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1 | INTRODUCTION

1.1 | Background

Partial discharge (PD) diagnosis is a crucial tool to assess the insulation condition of wind
farm cables. Among PD diagnosis techniques, PD localisation is promising as it can pro-
vide target maintenance indicators on the insulation weak points of the cables. Accordingly,
this paper developed a portable PD detection and location system for wind farm inter-array
cables. The system consists of two non-invasive and lightweight testing units, which can be
conveniently deployed on an enetgised cable, enabling highly efficient online PD diagnosis
of the widely distributed inter-array cables. The system achieves accurate PD localisation
of the energised cable via an improved double-sided travelling wave method. The method
exhibits two superior features: the double-sided testing units are accurately synchronised
via the joint application of Global Position Systems and a pulse-based interaction process,
and a windowed phase difference method is proposed and integrated into the system to
robustly estimate the time-of-atrival difference in low signal-to-noise ratio environment.
Validation experiments were conducted on both a 10-kV cable in the laboratory and a real
35-kV cable in an on-shore wind farm.

the insulation deterioration degree of the cables, which has
proven to be the main cause of most cable failures [5, 0].
According to the standard IEEE 400.4 [7], offline PD diagnosis
of MV cables is required in their commissioning phase by

The number of wind farms has substantially increased in recent
years with the increasing global demand for renewable energy.
In wind farms, inter-array medium voltage (MV) cables atre
fundamental to transmitting the power from turbines to high-
voltage substations. Experiences of the last 20 years have shown
that MV cables are the largest contributor to power failures
in wind farms [1]. Wind farm operators continue to increase
investment in improved tools to collect accurate and detailed
information on the condition and performance of the MV cable
networks to maintain their high reliability and availability [2].
This strategy is known as condition-based maintenance [3, 4].
Partial discharge (PD) diagnosis is a sensitive tool in
condition-based maintenance of MV cables as it directly reveals

energising the cables with a damped alternating current voltage.
The technique has proven useful in ensuring the integrity of
the cables [8, 9]. However, recently some researchers [10, 11]
pointed out that PD activities in MV cables are a dynamic
physical phenomenon related to temperature, electrical stress,
ambient conditions and mechanical stress factors. This causes
the offline PD diagnosis technique to be insufficient to cover
the entire life cycle of the cables. As an alternative solution,
online PD diagnosis of MV cables has demonstrated its special
superiority of flexibility, timeliness and no need to de-energise
the cables [4, 12, 13]. In the online PD diagnosis process, PD
localisation is an essential step as it provides the exact location
information of the PD source, improving the efficiency of
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subsequent maintenance actions. However, achieving accurate 3
online PD localisation of MV cables remains challenging, A Lyp Lyg =Ly A
primarily due to synchronisation problems and field noisy %
interferences. I GPSp trigger
GPS, trigger | Ay

Side A PD Side B

1.2 | Related work Cable

The travelling wave method is the most commonly used
approach for PD localisation of power cables [14-22]. It is
mainly divided into two categories: single-sided [14] and double-
sided methods [15]. Since an energised cable is always connected
to others and the reflection at the remote side would be very
weak, the single-sided PD location method can only perform
satisfactorily on very short cables. In contrast, the double-sided
method does not have such a problem and is more suitable for
online PD localisation. Nevertheless, the difficulty in synchro-
nising the PD detectors at double sides has posed a challenge
for the double-sided location method. Global position system
(GPS) is the most widely used, but its synchronisation preci-
sion fluctuates and is very susceptible to environmental factors,
for example, weather and the surrounding geography. In [10],
inspired by the power carrier communication technique, an
alternative synchronisation approach was proposed for cable
PD localisation based on pulse injection and the approach is fur-
ther improved in [17, 18]. However, the survey in [19] showed
that the in-field reliability of this pulse synchronisation approach
sometimes might fail, particulatly in noisy environments where
the noise levels are as high as the injected pulses.

Different kinds of electromagnetic interferences can signif-
icantly reduce the PD localisation accuracy by influencing the
determination of the accurate time-of-arrivals of the PD pulses
in online PD measurement. In [20], representative time-of-
arrival estimate methods were summarised for PD localisation
of cables, and the energy criterion and phase difference meth-
ods were shown to be more accurate than the threshold method,
Akaike information criterion and Gabor centroid method. In
[21], the energy criterion method was also proven to be more
accurate than the peak method, considering the high-frequency
attenuation and dispersion characteristics of the PD signals in
cables. In [22], the phase difference method was successfully
applied in the single-sided PD localisation of cables. All the
above-presented methods did not deal with noise problems, so
they may fail to be applied for online PD localisation in wind
farms cables as vatious noises may couple to the cables from
the controlling and switching devices in wind turbines. These
noises mainly include discrete spectrum noise and white noise
[23]. Discrete spectrum noise mainly arises from carrier com-
munication, radio communication, high-order harmonic etc.,
whilst white noise is mainly caused by equipment thermal noise,
ground noise, rand noise etc. [24].

