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Abstract: The crosslinked polyethylene (XLPE) cable safety is affected by environmental factors
and artificial defects during operation. This work proposes an improved locating method based on
broadband impedance spectrum (BIS) to locate local defects in XLPE cables. The calculation process
of the algorithm has been analyzed. The selection of the incident Gaussian signal and the peak
recognition method have been discussed, where the pulse width of the Gaussian signal was found
to be determined primarily by the upper limit frequency of the traveling wave transmitting in the
cable. The centroid and function fitting methods were established to reduce the peak recognition
error caused by the test sampling rate. This work verified the accuracy of the algorithm through
experiments. A vector network analyzer (VNA) was used to test the BIS of the cable. A 20 m-long
cable containing abrasion and an inserted nail with different depths was measured in the BIS test. It
was found that the abrasion and the nail could be located. The locating deviation of abrasion was
within +1%, and the centroid and function fitting methods could effectively reduce the locating
deviation. The locating deviation was within +1% when the depth of the nail inserted into the
cable accounted for less than 50% of the insulation thickness. When the depth exceeded 75% of the
insulation thickness, the deviation of each method was more significant, and the maximum absolute
value of the deviation was 4%.

Keywords: cable; locating method; BIS; defects; upper limit frequency; centroid method; function fitting

1. Introduction

Crosslinked polyethylene (XLPE) cable is widely used in urban distribution networks
due to its high performance [1,2]. The safety of cable operation is of great significance to the
stability of power systems [3,4]. With the development of cities, XLPE insulation is affected
by multiple environmental factors, including artificial defects during construction [5,6].
Therefore, a new effective method to locate local defects before cable failure needs to be
studied to ensure the reliability of the power supply.

The traveling wave methods to diagnose local defects in cables have been widely
studied. When a high-frequency signal transmits in the line, signal refraction and reflection
will occur where the cable wave impedance mismatches [7,8]. This method uses the
traveling wave to locate defects by analyzing the time difference between the reflected and
incident signals. Time domain reflectometry (TDR) is the most common method utilizing
this principle. TDR can accurately locate degradation, such as the cable’s local moisture
and thermal aging [9,10]. A narrow pulse-width Gaussian signal is used as the incident
signal in the TDR test. However, the bandwidth of the Gaussian signal is limited, and
electromagnetic interference easily occurs during its transmission process. To solve this
problem, the sequential time domain reflectometry method (STDR) and spread spectral
time domain reflectometry (SSTDR) have been used to change the waveform of incident
signals. The PN code is used as the incident signal of the STDR method, and the cross-
correlation coefficient of the incident signal and the reflected signal is calculated to locate
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defects [11-13]. The calculation method of SSTDR is similar to that of STDR, but the signal
used in SSTDR is a modulated signal of PN code and sinusoidal signal [14-16]. Compared
with TDR, STDR and SSTDR have the advantages of higher resolution and anti-interference
ability [17]. Although the above methods can detect local defects effectively, the signal’s
frequency band must be selected before the test because the cable’s size will affect the
signal’s transmission characteristics. The test signal will have different attenuation and
dispersion when transmitted in other cables. When the cable information is unknown, the
signal must be repeatedly attempted, increasing the test’s difficulty [18].

Some scholars have recently proposed the broadband impedance spectrum (BIS)
method. The test signal used by BIS is a swept signal with an amplitude of 5 V. The power
of the swept signal in each frequency band is equal, so the signal does not need to be
attempted repeatedly due to attenuation [19]. The single-ended impedance obtained from
the BIS test is converted into the location spectrum of the cable through a mathematical
algorithm. The inverse fast Fourier transform (IFFT) method has been used to transform
the impedance in the frequency domain into the time domain. It has been found that
the location of local moisture and irradiation in long cables can be identified by IFFT.
However, the input swept signal has significant energy in the high-frequency band, and
the Gibbs phenomenon will occur in the time—frequency domain transformation, which
will seriously affect the resolution of the test results [20]. Some scholars have tried to
deconstruct the signal into real and imaginary parts. The effect of spectral leakage is
found to be reduced by transforming the imaginary part by IFFT [21]. It has also been
found that interpolating and windowing the signal will inhibit the Gibbs phenomenon [22].
Although the above research has confirmed that the improved algorithm can increase
the locating accuracy, the algorithmic principles of the window function and the time-
frequency domain transformation process are still unclear. Therefore, it is necessary to
study the principle and identification ability of the algorithm further. At the same time,
there are few algorithms for identifying the peaks of reflected signals. The method of
locating the maximum amplitude value of the peak in the BIS signal is based mainly on
the judgment of the maximum value. However, the top point depends on the sampling
frequency of the BIS and the reflected signal frequency, which is easily affected by noise. In
order to avoid the misjudgment of the defect location, a new peak identification method
needs to be applied in the locating algorithm.

