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Abstract

Cable shields may develop holes when the sheath is damaged. Time—frequency domain
reflectometry (TFDR) is an effective method for detecting cable defects, but it cannot directly
evaluate hole sizes. To address this issue, we analyze the impact of shield hole sizes on
TFDR signals. Building on this analysis, we propose an improved dual-frequency TFDR
method to measure shield holes and evaluate their sizes. This method directly measures
the characteristic impedances and damage ratios using dual-frequency TFDR, followed
by a two-step evaluation process to determine the hole center angles and lengths based
on these measurements. Simulations and experiments validate the proposed method. In
laboratory-scale experiments using a scaled cable model, and considering measurement
noise, the maximum relative errors for shield hole length and center angle are 11% and
5%, respectively.

Keywords: cable detection; defect location; cable damage; defect evaluation; time—frequency
domain reflectometry

1. Introduction

Cable shield damage is a common yet severe defect in power cables. Many factors can
cause holes on cable shield, such as shield corrosion, mechanical abrasion and so on [1].
Once holes appear on the cable shield, the cable heats up and the electric field distribution
distorts, leading to gradual insulation damage [2]. Detecting shield damage, evaluating
the size of shield holes, and providing detailed defect information are essential tasks in
cable maintenance. Therefore, developing a method for the detection and size assessment
of these defects is essential for effective cable maintenance.

There are many methods, such as damped AC, partial discharge detection, and re-
flectometry, that can be used to detect cable defects. Each method has its own advantages
and suitable application scenarios. Reflectometry is an effective method for detecting and
localizing shield defects [3], operating by analyzing signals reflected from defects. It is cate-
gorized into two main types based on the signals injected: time domain [4] and frequency
domain methods [5,6]. Time domain reflectometry (TDR) is simple and provides high local-
ization accuracy, but it has low sensitivity, which limits its suitability for evaluating sizes of
cable defects [7]. Conversely, frequency domain reflectometry is highly sensitive but suffers
from limited localization accuracy [8]. To balance localization accuracy and sensitivity,
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the time—frequency domain reflectometry (TFDR) method is proposed [9,10]. Early TFDR
techniques were mainly used to detect and locate defects. Owing to their high sensitivity
and strong anti-interference capability, many researchers have focused on detection under
noisy conditions and on the identification of weak defects. References [11,12] have imple-
mented the likelihood ratio test and a generalized time—frequency cross-correlation (TFCC)
method, respectively, both of which effectively improve the sensitivity of TFDR and en-
hance the ability of weak defect detection. Additionally, reference [13] explored the impact
of interference on localization results and introduced an instantaneous filtering technique
to improve the performance of the TFDR on weak defect detection and location. With the
increasing demand for defect evaluation, researchers have gradually attempted to use
TFDR to estimate defect parameters. Reference [14] employed the finite element method
(FEM) to analyze the influence of shield hole defects on cable characteristic impedance.
Reference [15] investigated the relationship between hole size and TFCC magnitude. More-
over, reference [16] applied a faster region-based convolutional neural network (R-CNN) to
classify the severity of faults and achieve a rough evaluation of defects. After numerous
iterations and developments, the TFDR method can achieve precise positioning, rough
assessment of defect severity, and simple classification of defects. However, it still struggles
to accurately evaluate the sizes of shield hole defects. Reference [17] developed a new
testing strategy and employed a spectrum ratio method to estimate the length of cable
corrosion in TFDR measurement. However, this work can only estimate corrosion length
and cannot handle complex shield hole defects or multiple-defect scenarios.

To overcome these limitations and further advance the research, we propose an im-
proved dual-frequency TFDR method for the size evaluation of shield hole defects. We
first model cable shield hole defects using FEM and analyze their propagation characteris-
tics. Based on this, we derive formulas for the reflection coefficient and reflected signals
associated with these defects in cables. Building on these results, we introduce a two-step
evaluation process and propose an improved dual-frequency TFDR method to detect and
evaluate hole sizes, including both lengths and center angles. The measurement involves
two sequential excitations, with the center frequency of the second signal being twice that
of the first, enabling accurate extraction of characteristic impedances and damage ratios.
These measured parameters are then used in the two-step evaluation process to determine
the lengths and center angles of the shield holes.