1.3 | Contribution and paper organisation

The current study was motivated by the limitations of the above-
mentioned methods for PD localisation, offering the following
main contributions and improvements.

[ | ¢
i PD detector i

FIGURE 1 The classical double-sided partial discharge (PD) location
method.

1. An improved online double-sided PD location method is
developed. Reliable synchronisation of the double-sided PD
detectors is achieved by the joint application of GPSs and a
pulse-based interaction process.

2. A windowed phase difference method is proposed to esti-
mate the time-of-arrival difference between the PD pulses
collected by the PD detectors at the double sides of the
cable. It is proven to be effective in a low signal-to-noise ratio
environment.

3. A portable PD detection and location system is developed
based on the methods proposed above. Its effectiveness
and feasibility were validated through laboratory and field
experiments.

The rest of this paper is structured as follows; Section 2 for-
mulated the improved double-sided PD location method. In
Section 3, the windowed phase difference method is proposed.
In Section 4, the portable PD location system is implemented.
In Section 5, laboratory validation of the developed methods
and system is thoroughly discussed. In Section 6, an application
case of the developed system is discussed. Conclusions and final
remarks are drawn in Section 7.

2 | PRINCIPLE OF THE IMPROVED
DOUBLE-SIDED PD DETECTION AND
LOCATION METHOD

2.1 | The classical double-sided location
method

When a PD source occurs in the underground cable, high-
frequency pulses generated by the PD soutce can propagate in
two directions and to the cable ends, as shown in Figure 1. PD
detectors deployed at the double sides of the cable can capture
these PD pulses and the PD source location can be estimated by
analysing time-of-arrivals (TOAs) of these pulses. The location
Lpp of the PD source is formulated as

Lag — (g + Algyn — 14) -2
5 ) @

Lpp =

where L,p is the cable length, 74 and #3 are the TOAs of
the two pulses originating from the same PD activity and are
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ty Step 2) The other pulse £ is injected into the cable at Side
A 1y Ly Lyg = Lyp A B at the time #; (3 > #) after a time delay. The pulse
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FIGURE 2  The improved double-sided PD location method.

detected by the PD detectors at Sides A and B, respectively,
Aty is the synchronisation error between the two PD detec-
tors, which depends on the performance of the GPSs and » is
the propagation velocity of the PD pulses, which is unknown
and depends on the material and structural properties of the
cable [25]. Equation (1) reveals that the PD localisation accu-
racy strongly depends on the synchronisation error Akyy;, the
estimated propagation velocity » and the estimated TOAs 74 and

1.

2.2 | The improved double-sided location
method

The synchronisation error Afgyy caused by the double-sided
GPSs is inevitable and always randomly fluctuates, depending
on the surrounding environment and weather, so we inserted
a pulse-based double-sided interaction process into the classi-
cal PD location method to eliminate Azgyy (by simultaneously
estimating the propagation velocity »), as shown in Figure 2.
The improved PD location method is divided into three sub-
processes: (i) GPS triggering, (ii) pulse-based double-sided
interaction and (iii) PD localisation. They are described as
follows:

Firstly, the two PD detectors are triggered by their respec-
tive GPS to collect data. The total length of the data is sampled
in one complete power frequency cycle (i.e. 20 ms) to cover
enough PD pulses. The collected data in Sides A and B are
defined as # (7) and ug (?), respectively.

Secondly, the pulse-based double-sided interaction process
is activated after triggering GPS within a short time window
(e.g. 100 us). A three-step procedure is described as follows (see
Figure 2) to better explain the process:

Step 1) A pulse P, generated by the pulse injector is
injected into the cable at Side A at the time #. The pulse
P, propagates along the cable and arrives at Side B at
the time #.

