
IEEE POWER & ENERGY SOCIETY SECTION

Received August 22, 2020, accepted September 16, 2020, date of publication September 25, 2020, date of current version October 7, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3026650

Transient Disturbances Based Non-Intrusive
Ageing Condition Assessment for
Cross-Bonded Cables
LULU LI , (Member, IEEE), ZONGYUN YANG, ZHAO LUO , (Member, IEEE), AND KEZHEN LIU
Faculty of Electric Power Engineering, Kunming University of Science and Technology, Kunming 650500, China

Corresponding author: Kezhen Liu (liukzh@foxmail.com)

This work was supported in part by the National Natural Science Foundation of China under Grant 52007079, in part by the Yunnan
Provincial Talents Training Program under Grant KKSY201904011, and in part by the Scientific Research Foundation of Yunnan
Provincial Department of Education under Grant 2020J0057.

ABSTRACT The cross-bonding is the most common shield/sheath-bonding system now in use on single-
conductor shielded power cables for long distance power transmission. But the complex bonding brings
great challenges to the assessment of cable ageing conditions. This paper proposes a non-intrusive ageing
assessment method using the transient disturbances originating from the system. The cable relative permit-
tivities, instead of the traditional dielectric loss angle, were extracted from the responses of the transient
disturbances to character the ageing state more sensitively. The decoupling analysis of the cross-bonded
cable and the corresponding relative permittivity identification model were investigated. Since the transient
disturbances appear naturally and frequently, a continuous tracking of the cable ageing conditions can be
established without interferences to the power system. Moreover, only the magnitudes rather than the phase
angles of the cable currents/voltages are required in this method, which effectively simplifies the functions
of the signal acquisition devices. The proposed method provides a new idea to assess the ageing conditions
of the cross-bonded cables, and has the potential to be applied in industry.

INDEX TERMS Cross-bonded cable, ageing, transient disturbances, non-intrusive.

I. INTRODUCTION
The ageing condition of the power cables is always of concern
to power industries [1]. If the assessment of the cable ageing
conditions can be implemented non-intrusively, the outage
caused by regular maintenance and even cable failure will be
reduced greatly [2], [3].

Among the cables used in power systems, the cross-bonded
cable is the most common installation method for long
distance power transmission [4]. This kind of cable has the
advantage of reducing the induced current for the cross con-
necting of the metallic shields. However, the complex con-
nection also brings great challenges to the assessment of the
ageing conditions for cross-bonded cables.

The ageing condition is used to describe the average deteri-
oration degree of the entire cable insulation and can be usually
represented by a certain insulation parameter, such as the
widely accepted dielectric loss angle, i.e. tanδ. Until now, the
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off-line tanδ testing for power cables has been well devel-
oped, known as the very low-frequency tanδ test [5]–[7], but
few studies had been done to apply it on-line for cross-bonded
cables due to the practical difficulties. Pang et al. measured
the tanδ by calculating the phase angle difference between
the leakage current and the voltage at the mid-point of the
cable [8]; Yang et al. distinguished the leakage currents from
the sheath currents, and used the relative dielectric loss to
determine the relative insulation condition of the cable [9].
However, the cross-bonding structure balances the vital leak-
age currents to near zero, which makes the implementations
of these methods to the disadvantage. In addition, both the
schemes demand very accurate synchronized phasor mea-
surement at each terminal or joint of the cable. This may be
costly for the installation of the cross-bonded cables.

In fact, the change of cable insulation condition will have
little influence on the voltage/current phasors under 50/60Hz
steady operation, whereas it may manifest itself in the tran-
sient waveforms more distinctly. This situation is even more
pronounced on the cross-bonded cables. Fortunately, except
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for the normal cases, the power system still has various
natural transient disturbances, such as lightning, switch oper-
ations and faults [10], [11]. These disturbances, having suffi-
cient magnitude and wide frequency band, can fully stimulate
the cross-bonded cable to generate considerable transient
responses containing a large amount of cable insulation infor-
mation [12], [13]. More importantly, the transient responses
are able to provide adequate amplitude data in frequency
domain for insulation condition analysis, instead of using the
phase angle information from GPS devices. These character-
istics make the transient disturbance a potential solution for
the non-intrusive ageing assessment of cross-bonded cables.

