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Abstract: Power cable condition diagnosis and deterioration location rely on signatures of aging
characteristics which precede the final breakdown. The purpose of this study was to investigate
how to diagnose and locate the aging and/or deterioration of power cables through the analysis of
the impedance spectroscopy. The concepts of the reference frequency and characteristic frequency
of cable impedance spectroscopy are defined for the first time. Based on the reference frequency,
the optimal frequency range for analysis of impedance spectroscopy can be determined, whilst
based on characteristic frequency, a set of criteria for assessing cable conditions are examined and
established. The solution proposed in this paper has the advantage of being easier to implement than
the previously reported “broadband” impedance spectroscopy methods, as it helps to reduce the
frequency range for measurement instrumentations; the proposed method also does not need the
measurements of the parameters of the cable being tested.

Keywords: power cables; aging; deterioration; diagnosis; location; impedance spectroscopy

1. Introduction

Power cables are widely used in urban transmission and distribution networks for their
advantages of small footprint, high safety, and reliability [1]. At the same time, the laying
environment and the ambient conditions along the cable length may vary significantly [2,3].
In different geographic segments, the rate of the aging and/or deterioration of the cable
along the length may be very different, due to their non-uniform local stress level. Long-
term uneven stress distribution may eventually lead to excessive local stress in the cable,
resulting in insulation breakdown. Therefore, it is necessary to identify the degree of aging
of the cable insulation and locate the local aging and/or deterioration before the breakdown.

The dielectric loss tangent (tan δ) is an important index measuring the energy loss of
organic macromolecular materials, and it is also an important criterion for the degree of
material aging [4]. In Reference [5], a viable technique for aging assessment of low-voltage
cable insulation was proposed, showing the effect of the dielectric spectrum for the cable
aging assessment. In Reference [6], sliced cable tests were carried out for the frequency
responses of tan δ for the thermal aging and water treeing effects, and criteria were pro-
posed for the condition assessment of medium voltage (MV) crosslinked polyethylene
(XLPE) cables, using frequency domain spectroscopy. In Reference [7], accelerated thermal
ageing tests were applied to XLPE pieces, and the results indicated that the lifetime for
XLPE is expected to be between 40 and 60 years at 90 degrees Celsius, and the estimated
cable lifetime is between 7 and 30 years for rated operating temperatures between 95 and
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105 degrees Celsius. The abovementioned studies only tested specific cable samples, and
each proposed its rules and criteria for accelerated aging cables. These criteria have their
own limitations and have not been adopted for on-site large-scale testing.

Partial discharge (PD) is also an indicator of the weak points in cable insulation. In
Reference [8], the PD behavior and accelerated aging upon repetitive DC cable energization
and voltage supply polarity inversion were investigated; the results indicated that PD can
occur during voltage transients that a DC cable has to withstand during its lifetime. In Ref-
erence [9], a wavelet-based PD analysis approach in noisy environments was proposed. In
Reference [10], an approach to investigate the spatial distribution of plasma species related
to PD dynamics in an ellipsoid void was reported. However, the detection, restoration, and
localization of PD signals are still not easy tasks; especially in real-world scenarios, tiny PD
signals are likely to be covered by ambient noise.