I propagates along the cable and arrives at Side A at
the time #. The propagation time of the injected pulses
from Side A to Side B can be calculated as follows:

T = (f4 - fl) g (h - tZ)‘ (2)

The propagation velocity of the injected pulses in the
cable can be estimated by

Lap
= . 3
2 ©
Step 3) The absolute time zero of the data sequence #y (¢) is
defined as #), whereas that of the data sequence #(?) is
defined as (1, — 7). The synchronisation error Afgyy
in Equation (1) can be thus estimated as

AfSYN = l‘l - tZ + T (4)

Finally, after the pulse-based double-sided interaction process,
the two detectors continue to collect PD data until the sampling
time reaches 20 ms. Incorporating Equations (1), (2), (3) and (4),
the PD location Zpp can be rewtitten as

Lag -ty — 1) — (1 — B)]
(B —1n) — B —b)

®)

Lpp =

In contrast to Equation (1), Equation (5) eliminates the synchro-
nisation error and the need for the exact propagation velocity.

In the above process, the amplitudes of the injected pulses
should be significantly larger (e.g. several V) than those of PD
pulses (i.e. weak signals with several, tens or at most hundreds
of mV) in order to ease its identification. The solution in this
paper is to use a high-amplitude pulse generator, which will be
described in Section 4.1. Moreovet, elimination of the influence
of PD pulses or impulse noises can also be achieved via repeat-
edly activating the pulse-based double-sided interaction process
since PD pulses or impulse noises always occur randomly, whilst
the injected pulses always occur at the set time.

3 | PRINCIPLES OF THE IMPROVED
TIME-OF-ARRIVAL DIFFERENCE
ESTIMATION METHOD

According to Equation (5), the PD localisation accuracy
depends on the estimation accuracy of TOAs of the injected
pulses and PD pulses. Since the injected pulses are controllable
and their amplitude and rising time can be deliberately set to
be high and fast, respectively, the TOAs of the injected pulses
1, b, t; and #; can be easily determined via the simple thresh-
old method. In contrast, determining the TOAs of the PD
pulses is challenging as their amplitudes are always low,
causing them to be susceptible to background noise
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interferences [26]. In this section, a windowed phase difference
method is developed to robustly estimate the TOA difference
of the PD pulses (i.e. the sub-equation A7 = (4, — f3) in
Equation (5)) to reduce the influence of the noise interferences.
In order to better explain the method, the classical phase
difference method is first reviewed and the developed method
is subsequently described.

3.1 | Classical phase difference method
Let us consider two noisy sub-signals x (#) and xp (), obtained
by sliding a time window with the length 7;, on #, (¢) and g (2),
respectively. 73;, can be conveniently chosen to be two to three
times the propagation time 7" of the PD pulses travelling in the
entire cable. In the time window, x (#) and xp (#) contain a PD
pulse, respectively, and the pulses in x, (#) and xp(7) originate
from the same PD activity. Examples of x (#) and xp (#) can be
found in the laboratory and field experiences in Section 5.
While PD pulses between x (#) and xp(#) are related, since
noises between x (#) and xp (#) are generally unrelated, correla-
tion analysis between x, (#) and xp (#) can reduce the influence
of the noises on determining their TOA difference [27]. The
phase difference method is a representative correlation analysis
approach to estimate the TOA difference between two related
signals [21, 28]. It provides the TOA difference estimation only
based on the cross-power spectrum phase, that is, the phase of
the frequency domain representation of the cross-correlation
between the two signals x () and xp (#). The phase difference
method is completed in the following three steps.

Step 1) Cross-power spectrum ¥(w) of the two signals
xa (#) and xp (7) is calculated as

Xy (@) - X (@)

Y(w) = ©)

X (@) X @)

where X, (w) € C is the Fourier transform of x (#) and
X () € Cis the complex conjugation of the Fourier
transform of xg(#). The ¥(w) modulus (i.e. |¥(w)]) is
identically equal to 1 and the phase of ¥(w) (i.e. £¥(w))
is equal to the phase difference between X, (w) and
XB (Cl))

Step 2) Generalised cross-correlation R(T) of the two sig-
nals x5 (#) and xp(#) is defined as the inverse Fourier
transform of W(w), that is

v

R() = % /‘P (@) - &7 dw. ©)

-7

Step 3) The TOA difference Az between the pulses in x5 (£)
and xp(7) is estimated by searching for the maximum

absolute value of R(T), as follows [28]:

At = arg max |R(7)], 8)
T

where Az is always positive, because Equation (8)
assumes that the PD pulse in x5 (#) is later than that
in xg(#) (e 2y > fg). If the PD pulse in x,(?)
is eatlier than that in xg(#), Af should be trede-
fined as (A7 — 7;,). The chronological order of the
two PD pulses in xu(#) and xp(?), respectively, can
be conveniently determined by comparing the times
corresponding to their peaks.

