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Abstract: Electric arcing due to contact interruption between the pantograph and the overhead contact
line in electrified railway networks is an important and unwanted phenomenon. Arcing events are
short-term power quality disturbances that produce significant electromagnetic disturbances both
conducted and radiated as well as increased degradation on contact wire and contact strip of the
pantograph. Early-stage detection can prevent further deterioration of the current collection quality,
reduce excessive wear in the pantograph-catenary system, and mitigate failure of the pantograph
contact strip. This paper presents a novel arc detection method for DC railway networks. The method
quantifies the rate-of-change of the instantaneous phase of the oscillating pantograph current signal
during an arc occurrence through the Hilbert transform. Application of the method to practical
pantograph current data measurements, demonstrates that phase derivative is a useful parameter
for detecting and localizing significant power quality disturbances due to electric arcs during both
coasting and regenerative braking phases of a running locomotive. The detected number of arcs
may be used to calculate the distribution of the arcs per kilometre as an alternative estimation of the
current collection quality index and consequently used to assess the pantograph-catenary system
performance. The detected arc number may also contribute to lowering predictive maintenance costs
of pantograph-catenary inspections works as these can be performed only at determined sections of
the line extracted by using arcing time locations and speed profiles of the locomotive.

Keywords: pantograph-catenary system; current collection quality; arc detection; predictive mainte-
nance; railway electrical networks; Hilbert transform; rail transportation; power quality disturbance

1. Introduction

Smooth dynamic interaction between the contact strip of the pantograph and the
overhead contact line (OCL) is important for the safe and efficient performance of electrical
train transportation services. A reliable contact contributes to minimising short-term power
quality events and establishing good quality current collection to power the train [1,2].
Indeed, a continuous mechanical sliding contact distinguishes high and poor quality cur-
rent collection performance [3-6]. However, it is unlikely that continuous contact can
be maintained for an entire train journey due to mechanical oscillations of the train [7],
horizontal zigzag movement of the pantograph [8], and faults or incorrect adjustment in the
pantograph operating system [9]. Therefore, contact interruption between pantograph and
OCL will occur leading to arcing phenomena which in turn causes a number of unwanted
issues such as: conducted short-term power-quality events; current flow disturbances; un-
desirable radiated electromagnetic emissions [7,8,10-12]; increased temperature at contact
points [13]; increased wear on contact wire and contact strip of the pantograph [3,8,12], and
electric micro-welding phenomena [6]. It is worth mentioning that continuous and steady
development of wear on the contact wire and contact strip of a pantograph can damage
the pantograph frame and the contact strip, deteriorate the quality of current collection,
and result in serious consequences leading to service interruption [8].
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Standard EN 50367 [2] considers either the measured vertical contact force exercised
by the pantograph to OCL or the percentage of arcing (ratio between the total duration
of all arcs to the total run time) as an assessor of pantograph current collection quality.
Therefore, arc detection in railway electrical networks, including their geographical locali-
sation and characterization in terms of time duration, are fundamental for the assessment
of the contact wire lifetime, pantograph lifetime and consequently for the entire safety and
performance of the train transportation service. Furthermore, arc detection and characteri-
zation has a direct impact on lowering the cost of periodical maintenance which can often
be expensive [14,15]. Due to the relevance of arcs and the impact on general power quality
in electrified transportation services, much effort has been devoted to arc identification
techniques by the research community.

In general, arc detection techniques can be grouped into three main categories: those
based on image processing of recorded videos; those based on emission evaluation of
physical quantities such as light, temperature and radiated electromagnetic field; and those
based on the processing of electrical quantities such as voltage and current signals. In this
context, [14] proposed the usage of image processing algorithms to detect arcs occurring in
a pantograph-catenary system. This method requires a video camera to be installed close
to the pantograph. Video frame images are processed by an algorithm in order to detect
pantograph movement with changes in the surrounding background of the processed
images attributed to arc occurrence. Reference [16] proposed the application of threshold
values to binary converted frame images, where the evaluated ratio of white pixels to black
pixels is considered as an index of arc occurrence.

Barmada et al. [15], initially proposed the use of a Support Vector Machine (SVM)
based classification algorithm to detect the presence of arcs. Extracted features of panto-
graph recorded voltage, pantograph current, and signals from phototube sensors were used
to support the proposed algorithm. The method has been shown to achieve an arc detection
accuracy of 80%. Later on, Bermada et al. [17], proposed the use of clustering techniques
to detect arcs by considering only the current signals, this avoiding the deployment of
phototube sensors. Current signals were processed and grouped in 4 classes which indicate
both the presence and magnitudes of the detected arcs.

