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The precise location of partial discharge (PD) in power cables is of great significance to ensure the stable
operation of the power grid. Therefore, aiming at the problem of the PD location accuracy is the affected by the
uncertainty of the wave velocity, an improved single-terminal method is used to estimate the PD location of
power cables. In the proposed method, the wave velocity and arrival time difference of the PD signal are
modified, so that it has a higher location accuracy and better robustness. Meanwhile, in order to improve the
location accuracy of the PD location method in a noisy environment, the denoising algorithm of parameterless

adaptive threshold empirical wavelet transform (PATEWT) is proposed in the paper. Compared with the tradi-
tional single-terminal method and two-terminal method, the proposed algorithm has a good denoising perfor-
mance. Finally, simulations are provided to verify the effectiveness and feasibility of the proposed method.

1. Introduction

With the increasing demand of the power, there is no doubt that the
high voltage power cables have played a very important role in power
transmission. Due to the environmental, mechanical and electrical fac-
tors, the insulation aging process of the power cable is accelerated,
which increases the occurrence of faults. Therefore, we need to detect
the partial discharge (PD) signals and locate the PD power sources in the
initial stage of power cable aging, so that it can exclude the fault in
advance and prevent breakdown accidents [1-3].

When the various equipment in the power system operate together, it
may cause the detected PD signal to contains plenty of noise informa-
tion, which reduces the reliability of the PD signal and affects the
judging result [4]. Therefore, before positioning the PD signal, it is
necessary to adopt an effective denoising method to suppress the noise
signal, thus the location accuracy is improved.

In order to further denoise the PD signals, many methods have been
proposed to estimate the location accuracy of the PD sources. For
instance, the discrete wavelet transform and the wavelet transform
technology are utilized in [5] and [6], respectively. However, there are
several problems when the two methods are applied to PD signal
denoising. For example, due to the diversity of PD signals, it is difficult
to choose a wavelet basis function that is completely suitable for the PD
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pulse waveform, and the decomposition scale is also not unique. In order
to solve the problems of decomposition scale, the Empirical mode
decomposition (EMD) is adopted, but it has the difficulty in selecting a
fixed threshold. To effectively address these challenges, Singular value
decomposition technology (SVD) is used in [7] to implement the
denoising process of the PD signals. However, it loses the processed
signal partially because of the unchanged singular value. Then, an
adaptive singular value decomposition (ASVD) method in [8] is pro-
posed, but it has the problem of selecting a threshold value.

In addition, Time-domain reflectometry (TDR) is one of the PD
location methods commonly used in recent years [9-11]. This method
estimates the PD location by using the time difference acquired from the
first pulse signal measured by the sensor and the pulse signal reflected
from the opposite terminal. It has a high accuracy, but the propagation
velocity and the length of the cable must be pre-known. Meanwhile, the
partial discharge signal has dispersion and attenuation problems in the
process of propagation when the method is applied to long-distance
cables [12-13]. Therefore, the single-terminal location method using
TDR is suitable for PD location for short-distance cables. At the same
time, even though the two-terminal location method using TDR over-
comes the defects of single-terminal detecting and is suitable for PD
location of long-distance cables, the location accuracy is restricted by
the synchronization of two-terminal time system. Since the wave
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velocity will change with the distance when the PD signal propagates in
power cables, so that the accuracy of the PD source will be affected if a
fixed wave velocity is used [14]. In [15], the phase difference between
the incident wave and the reflected wave in the frequency domain is
analyzed to achieve the location of PD signals, and the arrival time of the
PD signal is not required. However, the location accuracy will be
affected because of the fixed wave velocity as well. In [16], the
frequency-dependent characteristic of the phase velocity is considered
and the phase velocity is used to modify the phase difference of the PD
signal. However, its location accuracy may also be affected by the
sampling rate, the quantization error and the length of cable.