The remaining sections of this paper are organized as follows: Section 2 introduces the
basic theory of TFDR and the proposed method. Section 3 presents a simulation along with
its validation results. Then, an experiment is conducted, and the results are discussed in
Section 4. Finally, Section 5 provides the conclusion of this paper.

2. Methodology
2.1. Basic Theory of TFDR and Modeling of Cable Shield Hole Defects

The TFDR method employs a linear frequency-modulated signal for injection to detect
and locate defects along cables. The expression for the injected signals, denoted as s(t), is
presented as follows [9]:

()2 i \2
s(t) =A- eia(tz el +jwolt—to), (1)

where A controls the amplitude of s(t), « determines the duration of s(t), B defines the slope
of the instantaneous frequency of s(t), and fo and wy are the center time and center angular
frequency of s(t), respectively. Using the time—frequency characteristics of the injected
signal, the defect is localized by the time—frequency cross-correlation (TFCC) method [11].



Energies 2025, 18, 5214

30f15

A typical single-core power cable consists of a circular core conductor, multiple insu-
lating layers, and an outer shield [18]. When the cable undergoes corrosion or abrasion,
holes may form in the shield. Although shield holes are typically irregular, for analytical
simplicity, they are often modeled as rectangular apertures [14,15], as shown in Figure 1.

Figure 1. Illustration of a cable with shield holes.

Shield holes compromise the integrity of the cable structure; therefore, FEM is em-
ployed to model and calculate the distributed parameters of cables with such defects.
The distributed-parameter model of a long cable with shield holes is shown in Figure 2.

signal
MHI-_-I-
R
Aﬁ_:,m
|L C=
Zi™ ZpiY, L™ Zg, 7y, Zy ™! Zy1 7 >
x=0 X=1, x=l, X

Figure 2. Distributed-parameter model of a long cable with shield hole defects.

2y, Za, and Zy, denote the input impedances at x = 0, x = [, and x = I, respectively.
Zp and 7p denote the characteristic impedance and propagation constant of a healthy cable,
while Zs and 15 correspond to those of a cable with shield hole defects. v, = ap + jBp
and s = as + jBs, where &}, and a5 are the attenuation constants, and B, and Bs are the
phase constants. Based on transmission line theory and assuming an infinitely long cable,
the reflection coefficient at x = [, can be derived as

_rb + rbefz'}’slc

F pr—
T 1T 2k

@

where I denotes the defect length, and I, is the reflection coefficient at x = ;,, defined as

Zy—Zs
To=7 77 ©
The shield hole defect usually remains conductive, and the characteristic impedance
Zs does not differ significantly from that of an intact cable. Therefore, I', satisfies the
condition T2 < 1. In addition, since |e 27| < 1, it follows that [2e =27 ~ 0. Considering
that the attenuation constant of the defect is small and the defect length under study ranges
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from tens of centimeters to several meters, the attenuation effect can be neglected. Thus, I'y
can be approximated as

T, ~ —Tp + [pe HPsl
~ —2I}, sin (‘lec)ej(%fﬁslc). 4)

2.2. Evaluation of Shield Hole Sizes Using Improved Dual-Frequency TFDR

To evaluate shield hole dimensions, the reflected signal is derived. In the configuration
of Figure 2, a defect is located at x = I,. The input signal s(t) is applied at x = 0, and its
spectrum S(w) is expressed as

27T _(“’_“’0)2
S(w) = A —e 2(a—jp)
(w) a 7P

—jwto

)

Assuming a linear frequency dependence for the phase constants (8s = Ksw, Bp =
Kpw) [9], and applying (4), the spectrum of the reflected signal R(w) is derived as

2 7(“)7“70)27‘ _j T
R(w) =A i'e 2y It (2KplatKsle) x e~ 2pla . 2T, sin (Kslcw)el2.  (6)
a—jp

