaginary part, the unit is ohm (Q).

It can be noticed from Figure 3, at relatively low frequencies, the imaginary part of Zo is negative,
mainly exhibiting capacitive. However, as the frequency further increases, the imaginary part of Zo
becomes positive, exhibiting inductive. As the frequency continues to increase, Zy again exhibits
capacitive, and this cyclic pattern repeats.

Under different extent of aging conditions, denote that &~ increases from 2.2 to 2.4, & increases
from 2.5 to 3.25, 7 increases from 1x10 to 1x104, a decreases from 0.8 to 0.72, and S decreases from
0.5 to 0.4. The frequency spectroscopy of the relative dielectric constant is as shown in Figure 4.
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Figure 4. The frequency spectroscopy of the relative permittivity & under different extent of aging
conditions, where a0 represents healthy condition, al-a9 represents increasingly serious aging
conditions.
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3.2. Impedance Spectroscopy of Different Aging Conditions

Under the parameter settings in Section 3.1, the input impedance spectroscopy of the cable under
different aging conditions can be shown in Figure 5.
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Figure 5. Impedance spectroscopy of the HV cable under different extent of aging conditions, where
a0 represents healthy condition, al-a9 represents increasingly serious aging conditions.

In Figure 5, the impedance spectroscopy of both the healthy and aged cables show a trend of
oscillation attenuation. Compared with the healthy condition, the impedance spectroscopy of the
overall aged conditions has lower resonance peak values, and the decay trend is more significant.
There are a total of 7 resonance peaks in Figure 5, and the changes in the peak values of these 7
resonance peaks are presented in Figure 6.
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Figure 6. Resonance peak values under different aging conditions.
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As shown in Figure 6, as the extent of aging becomes more severe, the 7 resonance peak values
decrease monotonically. Through the changes in the resonance peak values, the overall extent of
aging can be determined.

3.3. Impedance Spectroscopy for Local Deterioration

Since the HV cable is relatively long, it is possible that the same cable may span different
temperature zones, or that certain segments may operate while submerged in water. Therefore,
different segments of the same cable line may experience varying extents of aging. A HV cable
segment with local deterioration can be equivalently represented by the structure shown in Figure 1,
where the starting and ending points of the local deterioration are at x=l» and x=Iy, respectively. The
impedance at x = 0 can be calculated by (10).

1+ rleQVh(lb‘l)

Zb - ZOh 1- 1—*162711(117_1)

1+ F2627d(la_lb)

Z,=2 1T o2y (10)
2
1+ e
ZP1 = ZOh 1-— l—‘ze_z}/hla

In (10), Zv, Zs, and Zp1 are, respectively, the impedances at position x = Iy, x = I, and x = 0; Zorand
Zoa are the characteristic impedances of the health and degraded segment; y» and yu are the
propagation coefficients of the healthy and degraded segment; and I';, I';, and I's are the load reflection
coefficient of each segment, which can be represented in (11).

:M
Z,+Z,,
:M
Z,+Z,,
_ Za_ZOh
P Z.+27,

1

2

(11)

The condition with local deterioration is more complex than the overall aging. In addition to
having different extents of aging, it also includes two additional variables: the location and size of
the deterioration.

3.3.1. Impedance Spectroscopy for Local Deterioration of Different Locations

Using the above line parameters, we re-simulated the input impedance spectroscopy for the HV
cable with a 100-m local deterioration occurring at distances of 0 m, 100 m, 200 m, 300 m, and 400 m
from the line's starting end, as shown in Figure 7, and the aging degree is the a9 condition mentioned
in Section 3.1, which is the most severe condition.

(@)
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Figure 7. Impedance spectroscopy of the HV cable with local deterioration of different locations.

Compared to the total length of 500 m in the case, the 100-m deterioration is considered a
relatively large size. As shown in Figure 6, the input impedance spectroscopy for this large-size
deterioration no longer satisfies the oscillating decay characteristic. This is related to the different
propagation speeds of electromagnetic waves in the different aging condition segments, and there is
refraction and reflection at the locations of non-uniform dielectric media. Furthermore, the resonance
peak locations in the impedance spectroscopy will also show a shift for large-size deterioration. In
Figure 7, the local deterioration at 100m and 500m, as well as at 200m and 400m, are symmetric about
the midpoint, and their resonance peak positions are essentially the same, with only the resonance
peak amplitudes being different.