In reference [18], the authors developed a new arc detection technique by analysing
the recorded locomotive current. It was observed that arc occurrence causes significant
injection of a DC component into the AC current signal, due to increased disturbances in
the transformer magnetizing circuit. This proposed method requires accurate knowledge
of the network infrastructure and the speed of the running train in order correlate and
distinguish DC components caused by other factors, for example by the presence of phase
separation sections. As a consequence, the method cannot be successfully applied for
arc detection in cases when trains cross multiple power separation sections [19], and for
example, when crossing borders from one country to another within Europe [20,21].

Light emission (ultraviolet emission) produced by arcs and measured by phototube
sensors has been proposed in [4] as an appropriate measurement system for arc detec-
tion. Similarly, in Standard EN 50317 [1], a light detector for measuring predefined light
wavelengths emitted by copper material under arcing is proposed. Despite the fact that an
additional measurement sensor is needed, the proposed technique requires different sen-
sors or sensors with appropriate wavelength tuning due to different material-to-material
emission characteristics. For example when trains need to travel from one particular
section characterised by copper contact wire material, to another section characterised
by aluminium alloys or aluminium conductor steel reinforced contact wires [3], or for
example when trains enter tunnels, and an aluminium overhead conductor rail substitutes
a traditional copper contact wire [18].

Significant temperature changes developed at the contact point between pantograph
strip and OCL occur during arc occurrence has been exploited by the proposed method
in [13] for monitoring the current collection quality of a pantograph-catenary system.
Images from a thermal camera installed close to the pantograph continuously recorded
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and fed a number of arc detection image processing algorithms. The temperature of the
contact point was identified by using an edge detection algorithm (Canny algorithm), and
the Hough transform for continuous detection of OCL movement. The main issue with
this particular method appears to be the high computational burden.

Reference [22] proposes a new method for arc detection by analyzing the spectral
content of the electromagnetic field radiation caused by the arc occurrence. The radiated
signals were captured by an antenna and processed for the determination of possible char-
acteristic radiated frequencies. A wide range of measured frequencies were observed in
relation to arc occurrence with the main peak located around 18 MHz. A possible limitation
of method is related to the fact that all analyzed arcs were created in a laboratory environ-
ment. Arcs occurring in practical rail systems may have different radiated characteristic
frequencies, and be influenced by factors such as the length of OCL, number of trains,
respective train positions, and network topology of the employed converters, etc.

The quality of the current collection has also been evaluated by the use of wavelet
multi-resolution analyses [5]. Recorded current signals were decomposed to a 4th level,
and then a comparative analysis by considering the energy of the signal quantified through
Parseval’s theorem employed to discriminate arc occurrences from electric welding phe-
nomena [6]. Although the comparative analysis shows good results, it limits itself only
to detecting the electric welding phenomenon. Hence, the effectiveness of the method to
discriminate against other possible common phenomena in electric railway systems, for
example, the presence of current spikes is still an open question.

Another interesting approach for arc detection has been proposed by measuring the
vertical displacement and lateral accelerations of the OCL when the pantograph passes [9].
The proposed method clearly does not directly detect an arc event, but its consequences
are evaluated. Large deviations of the displacement and acceleration have been associated
to pantographs with contact strip degradation or defects, and hence the method supports
maintenance activities.

Clearly, early-stage defect detection in contact wire and pantograph strip can prevent
excessive wear in the entire pantograph-catenary system, and help maintenance service
improve scheduling of inspection work. To this end, this paper proposes a new method
for arc detection in DC railway systems. The proposed technique does not require any
external equipment to be installed on the train (such as sensors, cameras, or antennas),
because it is based on signal processing of measured pantograph current only. Furthermore,
it does not employ extensive processing techniques, which results in a low processing
overhead, and therefore it can be implemented relatively easy in real-time. The method
exploits the low-frequency oscillation characteristic triggered by an arc occurrence in DC
railway systems. Through application of the Hilbert transform (HT) the instantaneous
phase of the generated signal associated with an arc event is quantified. It is shown
that the instantaneous phase derivative can be employed to detect and localize in time
the presence of arcs. The number of arcs per kilometre can be also calculated to allow
a reliable estimation of the current collection quality index, and consequently form a
valuable assessment of the entire pantograph-catenary system. HT is useful to analyse
non-stationary time series [23], and to detect short-time disturbances. In contrast Fourier
transform and the short-time version assumes signal periodicity and are optimised for
stationary signals analysis [24-26].

The rest of the paper is structured as follows: Section 2 presents an overview of
the arc occurrence mechanism and its impact on the railway network. In Section 3, the
characteristics of the recorded current and voltage signals, containing real arcs are presented.
The proposed detection method is described in Section 4, whereas the simulation results
are presented in Section 5. Section 6 provides a comprehensive sensitivity analysis of the
proposed method. Conclusions are summarised in Section 7.
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2. Definition Mechanism of Occurrence and Impact of Electric Arcs in
Railway Network

Electric arcs in railway transportation networks are physically defined as electric
discharges occurring in the conductive ionizing gas, known as plasma, between the panto-
graph contact strip and the OCL [27]. This air gap forms during pantograph detachment
and consists of three regions. The anode region and the cathode region, which are char-
acterized by a nonlinear voltage drop, and the plasma column region characterized by a
linear voltage drop. The latter is a function of physical distance between the two electrodes
and the physical properties of the plasma [27].