3.2 | The improved windowed phase
difference method

According to Equation (7), it can be observed that R(T) uses
all the frequency components in W(w). This is a good strat-
egy and can make the result robust if the target signals have
a wide frequency spectrum distribution. However, in practice,
the main energy of the frequency spectrum of PD signals mea-
sured in cables is always limited in a relatively narrow frequency
sub-band (e.g: a few MHz), while noises are almost distributed
in the entire frequency pass-band (e.g. tens or hundreds of
MHz) [23]. Therefore, selecting the PD-associated frequency
sub-band in ¥(w) to calculate R(T) can improve the robust-
ness of the TOA difference estimation. Since the exact central
value of the frequency sub-band of PD pulses is unknown in
field measurement, depending on the material, size and loca-
tion of the PD source [29], we apply a sliding frequency-domain
window on W(w). Equation (7) can be rewritten as

Ve

r(r,/)=%/\P(w)-G(lwl—w/)-e/‘”fdco, )

-7

where @, is the frequency offset corresponding to sub-band /,
G () is a symmetric Gaussian frequency-domain window, cen-
tered at w = 0 with frequency support [—B;, B]. In principle,
the B¢, value depends on the frequency components of the mea-
sured PD signal. Since the main energy of the frequency band-
width of the PD signals measured in MV cables is always within
a few MHz [14, 15, 20, 22], B¢, can be conveniently set as a
few MHz, for example, 2 MHz, which is used in the subsequent
laboratory and field experiments and is validated to be feasible.
A two-dimensional generalised cross-correlation spectrum
r(t,/) can be obtained by sweeping the cross-power spectrum
W(w) over the frequency sub-bands:

w, =/.Hg ! =0,1,..,L —1, (10)
where F; is the frequency hop and L is the number of sub-
bands and can be chosen to cover those frequencies up to the
Nyquist limit of . = |[(m — Bg + H¢)/He]. In principle,
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the smaller the A value, the higher the resolution of r(t,/)
is. On the other hand, too small /. can lead to additional
computational overhead. Therefore, the H; is recommended
to be empirically set as about one-fifth of B,.

To eliminate the influence of noises, we need to first identify
the sub-band /; containing most of the PD signal components
and then estimate A7 by searching for the maximum absolute
value of 7(7, 4)) as formulated in Equation (8). Since the sub-
band with PD signal can produce a larger maximum absolute
value of 7(t, /)) than that of noises, the above two steps can be
completed simultaneously by searching the maximum absolute
value of (7, /), which is formulated as

At = arg max |r(t,/)|. 11
T

Similar to Equation (8), Az in Equation (11) should be redefined
as (A7 — 1y;,) if the PD pulse in x5 (7) is eatlier than that in
xp ().

Moreover, when the proposed method is used for the farm
wind cables, some possible concerns ate specifically clarified as
follows.

First, it is important to point out that since the physical struc-
tures and electrical parameters of the terminals at both ends of
a farm wind inter-array cable are always symmetrical [30], the
waveforms between PD signals collected by the double-sided
PD detectors are similar, despite the difference in their mag-
nitudes (more details can be found in measured PD signals in
Section 6). This is the premise of the phase difference method
effectiveness, based on the correlation between the PD signals.

Second, the high-frequency attenuation and dispersion natute
of the cables can cause the PD waveform to become ‘shortet’
and ‘fatter’ [31]. If the PD source does not locate in the cable
middle (ie. Lyp/2), the waveforms between the PD signals
detected at both ends of the cable can differ, more or less.
Nevertheless, in [22], it has been proven that the influence
of the attenuation and dispersion characteristics on the phase
difference method accuracy is negligible.

In addition, since the running cable is connected to other
cables, some reflections caused by the impedance discontinu-
ities (i.e. other cable terminals) can be detected after the PD
signal. The reflections magnitude is significantly lower than
that of the PD signal due to the high-frequency attenuation
nature of the cables [25]. In [20], it has been proven that the
low-amplitude reflections hardly reduced the phase difference
method accuracy.

4 | IMPLEMENTATION OF THE
PORTABLE PD DETECTION AND
LOCATION SYSTEM

The developed system consists of a server and two PD testing
units, as shown in Figure 3. Each testing unit, which includes
a hybrid sensor and an analyser, is deployed at each side of the
cable. The weight of each testing unit is less than 10 kg; thus, it
is easy to carry and install. The hybrid sensor is installed on the

Cable

FIGURE 3  Schematic of the portable double-sided PD detection and
location system.