To evaluate the size of the shield hole defects, the spectrum ratio Py (w) between R(w)

and S(w) is calculated [19]. The magnitude of P (w) is derived as

_ [R(w)

_ . —2apl,
5(@)] = 2T, sin (Kslcw)e™=*p'a, (7)

| Por ()|

In (7), the term I', sin (Kslcw) is determined solely by the intrinsic parameters of the defect,
namely I',, K, and I.. Therefore, this term is defined as the damage ratio

M; = T}, sin (Kslew). (8)

Analyzing (8) further, the terms involving I', and sin(Ksl.w) can be calculated us-
ing the dual-frequency TFDR method. Assume that M, represents the damage ratio
under a single-frequency condition, whereas My, corresponds to that under dual-frequency
excitation. Accordingly, from the trigonometric relations, I', can be estimated as follows:

Mrl

. V1= (cos (Kslew)

I'psin (Ksl2w) My
K = e . 1
cos (Kslew) = 3r o (Kslew)  2My (10)

r

, ©)

There are two methods for obtaining M;; and M, in practical measurements. The first
is the time-scaling method, which only requires a single measurement with a broadband
signal that spans both the frequency of interest and its double. The second is the frequency-
shifting method, which requires two sequential measurements with center frequencies
of wg and 2wy. Due to the long duration of the injected signal in TFDR, the time-scaling
method results in a long blind zone. Therefore, the frequency-shifting method is adopted.
During the measurement, M, can be calculated as follows:

| P |
zefzapla 4

M; = (11)
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where the attenuation constant ap, can be determined by using TFDR on a healthy cable of
the same type with an open-circuit end. The expression for ap, is given by
1 1. F(r(t))

"= a2 M F) (12

where [, is the tested healthy cable length, and F(x) indicates the Fourier transform.
Based on (9) and (3), the characteristic impedance Z; of the cable with shield hole
defects can be calculated as

(13)

In practical measurements, reflections may originate from multiple sources rather than
solely from shield holes. The parameter Zs enables a preliminary identification of the defect
type: shield hole defects exhibit a larger Zs than healthy cables, whereas moisture defects
exhibit a smaller Zg. If the defect is identified as a shield hole, its size can then be estimated
using the two-step evaluation process outlined below.

From the analysis of the dual-frequency TFDR method, it follows that in (8) and (13),
Zs depends on the central angle 6 of the shield hole, whereas M, depends on both 6 and the
shield hole length I.. To decouple the effects of 8 and ., we propose a two-step evaluation
process. In this process, the central angle 6 is first estimated from Zs, and then the length
l. is estimated from M;, constrained by the evaluated 6. This two-step process requires a
reference set of characteristic impedances Zgs and damage ratios My, obtained by FEM
simulations of cables with shield holes of various sizes. The overall procedure for size
evaluation of shield hole defects using the improved dual-frequency TFDR method is
summarized in Algorithm 1.

Algorithm 1 Size Assessment of Cable Shield Hole.

Block 1: Measurement Setup
. Input: Cable under test, dual-frequency signals sq(t), s2(t)
: Output: Reflected signals 1 (t), r2(t)
: Initialize equipment.
: Inject s1(t) and record reflected signal ¢ (¢).
: Inject s5(t) (with doubled center frequency) and record reflected signal r,(t).
Block 2: Signal Processing
. Input: Reflected signals r1(t), 7 (t)
: Output: Damage ratios M1, M,
: for each reflected signal ;(t) do
Locate defect.
10: Compute FFT to obtain spectra S(w), R(w).
11:  Calculate spectrum ratio | Ps| by (7).
12: Calculate M,; by (11).
13: end for
Block 3: Parameter Evaluation
14: Input: {Zss}, {Mrs}, M1, My2
15: Output: Estimated 6, I,
16: Calculate T, from (9) and (10).
17: Calculate Zg from (13).
18: Estimate 0 by searching Zs in {Z}.
19: Estimate I. by searching M;; in { M} under the constraint of 6.
20: Output final results and save data.

