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In order to detect the 1st OHL-related RF that implies the arc 

location, the three 𝑉𝑝 waveforms simulated in the time domain 

are converted into the frequency domain by the FFT, as shown 

in Figs. 18(a)-(c). It is noted that, unlike the previous 𝑉𝑝 

spectrums that are calibrated based on FCs of a chirp signal, 

these 𝑉𝑝 spectrums reflect the FCs of 𝑉𝑎𝑟𝑐  (see Fig. 18(d)) since 

the exact 𝑉𝑎𝑟𝑐  profile is not available to calibrate the 𝑉𝑝 

spectrum in practice. Each 𝑉𝑝  spectrum shows resonances at 

around 113 Hz and 13.3 kHz which are associated with the filter 

placed at the TSS output and the filter representing the DAS, 

respectively. In addition, the use of 12-pulse rectifiers (see Fig. 

3) results in harmonics at integer multiples of the 12th harmonic 

of the nominal 50 Hz, i.e. 600 Hz [49]. 

Since the amplitude of the 1st RF related to the OHL split into 

1 km and 19 km segments is quite small (see Fig. 13(b)), it is 

difficult to determine the resonance related to the OHL in Fig. 

18(a) where the 𝑉𝑝  spectrum around the 1st OHL-related RF 

mainly depends on the FC of the arc voltage (𝐹𝐶𝑎𝑟𝑐). With the 

arc position being closer to the middle of the line, the 1st OHL-

related RF has a higher amplitude such that the OHL-related 

resonance can be detected, i.e. around 7497 Hz and 7578 Hz for 

the arc events occurring at 5 km and 9 km from the left TSS as 

shown in Figs. 18(b) and 18(c) respectively. According to the 

OHL-related RF curve (see Fig. 16) which is formed on the 

basis of the calibrated 𝑉𝑝  spectrums, the detected resonances 

indicate that the arc events may occur at around 4.95 km and 

9.33 km from the left TSS, with errors of 0.05 km and 0.33 km 

respectively (i.e. differences between the presumed and 

estimated locations). 
 

 
Fig. 18. Spectrums of 𝑉𝑝 simulated at the monitoring device for the presumed 

arc events occurring at (a) 1 km, (b) 5 km, and (c) 9 km away from the left TSS 
and (d) the spectrum of the fine-tuned arc voltage profile. 

 

The use of the RF curve for arc positioning is also examined 

for other pantograph arc events that are presumed to occur along 

the first half of the line at different positions greater than 2.5 

km from the left TSS (below which the OHL-related resonances 

are difficult to be detected in the 𝑉𝑝 spectrums). In addition to 

the fine-tuned 𝑉𝑎𝑟𝑐  profile in Fig. 5(a) where the duration of the 

first pulse is 120 µs, different 𝑉𝑎𝑟𝑐  profiles with a longer first 

pulse of 500 µs or 2 ms or a single pulse of 4 ms or 8 ms, as 

shown in Fig. 19, are used here to test the arc positioning 

method. The differences between the presumed positions and 

their respective estimates are plotted in Fig. 20 where the 𝑉𝑎𝑟𝑐  

profiles tested here with varying amplitudes and pulse durations 

are shown to have similar arc location estimation errors. 

Relatively smaller errors (e.g. within ±0.2 km) are observed for 

the presumed arc locations between 4 km and 8 km. This is 

because when the locomotive locates at around 4-8 km, the 

deviation (Hz) of the 𝐹𝐶𝑎𝑟𝑐  affected RF from the calibration 

based RF leads to a relatively smaller change in the locomotive 

position, as shown in the RF curve which has a higher gradient 

for the TSS-locomotive distances of about 4-8 km in Fig. 16. 

 

 
Fig. 19. Presumed pantograph arc voltage profiles with varying pulse durations 

and amplitudes for the test of the arc positioning method. 
 

 
Fig. 20. Deviations (km) between the estimated and presumed arc locations that 
are 2.5 km – 9.5 km away from the left TSS. 