Recently, some preliminary studies have verified that the
cable responses under transient disturbances contain the cable
ageing conditions information. For instance, through simu-
lation studies, [14] observed the behavior of the transient
waveforms of the cable were significantly influenced by the
cable insulation parameters. A neural network-based method
that compared the frequency spectrum features of the tran-
sient voltages of the cables was proposed in [15], [16], and
it successfully identified the aged cables from the new ones
under capacitor switching. However, the cross-bonded cable
is not included in these research studies, and the potential of
the transient disturbances requires further investigation.

Based on above concerns and issues, using the system
transient disturbances, this paper proposes a new method
for non-intrusive ageing condition assessment of the
cross-bonded cable. The cable relative permittivities, instead
of the traditional dielectric loss angle, were extracted from
the responses of the transient disturbances to character the
ageing state more sensitively. Due to the characteristics of
the natural transient disturbances, this method benefits the
industry application as following:

1) A continuous tracking of cable ageing condition can
be established with the constantly occurring of the transient
disturbances.

2) No additional interferences will be introduced to the
power system in operation.

3) The requirement of signal remote synchronization based
on GPS is exempted because of the full use of the amplitude
spectra of the transient waveforms.

The main idea of the proposed method is elaborated
in Section II. And Section III investigates the decoupling
solution of the cross-bonded cable model. The selection of
the monitoring signals and frequency range for parameter
extracting are presented in Section IV. Section V explains
the extraction method of the relative permittivities and the
corresponding assessment principle. Section VI uses case
studies to verify the advantage of not requiring signal remote
synchronization. Section VII concludes the paper.

II. THE NON-INTRUSIVE AGEING ASSESSMENT METHOD
This paper proposes to extract the cable insulation parameter
from the responses under transient disturbances to achieve
the non-intrusive ageing assessment. The relative permittiv-
ity is selected as cable insulation parameter, and the cable

FIGURE 1. The idea of the proposed method.

responses are acquired at the both ends of the cross-bonded
cable, as shown in Fig. 1. The cross-bonded cable system
consists essentially in sectionalizing the metal shield into
minor sections [4]. The relative permittivities (εr−A, εr−B
and εr−C for phase A, B and C, respectively) of the XLPE
insulation material of the cable can reflect the cable ageing
conditions effectively [17]. The responses are excited by the
transient disturbances generated from outside of the cable in
the system, such as normal switching operations and vari-
ous kinds of faults. Since the transient disturbances appear
naturally and frequently in the power system, the successive
comparison of the insulation parameters can be used to track
the cable ageing conditions non-intrusively.

The extraction of the relative permittivities of the three
phases of the cable is a specific parameter identification
problem. It should solve two challenge problems: first,
the cross-bonded structure should be decoupled to build
the basic cable parameter equations; second, the signal data
should be selected to support the parameter identification.
The next two sections will address these problems, then the
extraction model can be established.

III. THE DECOUPLING SOLUTION OF THE
CROSS-BONDED CABLE MODEL
The cross-bonded cable model contains the desired insulation
parameters. However, the cross-bonding structures compli-
cate the extraction of the insulation parameters. Therefore,
the decoupling of the cable model become the first step to
solve this problem. This section will firstly introduce the
cross-bonded cable model which can be used to analysis
the transient responses under transient disturbances, and then
deduces the decoupling solution.

A. THE CROSS-BONDED CABLE MODEL
The basic structure of the cross-bonded cable is the major
section consisting of three minor sections per phase, as shown
in Fig. 2 (a).