Tl W N =

© ® N O

Multiple defects may exist in a cable, and the proposed method can be extended to
estimate their sizes. When evaluating a specific defect in a multi-defect cable, the influ-
ence of the preceding defects on the reflected signal must be removed. This influence is
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represented by the transmission coefficients T;. As shown in Figure 2, and according to
transmission line theory, the transmission coefficient T of a defect can be expressed as

o PR T (14 Ty)

14
14 Tpe2Psk (14)
Therefore, when estimating the n-th defect, (11) should be modified as
P.
M, = — Pl (15)

n—1 :

—20ap], 2

220l [T Tg
i=1

3. Simulation Validation

To validate the improved dual-frequency TFDR method and test its efficacy, we
conduct a simulation on a 10 kV power cable.

3.1. Modeling and Analyzing the Cable Shield Hole Defects

To build the model for shield hole defects in Figure 1, we establish the defect models
in COMSOL Multiphysics 6.2, a FEM software. This involves creating a two-dimensional
cross-section model of a 10 kV single-core cable. The specific parameters of the cable used
in the simulation are detailed in Table 1.

Table 1. Parameters of the cable in the simulation.

Component Radius (mm) Electric Parameters
Core 3.335 Ye=5.98 x 107 S/m
Inner semiconductor 4.115 e=170

XLPE 8.635 €=23

Outer semiconductor 9.125 e =100

Shield 9.325 s =5.98 x 107 S/m
Sheath 12.115 €=225

First, the simulation computes the electric and magnetic field distributions of the
defect, and the cross-sectional views are shown in Figure 3. The results indicate that
the electromagnetic wave inside the defect propagates primarily in a quasi-TEM mode,
with some energy leaking through the shield holes.

mm

(b)

Figure 3. The distribution of the electric and magnetic fields in the cross-section of a cable defect.

(a) The electric field; (b) the magnetic field. The arrows indicate the field directions.

Then, using the results of the electric and magnetic field distributions, the distributed
parameters of shield hole defects, including R, L, G, and C, were calculated.
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3.2. Simulation of Long Cables with Shield Hole Defects

The transfer function H¢(w) of long cables with defects can be derived using network
cascading. A cable with defects can be viewed as a cascade of two long healthy sections
and a section with a defect. Therefore, the H¢(w) can be derived as follows:

Tc = Tpl : Ts : TpZ : To/ (16)

where T¢, Tp,1, Ts, and T, represent the transmission matrices of the entire cable, the first
healthy cable section, the defective section, and the second healthy cable section, respec-
tively, whereas T, denotes the transmission matrix of a high-impedance component that
simulates an open terminal. H¢(w) is the reflected coefficient spectrum, which can be
obtained using T [20]. Therefore, the reflected signal r(t) of a long cable with defects is
calculated as

r(t) = F {S(w) - He(w)}. (17)

In the simulation, a 250 m long cable with shield hole defects located at the 50 m point
was modeled. The shield hole angles ranged from 30° to 300°, and the lengths from 0.05
m to 0.5 m. A signal with a center frequency of 40MHz, a bandwidth of 40 MHz, and
to = 100 ns was used as s1(f) for the first measurement [9]. For the second measurement,
a signal with a center frequency of 80 MHz, with the same bandwidth and center time as
s1(t), was used as s (t). Some reflected signals r(t) are shown in Figure 4. In the figure,
the signals near 0 ps correspond to the injected signal, those around 0.7 pis are reflections
from defects, and those near 3 s result from reflections at the open end of the cable.
Figure 4a shows that the peaks of the reflected signals are delayed and their magnitudes
increase. Conversely, Figure 4b indicates that while the peak times of the reflected signals
remain constant with the defect angle, their magnitudes increase with larger defect angles.