Although the application of leakage current measurement was reported for the diag-
nosis of cable faults, the variations in the accuracy of leakage current measurement due
to operating voltage variations limited widespread use of this technique [11,12]. Methods
based on time domain reflectometry (TDR) have long been applied to the detection of
low impedance failures; it is ineffective to detect high impedance defects and general
deteriorations [13]. Advanced signal processing techniques for improved performance in
the detection of minor degradations are major challenges in employing time-frequency
domain reflectometry (TFDR) techniques for the condition monitoring of cables [14]. The
broadband impedance spectroscopy (BIS) technology, which does not require high voltage
supplies, has received attentions in recent years. With the methods, input impedance of the
cable section is measured with a sweep signal covering a wide frequency range. The charac-
teristics of the cable impedance are dominated by the frequency-dependent parameters of
the cable geometry and material, which can be used to locate cable defects. Based on the BIS
principles, the Halden Reactor Project developed a method called the Line Resonance Anal-
ysis (LIRA) for cable condition monitoring [15,16]. Criterions for the assessment of cable
local and global degradations were validated by experiments, but several assumptions were
made in the analysis procedure, and the details of the algorithm were not published. The
Inverse Fast Fourier Transform (IFFT) was introduced in the impedance spectrum analysis
to acquire the location of the cable defects in References [17–19]. The improved method
incorporates Integration Transformation (IT) into the BIS, which enhanced the localization
performance by selecting an appropriate kernel function [20]. Further work illustrated the
possibility of fault location in cross-bonded cables [21]. However, these broadband methods
required a very high sampling rate to obtain satisfactory results, making them difficult
to apply to real-world situations. The sensitivity of the input impedance was defined in
Reference [22], where the scenarios considered were insufficient to establish diagnostics
criteria. The Boeing Company and Brookhaven National Laboratory also developed an
evaluation of BIS for electric cables used in nuclear power plants [23]; a large number of
models and experimental data verified the feasibility of BIS, but it is too cumbersome for
grid applications containing a far greater number of cables, as the method required the
on-site measurement of cable parameters.

In the present contribution to impedance spectroscopy, the authors attempt to remove
the need for measurements of real-world cables and to narrow the frequency range required
for impedance spectroscopy measurement. The proposed approach mainly consists of three
parts. Firstly, the transmission line parameter model of the cable is established, so as to
obtain the impedance spectroscopy. Secondly the characteristic frequency in the impedance
spectroscopy is developed for the identification of the different degrees and locations of
aging and/or deterioration. Finally, the degree and location of the aging is determined
according to the characteristic frequency of the impedance spectroscopy. The concept of
the characteristic frequency of cable impedance spectroscopy is defined, for the first time,
based on that; a set of criteria to assess cable conditions are examined and established for
the diagnose and location of cable faults.
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2. The Impedance Spectroscopy of Power Cables
2.1. Typical Structure of Power Cables

Typical structures of power cables mainly include the single-core structure and the
three-core structure. The single-core structure, as presented in Figure 1, is taken as an
example to study in the paper.

Figure 1. A typical structure of a single-core power cable.

As shown in Figure 1, a typical single-core cable has at least six layers, namely the core
conductor, inner semiconductive shielding layer (conductor shielding), main insulation,
outer semiconducting shielding layer (insulation shielding), metal sheath, and jacket. There
are at least two layers of metal structure, namely the core conductor and the metal sheath.

2.2. Theoretical Basis

The telegraph equation [24] based on the transmission line theory is often used to
describe the relationship between the voltage, current, and electrical distance of the power
transmission line, which is the result of the derivation of the transmission line model. The
transmission line model treats the transmission conductor as a network formed by an
infinite number of two-port circuit elements in series, as presented in (1) and Figure 2.

dV
dx = −Z·I
dI
dx = −Y·V

(1)

Figure 2. A two-port distributed parameter circuit.

In (1), V and I represent the voltage and current vectors of the transmission line at
electrical distance, x, respectively. Z and Y represent the impedance and admittance vectors,
respectively. According to the transmission line theory, transmission lines are generally
equivalent to distributed parameters, as shown in Figure 2, where R, L, C, and G represent
the resistance, inductance, capacitance, and conductance per unit length of the transmission
line, respectively. In the frequency domain, the current I(x) and the voltage V(x) at the
electrical distance, x, of the transmission line can be presented in (2).

d2V(x)
dx2 = (R + jωL)(G + jωC)V(x)

d2 I(x)
dx2 = (R + jωL)(G + jωC)I(x)

(2)
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The general solution of (2) is shown in (3):

V(x) = V+e−γx + V−eγx

I(x) = V+e−γx−V−eγx

Z0

(3)

In (3), V+ and V− are called forward voltage waves and reflected voltage waves,
respectively, and need to be determined by boundary conditions; γ and Z0 are the propaga-
tion coefficient and characteristic impedance of the transmission line, respectively, which
can be presented in (4) and (5).

