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ABSTRACT Frequency domain reflectometry (FDR) technologies could be applied to locate defects in
cables effectively. Owing to the large space span and complex operating environment of the actual XLPE
distribution cables, segmented thermal aging phenomenon occurs easily, causing the nonuniform distribution
of electrical parameters along cables, which might affect the defect location accuracy ultimately. In this paper,
the segmented thermal aging cable models were established and the effect of segmented-aging in XLPE
distribution cables on defect location accuracy was explored based on simulation. It was found the floating
range of defect location deviation in segmented thermal aging cable models could reach 10% of the whole
cable length, which could not be ignored. Further research and analysis revealed that the defect location
deviation in the segmented-aging cable mainly attributes to the differences of distributed wave velocities in
the cable. On this basis, a correction coefficient of defect location M was put forward for the segmented-
aging cable models established, which has achieved remarkable results. Finally, a segmented-aging cable
model with a length of 119 m was built in the laboratory, and the validity for improving defect location
accuracy by considering the differences of wave velocities was verified through experiments. Results show
the defect location deviation can be reduced from 2.19% to 0.39% by introducing M.

INDEX TERMS Segmented-aging cable, frequency domain reflection, broadband impedance spectrum,

defect location, electromagnetic wave velocity.

I. INTRODUCTION

XLPE distribution cables are the important parts of urban
power distribution network, and they are prone to defects
during long-term operation, threatening the safety of grid
operation [1]-[3]. Since many distribution cables are laid
underground, it is difficult to find and locate the defects in
time and then eliminate these potential faults [4].

To solve the above problems, a series of defect loca-
tion methods have been proposed and developed in recent
years. Among them, frequency domain reflectometry (FDR)
technologies represented by broadband impedance spec-
trum (BIS) [5]-[8] and reflection coefficient spectrum
(RCS) [9], [10] have attracted more attention. Fantoni et al.
first developed a method called the Line Resonance
Analysis (LIRA) for defect location and cable condition
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monitoring based on BIS [11], [12]. Then the comparison of
BIS and time domain reflectometry (TDR) for locating cable
degradation was conducted by researchers, results shown that
BIS possesses a higher sensitivity to the diagnosis of aging
defects with smaller changes in electrical parameters, because
the measurement signal based on FDR contains more high-
frequency components [13], [14]. At the same time, the sen-
sitivity or spatial resolution of defect location was found to be
affected by the highest measurement frequency, which could
not be increased without limit since higher measurement
frequency would lead to more severe signal attenuation [6],
[15], [16]. In order to solve the problem, the RCS method was
further proposed, and it has been proved that on the premise
of ensuring the sensitivity and accuracy of defect location,
the requirement of measurement frequency band and sam-
pling frequency could be reduced to a certain extent [9], [10].
To date, the location of impedance discontinuities formed
by concentrated defects such as local damaged insulation
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FIGURE 1. Distributed parameter model of power cables.

or joints affected with damp has been realized based on
FDR [9], [17].

Though some progress has been made in defect location
of XLPE distribution cables, the effect of segmented aging
on defect location accuracy is rarely considered in exist-
ing studies, which may have some limitations in practical
applications. In fact, segmented thermal aging phenomenon
appears easily in actual XLPE distribution cables, owing to
their large space span and complicated laying environment,
it may affect the propagation process of measurement signal
and defect location accuracy ultimately. No work focused on
the effect of segmented-aging in XLPE distribution cables on
defect location accuracy has been reported until now, which
remains largely unclear. It would hinder the defect location
accuracy as well as the elimination of potential insulation
faults.

In this paper, the effect of segmented thermal aging on
defect location accuracy in XLPE distribution cables was
explored and demonstrated for the first time, through sim-
ulation and experimental research based on BIS. The cause
of defect location accuracy was discussed, then a correction
coefficient of wave velocity M was proposed to improve
the defect location accuracy for the segmented-aging cable
models established, and the validity of which has been ver-
ified. Study results in this paper can provide guidance and
reference for more accurate location of defects in segmented-
aging cables.

Il. INPUT IMPEDANCE AND DEFECT LOCATION
PRINCIPLE BASED ON BIS
A. INPUT IMPEDANCE OF CABLES
According to the transmission line theory [18], the distribu-
tion parameter model can be applied to describe the electrical
network structure of power cable under high frequency power
source, as illustrated in Figure 1. Rg, Lo, Go and Cy represent
the equivalent resistance, inductance, conductance and capac-
itance of power cable in per unit length, respectively, which
can be calculated according to the material, size, structure and
other parameters of cables [19].