1 ; T T 1

- 0.0 -
> A 3 g
© | ©
=~ + 0 = F 0 ]
S 0.5 S 0.5
IS -0.05 IS 02
T —uBs—%65 0.7 075 L 06065 75 L
Q9 Length=0.05m Length=0.25m Length=0.45m 9 I_L/ﬁgle=30° Angle=150° Angle=270°
8 -05¢} —Length=0.1m —Length=0.3m — Length=0.5m 8 05} — Angle=60° —Angle=180° — Angle=300°| |
= Length=0.15m Length=0.35m frsd Angle=90° Angle=210°
& — Length=0.2m Length=0.4m & — Angle=120° — Angle=240°
_1 1 1 1 _1 1 1 1
0 1 2 3 4 0 1 2 3 4
time (us) time (us)

() (b)

Figure 4. Reflected signals from shield hole defects of various sizes. (a) Results for defects with
different lengths (6 = 150°). (b) Results for defects with different angles (I. = 0.5 m).

The defects in Figure 4 are evaluated using the improved dual-frequency TFDR method.
The attenuation constant ap, of a healthy cable, calculated from (12), is 0.001867 m~! at 40 MHz
and 0.002831 m~! at 80 MHz. The reference sets for Zs and M, are shown in Figure 5.

Using the two-step process, shield hole defects with various angles and lengths were
estimated, and the corresponding errors are shown in Figure 6. The results indicate that
as the defect angle increases, the estimation errors of both angle and length also increase,
owing to the growing approximation error of (4). When the defect angle is 300° and the
length is 0.05 m, the relative errors of angle and length estimation reach 5.76 % and 17.5 %,
respectively. As the angle increases beyond 300°, the assumption I', < 1 becomes invalid,
and the method is no longer reliable.
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Estimated length(m)

e
foN

<
~

o
o

Mrs (a.u.)
60 F 1 ‘
~ E o2
S S0y o 0.15
2 £ 05 o1
N 40t 2 '
2 0.05
30 * * 0
0 100 200 300 50 100 150 200 250 300
angle 6 (°) angle 4 (°)
(a) (b)

Figure 5. Reference values for assessing the size of shield hole defects in the 10 kV cable (shown in
Table 1). (a) Reference characteristic impedance Zss for various angles 6 (with = 0° representing a
healthy cable); (b) reference damage ratio My for various angles 6 and lengths I..

AG —
x
< 2
=
S 4 S
= =
o )
e
0)2 8
“("; =
= ©
] o

(b)

Figure 6. The estimation error of defect angle and length under various angles and lengths. (a) The
estimation error of angles; (b) the estimation error of lengths. The colors also represent the magnitude
of the error.

When using the two-step estimation process, the reference set has a significant influ-
ence on the estimated results. In practical measurements, there are differences between
the tested cable and the reference cable, such as manufacturing tolerances. Therefore,
the influence of cable parameter tolerances on the estimated results was analyzed. In the
simulation, the core radius, shield radius, relative permittivity, and conductivity of the
cable varied by £5% to account for parameter tolerances. Using the Monte Carlo method,
the estimated results and their 95 % confidence intervals were calculated and are shown in
Figure 7.

300
Monte Carlo Results o Monte Carlo Results
-~ reference 5 - - reference
— lower bound of the 95% CI 0 — lower bound of the 95% CI
| |— upper bound of the 95% CI | é 200 ¢ — upper bound of the 95% CI
’ e
3
<
g 100
17
m
L L L L 0 L 1 L L L
0.1 0.2 0.3 0.4 0.5 50 100 150 200 250 300
Length(m) Angle(°)
(a) (b)

Figure 7. Estimated defect lengths and angles for a cable with 5% manufacturing tolerance. (a) Defect
angles are 150°, and (b) defect lengths are 0.5m.
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Noise is another factor influencing estimation accuracy. To analyze its effect on the
proposed method, we evaluated performance under various signal-to-noise ratios (SNRs).
For each defect and SNR level, 1000 Monte Carlo simulations were performed. The mean
estimates and their 95 % confidence intervals are presented in Figure 8.

0.6 ; ; ; 300 — . . . ——
a -8-SNR=10dB -@-SNR=25dB = -®-SNR = 10 dB =@ SNR = 25 dB
= “®-SNR=15dB -®-SNR=30dB ~ =®-SNR =15 dB =@- SNR =30 dB
% 04+ SNR=20dB - - reference %C;) 200 | SNR =20 dB - - reference |
(S 5
B 8
® © i
g 0.2 £ 100
i &
0 : : 0= ' ' ' '
0.1 0.3 0.4 0.5 50 100 150 200 250 300
Defect length(m) Defect angle (°)

(a) (b)

Figure 8. Size evaluation of shield hole defects under the signals with various SNRs. (a) Defect angles
are 150°. (b) Defect lengths are 0.5 m.

