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ABSTRACT In order to explore the feasibility of impedance spectroscopy in the application of online
diagnosis of aging and deterioration of medium voltage (MV) three-core cables, based on the theory of
transmission line equation, an aging and deteriorationmodel of theMV three-core cable has been established.
The impedance spectroscopy of the cable head-end under healthy and different aging and degradation states
has been simulated and analyzed. Further, the effects the extent of aging, local deterioration size and position,
line length, load rate and other factors on the impedance spectroscopy have been studied. According to the
influence of the various factors on the impedance spectroscopy, a set of aging and deterioration diagnosis
procedures andmethods are proposed. The simulation results indicate that the state of the cable can be divided
into 4 categories of ‘‘healthy,’’ ‘‘overall aging,’’ ‘‘large-size deterioration’’ and ‘‘small-size deterioration.’’
The impedance spectroscopies of different states have certain characteristics. These characteristics can be
determined by specific criterion indicators such as the monotonous decrease of the value of the resonance
peaks and the phase amplitudes, the value of the resonance peaks, and the eigen propagation frequency,
etc. Therefore, impedance spectroscopy has broad application prospects for online diagnosis of aging and
deterioration of MV three-core cable.

INDEX TERMS Power cable, aging and deterioration, online diagnosis, impedance spectroscopy.

I. INTRODUCTION
In recent years, power cables have been widely used in
various fields of power transmission and distribution due
to the excellent electrical properties. With the increase of
service time, failures caused by cable aging and/or deteri-
oration gradually increase [1], [2], [3]. Online monitoring
of the insulation is of great significance for formulat-
ing maintenance and replacement plans and ensuring safe
power supply. Compared with power-transmission cables,
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power-distribution cables are larger in number and have more
complex geometries, which brings challenges to cable insu-
lation testing [4], [5], [6].

There are many traditional insulation test methods, includ-
ing insulation resistance test, voltage withstand test, material
chemical test, dielectric loss test, partial discharge test, etc.
Among them, the insulation resistance test [7] and the voltage
withstand test [8] are both offline tests, and the basic prin-
ciples are relatively simple. Both test the insulation perfor-
mance by applying voltage between the core and the ground.
The insulation resistance test is to reflect the insulation per-
formance through the value of the insulation resistance, while
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the voltage withstand test is to test whether the insulation
will be broken down by applying 1.5 to 2 times the operating
voltage to the insulation. These two methods are relatively
rough and cannot accurately reflect the condition of the insu-
lation. Material chemical test techniques, including oxidation
induction time (OIT) and Fourier Transform Infrared Spec-
troscopy (FTIR), are relatively professional, and the results
are relatively more accurate [9], [10]. However, this type
of method requires slice sampling of insulating materials,
which is a destructive test and cannot be monitored online.
The dielectric loss test mainly reflects the energy loss of
insulating materials under the action of alternating current
(AC) by measuring the dielectric loss angle (tan δ), which is
an important criterion for the degree of aging [11]. Currently,
the value of tan δ can be obtained either through offline testing
or onlinemonitoring [12]. Themethod of onlinemonitoring is
realized by calculating the phase difference of the monitoring
values of voltage and current at both ends of the cable [13].
However, it is difficult to obtain the voltage signals from the
cable joint without affecting normal operation. If the voltage
cannot bemonitored, only the trend of the change of the three-
phase dielectric loss would be obtained.

Currently, there are also some condition analysis methods
only based on the sheath current monitoring. The variation of
the sheath current is directly analyzed by these methods, but
are affected by the operating state of the system [14]. Partial
discharge (PD) is another indicator of insulation condition,
the discharges of tiny insulation defects are measured to
reflect the condition of the insulation. There are two methods
of PD measurement, online and offline [15], but no matter
which method, the monitoring, reconstruction and location
of PD signals are not easy tasks.

Recently, insulation degradation analysis techniques such
as Extended Voltage Response [16], [17], [18] and Polar-
ization Depolarization Current [19], [20] have also attracted
attention. In [16], the relationship between the material prop-
erties and the voltage response measurement has been firstly
presented. In [17], the voltage response method has been
developed by the systematic changing of the discharging
times, which makes the method more precisely. In [18], the
extended voltage response method has been used for the
aging detection of low-voltage power cables, which shows
a conclusive potential. In [19] and [20], the polarization and
depolarization currents have been used as aging indicators for
cables and show a good correlation. However, these methods
are mainly suitable for offline testing and not suitable for
online monitoring.