In view of the above problems, this paper proposes a novel PD
location method that combines the denoising algorithm of parameterless
adaptive threshold based on empirical wavelet transform (PATEWT) and
PD location method of power cables based on improved single-terminal
method. Firstly, the empirical wavelet transform (EWT) is used to
decompose the PD signal and the Fourier spectrum is divided auto-
matically by scale space method. Then it uses an adaptive threshold
function for threshold processing, thus the denoising of the PD signal is
implemented. Moreover, the arrival time of the PD signal is determined
by S-transform, and the measured data is substituted into the improved
single-terminal method to calculate the defect position of the PD sour-
ces. Finally, it can be verified by the simulation that the novel method
has a high location accuracy compared with different signal-to-noise
ratios (SNR) and PD sources at different positions.

The reminder of this paper is organized as follows. Section 2 depicts
the process of the denoising algorithm, including EWT, parameterless
space-scale method, and construction of the adaptive threshold function.
In Section 3, the principle of cable PD location method and the location
procedure of improved single-terminal method are presented in details.
In Section 4, the experimental simulation is performed on the PSCAD
software to verify the feasibility and effectiveness of the proposed
method. Finally, the conclusions are drawn in Section 5.

2. PD signal denoising methods
2.1. Empirical wavelet transform

The empirical wavelet transform (EWT) is based on empirical mode
decomposition and wavelet analysis and it has a complete theoretical
system of wavelet analysis. The calculation complexity is much smaller
than empirical mode decomposition. Moreover, it solves the problem of
modal aliasing which existed in the empirical mode decomposition, so
the robustness of the algorithm is improved and the applicability of the
algorithm is expanded [17]. The procedure of EWT can be shown as
follows:

Firstly, the Fourier transform is performed in the original signal f(t),
and the spectrum is divided accordingly. Then, the modal number is
denoted as N and the frequency range of f(t) is [0, 7], according to the
local minima found in spectrum, we can sort them by amplitude from
largest to smallest. Finally, the spectrum is divided into N parts by taking
the first N-1 of the local minima as the boundary lines. The intermediate
frequency between two continuous local maxima is defined as the
boundary w, of each continuous spectrum.

Then, the wavelet filter bank is constructed. When the division of
frequency bands is determined, the appropriate empirical wavelet scale

function ‘i’n(w) and wavelet function ¢,(w) are constructed by using

Meyer wavelet. Empirical wavelet scale function ¥,(») and wavelet
function @,(w) can be expressed as:
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Lastly, the time domain signals of each mode are obtained. The detail
coefficients of the empirical wavelet transform are obtained from the
wavelet filter bank, then the original signal is reconstructed according to
the detail coefficients. In this way, the time domain signal of each mode
is gained.

2.2. Parameterless scale-space method

The reasonable division of the Fourier spectrum is of great impor-
tance in EWT. The common method used in EWT needs to determine the
modal number N in view of experience [18], but due to the spectrum
range of PD signal is comparatively large, the SNR differs greatly when
different modes number N are selected. Therefore, in this paper, the
scale-space method is introduced to automatically divide the Fourier
spectrum. The corresponding information can be obtained by constantly
changing the scale parameters, so that the original signal can achieve
adaptive and parameterless decomposition.

L(X, t) is a function of x. The number of initial partial minimum
point is denoted by n and each of initial partial minimum is defined as a
“scale-space curve” C; of length L;(i € [1, n]). If the local minima which
is consistent with the relative scale parameter t is defined as the
boundary, it is equivalent to find a threshold T, so that the scale-space
curves of length larger than T are the curves corresponding to the
consistent minima. That is, the scale-space curve of length larger than T
is the division curve of the Fourier spectrum as well [19]. In this paper,
the empirical distribution is adopted to determine the threshold T.

Given a positive small number ¢, the i th initial partial minimum
point can be denoted as:

P(Li>T)<e 5)

where the expression of T is different under the different distribution law
P. For example, if P is the empirical distribution, it has:

iHL(k) =(1—¢) iHL(k) 6)

k=1 k=1

where Hj represents the occurrences of the length of the scale-space
curve.