High frequency

Jcurrent transformer
PD

detector Preprocessing circuit

Pulse
injector

Pulse generator

Pulse
njection coils

FIGURE 4 Components of the hybrid sensor.

earth wire of the cable. During a measurement, the server sends
orders to start the testing units and receives the collected PD
data via a 4G/5G communication network. A comprehensive
analysis of the PD data from the testing units is completed on
the server. More key details of the hybrid sensor and analyser
are described in the following sub-sections.

4.1 | Hybrid sensor

The hybrid sensor consisted of a PD detector and a pulse
injector, as shown in Figure 4. The PD detector consists of a
high-frequency current transformer and a pre-processing circuit
and the pulse injector consists of pulse injection coils and a sim-
plified pulse generator. Implementation of the components in
the hybrid sensor is described as follows.

A high-frequency current transformer is used as the sensor in
the PD detector because of its high sensitivity, wide frequency
band and non-invasive placement [32]. The pre-processing cit-
cuit consists of a transient overvoltage protection module to
protect the sequent circuit from the injected high-amplitude
pulses and an instrumentation amplifier with a gain of 0 dB and
pass-band frequency from 0.1 to 20 MHz. The sensitivity and
pass-band frequency of the whole PD detector were measured
as 5.6 mV/mA and 0.18-20.3 MHz, respectively.

The pulse injection coils have a manganese zinc ferrite core
with high magnetic permeability of 3000 to increase the cou-
pling efficiency of the injected pulse. The equivalent circuit of
the pulse generator is shown in Figure 5. The working pro-
cedure of the pulse generator is briefly described as follows.
First, the metal-oxide-semiconductor field-effect transistor G
(DE475-102N21A, IXYS) is opened and the 1,000-V DC
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Equivalent circuit of the pulse injection process in a running

supply charges the capacitor C with the current-limiting resis-
tance R. Second when a pulse needs to be injected, G is closed
for a short while (e.g. 400 ns) and then opened again. As a result,
a high-amplitude pulse is produced on the coils and partly cou-
pled to the earth wire of the cable via the mutual inductance
M. The role of the damping resistance R, in series with the
pulse injection coils is to suppress the high-frequency oscilla-
tion of the injected pulse. Moreover, it is important to point
out that the additional pulse injector hardly increases the cost
of the system since its total cost is only 100 USD, which is
significantly less than that of the high-speed acquisition and
processing system in the analyzer (e.g. with the cost of about
2500 USD).

The pulse coupled to the earth wire can further be coupled
to the target cable, as shown in Figure 6. The voltage #,, (@)
of the pulse coupled to the target cable can be calculated in the
frequency-domain as

— Zi
- 'Z1 +Zz+r+/a)L0

oyt (CU) tin (CU), (1 2)

where #, (@) is the voltage of the generated pulse on the pulse
injection coils, £ is the coupling ratio of the pulse injection
coils (e.g 0.1), Z; is the impedance of the target cable, 2, is
the impedance of the power equipment connected to the target
cable, that is, one or more cables, and r and L, are, respec-
tively, the equivalent resistance and inductance of the loop that
consists of the ground, the earth wires and the conductor con-
necting the two cables. Since the main energy of the frequency
spectrum of the injected pulse is concentrated in the range of
a few MHz, (r + jwl,) is much smaller than (7} + 25).

Therefore, Equation (12) can be simplified as

Z

Xk o/
Hoye (@) 7+ 7

<ty (@) . 13)

It reveals that the generated pulse on the injection coils can be
proportionally injected into the cable.

4.2 | Analyser

The analyser consists of four components: a central process-
ing module, a 5G communication module (5G RG200U-CN,
QUECTEL), a commercial GPS module (UM220-III, UNI-
CORECOMM) and an improved data collection module. The
data collection module is equipped with a single-channel
analogue-to-digital converter (ADC) with a resolution of 12-bit
and a sampling rate of 125 MS/s. The time base error between
the two ADCs of the double-sided analysers is inevitable and
mainly depended on the frequency accuracy of their crystal
oscillators. The error can gradually accumulate as sampling time
increases, leading to non-negligible PD location errors. Thus,
the conventional voltage-controlled crystal oscillator in the
commercial ADC, which has a frequency error of several ppm,
is specifically replaced by the oven-controlled crystal oscillator
(AOCJY7TQ, ABRACON) for such application of double-
sided PD localisation. AOCJY7TQ has less than 0.05 ppm
frequency error in the temperature range from —40°C to 70°C.
In other words, the time base error between the two improved
data collection modules is less than 1 ns while the sampling time
was up to 20 ms.