Broadband Impedance Spectroscopy (BIS) technology
does not require a high-voltage (HV) power supply and
has become a new research trend in recent years. With
the method, the input impedance of the cable segment is
measured with a sweep signal covering a wide frequency
range. The difference between the healthy condition and the
aging and/or deterioration condition will be reflected in the
impedance spectroscopy. In [21], the Halden Reactor Project

developed a method called the Line Resonance Analysis
(LIRA) for cable condition monitoring based on BIS. In the
project, the cable body and joint are modeled respectively,
and different parameters are used in the transmission line
model to make the model more applicable. In addition, LIRA
uses a smoothing processing model to make the results of
each calculation part smoother. The core idea is to process
different connection data through the sigmoid function. How-
ever, since the sigmoid function contains different types and
cannot correspond to the physical meaning, theoretically, the
practical application of this technique is limited in terms of
parameter matching.

In [22], a kernel function for integral transformation was
introduced. After the impedance spectroscopy of the line has
been measured at the head end, the impedance spectroscopy
is equivalent to a function of frequency and position, and the
frequency is integrated to obtain a function that is only related
to position. Finally, the local deterioration location is realized
using the function. Therefore, the location result of actual
aging depends on the choice of the kernel function. Theo-
retically, no matter which kernel function is chosen, it cannot
be applied to all cables, because the electrical parameters are
different. Even if the kernel function is customized according
to different cables, the solution of the function is not a general
solution either.

In [23], a BIS based phase-frequency analysis method for
nuclear power plants was developed. The core idea is to com-
pare the difference between the phase-frequency impedance
spectroscopy of the healthy cable and the cable under test,
then customize the feature extraction algorithm according to
the phase-frequency difference, and finally locate the local
aging and/or deterioration based on the phase-frequency dif-
ference. The diagnostic rules established by this method are
suitable for the important and small number of cables in
nuclear power plants, but too complicated for the application
of grid companies.

In [24], [25], and [26], a method combining frequency
domain reflectometry and inverse fast Fourier transform has
been proposed, and it can locate the degradation or abnor-
mality in a polymer-insulated cable even if the degradation
or abnormality occurs uniformly over the entire cable length.
The spatial resolution of the method has been further exam-
ined by heating an LDPE-insulated coaxial cable locally as a
substitute measure for giving actual degradation to the cable.

Inspired by the above researches, this paper further studies
the influence of different load rates under on-line condition,
the decoupling problem between the three-phase conductors
and the effect of local aging and/or deterioration size. The
influence of these factors on the impedance spectroscopy
has been comprehensively analyzed. Finally, a whole set of
possible diagnostic procedures and criteria are proposed. The
proposed method can diagnose four categories of MV cable
state: ‘‘healthy,’’ ‘‘overall aging,’’ ‘‘large-size deterioration’’
and ‘‘small-size deterioration,’’ and gives the possible extent
of aging, deterioration size and location.
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FIGURE 1. Cross-section of a typical MV cable.

II. IMPEDANCE SPECTROSCOPY OF MV CABLES
A. TYPICAL STRUCTURE ANALYSIS OF MV CABLES
A typical MV cable has a three-core structure, and its cross-
section is shown in Figure 1. Compared with single-core
cables, the cross-sectional structure of three-core cable is
more complex, and the number of metal layers is relatively
larger.

For the three-core cable presented in Figure 1, the distance
between the three-phase conductors is relatively close, and
the electromagnetic coupling effect cannot be ignored. Since
the geometrical positions of the three-phase conductors are
symmetrical, and the metal sheaths share the same ground,
the one-phase working capacitance per unit length Cp of the
three-core cable is the sum of the self-partial capacitance per
unit length Ckk and the mutual partial capacitance per unit
length Cij. The expression of Cp of can be presented in (1).
The subscripts k , i, j represent the serial numbers of the three-
phase conductors, k , i, j ∈ {1, 2, 3}.

Cp = Ckk + 3Cij (1)

The self-partial capacitance per unit length Ckk is only
related to the single-phase structure, and its expression is
shown in (2).

Ckk =
2πε1

ln r2
r1

(2)

In (2), ε1 is the dielectric constant of the main insulation,
r1 is the radius of the core conductor, r2 is the outer radius of
the main insulation.

The mutual partial capacitance per unit lengthCij is related
to the geometric size and relative position of the conductors,
and its expression is shown in (3).

Cij =
πεFi

ln d−(r1+b)
r1−b

(3)

In (3), εFi is the dielectric constant of the filler, whose
value is close to the dielectric constant of vacuum ε0; d is the
distance between the conductors, b is the distance between the
electrical shaft and the conductor’s center. The expression of
b can be shown in (4).

b =
d
2

−

√(
d
2

)2

− r21 (4)

FIGURE 2. Schematic diagram of the impedance parameters of the
three-core cable. The interrelationships between the impedance
parameters are as follows: (a) equivalent circuit parameters of one-phase
cable per unit length; (b) schematic diagram of equivalent circuit of
partial capacitance of the three-core cable; (c) schematic diagram of the
inductance parameters.