Axcs occur because of the inability of the pantograph to continually stay attached to the
contact wire. One of the main reasons causing this contact interruption is the mechanical
oscillation of the train caused by the irregularity of the track geometry [7], and abrupt
variation of the height of the contact wire mainly when trains enter tunnels [4].

In order to avoid rapid consumption of the pantograph contact strip, the contact wire is
distributed in a zigzag manner throughout the track. Consequently, the pantograph follows
this zigzag movement, and when the contact wire approaches the extreme ends of strip an
increased air gap is developed between the pantograph and OCL, which causes an arc. The
latter has been simulated and confirmed experimentally in a laboratory environment [8,28].

Another relevant cause of electric arcs is a fault in the pantograph mechanism or an
incorrect adjustment of its operating system [9]. These cause either a low contact force to
be exercised by the pantograph to the OCL, which in turn has a negative effect because
it weakens the contact point and so the air gap increases, or it produces a high contact
force that progresses the wear of the contact wire [29]. This wear deteriorates the contact
quality and as a consequence electric micro-welding phenomena occur [6], which makes
the occurrence of arcing more frequent. The arc occurrence mechanism is also negatively
affected by factors such as increased train speed, the collected traction level current, as well
as poor weather conditions including strong winds, snow, and ice [2,8,9,28].

Electric arcs are notorious for producing electromagnetic phenomena which propagate
to the entire railway network. A wide range of injected electromagnetic frequencies have
been observed during arc occurrence where some of them can excite resonant frequencies
of the employed network components (such as filters and contact lines) [10,30], together
with DC components induced in AC signals as a result of current interruption due to
arcing [18]. Other conducted electromagnetic disturbances resulting from arcs are voltage
transients and oscillations [8,30,31]. Low and high frequency oscillations spanning up to
hundreds of MHz due to arcing phenomenon [7,22] have been electromagnetically radiated
to nearby circuits, and potentially interfering with signaling and radio communications
systems [7,8,10-12,32].

3. Characteristics of Voltage and Current Recorded Signals

This section presents the time domain characteristics of voltage and current signals
measured at the pantograph of a locomotive operating on a 3 kV DC railway network in
Italy. The signals used for this analysis are part of 16ENG04 MyRailS project [33,34] and
can be accessed online [35]. The signals are recorded using a data acquisition system (DAQ)
sampling at 50 kS/s installed on-board the train.

Figure 1 presents two examples of the measured pantograph voltages V;, and currents
I, of two different arc occurrences during the coasting phase of a running train. It can be
observed that initially the pantograph voltage and current signals are relatively steady;,
indicating good and continuous sliding mechanical contact between the pantograph and
OCL. When an arc occurs there is an immediate pantograph voltage V, drop (V.drop 1)
consistent with the research outcomes presented in [27]. Due to contact interruption,
pantograph current I, decreases because of the inability of the arc channel to conduct the
level of current required by the traction drive of the locomotive. This current decrease in
turn causes the stored energy in the magnetic field of the system inductance to be released
instantly [8,10], and consequently causing the voltage spike (V.spike) shown in Figure 1a,b.
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Figure 1. Time domain representation of pantograph voltage V}, and pantograph current I, during arc event 3 and 5
occurred in a coasting phase.

After the first voltage spike, V|, continues to decrease almost linearly up to the point
denoted as V.drop 2. This further decrease can be explained due to the increased gap
between pantograph contact strip and the OCL, and this is again consistent with previous
research studies [27,28]. After this voltage drop (V.drop 2), the pantograph restores its
contact with the OCL, producing a voltage transient followed by oscillations (see the blue
line—V}). This behavior is also confirmed by previous work [7,8] and simulation [10] stud-
ies, and is a typical system response due to an applied transient/impulse. The oscillatory
behavior of V, is reflected in the current signal, causing I}, to oscillate.