2.3. Adaptive threshold function

The selection of threshold functions is essential to the denoising of
noisy signals. Traditional methods mainly include hard and soft
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threshold function [20], and the expressions of the hard and the soft
threshold function are defined as follows:

D PAGEN O

£y = {(S)gn(f(t))(lf(t)\ - Vo122 N

where f(t) represents the noisy signal. 1 = ¢1/2In(N) represents the value
of the threshold. ¢ is the estimation of the standard deviation and N is
the length of the noisy signal f(t).

In order to further improve the denoising effect, this paper proposes
a new adaptive threshold function combining the hard and the soft
threshold function, the expression can be presented as follows:

o [ (o= 525) o>

f(r) = 9)

0 IF(o <4

The comparison of the adaptive threshold function,the soft and hard
threshold function in the same coordinate system is shown in Fig. 1. It
can be seen from Fig. 1 that the f(t) processed by the hard-threshold
function is discontinuous at A, which causes new oscillations in the de-
noised signal. The soft-threshold function is continuous at A, but there
is a fixed difference between the de-noised f(t) and the original f(t),
which makes the denoised signal produce certain distortion. The adap-
tive threshold function proposed in this paper is continuous at A, which
overcomes the discontinuity of hard threshold function. Meanwhile,
when f(t) increases gradually, it can approximate f(t) quickly and
overcome the problem of fixed difference in soft-threshold function.

2.4. PATEWT denoising algorithm

The denoising procedure of proposed PATEWT algorithm is as
follows:

Firstly, the original signal is decomposed by EWT, i.e., the Fourier
spectrum is divided by using the scale-space method and the reasonable
orthogonal wavelet filter group is obtained. So the amplitude modula-
tion (AM) and the frequency modulation (FM) sub-signals can be gained,
in which the Hilbert transform is further adopted to get the signal
components of multiple frequencies.

Then, wavelet threshold denoising is performed on each signal
component where the threshold function adopts the proposed adaptive
threshold function.

Lastly, Signal reconstruction is performed based on EWT to achieve
original signal denoising.

704

hard threshold
- — — — soft threshold
------- adaptive threshold

A 1t

Fig. 1. Waveform comparison of adaptive threshold function and soft and hard
threshold function.
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3. PD location method
3.1. S transform

In this paper, the PD signal propagated in cables is analyzed by S
transform and then the arrival time of the PD signal is collected. S
transform is a time-frequency analysis algorithm by combining the
Fourier transform and wavelet transform [21], which is reversible.
Compared with wavelet transform, the S transform overcomes the defect
of the short-time Fourier transform which the window is fixed, thus, the
window function of the S transform can be flexibly adjusted on the time
axis, and the frequency function will also change accordingly.

S transform can be expressed as:

S(t.f) = [ = o, () s a10)

©

Where x(t) is the time domain signal, w(t-7) is the window function, 7 is
the time offset factor, and f is the frequency.
The Gaussian function can be expressed as:

—(1=7)2

e 20? 11

w(t—1,f)

1
N o\/2rx
Where o is the width of the window function.

_L
Ul
As shown in Egs. (10)-(12), in S-transform, when the frequency of
non-stationary signals becomes lower, the width of the window function
will be larger, and the frequency resolution will be correspondingly
higher. On the contrary, when the frequency of non-stationary signals
becomes higher, the width of the window function will be smaller, and
the time resolution will be higher.

c 12)

3.2. Traditional single-terminal location method

Fig. 2 shows the principle of the traditional single-terminal location
method. The total length of the cable is L and its two ends are denoted by
A and Brespectively. As illustrated in Fig. 2, the PD pulse generated from
the position of cable insulation defect at time Ty. The distance between
PD location and end A is L, and that between end B is L, satisfying

Ls + Lg = L. In this way, the PD pulse starts to travel towards end A
with length L, at time t,;, and the distance L, satisfies the following
condition:

Ly = vo(ta — To) 13)
Where vy is the actual propagation velocity of the PD signal in the cable.
Meanwhile, another PD pulse is reflected from end B at a distance Lg

from defect position and reaches end A through the total length L at time
ta2- Thus, the following conditions are satisfied [22]:

Ly+L= VO(ta2 — To) (14)

Ly+Lg=L (15)

According to Egs. (13),—(15), the distance L, can be derived as:

i
N
N

=

\

3

Fig. 2. Single-terminal location method for PD of power cables.