On the other hand, the one-phase inductance of a three-core
cable is the sum of its self-inductance and mutual inductance.
The expression of the self-inductance per unit length Lkk can
be shown in (5).

Lkk =
µ

8π
(5)

In (5),µ is themagnetic permeability of the core conductor.
The mutual inductance Mij between two parallel conduc-

tors with the length l and the distance d can be presented
in (6).

Mij =
µl
2π

ln

 l
d

+

√
1 +

l2

d2

−

√
1 +

d2

l2
+
d
l

 (6)

If d ≪ l, a simpler approximate formula can be obtained
through Taylor’s expansion as shown in (7).

Mij =
µl
2π

(
ln
(
2l
d

)
− 1

)
(7)

The interrelationships between the impedance parameters
are shown in Figure 2. Figure 2(a) presents the axial circuit
parameters of one-phase, Figures 2(b) and 2(c) present the
radial capacitance and inductance parameters of the three-
phase cable, respectively. In the figure,1x represents the unit
length, t represents time, C11, C22, C33 represent the self-
partial capacitance per unit length of Core Conductor 1, 2, 3,
respectively, C12 represents the mutual partial capacitance
per unit length between Core Conductor 1 and Core Con-
ductor 2, C13 represents the mutual partial capacitance per
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unit length between Core Conductor 1 and Core Conductor 3,
C23 represents the mutual partial capacitance per unit length
between Core Conductor 2 and Core Conductor 3; L11, L22,
L33 represent the self-inductance per unit length of Core
Conductor 1, 2, 3, respectively, M12 represents the mutual
inductance per unit length between Core Conductor 1 and
Core Conductor 2,M13 represents the mutual inductance per
unit length between Core Conductor 1 and Core Conduc-
tor 3, M23 represents the mutual inductance per unit length
between Core Conductor 2 and Core Conductor 3. The axial
parameters are mainly determined by the transmission line
model [24], which will be further elaborated in section II-B.
When the geometric positions of the three-phase cores of
the cable are symmetrical and the material parameters are
consistent, the self-partial capacitance per unit length Ckk =

C11 = C22 = C33, the mutual partial capacitance per unit
length Cij = C12 = C13 = C23, the self-inductance per
unit length Lkk = L11 = L22 = L33, the mutual inductance
Mij = M12 = M13 = M23.

B. TRANSMISSION LINE MODEL OF MV CABLES
In this paper, the transmission line equation [24] is chosen
to describe the relationship between the voltage, current and
electrical distance of the power transmission line. For trans-
mission lines with multi-layer metal structures, such as three-
core cables, the electrical parameters in the transmission line
equation are vector matrices, as shown in (8).

dV
dx

= −Z · I

dI
dx

= −Y · V
(8)

In (8), V and I represent the n-dimensional voltage and
current vectors of the n-layer metal structure transmission
line at electrical distance x, respectively, Z and Y represent
the n-dimensional impedance and admittance matrix, respec-
tively, and n represents the number of radial metal structures
on the transmission line. For the three-core structure shown
in Figure 1, there are 7 layers of metal structure, therefore,
n = 7.

For convenience and consistency with the description of
the actual single-phase measurement, the subsequent equa-
tions are in single-phase form. Thus, the 2nd order partial
derivative of the transmission line equation is formed as
shown in (9).

d2Vp (x)
dx2

=
(
Rp + jωLp

) (
Gp + jωCp

)
Vp (x)

d2Ip (x)
dx2

=
(
Rp + jωLp

) (
Gp + jωCp

)
Ip (x)

(9)

In (9), Vp(x) is the single-phase voltage of the cable at the
distance of x, Ip(x) is the single-phase current of the cable at
the distance of x, Rp is the single-phase resistance per unit
length of the cable, Lp is the single-phase inductance per unit
length of the cable, Gp is the single-phase conductance per
unit length of the cable, Cp is the single-phase capacitance

FIGURE 3. Schematic diagram of local deterioration of single-phase cable
and its measurement, la represents the starting point of local
deterioration, lb represents the end point of local deterioration.

per unit length of the cable. The general solution of (9) can
be presented in (10).


Vp (x) = V+

p e
−γpx + V−

p e
γpx

Ip (x) =
V+
p e

−γpx − V−
p e

γpx

Zp0

(10)

In (10), V+
p and V−

p represent the forward voltage wave
and reflected voltage wave, respectively, and need to be
determined by boundary conditions; γp and Zp0 represent
the single-phase propagation coefficient and characteristic
impedance of the cable, respectively, which can be shown
in (11) and (12).