γ =
√
(R + jωL)(G + jωC) (4)

Z0 =

√
R + jωL
G + jωC

(5)

2.3. The Impedance Spectroscopy

The impedance spectroscopy of power cables is as a function of frequency. From (3),
the impedance at the electrical distance, x, of the transmission line can be given by (6):

Zx =
V(x)
I(x)

= Z0
1 + ΓLe2γ(x−l)

1− ΓLe2γ(x−l)
(6)

In (6), ΓL is the load reflection coefficient, which is shown in (7):

ΓL =
ZL − Z0

ZL + Z0
(7)

In (7), ZL is the load of the transmission line. If the line is open-circuited, ZL approaches
infinity, and ΓL is 1.00. If the line is short-circuited, ZL approaches 0, and ΓL is −1.00. This
paper mainly discusses the case of the open-circuited load.

For a typical structure of a single-core power cable, the impedance spectroscopy at
the position of x = 0 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 3. Thus, the
transmission line parameters of the cable can be shown in (8)–(11).

R = Rc + Rs =
ρc

πr2
1
+

ρs

π
(
r2

3 − r2
2
) (8)

L = Lc + Ls + Mcs =
µ0

8π
+

µ0

2π

((
r2

3 − 3r2
2
)

4
(
r2

3 − r2
2
) + r4

2 ln(r3/r2)

4
(
r2

3 − r2
2
) + ln

(
r3

r2

))
(9)

G + jωC = jω
2πε

ln(r2/r1)
(10)

ε =
Aε0

1 + B(jω)p (11)

In (8), Rc is the resistance of the core conductor, Rs is the resistance of the metal sheath,
r1 is the radius of the core conductor, r2 is the outer radius of the main insulation, r3 is the
outer radius of the metal sheath, and ρc and ρs are the conductivity of the core conductor
and the metal sheath, respectively. It is to be noted that the skin effect is neglected for the
multi-conductor stranded structure of the core conductor and the hollow-circle structure
for the metal sheath.

In (9), Lc and Ls are the self-inductance of the core conductor and the metal sheath,
Mcs is the mutual inductance between the core conductor and the metal sheath, and µ0
is the permeability of vacuum. In (10) and (11), ε is the permittivity of the cable, ε0 is the
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permittivity of vacuum, A and B are fitting constants, and p is a parameter in the range
of 0~1.

Figure 3. The schematic diagram of local aging and deterioration of single-core cable and its measurement.

Earlier studies [25–28] have shown that the dielectric properties of cable insulation
can be characterized by the dielectric constant, ε, which contains real and imaginary parts.
The real part corresponds to the capacitive effect of the insulation, while the imaginary
part represents the conductance effect of the insulation. The aging caused by various
reasons (electrical, thermal, mechanical, etc.) essentially causes the molecular structure of
the material to be destroyed, thereby showing different dielectric properties, which are
reflected in the parameter ε. The ratio of the imaginary part to the real part of the dielectric
constant is defined as the dielectric loss tangent, tan δ, also known as the loss factor. It is
generally believed that the larger the tan δ value, the more serious the dielectric loss and
the higher the aging degree.

2.4. Determination of Local Degradation

As shown in Figure 3, the geometry of the degradation is simplified, in this contri-
bution, to a cylindrical ring which has the same shape as the main insulation. Thus, the
location and the shape of the degradation can be defined by the x-coordinates, la and lb, and
three sections being divided by the degradation. The permittivity of the degradation can
be defined as εd. Then the impedance spectroscopy of the cable with local degradation can
be calculated section by section. Firstly, the impedance Zb at position x = lb can be directly
calculated by (6). Secondly, the impedance Za at position x = la can be calculated by taking
Zb as the load. Finally, the impedance at position x = 0 can be calculated by (12).