R. Liang et al.

1
Ly=L— Evo(taz —1ta) (16)

In addition, the length of cable L and the propagation velocity v, are
required if the single-terminal location method is used. Although the
length of the cable can be measured, the propagation velocity is difficult
to gain an accurate value, which may increase the error of the mea-
surement results. In the information of two arrival time of the PD pulses
measured at end A, it has different propagation distance and propaga-
tion velocity, which may result in the deviation of the results as well.

3.3. PD location of power cables based on improver single-terminal
method

The wave velocity is not fixed when the PD pulse is propagated in the
cables, it will change with the change of propagation distance, which
means it will produce location error if the fixed empirical propagation
velocity is adopted. Therefore, the value of wave velocity cannot be the
same [14]. Based on traditional single-terminal location method, this
paper considers the uncertainty of wave velocity and makes further
improvements.

As shown in Fig. 3, in the proposed location method, the traditional
single-terminal method is adopted at both ends to detect the PD pulses,
so the PD pulses are collected at end A and end B. The PD monitoring
system consists of sensors, digital-to-analog converters and personal
computers. Therefore, if the empirical estimation propagation velocity v
is used as the initial value of the wave velocity before substituting it into
the improved single-terminal method, it may result in an error in loca-
tion result due to the deviation from the actual value. The calculated
location results are denoted by X4, Xg which means there exists an error
between calculation values X,, Xg, and the actual values Ly, Lg.

In view of the above analysis, when the pulses are measured at end A,
the arrival time of the PD pulses can be obtained based on S transform.
The first arrival time and the second arrival time of the PD pulses toward
end A are denoted by t,; and t,3, respectively. Similarly, when the pulses
are measured at end B, the first arrival time and the second arrival time
of the PD pulses toward end B are denoted by t,; and tyz,respectively. As
a result, the calculated results X, and Xg can be expressed as:

1
XA =L— EV(taz — tal)
17

1
X3 :L*EV(l‘bz — 1)

Since the wave velocity will change with the transmission distance.
Thus, if the change of wave velocity is not considered, the propagation
velocity v’ based on location results X4 and X in Eq. (18) can be derived
from Eq. (17). However, if the change of the wave velocity is considered,
Eq. (17) needs to be modified, that is, the value of wave velocity v’ in X4
and Xg cannot be the same.

2L —2X,
VvV =—
tx — Ia

18

Insulating Layer A
Cable Core
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The PD source initiates an electrical pulse which is propagated
simultaneously towards both ends of the cable. In other words, if the PD
pulse is sent out at time T, the calculated location result X, can be given
by:

Xy = (ta — To)V 19)

However, because of the change of wave velocity, the time T,
calculated at both ends are not the same in the improved single-terminal
location method, in which can be expressed as T,, toward end A and Ty
towards end B.

X,
TnO =la — i{‘

. (20)
Too =ty — —2

v

Let Ty = (T + Tho)/2, the PD pulses generated from defect position
are propagated towards both ends of the cable at time T,. Thus,
assuming that the PD pulses reaches end A and end B for the first time at
time t,; and t,;, respectively, so that the wave velocities v, and v, can be
expressed as:

Xa
tag — TO
Tty —To

Ve =
21

Vb

If the change of wave velocity is considered, the velocity vin Eq. (17)
needs to be further modified, which the additional correction in two
ends dv, and dv, can be given by:

dv, :vaf‘)“;w'
N (22)
dVb =V, — Va Vo

With the proposed location method, the first pulse which reaches the
sensor is marked as the original pulse and the second pulse reaches the
same sensor after reflecting from the far-end is marked as the reflected
pulse. Thus, the arrival time difference At, and At, between the pulses
can be determined as:

Aty =ty — ta
23
{ Aty =11 — 1y (23)
Then, (17) can be eventually modified by:
X, =L- % (v + dv)At,
24)

1
Xp=L— E (V + dVb)Atb

The threshold 1 of value larger than zero represents the accuracy of
the PD location algorithm. The following expression can be used to judge
whether X, and Xj satisfy (22).