γp =

√(
Rp + jωLp

) (
Gp + jωCp

)
(11)

Zp0 =

√
Rp + jωLp
Gp + jωCp

(12)

C. IMPEDANCE SPECTROSCOPY
The impedance spectroscopy of three-core MV cable can be
expressed in (13).

Zp (x) =
Vp (x)
Ip (x)

= Zp0
1 + 0pe2γp(x−l)

1 − 0pe2γp(x−l)
(13)

In (13), Zp(x) is the single-phase impedance of the cable at
the distance x, 0p is the single-phase load reflection coeffi-
cient, which can be presented in (14).

0p =
ZL − Zp0
ZL + Zp0

(14)

In (14), ZL is the load of the transmission line. If the line is
open-circuited, ZL approaches infinity, and 0L is 1.00. If the
line is short-circuited, ZL approaches 0, and 0L is −1.00.
For convenience of presentation, a schematic diagram of

single-phase cable impedance spectroscopy monitoring has
been presented in Figure 3. Generally, the measurement posi-
tion is selected at the head end, that is, the position where
x = 0 in the figure. Thus, the transmission parameters of the
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single-phase cable can be shown in (15) – (18).

Rp = Rcp +
1
3
Rsp =

ρc

πr21
+

ρs

3π
(
r23 − r22

) (15)

Lp = Lkk + Ls +Mcs +
2Mij

l

=
µ

8π
+

µ

2π

( (
r23 − 3r22

)
4
(
r23 − r22

) +
r42 ln (r3/r2)

4
(
r23 − r22

)
+ ln

(
r3
r2

))
+

µ

π

(
ln
(
2l
d

)
− 1

)
(16)

Gp + jωCp = jω

 2πε1

ln
(
r2
r1

) +
3πε0

ln d−(r1+b)
r1−b

 (17)

ε1 =
Aε0

1 + B (jω)p
(18)

In (15), Rcp is the single-phase resistance of the core
conductor, Rsp is the single-phase resistance of the metal
sheath, r3 is the outer radius of the metal sheath, 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 (16), Ls is the self-inductance of the metal sheath,
Mcs is the mutual inductance between the core conductor and
the metal sheath. In (18), A and B are fitting constants, and p
is a parameter in the range of 0-1; the expression can be taken
as a simplification based on the Cole-Cole model [28].

D. DETERMINATION OF AGING AND LOCAL
DETERIORATION
The aging stressor of the main insulation considered in the
paper is mainly thermal stress. Thus, the dielectric con-
stant/permittivity can be used as the aging indicator. The
permittivity can be expressed in complex form, i.e., with
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 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 higher the aging degree.

For the local deterioration as shown in Figure 3, the posi-
tion and the size of the deterioration can be defined by the
distances, la and lb. Thus, the single-phase cable can be
divided into three segments. The permittivity of the deteriora-
tion is defined as εd . Then the impedance spectroscopy of the
single-phase cable with local deterioration can be calculated
segment by segment. Firstly, the impedance Zb at position
x = lb can be directly calculated by (13). 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

TABLE 1. Basic structural and material parameters of the object cable.

TABLE 2. Geometric parameters for YJV22-8.7/15-3∗400 type cable.

be calculated by (19).

Zb = Z0h
1 + 01e2γh(lb−l)

1 − 01e2γh(lb−l)

Za = Z0d
1 + 02e2γd (la−lb)

1 − 02e2γd (la−lb)

Zx0 = Z0h
1 + 03e−2γhla

1 − 03e−2γhla

(19)

In (19), Zb, Za, and Zx0 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
segment; γh and γd are the propagation coefficients of the
healthy and degraded segment; and 01, 02, and 03 are the
load reflection coefficient of each segment, which can be
shown in (20). 

01 =
ZL − Z0h
ZL + Z0h

02 =
Zb − Z0d
Zb + Z0d

03 =
Za − Z0h
Za + Z0h

(20)

III. SIMULATIONS AND RESULTS
A. IMPEDANCE SPECTROSCOPY FOR HEALTHY AND
AGED MV CABLES
The cable type YJV22-8.7/15-3∗400 [29] is a typical cable
structure, which is used for the simulation in the paper. The
length of the cable is 20 meters and the other parameters
are presented in Table 1, and more detailed cable structural
parameters can be found in the Table 2. All simulations in the
paper were carried out using MATLAB.
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FIGURE 4. Impedance spectroscopy of the cable in healthy and aged
states under open-circuit operation. (a) Phase and magnitude
spectroscopy of the cable under healthy condition, the line in blue
represents the phase angle of the impedance, the line in red represents
the magnitude of the impedance. (b) Magnitude spectroscopy of the
cable in healthy and aged states.

First, the impedance spectroscopy of the cable in healthy
and aged states under open-circuit and full-load opera-
tion are simulated, respectively. The frequency range is
10 kHz – 10 MHz. The fitting parameters of (18) 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 the relative permittivity is about 3.3,
and the value of tan δ is about 0.02. According to (12), the
impedance spectroscopy for healthy and aged cables under
open-circuit operation at the position of x = 0 can be
presented in Figure 4.