For the cable of each phase, three minor sections are sep-
arated, but each minor section can still be regarded as a con-
tinuous cable. Based on this, the distribution parameter model
is adopted, as shown in Fig. 2 (b), taking Minor Section-A as
an example. Additionally, to accurately obtain the transient
responsewhen transient disturbance occurs, theminor section
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FIGURE 2. Frequency-dependent distributed cross-bonded cable model.
(a) the basic structure of major section, (b) the minor section with
frequency dependent parameters.

cable model uses the frequency-dependent parameters, and
these parameters are calculated as follows [18]–[20]:

The frequency-dependent impedance of cable conductor
per length:

Zc(f )

=
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The frequency-dependent impedance of cable shield per
length:
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The frequency-dependent insulation admittance unit
length:

Yin−A(f )

= j2π f
2π
ln rs

rc

ε0 · εr−A = j2π f
2π
ln rs

rc

ε0 · (ε′r−A − jε
′′
r−A) (3)

where rc, rin and rs are the equivalent radii of the cable
conductor, insulation layer and metal shield, respectively; ρc
and ρs are the specific resistivities of the cable conductor
and metal shield; ε0 is the permittivity of vacuum; µ0 is the
permeability of vacuum; and εr−A is the relative complex

permittivity of cable in phase A, including the real part ε′r−A
and imaginary part ε′′r−A. εr−A is also frequency dependent.
The model and the corresponding parameters of Minor

section-B and Minor section-C are similar to Minor
section-A, except for the different insulation admittance
Yin−B and Yin−C with different values of εr−B and εr−C ,
respectively.

B. THE DECOUPLING SOLUTION OF CABLE MODEL
The decoupling progress is to analyze the signal transmission
in the cross-bonding structures, thus to build the connection
of the measurements at the two ends of the cable. Because
the cable model is composed of nine similar minor sections,
the decoupling solutionwill derive from the analysis ofMinor
Section-A, then the complete solution of the major section
will be deduced based on the cross connections between the
minor sections.

1) FOR MINOR SECTION
As shown in Fig. 2 (b), when the transient responses are
generated due to the transient disturbances, the frequency
spectra of the currents and voltages on the cable conductors
and shields can be obtained by Fast Fourier Transform (FFT).
Then the following differential equations can be set up based
on Kirchhoff’s voltage and current laws:

dİc(x)
dx
= −Yin(U̇c(x)− U̇s(x))

dİs(x)
dx
= Yin(U̇c(x)− U̇s(x))

dU̇c(x)
dx

= −Zc İc(x)

dU̇s(x)
dx

= −Zsİs(x)

(4)

where x is the distance from the head end of this minor
section, Uc(x), Ic(x), Us(x) and Is(x) are the voltages and
currents of the cable conductor and shield at distance x,
respectively.

For simplicity, we define γ =
√
Yin(Zc + Zs) as the prop-

agation coefficient, then the general solution of (4) can be
obtained:

İc(x) = C1Zs − C2Zs + C3eγ x − C4e−γ x

İs(x) = C1Zc − C2Zc − C3eγ x + C4e−γ x

U̇c(x) = C1(1− ZcZsx)+ C2(1+ ZcZsx)
−C3Zceγ x/γ − C4Zce−γ x/γ

U̇s(x) = C1(1− ZcZsx)+ C2(1+ ZcZsx)
+C3Zseγ x/γ + C4Zse−γ x/γ

(5)

where C1, C2, C3 and C4 are the unknown coefficients that
need to be solved.
If the voltages and currents of the cable conductors and

shields at the two ends of the minor section are represented
by U1, I1, U2, I2 and U3, I3, U4, I4, respectively, as shown
in Fig. 2 (b), then C1 ∼ C4 in (5) can be solved. Finally,
the connections between the measurements at the two ends
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of this minor section can be established through the transfer
function matrix A:

U1
I1
U2
I2

 = A ∗


U3
I3
U4
I4

 (6)

whereA is a 4×4 matrix, composed of 4 row vectors (see (7),
as shown at the bottom of page).

The transfer function matrix ofMinor section-B, expressed
as B, and Minor section-C, expressed as C, are both similar
to A, except for the different relative permittivities in the
elements of Yin−B and Yin−C.

2) FOR MAJOR SECTION
Combined with the transfer function matrix of each minor
section, the decoupling solution of the cross-bonded cable
model can be obtained by analysing the cross connections in
the major section, as shown in Fig.2 (a).