Zb = Z0h
1+Γ1e2γh(lb−l)

1−Γ1e2γh(lb−l)

Za = Z0d
1+Γ2e2γd(la−lb)

1−Γ2e2γd(la−lb)

Zs = Z0h
1+Γ3e−2γhla

1−Γ3e−2γhla

(12)

In (12), Zb, Za, and Zs are, respectively, the impedances at position x = lb, x = la, and
x = 0; Z0h and Z0d are the characteristic impedances of the health and degraded section; γh
and γd are the propagation coefficients of the healthy and degraded section; and Γ1, Γ2,
and Γ3 are the load reflection coefficient of each section, which can be represented by (13).

Γ1 = ZL−Z0h
ZL+Z0h

Γ2 = Zb−Z0d
Zb+Z0d

Γ3 = Za−Z0h
Za+Z0h

(13)

As presented in (12) and (13), the final expression of the impedance at position x = 0
is Zs, and the value of Zs is related to the position (la and lb) of the degradation and the
propagation coefficients (γh and γd) of the cable. Meanwhile, the propagation coefficient,
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γd, is related to the dielectric constant, ε, which is an index for the aging. Therefore, the
rate and location of cable aging and/or deterioration will ultimately be reflected in Zs.

3. Simulations and Results
3.1. The Impedance Spectroscopy for Healthy and Aged Cables

In order to illustrate the difference of the impedance spectroscopy between the healthy
cable section and the aging part, a 20 m–long medium-voltage single-core cable was
simulated, and the parameters are shown in Table 1.

Table 1. The basic structural and material parameters of the object cable 1.

The Structural Parameters Value (mm) The Material Parameters Value (Ω·m)

r1 4 ρc 1.68 × 10−8

r2 8.9 ρs 1.68 × 10−8

r3 9.5
1 These parameters can be determined by the type and material of the cable [29].

Firstly, the impedance spectroscopy of the healthy globally aged and locally aged
cables at the power supply side were calculated in the range of 1 to 50 MHz. The fitting
parameters (Equation (11)) for the healthy cables are, respectively, A = 2.68, B = 0.14, and
p = 0.02. Namely, the relative permittivity is about 2.3, and the value of tan δ is about
4.3 × 10−3. Meanwhile, the fitting parameters for the aged cables are, respectively, A = 4.26,
B = 0.22, p = 0.05, and la = 10 and lb = 10.01. According to (6), the impedance spectroscopy
for healthy and aged cables at the position of x = 0 can be presented in Figure 4; the
simulations were carried out by using MATLAB.

Figure 4. The impedance spectroscopy for healthy and aged cables: (a) the impedance magnitude
spectroscopy and (b) the impedance phase spectroscopy.
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As shown in Figure 4, the healthy globally aged and locally aged cables have obvious
differences in impedance magnitude and phase spectroscopy. In Figure 4a, the waveform
of the relationship between impedance magnitude and frequency contains multiple peaks,
and the peak value decreases with the increase of frequency in the range of 1~50 MHz,
which is related to the length of the cable. The waveform of the overall aging slightly moves
forward from the waveform of the healthy cable in frequency. The waveforms of the local
aging and the healthy are very close, and the peaks of the healthy cable are slightly higher.
There is a similar curve relationship in Figure 4b; however, the waveform is periodic, which
depends on the length of the cable.

3.2. The Frequency Range

According to (6), the waveform of the impedance spectroscopy depends on the length
of the cable. In order to obtain the complete impedance spectroscopy, the length of the cable
should be greater than the wavelength of the corresponding frequency. The wavelength
can be defined by (14), and the wave speed can be defined by (15):

λ =
v
f

(14)

v =
1√
LC

(15)

Thus, the upper frequency limit of the impedance spectroscopy should obey (16).

f ≥ fre
.
=

1
l
√

LC
(16)

In (16), fre is defined as the reference frequency of the transmission line. For the case
given in Section 3.1, the upper frequency limit should be greater than 9.88 MHz, meaning
that the frequency range should cover 9.88 MHz. For the convenience of subsequent
description, another concept is also defined as shown in Definition 1.