5 | LABORATORY VALIDATION
EXPERIMENT

5.1 | Layout of the testing platform

A testing platform with a 353-m 10-kV cross-linked polyethy-
lene cable was built in the laboratory to validate the effectiveness
and feasibility of the proposed methods and developed sys-
tem, as shown in Figure 7. Since a running wind farm cable is
always connected to other cables in practice, two 30 £ resistors
were connected with the double sides of the cable to simulate
the impedances of these outer cables. Two testing units were
deployed at the double sides of the cable and hybrid sensors
were mounted on the earth wires of the cable. A laptop (the
server) was used to control the two testing units and collect and
analyse the measured data. A programmable PD simulator was
used to simulate a PD source and was mounted on the cable
161 m from Side A. The principle of injecting the simulated
PD pulses via the PD simulator is similar to that of the devel-
oped pulse injector in the hybrid sensor. The PD simulator can
produce a series of pulses with waveforms similar to those of
real PD pulses in cables, that is, the most representative double
exponential attenuation pulses [33] (More waveform details of
the simulated PD pulses can be found in Section 5.3).
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FIGURE 7 Layout of the testing platform.

1 T T -

6.616ps |
205 P /‘V\f’\N |
Q
E oK il | | | I T | ] 1
£
<-0.5 1
1 . .
0 5 10 15 20
time (ms)
(@)
1 T T :
R 2416 s
£ 051 / f W\/\ i
-8 1 1 ] 1 | 1 1 I I 1
£ 0
£
<-0.5¢ 1
1 L L "
0 5 10 15 20
time (ms)
(b)

FIGURE 8 Waveforms of the collected signals (The zoomed-in insets
display the waveform details of the injected pulses); (a) at Side A and (b) at Side
B.

5.2 | PD location results

The amplitude of the pulses produced by the simulator was pro-
grammed to vary from approximately 0.2 to 0.4 V. The two
testing units were triggered by their respective GPSs to collect
data. The signals recorded by the two testing units are shown
in Figure 8. The injected pulses are located at the start of the

collected signals, and their TOAs are calculated as 4 = 5.008 us,
1, =17.300 us, 5 = 9.716 us, #4 = 11.624 us. Calculations of the
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FIGURE 9 PD location maps (blue dotted lines denote the actual
location of the PD simulator and grey dots denote partial discharge events); (a)
the classical method and (b) the proposed method.

propagation time of the injected pulses via Equation (2) reveal
that the pulse was travelling from Side A to Side B in 2.100 us,
indicating the pulse propagation velocity of 168.1 m/us. The
synchronisation error of the GPSs is calculated as 0.192 s via
Equation (4). Taking the first PD pulse after the inject pulses as
an example, the TOA difference (i.e. (f4 — #3)) is calculated as
—0.380 us. Finally, the PD location is calculated as 161.0 m via
Equation (5).

The above measurement was repeated 150 times. With all the
recorded data, the PD location of each simulated PD event was
calculated and is shown in Figure 9. Figure 9a collects the PD
location map obtained by the classical double-sided PD location
method, using the trigger time of the GPS as the absolute time
zero. It can be observed that the mean of the PD events devi-
ated significantly from the actual value and their variance is also
large. Moreover, the mean deviation and variance are expected
to be larger in field measurement due to possible larger syn-
chronisation errors of GPSs caused by the more complex and
diverse environment and weather, as well as without provid-
ing the pulse propagation velocity. Figure 9b collects the PD
location map obtained by the proposed PD location method,
using the injected pulses to redefine the absolute time zero in
each measurement. It can be observed that the mean of the
PD events is close to the actual value and their variance is very
small.

In conclusion, the added pulse-based interaction process of
the proposed method can significantly improve PD location
accuracy. Nevertheless, it is important to point out that the GPS
triggers are still essential in field measurement because they can
ensure that the double-sided testing units are reliably triggered
even in a high-level noise environment, which is the premise for
the pulse-based interaction process to function normally.
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FIGURE 10 Time-domain and frequency-domain waveforms of the PD
pulses and noises collected by the developed system. (a) Simulated noiseless
PD signals measured in the laboratory cable and (b) the noises measured in a
real 2032-m 35-kV cable in an on-shore wind farm.

5.3 |
results

Time-of-arrival difference estimate

In this sub-section, the proposed TOA difference estimate
method is applied to synthetic noisy PD signals, which are fully
controllable and can be used to validate and stress the method
in extreme conditions (e.g. with a very large impact of noise).
Simultaneously, the proposed method is compared with the
state-of-the-art alternatives, the energy criterion method [20]
and the phase difference method [22].