As shown in Figure 8, length estimation is more sensitive to noise than angle estimation.
With increasing SNR, the mean estimation errors of both length and angle decrease, the 95 %
confidence intervals become narrower, and the estimation results become more accurate.

In practice, shield holes are normally irregular. To evaluate the robustness of the
proposed method, 12 irregular shield hole defects were modeled and simulated. These
irregular holes were generated by dividing a regular shield hole into multiple subsections
and randomly perturbing their central angles. The structural parameters of the irregular
shield holes are listed in Table 2, and an example of a typical irregular hole is shown in
Figure 9.

Table 2. Angle and length parameters of the samples in the simulation.

Sample g (°) Abg (°) Ic (m) Bave (°)
1 90 +15 0.2 88.69
2 90 +45 0.2 85.97
3 120 +15 0.2 118.18
4 135 +45 0.2 136.62
5 150 +15 0.2 150.90
6 150 +60 0.2 148.72
7 180 +15 0.2 180.22
8 180 +60 0.2 182.16
9 180 +60 0.4 179.99
10 180 +60 0.6 178.85
11 210 +60 0.2 208.49
12 225 +45 0.2 228.01

The estimated sizes of the irregular shield holes are presented in Figure 10. Addi-
tionally, the estimated results are compared with the average geometric values of the
corresponding holes. From the comparison, it can be observed that the estimated values are
close to the average values and exhibit a consistent trend. Although the estimated angles
and lengths for irregular shield holes show larger errors compared to those for regular
holes, the deviations remain within an acceptable range. These results indicate that the
proposed method is capable of providing a reliable evaluation of the sizes of irregular
shield holes.
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200 T T T

100 b

angle (°)

-100 b

_200 1 1 1
0 0.05 0.1 0.15 0.2

length (m)
Figure 9. Irregular shield hole of sample 2 in Table 2.

. 250 0.6 . . .
o — estimated value
o 200 = 0.5F |- - - - reference value
o [
& 150 £ 04
o 203
£ 100 —— estimated value § ’
§ - - - - averagevalue 02r>g-----------=
50 — : : : : : : : :
2 4 6 8 10 12 2 4 6 8 10 12
samples samples

@) (b)

Figure 10. Size evaluation of irregular shield holes. (a) The estimated results of defect angles; (b) the
estimated results of defect lengths.

4. Experiments and Results

In this section, an experiment was carried out to validate the proposed method. Direct
validation on many long power cables is not feasible due to their high cost. Therefore,
a scaled-model experiment was designed using a coaxial signal cable, which was chosen
because of the structural similarity between signal cables and power cables. The experiment
platform is shown in Figure 11.

Tested cable
structure

{8 =
Arbitrary Waveform
Generator

°
-~ N
—~—

Healthy Cable I Defective Cable { Healthy Cable II|

»

Figure 11. Experiment setup.

It consists of an arbitrary waveform generator to inject signals, an oscilloscope to
capture the reflected signals, a computer to process and analyze the reflected signals, and a
long cable under test. The cable under test consists of two healthy long sections, approxi-
mately 30 m and 150 m in length, and several 1 m long short cables with artificial defects.
The short defective cables are inserted between the healthy sections using SMA connectors.
The arbitrary waveform generator is Keysight 33621A (Keysight, Santa Rosa, CA, USA),
and the oscilloscope is Tektronix MSO5204B (Tektronix, Beaverton, OR, USA). Both the
output impedance of the waveform generator and the input impedance of the oscilloscope
is 50 Q). The cable under test is an SYV50 type with a 50 () characteristic impedance.
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Shield hole defects were emulated by removing specific areas from the shield foil
of short cable sections. To assess the performance of the proposed method, eleven cable
samples were fabricated and tested. Among them, eight had regular shield holes, while
three featured irregular ones. Considering both Type A uncertainty (from repeated mea-
surements) and Type B uncertainty (from approximation of the method), the estimation
results and their 95% confidence intervals are presented in Table 3, and the corresponding
cable samples are shown in Figure 12.