V. DISCUSSIONS 

Considering that the wires making up OHLs in railway 

traction systems are generally around 1.5 km long [50], the arc 

position estimate with an error of up to 0.4 km in most cases is 

expected to correctly indicate the wire where the arc has 
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occurred in this work. If repeated arcs are detected 

approximately at the same position, the suspected OHL section 

will need an inspection. However, it should be pointed out that 

further work needs to deal with the limitations that the arc 

positioning method has in application: (i) it could be difficult to 

detect the RF when an arc event is very close to a TSS due to 

the dampening effect of the filter at the TSS output; (ii) the 

method infers arc positions along either half of a line that is 

supplied by two TSS at both terminals, without indicating 

which half may be in question; and (iii) an arc position cannot 

be determined if the 𝐹𝐶𝑎𝑟𝑐  affected RF is greater than the 

maximum level of the RF curve (e.g. the RF of 7582 Hz 

estimated for an arc at the middle of the 20 km line exceeding 

the maximum of 7580 Hz in the RF curve disables the arc 

positioning method). 

The pantograph arc positioning method developed here can 

be extended to double-pantograph current collection modes that 

are normally adopted by multiple-unit trains [51]. To generate 

an RF curve for the double-pantograph operation, the complete 

simulation model in Fig. 3 needs to be modified by placing an 

additional set of train components in parallel with the existing 

set and adding an additional OHL segment between the two 

train sets. Given the distance between pantographs (or the 

additional OHL segment length) being 150 m or 200 m, the 1st 

OHL-related RFs observed at the left pantograph are estimated 

for different locomotive positions (i.e. distances from left TSS 

to left pantograph), as shown in Fig. 21. (The OHL-related RFs 

at the right pantograph can be inferred from Fig. 21). The 1st 

RFs varying between 7.44 kHz and 7.74 kHz in the double-

pantograph mode have a wider range than those when a single 

pantograph is simulated. In addition, a 50-m increase of the 

distance between pantographs results in a slight growth of the 

1st OHL-related RFs. When pantograph arcing is determined at 

a particular pantograph, the RF curve produced for double-

pantograph modes in Fig. 21 can be compared with the RFs 

captured from on-board measurements to estimate the 

pantograph arc location along the OHL. 
 

 
Fig. 21. The 1st RFs related to the 20 km line observed at the left pantograph in 

double-pantograph mode for different locomotive positions (i.e. distances from 

left pantograph to left TSS) when two pantographs are 150 m or 200 m apart. 
 

In order to capture the 1st OHL-related RFs from 𝑉𝑝 signals, 

the bandwidth of on-board V-I monitoring devices should be 

several times greater than the maximum level of the 1st RFs so 

as to avoid the amplitude of the 1st RF being largely dampened 

if the 1st RF exceeds the bandwidth. This requires determining 

the range (kHz) of the 1st RFs in advance based on the line 

length and available values of circuital components including 

line impedance parameters. In addition, the sampling frequency 

of V-I monitoring devices must be greater than twice the 

maximum level of the 1st OHL-related RF so that the frequency 

range of the FFT spectrum can cover the 1st RFs according to 

Nyquist criterion [52]. For example, the 20 km line modelled 

here would require a sampling frequency of at least 16 kHz. The 

frequency resolution of the FFT spectrum is determined by the 

ratio of the sampling frequency to the number of 𝑉𝑝 

measurement points [52] or the reciprocal of the length of 𝑉𝑝 

measurements in time domain. Though a higher resolution can 

be achieved by applying the FFT to a longer measurement 

window size, the TSS-locomotive distance would vary so much 

in a long time period that the accuracy of the 1st RF associated 

with the arc location may be degraded. Considering a trade-off 

between the frequency resolution and the train travel distance, 

a 1-Hz resolution (i.e. applying FFT to a 1-s window of 𝑉𝑝 

measurements) is expected to be a reasonable option due to its 

performance assessed in Fig. 20 and that a 250 km/h train 

ETR600 [30] travelling less than 70 m over 1 s is found to incur 

the 1st RF deviation within 1 Hz. 