As shown in Figure 4(a), under open-circuit operation,
the impedance phase angle of the one-phase cable is peri-
odic oscillation attenuation with the frequency increases,
and the impedance magnitude is periodic pulse attenuation
with the increase of frequency. Furthermore, the attenuation

FIGURE 5. Impedance spectroscopy of the cable in healthy and aged
states under full-load operation. (a) Phase and magnitude spectroscopy
of the cable under healthy condition, the line in blue represents the
phase angle of the impedance, the line in red represents the magnitude
of the impedance. (b) Magnitude spectroscopy of the cable in healthy and
aged states.

of the impedance magnitude is more significant. The peri-
odic impedance pulse is related to the resonance of the
overall inductance and capacitance at a certain frequency.
In Figure 4(b), affected by the changes in aging states, the
magnitude spectroscopy in health and aged state is signifi-
cantly different.

Similarly, the impedance spectroscopy for healthy and
aged cables under full-load operation at the position of x = 0
can be presented in Figure 5.

As shown in Figure 5(a), under full-load operation,
the impedance phase angle and the impedance magnitude
have the similar trend to that under open-circuit operation.
In Figure 5(b), the impedance magnitude under full-load
operation is lower than that under open-circuit operation,
while the trends are still similar. The reason for the impedance
resonance peak is the refraction and reflection of the wave
process. The reflection coefficient under open-circuit opera-
tion is 1, and the reflection coefficient under full-load opera-
tion is less than 1. This is also the main reason that impedance
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magnitude under full-load operation is lower than that under
open-circuit operation.

B. IMPEDANCE SPECTROSCOPY FOR LOCAL
DETERIORATION
Due to the complex channel environment of distribution MV
cables, a distribution MV cable may pass through a variety of
different environments (air, soil, water, etc.), resulting in dif-
ferent degrees of aging in different segments. Segments with
harsh environments tend to have local aging and/or deteriora-
tion problems. For convenience, the above-mentioned cable
model and parameters are used to simulate the impedance
magnitude spectroscopy of la = 1-19 m when the local
deterioration length is 0.1 m, as shown in Figure 6.
As presented in Figure 6, the impedance magnitude spec-

troscopy in the case of a small local deterioration size is not
much different from the healthy state as a whole. It can be
seen from the partial enlarged figures of the first and last
resonance peaks that the resonance peaks at different local
deterioration positions are different, and the difference of the
last resonance peak is greater than that of the first resonance
peak. Furthermore, as the frequency increases, the difference
in resonance peaks also increases.

Similarly, the impedance phase angle spectroscopy for
local deterioration cables under full-load operation at the
position of x = 0 can be presented in Figure 7.
As shown in Figure 7, the impedance phase angle spec-

troscopy in the case of a small local deterioration size is not
much different from the healthy state either. The difference
of the impedance phase angle spectroscopies under different
deterioration positions is also very small. As the frequency
increases, the impedance phase angle values become rel-
atively more spread out. Therefore, taking the impedance
phase angle and the resonance peak amplitude together as the
criterion of local deterioration helps to improve the diagnosis
effect.

C. INFLUENCING FACTORS OF THE IMPEDANCE
SPECTROSCOPY
The impedance spectroscopy of the MV three-core cable
is affected by some factors, such as the size of the local
deterioration, the degree of the aging, the length of the cable,
etc. The analysis will be carried out separately below.

1) THE SIZE OF THE LOCAL DETERIORATION
Firstly, the size of local deterioration is taken as the single
variable, the local deterioration position is fixed at la = 7 m,
and the impedance spectroscopy simulation has been carried
out with the sizes of 2, 4, 6, 8, and 10 m, respectively. The
impedance spectroscopy can be presented in Figure 8.
Affected by the larger local deterioration sizes, the

impedance spectroscopy curves of the cable have some
‘‘jumping’’ change rules, as shown in Figure 8. The reso-
nance peaks are no longer monotonically decreasing with the
increase of frequency, as shown in Figure 8(a); the phase

TABLE 3. Parameters of the degree of aging.

angles are not the law of monotonic oscillation attenuation,
as shown in Figure 8(b).

2) THE DEGREE OF THE AGING
Secondly, the degree of the aging is taken as the single
variable, and the main focus here is on the impedance spec-
troscopy under the overall aging state of the cable. As men-
tioned before, the dielectric constant/permittivity and the
value of tan δ can be used as the indicator of the aging. The
simulations are carried out with different parameters of tan δ

and the dielectric constant/permittivity as shown in Table 3,
and the impedance spectroscopy is presented in Figure 9.

