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ABSTRACT Adaptive fault detection method, which is compensating the wave attenuation along the prop-
agation, is proposed in this article. Long cable system installed in the factory need to develop precise fault
detection method considering propagation dispersion. Using the derived time delay between the incident and
reflected wave which is generated from the fault, fault can be localized. The time-frequency cross correlation
(TFCC) is a signal scanning process based on the similarity of the energy spectrum for detecting the reflected
signal mixed with the noise. The threshold value in TFCC is a reference constant value for judging whether or
not a fault is present. Due to the attenuation and dispersion of signal along the propagation, a new threshold
value function considering attenuation and dispersion is needed. We propose the adaptive threshold curve
for compensating the signal attenuation. We design the equivalent circuit of target cable (7 m length) and
optimal reference signal based on the comparative analysis between the results of computer simulation and
actual experiments of 7 m length cable. Based on the designed equivalent circuit of target cable(7 m length),
a long cable system is modeled by simulation and the performance of the proposed method is proved through
the simulation under the various noise level environments.

INDEXTERMS Advanced signal processing, signal sensing, signal detection, fault detection, adaptive curve,
time-frequency domain reflectometry, health monitoring.

L. INTRODUCTION

As the factory automation soared, the machine began to con-
nect with each other via cables. That is, the cable system in
the automation factory is complicated. The condition of cable
system of factory/power grid is the most important factor
which can be considered as the blood vessel in body. Also, the
wires inside the robot arm are complicated and easily broken,
and the wire failure inside the robot arm cannot be easily de-
tected because it is invisible [1]. Likewise, the failure of cable
induce the much of economic damage in factory system. It is
important to accurately measure the fault location. Especially,
for a complex system where multiple faults occur or long
cable system, precise fault location algorithm is important to
prevent economic loss [2], [18]. In factory cable system and
power grid cable system such as HVDC submarine/HTS cable
system case, a lot of portion of repair cost depends on fault

localization time [2]. For this reason, fault localization accu-
racy is the core part for health monitoring algorithm. Many
studies on fault localization have been conducted. Among
these studies, reflectometry methods, which are mostly com-
mon used methods for fault localization, can be categorized by
TDR (time domain reflectometry), FDR (frequency domain
reflectometry), and TFDR (time frequency domain reflectom-
etry) depending on the reference signal [3]-[7]. TDR and
FDR use the step pulse and sinusoidal pulse defined in single
domain.

On the contrary to this, TFDR uses the chirp pulse which is
defined in time and frequency domain. In order to find out the
fault location, it is necessary to perform a process of scanning
the reflected signal generated from the fault location based on
similarity with the reference signal. In a single domain, it is
difficult to distinguish between the reflected signal and noise.
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In order to easily detect the reflected signal from the signal
mixed with the noise, reference signal used in TFDR method
is designed in both domain. Especially, when the propagation
distance is long or multiple reflections occur, TFDR method
can be usefully applied. In lossy medium, the signal distor-
tion and attenuation occur along the propagation. In TFDR
method, we use TFCC (time frequency cross correlation)
function to detect the reflected signal based on the similarity
between reference and reflected signals. The distortion due
to the propagation in lossy medium hinders the detection of
similarity [8]—[14]. The threshold value in TFCC is a criterion
for detecting and localizing the reflected signal mixed with
noise.In conventional TFDR method, the threshold value is set
to constant without the mathematical basis, because the exact
TFCC value cannot be derived mathematically considering
attenuation and dispersion [11]. However, the threshold value
depends on the degree of distortion and propagation distance.
Also, TFCC peak value at long-distance is too small to be
classified between TFCC peak value of noise. In this case, the
adaptive threshold curve would be standard whether the signal
is reflected signal or noise.

In this paper, we focus the relationship between the TFCC
value and propagation distance. To derive the TFCC value
by the equation for propagation distance, we assume that the
target cable is dispersionless media. However, we design the
equivalent circuit of target cable considering the dispersion
and attenuation. That is, we conduct the experiments under
the actual environments. To design the equivalent circuit of
target cable, we set the parameters by comparing the wave-
form acquired from the 7 m length target cable with those ob-
tained by simulation. TFCC value of noise has a small value,
so the TFCC value at long-distance signal can be confusing
with the noise level. To verified the performance of distin-
guishing the noise and signal over long distance, we design
the simulations in various noise environments. Based on the
equivalent circuit of 60 m long target cable, we conduct the
experiments on long cable by simulation.