We define the measurements at the two ends of the major
section asM1 (left end) andM2 (right end):
M1=

[
U1A I1A U1g I ′1A U1B I1B U1gI ′1B U1C I1C U1g I ′1C

]T
M2 =

[
U2A I2A U2g I ′2A U2B I2B U2g I ′2B U2C I2C
U2g I ′2C

]T
(8)

where each measurement and the current set directions can
be found in Fig.2 (a).
ThenM1 andM2 can be connected by:

M1 = T1 ∗ T2 ∗ T3 ∗M2 (9)

where T1, T2 and T3 are the transfer matrixes of the three
groups of the minor sections, as marked in Fig. 2 (a). And
they depend on the cross connections with the exchange of
the shield voltages and currents.

ForT1, no cross connections are included, so its expression
is (10), as shown at the bottom of the next page.

For T2 and T3, the cross-bonding makes the current and
voltage of the metal shield of each phase change to that of

the other phase sequentially, i.e. Phase A to Phase B, Phase B
to Phase C, and Phase C to Phase A. Thus, T2 and T3 are
transformed to (11), as shown at the bottom of the next page.

The complete solution of the cross-bonded cable can be
obtained by substituting (10) and (11) to (9). Then the
unknown relative permittivities (εr−A, εr−B and εr−C ) can be
extracted through the equations established in (12), which can
fully use the amplitude spectra of the transient measurement
waveforms to avoid the phase angle calculation.

|M1| = |T1 ∗ T2 ∗ T3 ∗M2| (12)

IV. SELECTION OF THE MONITORING SIGNALS AND
FREQUENCY RANGE
The extraction of the relative permittivities can be realized by
the parameter identification algorithm. However, as shown
in (12), a large number of optimal equations can be estab-
lished in frequency domain with different measurements at
different frequency points. Obviously, not every measure-
ment at every frequency is sensitive to the change of the rel-
ative permittivity. To aid the optimal solution, the sensitivity
analysis is conducted to select the suitable monitoring signals
and frequency range, then the objective function can be built
and solved.
The selection of the monitoring signals and frequency

range are based on the frequency-domain sensitivity analysis.
The frequency-domain sensitivity reflects the contribution
of the unknown parameters to the change of the objective
function at each frequency point. The larger the sensitivity
is, the easier the parameters can be identified using this
data. According to this, the suitable monitoring signals and
frequency can be determined.
For the complexity of the matrix in (12) which including

(10) and (11), this paper uses a model-based method to calcu-
late the frequency-domain sensitivity. The signals in |M2| are
assumed as themeasurement signals, whereas that in |M1| are
regarded as the observed signals, then the frequency-domain
sensitivities can be calculated by (13) and (14), as shown
at the bottom of the next page, where Sε′r−x (f ) and Sε′′r−x (f )
are the frequency-domain sensitivities of the signals in

A =


A11 A12 A13 A14
A21 A22 A23 A24
A31 A32 A33 A34
A41 A42 A43 A44


=

1
2(zc + zs)
zc(eγ l + e−γ l)+ 2zs

z2c
γ
(eγ l − e−γ l)+ 2zczsl −zc(eγ l + e−γ l)+ 2zc −

zczs
γ

(eγ l − e−γ l)+ 2zczsl

γ (eγ l − e−γ l) zc(eγ l + e−γ l)+ 2zs −γ (eγ l − e−γ l) −zs(eγ l + e−γ l)+ 2zs

−zs(eγ l + e−γ l)+ 2zs −
zczs
γ

(eγ l − e−γ l)− 2zczsl zs(eγ l + e−γ l)+ 2zc
z2s
γ
(eγ l − e−γ l)− 2zczsl

−γ (eγ l − e−γ l) −zc(eγ l + e−γ l)+ 2zc γ (eγ l − e−γ l) zs(eγ l + e−γ l)+ 2zc


(7)
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M1 respect to the real part and the imaginary part of the rela-
tive permittivity of phase X (can be A, B or C), respectively.
|M1−0| is the amplitude spectrum matrix of the observed
signals with initial parameters; |M1−1| is the amplitude
spectrum matrix of the observed signals under the updated
parameters with a tiny increment 1, where 1 is selected as
the empirical value of 1% by trial-and-error method.

To illustrate the calculation progress, a typical 110kV
cross-bonded cable is used as an example. The cables in
three phases are set at three different ageing levels, and the
parameters are listed in Table 1.