It is to be noted that the parameters in Table 3 are slightly
exaggerated to show the effect of aging more comprehen-
sively. In the simulations, the ε parameters shown in Table 3
have been used for the setting. Although the relative per-
mittivity in column 3 and the tan δ value in column 4 can
be calculated directly by setting the ε parameters, they can-
not directly control the real and imaginary parts of the
permittivity.

In Figure 9, with the increase of the aging degree, the
impedance magnitude decreases, the amplitude of the reso-
nance peak decreases and the position shifts; the phase in
the impedance phase spectroscopy shifts, and the trend of
oscillation attenuation becomes more obvious.

3) THE LENGTH OF THE CABLE
Since the impedance spectroscopy is a manifestation of the
wave process, it is closely related to the length of the cable.
Theoretically, the wave velocity vp of the cable can be pre-
sented in (21), and it is a parameter related only to the struc-
ture and material of the cable itself. Then the wavelength λp
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FIGURE 6. Impedance magnitude spectroscopy of the cable with local deterioration under full-load operation. (a) Full figure; (b) Partial figure of the first
resonance peak; (c) Partial figure of the last resonance peak.

at the frequency fp can be shown in (22).

vp =
1√
LpCp

(21)

λp =
vp
fp

(22)

In reality, for a certain cable, its length l and wave velocity
vp are fixed values in the healthy state. Thus, there is a

fixed frequency for the cable in healthy state, which has been
defined as the eigen propagation frequency fep, as presented
in (23).

fep
.
=

1

2l
√
LpCp

(23)

It is to be noticed that fep is the interval between resonant
peaks in the impedance magnitude spectroscopy and is also
the period of oscillation in the phase spectroscopy. Therefore,
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FIGURE 7. Impedance phase angle spectroscopy of the cable with local deterioration under full-load operation.

the length of the cable determines its eigen propagation fre-
quency and further determines the resonant peak interval in its
impedancemagnitude spectroscopy and the oscillation period
in its phase spectroscopy. Thus, the influence of cable length
on impedance spectroscopy is most difficult to reflect in the
diagnosis of local deterioration of small size, which will be
the main research content of this section.

Figures 6 and 7 are the impedance spectroscopy results
with the small size local deterioration. Under the situation,
the differences of the eigen propagation frequencies are very
small. If the length of the cable is taken as the single variable,
although the difference in cable length can be judged by the
eigen propagation frequency, it is not easy to directly locate
the local deterioration.

4) THE LOAD RATE OF THE CABLE
Finally, the load rate of local deterioration is taken as the
single variable, which varies from 10% to 100%. The main
focus here is on the impedance spectroscopy under the overall
aging state of the cable, which can be presented in Figure 10.

As shown in Figure 10, as the loading rate increases, the
impedance magnitude spectroscopy becomes steeper, and the
amplitude of the resonance peak becomes larger. In other
words, the load rate mainly affects the amplitude of the
impedance magnitude spectroscopy, and the resonance peak
amplitude can be used as the criterion index.

IV. DIAGNOSIS OF THE AGING AND DETERIORATION
In general, for a certain cable in operation, its length and
load are known quantities. Therefore, the cable impedance
spectroscopy with known length and load rate in healthy state
can be directly calculated or tested, and it can be used as a
diagnostic benchmark for the aging and/or deterioration. The
procedure of the diagnosis of the aging and deterioration can
be presented in Figure 11.

As shown in Figure 11, the first step for the diagnosis is to
calculate/measure the impedance spectroscopy of the healthy
cable and obtain the eigen propagation frequency fep0. Then,
the second step is to measure the impedance spectroscopy of
the cable need to be tested and obtain the eigen propagation
frequency fep1. After that, it is necessary to compare whether
the monotonous decreasing trend of the resonance peak in
the impedance magnitude spectroscopy is consistent with the
healthy cable. If the trend is not consistent, it can be deter-
mined that the cable is with large-size local deterioration.
If the trend is consistent, next is to compare whether the phase
angle oscillation amplitude decrease monotonically. If the
phase angle oscillation amplitude decreases monotonically,
it can be determined that the cable is under overall aging
state. After that, the extent of aging can be diagnosed by
the impedance resonance peak amplitude. If the amplitude
of the phase angle has no obvious monotonically decreasing
trend, next is to compare whether the difference between fep0
and fep1 less than the calculation bias. If the difference is
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FIGURE 8. Impedance spectroscopy of the cable with local deterioration
of different sizes under full-load operation. (a) Impedance magnitude
spectroscopy; (b) Impedance phase angle spectroscopy.

larger than the calculation bias, it can be determined that the
cable is with small-size local deterioration. After the local
deterioration is determined, next step is to locate the local
deterioration. If the difference is less than the calculation bias,
it can be determined that the cable is health.