Xy + X5 — L] < 4 (25)

B Metal Shield

Measuring - — - —
Point A E_L::j
lal
taZ

Lg 1
C==[==7 Measuring
e Point B
b
%)

Fig. 3. Schematic diagram of PD location of cables based on improved single-terminal method.
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The value of threshold 4 is selected as required. If Eq. (25) does not
hold, which means the further modification in Eq. (24) is needed. It can
be seen that Eq. (24) consists of X, and Xp, so they both need to be
modified. Modifying the time differences At, and At, in Eq. (24) is
equivalent to compensate the arrival time differences of end A and end
B, where the compensations are denoted as dt,; and dt,;, respectively.
The expression of dt,; can be expressed as:

Xa+Xp—L
= 2
dha 100v (26)
Where v is the empirical estimation propagation velocity. dt,; should
satisfy the following relationship with dt,;.
Xg Xa+Xg—L Xp

dty = dt, x — =

27
X, 000 X, @n

Given Aty = At, + dt,, Aty = Aty + dt,, substituting them into Eq.
(24), then the modified PD location result X,; and Xg; can be derived

as:

1 1
Xy =L — 3 (v+dvy)Aty =L — 3 (v +dv,)(At, +dt,)

1 1 (28)
Xp =L — E (V + dvb)Atbl =L— E(V + dVb)(Atb + dtbl)
Compared with Eq. (24), it has:
[Xa1 +Xp1 — L| < | X4 +Xp — L] 29

Therefore, as illustrated in Eq. (29), it can be known that the modi-
fied PD source location results have a higher accuracy compared with
the initial location results X, and Xg.

In addition, substituting X, = Xa1, Xp = Xp1 into Eq. (25) and
evaluating whether the location results meet the requirements of loca-
tion accuracy. If Eq. (25) holds, the modified X, and Xp are location
results of PD sources. Otherwise, further modification is needed, and the
above steps are repeated until the requirements of location accuracy are
satisfied.

In summary, the flowchart of the improved single-terminal PD
location method based on time compensation is shown in Fig. 4.

4. Simulation results
4.1. Establishment of the simulation model

In order to verify the effectiveness of the proposed method, the
experimental simulation model shown in Fig. 3 is established on PSCAD,
the schematic of cable model is shown in Fig. 5 and the cable parameters
are provided in Table 1. In the PD measuring system, the voltage level of
the cable is 110 kV, the total length of the cable L is 1500 m. Let the
distance between the PD pulse generated from the PD location and left
end (end A) to 600 m and the right end (end B) to 900 m, that is, L, =
600 m, Ly = 900 m. It has been proved that the PD pulse can be
simulated by using the exponential decay oscillation model [11,16,
23-25]. Therefore, this paper uses a double exponential decay model to
simulate PD signals for experiments, in which the sampling frequency is
100 MHz. The mathematical expression of the double exponential decay
oscillation model can be expressed as:

s(t)=A (e’”’/’ - 672'2t/1)si1’1(2ﬂfct) (30)

Where, the amplitude A is 20 mV, the attenuation constant 7 is 1.5 pus,
and the oscillation frequency fc is 2 MHz.