Figure 2 shows recorded signals of two arc occurrences during two separate regener-
ative braking phases of the train. It is noted that the pantograph currents have negative
values indicating current leaving the train. In Figure 2a, the arc is associated with a pan-
tograph current magnitude decrease (from —280 A to —200 A approximately), causing a
voltage spike (V.spike) due to the immediate release of stored energy in the magnetic field
of the locomotive inductances. As soon as the contact restores, an immediate pantograph
voltage drop (V.drop) occurs most likely caused by the loading effect of the locomotive
filter, and then followed by a low-frequency oscillation observed both in V, and I,. A more
peculiar behavior of V}, and I, due to an arc is presented in Figure 2b, where the first
pantograph detachment (characterized by an I, magnitude decrease (I.drop 1) and V,
increase (V.spike 1) is followed by a second detachment (characterized by I.drop 2 and
V.spike 2) before the final restoration of the mechanical sliding contact.
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Figure 2. Time domain representation of pantograph voltage V}, and pantograph current I, during arc event 7 and 9
occurred in a regenerative braking phase.
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Many other recorded arcs are considered for the analysis in this paper. These arc
events trigger similar oscillatory patterns experienced by the recorded quantities. Based on
these types of wave forms, the low-frequency oscillation characteristics have been exploited
by the proposed arc detection method presented in the following section.

4. Proposed Arc Detection Method

The proposed detection method is based on the instantaneous phase evaluation of
the low-frequency oscillations triggered by the arc occurrence. As the raw data recorded
at the pantograph level are real valued numbers, a mathematical operation is required
to create an analytic complex valued signal, having both real and imaginary terms, thus
enabling extraction of suitable phase information. In this analysis, the HT [36-38] is
employed to quantify the instantaneous magnitude and phase of the considered time series
signals. The HT is widely used in digital communication systems [39], mechanical vibration
analysis [40], and recently proposed for Power Quality (PQ) disturbance monitoring [26,41]
and Phasor Measurement Unit (PMU) parameter estimation [42]. Equation (1) depicts the
general form of an analytic signal:

y(t) = ye(t) +j-yi(t) = ye(t) +j- HT{y:(t)} 1)

where y,(t) is the continuous time real signal, and y;(t) is the imaginary terms of the
analytic signal that is formed by the application of HT on y;(t) [36-39]. In the time domain
the y;(t) is formed by the convolution operation of y,(t) with the function 1/t [36], as
shown in Equation (2),

yi(t) = ye(t) * ()

whereas, in the frequency domain the HT operation introduces a constant phase shift of
—90 degrees for every positive frequency component, and a 90 degrees for the negative
frequency components present in the signal. This is achieved by using either a digital Finite
Impulse Response (FIR) filter [37,39] or by using the Fourier transform approach [36]. In
this paper the Fourier transform technique is employed to obtain the HT. This is normally
implemented by the following steps:

7Tt

®  Perform the Fourier transform on the real input sequence;

*  Set the DC and the Nyquist component to zero;

e Multiply the positive frequency components of the spectrum by e 1(7/2), and the
negative frequency components of the spectrum by ¢l(7/2);

¢ Perform the inverse Fourier transform on the modified sequence to obtain the imagi-

nary terms of the analytic signal;

Once the analytic signal is created, the instantaneous amplitude A(t) (also known as
envelope function of the signal), instantaneous phase ¢(t), and the rate of change of the
instantaneous phase (ROCOP) are computed by Equations (3)—(5), respectively.

) = /() + (HT {ye(1)})? ©)

—1 HT{y: ()}

¢(t) = tan (t) (4)
ROCOP(t) = d(tt) 5)

Considering the discrete sampled form y;[n] of the real time continuous signal y,(f),
and its respectively calculated analytic signal y[n]=y;[n]+j-y;[n], Equation (5) takes the
form of Equation (6)
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Apln] _ ¢n— ¢na
ROCOP[n] = NN, (6)
where n is the number of samples acquired in y,(t); for a time sampled signal At is the
sampling time which is 20 us, and A¢ is the difference in phase between successive.
A flow chart of the proposed algorithm is presented in Figure 3, where pre-filtering
and post-filtering stages are used to attenuate the external noise of I}, signal and the ROCOP
noise, respectively. These stages are explained in detail in Section 6 of the paper.

Pantograph

\ Pre-Filtering 5 Instantaneous Post-Filtering . \\\‘
Current Ip \‘"—V‘ S Hilbert Transform ‘ ROCOP Stage L Arc detection
\ »

Figure 3. Flow chart of the proposed algorithm.

From the calculated parameters, ROCOP was found to be a good indicator for the arc
detection in DC railway system as it is presented in following section.

5. Results of the Proposed Method

Signals (pantograph voltages and pantograph currents) have been recorded on-board
the Trenitalia locomotive E464, and are categorized in two main groups [35]: arc signals
detected during the traction/coasting phase that for convenience in the following analysis
are identified as arc events 1 to 6, and arc signals detected during the regenerative braking
phase identified as arc events 7 to 13.

Due to larger magnitudes and a longer time durations experienced by the arc triggered
oscillations the following analysis considers the pantograph current as the quantity pro-
cessed. Furthermore, by considering the current quantity, the method will be more immune
to voltage disturbances such as voltage transients that may potentially compromise the
accuracy of the method if Vy, is considered.