The calculated frequency-domain sensitivities are shown
in Fig. 3. The monitoring signals and frequency range which
own large frequency sensitivities will be selected for parame-
ter identification. From the sensitivity curves as shown in this
figure, according to the selection principle and considering
this method will extract the relative permittivities of the three
phases at the same time, the selected monitoring signals are
exhibited in (15), and the frequency range is selected as
10∼15kHz.

M1−select = [ I1A I ′1A I1B I ′1B I1C I ′1C ]T (15)

TABLE 1. The cable parameters.

V. EXTRACTION OF THE RELATIVE PERMITTIVITY AND
AGEING ASSESSMENT
A. IDENTIFICATION OF THE RELATIVE PERMITTIVITY
BASED ON DE ALGORITHME
Based on the selection results of the monitoring signals and
frequency range above, the objective function can be estab-
lished. Firstly, we define the desired parameters of three

T1 =



A11 A12 A13 A14 0 . . . 0 0 . . . 0
A21
A31

A22
A32

A23
A33

A24
A34

...
. . .

...
...

. . .
...

A41 A41 A41 A41 0 . . . 0 0 . . . 0
0 . . . 0 B11 B12 B13 B14 0 . . . 0
...

. . .
...

B21
B31

B22
B32

B23
B33

B24
B34

...
. . .

...

0 . . . 0 B41 B42 B43 B44 0 . . . 0
0 . . . 0 0 . . . 0 C11 C12 C13 C14
...

. . .
...

...
. . .

...
C21
C31

C22
C32

C23
C33

C24
C34

0 . . . 0 0 . . . 0 C41 C42 C43 C44



(10)

T2 = T3 =



A11 A12 A13 A14 0 . . . 0 0 . . . 0
A21 A22 A23 A24 0 . . . 0 0 . . . 0
0 . . . 0 B31 B32 B33 B34 0 . . . 0
...

. . .
...

B41
B11

B42
B12

B43
B13

B44
B14

...
. . .

...

0 . . . 0 B21 B22 B23 B24 0 . . . 0
0 . . . 0 0 . . . 0 C31 C32 C33 C34
...

. . .
...

...
. . .

...
C41
C11

C42
C12

C43
C13

C44
C14

0 . . . 0 0 . . . 0 C21 C22 C23 C24
A31 A32 A33 A34 0 . . . 0 0 . . . 0
A41 A41 A41 A41 0 . . . 0 0 . . . 0



(11)

Sε′r−x (f ) =

∣∣M1−1((ε′r−x +1ε
′
r−x)− j · ε

′′
r−x)

∣∣− ∣∣M1−0(ε′r−x − j · ε
′′
r−x)

∣∣
1ε′r−x

(13)

Sε′′r−x (f ) =

∣∣M1−1(ε′r−x − j · (ε
′′
r−x +1ε

′′
r−x))

∣∣− ∣∣M1−0(ε′r−x − j · ε
′′
r−x)

∣∣
1ε′′r−x

(14)
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FIGURE 3. The frequency-domain sensitivity of the relative permittivity of
(a) phase A, (b) phase B, and (c) phase C.

phases as

εr =
[
ε′r−A, ε

′′
r−A, ε

′
r−B, ε

′′
r−B, ε

′
r−C , ε

′′
r−C

]T (16)

By using the solution of the cross-bonded cable model
in (12) with selected signals in (15), the optimization problem
can be written as following:

ε̂r = argmin
εr

f (εr)

f (εr) =
15kH∑

f=10kHz

[∣∣∣M̂1−select(εr)
∣∣∣− |M1−select|

]2
∣∣∣M̂1−select(εr)

∣∣∣ = |[T(2, :),T(4, :),T(6, :),T(8, :),T(10, :),
T(12, :),]T ∗M2

∣∣∣
T = T1(εr)

∗T2(εr)
∗T3(εr) (17)

where
∣∣∣M̂1−select

∣∣∣ is the estimation function matrix of
|M1−select |, and it can be calculated by the measurements in
M2 and the transfer matrix T. Here T(n,:) represents the nth

row of matrix T, which relates to the corresponding selected
signal.