Specifically, the criterion for the trend of the resonance
peak can be whether the amplitude of the resonance peak
decreases monotonically. Only in the case of local deterio-
ration with larger size, the resonant peaks do not decrease
monotonically, as shown in Figure 8. If the frequency of the
resonant peak between 8 MHz and 9 MHz in the impedance
spectroscopy is used as the characteristic frequency of size
criterion, the relationship curve between the characteristic
frequency and the deterioration size under the deterioration
size of 1 to 10 m can be recalculated, as shown in Figure 12.

As shown in Figure 12, the relationship between the
size of the deterioration and the characteristic frequency is
monotonous, which is a good characteristic for the criterion.
In order to verify the effects for the position and the extent

FIGURE 9. Impedance spectroscopy of the cable in overall aging state
under full-load operation with the tan δ value varies from 0.0047 to
0.1055. In the legend, the numbers represent the value of each tan δ, and
Figure (a) and (b) share the same legend. (a) Impedance magnitude
spectroscopy; (b) Impedance phase angle spectroscopy.

of the local deterioration, the characteristic frequency of the
size criterion has been further simulated under different local
deterioration positions and degradation degrees, as presented
in Figure 13.

As shown in Figure 13, the location of the local deterio-
ration (la) has a small effect on the characteristic frequency
of size criterion. The impact of the degree of deterioration
on the characteristic frequency is mainly reflected in the
value, and it has no effect on the trend of the relationship
curves. In addition, in the case of large-size deterioration, the
discrimination of the first resonance peak impedance value
is relatively large, which can be used as the criterion for
the position and the size of the deterioration. In order to
further propose the criterion of the deterioration position,
the relationship between the first resonance peak impedance
value and the position of the deterioration has been further
calculated, and the results can be presented in Figure 14.
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FIGURE 10. Impedance spectroscopy of the cable in healthy and aged states with the load rate varies from 10% to 100%. In the legend, the first letter
H represents the healthy state and A represents the aging state.

In Figure 14(a), at the same deterioration position, the
larger the size of the degradation, the greater the amplitude
of the first resonance peak in the impedance spectroscopy.
Therefore, the value of the first resonance peak could be
an auxiliary criterion for the position of the deterioration.
Similarly, in Figure 14(b), with the increase of the aging, the
amplitude of the impedance resonance peak decreases; and as
the position of the deterioration la increases, the amplitude of
the decrease of the resonant peak value also decreases.

The characteristics of the overall aging are relatively obvi-
ous, as presented in Figure 9. As the extent of aging increases,
the resonant peak value of the impedance magnitude spec-
troscopy is reduced, and the amplitude in the phase spec-
troscopy decreases, and gradually tends to zero. After the
overall aging is determined, the value of the first resonance
peak can be used to determine the specific extent of aging,
as shown in Figure 14.

As shown in Figure 15, in the case of overall aging, the first
resonance peak value decreases monotonous with the extent
of aging. Therefore, it can be a criterion for the overall aging.

The impedance spectroscopies of the small-size deteriora-
tion are relatively similar, as shown in Figure 6. The main
reason is that the impedance spectroscopy is not sensitive
to the position of the deterioration when the size of the
deterioration is small. However, it is significantly different
from the impedance spectroscopy in a healthy state, which

can be determined by the frequency difference between the
resonance peaks, i.e., the difference between feq0 and feq1.
It is also can be identified by counting the number of the
resonance peaks, as presented in Figures 5 and 6. Both of
the frequency ranges are from 10 kHz to 10 MHz, the res-
onance peak number in Figure 5 (Healthy state) is 14 and the
number in Figure 6 is 12. After the small-size deterioration is
determined, the most important thing is to locate the position
of the deterioration. This work can be accomplished by the
comparison of the amplitude and phase angle of the first
resonance peak, as presented in Figure 16.

In Figure 16, the phase angle of the first resonance peak
has a monotonically increasing relationship with the position
of the deterioration, which can be used as the criterion. How-
ever, the numerical distribution range of the phase angle is
relatively narrow, and the requirements for detection accuracy
are relatively high. Therefore, the amplitude of the resonance
peak can be used as an auxiliary criterion.

V. DISCUSSION
The feasibility of online diagnosis of aging and local deteri-
oration for MV three-core cables based on impedance spec-
troscopy has been studied in the paper. Awhole set of possible
diagnostic procedures and criteria are proposed. However, the
selection of the frequency range and the specific criterion for
the diagnosis remain to be further studied and discussed.
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FIGURE 11. Schematic diagram of the procedure of the diagnosis of the aging and deterioration.