Figures 4 and 5 present the instantaneous pantograph currents, together with in-
stantaneous phase angles and instantaneous ROCOP values for all of the coasting and
regenerative braking stage arc signals detected, respectively. To filter the incoming I,
signals from the external noise, a digital FIR filter of order 200 with cutoff frequency set
at 100 Hz has been employed. In the next section an explanation for choosing the said
order and cutoff frequency of the filter is provided. All the required calculations were
performed in Matlab and LabVIEW programming using the HT toolsets provided in these
programming environments.

The instantaneous phase angle calculations for each presented arc events in
Figures 4 and 5 reflect the phase angle behavior during low-frequency oscillations triggered
by the arc events. To avoid ROCOP spikes due to phase angle jumps (passing from 7
to -7t and vice-versa), the phase angle is unwrapped. On the other hand, the ROCOP
calculations provide clear evidence of the presence of an arcing event in all the considered
signals, despite the apparent noise levels seen in the signal of Figure 4f. Noise may affect
any arc detection triggering mechanism, but noise removal may be dealt with through
appropriate filtering techniques. Arcs captured during the regenerative braking stage of the
locomotive also are identified using ROCOP calculations as presented in Figure 5. Further
to the arc detection, the method also can precisely localise in time the occurrence of the arc.
This additional information can be useful to support, for example, future geographic arc
localization algorithms.
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Figure 5. Instantaneous recorded I, instantaneous calculated phase angle, and instantaneous ROCOP for all of the arcs
detected during the regenerative braking phase.

To appreciate the ROCOP noise level observed in Figure 4f, magnified versions of
Vp and I, are presented in Figure 6. Two possible factors that influence the ROCOP noise
level can be: the increased noise level on top of the pantograph current signal, and the
small variations in the pantograph voltage level (approximately 30 to 40 volt observed
in Figure 6), that is of course reflected on the current oscillation having low magnitude
variation (approximately 40 A to 45 A) during arcing events. Furthermore, indeed all the
severe arcing events, characterised by increased air gap between the contact strip of the
pantograph and OCL which either force the measured pantograph current to zero (observe
Figures 4a,c—e and 5b,c,d,f,g, or produce significant variations of the current magnitude as
in Figures 4b and 5a,e are not surrounded by significant noise level.

g

Time (s)

Figure 6. Time domain representation of V}, and I}, during arc event 6.

A possible reason for having such small variations in the magnitude of I, (see
Figure 4f) produced by non-significant arcs, can be explained with the locomotive po-
sition along the track and the level of current collected. By looking at Figure 4f, it can be
observed that for the first 3 s (265 to 268 s) the train has been stationary (probably waiting
on a station), characterized by low traction current with significant distortion. A high level
of distortion when trains are near stations has previously been observed in [43]. After the
stationary phase, the train has started and accelerated for approximately 2 to 3 s (268 s
to 270 s), leaving the station (confirmed by the very low train speed of 27 km/h reported
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in [35]). While leaving stations, trains at low speed often change track position which
forces the pantograph to change the OCL and the train wheels to experience mechanical
oscillations causing some minor arcs to occur.

The preliminary results of the proposed method indicate the need for a fine-tuning of
the algorithm to eliminate for example the noise level of calculated ROCOP (in Figure 4f)
and to understand possible factors that may influence the effectiveness of the algorithm.
These issues are considered in the next section of this paper.

6. Sensitivity Analysis

The effect of signal magnitude, noise and the length of the considered signal on
the calculated ROCOP parameter are evaluated in this section. Pre- and post-filtering
techniques are employed and presented for noise and harmonic attenuation of I, and
smoothing of the phase derivative, respectively.

6.1. Pre-Filter Selection

To appreciate the harmonic presence and other frequency components of a DC rail
network signal, a typical frequency spectrum of I}, signal during and after the arc event 1
is presented in Figure 7. The spectrum produced by the discrete Fourier transform (DFT)
algorithm, has a frequency resolution of 1 Hz and is limited to 1000 Hz to clearly show the
band of frequencies (5 Hz to approximately 250 Hz) excited by the arcing phenomenon.
Within the frequency band, a particular frequency component (14 Hz) corresponding to the
natural resonance frequency of the locomotive input filter [30,44] is also excited, causing as
a consequence a significant rise in its respective magnitude.

10°

Spectrum during arcing event
5 Spectrum when no arcing exists
10 3

Current Ip (A)

o J '“* “)A* 3
11 Akl kLl 4’ I (i
102F A ( It N | \'“' ' \“w" ““ W I | “
107
107 : : : :
0 200 400 600 800 1000

Frequency (Hz)

Figure 7. Frequency spectrum of I, during and after arc occurrence.