For one power cable with a length of / and an open end,
the input impedance Z, at the distance x from the cable head
end can be calculated as follows:

—2yx
l+e V) )

Zy =72y <—1 v
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where f is the signal frequency, Zy and y are respectively the
characteristic impedance and propagation constant, which are
given by:

Zy = /(Ro + joLo)/(Go + joCo) 2)
y = a+jB = Ro+jwly) (Go +joCo)  (3)

where o and B are respectively the attenuation coefficient and
propagation coefficient, then S can be obtained further by:

w 2xf

'3 = —_ = —

1% 1%

“)

where v is the wave velocity propagating in the cable, w is the
angular frequency. Thus, the input impedance at the head end
(x = 0) Z;,, can be presented as follows:

14271
1— ez?’l)

Zin =2y < &)
B. CABLE DEFECT LOCATION PRINCIPLE BASED ON BIS
Previous studies have shown that the input impedance spec-
trum of coaxial cable varies approximately periodically with
the signal frequency f [20], [21]. At high frequencies (wLg >
Ry, wCo > Gy), Zp is almost independent of frequency and a
constant, then it could be deduced reasonably that the period-
icity of the input impedance spectrum is determined by e =2,
according to the equation (5). Meanwhile, if another defect
occurs at position x = [j, the corresponding distribution
parameter would be changed, and the periodicity of the input
impedance spectrum would be also affected by e=27!! [20].
Adopting Euler equation, parameter e ~2¥/ could be expanded
as follow:

e 2 = o720l |:cos <@l) — jsin <@l>i| 6)

Since « is the increasing function of f, e=2! can be
regarded as an approximate periodic signal with f;_, = 2I/v
as the equivalent frequency though the amplitude is a decreas-
ing function of the signal frequency f. Similarly, e ~2"*! can
be regarded as an approximate periodic signal with f/_,, =
211/v as the equivalent frequency. Then the ratio of f/_;, to

f\_, can be given as follows:

Fim [fiz = @I/ QLY =11 )
and /; can be calculated by equation (8).
/
L=1x fx,:" ®)
fezi

Thus, extracting the characteristic parameters such as
the amplitude spectrum or phase spectrum of the input
impedance firstly, and then the equivalent frequency f’ cor-
responding to the positions of cable defects and the end of
the cable could be obtained by use of Fourier transform or
integral transformation [8], [22]. On this basis, according to
equation (8), the location of cable defects would be realized.

VOLUME 9, 2021



B. Shan et al.: Effect of Segmented Thermal Aging on Defect Location Accuracy

IEEE Access

head end defect tail end
segment A segment B \
\ ’/
£

Ly

A

N
~
4

FIGURE 2. Schematic diagram of a segmented-aging cable model.

TABLE 1. Fitting parameters of the complex permittivity of cables with
different thermal aging states [22].

Fitting parameters
Cable aging states
C D/x10? P
unaged 2.783 2.640 0.716
significantly aged 3.213 3.463 0.752
severely aged 4.232 8.560 0.832

IIl. STUDY ON THE EFFECT OF CABLE SEGMENT AGING
ON DEFECT LOCATION ACCURACY BASED ON
SIMULATION

A. MODEL AND SIMULATION PARAMETERS

In this paper, the 8.7/10 kV XLPE distribution cable was
taken as an example to establish a segmented-aging cable
model, as shown in Fig. 2. It consisted of segment A and
segment B, and the total length and the length of segment
A were L and Ly, respectively. The radius of the conductor
was set to 10 mm, the thickness of the composite insulation
(a synthesis of the XLPE layer and two semiconductor layers)
and the metal shielding layer were respectively set to 4.5 mm
and 0.2 mm. In addition, the impedance discontinuity at the
junction of A and B was regarded as a cable defect, which was
used to analyze and study the effect of cable segment aging
on defect location accuracy.

The complex permittivity e(w) of the composite insulation
layer (including the inner and outer semiconductor layers and
the XLPE layer) of XLPE distribution cables with different
thermal aging states was measured by literatures [20], [22].
Then e(w) was fitted according to Cole-Cole model as shown
in Equation (9), since dipole polarization was the main polar-
ization type for the composite insulation in the frequency
range between 10 kHz and 100 MHz [23].