3.3.2. Impedance Spectroscopy for Local Deterioration of Different Sizes

Continuing to use the previously mentioned line parameters, we re-simulated the input
impedance spectroscopy for the HV cable with a local deterioration at 370 m, and the deterioration
size ranges from 10-100 m, as presented in Figure 8.
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Figure 8. Impedance spectroscopy of the HV cable with local deterioration of different sizes.

As shown in Figure 8, the impedance spectroscopy within the size range do not satisfy the
oscillating decay characteristic, and they also belong to the category of relatively large-size
deterioration. Since the starting points of the local deterioration are the same, the frequency
deviations of the resonance peaks are not large, especially for the first 1-2 peaks. We continued the
simulation of the input impedance spectroscopy for local deterioration sizes ranging from 0.1 to 10
m, as presented in Figure 9.

70 \ \ \ \ \ T T T
—— Healthy 0.1 —— 0.2783 ——0.7743 ——2.1544 5.9948
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=
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20r b
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Figure 9. Impedance spectroscopy of the HV cable with local deterioration of smaller sizes.
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It can be noticed from Figure 9, when the local deterioration size is less than 1.2915 m, its
impedance spectroscopy almost overlaps with the healthy condition; when the size exceeds 2.1544 m,
its impedance spectroscopy exhibits a different oscillating characteristic compared to the healthy
condition.

3.4. Influence Factor Analysis

3.4.1. Influence of the Load

In actual operation, cables are generally not in a fully loaded state. Therefore, the impedance
spectroscopy at the head end of the cable was simulated under load conditions ranging from 10% to
100%, as presented in Figure 10. The simulation reflects the overall aging conditions, with aging
parameters consistent with those in Section 3.2.

f(MHz)

Figure 10. Impedance spectroscopy of the HV cable with different load rate. Due to the fact that each
load rate was simulated with 10 different levels of aging, Figure 10 includes a total of 100 sets of curves,
which are sufficient to reflect the trend changes. For simplicity, the legend is not included in this
figure.

As shown in Figure 10, as the load rate increases, the resonance peak value decreases. However,
as long as the load rate is known, the impedance spectroscopy has a unique solution for a known
cable.

3.4.2. Influence of the Length

Fundamentally, the impedance spectroscopy of a HV cable is a manifestation of the wave
process. The length of the cable directly affects the reflection and refraction of the electromagnetic
waves, and therefore, the length is closely related to the impedance spectroscopy. For the terminal
impedance spectroscopy of a cable, the electromagnetic wave needs to make at least one complete
reflection from the terminal end and back to obtain the resonance peaks. Using the definition in [20],
fer represents the frequency interval between the resonance peaks, and its expression is presented in
(12).

1

Jo = e IcC (12)
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Therefore, the longer the cable line, the smaller the interval between the impedance spectroscopy
resonance peaks, and the lower the monitoring frequency requirement.

3.4.3. Influence of the Metal Resistivity

Since impedance itself also contains resistance, in the test circuit of the impedance spectroscopy,
the resistance mainly comes from the core conductor and the metal sheath. Therefore, the influence
of the change in the metal resistivity on the impedance spectroscopy was simulated separately. Here,

the change multiple of the resistivity was set from 0.1 to 10 times, and the impedance spectroscopy
under full load condition is presented in Figure 11.

70
\ 0.1
ol . | —— 0.1688
|\ 0.2783
of —— 0.4642
\\ —— 0.7743
wll 12915
g — 2154
< | —— 35038
0T —— 5.9948
10
0|
10}
0
0 0.5 1 1.5 2

Jf(MHz)

Figure 11. Impedance spectroscopy of the HV cable with the change multiple of the resistivity of the
core conductor setting from 0.1 to 10 times.

As shown in Figure 11, the change in the core resistivity has little effect on the impedance
spectroscopy and can be neglected. This paper also simulated the case of changes in the metal sheath
resistivity, and the results showed no visually distinguishable difference.

3.4.4. Influence of the Geometry Parameters

Furthermore, the influence of cable geometry parameters was simulated, mainly the core outer
radius r1, insulation outer radius 72, and metal sheath outer radius 3. Since the resistivity has little

effect on the impedance spectroscopy, the influence of these geometry parameters is mainly
manifested in the inductance and capacitance.

d0i:10.20944/preprints202407.1732.v1
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Figure 12. Impedance spectroscopy of the HV cable with the change multiple of the geometry
parameters setting from 0.5 to 1.5 times. In order to control a single variable, the metal sheath
thickness was kept unchanged in the simulation.