A. SELECTION OF THE FREQUENCY RANGE
As presented in (23), the eigen propagation frequency fep is
directly related to the cable length, which means the cables
with different lengths should be suitable for different fre-
quency ranges. It is to be noted that the interval between the
resonance peaks of the impedance spectroscopy is approxi-
mately equal to the eigen propagation frequency. Therefore,
in any case, the upper limit of the frequency range of the
impedance spectroscopy should be greater than the eigen
propagation frequency, so as to ensure that the measured
impedance spectroscopy contains at least a resonance peak.
However, for the accurate diagnosis, only one resonance peak
is far from enough. Based on the situation in the case of the
paper, the recommended number of resonance peaks is 10
to 12, that is, the upper limit of the frequency range is 10
to 12 times the eigen propagation frequency. The diagnostic

capabilities of different frequency ranges can be summarized
in Table 4.

If limited by actual conditions, the highest frequency upper
limit can only reach or be slightly greater than fep, the specific
criterion index for the diagnosis only have Zpp1 and fc1. In this
case, only when the value of the resonance peak and the
corresponding frequency have a significant shift, it can be
diagnosed as overall aging or large-size deterioration. If the
frequency upper limit can reach 4 to 6 times fep, the diagnosis
indicators increase Zppk, fck, and local trends in resonance
peaks. Thus, overall aging and large-size deterioration could
be diagnosed with a high probability, for the high proba-
bility of continuous 4 to 6 resonance peaks are enough to
reflect its trend. However, small-size deterioration just may
be diagnosed with a low probability, the reason is that the
discrimination of the impedance spectroscopy is not enough
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FIGURE 12. Relationship between the size of the deterioration and the
characteristic frequency.

FIGURE 13. Relationship between the size of the deterioration and the
characteristic frequency under different local deterioration positions and
degradation degrees: (a) Local deterioration position varies from 1 to
9 meters; (b) Tan δ value varies from 0.0047 to 0.1055, which are
consistent with Table 3.

when the extent of deterioration is slight. Finally, if the fre-
quency upper limit can reach 10 to 12 times fep, the diagnosis
indicators would be relatively complete, and all the overall
aging, large-size deterioration and small-size deterioration
could be diagnosed.

FIGURE 14. Relationship between the position of the deterioration and
the first resonance peak impedance value: (a) under the size of the
deterioration varies from 1 to 10 m; (b) under the tan δ value varies from
0.0047 to 0.1055, which are consistent with Table 3. Zpp1 represents the
value of the first resonance peak.

TABLE 4. Diagnostic capabilities of different frequency ranges.

B. SPECIFIC CRITERION FOR THE DIAGNOSIS
The criterion proposed in Section IV is not specific to any
hardware devices, and the measurement results of devices
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FIGURE 15. Relationship between the value of the first resonance peak
and the specific extent of aging. The serial numbers 1 to 10 are consistent
with Table 3, which correspond to different relative dielectric constants
and tan δ values.

FIGURE 16. Relationship between the position of the deterioration and
the amplitude and phase angle of the first resonance peak, under the
small-size deterioration state.

with different precisions may have deviations. For the
specific hardware device, its actual measurement accuracy
should be considered, and the criterion index should be
adjusted appropriately. Especially in the case of small-size
local deterioration, the requirements for accuracy are rela-
tively high. If the accuracy cannot be achieved, the diagnosis
may fail. In addition, the main focus of the paper is medium-
voltage three-core cables. The calculation case is just a kind
of typical structure, and specific criterion can be deduced for
specific cables in engineering applications. However, there
are also differences in cable structures and materials. Future
research on adaptive algorithm criterion will help reduce the
workload.

In addition, since more than 98% of power cables in China
use cross-linked polyethylene (XLPE) as the insulating mate-
rial, the method proposed in the paper has not yet identified
and differentiated the insulating material. However, differ-
ent insulating materials will have differences in impedance
parameters, further research will be conducted on the distinc-
tion of materials in the future.

VI. CONCLUSION
The feasibility of on-line aging and deterioration diagnosis of
medium-voltage three-core cables based on impedance spec-
troscopy has been studied in the paper, and a set of possible
diagnostic procedures and methods have been proposed. The
coupling of three-phase conductors can be decoupled phase
by phase via comprehensive analysis of multiple conductors.
If the load rate can be monitored, the method of impedance
spectroscopy can also be used for online monitoring. From
the analysis of the impedance spectroscopies of the typical
structure of the three-core cable, it can be concluded that:

1) The overall aging can be determined by the monotonous
decrease of the value of the resonance peaks and the phase
amplitudes, and the extent of aging can be diagnosed by using
the value of the first resonance peak. The higher the extent of
aging, the smaller value of the first resonance peak.

2) The large-size local deterioration can be determined by
the non -monotonous trend of the value of the resonance
peaks. The specific size and position of the deterioration can
be determined by the characteristic frequency and the value
of the first resonance peak.

3) The small-size local deterioration can be determined by
the difference between fep0 and fep1, and the position of the
deterioration can be located by using the amplitude and phase
angle of the first resonance peak.
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