Ceo

* O = T D Gy

©))

Here, C, D and P are the fitting coefficients, and
P €(0, 1), &g is the vacuum dielectric constant. The corre-
sponding fitting parameters obtained were shown in Table 1.

Therefore, the segmented-aging cable with different aging
states could be simulated by changing the complex permittiv-
ity e(w) of segment A and segment B, according to Table 1.
In this paper, Al, A2 and A3 represented that cable seg-
ment A was unaged, significantly aged and severely aged,
respectively; similarly, B1, B2 and B3 represented that cable
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FIGURE 3. Diagnosis functions for the segmented-aging cable with
different aging states.

segment B was unaged, significantly aged and severely aged,
respectively.

B. SIMULATION RESULTS AND ANALYSIS

1) EFFECT OF THE AGING STATES OF CABLE SEGMENTS ON
DEFECT LOCATION ACCURACY

L and L4 were set to 1000 m and 500 m, respectively, so the
cable defect located at x = 500 m. Then the input impedance
phase spectrum of the cable model was simulated when

134755



IEEE Access

B. Shan et al.: Effect of Segmented Thermal Aging on Defect Location Accuracy

TABLE 2. Deviation factor Q of cables with different aging states.

Deviation factor

0 (%) B1 B2 B3
Al - -1.64 -5.13
A2 1.94 - -3.35
A3 5.13 3.37

segment A and segment B with different aging states referring
to Table 1. Simulation frequency was in the range of 10 kHz
to 100 MHz. Then the fast Fourier Transform (FFT) analysis
was carried out to convert data obtained as a function of
frequency f to those represented a function of the equivalent
frequency f’ to establish diagnostic functions. In addition,
the x-coordinate of the peak formed by reflection at the tail
end of the cable (fx/zl) was set to 1000 m, and the final results
was shown in Fig. 3.

A clear peak appears around the position x = 500 m
when the aging state of segment A is different from that
of segment B in Fig. 3, which indicates the cable defect
at the junction of A and B could be recognized effectively.
At the same time, it could be seen easily from the figure that
the position of the peak formed by the cable defect deviates
from its actual location. To quantitatively analyze the effect of
the aging states of cable segments on defect location accuracy,
adeviation factor Q was introduced, and it could be calculated
according to equation (10).

o
O=|———] x100% (10)
VA

Based on it, the deviation factor Q of cables with different
aging states was calculated and then shown in Table 2.

It is apparent in Table 2 that the deviation factor Q is in the
range —5.13% to 5.13% accompanied with changes of aging
states of segment A and segment B. Meanwhile, the greater
the difference between the aging states of segment A and
segment B, the larger the location deviation factor.

2) EFFECT OF THE CABLE LENGTHS ON DEFECT LOCATION
ACCURACY
Since lengths of actual XLPE distribution cables are different
from each other, the effect of the cable lengths on defect
location accuracy was further studied. L was respectively set
to 100 m, 1000 m, and 5000 m, while the ratio of L to L
was controlled to 0.5. Considering the attenuation character-
istics of the high-frequency signal transmitting along cables,
the simulation frequencies of input impedance phase spec-
trum ranges were respectively taken as 10 kHz - 100 MHz,
10kHz - 15 MHz, and 10 kHz - 2.5 MHz. During simulation,
the aging states of the cable model were set to 4 cases:
Al1&B2, A1&B3, A2&B1, and A3&B1. Referring to the
previous calculation process, the deviation factor Q could also
be calculated, and Fig. 4. shows the final results.

As can be seen, the difference of cable length has little
effect on the deviation factor Q, though Q varies with the
aging states of cable segments.
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FIGURE 4. Defect location deviation of cables with different lengths.
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FIGURE 5. Defect location deviation of cables with different length
percentages of aging segment.

3) EFFECT OF THE LENGTH PERCENTAGES OF AGING
SEGMENT ON DEFECT LOCATION ACCURACY

The length percentage of aging segment in the actual cable
was uncertain, which may affect the defect location accuracy.
The input impedance phase spectrum of the segmented-aging
cable with length L = 1000 m was simulated, while L4 varied
from 100 m to 900 m at an interval of 100 m. The simulation
frequency was in the range of 10 kHz to 15 MHz. Considering
the typicality and simplicity of simulation objects, A1-B3 and
A3-B1 were selected as the cable aging states. Finally, a sum-
mary of the defect deviation factors obtained were illustrated
in Fig. 5.