The influence of geometric parameters on the impedance spectroscopy is shown in Figure 12. It
can be seen that the geometric parameters have a relatively large influence on the impedance
spectroscopy. Inaccurate geometric parameters may lead to relatively large deviations.

4. Diagnosis of the Aging State

In summary, the impedance spectroscopy of a HV cable contains information about the cable's
aging degree, deterioration location and size (if any), load rate, and length, etc. In other words, these
factors will also affect the impedance spectroscopy. In order to correctly obtain information about the
aging degree, deterioration location and size, etc., it is necessary to control the variables. For a specific
cable, the length and load rate are usually known, but the precise electrical parameters are often
unknown. From the analysis of the influencing factors above, it can be known that the difference of
one order of magnitude in the metal resistivity above and below has little effect on the impedance
spectroscopy, but the difference of +50% in the geometric parameters has a great influence. Therefore,
the diagnosis can be divided into two categories: known geometric parameters and unknown
geometric parameters.

4.1. Known Geometric Parameters

If the geometric parameters of the cable are precisely known, the inductance parameters can be
accurately calculated; the resistance parameters can also be derived through the geometric
parameters and material resistivity. Thus, the remaining influence on the impedance spectroscopy is
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mainly the effect of the capacitance parameters caused by the dielectric constant. If the impedance
spectroscopy can be tested/obtained when the cable is in a completely healthy state, in theory the
accurate relative dielectric constant of the cable at that moment can be obtained.

From the results in Chapter 3, it can be seen that the changing trend of the impedance
spectroscopy under the condition of large-size local deterioration is different from other cases, which
is relatively easy to distinguish. Under the overall aging state, the amplitude of the resonance peaks
becomes smaller, and the peak positions also shift to the left, and these characteristics are also
relatively easy to distinguish. The main remaining difficulties are focused on distinguishing the
specific size, location, and degree of degradation of large-size deterioration. Therefore, the impedance
spectroscopy of large-size deterioration shown in Figure 6 was further analyzed, and the ratio of the
7 resonance peak values to the resonance peak values in the healthy state (Z), and the difference
between the resonance peak frequencies and the resonance peak frequencies in the healthy state (fi)
were recalculated and analyzed, and the results are presented in Figure 13.

=

S ~
= \ -
& -20 — peakl
< — peak2
peak3
_40 I I I I I I I — peak4
0 50 100 150 200 250 300 350 400 — peakS
x (m) peak6
— peak?7
1.1f ‘ ‘ ‘
<
N
S
-’
N& 0.91 7,
0.8 1 1 1 1 1 1 1

0 50 100 150 200 250 300 350 400
x (m)

Figure 13. Characteristics of resonance peak frequencies and values at different locations under 100-
m deterioration.

As shown in Figure 13, the 7 resonance peak frequencies are basically symmetrically distributed
with the location of the local deterioration, while the 7 resonance peak values basically oscillate and
increase with the increase of the location of the local deterioration. Combining Zy and fi of the
impedance spectroscopy, the location of the local deterioration can be uniquely determined.

Further analysis was also carried out on the impedance spectroscopy of large-size deterioration
shown in Figure 8 (the deterioration location remains unchanged, the deterioration size is 10-100m),
Zpy and fa were recalculated and analyzed, and the results are presented in Figure 14.
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Figure 14. Characteristics of resonance peak frequencies and values under different size of
deterioration at the location x=370 m.

As shown in Figure 14, fi decreases as the deterioration size increases, while Z,, does not exhibit
a consistent pattern, but through combining f: and Zy, the location of the local deterioration can be
uniquely determined.

After the size and location of the local deterioration are determined, the extent of local
deterioration needs to be identified. For the sake of illustration, the impedance spectroscopy under
different extent of aging with a deterioration size of 100 m and a starting point of 100 m from the
head end were simulated, as presented in Figure 15.
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Figure 15. Impedance spectroscopy of the HV cable with a deterioration size of 100 m and a starting
point of 100 m from the head end under different extent of aging conditions, where a0 represents
healthy condition, al-a9 represents increasingly serious aging conditions.