The synthetic noisy PD signals were obtained by proportion-
ally adding noises on noiseless PD signals. The noiseless PD
signals are the simulated pulses measured by the developed sys-
tem in the laboratory cable, as shown in Figure 10a. The onsets
of the two noiseless pulses can be visually identified and their
TOA difference is calculated as 24 sampling points. As shown
in Figure 10b, the noises were measured by the developed sys-
tem in a real 2032-m 35-kV cable in an on-shore wind farm.
It can be observed that the noises contain both representative
white noise and discrete spectrum noise. In addition, the centre
frequency of the discrete spectrum noise is close to that of the
PD pulses. Thus, the noises can be used to simulate the worst
noise case in field measurement.

The waveforms of the synthetic noisy PD signals, their cross-
power spectrum phase curve and the TOA difference estimate
results are shown in Figure 11. Three possible situations are
considered: (i) Case I: no noise, (ii) Case II: low-level noise,
(iif) Case III: high-level noise. According to the recommended
parameter selection of the proposed method in Section 3.2, the
value of frequency support B is set as 2 MHz (i.e. 12 sampling
points when the sampling frequency is 125 MHz and the total
number of sampling points is 750). The value of the frequency
hop H; turns out to be 0.4 MHz (i.e. 2 sampling points). In
Case I, no noise is added to the synthetic PD signals and thus,

their cross-power spectrum phase curve (.e. £Z¥(w) is almost
perfect to be used in the phase difference method for TOA
difference estimation, as shown in the first row and the first
column in Figure 11. Because the TOA difference between the
various frequency components of the two signals is a constant,
the phase difference between the two PD signals increases as
the frequency increases, causing the phase curve to be a saw-
tooth wave. The TOA difference estimation results reveal that
the energy criterion, phase difference and the proposed meth-
ods all perform perfectly, as shown in the last three columns of
the first row in Figure 11.

In Case II, low-level noises are added to the synthetic PD
signals and the sawtooth wave characteristic of the cross-power
spectrum phase curve becomes unclear, as shown in the sec-
ond row and the first column in Figure 11. Compared with the
noiseless signals in Case I, it is quite difficult to visually iden-
tify the onsets of the noisy PD signals. Nevertheless, the energy
criterion, phase difference and the proposed methods are still
effective, as shown in the last three columns of the second row
in Figure 11. Moreover, the results reveal that the errors of the
energy criterion and phase difference method are slightly larger
than that of the proposed method.

In Case 111, high-level noises are added to the synthetic PD
signals and the sawtooth wave characteristic of the cross-power
spectrum phase curve is more unclear, as shown in the last row
and first column in Figure 11. The results reveal that the energy
criterion and phase difference methods fail to estimate the TOA
difference, while the proposed method is still effective, despite
having a small error, as shown in the last three columns of the
second row in Figure 11.

In conclusion, the proposed TOA difference estimation
method performs more robustly than the state-of-the-art energy
criterion and phase difference methods in a low signal-to-noise
ratio environment, which is actually inevitable in the online PD
measurement of wind farm cables.

6 | AN APPLICATION CASE

On-site testing was carried out on a real 485-m 35-kV cross-
linked polyethene cable in an on-shore wind farm, as shown
in Figure 12. Two testing units were conveniently mounted on
the earth wites of the cable. The two testing units collected the
noisy PD signals, as shown in Figure 13. The injected pulses
are located at the start of the collected signals, and their TOAs
are calculated as # = 5.008 us, t, = 7.424 us, 5 = 10.272
s, 1y = 32.328 us. Calculations of the propagation time of
the injected pulses via Equation (2) reveal that the pulse trav-
elled from Side A to Side B in 2.848 us, which equates to a
pulse propagation velocity of 170.3 m/us. Moreover, the syn-
chronisation error of the GPSs is calculated as 0.432 us via
Equation (4), leading to several tens of meters of PD location
error, demonstrating the necessity of the pulse-based interaction
process.

In addition, it can be observed in Figure 13 that the signals
contain severe noises, including continuous noise interfer-
ences and various impulse noise interferences, causing it to be
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FIGURE 12 TLayout of the developed system on a real 485-m 35-kV cable
in an on-shore wind farm.

challenging to identify any PD activity. To further interpret the
collected signals, their PD location map was calculated via a
three-step procedure as follows:

Step 1) A threshold value is defined to identify the pulses in
each signal. It is set as 30, a statistic value suggested in

6 us) to extract pulses, which is wide enough to cover a

PD pulse.

Step 2) TOA differences between the pulses of the two

signals are calculated via the proposed TOA estimation
method, as shown in Figure 14. Similar to laboratory
experiments, the parameters By and H are set as
2 MHz (i.e. 12 sampling points) and 0.4 MHz (i.e. 2
sampling points), respectively.