This work proposes an improved locating method to detect local defects in long
cables. The process of time—frequency domain transformation was analyzed, and different
peak identification methods were discussed. Then, location spectra of 20 m-long cables
containing local mechanical abrasion and nail insertion were tested. The locating accuracy
of varying identification methods was analyzed, and the influencing factors were discussed.

2. BIS Algorithm
2.1. Transmission Line Model

The test signal of BIS is the swept signal in the range of kHz to MHz. When the
signal wavelength is much greater than the cable length, the signal oscillates multiple times
during transmission in the cable. Therefore, the lumped parameter model is no longer
applicable. The transmission line model of micro-element parameters to analyze the wave
transmission process is shown in Figure 1 [23]. A cable can be equivalent to a series of
Al-length transmission line element circuits. Ry, Lo, Gg, and Cj are the cable’s distribution
parameters, representing the cable’s resistance, inductance, conductance, and capacitance
per unit length, respectively.
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Figure 1. Al-length transmission line.

The differential equation can be established and solved through the transmission line
model. The calculation process of the single-ended broadband impedance spectrum has
been deduced in many research works [24,25]. BIS at the measurement port can be obtained
by (1):

14 e 2

Zpis = Zcm

@
where Z represents the cable’s characteristic impedance, k represents the propagation
constant of the cable, and I represents the length of the cable. k and Z; can be calculated by
the distribution parameters:

jk = \/(Ro + jwLo)(Go + jwCo) = a + jB @)

| Ro+jwLy
Ze = Go + jwC ©)

where w represents the angular frequency of the test signal. The BIS of the cable is related
only to the distribution parameters of the cable. The distribution parameter at the defect
location will change when local defects occur in the cable. Therefore, BIS can reflect the
insulation condition of the cable.

2.2. BIS Algorithm

Currently, the locating method is based mainly on the time-frequency transform of
the BIS directly. However, the IFFT method will cause serious spectral leakage, affecting
locating accuracy and resolution. This work uses the transfer function method to weaken
the influence of spectral leakage. The algorithm process is shown in Figure 2. The BIS of
the cable is measured by a vector network analyzer (VNA). Then, the transfer function of
the cable can be calculated by (4) and (5) [26]:

_ Zeis —Zi
Zpis — Z;

[ #o In(rs/re)
Zi = eoer 27 ®)

where Z; represents the wave impedance of the cable, which is constant and depends on the
cable parameters; y( represents the permeability of a vacuum; gy represents the dielectric
constant of a vacuum; ¢, represents the relative permittivity of XLPE; rs represents the
shield’s radius; and r, represents the radius of the core.

G(w 4
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Figure 2. The calculation process of the BIS locating algorithm.

2.3. The selection of Gaussian Signal

A Gaussian signal is selected as the simulated input signal in the algorithm. Its
frequency domain spectrum is a single-lobe waveform, and the amplitude decreases as the

frequency increases. The mathematical expression of the Gaussian signal is shown in (6)
and (7):

_=p?
Si(t) =ae 22 (6)
Si(f) =V 2TmCfsam]olee_znzczf2 )

where a represents the maximum amplitude value of the Gaussian signal, b represents the
time shift of the signal, c represents the pulse width of the signal, and fsyi. represents the
sampling frequency of the time domain signal. a and b do not affect the frequency domain
waveform of the Gaussian signal, soa=1, b=1 x 10~ are fixed in this work. However, ¢
affects mainly the amplitude—frequency characteristics of the signal. In the algorithm, it is
necessary to select the appropriate ¢ to ensure that the signal’s frequency band is within the
cable’s transmission range as far as possible. ¢ is chosen as follows:

c=\ 32 ®)

where p represents the ratio of the amplitude of the signal at the maximum frequency to the
amplitude at 0 Hz. p < 1 can be obtained by (7). p = 0.01 is fixed to ensure that the energy
will not be attenuated too much in the high-frequency band. f,, represents the cable’s upper
limit transmission frequency of the traveling wave.
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The accuracy of the location spectrum is affected by the selection of c. As c becomes
smaller, the pulse width of the reflected peak becomes smaller, and the accuracy of the
location spectrum becomes higher. The selection of c is determined mainly by the cable’s
upper limit transmission frequency of the traveling wave. Therefore, it is necessary to
analyze the transmission characteristics of traveling waves in cables with different lengths.
Figure 3 shows the BIS amplitude—frequency characteristic of cables with different lengths,
which was measured by VNA. The amplitude of BIS shows a trend of oscillation attenuation
with frequency. The upper limit test frequency is defined as the frequency of the lowest
amplitude in the curve. Three cables with the lengths of 20, 60, and 100 m are used here
to show the limit frequency selection. As shown in Figure 3, the upper limit frequency
of traveling waves in the 20 m cable is 98 MHz, while it is 52 MHz in the 60 m cable and
37 MHz in the 100 m cable.