As shown in Figure 15, as the degree of local deterioration increases, the characteristics of local
degradation (non-oscillating attenuation) become more pronounced. In this case, as the extent of
aging worsens, the peak value of the first resonance peak gradually decreases, the peak value of the
second resonance peak gradually increases, and the subsequent resonance peaks also show a trend
of displacement. Therefore, the differences (Zyp1) between the 7 resonance peak values under different
extent of aging and the peak values in the healthy condition were further calculated, as presented in
Figure 16.

6 T T T T T

| 1 1 1 1 1
-8 2 3 4 5 6 7

peak number

Figure 16. Peak value difference under different extent of aging.

As shown in Figure 16, the changing trend of the resonance peak value differences under 9
different extent of aging is basically consistent with the characteristic trend of local deterioration. The
more severe the aging, the larger the absolute value of the peak value difference.

4.2. Unknown Geometric Parameters

If due to historical reasons, the precise geometric parameters of the cable are unknown, a
reference impedance spectroscopy curve under the "healthy condition" is needed to assist the
judgment in the case. Therefore, it is first necessary to test the impedance spectroscopy in the healthy
condition of the cable (for example, when it is just put into operation) as the baseline curve. On this
basis, if the aging condition of the cable is needed after a period of time, the impedance spectroscopy
test can be carried out again and compare it with the previous baseline curve. The changing trends
of the various aging and local deterioration indicators mentioned in Section 4.1 still apply, so the
aging development trend of the cable can be determined.

5. Discussion

In the diagnosis of the aging status of HV cables, this paper first divides it into two cases: known
cable geometric parameters and unknown geometric parameters. If the geometric parameters are
known, the aging state can be determined using fi, Zp and Zy. If the geometric parameters are
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unknown, it is necessary to test the impedance spectroscopy in the healthy condition of the cable as
the baseline curve. By comparing the impedance spectroscopy of the cable under test with the
baseline curve, and combining fi, Zy and Zyp, the aging development trend of the cable can also be
determined.

It is to be noted that unknown geometric parameters actually have multiple implications. First,
the specific parameters may be completely unknown and difficult to estimate through appearance or
other means. In this case, the aging trend can only be determined through comparing with the
baseline curve. For example, if the newly measured curve shows a non-oscillatory attenuation trend,
it can be determined that the cable has experienced relatively large-size local deterioration; or if the
newly measured curve shows the oscillatory attenuation trend, and the resonance peak values have
become smaller, it can be determined that the overall aging degree of the cable is increasing; or, if the
impedance spectroscopy of the same cable is measured again at the same interval, and the resonance
peak values have decreased more, it indicates that the cable is accelerating in its overall aging. Second,
only some parameters are unknown, and some parameters can be estimated through appearance or
other means and an estimated range can be evaluated. In this case, the estimated variation range of
the estimated parameters can be preset, and several points within this range can be recalculated for
the cable's impedance spectroscopy, and compared with the test results. Further narrowing the range
and increasing the number of points around the point with the minimum error, until the error is
within an acceptable range. Finally, this point is taken as the estimated parameter, and the aging
diagnosis can be carried out as the case of known geometric parameters.

6. Conclusions

The paper proposes an online diagnostic method for the aging state of HV cables based on
impedance spectroscopy. At the theoretical level, it analyzes the influencing factors of the impedance
spectroscopy and proposes diagnostic criteria. It can be concluded as follows:

1) The load rate has a significant impact on the cable impedance spectroscopy, and online testing
needs to be based on a known specific load rate. The length of the cable directly affects the impedance
spectroscopy, the longer the cable line, the smaller the interval between the impedance spectroscopy
resonance peaks, and the lower the monitoring frequency requirement. Metal resistivity has little
effect on the impedance spectroscopy and can be neglected. Geometric parameters have a relatively
large influence on the impedance spectroscopy. Inaccurate geometric parameters may lead to
relatively large deviations.

2) The impedance spectroscopy of healthy and overall aging cables exhibits an oscillatory
attenuation trend, while the resonance peak values of the impedance spectroscopy under large-size
local deterioration will not decrease monotonically.

3) The extent of overall aging can be determined by the decrease in resonance peak values.

4) In the case where the precise geometric parameters of the cable are known, the aging state can
be determined using fi, Zyy and Zy. If the geometric parameters are unknown, it is necessary to test
the impedance spectroscopy in the healthy condition of the cable as the baseline curve. By comparing
the impedance spectroscopy of the cable under test with the baseline curve the aging development
trend of the cable can also be determined.
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