To filter the incoming I, signal from high frequency components and external noise,
a digital Finite Impulse Response (FIR) filter is considered. ROCOP signal to noise ratio
(SNR) parameter was calculated for one of the arc events (arc event 1), by considering
different filter orders (ranging from 10 to 300) to filter the incoming I}, signal. The latter
allows ROCOP SNR to filter order response curves to be constructed for several considered
cutoff frequencies (50 Hz, 100 Hz, 200 Hz, 300 Hz, 500 Hz and 1000 Hz) as presented in
Figure 8.

The analysis shows that low cutoff frequencies are needed to avoid frequency com-
ponents and the noise infiltration into the ROCOP parameter. Cutoff frequency curves
of 50 Hz to 300 Hz follow the same pattern and have negligible differences among them.
This indicates that potentially any cutoff frequency (ranging from 50 Hz to 300 Hz) can be
employed, which provide similar reproduced results. Differences begin to appear when
considering the cutoff frequency of 500 Hz and are more obvious for the 1000 Hz curve,
reaching differences of more than 10 dB. This large difference is caused by the presence of
a band of frequencies ranging from 850 Hz to 950 Hz approximately, as shown in Figure 7.
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The analysis also shows that higher filter orders provide larger ROCOP SNR, and the
behaviour of the curve response is less fluctuating beyond the 150 filter order.

60

50 Hz

100 Hz
200 Hz
300 Hz

S
=]
T

'S
[

ROCOP SNR (dB)

40

35 . . . . .
50 100 150 200 250 300
Filter Order (No.)

Figure 8. ROCOP SNR to filter order response curves constructed for filter cutoff frequencies of
50 Hz, 100 Hz, 200 Hz, 300 Hz, 500 Hz and 1000 Hz.

In this study, the filter order was selected to be 200, whereas the cutoff frequency
100 Hz. This cutoff frequency can also contribute to attenuate the 300 Hz component
(as a result of the six-pulse rectifier installed in the electric substation) which is more
distinctive when trains are near stations. The 300 Hz frequency component and other
relevant components in I, signal of arc event 6, are calculated as a function of time by
the short-time Fourier transform (STFT) algorithm and are presented in Figure 9 by the
spectrogram plot. The plot estimates and localizes in time the frequency content of the
considered signal. It clearly indicates a 300 Hz frequency component, and a band of
frequencies of 750 Hz to 850 Hz that are present continuously throughout the recording
interval, and a temporary 14 Hz frequency component, excited by the arcing event. It is
clear that the 300 Hz frequency component and the band of frequencies ranging from 750 Hz
to 850 Hz approximately are not affected by the arc occurrence (visible after second 6).

1

Frequency (kHz)
IS
2
Power/frequency (dB/Hz)

2 4 6 8 10 12 14
Time (secs)

Figure 9. Spectrogram plot of I, for arc event 6.

The selected filter parameters also have shown to remove more surrounding noise
level in the ROCOP of Figure 4f.

6.2. Noise Sensitivity Analysis

To understand how noise affects the calculated ROCOP, a noise sensitivity analysis has
been performed on I, signal of arc event 1. This analysis considers the white Gaussian noise
because it is the most common type of signal noise found in electric system signals [37].
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Furthermore, after pre-filtering of I, it is considered that all that remains within the
passband can be reasonably approximated by additive white Gaussian noise.

While different levels of noise have been added to the recorded I, the maximum
absolute value of the calculated ROCOP has been recorded to allow the SNR-ROCOP
response curve to be constructed. Figure 10, presents the SNR-ROCOP response evaluated
for different noise variances corresponding to a SNR ranging from 100 to 35 dB. An almost
constant ROCOP behavior can be observed in the interval of 100 to 70 dB. Below 70 dB,
the ROCOP measured parameter experiences an increased variability leading to increased
uncertainty of the measured parameter.

8.3
8.28
8.26
n
Ss24
el vy
E s
\E’ 8.22
o
0
[&]
O 82
o
8.18
8.16
814 ‘ ‘ ‘ ‘ ‘ ‘
40 50 60 70 80 %0 100
SNR (dB)

Figure 10. SNR-ROCOP response of I}, for arc event 1.

Although the analysis presented in Figure 10 is a good representation of the behavior
of ROCOP magnitude at different noise levels, it does not represent the strength of the
ROCOP magnitude itself to the surrounding ROCOP noise level. Therefore, further analysis
is required to represent the impact of the noise floor level (developed in relation to the
noise level contained in the analyzed current signal) on the measured parameter. Different
levels of noise have been added to the I, and the ROCOP SNR has been evaluated and
presented in Figure 11 versus SNR corresponding to Ip,.

58

57.5

ROCOP SNR (dB)
& o
(4] ~

o
[}

55.5

55 | | | | |
40 50 60 70 80 90 100
SNR (dB)

Figure 11. ROCOP SNR versus SNR of I}, for arc event 1.