Step 3) PD locations are further calculated, as shown in

Figure 15. It can be observed that there are repeated
PD events located at 310.7 m from Side A, where
there is a middle joint 308 m from Side A. In addi-
tion, it is important to point out that although a few
PD pulses can inevitably overlap with the impulse noise,
which may lead to errors of a single PD location estima-
tion (like these randomly distributed scattered points in
Figure 15), the accuracy of the final PD location estima-
tion is hardly reduced by these spurious points since it
is identified via statistically averaging the location values
of the concentrated points (like the cluster of the points
in the middle of Figure 15)

[34], where o is the standard deviation of the signal. The After 5 days of this testing, the staff replaced and dissected the
threshold values of the signals collected at Side A and joint, as shown in the middle of Figure 12. Visible damage to
Side B are calculated as 0.023 and 0.052 'V, respectively. the semiconductor layer due to improper manual manipulation

In addition, the window width 7,

win 18 setas 750 (i.e. was obsetved. Then we ran a second PD test on the cable.
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FIGURE 14 Estimation results of the time-of-arrival difference between
the two PD pulses in the zoomed-in inset in Figure 13 after eliminating the
synchronization error of the GPSs. (the red star mark denotes the maximum
value of the two-dimensional generalised cross-correlation spectrum |r(, /)|).

No PD event was found, thereby confirming that the damage
of the semiconductor layer was the cause of the PD events and
demonstrating the effectiveness and accuracy of the proposed
methods and system.

Moreover, Figure 15 also shows that the other two clusters
of repeated events locate at the double sides of the PD location
map and are similar to the cluster of the PD events. So, it can
be inferred that the two clusters were caused by the impulse
noise interferences that may originate from the other power
equipment connected to the cable, for example, the corona dis-
charges from overhead lines or the switching noise from wind
turbine gearboxes [35]. It can be observed that the PD pulses
and the impulse noise interferences, which are mixed in the time
domain (see Figure 13), can be automatically separated in the
PD location map. This reveals that the PD location map can
assist in eliminating the influence of impulse noise interferences

on online PD measurement, demonstrating the added benefit of
the double-sided PD detection and location method.

Finally, it is essential to mention that the entire testing
process—including the installation of testing units, signal collec-
tion and data analysis—was completed within 20 min, requiring
only three technicians (two for PD measurement system instal-
lation and one for data analysis). Table 1 lists a detailed
comparison of the developed system and the widely used
off-line PD measurement systems (i.e. series resonance PD
measurement system [36] and oscillating wave PD measurement
system [37]) on weight, cost, time for one testing, and required
manpowet. It can be observed that compared with the commer-
cial off-line PD measurement systems, which require a heavy
high voltage generator, dozens of technicians, and several hours
for a PD measurement, the developed system is more portable,
cost-effective, time-saving and manpower-saving, thus allowing
more high-efficiency PD measurement of numerous and widely
distributed inter-array cables in wind farms.

7 | CONCLUSION

In this paper, a portable PD detection and location system is
developed to online assess the insulation condition of wind farm
inter-array cables. An improved double-sided travelling wave
method achieves PD detection and localisation in this system.
The proposed solution offers three important technical bene-
fits: (1) The hybrid synchronisation approach is developed via
the joint application of Global Position Systems and the pulse-
based interaction process. The synchronisation approach not
only can eliminate the inherent random errors of the GPSs
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but also estimate the pulse propagation velocity of the cable,
thus improving on-site PD localisation; (2) An windowed phase
difference method is developed to robustly estimate the time-
of-arrival difference between the noisy PD pulses collected by
the detectors in low signal-to-noise ratio environment, guar-
anteeing accurate and reliable PD location identification in
the field; (3) The PD location map can automatically sepa-
rate PD pulses from impulse noise interferences, enabling the
easy elimination of their influence. Both laboratory experi-
ments on a 353-m 10-kV cable and an application case on a
real 485-m 35 kV cable in an on-shore wind farm validated
the effectiveness and accutracy of the proposed methods and
system.

Moreover, it is important to remark that the proposed
portable online PD detection and location technique turns out
to be more cost-effective, time-saving and manpower-saving
than the classical offline PD measurement techniques, and can
support more high-efficiency condition-based maintenance of
the numerous wind farm cables.

Future works will investigate a possible application or
improvement of the proposed TOA estimation method for
more complex cases, for example, with a big difference between
the double-sided PD pulses caused by asymmetric cable termi-
nations or with high-amplitude reflections behind the PD pulses
caused by nearby impedance discontinuous points.
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