ok upper limit frequency
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,‘22 -
@ 38
o T -
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£ -uf
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Figure 3. Upper limit frequencies of cables with different lengths.

Figure 4a shows the location spectra of intact cables with different lengths. The
incident signal is selected according to (6)—(8), and the location spectrum is calculated by
BIS. The area covered by the incident peak and reflected peak at the ends of the cable is
defined as the test blind zone. The blind zone of the 20 m cable is approximately 3 m, that
of the 60 m cable is approximately 4 m, and that of the 100 m cable is approximately 6 m.
The width of the blind zone is proportional to the width of the reflected peak, so as the
length increases, the width of the reflected peak increases, and the resolution of the location
spectrum decreases.

Figure 4b shows the location spectra of intact cables with different values of c. The
cable length is 20 m. ¢’ is the calculated according to (6)—(8). It can be found from Figure 4b
that when ¢ = 1.5¢’, the width of the blind zone is larger. When c = 0.75¢’, the amplitude
of noise is greater in the location spectrum due to spectral leakage. This proves that the
selection of ¢ will affect the recognition of the reflected peak. As a result, c is selected using
(8) in the following work.
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Figure 4. Location spectra of different cables: (a) Different lengths; (b) Different pulse widths c.

2.4. The Process of Time—Frequency Transformation

The time domain function of the Gaussian signal is transformed to a frequency domain
function by fast Fourier transform method (FFT). Then, the frequency domain function
is multiplied by the transfer function to calculate the frequency domain function of the
reflected signal. Finally, the time domain signal is obtained by IFFT. The calculation process
is shown in (9):

s:(t) = abs[IFFT (Si(f)G(f)")] ©)
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where G(f)* represents the frequency domain continuation of G(f), and its value in the
negative frequency domain is the conjugate of that in the related positive frequency domain.
By multiplying the time domain function of the reflected signal with the propagation
velocity of the electromagnetic wave in the XLPE, the location spectrum of the cable can
be obtained. In this paper, the propagation speed of electromagnetic waves in XLPE is
approximately 1.70 x 108 m/s [27].

2.5. Location of Reflected Peaks

Since the signals analyzed in this work are discrete, a distortion phenomenon may
occur when the reflected signal is recovered by IFFT, as shown in Figure 5. The maximum
value of the reflection peak is unable to locate the defect accurately. To improve the
identification of the reflected peak, this work uses the centroid and function fitting methods
to find the peak position.

Actual peak Calculated peak
position position
\\i=—I—H—I—r

Figure 5. Error in peak identification of location spectrum.

The centroid method takes the centroid position of the peak waveform as the peak
position. The principle of the centroid method is to compare the amplitude of the signal at
different times with the mass of the object at different positions. The centroid is defined
as the ratio of the sum of moments at different positions to the total mass. Therefore, the
centroid of the peak signal can be calculated as follows:

5 — Zlmz1 XiSr (xi)
Y% q se(xi)

where x; represents the coordinate of each sampling point in the reflected peak, s,(x;)
represents the amplitude of each sampling point in the reflected peak, and m represents the
number of coordinate points in the reflected peak.

The function fitting method is used to fit the reflected peak of the signal waveform.
Attenuation and dispersion will occur when the signal is transmitted in the cable, but it
does not affect the waveform characteristics of the function. Therefore, the reflected signal
has the characteristics of a Gaussian signal. The expression of the reflected Gaussian signal
is obtained by fitting, and then the fitted signal’s peak position can be calculated. Due to the
sampling frequency being limited in the test, the sampling point in the location spectrum
is discrete, as shown by the blue point in Figure 5. If the amplitude of the sampling point
has no error, its fitting function is the same as the original reflected signal, and the locating
accuracy is the highest.

(10)

3. Results and Discussion
3.1. Experimental Setup

The experimental platform used in this work is shown in Figure 6. A PC was used
to record and analyze the BIS of the tested cable, which was measured by VNA. The test
frequency band of the VNA was set to 100 kHz-100 MHz. The frequency interval of the
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swept signal was set to 10 kHz. The VNA and cable were connected through alligator clips.
The copper shield was grounded during the experiment.