As can be seen, the strength of the ROCOP magnitude to the ROCOP noise level is
influenced by the increasing noise level in the I}, signal. However, this influence is almost
negligible in the interval of 100 dB to 70 dB, and small (approximately only 1 dB) from
70 dB down to 40 dB. This is because of the efficient attenuation effect the FIR filter has on
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the input signal. Similarly, as observed in Figure 10, ROCOP SNR experiences an increased
variability due to increased noise level starting below 70 dB SNR.

6.3. Post Filtering-ROCOP Noise Attenuation and Smoothing

The noise sensitivity analysis indicated an increase in the ROCOP noise floor level
when externally applied noise magnitude increases. Because these noise levels can com-
promise any arc detection triggering mechanism, it is necessary to attenuate it as much as
possible. Therefore, this subsection presents the use of a mitigation technique to further
attenuate and smooth the noise level and fluctuations of the ROCOP calculated parameter
observed in Figures 4f and 5a, allowing the algorithm to better interpret the processed data.

A moving average (MA) filter was considered to filter the ROCOP noise and spikes.
As any type of filter, a MA filter offers various output responses for different filter order
selection. To identify the behavior of the filter under different noise levels present on the arc
event 1 signal, and to provide assistance on the selection of the filter order for the required
application, Figure 12 presents the relationship between the ROCOP SNR and the MA filter
order for several filter response curves.

65

80dB
70dB
60 dB
50 dB
40dB

@
=]

ROCOP SNR (dB)

o1
a
T

50 . . . . . . . . .
10 20 30 40 50 60 70 80 90 100
Moving average filter order (No.)

Figure 12. ROCOP SNR versus MA filter order for different SNR levels.

As can be seen, all the responses (corresponding to different noise levels present
on I) follow the same decay and provide good attenuation (approximately 6 dB) when
considering the 50th filter order. Increasing the filter order from 50 to 100 provides an
additional 4.9 dB attenuation respectively for signals having SNR noise levels of 80 dB to
40 dB. Several numerical simulations have been performed for the identification of the best
MA filter order for all ROCOP curves presented in Figures 4 and 5. It was found that the
50th filter order provides good attenuation of the ROCOP noise.

The absolute ROCOP calculated results filtered by the MA filter, for all the arcing
captured events are presented respectively in Figures 13 and 14. These Figures clearly
indicate the attenuation effect the MA filter has on the ROCOP noise. For example, the
ROCOP noise level of Figure 4f has been considerably eliminated, and as a consequence the
ROCOP parameter during arcing is more clearly differentiated from the noisy environment.

Another important feature of the MA filter is the smoothing effect it has on the
ROCOP fluctuations. For example, the ROCOP spikes resulting from current spikes in
Figure 5a,d,f,g, are all smoothed by both FIR and the MA filter. Consequently, ROCOP
spikes will not be counted as arcing events with a proper triggering level in place. These
features of the MA filter provide significant advantages to an arc detection triggering
mechanism allowing the rest of the proposed method to accurately identify the input data.
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Figure 13. Absolute instantaneous ROCOP after being filtered by the MA filter for the arc events 1 to 6.
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Figure 14. Absolute instantaneous ROCOP after being filtered by the MA filter for the arc events 7 to 13.

6.4. Magnitude Sensitivity Analysis

The following subsection presents the influence of pantograph current oscillation
magnitude on the arc detection capability of the proposed method. In this analysis, I, of
arc event 11 (recorded during the regenerative braking phase) has been considered because
the current was not forced to zero during the arcing event, allowing a proper scaling of the
oscillation magnitude.

In such a context, the current oscillation instant during the arcing event was extracted,
linearly scaled by a factor ranging between 0.9 to 0.1 in 0.1 steps, and then synthesized
within the real data recordings to be used for testing the proposed method. The extracted
portion of the current oscillation I, is presented in Figure 15, along with all the scaled
versions denoted as I, to Ip1o, corresponding to scaling factors 0.9 to 0.1, respectively.

The method was tested with all the 10 pantograph current versions, and the relation-
ship between the calculated ROCOP SNR and the scaling factors is presented in Figure 16.
ROCOP SNR values (for each scale factor) indicate the level of differentiation of the arc
from the environment noise level. It is normally expected a decrease in ROCOP SNR with
decreasing scale factors because the magnitude of the arc oscillation reduces significantly,
for example to 36 A and 18 A (absolute values), respectively for scale factors 0.2 and 0.1
(corresponding to Ipg and Ipyp of Figure 15.

-150 T

Ip1

-200

-250

-300 -

Pantograph Current (A)

-350

_400 L . f . . .
2523.94 2523.96 2523.98 2524 2524.02 2524.04

Time (s)

Figure 15. Pantograph current Ipt of arc event 11, along with scaled current versions Ipz to Ipio,
respectively, for scaling factors 0.9 to 0.1.
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Figure 16. ROCOP SNR values versus the scaling factors for the considered arc event 11.