Definition 1. Characteristic frequency: The characteristic frequency is the frequency corresponding
to the first peak in the impedance magnitude spectroscopy at the front end of the cable, under the
condition that (16) is satisfied.

A further analysis of the expression of Zs shows that, when its denominator item is
small (close to 0), the overall value of Zs is relatively large. Therefore, the characteristic
frequency mainly depends on the denominator. In addition, the denominator itself is
related to the rate and location of cable aging and/or deterioration, and the characteristic
frequency could be used as an indicator of the aging and/or deterioration.

3.3. The Location for Local Degradation

As presented in Figure 4, the waveform showed multiple peaks between the impedance
magnitude and the frequency; the value and the position of the peaks changes when the
degradation occurs. Here, the frequency of the first peak is defined as the characteristic
frequency. If the position of the degradation la is set to 1~19 m and the length of the
degradation is set to 0.01 m, the impedance magnitude spectroscopy can be presented as
shown in Figure 5.
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Figure 5. The impedance magnitude spectroscopy with the characteristic frequencies for the position
of the degradation at 1~19 m.

As shown in Figure 5, the values of the impedance magnitude at the characteristic
frequencies are quite different at different degradation positions. The relationship between
the impedance magnitude and the location of degradation, measured as the distance from
the front end of the cable, can be presented as shown in Figure 6.

Figure 6. The relationship between the impedance magnitude at the characteristic frequency and the
location of the degradation.
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3.3.1. Fault Location for Different Cable Lengths

In Figure 6, the impedance first increases and then decreases with the distance of the
degradation, and the maximum value appears at the midpoint. Simulations were also
carried out for longer cables, at lengths such as 50 m, 100 m, 1000 m, 10,000 m, and still
with a resolution of the degradation point of 0.1 mm. The results are shown in Figure 7.

Figure 7. The relationship between the impedance magnitude at the characteristic frequency and the
position of the degradation for (a) 50 m, (b) 100 m, (c) 1000 m, (d) 10,000 m cables.

It is to be noted that the reference frequency, fre, decreases with the length of the line.
The frequency range of the impedance spectroscopy will also be smaller for longer cables.
Thus, the distinction of Zm also decreases with the length in Figure 7, which indicates that
the measurement resolution of the impedance should increase with the length.

3.3.2. The Location for Different Degrees of the Degradation

As mentioned in Section 2.3, the degree of the degradation can be characterized by
the dielectric constant or the value of tan δ. In order to locate the degradation of different
degrees, simulations were carried out for nine different degrees of degradation, as shown
in Table 2 and Figure 8.
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Table 2. Parameters of different degrees of the degradation.

Serial Number ε Parameters Relative Permittivity Tan δ

1 A = 4.26, B = 0.22, p = 0.05 3.30 0.02
2 A = 6.39, B = 0.33, p = 0.075 4.24 0.04
3 A = 8.52, B = 0.44, p = 0.1 4.80 0.07
4 A = 10.65, B = 0.55, p = 0.125 5.03 0.10
5 A = 12.78, B = 0.66, p = 0.15 5.02 0.14
6 A = 14.91, B = 0.77, p = 0.175 4.84 0.19
7 A = 17.04, B = 0.88, p = 0.2 4.55 0.24
8 A = 19.17, B = 0.99, p = 0.225 4.20 0.28
9 A = 21.3, B = 1.10, p = 0.25 3.83 0.34

Figure 8. The relationship between the impedance magnitude at the characteristic frequency and the
position of the degradation with different aging degrees.