The RF curves embedded within the arc positioning method 

have been generated here based on known OHL impedance 

parameters which, however, may be not with good precisions 

in practice. A sensitivity analysis is conducted here to 

investigate impacts of the line impedance parameter uncertainty 

on RFs. Fig. 22 compares the 1st OHL-related RFs evaluated for 

the TSS-locomotive distance of 1 km, 5 km or 10 km based on 

different combinations of line inductance and capacitance 

parameters which are assumed to vary within 10% of their 

respective values in Table I. A 2% underestimation in the 

inductance or capacitance is shown to overestimate the 1st RFs 

by about 60 Hz – 70 Hz in this case, which would affect the arc 

positioning method performance. Therefore, it is necessary to 

validate the impedance parameters of OHL sections based on 

filed measurement campaigns [53]-[55] in order to improve the 

accuracy of the generated RF curve. In addition, the Simulink 

DPL blocks [33] used here do not accurately represent the 

frequency dependency of line impedance parameters (e.g. skin 

effects in conductors). The frequency-dependent DPL blocks 

[56] could be suitable substitutes to perform more accurate 

simulations for a wide frequency range (typically from DC to 

100 kHz or more). Furthermore, considering that the validated 

and frequency-dependent line impedance parameters may be 

still subject to uncertainties, their possible errors can be 

translated into the uncertainty of the RF curve by some 

statistical models (e.g. the Monte Carlo simulation [57]), 

permitting a probabilistic estimation of the pantograph arc 

position. This would require embedding multiple RF curves 

evaluated based on various combinations of line impedance 

parameters within the arc positioning method. 
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Fig. 22. The 1st OHL-related RFs simulated for TSS-locomotive distances of (a) 

1 km, (b) 5 km and (c) 10 km given the line inductance 𝐿𝑂𝐻𝐿 and/or capacitance 

𝐶𝑂𝐻𝐿 increasing by 0% - 10%. 

VI. CONCLUSIONS AND FUTURE WORK 

This paper has proposed a V-I measurement based method to 

determine the pantograph arc location along an overhead line 

(OHL) supported by two traction substations (TSS) in a DC 

railway traction power supply system. The proposed method 

relies on a resonant frequency (RF) curve that links the OHL-

related RF with the pantograph arc location at which the line is 

split. The line simulated by a distributed parameter model has 

an infinite number of RFs, from which the 1st RF is selected to 

produce the RF curve. This is because the 1st RF monotonically 

increases with the TSS-locomotive distance along each half of 

the line while the higher-order RFs present periodic changes. 

The monotonic characteristics of the 1st OHL-related RFs have 

been validated for 20 km, 30 km, and 40 km OHLs, with their 

levels (Hz) decreasing with the total length of the line. 

The proposed arc positioning method has been tested on the 

waveforms of pantograph voltage 𝑉𝑝 simulated at the on-board 

monitoring device based on the fine-tuned arc voltage profiles 

that are presumed to occur at different positions along the first 

half of a 20 km line. Most of the presumed arc positions have 

been estimated with errors smaller than 0.4 km; for pantograph 

arc events occurring at around 4-8 km from the TSS where the 

RF curve has a higher gradient, the position estimation errors 

should be within 0.2 km. When an arc event is very close to a 

TSS (e.g. a TSS-locomotive distance smaller than 2.5 km in this 

study), the amplitudes of OHL-related RFs are largely 

dampened by the filter at the TSS output, making it difficult to 

detect the OHL-related resonance from the 𝑉𝑝 spectrum. 

Building on the present work, the proposed arc positioning 

method should be developed further to determine the half of the 

line in question and deal with the exceedance of an RF estimate 

over the range of an RF curve. Furthermore, the method will be 

enhanced to simulate the frequency-dependent impedance 

parameters and model the propagation of OHL impedance 

uncertainties to the uncertainty of the RF curve. In addition, the 

arc positioning method will require to be evaluated on more arc 

voltage profiles produced by pantograph arcing models [58], 

[59] that could better describe transient dynamics of arc voltage 

as well as on field measurements of 𝑉𝑝 available on-board trains. 

This requires the monitoring device having a bandwidth several 

times greater than the maximum level of the 1st RFs related to 

the OHL of interest so as not to attenuate amplitudes of the 1st 

RFs. The field data in the measured pantograph arc events will 

be explored to validate the findings in this paper regarding the 

change of the 1st RF with pantograph arc location along the 

OHL, and also determine the accuracy of the captured RFs. It 

will also be necessary to examine the benefit of adopting a 

higher sampling rate monitoring system which could increase 

the RF detection accuracy or even eliminate the need for a low-

pass filter at the data acquisition system, without having to 

accurately characterise the filter response to correct RF curves. 
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