Il. THEORETICAL BACKGROUND

A. TIME-FREQUENCY DOMAIN REFLECTOMETRY

In this paper, TFDR method is introduced to detect the fault in
cable. The incident signal is applied to the target cable and the
reflected signal is generated at the impedance discontinuities
point by radar theory. The mixed signals, which consist of
incident, reflected signal, and noise, are acquired by the os-
cilloscope. After acquiring the mixed signals, we find out the
reflected signal under other signals by using TFCC algorithm.
We use the Gaussian linear chirp signal as the incident signal,
and the incident signal is represented as follows [1]:

(A - @Y/ pmalt=10) /24 (B—10)* /2+wo(t~10))
T 9

(t=0=<r=<T)

0,

otherwise

s(t) =
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where T is the duration of the incident signal, A is the ampli-
tude of reference signal, «, B, fp, and wy determine the time
duration, frequency sweep rate, time center, and frequency
center [8]. The reflected signal is expressed as follows:

rt—d)y=n- (2)1/4 . e*a(t*ld)2/2+j(/3(l*ld)2+w0(fftd)+¢)
T

where 7 is the magnitude of the attenuation coefficient at the
travelling distance, and 7; is the time delay of the reflected sig-
nal. j and ¢ means imaginary part and phase shift of reflected
signal. TFCC between the incident signal and the reflected
signal is used to detect the reflected signal from mixed signals.
TFCC is calculated by using the Wigner-Ville distribution and
Wigner-Ville is expressed as follows [7]:

W, w)= % / s(t 4+ 1/2)s*(t — 1/2)e VTdr (1)

where % means the conjugate operator and for calculation of
complex signal, use the conjugate version of existing signal.
Then the Wigner distribution of the reference signal W(r, w)
is derived as follows:

1
Wi(t, w) = ;g—a(t—to)z—(w—ﬂ(t—to)—wo)z/a )

Based on the Wigner-Ville distribution, we detect the reflected
signal from the incident signal using the similarities between
incident and reflected signal, because the Wigner-Ville distri-
bution is a kind of energy distribution. The normalized TFCC
can be written as follows:

2
E;;r//W,(t,/w)Ws(t/—t,w)dwdt’ 3)

The impedance discontinuities points can be located using the
time delay between the peaks of the TFCC.

Cyr (1) =

B. DEVELOPMENT OF THE ADAPTIVE THRESHOLD CURVE
The shielded cable, which is the path a wave propa-
gates, reduce electrical noise from affecting the signal. Ac-
cording to this property, the inside of shielded cable can
be considered as the dispersionless medium. The prop-
agation constant, k, depends on the frequency. We de-
sign the reference signal as a narrow band signal so
that the propagation constant can be expanded as Tay-
lor series about w,. The propagation constant k(w) is ex-
pressed as following: k(w) = k, + k,(w — w,) + %kg(w -
wy)* + - - - . where, k, = k(w,), k), = (dk/dw)|wp, and k! =
(d*k /d wz)lwo. The propagation constant, k(w), is real which
means that we keep the &/ and ignore the k| term. In the lin-
ear frequency-dependent attenuation, the phase velocity and
group velocity of the wave are both equal and denoted by v.
The Wigner distribution of the reflected signal W,.(z, w) with
velocity v can be obtained as follows:

Wr(f, w) — %efoz(tfx/v)z7(w7ﬂ(t7x/v)fwo)2/a . 672Axw (4)

where, Aw is linearly approximation equation for frequency-
dependent attenuation of medium, «(w). Based on (2), (3),
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and (4) equations, we derive the TFCC function about propa-
gation distance as following [8]:

Cyr(t, x) = e~ (@ FBDAD? | (@ +B)/D(—x/v)*  (5)

where, x is the propagation distance. TFCC peak at long
distance fault can be under the threshold value, so as to the re-
flected signal at long distance fault cannot be detected. TFCC
value consists of two parts in (5). The first term is affected
to the propagation distance and the second term indicates that
the value increases according to the similarity of the signals.
TFCC value depends on the second term in aspects of time.
So as to this aspect, TFCC value will be maximum local
peak at = x/v which means that the TFCC peaks positions
indicate the center of transmitted signal. In other words, TFCC
peaks values depends on the first term in the derived TFCC
function, not second term. In this paper, we derive the adap-
tive threshold considering the propagation distance using the
n’ th reflected signal from the termination. The TFCC peak
value using the derived TFCC function can be expressed as
following:

d
Cx,r (p_, Pd> =
v

where, d is the target cable length and p is the variable indi-
cating the number of reflections. The second term in (6) goes
to zero at multiple reflection signals. So, peak values in TFCC
can be re-expressed as following:

2,452
e_(Dt ;/3 )(Apd)z (05 +5 )(Pd Pd)Z

TFCCpei (d) = ¢~ (@+)/2(A-a)? o
TFCCpey (2d) = ¢~ (@ +B)/2)A2d)? ®)

TFCCpeyc (3d) = ¢~ (@ +B)/)A:3d)? ©

where, T F CCpeax is the peak value function and the peak val-
ues are the geometric sequence. In this paper, we propose the
Threshold function, 7' (p) = B(pz). where, B is the peak value
in TFECC at first reflection, 7(1) = B. In future works, we
develop the threshold function considering not cable termina-
tion but fault in middle of cable. Then, the adaptive threshold
curves for each reflected signals from the termination and fault
are needed to develop, since there are many reflected signals.

IIl. EXPERIMENTAL & SIMULATION RESULTS

A. EXPERIMENTAL SETUP AND RESULTS

To derive the adaptive threshold curve, we design the sim-
ulations considering the relation between the propagation
distance and TFCC peak values. In this paper, we design
the equivalent circuit of the HTS cable using the compar-
ative analysis between the acquired signal from the actual
7m HTS cable and designed circuit. After demonstrating the
similarities between the simulation and experimental results,
we verify the effectiveness of the proposed method through
the simulation instead experiments. The adaptive threshold
curve can be effectively used to detect long-distance fault,
we select the HTS cable as a target cable, because the HTS
cable is the promising power cable in future. And because
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FIGURE 1. Equivalent circuit of the HTS cable.
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FIGURE 2. Experimental Setup of the 7m length HTS cable.

it has low dispersion, HTS is suitable for verifying the per-
formance of the derived adaptive threshold curve without the
considering the dispersion. In this experiments, a single-phase
22.9kV /50 MVA HTS cable (1G) with a length of 7 m is used.
The difficulty of bending HTS cables makes it difficult to con-
duct experiments with long cable in laboratory. To cope with
these difficulties, we design the equivalent circuit of the HTS
cable using the comparative analysis between the acquired
signal from the actual 7m HTS cable and designed circuit.
Fig. 1 shows the equivalent circuit using simulation tool. The
experimental setup for the simulation is depicted in Fig. 2, and
verifying the accuracy of the equivalent circuit by comparing
between the acquired signals of simulation and experiments.

B. SIMULATION RESULTS

Based on the equivalent circuit through the experiments, we
implemented the proposed experiments as a simulation circuit
as following Fig. 3. In Fig. 3, we acquire the signal at the four
points marked with red boxes. Fig. 4 illustrates the proposed
experimental setup and we apply the reference signal to cable
using the inductive coupler. The proposed system consists of
two parts: (a) Arbitrary waveform generator (AWG), digital
phosphor oscilloscope (DPO), (b) target cable. The AWG and
DPO design and generate the incident signal, and acquire the
transmitted signal through the inductive coupler installed at
same distance, 20m, respectively. After analyzing the fre-
quency attenuation characteristics of target cable, we design
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FIGURE 3. Equivalent circuit of the proposed experimental setup.
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FIGURE 4. The proposed experimental setup.

the optimal parameters of reference signal. The optimal signal
design process can be described as followings.
Step 1: center frequency selection: fj
Step 2: frequency bandwidth selection: B
Step 3: Time duration selection:
The optimal In reflectometry method, there is a
blind spot which can be detected region. At this
point, we first choose the target detection region
and design the optimal signal which fits for the
target region. In TFDR, the blind spot can be cal-
culated as followings.

Dyjing = 3varo = 3/(ﬁBW) * Upro (10)

where Dyjind, 0, Upro, and BW is blind spot length [m],
standard deviation of TFCC graph, propagation velocity, and
bandwidth of signal. In this paper, we analyze the transmitted
signal per 20m, so we design the reference signal not to
be overlapped between the TFCC graph of each signals as
followings.