In order to show the effect of aging more comprehensively, the parameters in Table 2
are slightly exaggerated. It is to be noted that the value of tan δ increases with the increase
of the ε parameters, while the relative permittivity does not, meaning that the real and
imaginary parts of the permittivity do not vary linearly with the ε parameters. This is
not common in practice. The aging in engineering practice tends to have a greater impact
on the imaginary part of the permittivity; that is, the higher the aging degree, the greater
the value of tan δ and the greater the value of the relative permittivity. In the simulation,
extreme cases where the value of tan δ and the value of the relative permittivity do not
change synchronously are also considered. In Figure 8, if the value of tan δ and the value
of the relative permittivity change synchronously, the relationship curve of Zm and the
location of the degradation shows an upwardly convex; otherwise, the curve is downwardly
concave. In general, the position of the degradation can be deduced by the Zm value, but
this approach produces a false solution at around midpoint, due to symmetry. Experienced
engineers can make further judgments based on the actual situation on site, such as water
soaking, skin damage, corners, etc. More discussions can be found in Section 5. It is also
to be noted that the impedance symmetry around the midpoint also appeared in Figure 8.
Mathematically, this is due to the piecewise calculation method used in the paper, as shown
in (12) and (13). Another explanation is that the impedance of the cable exhibits extreme
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values at the characteristic frequency. For local aging, if the position is just at the midpoint
of the cable, and the impedance measurement position is at the front end, the distance from
the front end to the midpoint of the line for one reflection would be exactly the complete
line length. In this case, the first half is in a healthy state and has nothing to do with the
degree of aging; the impedance at the characteristic frequency of the special position is also
independent of the degree of aging.

3.3.3. The Location for Different Local Degradation Sizes

As mentioned in Section 2.4, the shape of the degradation is simplified to a cylindrical
ring so that the size of the degradation can be defined by the length. Simulations were
carried out for nine different lengths of the degradation, namely 0.01~0.09 m. Moreover, the
fitting parameters for the aged cables are still, respectively, A = 4.26, B = 0.22, and p = 0.05;
the results are shown in Figure 9.

Figure 9. The relationship between the impedance magnitude at the characteristic frequency and the
position of the degradation for different physical sizes of local degradation.

As presented in Figure 9, the size of the degradation mainly affects the scale of the
relationship curve of Zm and the location of the degradation. As the physical size of the
degradation increases, the curve becomes steeper; in the meantime, it becomes easier for
the location. The same as in Figure 8, the position of the degradation can be deduced by
the Zm value, but this approach also produces a false solution that is symmetric about the
midpoint. More discussions can be found in Section 5.

4. The Criterion for the Diagnosis and Location

The results presented in Section 3 indicated that the impedance spectroscopy, especially
the characteristic frequency, can be used for the diagnosis and location of cable aging
and deterioration. The procedure of diagnosis and location of general aging and local
deterioration can be summarized as shown in Figure 10.
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Figure 10. The schematic diagram of the procedure for diagnosis and location of cable fault.

The parameters of a cable under healthy condition can be obtained by calculation and
measured, respectively. Contrasting characteristic frequencies can distinguish the overall
aging cable from the ones containing other types of deteriorations. The differences in
impedance values can help determine whether and where the cable has local aging and/or
deterioration. As presented in Figure 10, the first step is to calculate cable impedance
spectroscopy to obtain its characteristic frequency, fch, and corresponding impedance value,
Zmh, under healthy condition. The second step is to measure the impedance spectroscopy
of the cable and obtain its characteristic frequency, fcO, and corresponding impedance
value, ZmO. The third step is to determine whether the difference between fch and fcO is less
than the calculated deviation. If the difference is greater than the established criterion of
deviation, the cable is in an overall aging state. Then the degree of aging can be determined
according to the characteristic frequency. If the difference is less than the deviation, the next
step is to determine whether the difference between Zmh and ZmO is less than the calculated
deviation. If the difference is greater than the calculated deviation, the cable has local aging
and/or deterioration. If the difference is less than the deviation indicated in the criterion,
the cable is healthy.