Vector network analyzer
(VNA) PC

The 20m long cable sample
= with local abrasion

Figure 6. Experimental platform setup.

In this work, the location spectra of cables with different abrasion conditions were
measured, as shown in Figure 7. The tested cable was YJLV-1 x 35 — 8.7/15 kV XLPE
insulated cable and the length of the cable was 20 m. The thickness of XLPE insulation was
4.5 mm. The length of the abrasion was set to 5 cm. The location of the abrasion was 9 m
away from the cable measurement port. The sheath of the cable was partly removed, and
the copper shields were not damaged in sample a (shown in Figure 7a). The copper shields
of samples b and ¢ were worn down, and the difference between b and c was the size of
defect area. Sample d could be characterized as abrasion on the semiconducting layer, and
the cable insulation was not worn. Samples e and f could be characterized as insulation
abrasion defects. Sample e was less worn, and the sample f was more worn. The inner
semiconducting layer of the cable could be seen through the insulation in sample f.

Figure 7. The abrasion condition of the cable sample: (a) The sheath was partly removed; (b) The
slight abrasion of the copper shields; (¢) The serious abrasion of the copper shields; (d) The abrasion
of the semiconducting layer. (e) The slight abrasion of the insulation. (f) The serious abrasion of
the insulation.
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To analyze the locating ability of multiple defects, a nail was inserted in the same
cable at 12.35 m after the test of abrasion defects, as shown in Figure 8. d represents the
insertion depths of the nail, and r; represents the thickness of the XLPE insulation. The
relative inserted depth is defined as 7 as follows:

BIS at different n (25%, 50%, 75%, and 100%) was measured.

Figure 8. The cable sample inserted with a nail.

3.2. Location Spectra of Samples

The location spectra of the tested cable are shown in Figure 9. Each location spectrum
shows two peaks at the position of 9 m away from the measurement port, which correspond
to the location where the wave impedance changes. When the sheath of the cable is broken
and copper shields are intact, no reflected peaks appear in the location spectrum (sample a).
This is because the sheath will not influence the distribution parameters of the cable, which
are related only to the properties of the cable conductors and insulation. When the copper
shields of the cable are worn down, there are two peaks in the location spectrum, and the
maximum amplitude values are 3.64 X 1073 and 3.68 x 1073 (sample c). The location of the
reflected peak corresponds to the intersection of the abrasion part and the intact part. When
abrasion occurs on the semiconducting layer of the cable, the maximum amplitude values
rise t0 4.80 x 1073 and 4.72 x 1073 (sample d). When XLPE insulation is worn down, the
maximum amplitude values increase to 9.56 x 1073 and 8.64x 1073 (sample f).

The location spectra of the nail insertion are shown in Figure 10. Each location
spectrum shows a high peak at approximately 12.35 m, which also corresponds to the
location of the inserted nail. When # reaches 25%, the maximum amplitude value of the
reflected peaks is 2.43 x 10~3. When n reaches 50%, the value increases to 2.45 x 1073. As
n increases to 75%, the corresponding value increases to 4.80 x 10~2. When the nail has
punctured the insulation completely, the value reaches 9.13 x 107!, and the distortion of
the location spectrum is noticeable. When the relative inserted depth is less than or equal
to 75%, the mechanical abrasion at 9 m can be correctly located. However, when n reaches
100%, it is challenging to identify the reflected peak at 9 m due to noise interference. The
reason for the signal distortion is the short circuit between the cable core and the copper
shield. The total reflection of the traveling wave occurs at the short circuit position, and
the incident signal and reflected signal are superimposed between the measurement port
and the short circuit location. The amplitude of the location spectrum increases, and the
locating resolution decreases.
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Figure 10. The location spectra of the cable samples with an inserted nail.

3.3. Locating Results of Abrasion and Nail Insertion

Since the reflected peaks appear at the two endpoints of the cable defect segment, the
midpoint of the two peaks can be defined as the location of the local defect. The locations of
the reflected peaks are calculated using the maximum value method, the centroid method,
and the function fitting method. The locating deviation can be defined by:

Error = ks _l b (12)

where s represents the defect location in the location spectrum, I, represents the actual

location of the defect, and ! represents the length of the tested cable.
Table 1 shows the locating results of abrasion obtained by the three peak recognition

methods. Since two reflected peaks in the location spectrum at the starting point and
the endpoint of the abrasion area correspond to the impedance mismatch points, the
positioning result can be obtained from the midpoint of the reflected peak. The actual
abrasion position is 9 m, and the locating results of the three methods are near this value.
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Table 1. The abrasion locating results of (a)—(f) samples.
Number Abrasion Location (Maximum Abrasion Location (Centroid Abrasion Location (Function
Method) (m) Method) (m) Fitting Method) (m)