The objective function (17) is actually a multi-objective,
multi-parameter and highly nonlinear optimization problem.
This paper uses the DE (Differential Evolution) algorithm
which can handle this complex and large-scale optimization
problem [21]. This algorithm also has quick convergence,
robustness and capability of searching the global optimal
solution. The main calculation processes are shown in Fig. 4.

The searching processes are similar to the steps employed
by a standard evolutionary algorithm, but the variants perturb
the current-generation population members with the scaled
difference of randomly selected and distinct population mem-
bers. Themutation and crossover are controlled by the param-
eters cr and F, respectively, as shown in Fig. 4. The best-suited
relative permittivities can be found once the fitting error is
below the setting termination value.

FIGURE 4. Flow chart of the optimal progress to identify the relative
permittivities.

B. THE AGEING CONDITION ASSESSMENT METHOD
Once the relative permittivities of each phase are identi-
fied, the ageing condition can be non-intrusively assessed
by comparing the calculation results with the pre-defined
values. This paper adopts the reference values as shown
in Table 2 [18]. Note that the relative permittivity is actually
frequency dependent as stated earlier. However, the varia-
tion of its value is negligible at the kHz level [22]. The
data measured among several kHz ranges can be considered
as referring to a constant relative permittivity. Therefore,
the reference values in this table are formulated for kHz fre-
quency range use which is specially for transient disturbance
analysis.

TABLE 2. The reference values for cable ageing assessment.

A notable observation made from Table 2 is that the imag-
inary parts of the relative permittivities have a difference
in the order of magnitude, which can distinctly reflect the
ageing condition of cable. Therefore, this paper takes the
imaginary part of the insulation parameter as the main criteria
for ageing assessment. The effectiveness will be tested in the
next section.
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VI. CASE STUDY
Three cable ageing cases with three typical kinds of system
transient disturbances are simulated to validate the proposed
method. To test the advantage of this method of not requiring
remote synchronization based on GPS, the measurements
at the two ends of the cross-bonded cable are intentionally
asynchronously sampled. The influence of signal noise on
the ageing assessment results are discussed at the end of this
section.

A. TEST SYSTEM
The test system in Fig. 5 including cross-bonded cable will be
used for the simulations in EMTP/ATP software. The ageing
conditions of the three phases of the cross-bonded cable are
set at three different ageing levels: phase A-light ageing,
phase B-moderate ageing and phase C-severe ageing. The
cable parameters are calculated by (1)-(3) using the values
listed in Table 1. The frequency-dependent characteristic of
the cable is modelled by the Vector-Fitting method as intro-
duced in the Appendix. The parameters of the system and the
three transient disturbances are shown in Table 3 and Table 4,
respectively.

FIGURE 5. Test system.

TABLE 3. The system parameters.

TABLE 4. The transient disturbance parameters.

B. TRANSIENT RESPONSE WAVEFORMS UNDER THE
THREE CASES
When the three transient disturbances occur, the cable tran-
sient response waveforms and the corresponding amplitude
spectra are shown in Fig. 6∼ Fig. 8 (for space limitation, only

FIGURE 6. The transient responses (left) and amplitude spectra (right)
under capacitor switching. (a) cable conductor currents, (b) cable shield
currents, and (c) cable conductor voltages.

FIGURE 7. The transient responses (left) and amplitude spectra (right)
under grounding fault. (a) cable conductor currents, (b) cable shield
currents, and (c) cable conductor voltages.

the signals in M1−select and the cable conductor voltages in
M2 are presented).
The curves in these figures show that all the transient

responses under the three typical transient disturbances
have large waveform distortions, and can be detected and
extracted easily by the methods in the field of power qual-
ity analysis [23], [24]. Additionally, note that, because of
the cross-bonding of the shields, every response signal will
contain the insulation information of all the three phases;
thus, from Fig. 6 ∼ Fig. 8, the frequency spectra under the
three kinds of disturbances can provide sufficient magnitude
to identify the relative permittivities.