Fig. 5 presents a reasonable relationship between the length
Ly and the deviation factor Q. As L, increases, the abso-
lute value of Q presents a trend of increasing first and then
decreasing, and the maximum absolute value of Q was 5.13%
and it appears when L4 = 500 m. In addition, when the aging
state of segment A is more serious than that of segment B,
Q is a positive value; otherwise, it would be a negative value.

In summary, one conclusion could be drawn reasonably
that the aging state and the length percentage of aging cable
segments have a significant impact on defect location accu-
racy, while the cable length has almost no effect. Meanwhile,
Q is normally in the range of —5.13% to 5.13%, which means
that the floating range of defect location deviation could reach
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FIGURE 6. Structure diagram of XLPE cables.

about 10% of the whole cable length at most. The above
results indicate that the effect of segmented-aging in cables on
defect location accuracy could not be ignored, especially for
the actual XLPE distribution cables whose length are usually
several kilometers.

C. CAUSES OF DEFECT LOCATION DEVIATION
Fig. 6 illustrates the structure of an 8.7/10 kV XLPE distri-
bution cable, which is mainly composed of the conductor, the
inner and outer semiconductor layers, the XLPE layer, the
shielding layer and the outer sheath. Thus, the capacitance
of composite insulation layer mentioned previously Cegual
consists of three components: capacitances of the inner and
out semiconductor layers (Cj,, C,y), and the capacitance of
XLPE insulation layer Cxzpg. Their relationship could be
expressed as follows:
! ! + ! + ! (11)

Cin  Cow  CxrPE

Literature [24] has found that degradation of the cable
insulation does have an impact on Cy and at a lesser degree on
the cable inductance L. In brief, the occurrence of water tree
in XLPE insulation would promote significantly the number
increase of polar groups and space charges, enhancing the
relaxation polarization process; likewise, thermal aging of
XLPE insulation would contribute to the break of XLPE
molecular chains and formation of low molecular weight
products, aggravating the interface relaxation polarization
[22] and [25]. As a result, Cxypr would increase. Ignoring
the changes of C;, and C,,; during cable aging, the above
degradation phenomenon would result in the increase
of Cequal .

Meanwhile, at high frequencies, the electromagnetic wave
velocity v in XLPE cables is almost independent of the fre-
quency f, which can be calculated as follows [26]:

p L

LoCo

Therefore, it could be deduced that the cable insulation
aging would lead to the decrease of v ultimately. Equa-
tion (13) presents the corresponding frequency of the k’th
maximum value of the input impedance amplitude spectrum

Cequal

(12)
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with the tail end of the cable open [22]. Then the wave

velocity v in the cable could be calculated according to
equation (14).

1%
SZinlwax = kﬂ, (k=1,2,3..)) (13)
v=(fur1 —fu) X2, (n=2,3,4..)) (14)

where, fh+1 and f, are the adjacent frequency values cor-
responding to the maximum values of the input impedance
amplitude spectrum. To further verify the effect of cable
thermal aging on the wave velocity v, the input impedance
amplitude spectrum of a uniform-aging cable with three
kinds of aging states and a length of 100 m according to
Table 1 was simulated, respectively. Fig. 7 presented the
simulation results.

Combined with equation (14), wave velocities of the cable
with different aging states were calculated, as shown in Fig. 8.
As can be seen intuitively, the more serious aging state of the
cable, the lower the wave velocity in the cable. For example,
wave velocity v in the severely aged cable is just 81.5% of
that in the unaged cable. Moreover, the trend of wave velocity
variation shown in Fig. 8 is in good agreement with the
previous theoretical analysis.
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The above analysis indicates that for the segmented-aging
cable model shown in Fig. 2, when the aging state of segment
A is different from that of segment B, the wave velocities in
them would be different, which would affect the propagation
process of measurement signal and defect location accuracy.
In this case, the application of equation (7) in defect loca-
tion of segmented-aging cables would have its limits, which
would lead to the generation of defect location deviation.