Therefore, the key to applying this method is knowing the length of the cable and the
frequency range of the impedance spectroscopy. For the overall aging, as an example, the
degrees of aging are shown in Table 3; the corresponding impedance spectroscopy can be
shown in Figure 11.
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Table 3. The different degrees of the aging.

Serial Number ε Parameters Relative Permittivity Tan δ

1 A = 2.68, B = 0.14, p = 0.02 2.32 0.0043
2 A = 4.02, B = 0.21, p = 0.03 3.22 0.0094
3 A = 5.36, B = 0.28, p = 0.04 3.96 0.0164
4 A = 6.70, B = 0.35, p = 0.05 4.57 0.0250
5 A = 8.04, B = 0.42, p = 0.06 5.05 0.0351
6 A = 9.38, B = 0.49, p = 0.07 5.42 0.0465
7 A = 10.72, B = 0.56, p = 0.08 5.69 0.0591
8 A = 12.06, B = 0.63, p = 0.09 5.88 0.0728
9 A = 13.40, B = 0.70, p = 0.10 5.99 0.0873

Figure 11. The impedance spectroscopy for the cables of different aging degrees: (a) the impedance
magnitude spectroscopy and (b) the phase angle of the impedance spectroscopy.
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As presented in Figure 11, there is a clear distinction between both impedance mag-
nitude and phase spectroscopies for healthy and overall aged states. For the impedance
magnitude spectroscopy, as shown in Figure 11a, the distinction is mainly reflected in the
characteristic frequency and impedance; the characteristic frequency and corresponding
impedance magnitudes change with the aging degree. For the impedance phase spec-
troscopy, as shown in Figure 11b, the distinction is mainly reflected in the periodicity
observed in the curve. As the aging degree increases, the phase-angle change period
and the amplitude also change. It is to be noticed that the phase-frequency period of
the impedance spectroscopy becomes shorter as the aging degree increases, meaning that
excessive aging will affect the appropriate frequency range of the impedance spectroscopy.
However, the degree of aging is not known before the measurement, and the probability of
serious overall aging is also very low; the selection of the frequency range does not change
due to the different degrees of aging.

The criterion for the overall aging can be based on the relationship curve between
the aging degree and the characteristic frequency with its impedance value, as shown
in Figure 12.

Figure 12. The relationship between the degree of aging and the characteristic frequency with its
impedance value.

In Figure 12, nine cable samples with different degrees of aging were simulated; as
the aging degree increases, the characteristic frequency first decreases and then increases,
and the corresponding impedance value keeps decreasing. Therefore, through the set of
curves, the degree of aging expressed in terms of relative permittivity and/or tan δ value
can be inferred. Therefore, the characteristic frequency with its impedance value can be the
criterion for the diagnosis and location of the local aging and/or degradation.

5. Discussion

The results of the impedance spectroscopy indicate that the analysis of characteristic
frequency and impedance spectroscopy can be used to set up criteria for cable condition
diagnosis and location. It is also noted that the cable length and the frequency range
affect the resulting curves of the impedance spectroscopy, which further affects important
parameters such as characteristic frequency. This section further discusses the frequency
range and the advantages of the proposed method.
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5.1. The Frequency Range

In Section 3.2, the reference frequency and the characteristic frequency were defined
according to the transmission line theory, and they both related to the cable length. The
characteristic frequency is also related to the rate of the aging and/or deterioration, and it
is used as an index for the aging and/or deterioration. The reference frequency is related to
the healthy state, and it is used as an index for the selection of the upper limit of frequency
range to be measured. The upper limit of the frequency range is set as an integer value of
4~5 times the reference frequency, which is convenient for selection in actual measurement,
and the lower limit is an integer value that is about an order of magnitude smaller than the
reference frequency.

Since the reference frequency should be calculated from the electrical parameters of
a cable under healthy state, it also seems necessary to adjust the frequency range if the
aging of the actual measurements becomes excessively high. For example, for the following
groups of aging parameters in Table 2, the real characteristic frequency may be missed if
the frequency range of 1~50 MHz were to be selected, and it is necessary to appropriately
reduce the lower limit frequency.