e | B e —— | — S — - -

()

10cm, 180° 20cm,270° 10cm, 180°

e e —

10cm,180° 5cm270%  ]Q0cm,180°  Sem.270° 10cm,180°

- S e e At T

(©
(CY)

10cm,180° 10cm,270° 10cm,180° 10cm,270° 10cm,180°

- ]
“———.—_——_.—__—__’-#’

Figure 12. Cable sample mimicking shield hole defects. (a) A regular defect. (b—d) Irregular defects.

Figure 13 shows the measurement of reflected signals from defective cable samples.
In the figure, the signals reflected by the defects are located between 0.25 s and 0.35 ps.
The analysis of the effect of the shield hole length and angle on the reflected signals reveals
that the amplitude of the reflected signals increases with the length of the shield hole.
Similarly, the amplitude also increases with the widening of the shield hole ang]les.
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Figure 13. Effect of shield hole length /. and angle 6 on reflected signals.

The reference set Zgs and M;s were obtained by simulation. And the attenuation con-
stant ap, of the SYV50 cable was measured using TFDR on a healthy cable. The attenuation
ap is 0.0072m ! at 40 MHz and 0.0085m ! at 80 MHz. To eliminate occasional factors
and connector influence, 20 full connector disassembly and reassembly measurements
were conducted for each sample. For each reassembly, the average of five measurements
was taken as the measured value to reduce noise interference. The lengths and angles
of the defective cable samples were evaluated using the two-step process, and the eval-
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uated results were compared with the reference values in Table 3. The results in Table 3
demonstrate that the improved dual-frequency TFDR method is effective for evaluating
the size of shield hole defects in cables. However, discrepancies between the evaluated
and actual values remain, primarily due to noise and the precision of defect fabrication.
For regular defects, discrepancies are generally smaller for defect angles than for defect
lengths. This is because angle estimation relies on the ratio of measurements at different
frequencies, which mitigates noise effects, whereas length estimation depends on angle
estimation results, so any inaccuracies in angle measurement can further degrade length
accuracy. For irregular defects, the method cannot capture detailed irregular shapes, but it
still provides a reasonable evaluation of the overall defect size.

Table 3. Comparison between actual defect sizes and their estimation results.

L, and . 0. and .
Type Defect Size Confidence é{ elatlze Confidence Relatlge
rror (%) o Error (%)
Interval (cm) Interval (°)
30 cm, 90° 3254 +£1.2 8.47 85.9 £2.19 4.56
30 cm, 180° 32.38 = 1.94 7.93 174.01 £+ 4.57 3.33
40 cm, 90° 44.27 £ 1.45 10.68 86.93 £2.21 3.41
Regular 40 cm, 180° 39.06 +2.03 2.35 181.87 £3.55 1.04
defects 50 cm, 90° 53.95 +2.02 7.09 88.04 = 1.48 2.18
50 cm, 180° 54.38 £2.13 8.76 17517 £ 4.16 2.68
60 cm, 190° 66.50 &= 1.68 10.83 184.24 + 4.29 3.03
60 cm, 230° 55.19 +2.88 8.02 229.54 & 6.14 0.2
Irregular 40 cm, 225° 37.26 £2.46 6.85 238.83 +7.4 6.15
defects 40 cm, 202.5° 4246 £ 2.6 6.15 211.8 £5.16 4.59
50 cm, 216° 54.35 +2.76 8.7 196.43 £+ 3.95 9.06
The angle of irregular defects is the weighted average angle of the irregular shield hole, which is calculated as
9ave = ):%1 9;ld .

i=1 ‘ci

To validate the effectiveness of the proposed method in multiple-defect scenarios,
an additional experiment was conducted using a cable with two shield hole defects. The first
defect was positioned at 30 m with varying sizes, while the second defect was fixed at 60 m
with a length of 0.4 m and an angle of 180°. The reflected signals from the cable with two
defects are shown in Figure 14.