To simulate the PD signal in the field, white Gaussian noise with a
SNR of 2 db is added to the simulated signal. The PD signals of original
signal and signal with noise are shown in Fig. 6.
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Denoising the partial discharge signal

v

Empirical estimation propagation
velocity v; Cable length L;
s transform to extract the arrival time
of'the PD pulse

v

Two terminal are located by single
terminal method.
X=L-vxé 1,2
Xg=L-vxé /2

v

Propagation velocity:
V=Q2L-2X)tar-ta)

v

Modification of wave velocity v, v
dve=va-(vat+vp)/2
dvy=v-(va+vp)/2

v

The modified Xy Xp:
Xy=L-(vtdvy)*e t,/2
Xp=L-(vtdvp)*s 1,/2

<
y

A compensation time:dt,=(X+Xpz-L)/(100v)
B compensation time:dt,=dt,*Xp/ X4

v

Substituting compensation time d?, and dt,
into the calculation formula of single
terminal method

Location result of ¢
PD source: X« Xp

Xy =L-(vtdv,) *(¢ t,+dt,)/2
Xpr=L-(v+dvy)*(¢ ty+dty)/2

3 v

End Xa=Xaq
Xp=Xp

Fig. 4. Flowchart of the improved single-terminal PD location method.

main insulation
Metal shield
4cxternal insulation

Fig. 5. Schematic of cable model.

4.2. Performance analysis of denoising method

As mentioned in Section 2, the PATEWT is adopted to denoise the
above PD signals with Gaussian white noise. Thus, the denoising results
can be shown in Fig. 7.
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shown in Fig. 8. Among them, the wavelet transform selects the db6
wavelet as a basis function, and the decomposition scale has 4 layers.

Table 1

Cable geometric parameters.
Parameter Value
Cable core radius / mm 28.25
Internal insulation radius / mm 47.5
Metal shield radius / mm 50.9
external insulation Radius / mm 55.9
Shield resistivity /(Q-m) 2.8 x 10-7
Cable core resistivity /(Q-m) 1.75 x 10-8
Relative permittivity 2.3
Earth resistivity /(Q-m) 100

The mathematical expressions of three indicators can be denoted as

follows.
2 Y()X(1)
NCC=—22 (31)
> Y X (1)

x10™

2

&
Current(A)

2 . . .
0 10 20 30 40
Time(ps)
x10™
of T T T ]
~ 1r b
<
® Zo
=]
]
Ak 4
2 . . .
0 10 20 30 40
Time(ps)

Fig. 6. (a) Simulated signal and (b) PD signal with noise.

x107

W

2 L | .
0 10 20 30 40

Time(us)

Current(A)
o

'
-
T

I

Fig. 7. Denoised PD signal by PATEWT denoising algorithm.

As shown in Fig. 7, the waveform of PD signal has a high identifi-
cation degree after PATEWT denoising, which can guarantee the posi-
tioning accuracy of the location algorithm.

In order to verify the applicability of the PATEWT denoising algo-
rithm, different levels of white Gaussian noise are added to the simu-
lated PD signal. The proposed PATEWT, wavelet transform with soft
threshold function (WT-STF), hard threshold function (WT-HTF),
empirical wavelet transform with soft threshold function(EWT-STF) and
hard threshold function (EWT-HTF) denoising methods are compara-
tively analyzed under the condition with a SNR of —5, —2, 0, 2, and 5 dB,
respectively. In addition, in order to evaluate the denoising effect of the
above methods, the normalized correlation coefficient (NCC), signal-to-
noise ratio (SNR) and root mean square error (RMSE) are introduced as
evaluation indicators. The comparison result with above assumption is

(@
0.88 | g
0.86 | — %~ -WT-HTF
%~ WT.STF
L EWT-HTF
0.8 % EWT-STF
—&— PATEWT
0.82 1 .
-5 -2 0 2 5
SNR/dB
leg — %~ WT-HTF
— %~ WT-STF
16+ EWT-HTF
- % EWT-STF
I —o— PATEWT
14
©
=
o
b =z
=
=~
5 ‘ ; :
-5 -2 0 2 5
SNR/dB
18 }
L
16 | E
141 » -7
12 | * - = L
= * 2t
& 10f - .
© Z R
%) -
8 2 i
» '/,/
6 - %—-WT-HTF
x—WT-STF
4l EWT-HTF
*- EWT-STF
i ‘ . —6—PATEWT
5 2 0 2 5
SNR/dB

Fig. 8. Denoising results (a) NCC (b) RMSE (c) SNR under different SNR.