For the location of the degradation, the same impedance value in the measurement
may correspond to two different positions, as shown in Figures 6 and 7, and the two
positions are symmetrical about the midpoint. Meanwhile, the relationship between the
impedance magnitude at the characteristic frequency and the position of the degradation
could be monotonous if the upper limit of the frequency range is less than a half of the
reference frequency. In that case, the impedance magnitude at the characteristic frequency
could be replaced by the impedance magnitude at the lower limit frequency. However,
the consequence is that the resolution requirements for the impedance magnitude will be
greatly improved, as shown in Figure 13.

Figure 13. The monotonous relationship between the impedance magnitude at the characteristic
frequency with respect to the position of the degradation.

5.2. The Advantages of the Proposed Method

The proposed method has two main functions: one is to diagnose the aging condition
of the cable insulation, and the other is to locate the local aging deterioration. It naturally
combines the functions of condition diagnosis and fault location and is, in principle,
different from other methods of condition diagnosis and the method of fault location.
Specifically, the method mainly targets aging and/or deterioration.



Energies 2022, 15, 5617 16 of 18

To the authors’ knowledge, there have also been studies [20–23] on the aging diagnosis
and location of power cables based on the impedance spectroscopy. The main difference
between the proposed method with those is in the nature of the location criterion. In
References [20–22], the deterioration was located through the Integration Transformation
(IT). The key to the earlier reported method is the IT function, which is also known as
the kernel function. Theoretically, the kernel function should not be a fixed function, and
its selection should depend on the actual cable parameters; this method did not show
consistent results under different cable parameters. In Reference [23], the deterioration
was located through the phase angle of the impedance spectroscopy δ(ω), and the accurate
location results could only be achieved when the real-world cable parameters are available,
which requires accurate on-site testing of the line parameters in advance. It is achievable
for nuclear power plants—as this was their research object—having relatively few power
cables. However, this is almost impossible for grid companies that contain a massive
number of and much lengthier power cables. A comparison of the condition diagnosis and
location methods is presented in Table 4.

Table 4. The comparison of the condition diagnosis and location methods.

Method Condition Diagnosis Deterioration Location The Location Result

Traditional lab tests
√

× ×
BIS with IT [20–22]

√ √
Not consistent

BIS with δ(ω) [23]
√ √

Require parameter tests
The proposed method

√ √
Consistent without parameter tests

The main innovation of the proposed method is that the concepts of the reference
frequency and the characteristic frequency of cable impedance spectroscopy were pro-
posed. The reference frequency provides a reference for the test range of the impedance
spectroscopy, so that cable operation and maintenance personnel can choose the best range
of measurement frequency, not necessarily “broadband”. The characteristic frequency is
the main criterion for condition diagnosis and location. It does not require transformation
in space and frequency domains, nor the additional of parameter testing, thus making the
method more convenient to use.

6. Conclusions

In the paper, a novel method for diagnosing and locating aging and deteriorating
power cables based on the analysis of reference and characteristic frequencies of the
impedance spectroscopy was proposed. The reference frequency was defined and cal-
culated to aid in determining the frequency range when carrying out the impedance
spectroscopy. While the frequency corresponding to the first peak of the impedance
magnitude–frequency curve is defined as the characteristic frequency. Then the charac-
teristic frequency is used to establish the criteria for the diagnosis and location of cable
aging and local defects, based on results of simulation studies. In the proposed method,
the overall aging, its aging degree, the local aging and/or deterioration, and its degree and
location can be determined step by step. Compared with the traditional aging diagnosis,
the advantage of the solution proposed in this paper is that it is easier to implement com-
paring with many previous efforts where lab tests of electrical and mechanical properties
are required on cable samples with artificial defects. Compared with earlier impedance
spectroscopy methods, this contribution is more convenient to apply, as it does not require
the measurement of cable parameters, and it helps to narrow the range of measurement
frequency required.
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