C. AGEING ASSESSMENT RESULTS UNDER
ASYNCHRONOUS SAMPLING
To validate the advantage of the proposed method, i.e.
not requiring remote synchronization based on GPS,
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FIGURE 8. The transient responses (left) and amplitude spectra (right)
under no-load line charging. (a) cable conductor currents, (b) cable shield
currents, and (c) cable conductor voltages.

an intentional time deviation (τ = 5ms) is set between
the sampling windows at the two terminations of the cable,
as shown in Fig. 6 ∼ Fig. 8.
Using the parameter extraction method presented in

Section V, the relative permittivities can be estimated and
used for ageing assessment. The calculation values and the
assessment results are shown in Fig. 9 for the three transient
disturbance cases.

FIGURE 9. The estimated relative permittivities and ageing assessment
results under asynchrony sampling.

Fig. 9 shows, even if a considerable time deviation (5ms)
exists between the signal sampling windows at the two ter-
minations of the cable, the relative permittivities still can
be estimated accurately. The proposed method can work
effectivelywithout the need of remote signal synchronization.
A correct index also can be observed from this figure, and the
clear distinction among the imaginary parts of the estimated
relative permittivities can easily help engineers to make a
decision for the maintenance or the replacement of the aged
cables.

D. AGEING ASSESSMENT RESULTS WHEN CONSIDERING
SIGNAL NOISE
To further test the anti-noise ability of the proposed method,
two cases with SNR = 50 and SNR = 60 are recalcu-
lated applying the relative permittivity identification algo-
rithm. The results are shown in Fig. 10 (a) and Fig. 10 (b),
respectively.

FIGURE 10. The estimated relative permittivities and ageing assessment
results when considering noise. (a) SNR = 50, (b) SNR = 60.

From the new estimation values, some errors can be
expected compared with the results in Fig. 9. Because the
value ranges of the real parts are insensitive to the change
of the cable ageing conditions, their calculation values have
relatively larger errors than the imaginary parts. However,
as mentioned before, the determinant of the ageing condition,
i.e. the imaginary part, still maintains considerable accuracy.
And an obvious difference of the estimated imaginary parts
can be observed in Fig. 10 (a) and Fig. 10 (b), which implies
the proposed method is able to give reliable assessment
advice even the measurement signals contain some noise.

VII. CONCLUSION
This paper utilizes the transient disturbances in the power
system to non-intrusively assess the ageing conditions of the
cross-bonded cables. The cable relative permittivities were
extracted to get the cable ageing conditions. The decoupling
of the cross-bonded structure was conducted to build the
relative permittivity identification model. Through sensitive
analyses for a typical 110kV XLPE cable, the currents
on cable conductors and shields with frequency range
of 10-15 kHz were found to be the contribution data to
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the identification. Three transient disturbances in the power
system were simulated to verify the proposed method. The
results show that, the transient disturbances can stimu-
late the cross-bonded cable generating considerable tran-
sient responses, and this method can effectively reveal the
ageing conditions without the need of any remote signal
synchronization.

APPENDIX
The Vector-Fitting [25] method used for modelling the
frequency-dependent characteristics of the cable is explained
below.

Because the expressions of (1) ∼ (3) are too complex
to model in the simulation software by conventional meth-
ods, we use the Vector-Fitting method to transfer them into
rational fractions as follows:

F(ω) = jω
n∑
i=1

ci
jω − ai

+ jωh+ d (18)

where ci and ai are the residue and pole, respectively, and
can be real or complex conjugate; n represents the order
depending on the desired fitting accuracy; h and d are real
numbers.

Based on the fitting results obtained by (18), which are
actually another forms of (1)∼ (3), the frequency-dependent
characteristics of cables can be easily modelled by the cas-
caded circuits [26]. The cascaded circuits including the series
impedance and shunt admittance are shown in Fig. 11.

FIGURE 11. Frequency-dependent cable model. (a) series impedance
equivalent circuit per unit, (b) shunt admittance equivalent circuit per
unit.

In these cascaded circuits, R, L, G and C are all calculated
by the fitting parameters in (18). The number n in the circuits

TABLE 5. The system parameters.

TABLE 6. The system parameters.

is the same as the order n in (18). In this paper, n is selected
as 3, which is enough tomodel the frequency-dependent char-
acteristics of the cable parameters for analysis. The fitting
results under each ageing condition are shown in Table 5 and
Table 6.
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