D. IMPROVIING DEFECT LOCATION ACCURACY BY
CONSIDERING DIFFERENCES IN WAVE VELOCITIES

The above analysis has illustrated that f/_, = 2I/v is the
equivalent frequency of the input impedance spectrum due to
the wave reflection at distance /. It should be noted that 21/v
is just the time #;, elapsed for a wave to reach the termination
at the distance / and then be reflected back. Similarly, fx/= n=
2[1/v is equal to the time #;1, elapsed for a wave to reach the
termination at the distance /; and then be reflected back. Then
the ratio of f/_,, to f/_, can be modified and calculated as
follows:

fx/zl1 [z ==1,/1

where #;1 and t; could be further given by equation (16) and
equation (17) for the cable model in Fig. 2.

(15)

iy, =2l /v
n=2[h/vi+—1NL)/v]

(16)
7)

where v; and v, are the wave velocities in segment A and
segment B, respectively. Combined with equation (15) to
equation (17), /1 could be further calculated again by equa-
tion (18).

/

v fre
I = ! ; ><l><x/ll
fe=i

Sz
v+ (v — ) X f/—ll
x=I

Comparing equation (18) and equation (8), a correction
coefficient M = v /[va+(vi-v2) % f/_, /f{_;] was defined
and put forward, which is considered to be used to reduce the
defect location deviation caused by the differences of wave
velocities in the segmented-aging cable model in Fig. 2. With
introducing M, the defect location deviation of cables with
different aging states was calculated again and Table 3 pre-
sented the calculation result. By comparing and analyzing
the results in Table 2 and Table 3, it is clearly that the defect
location deviation is significantly reduced, and the deviation
range is narrowed from “—5.13% to 5.13%” to ““—0.03% to
0.18%" . The result suggests that the defect location accuracy
could be improved by considering the difference of wave
velocities in segmented-aging cables.

Then the correction coefficient M was further introduced
to prove the validity of improve the defect location accuracy
in segmented-aging cables with different lengths and with
different length percentages of aging segment, respectively,
and the modified deviation factors Q were shown in Fig. 9 and
Fig. 10. For segmented-aging cables with different lengths,

(13)

134758

TABLE 3. Deviation factor Q of cables with different aging states by
considering differences in wave velocities.

Deviation factor

0 %) Bl B2 B3
Al - 0.1 -0.03
A2 0.18 - 0.01
A3 003 002 -
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FIGURE 9. Deviation factor Q of cables with different lengths by
considering differences in wave velocities.
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FIGURE 10. Deviation factor Q of cables with different length percentages
of aging segment by considering differences in wave velocities.

the deviation range was narrowed from “—5.13% to 5.13%”
to “—0.11% to 0.38%”. Likewise, for cables with different
length percentages of aging segment, the deviation range was
also narrowed from “—5.13% to 5.13%” to “—0.44% to
0.35%". These results confirm the defect location accuracy
in segmented-aging cables could be improved effectively by
considering differences in wave velocities.

IV. EXPERIMENTAL VERIFICATION

A. TEST PLATFORM AND MEASUREMENT PROCESS

A test platform for the segmented-aging cable defect location
was built in the laboratory, as shown in Fig. 11. Two cables
with different wave velocities were chosen to establish the
segmented-aging cable model. The lengths of cable A and
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FIGURE 11. Test platform for cable defect location.

cable B were 99 m and 20 m, respectively. Meanwhile, the
conductors and the metal shielding layers of cable A and
cable B were respectively connected, and the connection
point was regarded as the defect.

A 4294A impedance analyzer was used to measure the
input impedance amplitude spectrum of the segmented-aging
cable model, the ends of two metal conductors (including the
conductor and the shielding layer) opposite to the connection
point of cable A were connected to two measuring terminals
of the analyzer, while that of cable B were kept open. The
measuring frequency was in the range of 1MHz to 80 MHz
and the sampling points were set to 31600.

In addition, to obtain wave velocities of cable A and
cable B, according to the previous measurement procedure,
the input impedance amplitude spectra of them were further
measured respectively in the range of 1 MHz to 20 MHz,
the sampling points were set to 801.

B. COMPARISON OF DEFECT LOCATION ACCURACY
BEFORE AND AFTER CONSIDERING THE DIFFERENCE IN
WAVE VELOCITIES

The input impedance amplitude spectrum of the segmented-
aging cable model was obtained as shown in Fig. 12, and the
input impedance amplitude spectra of cable A and cable B
were presented in Fig. 13.