S ]

S ; . ,
> —60cm, 230 —50cm, 90"~ 30cm, 90 |
~60cm, 190"~ 40cm, 90 |

50cm, 180" — 30cm, 180
3 L L ! L L L L L
0 0.5 1 1.5 2 2.5 3 35 4
time(us)

Figure 14. Reflected signals from cable with two shield hole defects.
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Using the proposed method, the second defect was evaluated, and the results are
presented in Table 4. A comparison of the estimated results with and without compensation
for the first defect shows that compensation significantly improves the accuracy of the
second defect’s evaluation. The estimated results for multiple defects exhibit larger errors
than those for single defects, primarily due to the accumulation of errors in evaluating
multiple defects.

Table 4. Comparison the estimated results of the second defect with and without compensation for
the first defect.

Defect 2 (40 cm, 180°)

Algorithm Defect 1 L, and Relative 0, and Relative
Confidence Error (%) Confidence Error (%)
Interval (cm) Interval (°)
30 cm, 90° 33.56 + 1.85 16.1 145.38 + 3.32 19.2
30 cm, 180° 44,63 +2.23 11.58 126.74 + 3.47 29.59
No 40 c¢m, 90° 5212 +2.17 30.3 138.97 + 3.84 22.79
Comp 50 cm, 90° 48.35 +2.18 20.87 125.83 + 2.63 30.1
’ 50 ¢m, 180° 26.72 +1.78 33.2 105.41 +2.76 41.44
60 cm, 190° 35.14 +2.01 12.15 90.25 4+ 2.44 49.86
60 cm, 230° 46.98 + 2.37 17.45 88.76 +1.97 50.59
30 cm, 90° 4252 +2 6.3 165.24 4+ 4.09 8.2
30 cm, 180° 3543 +2.04 11.43 159.92 4+ 3.85 11.16
With 40 cm, 90° 35.75 +1.93 10.63 161.85 4+ 3.49 10.08
Comp. 50 cm, 90° 43.23 +2.12 8.3 173.36 4+ 3.38 3.69
50 cm, 180° 34.23 + 1.88 14.43 195.26 + 4.11 8.48
60 cm, 190° 33.28 +1.98 16.8 161.72 + 3.29 10.16
60 cm, 230° 4415423 10.38 158.45 + 291 11.97

5. Conclusions

In this work, we modeled cable shield hole defects and analyzed their effect on
the propagation of TFDR signals. Building upon the analysis results, we proposed an
improved dual-frequency TFDR method to evaluate the length and angle of the shield
holes. A simulation and an experiment were conducted to demonstrate the improved dual-
frequency TFDR method in detail and test its validity and accuracy. The main conclusions
are summarized as follows:

1.  In the long cable simulation results, the estimated error of defect angles and lengths
increased with the increase in defect angle. When the defect angle is lower than 300°,
the proposed method has a high accuracy and robustness.

2. In the experimental results, the maximum relative errors for regular defects were 11%
in length estimation and 5% in angle estimation. For irregular defects, the proposed
method was able to estimate both defect length and average angle, with errors of 8.7%
and 9.06%, respectively. In multiple-defect scenarios, the method remained effective,
yielding maximum relative errors of 14.43% for length and 11.97% for angle.

3. In practical measurements, the proposed method requires the signal source and data
acquisition device to have a bandwidth of at least 100 MHz to ensure estimation
accuracy. The on-site SNR is not lower than 20 dB, and excessive noise can lead to
larger errors.

The estimated defect lengths and angles can be used to model defects in cable digital
twins and to assess the operational state of the cable. By comparing these results with alarm
criteria, appropriate maintenance plans can be formulated. Therefore, the proposed method
can significantly enhance cable condition monitoring and increase the effectiveness of cable
maintenance. The characteristic impedance of power cables is less strictly controlled than
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that of signal cables, which may affect the accuracy of the proposed method. As future
work, we will investigate the impact of characteristic impedance variations on accuracy and
perform experiments on power cables to further validate the effectiveness of the method.
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