@) — — —

(b) 9.188 8.951 9.101
(o) 9.190 9.216 9.055
(d) 9.138 8.977 9.030
(e) 9.134 9.041 9.089
) 9.118 9.052 9.086

The abrasion locating deviations of the different methods are shown in Figure 11. The
absolute value of the deviation of the maximum method is approximately 1%, which is
larger than that of the other two methods. The wave impedance at the abrasion location
is more mismatched with severe abrasion, and the reflected peak is more pronounced,
improving the positioning accuracy. Therefore, the deviation decreases with more severe
abrasion. The deviation of the function fitting method is approximately 0.5%. The deviation
of the centroid method is approximately 0.25%, except for the sizeable locating deviation
of sample ¢, which reaches 0.58%. The results show that different defect conditions have
little effect on the accuracy of the centroid function fitting methods. These two methods
can significantly improve the locating accuracy.

1.5
—8— Maximum method
—&— Centroid method
—A— Function fitting method
1.0 }
=
5
k= 0.5
5
o]
)
0.0 |-
_05 | 1

(b) () (d) (e) ()

The numbers of samples

Figure 11. The deviations of locating abrasion with three methods.

Table 2 shows the location of the nail insertion in the insulation. The measured nail
insertion location is 12.35 m. Since the nail insertion area is small when the nails are inserted,
the traveling wave has a considerable reflection at the nail location, and the defect can be
located directly through the reflected peak location. When n reaches 50%, the error in the
locating result is small. When 7 increases to 75%, the position of the reflected peak shifts to
the measuring end. When the nail completely penetrates the insulation, the reflected peak
shifts to the open circuit end.
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Table 2. The nail locating results of different inserted depths.
Ratio of Nail Depth to Nail Location (Maximum Nail Location (Centroid Nail Location (Function
Insulation Thickness n Method) (m) Method) (m) Fitting Method) (m)
25% 12.424 12.335 12.381
50% 12.456 12.337 12.360
75% 12.128 11.636 12.020
100% 12.856 12.904 12.878

The locating deviations of different peak recognition methods are shown in Figure 12.
When 7 is less than or equal to 50%, the deviation of locating the nail insertion is within
0.5%. The maximum absolute value of the deviation is approximately 4% when n reaches
75%. The deviation is approximately 3% when the nail penetrates the insulation. The
changing trend of deviation obtained by different peak recognition methods is consistent.
When the insertion depth of the nail is small, the locating accuracy of the centroid method
and function fitting method is higher. When the depth of nail is larger (75%), the locating
accuracy of the centroid method and function fitting method is lower than that of the
maximum method. The reason for the larger locating error is the superimposition of the
incident signal and reflected signal when the total reflection occurs. The total reflected
signal with high amplitude has a significant influence on the location spectrum, and the
accuracy will decrease.

3

L —a— Maximum method
2 F —e— Centroid method
L —a— Function fitting method

Deviation(%)
a3
T

1 1 1
25% 50% 75% 100%

Ratio of nail depth to insulation thickness 7

Figure 12. The deviations of nail insertion with three methods.

4. Conclusions

In this work, a new defect-locating method was proposed, and the calculation process
of the algorithm was analyzed. The selection principle of incident Gaussian signal was
discussed, and the results of three different peak recognition methods were analyzed.
The location spectra of long cables with different defects were measured. The locating
deviations of different methods were analyzed. In our future work, we will focus on
the research of 10 kV cable defect’s location and apply this algorithm to the on-site cable
maintenance work. At the same time, the location algorithm will be further improved to
reduce the noise and improve the locating resolution. The main conclusions are as follows:
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1. The pulse width parameter c of the Gaussian signal is determined by the upper limit
frequency of BIS. The proper c will improve the locating resolution.

2. The location spectrum can locate mechanical abrasion and an inserted nail in a 20 m
cable. The location of the abrasion shows two reflected peaks, and the location of the
inserted nail shows a single reflected peak.

3.  In the location of abrasion, the deviation is within 1%. The centroid and function
fitting methods can effectively reduce the positioning error.

4. When the depth of the nail insertion is small, the locating deviation is within 1%. The
centroid method and function fitting method can reduce the locating error. When
the nail insertion depth is greater, the absolute value of the deviation will be more
significant, and the maximum absolute value is 4%.
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