R. Liang et al.

RMSE = (32)

SNR = 101g (33)

where X(t) is the original signal, Y(t) is the signal after denoising.

As shown in Fig. 8, the denoising effect of EWT-STF is better than
that of EWT-HTF and traditional wavelet transform for PD signals with
different SNR noise. The adaptive threshold function proposed in this
paper make the denoising effect further improved. Compared with the
traditional wavelet denoising algorithm, the PATEWT denoising algo-
rithm has an average increase of 0.02 in NCC, an average reduction of 2
x 10-6 in RMSE, and an average increase of 2db in SNR.

4.3. Analysis of the simulation result

The empirical estimation propagation velocity is set as 1.6 %108 m /s.
Following the above location steps, the eventual denoising result is
shown in Fig. 9.

In Fig. 9, there are a total of 6000 sampling points, the sampling
frequency is 100 MHz, and the sampling time is 60 us.Time axis from 1
to 6000 corresponds to 6000 sampling points, which also corresponds to
time from O to 60 us. Accordingly, frequency axis from 0 to 3000 cor-
responds to the frequency from 0 to 5107 Hz.

Due to only the arrival time of the first PD pulse and the second PD
pulse need to be collected by S transform, so that the first two arrival
time measured from end A are the 846th and the 1850th sampling point.
Likewise, the first two arrival time measured from end B are the 1014th
and the 1684th sampling point, i.e., the corresponding sampling time is:
tan = 8.46 us, tz = 18.50 s, tyy = 10.14 us, tyy = 16.84 pus, respectively.

The threshold 1 is set as 0.01. Substituting L = 1500 m, v =
1.6%108 m /s, tyg = 8.46 us, tyg = 18.50 s, ty1 = 10.14 ps, tio= 16.84 us
into formula Eq. (9) to Eq. (25). As a result, the proposed method locates
the PD source 599.8 m away from end A.

Moreover, the location accuracy of the improved single-terminal
method proposed in this paper is compared with traditional single-
terminal method and the two-terminal method by setting different
empirical estimation propagation velocity and selecting the PD source at
different position. The comparison results are presented as follows:

Substituting L=1500m, v=1.6+10® m /s and other measuring
data when the length of L, is taken as 200 m, 300 m, 400 m, 500 m, 600
m, 700 m and 750 m into formula Eq. (13) to Eq. (29). Thus, the location
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result is shown in Table 2. where, the § represents the location error, and
it can be expressed as:

5 Xa—Lal

* 100% (30)
where X, represents the distance calculated by the location algorithm,
L, represents the true distance, and L represents the full length of the
cable.

It can be seen from Table 2, when the empirical estimation propa-
gation velocity v is 1.6 x 10% m/s, location error of single-terminal
method is always more than 5% and is larger than two-terminal
method, However, when the actual distance of PD source is 200 m,
location error of two-terminal method reached 4.03% and the error is
quite large. When single-terminal method error of PD location is always
controlled within 0.2%, the location accuracy is far higher than that of
single-terminal and two-terminal methods.

In order to verify the effect of empirical estimation propagation ve-
locity v on the proposed method, we change the value of v. In this way,
the location result is shown in Tables 3 and 4, respectively.

It can be seen from Table 3, since the empirical estimated propaga-
tion velocity v is close to the actual propagation velocity, when v = 1.8
x 10% m/s, the location errors of the single-terminal method, two-
terminal method and improved single-terminal method are all within
0.5%. Among them, the maximum location error of the single-terminal
method can reach 0.48%, and the robustness is poor. The location
error of the two-terminal method and the improved single-terminal
method can always be kept within 0.2%, so the robustness is good.

It can be seen from Table 4, when the empirical estimated propa-
gation velocity v is 2.0 x 102 m / s, the PD location results are similar to
those in Table 2. The accuracy of the improved single-terminal method is
much higher than that of the single-terminal method and the two-
terminal method, and its location error is always within 0.2%.