Fig. 12 was converted to establish the diagnostic function
by FFT, at the same time, the equivalent frequency f/ was nor-
malized and the x-coordinate of the peak formed by reflection
at the tail end was set to 1, the result was presented in Fig. 14.

It could be obtained easily that the ratio of f_;, to f/_,
is 0.19. According to equation (8) and the length of the
segmented-aging cable model, the calculated value of [ is
about 22.61 m. Then it could be deduced the defect location
deviation is about 2.19% combined with equation (10).

At the same time, combined with equation (14), the wave
velocities of cable A and cable B can be calculated according
to Fig. 13, the results are 147 m/us and 166 m/us for cable
A and cable B, respectively. Based on the results, combined
with equation (8) and equation (10), the calculated valve of
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FIGURE 14. Diagnosis function for defect location in the segmented aging
cable model.

[ is about 20.46 m, and the corresponding defect location
deviation is about 0.39%.

The above results show the defect location deviation can be
reduced from 2.19% to 0.39% by introducing M. Thus, it can
be concluded convincingly that the defect location accuracy
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in segmented-aging cables could be improved effectively by
considering differences of wave velocities.

V. DISCUSSION

FDR has been proved to be an effective method for defect
location in power cables. However, the segmented thermal
aging phenomenon in actual XLPE distribution cables is
usually not considered in the existing research, which may
contribute to the decrease of defect location accuracy.

In this paper, the effect of segmented thermal aging on
defect location accuracy in XLPE distribution cables was
researched and analyzed through simulation and experiment.
The results show that aging states and length percentages of
the aging cable segments do have a significant impact on
the defect location accuracy, while cable lengths have little
influence. The floating range of defect location deviation in
the segmented-aging cable models could reach 10% of the
whole cable length, thus, it could not be ignored especially for
the actual XLPE distribution cables with a length of several
kilometers. Further research reveals that the defect location
deviation in the segmented-aging cable mainly attributes to
the differences of distributed wave velocities caused by the
existence of local segmented thermal aging segments. On this
basis, a correction coefficient M was introduced to improve
the defect location accuracy in the segmented-aging cables
model established. Simulation and experimental results show
that with the addition of M, the absolute value of defect
location deviation is no more than 0.5%. This confirms the
validity of improving defect location accuracy in segmented-
aging cables by considering the differences of distributed
wave velocities.

Meanwhile, it needs to be noticed that how to obtain the
distributed wave velocities in XLPE distribution cables is
of vital importance for improving defect location accuracy.
Since the operation conditions of cables such as the time put
into operation, laying environment, replacement messages
of local cable segments and so on are almost known, it is
possible to classify the cable to several segments according
to their aging state roughly, and then the sampling analysis
could be carried out to obtain the distribution of wave veloci-
ties by measuring the input impedance amplitude spectrum
of the sampling segments. In addition, literatures [20] and
[22] have proposed a method to locate and determine the
degraded segments in a cabled based on the combination of
BIS and particle swarm optimization (PSO). This method has
achieved some results, however, the defect location deviation
caused by the differences of distributed wave velocities was
not considered in practice. Thus, the PSO algorithm could
be further optimized by taking the differences of distributed
wave velocities in cables into accounts, which is of beneficial
to improving the defect location accuracy in the end.

VI. CONCLUSION

This paper aims to explore the effect of segmented ther-
mal aging on defect location accuracy in XLPE distribution
cables. It can be convincingly concluded that the segmented
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thermal aging does have an obvious effect on defect location
accuracy in XLPE distribution cables, and the floating range
of defect location deviation in the segmented-aging cable
models could reach 10% of the whole cable length.

Further analysis reveals that the main cause of defect loca-
tion deviation is the difference of distributed wave velocities,
causing by the capacitance change of composite insulation
layer of aging cable segments, which is not considered in
previous researches. On this basis, a correction coefficient M
is proposed to improve the defect location accuracy, and its
validity is verified by simulation and experiments, since the
absolute value of defect location deviation could be reduced
to less than 0.5%. The above results in this paper have some
reference value and practical guiding significance for realiz-
ing more accurate defect location in actual XLPE distribution
cables.
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