3/(V2BW) - vpro/2 = 20BW ~ 45 MHz (11)

In this paper, we select the parameters as follows: center
frequency: 30 MHz, frequency bandwidth: 45 MHz, time du-
ration: 90 ns. In the Fig. 5, we display the acquired signal and
Wigner-Ville distribution. The red box indicates the incident
& transmitted signals. As seen in the Wigner-Ville distribu-
tion, the transmitted signal and Wigner-Ville distribution at

VOLUME 1, 2020

iw

Frequency [Hz]

200 400 600

800 1000 1200 1400 1600 1800 2000
Time [s]

FIGURE 5. Wigner-Ville distribution of the acquired signal.
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FIGURE 6. Simulation results with noise level [-0.1:0.1]: TFCC and
adaptive threshold curve.

long distance is too small to be detected. The purpose of the
simulation is to verify the feasibility of adaptive threshold
curve. So as to, I conducted the experiments considering two
factors: (1) attenuation degree along the propagation distance
(2) noise level. The results of 3 kinds of experiments are
shown graphically based on 100 times experiments per each,
that is total 300 times experiments are conducted. As shown
Figs. 6,7, and 8, we add the various noise level for implement-
ing the actual situation. Furthermore, the comparative analysis
among the TFCC peak values at transmitted signals are shown
in Figs. 6-8. (b). In Fig. 6, we add the noise [—0.1—0.1].
Since the noise affects the TFCC peak values, we calculated
the mean and deviation of peak values from the TFCC graph
we got 100 times. The adaptive threshold curve can be derived
from the first peak value. The error bar depicts the deviation
and mean of the TFCC peak values and the threshold curve is
drawn within the range of the peak values. The TFCC graphs
with the noise level 0.1, 0.2 and 0.5 are depicted in Figs. 6,7
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FIGURE 7. Simulation results with noise level [-0.2:0.2]: TFCC and
adaptive threshold curve.
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FIGURE 8. Simulation results with noise level [-0.5:0.5]: TFCC and
adaptive threshold curve.

and 8, respectively. Through the comparative analysis accord-
ing to the noise level, we can see the more noise, the larger
deviation in TFCC graph and these points are shown in the
error bar of each figure. Conventional TFDR method set the
threshold as constant value 0.3. As for this constant threshold,
the transmitted signal behind 40 m with the noise level 0.5
cannot be detected. We can verify that the fourth peak in
Fig. 6, the third/fourth peak in Fig. 7 and the third/fourth
peak in Fig. 8 can be detected by the adaptive threshold curve
not conventional threshold value. Also, the peak value behind
80 m cannot be distinguished between other small peak values
of noise. As the signal propagates, the signal becomes more
severe in distortion, and when the TFCC peak values becomes
smaller than a certain level, the detection reliability decreases.
In the future works, we derive the probability relation equation
between the propagation distance and TFCC considering the
dispersion with the noise and model the fault reliability using
reflection coefficient including phase term.
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IV. CONCLUSION

To improve the performance of fault localization, we propose
the adaptive fault detection method based on time-frequency
domain reflectometry compensation the wave attenuation and
dispersion. Using the time delay between the incident and
reflected signal, the fault location can be calculated. The
time-frequency cross correlation (TFCC), which is a scan-
ning process for detecting the reflected signal from fault, is
used to obtain the time delay. When the peak value of TFCC
exceeds the constant threshold value, we judge there is a
fault in target cable. In this paper, we derive the TFCC func-
tion along the propagation distance and model the adaptive
threshold curve considering the attenuation along the propa-
gation distance without dispersion. In this paper, we design
the optimal signal which is suitable for the HTS cable and
we design the equivalent circuit of HTS cable. Through the
comparative analysis between the acquired signal from the
actual 7m length HTS cable and simulation, we verify the ac-
curacy of simulation. Based on the verified simulation circuit,
we designed an experiment to verify the adaptive threshold
curve performance. The simulations with a variety of noise
level also demonstrates a superiority of the proposed method
over the conventional TFDR method. In future work, we are
going to derive the probability relation equation between the
propagation distance and TFCC considering the dispersion
with the noise and model the fault reliability using reflection
coefficient including phase term.
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