It can be known from Tables 2 to 4, when the empirical propagation
velocity v takes different values, the error of the single-terminal or two-
terminal location methods fluctuates greatly. However, the error of the
improved single-terminal location method always keeps small, which is
always stable within 0.2%. Therefore, compared with the other two
traditional methods, the proposed method has a higher position accu-
racy and robustness.

5. Conclusions

According to the analysis and verification in this paper, the following
conclusion can be obtained:

(1) In this paper, a PATEWT denoising algorithm is proposed. This
algorithm is suitable for noisy PD signals with complex spectrum.
It avoids the selection of wavelet base and decomposition scale by
wavelet analysis algorithm. Meanwhile, it avoids selecting the
number of decomposition modes artificially when the Fourier
spectrum is divided by EWT based on extreme points.

(2) Compared with wavelet denoising and empirical wavelet
denoising methods, the proposed PATEWT denoising method has

Table 2

Location results when v = 1.6 x 10® m/s.
True Two- 8/% Single- 8/%  Improved 8/%
value terminal terminal single-terminal
La(m) X (m) Xa(m) Xa(m)
200 260.4 4.03 341.6 9.44 202.0 0.13
300 348.4 3.23 429.6 8.64 299.9 0.01
400 438.0 2.53 518.4 7.89 398.6 0.09
500 526.8 1.79 608.0 7.20 499.7 0.02
600 615.0 1.00 696.8 6.45 599.8 0.01
700 705.2 0.35 786.4 5.76 700.2 0.01
750 750.0 0.00 831.2 5.41 750.2 0.01
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Table 3

Location results when v = 1.8 x 10% m/s.
True Two- 8/% Single- 8/% Improved 8/%
value terminal terminal single-terminal
La(m) Xa(m) Xa(m) Xa(m)
200 199.2 0.05 192.8 0.48 202.8 0.19
300 298.2 0.12 295.8 0.28 300.1 0.01
400 399.0 0.07 395.7 0.29 398.3 0.11
500 498.9 0.07 496.5 0.23 499.6 0.03
600 598.8 0.08 596.4 0.24 599.9 0.01
700 699.6 0.03 697.2 0.19 700.1 0.01
750 750.0 0.00 747.6 0.16 750.2 0.01

Table 4

Location results when v = 2.0 x 10% m/s.
True Two- /% SINGLE- /% Improved /%
value terminal TERMINAL single-terminal
La(m) Xa(m) Xa(m) Xa(m)
200 138.0 4.13 52.0 9.87 202.6 0.17
300 248.0 3.47 162.0 9.20 300.1 0.01
400 360.0 2.67 273.0 8.47 397.9 0.14
500 471.0 1.93 385.0 7.67 499.5 0.03
600 582.0 1.20 496.0 6.93 600.1 0.01
700 694.0 0.40 608.0 6.13 700.1 0.01
750 750.0 0.00 664.7 5.69 749.8 0.01

higher NCC, smaller MSE, and higher SNR. Moreover, the PD
waveform after denoising is more conducive to subsequent
analysis.

(3) This paper proposes an improved single-terminal PD location
method based on time compensation as well. With this method, it
eliminates the problem of large location error caused by the
improper wave velocity of the PD signal in the traditional loca-
tion methods, and avoids the synchronization problem existing in
the two-terminal location method. In practice, the wave velocity
will change with transmission distance, the method takes it into
consideration to further improve the location accuracy.

(4) It is proved by simulation model that the proposed method has
higher location accuracy and better robustness compared with
the traditional single-terminal and two-terminal location
methods even though the PD sources are at different positions.

In this paper, the proposed PD location method has high location
accuracy for a single PD source. However, when there are multiple PD
sources at the same time, the PD signals affect each other, so it is
necessary to match and identify the PD signals first, and then locate the
PD sources. In the follow-up study, we will study the location method
when multiple PD sources exist simultaneously.
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