This magnitude sensitivity analysis has shown that the proposed method is capable of
identifying all arcing events having reduced oscillation magnitudes down to 18A. However,
arcing events of such a small oscillation magnitude can be considered non-significant when
compared to oscillation magnitudes of the real captured arcing events (arc events 1 to 13).

6.5. Signal Window Length Impact

The effect of considered signal length on the ROCOP parameter is studied in this
subsection. Pantograph current of arc event 1 has been considered for this analysis. Initially,
the maximum ROCOP parameter observed within the time window processed signal is
evaluated for the total length of the recorded signal (150,000 samples equals to 3 s). The
signal was divided into equal lengths through different consecutive time windows and
processed by the proposed method.

The maximum ROCQOP values for different fixed window signal lengths are presented
in Figure 17 (blue curve), where text annotations indicate the number of samples within
each time window.

50,000 50,000 —+&— Fixed window
26 150,000, 50,000 1500 —#— Sliding window | |
/ 5000 TN

2.8

N
b

g0

N
[N}
T

ROCOP (mradfus)
N

| | | | |
0 50 100 150 200 250 300
Windows (No.)

Figure 17. Maximum ROCOP values for different signal lengths.

A small difference in ROCOP magnitude exists between a long considered signal of
3 s and shorter signals of 15, 0.6 s,0.2 s and 0.1 s corresponding to (50,000, 30,000, 10,000
and 5000) samples as presented by the blue curve in Figure 17. Decreasing further the
length of the time window to 3000 samples, 1500 samples or 1000 samples produces a
decrease in ROCOP magnitude. This behaviour is caused by short windows that fail to
accommodate a compete arcing event. This is demonstrated when sliding windows of 50%
overlap are used (see the red curve in Figure 17), which better accommodate the arcing
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event for processing, and consequently produce ROCOP magnitudes of small differences
for short windows.

The analysis presented in this section has indicated that the proposed arc detection
method is capable of detecting arcs of different magnitude at different noise levels in the
DC rail network.

In addition, standard EN 50317 [1] requires the current collection quality of the
pantograph-catenary system to be evaluated. For this purpose the percentage of arcing is
proposed in [1], to be calculated as the ratio of total duration of all arcs to the total run time
for pantograph current values above the 30% of the nominal current per pantograph. The
proposed arc detection method clearly cannot evaluate the time duration of the arcs, but
the detected arcs can be used to compute the number of arcs per kilometre, as an alternative
criterion (also acceptable by standard EN 50317 [1]) for evaluating the current collection
quality.

As presented, the method does not employ an extensive processing technique, and
therefore it can be implemented in real-time. One option to accomplish this could be to
embed the algorithm within the actual train computational and monitoring units. Alterna-
tively, the on-board instrumentation of the train can be considered for the possibility of
sharing the measured pantograph current with external acquisition and computational
units, such as microcontrollers having real-time computational capabilities.

7. Conclusions

This paper has presented a novel arc detection technique for DC Railway Systems.
The method quantifies the instantaneous ROCOP of the pantograph current oscillating
signal during the arc occurrence with the help of the Hilbert transform. Real current signals
measured at a 3 kV DC pantograph level of a running locomotive have been applied to
test the performance of the algorithm, and it was demonstrated that the phase derivative
can detect and localize in time all the electric arcs occurring at both the coasting and
regenerative braking phase.

The sensitivity of the algorithm to external applied white Gaussian noise, various
synthesized oscillating magnitudes representing different arcing events, and the length
of the considered signal is also evaluated. It was demonstrated that the noise level in
the pantograph current has little influence in ROCOP parameter due to efficient noise
attenuation provided by the FIR filter. ROCOP parameter measured for signals having
SNR between 100 dB to 70 dB was high repeatable, whereas, below the 70 dB of SNR,
ROCOP becomes variable, leading to increased uncertainty.

A moving average filter was employed to attenuate and smooth the ROCOP noise
level and spikes, and it was demonstrated that the ROCOP parameters after the filtering
stage were clearly differentiated from the rest of the noisy environment.

The magnitude sensitivity analysis has demonstrated that the proposed method is
also capable to identify minor arcing events having oscillation magnitudes down to 18 A.
These arcs are typical in very low train speeds and are probably caused when trains change
the track position.

A small difference in ROCOP magnitude for different considered signal lengths (3 s
and 1s,0.6s,0.2sand 0.1 s lengths) has also been demonstrated. For very short considered
time windows (1000 to 3000) samples, it was shown that sliding windows outperforms
fixed length windows because complete arcing events are better accommodated, providing
so consistently results.

The DC arc detection method in this paper provides a new tool for accurate, real-time
condition monitoring of critical electrified rail infrastructure. This has the potential to
enable predictive maintenance, thereby reducing operational costs and improving safety.
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